
Modelling and Simulation in Engineering

Guest Editors: Guan Heng Yeoh, Chaoqun Liu, Jiyuan Tu, 
and Victoria Timchenko

Computational Fluid Dynamics 
and Its Applications 2012



Computational Fluid Dynamics and
Its Applications 2012



Modelling and Simulation in Engineering

Computational Fluid Dynamics and
Its Applications 2012

Guest Editors: Guan Heng Yeoh, Chaoqun Liu, Jiyuan Tu,
and Victoria Timchenko



Copyright © 2012 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “Modelling and Simulation in Engineering.” All articles are open access articles distributed under the
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.



Editorial Board

Driss Aboutajdine, Morocco
K. Al-Begain, UK
Adel M. Alimi, Tunisia
Zeki Ayag, Turkey
Sergio Baragetti, Italy
Andrzej Bargiela, UK
Joaquim Barros, Portugal
Salim Belouettar, Luxembourg
Jean-Michel Bergheau, France
Tianshu Bi, China
Philippe Boisse, France
Agostino Bruzzone, Italy
Hing Kai Chan, UK
Jinn Kuen Chen, USA
Min-Chie Chiu, Taiwan
Weizhong Dai, USA
Mingcong Deng, Japan
Lei Ding, China
Tadashi Dohi, Japan
Dimitris Drikakis, UK
Andrzej Dzielinski, Poland
Abdelali El Aroudi, Spain
Enmin Feng, China
Huijun Gao, China
F. Gao, UK
Xiaosheng Gao, USA

Dariusz J. Gawin, Poland
Ratan K. Guha, USA
Chung-Souk Han, USA
Shinsuke Hara, Japan
Joanna Hartley, UK
Tasawar Hayat, Pakistan
Jing-song Hong, China
Qinglei Hu, China
Bassam A. Izzuddin, UK
MuDer Jeng, Taiwan
Chia-Feng Juang, Taiwan
Iisakki Kosonen, Finland
Stavros Kotsopoulos, Greece
Nikos D. Lagaros, Greece
Hak-Keung Lam, UK
Hongyi Li, China
Dimitrios E. Manolakos, Greece
Shengwei Mei, China
Laurent Mevel, France
Azah Mohamed, Malaysia
Carlos A. Mota Soares, Portugal
Antonio Munjiza, UK
Javier Murillo, Spain
Petr Musilek, Canada
Tomoharu Nakashima, Japan
Gaby Neumann, Germany

Alessandra Orsoni, UK
Javier Otamendi, Spain
Anna Pandolfi, Italy
Bei Peng, China
Ricardo Perera, Spain
Evtim Peytchev, UK
Zhiping Qiu, China
Luis Carlos Rabelo, USA
Ahmed Rachid, France
Franco Ramı́rez, Spain
Rubens Sampaio, Brazil
Aiguo Song, China
Rajan Srinivasan, India
Karan S. Surana, USA
S. Taib, Malaysia
Mohamed B. Trabia, USA
Joseph Virgone, France
Bauke Vries, The Netherlands
Guowei Wei, USA
Ligang Wu, China
Feng Xiao, China
Farouk Yalaoui, France
Shigeru Yamada, Japan
Guang-Hong Yang, China
ShengKai Yu, Singapore
Qingling Zhang, China



Contents

Computational Fluid Dynamics and Its Applications 2012, Guan Heng Yeoh, Chaoqun Liu, Jiyuan Tu,
and Victoria Timchenko
Volume 2012, Article ID 610610, 2 pages

New Theories on Boundary Layer Transition and Turbulence Formation, Chaoqun Liu, Ping Lu,
Lin Chen, and Yonghua Yan
Volume 2012, Article ID 619419, 22 pages

Numerical Model for Cavitational Flow in Hydraulic Poppet Valves, Sandor I. Bernad and
Romeo Susan-Resiga
Volume 2012, Article ID 742162, 10 pages

Determination of Flow Conditions in Coronary Bifurcation Lesions in the Context of the Medina
Classification, Marjan Molavi Zarandi, Rosaire Mongrain, and Olivier F. Bertrand
Volume 2012, Article ID 419087, 10 pages

A CFD Simulation on How the Different Sizes of Silica Gel Will Affect the Adsorption Performance of
Silica Gel, John White
Volume 2012, Article ID 651434, 12 pages

A Study of the Location of the Entrance of a Fishway in a Regulated River with CFD and ADCP,
Anders G. Andersson, Dan-Erik Lindberg, Elianne M. Lindmark, Kjell Leonardsson, Patrik Andreasson,
Hans Lundqvist, and T. Staffan Lundström
Volume 2012, Article ID 327929, 12 pages

Simulating the Effects of Structural Parameters on the Hydraulic Performances of Venturi Tube,
Yanqi Sun and Wenquan Niu
Volume 2012, Article ID 458368, 7 pages

Landing Gear Aerodynamic Noise Prediction Using Building-Cube Method, Daisuke Sasaki,
Deguchi Akihito, Hiroshi Onda, and Kazuhiro Nakahashi
Volume 2012, Article ID 632387, 16 pages

Detailed CFD Modelling of Open Refrigerated Display Cabinets, Pedro Dinis Gaspar,
L. C. Carrilho Gonalves, and R. A. Pitarma
Volume 2012, Article ID 973601, 17 pages

The Role of Mesh Generation, Adaptation, and Refinement on the Computation of Flows Featuring
Strong Shocks, Aldo Bonfiglioli, Renato Paciorri, and Andrea Di Mascio
Volume 2012, Article ID 631276, 15 pages

Computational Fluid Dynamics Modelling and Experimental Study on a Single Silica Gel Type B,
John White
Volume 2012, Article ID 598479, 9 pages

Turbulent and Transitional Modeling of Drag on Oceanographic Measurement Devices,
Abraham, J. M. Gorman, F. Reseghetti, E. M. Sparrow, and W. J. Minkowycz
Volume 2012, Article ID 567864, 8 pages



Hindawi Publishing Corporation
Modelling and Simulation in Engineering
Volume 2012, Article ID 610610, 2 pages
doi:10.1155/2012/610610

Editorial

Computational Fluid Dynamics and Its Applications 2012

Guan Heng Yeoh,1, 2 Chaoqun Liu,3 Jiyuan Tu,4 and Victoria Timchenko2

1 Australian Nuclear Science Technology Organisation (ANSTO), Locked Bag 2001, Kirrawee, NSW 2233, Australia
2 School of Mechanical and Manufacturing Engineering, University of New South Wales, Sydney, NSW 2052, Australia
3 Centre for Numerical Simulation and Modeling, Department of Mathematics, University of Texas at Arlington, Arlington,
TX 76019-0408, USA

4 School of Aerospace, Mechanical and Manufacturing Engineering, RMIT University, P.O. Box 71, Bundoora, VIC 3083, Australia

Correspondence should be addressed to Guan Heng Yeoh, guan.yeoh@ansto.gov.au

Received 9 September 2012; Accepted 9 September 2012

Copyright © 2012 Guan Heng Yeoh et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The launch of this annual focus/special issue in this year
has been built upon the success of the special issue that
was introduced last year in the published special issue of
Modeling and Simulation in Engineering. There is no doubt
that there is an increasing resurgence of computer simulation
technology changing or reshaping the landscape on how
computational fluid dynamics, better known by its acronym
CFD, is currently being applied in many fields of engineering
research and application. For this particular issue, we have
managed to collate a range of topics and papers that
pertinently encapsulate the many advances and applications
of CFD which we have the great pleasure of sharing with
the wider community. We certainly would like to thank
the numerous authors for their excellent contributions and
patience in assisting us. More importantly, we would like
to warmly acknowledge the tiresome work of all referees in
reviewing these papers.

This annual focus/special issue contains eleven papers.
The advances and wide applications of CFD in each of the
papers are detailed in the following.

“New theories on boundary layer transition and turbulence
formation” by C. Liu et al. presents a short review on
the investigation of late boundary layer transition and tur-
bulence via direct numerical simulation (DNS). A new
theory has been proposed which comprises receptivity, linear
instability, large vortex structure formation, small-length-
scale generation, loss of symmetry, and randomization
to turbulence. A new theory on turbulence is also pro-
posed which comprises all small length scales generated
by shear linear instability rather than vortex breakdown

through multiple-level ejections and sweeps and consequent
multiple-level positive and negative spikes. Through their
DNS observation, energy is transferred from large to small
vortices by multiple-level sweeps which are in contrast to
Kolmogorov’s theory where the cascading of energy occurs
from large to small vortices through vortex stretch and
breakdown.

“The role of mesh generation, adaptation, and refinement
on the computation of flows featuring strong shocks” by A. Bon-
figlioli et al. presents some recent advances in computational
approaches to better capture shock waves. There is a strong
relationship between the development and application of
mesh adaption/refinement/generation techniques and the
computation of high-quality solutions of flows featuring
strong shocks. Mesh adaption/refinement/generation tech-
niques that can adapt to the shock front have been found
to be a key ingredient in achieving accurate solutions for
this kind of flow fields. Nevertheless, more relevant and
conclusive enhancements in terms of solution quality can
be obtained by means of a shock-fitting technique for
unstructured grids. Indeed, the use of this newly developed
technique completely removes the capturing process which
has been the source of most of the problems that have
plagued current shock-capturing schemes.

“Landing gear aerodynamic noise prediction using build-
ing-cube method” by D. Sasaki et al. presents the applica-
tion of a building-cube method to solve the fluid flow
around a JAXA landing gear. The building-cube method
is a multiblock-structured Cartesian mesh solver. Here, the
computational domain can be decomposed of assembly



2 Modelling and Simulation in Engineering

of various sizes of building blocks where smaller blocks
are employed to capture the fine details of the fluid flow.
The airframe noise is predicted through the coupling of
incompressible Navier-Stokes flow solver and the aeroacous-
tic analogy-based Curle’s equation to predict the acoustic
sound generated from the object in the fluid flow. Good
agreement is achieved between the experimental data and
numerical predictions. The results also show that the torque
link position highly affects the flow acceleration at the axle
region between two wheels, which causes the change in
sound pressure level at the observation point.

“Turbulent and transitional modeling of drag on oceano-
graphic measurement devices” by J. P. Abraham et al. presents
the use of CFD in determining the drag on oceanographic
devices (bathythermographs). Such devices are employed to
monitor changes in ocean heat content. Fall-rate equation
is reasonably accurate for ocean environments that match
the experiments from the correlations developed. In order
to better improve drag calculations which can significantly
impact the estimation of ocean heating associated with
global warming, a CFD approach has been undertaken to
provide drag coefficients which can be used to predict depths
independent of a fall-rate equation.

“A Study of the location of the entrance of a fishway in a
regulated river with CFD and ADCP” by A. G. Andersson
et al. presents the application of CFD to determine the
flow downstream of a hydropower plant with regards to
upstream migrating fish. Field measurements via an Acoustic
Doppler Current Profiler (ADCP) were utilised to purpose-
fully validate the CFD simulations. Various configurations
were investigated in order to assess the flows at the fishway
entrance and further downstream, where the flow from the
turbine meets the old river bed, which represent the current
fish passage for upstream migrating fish.

“Numerical model for cavitational flow in hydraulic poppet
valves” by S. I. Bernad and R. Susan-Resiga presents the
CFD investigation of two-phase flow inside a poppet valve.
A mixture model is applied to predict pressure and density
distributions of the flow inside the cavity. Cavitation model
that utilizes the modified Rayleigh-Plesset equations for
bubble dynamics is adopted. The cavitating flow pressure
distribution displays a constant value inside the vapour-filled
cavity, with a slow increase as the mixture density increases.
The investigation of the liquid-gas mixture density shows a
smooth and continuous transition from vapour to liquid.
This transition takes place over a relatively large region.

“Simulating the effects of structural parameters on the
hydraulic performances of venturi tube” by Y. Sun and W.
Niu presents a parametric CFD investigation to assess the
effects of structural parameters (such as throat taper, throat
contraction ratio, and throat length) on the hydraulic per-
formance (such as outlet faceted average velocity, minimum
pressure, and critical pressure) of a Venturi tube under
different inlet pressures and pressure differences between
inlet and outlet. The throat contraction ratio is found to be
the contributing factor to the Venturi injector performance.

“Computational fluid dynamics modelling and experimen-
tal study on a single silica gel type B” by J. White presents

the application of CFD in in the area of porous media and
adsorption cooling system. CFD can be a useful tool to
predict the water vapour flow pattern, temperature, heat
transfer, flow velocity and adsorption rate. By obtaining
useful experimental data from thermogravimetric measure-
ments, CFD predictions are found to be comparable with the
measured data. This implies that CFD could provide useful
information for the design of adsorption cooling systems and
better predict the system performance.

“A CFD simulation on how the different sizes of silica gel
will affect the adsorption performance of silica gel” by J. White
presents a review on the application of CFD in simulating
the adsorption of water vapour on silica gel granules and to
study the effect of granule sizes indicating that reducing the
granule size increases the adsorption. CFD has been found to
be a promising tool in evaluating the heat transfer behaviour
in an adsorption bed. Further CFD studies are required for
evaluating the adsorption performance with a larger silica gel
and porous media.

“Determination of flow conditions in coronary bifurcation
lesions in the context of the medina classification” by M. M.
Zarandi et al. presents the use of CFD in understanding the
flow condition and wall shear stress distributions in various
bifurcation lesion types in a coronary artery bifurcation. The
flow ratio and time-dependence patterns of WSS resulting
from the numerical simulation of pulsating hemodynamic
flows are investigated in healthy and stenosed coronary artery
bifurcations. Various stenoses configurations are considered
in the context of Medina lesion classification, and a detailed
numerical result for time-dependent wall shear stress dis-
tributions that may be involved in lesion initiation and
progression is presented. The results indicated that in the
bifurcation lesion types, the flow condition and wall shear
stress distribution in side branch are influenced by the lesion
morphologies which cannot be fully assessed by quantitative
coronary angiographic parameters.

“Detailed CFD modelling of open refrigerated display
cabinets” by P. D. Gaspar et al. presents a comprehen-
sive CFD modelling of air flow and heat transfer in an
open refrigerated display cabinet (ORDC). The physical-
mathematical model considers the flow through the internal
ducts, across fans and evaporator, and includes the thermal
response of food products. Air humidity effect and thermal
radiation heat transfer between surfaces are accounted in
the model. Experimental tests are performed to characterize
the phenomena near physical extremities and to validate
the numerical predictions. The agreement between numer-
ical predictions and experimental results is found to be
satisfactory and adequate for these types of engineering
problems. Such predictive capabilities of the computational
model could be used to promote a range of geometrical and
functional parametric studies that could better improve the
thermal performance of the ORDC and consequently food
safety.

Guan Heng Yeoh
Chaoqun Liu

Jiyuan Tu
Victoria Timchenko
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This paper is a short review of our recent DNS work on physics of late boundary layer transition and turbulence. Based on our
DNS observation, we propose a new theory on boundary layer transition, which has five steps, that is, receptivity, linear instability,
large vortex structure formation, small length scale generation, loss of symmetry and randomization to turbulence. For turbulence
generation and sustenance, the classical theory, described with Richardson’s energy cascade and Kolmogorov length scale, is not
observed by our DNS. We proposed a new theory on turbulence generation that all small length scales are generated by “shear
layer instability” through multiple level ejections and sweeps and consequent multiple level positive and negative spikes, but not
by “vortex breakdown.” We believe “shear layer instability” is the “mother of turbulence.” The energy transferring from large
vortices to small vortices is carried out by multiple level sweeps, but does not follow Kolmogorov’s theory that large vortices pass
energy to small ones through vortex stretch and breakdown. The loss of symmetry starts from the second level ring cycle in the
middle of the flow field and spreads to the bottom of the boundary layer and then the whole flow field.

1. Introduction

These comments clearly show that the mechanism of turbu-
lence formation and sustenance is still a mystery for research.
Note that both Heisenberg and Lamb were not optimistic for
the turbulence study.

1.1. Turbulence Is a Mystery. Turbulence is still covered by
a mystical veil in nature after over a century of intensive
study. Following comments are made by Wikipedia web page
at http://en.wikipedia.org/wiki/Turbulence “Nobel Laureate
Richard Feynman described turbulence as “the most impor-
tant unsolved problem of classical physics” (USA Today
2006). According to an apocryphal story, Werner Heisenberg
(another Nobel Prize winner) was asked what he would ask
God, given the opportunity. His reply was “When I meet
God, I am going to ask him two questions: Why relativity?
And why turbulence? I really believe he will have an answer
for the first.” [1]. Horace Lamb was quoted as saying in
a speech to the British Association for the Advancement
of Science, “I am an old man now, and when I die and
go to heaven there are two matters on which I hope for

enlightenment. One is quantum electrodynamics, and the
other is the turbulent motion of fluids. And about the former
I am rather optimistic” [2, 3].

1.2. Richardson’s Vortex and Energy Cascade Theory (1928).
Richardson believed that a turbulent flow is composed by
“eddies” of different sizes. The large eddies will be stretching,
unstable, and breaking up to smaller eddies. These smaller
eddies undergo the same process, giving rise to even smaller
eddies. This process will continue until reaching a sufficiently
small length scale such that the viscosity of the fluid can
effectively dissipate the kinetic energy into internal energy.
During the process of vortex breakdown, the kinetic energy
of the initial large eddy is divided into the smaller eddies.

1.3. Kolmogorov Assumption (1941). The classical theory on
turbulence was given by Kolmogorov, a famous Russian
mathematician. In general, the large scales of a flow are
not isotropic, because they are determined by the par-
ticular boundary conditions. Agreeing with Richardson,
Kolmogorov assumed that in Richardson’s energy cascade,
this geometrical and directional information is lost while the
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Figure 2: Domain decomposition along the streamwise direction in the computational space.

scale is reduced so that the statistics of the small scales have
a universal character—they are statistically isotropic for all
turbulent flows when the Reynolds number is sufficiently
high. It was assumed that there is no dissipation during the
energy transfer from large vortex to small vortex through
“vortex breakdown.”

1.4. Kolmogorvo’s First and Second Hypotheses (1941). Based
on his assumption, Kolmogorov [6, 7] further gave very
famous theories on the smallest length scale, which is later
called Kolmogorov scale (first hypothesis), and turbulence
energy spectrum (second hypothesis):
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(
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(1)

where, η is Kolmogorov scale, ν is kinematic viscosity, ε is
the rate of turbulence dissipation, E is the energy spectrum
function, C is a constant and κ is the wave number. These
formulas were obtained by Kolmogorov’s hypotheses that

the small length scales are determined by ν and ε, and E is
related to κ and ε. These formulas are unique according to
the dimensional analysis [8].

If all small vortices are generated by “shear layer
instability” but not “vortex breakdown”, Kolmogorov’s first
hypothesis will lose the background. The smallest length
scales will be related to stability of the weakest unstable
“shear layer”. This will require a deep study of “shear layer
instability” not only “dimensional analysis”.

1.5. A Short Review of Study on Late Boundary Layer
Transition. The transition process from laminar to turbulent
flow in boundary layers is a basic scientific problem in
modern fluid mechanics. After over a hundred years of study
on flow transition, the linear and weakly non-linear stages of
flow transition are pretty well understood [10, 11]. However,
for late non-linear transition stages, there are still many
questions remaining for research [4, 12–16]. Adrian [17]
described hairpin vortex organization in wall turbulence,
but did not discuss the sweep and ejection events and
the role of the shear layer instability. Wu and Moin [18]
reported a new DNS for flow transition on a flat plate. They
did obtain fully developed turbulent flow with structure of
forest of ring-like vortices by flow transition at zero pressure
gradients. However, they did not give the mechanism of the
late flow transition. The important mechanism of boundary
layer transition such as sweeps, ejections, and positive spikes
cannot be found from that paper. Recently, Guo et al. [19]
conducted an experimental study for late boundary layer
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Figure 3: Comparison of the numerical and LST velocity profiles at
Rex = 394300.

transition in more details. They concluded that the U-shaped
vortex is a barrel-shaped head wave, secondary vortex, and is
induced by second sweeps and positive spikes.

In order to get deep understanding the mechanism of the
late flow transition in a boundary layer and physics of turbu-
lence, we recently conducted a high order direct numerical
simulation (DNS) with 1920 × 241 × 128 gird points and
about 600,000 time steps to study the mechanism of the
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Figure 4: Comparison of the perturbation amplification rate
between DNS and LST.

late stages of flow transition in a boundary layer at a free
stream Mach number 0.5 [20–32]. The work was supported
by AFOSR, UTA, TACC and NSF Teragrid. A number of new
observations are made and new mechanisms are revealed in
late boundary layer transition (LBLT) including:

(i) mechanism on secondary and tertiary vortex forma-
tion;

(ii) mechanism on first ring-like vortex formation;

(iii) mechanism on second sweep formation;

(iv) mechanism on high share layer formation;

(v) mechanism on positive spike formation;

(vi) mechanism on multiple ring formation;

(vii) mechanism on U-shaped vortex formation;

(viii) mechanism on small length vortices generation;

(ix) mechanism on multiple level high shear layer forma-
tion;

(x) mechanism of energy transfer paths;

(xi) mechanism on symmetry loss or so called “flow
randomization;”

(xii) mechanism on thickening of turbulence boundary
layer;

(xiii) mechanism of high surface friction of turbulent flow.

A λ2 technology developed by Jeong and Hussain [33] is
used for visualization.

1.6. Different Physics Observed by Our High-Order DNS.
According to our recent DNS, “vortex breakdown” is not
observed [24, 29, 30]. Liu gave a new theory that “turbulence
is not generated by vortex breakdown but shear layer insta-
bility” [24, 30, 32]. Liu believes that “shear layer instability”
is the “mother of turbulence.”
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Figure 6: Log-linear plots of the time- and spanwise-averaged velocity profile in wall unit.

As Richardson’s energy cascade and Kolmogorov’s
assumption about “vortex breakdown” are challenged, Kol-
mogorov’s assumption that the smallest vortices are statis-
tically isotropic becomes questionable. Since the smallest
vortices are generated by the “shear layer instability,” which
is closely related to the shape of body configuration, they
cannot be isotropic.

1.7. Questions to Classical Theory on Boundary Layer Tran-
sition. The classical theory, which considers “vortex break-
down” as the last stage of boundary layer transition on a
flat plate, is challenged and the phenomenon of “hairpin
vortex breakdown to smaller structures” is not observed by
our new DNS [24, 27, 28]. The so-called “spikes” are actually
a process of multibridge or multiring formation, which is
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Figure 7: (a) Spectra in x-direction (b) Spectra in y-direction.

a rather stable large vortex structure and can travel for a long
distance.

As experiment is quite expensive and has very limited
power in date acquisition, direct numerical simulation
(DNS) becomes a more and more important tool to discover
physics. The purpose of this work is to find physics of
turbulence by direct numerical simulation. The paper is
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Figure 9: Qualitative comparison of contours of streamwise
velocity disturbance u in the (x, z)-plane (light shades of gray
correspond to high values).

organized as follows: Section 1 is a background review;
Section 2 shows the case set up and code validation; Section 3
is our observation and analysis; Section 4 is a summary of
our new finding; Section 5 is the conclusions which are made
based on our recent DNS.

1.8. New Theory on Boundary Layer Transition Given by
Liu. Classical theory on boundary layer transition can be
described four stages: (1) boundary layer receptivity; (2) lin-
ear instability; (3) non-linear growth; (4) vortex breakdown
to turbulence. Apparently, we disagree with the classical
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Figure 10: Evolution of vortex structure at the late-stage of transition (where T is the period of T-S wave).
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Figure 11: Evolution of the ring-like vortex chain by experiment [5].
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Figure 14: Formation processes of first ring-like vortex.
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theory on “vortex breakdown to turbulence.” The new theory
of boundary layer transition can be described by five stages:
(1) boundary layer receptivity; (2) linear instability; (3) large
vortex structure formation; (4) small vortices generation;
(5) symmetry loss and turbulence formation. By the way,
the vortex cascade in turbulence given by Richardson,
Kolmogorov and others is not observed.

1.9. New Theory on Turbulence Generation and Sustenance
Given by Liu. The new theory on turbulence formation and
sustenance can be described as follows. All small length
scales (turbulence) are generated by shear layer instability
which is produced by large vortex structure with multiple
level vortex rings, multiple level sweeps and ejections, and
multiple level negative and positive spikes near the lami-
nar sublayers. Therefore, “turbulence” is not generated by
“vortex breakdown” but rather positive and negative spikes
and consequent high shear layers. “Shear layer instability” is
considered as the “mother of turbulence.” This new theory
may give a universal mechanism for turbulence generation
and sustenance—the energy is brought by large vortex
structure through multiple level sweeps in a boundary layer.

2. Case Setup and Code Validation

2.1. Case Setup. The computational domain is displayed in
Figure 1. The grid level is 1920 × 128 × 241, representing
the number of grids in streamwise (x), spanwise (y),
and wall normal (z) directions. The grid is stretched in
the normal direction and uniform in the streamwise and
spanwise directions. The length of the first grid interval in
the normal direction at the entrance is found to be 0.43
in wall units (Y+ = 0.43). The parallel computation is
accomplished through the message passing interface (MPI)
together with domain decomposition in the streamwise
direction (Figure 2). The flow parameters, including Mach
number and Reynolds number are listed in Table 1. Here,
xin represents the distance between leading edge and inlet,
Lx, Ly, Lzin are the lengths of the computational domain
in x-, y-, and z-directions, respectively, and Tw is the wall
temperature.

2.2. Code Validation. The DNS code—“DNSUTA” has been
validated by NASA Langley and UTA researchers [24, 32, 34]
carefully to make sure the DNS results are correct.

Table 1: Flow parameters.

M∞ Re xin Lx Ly Lzin Tw T∞
0.5 1000 300.79 δin 798.03 δin 22 δin 40 δin 273.15 K 273.15 K

2.2.1. Comparison with Linear Theory. Figure 3 compares the
velocity profile of the T-S wave given by our DNS results to
linear theory. Figure 4 is a comparison of the perturbation
amplification rate between DNS and LST. The agreement
between linear theory and our numerical results is quite
good.

2.2.2. Grid Convergence. The skin friction coefficient calcu-
lated from the time-averaged and spanwise-averaged profile
on a coarse and fine grid is displayed in Figure 5. The spatial
evolution of skin friction coefficients of laminar flow is also
plotted out for comparison. It is observed from these figures
that the sharp growth of the skin-friction coefficient occurs
after x ≈ 450δin, which is defined as the “onset point.” The
skin friction coefficient after transition is in good agreement
with the flat-plate theory of turbulent boundary layer by
Cousteix in 1989 [35]. Figures 5(a) and 5(b) also show that
we get grid convergence in skin friction coefficients.

2.2.3. Comparison with Log Law. Time-averaged and
spanwise-averaged streamwise velocity profiles for various
streamwise locations in two different grid levels are shown
in Figure 6. The inflow velocity profiles at x = 300.79δin is
a typical laminar flow velocity profile. At x = 632.33δin, the
mean velocity profile approaches a turbulent flow velocity
profile (log law). This comparison shows that the velocity
profile from the DNS results is a turbulent flow velocity
profile and the grid convergence has been realized.

2.2.4. Spectra and Reynolds Stress (Velocity) Statistics.
Figure 7 shows the spectra in x- and y-directions. The
spectra are normalized by z at location of Rex = 1.07 ×
106 and y+ = 100.250. In general, the turbulent region is
approximately defined by y+ > 100 and y/δ < 0.15. In our
case, The location of y/δ = 0.15 for Rex = 1.07 × 106 is
corresponding to y+ ≈ 350, so the points at y+ = 100 and
250 should be in the turbulent region. A straight line with
slope of−3/5 is also shown for comparison. The spectra tend
to tangent to the k−5/3 law.

Figure 8 shows Reynolds shear stress profiles at various
streamwise locations, normalized by square of wall shear
velocity. There are 10 streamwise locations which are selected
starting from leading edge to trailing edge. As expected, close
to the inlet at Rex = 326.8 × 103 where the flow is laminar,
the values of the Reynolds stress is much smaller than those
in the turbulent region. The peak value increases with the
increase of x. At around Rex = 432.9 × 103, a big jump
is observed, which indicates the flow is in transition. After
Rex = 485.9 × 103, the Reynolds stress profile becomes
close to each other in the turbulent region. So for this case,
we can consider that the flow transition starts after Rex =
490× 103.
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Figure 17: (a) Sketch for mechanism of multiring generation, (b) multiple ring formation.

2.2.5. Comparison with Other DNS. Although we cannot
compare our DNS results with those given by Borodulin
et al. [4] quantitatively, we still can find that the shear
layer structure are very similar in two DNS computations in
Figure 9.

2.2.6. Comparison with Experiment. By this λ2-eigenvalue
visualization method, the vortex structures shaped by the
nonlinear evolution of T-Swaves in the transition process are
shown in Figure 10. The evolution details are briefly studied
in our previous paper [20] and the formation of ring-like
vortices chains is consistent with the experimental work ([5],
Figure 11) and previous numerical simulation by Bake and
his coauthors [15].

2.2.7. U-Shaped Vortex in Comparison with Experimental
Results. Figure 12(a) [19] represents an experimental inves-
tigation of the vortex structure including ring-like vortex and
barrel-shaped head (U-shaped vortex). The vortex structures
of the nonlinear evolution of T-S waves in the transition
process are given by DNS in Figure 12(b). By careful compar-
ison between the experimental work and DNS, we note that
the experiment and DNS agree with each other in a detailed
flow structure comparison. This cannot be obtained by
accident, but provides the following clues: (1) both DNS and
experiment are correct, (2) disregarding the differences in
inflow boundary conditions (random noises versus enforced
T-S waves) and spanwise boundary conditions (nonperiodic
versus periodic) between experiment and DNS, the vortex
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structures are same, (3) no matter K-, H- or other types
of transition, the final vortex structures are same, (4) there
is a universal structure for late boundary layer transition;
(5) turbulence has certain coherent structures (CS) for
generation and sustenance.

All these verifications and validations above show that
our code is correct and our DNS results are reliable.

3. Observation and Analysis done by Our DNS

Following observations have been made and reported by our
previous publications [20–28, 30–32, 36, 37].

3.1. Mechanism of Large Coherent Vortex Structure. Late
boundary transition starts from the formation of the first
vortex ring.

Z

Y

X

12131415161718192021

Figure 20: Isosurface of λ2 and stream trace at x = 530.348δin.

3.1.1. Vortex Rings in Flow Field [23]. According to
Helmholtz vorticity conservation law, the vortex tube cannot
have ends inside the flow field. The only form of vortex tube
existing inside the flow filed must be ring with or without
legs (Figure 13).

3.1.2. Mechanism of First Ring-Like Vortex Formation [23].
The ring shape of first ring-like vortex is caused by the
interaction between the prime streamwise vortices and
secondary streamwise vortices (Figure 14), which is quite
different from the one given by Moin et al. [38]. The ring-like
vortex is located at the edge of the boundary layer or in other
words located in the inviscid zone (z = 3.56,U = 0.99Ue).
The vortex ring is perpendicularly standing and the shape
of the ring is almost perfectly circular, which will generate
the strongest downwash sweeps (Figures 14 and 15). More
important, no vortex “pinch off” is observed.

3.1.3. Mechanism of Multiple Ring Formation [37]. The
ejection by rotation of the primary vortex legs brings low
speed flow from lower boundary layer up and forms a
cylinder-like momentum deficit zone in the middle of the
two legs (green in Figure 16). The momentum deficit zone is
also located above the legs and forms shear layers due to the
stream-wise velocity difference between surrounding high-
speed flow and low-speed flow in the deficit zone. These
shear layers are not stable and multiple ring-like vortices
(yellow in Figure 16) are generated by the shear layers one
by one (Figure 17). This process must satisfy the Helmholtz
vorticity conservation and the primary streamwise vorticity
must be reduced when a new spanwise-oriented ring is
formed (Figure 18). Different from Borodulin et al. [4],
neither “vortex breakdown and reconnection” nor “Crow
theory” is observed by our new DNS.

3.1.4. Primary, Secondary, and U-Shaped Vortices [31]. U-
shaped vortex is part of large coherent vortex structure and
is generated by secondary vortices which are induced by the
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Figure 24: Small length scale vortex generation at different time steps (view up from bottom): small length scale vortices are generated by
the solid wall near the ring necks from the beginning to the end.

primary vortex. Being different from Guo et el. [19], the U-
shaped vortex is not a wave and is not induced by second
sweeps and positive spikes. Actually, the U-shaped vortex is
a tertiary (not secondary) vortex with same vorticity sign
as the original ring legs (Figures 19 and 20). In addition,
the U-shaped vortices serve as additional channels to supply
vorticity to the multiple ring structure [32].

3.2. Mechanism of Small Length Vortices Generation. Tur-
bulence has two futures: (1) small length vortices; (2)
nonsymmetric structure (Randomization).

3.2.1. “Vortex Breakdown to Turbulence” is Challenged [29,
30]. In the new DNS [27, 28], it has been observed that
the multiple vortex structure is a quite stable structure and
never breaks down. Previously reported “vortex breakdown”
is either based on 2-D visualization or made by using low
pressure center as the vortex center (Figure 21(a)). We can
use a different λ2 value to get similar “vortex breakdown”

(Figure 21(b)), which is faked. Here, we define vortex as a
tube with a rotated core and isosurfaces of constant vorticity
flux. However, there is no evidence that the vortex breaks
down. Let us look at the head of the so-called “turbulence
spot” from different directions of view (Figure 22). Due
to the increase of the ring (bridge) number and vorticity
conservation, the leading rings will become weaker and
weaker until they cannot be detected, but they never break
down (see Figure 23).

3.2.2. Mechanism of Small-Length Scale (Turbulence)
Generation—by “Shear Layers” [30, 32]. The question will
be raised that where do the small length scales come from if
the small vortices are not generated by “vortex breakdown”?
Since we believe that the small vortices are generated by
shear layers near the wall surface, we take snap shots in the
direction of view from the bottom to top (Figure 24). The
evidence provided by our new DNS confirms that the small
length scale vortices are generated near the bottom of the
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Figure 25: Visualization of isosurface λ2 and velocity perturbation
at x = 508.633 for (Y , Z)-Plane t = 15T .

boundary layer. Being different from classical theory which
believes turbulence is generated by “vortex breakdown”, our
new DNS found that all small length scales (turbulence) are
generated by high-shear layers (HS) near the bottom of the
boundary layers. There is no exception. When we look at the
later stage of flow transition at t = 15T , we can see that all
small length scales are located around the high-shear layers,
especially at those near the wall surface (Figures 25 and 26).

3.2.3. High-Shear Layer Formation by Sweeps [30]. Experi-
ment and our numerical results have confirmed that there is
a second sweep excited by every ring-like vortex (Figure 27).
Combined with the first sweep generated by the original λ
vortex legs, it forms strong positive spikes which generate
strong high shears at the bottom of the boundary layer (red
in Figure 28). Figures 29 and 30 are contours of isosurface of

λ2 and velocity perturbation at x = 508.66. The second sweep
movement induced by ring-like vortices working together
with first sweep will lead to huge energy and momentum
transformation from high-energy inviscid zones to low-
energy zones near the bottom of the boundary layers and we
can observe that all small length scales are generated around
high shear layers between the positive spike (momentum
increment) and solid wall surface.

3.2.4. Multiple-Level Sweeps and Multiple-Level Negative
and Positive Spikes [32]. The positive spikes (momentum
increment) could generate new ring-like vortices. The new
ring-like vortices can further generate new sweeps and form
new positive spikes (Figure 31) at the location which are
very close to the bottom of the boundary layer (laminar
sublayer). The new positive spike could induce new smaller
vortex rings by unstable shear layers. These multilevel sweeps
and multilevel negative and positive spikes provide channels
for energy transfer from the inviscid area (high energy
area) down to the bottom (low energy area). This is the
mechanism why turbulence can be generated and sustained.
This mechanism can be interpreted as a universal mechanism
for both transitional and turbulent flow in a boundary layer.

3.2.5. Energy Transfer Paths and Universal Turbulence Spot
Structure [32]. Figures 32 and 33 are sketches describing
energy transfer and likely universal turbulence structure.

3.2.6. Surface Friction. Figure 34 is a time and spanwise
averaged surface friction coefficient (CF). From the figure,
it is clearly seen that there is a jump starting at x = 430
which indicates an onset of flow transition and reach a
maximum value at x = 508.663. It is conventionally believed
that the CF is large in the turbulent area and small in the
laminar area due to the strong mixing in turbulent flow. That
is the reason why most turbulence models are formulated
based on change of turbulent viscosity. However, from
Figure 34, it is easy to find that the CF reaches maximum
in a laminar area and is not directly related to mixing.
Further analysis found the viscosity is not changed for
incompressible flow, but the shear layer is changed sharply
when the first and second sweeps caused positive spikes
(momentum increment), HS layers and consequent small
vortices generations. The velocity gradients suddenly jump
to a very large level in the laminar sub-layer and then the
CF becomes very large. Therefore, the CF jump is not caused
by mixing or viscosity coefficients increase, but is, pretty
much, caused by velocity gradient jump due to small vortices
formation.

3.3. Loss of Symmetry (Randomization). The existing theory
[41] believes that the flow randomization in DNS is caused
by the background noises and removal of periodic boundary
conditions. They believe that randomization starts from
loss of symmetry, which is caused by background noise.
According to their theory, the ring tip is affected first, which
rapidly influences the small length scale structure. This will



14 Modelling and Simulation in Engineering

800 810 820 830 840 850
0
1
2
3
4
5
6
7

0 0.1 0.2 0.3 0.4

X

Z

−0.1−0.2−0.3−0.4−0.5−0.6

Figure 26: Visualization of isosurface λ2 and velocity perturbation at y = 4 for (X , Z)-Plane t = 15T .

3 4 5 6 7 8
0

1

2

3

4

y

z

Figure 27: Velocity vector field.

430 440 450 460 470 480 490 500 510 520 530 540

x

X

Z

Y

−0.2−0.3−0.4 −0.1 0 0.1 0.2 0.3 0.4 0.5

Figure 28: Vorticity distribution at x = 508.633.

0 1 2 3 4 5 6 7 8 9 10

0

1

2

3

4

5

6

7

8

9

10

11

11 12 13 14 15 16 17 18 19 20 21

y

z

Figure 29: :Isosurface of λ2 and velocity at x = 508.66.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

y

0

1

2

3

4

5

6

7

8

9

10

z

X

Z

Y

Figure 30: Isosurface of λ2 and stream traces at x = 508.66.

lead to loss of symmetry and randomization for the whole
flow field quickly.

However, what we observed in our new DNS is that the
loss of symmetry starts from second level rings (Figure 35)
while the top and bottom rings are still symmetric
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Figure 32: Energy transfer paths and universal structure for turbulence.

(Figure 36). The nonsymmetric structure of second level
rings will influence the small length scale at the bottom
quickly. The change of symmetry in the bottom of the
boundary layer is quickly spread to the up level through
ejections. This will lead to randomization of the whole flow
field. Therefore, the internal instability of multiple level ring
spot overlapping structure, especially the middle ring cycles,
is a critical reason for flow randomization, but mainly not the
background noise. In addition, the loss of symmetry starts
in the middle of the flow domain, not the inflow and not
the outflow (Figure 37(a)). As mentioned, we did not change
the periodic boundary conditions and the solution is still
periodic in the spanwise direction (period = 2π is enforced).
In addition, we did not add any additional background

noise or inflow perturbation. However, we found that the
flow lost symmetry first and then was randomized step by
step (see Figures 38(a)–38(d)). The flow was first periodic
(period = π) and symmetric in the spanwise direction,∑n

k=0 ak cos(2ky), but then lost symmetry in some areas, and
finally everywhere. It was periodic with a period of π, same
as the inflow, but changed with a period of 2π. The flow
is still periodic because we enforced the periodic boundary
condition in the spanwise direction with a period of 2π. This
means the flow does not only have

∑n
k=0 ak cos(2ky) but also

has
∑n

k=0 bk sin(2ky) which is newly generated. Meanwhile,
flow lost periodicity with period = π, but has to be periodic
with period = 2π (Figures 38(c) and 38(d)), which we
enforced. Since the DNS study is focused on the mechanism
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of randomization and the DNS computation only allows use
of two periods in the spanwise direction, we consider that the
flow is randomized when the symmetry is lost and period is
changed from π to 2π (Figures 38(a) and 38(b)):

f
(
y
) = n∑

k=0

ak cos
(
2ky

)
+

n−1∑
k=1

bk sin
(
2ky

)

+
n−1∑
k=0

ck cos
(
2ky + y

)
+

n−1∑
k=0

dk sin
(
2ky + y

)
.

(2)

In real flow, there is no such a restriction of periodic bound-
ary condition in the spanwise direction. A more detailed
discussion about the mechanism of flow randomization will
be given by another AIAA 2012 paper [36].

4. Summary of Our DNS Findings

4.1. Our New Observations. Since turbulence generation
and sustenance are one of the top secret in nature, this
research will bring significant impact on fundamental fluid
mechanics as the classical theory and dominant concepts on
late flow transition and turbulence structure are challenged.
Table 2 gives a comparison of classical theory and currently
dominant conclusions with the observation by our DNS.

4.2. New Theory on Turbulence Formation and

Sustenance by Liu

4.2.1. Classical Theory on Turbulence. A turbulent flow
is characterized by a hierarchy of scales through which
the energy cascade takes place. According to Richardson,
turbulence is random interactions of “eddies” as “big whorls
have little whorls, little whorls have smaller whorls, that feed
on their velocity, and so on to viscosity” (Figure 39 by [39]).
On the other hand, vortex stretching is the core mechanism
on which the turbulence energy cascade relies to establish
the structure function. According to Richardson (1928) and
Kolmogorov [6, 7], the radial length scale of the vortices
decreases and the larger flow structures breakdown into
smaller structures (Figure 40 by [40]). The process continues
until the small-scale structures are small enough to the extent
where their kinetic energy is overwhelmed by the fluid’s
molecular viscosity and dissipated into heat.

Richardson’s energy cascade theory has several important
points of view which can be summarized as follows:
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Figure 35: The flow lost symmetry in second level rings and bottom structure at t = 15.0T .
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(1) stremwise vortex is stretching;

(2) vortex must break down to smaller structure due to
the stretching;

(3) energy transfers from large vortex to smaller one
through “vortex breakdown;”

(4) these smaller vortices continue the same process until
the smallest one appears (Kolmgorov’s length scale)
in which viscosity is dominant;

(5) the micro-scale η (Kolmogorov scale) is several order
smaller than the macro-scale L (main flowscale) and
the middle length scales r (η � r � L) are basically
inertial.
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Figure 37: The whole flow field lost symmetry at t = 21.25T .
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periodic but asymmetric—yellow diamond: periodic, period = π; black box: periodic but period = 2π; the spanwise domain is −π < y < π.
(d) Periodic but asymmetric—all black boxes: periodic but asymmetric (period = 2π); the spanwise domain is −π < y < π.

4.2.2. New Observations and Analyses. On the other hand,
our new observations can be described as follows:

(1) stremwise vortex is stretched but never breaks down;

(2) vortex has strong rotation which causes strong mix-
ing;

(3) in the middle of two vortex legs, there is a low-
speed zone formed by ejection from boundary layer
bottom to bring momentum deficit up to this area.
This momentum deficit forms a long-shear layer;

(4) this shear layer in the middle of two legs is unstable
and multiple rings with spanwise vorticity will form
one by one to generate multiple rings near the
inviscid region due to the shear layer instability
especially near the narrowed vortex neck where

rotation is very strong and the low speed momentum
deficit is large. In this process, Helmholtz vorticity
conservation must be satisfied;

(5) in the two sides of the vortex legs, high-speed zones
are formed by sweeps which bring high energy
(energy increment) from inviscid area to the near wall
region. The energy increment will form shear layers
near the wall;

(6) the momentum increment shear layers near the wall
are unstable (shear layer instability) and will form
multiple smaller ring-like vortices;

(7) these newly generated large and smaller vortices will
continue a similar process to generate smaller ring-
like vortices until the vortex size is too small and
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(a)

(b) (c)

(d)

Figure 39: Sketch of vortex breakdown [39] (Tsubota et al, 2009).
A vortex ring (a) can break up into smaller rigs if the transition
between states (b) and (c) allowed when the separation of vortex
lines becomes of atomic dimensions. The eventual small rings (d)
may be identical to rotons.
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Figure 40: Sketch of Richardson cascade process [40].

the new shear layer becomes stable. The shear layer
stability analysis should be further studied;

(8) energy is transferred from the large size vortices to
small size vortices through multiple level sweeps.
Dissipation is inevitable during the energy transfer;

(9) all smaller vortices are newly generated by shear layer
instability, but not by original vortex “breakdown;”

(10) smallest length scales are all generated near the
wall surface which must be related to the surface
configuration and cannot be “isotropic;”

(11) surface drag is determined by small length scale gen-
eration, which must be closely related to turbulence
modeling;

(12) “shear layer” control is the key issue for flow transi-
tion control, turbulent flow control, and drag reduc-
tion.

4.3. Possible Impact on Fluid Mechanics

4.3.1. Impact on Fundamental Fluid Mechanics. Since turbu-
lence generation and sustenance are one of the top mysteries

in nature, this research will bring significant impact on
fundamental fluid mechanics as the classical theories on
late flow transition and turbulence structure are challenged.
LBLT classical theory, Richardson eddy cascade, Kolmogorov
first and second hypotheses should be all revisited.

4.3.2. Impact on DNS and LES. As shown by the new
DNS, it is not observed that “Kolmogorov scale” is the
smallest turbulence scale but is found that the smallest length
scale is determined by “shear layer instability”. The estimate
of energy containing scale, ηmin/ηref = (1/ Re )3/4, is too
conservative. For example, an engineering hydrodynamics
problem has commonly a Reynolds number, Re = 108.
Considering 3D in space and 1D in time, the requirement for
computation would be Q = Re4×3/4 = (108)3 = 1024. This is
apparently impossible for any currently available computer
or any near future computers. However, researchers in US
National Research Labs and many others around the world
do “implicit LES” which is really “coarse grid DNS”. They do
DNS, but are afraid to call DNS but “ILES”. The reason is
that they are afraid of “Kolmogorov scale.” Since we could not
find that energy is transformed from large vortices to small
vortices by “vortex breakdown”, “Kolmogorov scale” would
lose solid scientific foundation and must be revisited. This
will provide guidance to DNS which is supposed to resolve
all energy-contained small length scales and LES which is
expected to resolve the large eddies and model the subgird
scales.

4.3.3. Impact on Turbulence Modeling. The eddy viscosity
turbulence model is mainly based on “Boussinesq Assump-
tion” (1872) that the nonlinear perturbation terms can
be modeled by resolved mean scales with new turbulent
coefficients of viscosity. However, most turbulence models
are still empirical and case-related. The right turbulence
models can be developed with deep understanding of
turbulence generation and sustenance. As shown by our
DNS, the perturbation and small length scales are not
isotropic but configuration related. Yes, Prandtl may be
right that the turbulence can be described by “mixing
lengths” which represent the length of different size vortices.
Although Prandtl’s “mixing length” model is an old concept
[42], turbulence is really generated by mixing of variety
of different size vortices and the “mixing length” concept
coincides with physics. The serious question is how to find
the right size of “mixing length”. We should develop a new
”mixing length” model based on DNS data and ”shear layer
stability” analysis.

4.3.4. Impact on Flow Control of Flow Transition and
Turbulence. Flow transition and turbulence control should
be based on right understanding on flow transition and
turbulence structure. Based on our observation, it is pro-
posed to cut the energy transfer channels for high shear
layer generation to stop or delay turbulence generation.
It is also found that the “shear layer instability” is the
“mother of turbulence.” Apparently, control of shear layer
formation and structure is the key issue to the control of the
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Table 2: Comparison of classical theory and our DNS observation.

Topic Classical or existing theory Observation of our DNS

Turbulence generation By “vortex breakdown”
Not by “vortex breakdown” but by shear layer
instability

First-ring generation Self-induced, deformed, inclined, and pinched-off
By counter-rotated vortices interaction, circular,
perpendicular, no pinch-off

Multiple-ring structure
“Crow theory” or breakdown and then
reconnected

No breakdown, not “Crow theory” but momentum
deficit caused by ejection, vorticity conservation

Multiple-level high shears No report By multiple-level sweeps and ejections

Energy transfer channel,
turbulence sustenance

Energy transfers from larger vortices to smaller
one through “vortex breakdown” without
dissipation until viscosity

From inviscid flow down to bottom by multilevel
sweeps

U-shaped vortex
Head wave, secondary vortex, by second sweep,
newly formed, breakdown

Not head wave, tertiary vortex, by secondary vortex,
existing from beginning, never breakdown

Randomization
Background noise, starting from the top ring and
then going down to the bottom

Internal property, starting from second level rings in
the middle, affects bottom and then up to affect top
rings. Loss of symmetry maybe caused by C-K shift

Coefficients of friction
Turbulent flow has large friction due to strong
boundary layer mixing

Depending only on velocity profile changes in laminar
sublayer, no matter turbulent or laminar

Richardson eddy cascade Classical theory Not observed

Vortex breakdown Classical theory Not observed

Kolmogorov scale Classical theory
Smallest length scale should be determined by
minimum shear layer instability

transitional flow and fully developed turbulent flow. It is also
an important way for drag production of turbulent flow, for
example, why oscillating wall and rough wall with riblets can
reduce the surface drag.

5. Conclusions

In our recent DNS work [20–32, 36, 37] we have made
a number of new findings on late flow transition in a
boundary layer including the mechanism of large vortex
structure formation, small-length scale generation and flow
randomization (loss of symmetry).

New theory on flow transition and turbulence generation
and sustenance has been given by Liu. Instead of four
steps, that is, receptivity, linear instability, non-linear growth,
vortex breakdown to turbulence, described by classical
theory, Liu proposed a new theory with five steps, that is,
receptivity, linear instability, large vortex formation, small
length scale generation, loss of symmetry and randomization
to turbulence. For turbulence generation and sustenance,
the classical theory, described with Richardson’s energy
cascade and Kolmogorov length scale, is not observed by our
DNS. Liu proposed a new theory on turbulence generation
that all small length scales are generated by “shear layer
instability” through multiple level ejections and sweeps and
consequent multiple level positive and negative spikes, but
not by “vortex breakdown” which can never happen. We
believe “shear layer instability” is the “mother of turbulence.”
Flow randomization is caused by the internal property
of instability of the structure of multiple vortex-ring-spot
overlapping.

Nomenclature

M∞: Mach number
Re: Reynolds number
δin: Inflow displacement thickness
Tw: Wall temperature
T∞: Free stream temperature
Lzin: Height at inflow boundary
Lzout: Height at outflow boundary
Lx: Length of computational domain along
Ly: Length of computational domain along y

direction
xin: Distance between leading edge of flat plate

and upstream boundary of computational
domain

A2d: Amplitude of 2D inlet disturbance
A3d: Amplitude of 3D inlet disturbance
ω: Frequency of inlet disturbance
α2d,α3d: Two and three dimensional streamwise

wave number of inlet disturbance
β: Spanwise wave number of inlet

disturbance
R: Ideal gas constant
γ: Ratio of specific heats
μ∞: Viscosity.
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The paper presents a numerical simulation and analysis of the flow inside a poppet valve. First, the single-phase (liquid) flow
is investigated, and an original model is introduced for quantitatively describing the vortex flow. Since an atmospheric outlet
pressure produces large negative absolute pressure regions, a two-phase (cavitating) flow analysis is also performed. Both pressure
and density distributions inside the cavity are presented, and a comparison with the liquid flow results is performed. It is found
that if one defines the cavity radius such that up to this radius the pressure is no larger than the vaporization pressure, then both
liquid and cavitating flow models predict the cavity extent. The current effort is based on the application of the recently developed
full cavitation model that utilizes the modified Rayleigh-Plesset equations for bubble dynamics.

1. Introduction

In hydraulic power systems, cavitation most frequently
occurs in system valves, pumps, and actuators. Large dif-
ferences in pressure are a frequent cause of small-scale
cavitation in chambers of four-way spool valves, while high-
frequency motion of a valve-controlled actuator can lead
to large-scale cavitation in the cylinder. Another source
of cavitation in hydraulic power systems is the improper
filling of the pistons on an axial-piston pump. Either during
transient loading or under steady-state operation, cavitation
can occur in the return chamber of directional control valves
because of the large pressure drop across the orifice. It is of
interest to know the potential cavitation damage, as well as
any effect of cavitation on system performance under both
steady and unsteady flow conditions.

The flow inside the poppet valve is a complex process that
is strongly dependent on the details of the valve geometry,
the fluid properties, and the operating conditions. Separation
and reattachment of jets can have a profound effect on the
flow pressure and force characteristics as well as influencing
the susceptibility to cavitations.

Hydraulic valves differ from process control valves in
application and design. Hydraulic valves are typically used
for controlling pressures and, therefore, are of the quick
opening type of characteristics. Quick opening valves utilize
plugs shaped in the form of a truncated cone with relatively
large clearances between the plug and the seat. Or sometimes
these valves utilize a disc for a poppet plug. Process control
valves on the other hand are used for precise control of the
fluid flow rate due to the linear or equal percentage charac-
teristics. These type of valves usually have small clearances
between the plug and the seat. Despite these differences,
many of the flow phenomena in the hydraulic valve such as
recirculation and jet separation and reattachment also occur
in the process control valve.

A poppet valve is a seating-type valve. For this kind of
valve the moving element (the poppet), usually can have a
spherical or conical shape. Always, the poppet moves in a
perpendicular direction to the seat. Because of the several
advantages that are associated with poppet valves such as
ease of manufacture, minimum leakage, and insensibility
to clogging by dirt particles, poppets have been used for
as pressure regulators and relief valves. The operation
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of this type of valve is quite simple. The fluid pressure
counterbalances the spring force and allows fluid escape
through the annular passage way between the poppet and the
seat.

Separating interior flows are of the utmost importance
for the performance of wide variety of technical applications
[1–5]. Many industrial designs today have to compromise
between the hydrodynamical function and other competing
functions, for example, size or mechanical function. In such
compromised designs undesired separation is more likely
to occur, this drastically decreases the performance of the
design. In such cases, active or passive devices that increase
their near-wall momentum can be used to remove or reduce
the separation [2, 3, 6].

The presence of flow separation in the valve passage and
the occurrence of different flow patterns have previously
been identified in a number of investigations of different
valve geometries. In the extensive work carried out by Tanaka
in 1929 [7], it was observed that discontinuities in the flow
occurred when investigating the flow quantity across the
valve for different valve lifts.

The experimental work of hydraulic valves extends back
over many years. Johnston et al. [8] studied forces on
the valve plug as well as the pressure-flow characteristics
for several different plug and seat arrangements. Schrenk
[9] published work on the pressure-flow characteristics of
poppet and disk valves. Stone [10] studied the characteristics
of poppet valves with sharp-edged seats, small openings,
and low Reynolds number. McCloy and McGuigan [11]
studied the effects of the downstream chamber size in a
two-dimensional model of a poppet. Some researchers have
attempted to analytically predict flow through poppet valves.
Von Mises [5] predicted the contraction coefficient for
flow through an orifice using potential flow. Fluid forces
on the plug are often estimated using simple concepts of
fluid momentum change through the valve [3, 10]. Recently
CFD has been combined with experimental work to analyze
hydraulic valves. Vaughan and Johnston [12] modeled the
valve reported experimentally by Johnston et al. [8].

Weclas et al. [13] presented a comprehensive inves-
tigation into flow separation in the inlet valve passage
using measurement techniques such as discharge coefficient
measurements, surface flow visualization using an oil streak
technique, and detailed flow measurements using LDA. The
detailed flow measurements at the valve exit plane and the
surface flow visualization showed the flow separation in the
valve passage and identified its distribution around the valve
periphery for generic inlet port geometries.

A successful design of poppet valves requires a through
analysis of both velocity and pressure fields, with the
aim of improving the poppet/seat geometry. Technological
considerations lead to sharp corners, which in conjunction
with very narrow passages produce regions of extremely high
gradients in the flow field. As pointed in [14–16], the poppet
flow is not easily suited to classical mathematical analysis.

The relative simple geometry (Figure 1), produces a
very complicated viscous flow field (Figure 2), which can
be realistically investigated only by using computational
fluid mechanics. Powerful numerical tools, such as FLUENT

Figure 1: Velocity vector field and streamlines in meridional section
plane.

Outlet Poppet

Inlet Seat Valve chamber

Outlet

Figure 2: Flow field representation using selected streamlines inside
the poppet valve.

software [17], are now available for investigating flows
through arbitrary geometries.

Figure 1 shows the velocity vector field in meridional
section plane overlaid with selected streamlines in the 3D
computational domain. Velocity vector field in section plane
shows the large recirculation region confirming the very
strong nature of the helical vortex flow in this poppet
valve geometry (Figure 2). The vortex evolution is clearly
influenced by the position of the valve outlet section position.

As shown in our previous work [18], the cavitation
region is relatively large in a poppet valve chamber; thus we
expect a significant change of the flow field compared with
the single-phase flow. One of the main goals of this paper
is to explore the cavitating flow by using a two-phase flow
model.

Section 2 presents a simple cavitating flow model
employed by the commercial code FLUENT, and results
obtained by using this model are presented in Section 5. The
main question addressed in this paper is whether or not
the single-phase flow simulation correctly predicts the vapor
cavity radius and location. In addition, we also examine the
differences between single-phase and two-phase models in
terms of the flow rate and streamline pattern.

2. Cavitating Flow Modeling

Cavitating flows are very sensitive to the formation and
transport of vapour bubbles, the turbulent fluctuations of
pressure and velocity, and the magnitude of noncondensable
gases, which are dissolved or ingested in the operating liquid
[5, 10].

Numerical simulation of two-phase cavitating flows is an
ongoing research effort with the ambitious goal to compute
the unsteady evolution for cavities growth and collapse.
The CFD community has developed so far a set of mature
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techniques for simulating single-phase viscous flows, and the
past half century of accumulated experience may very well
serve to shape the numerical cavitating flow research. Early
studies rely on the potential flow theory [19]. This approach
is now able to correctly describe partially cavitating two-
dimensional hydrofoils, including the reentrant jet cavity
closure model [20]. However, extension to 3D problems and
other types of cavitating flows seems to be out of reach for
the potential flow model.

Although basic cavitation theoretical studies deal with
bubble (or bubble clouds) dynamics by solving for the
vapour-liquid interface, most of the practical cavitating flows
are approached using a homogeneous flow theory. The main
idea is to consider a single variable density fluid, without
explicit phase interfaces. This model has emerged after
carefully examining available experimental investigations,
as well as by evaluating the computational costs involved
in cavitating flows modelling. A review of cavitating flows
numerical studies over the past decade can be found in [21],
where various Reynolds Averaged Navier-Stokes (RANS)
solvers have been modified to account for the secondary-
phase (vapour and gas) dynamics.

The mixture model is used in the current work for the
numerical simulation of cavitating flows with the FLUENT
expert code [17]. In this model, the flow is assumed to be in
thermal and dynamic equilibrium at the interface where the
flow velocity is assumed to be continuous.

The mixture is a hypothetical fluid with variable density,

ρm = αρv + (1− α)ρl, (1)

ranging from liquid density for α = 0 to vapour density ρv
for α = 1. The vapour volume fraction,

α = Volvapor

Volliquid + Volvapor
, (2)

is an additional unknown of the problem. The mixture will
of course satisfy the continuity equation

dρm
dt

+ ρm∇ · um = 0, (3)

where d/dt denotes the material derivative. Next, one has to
consider a momentum equation for the mixture. A simple
choice would be to neglect the viscous effects and use the
Euler equation. The system of equations can be then closed
with a density-pressure relationship (equation of state). This
approach can take advantage of a reach legacy of inviscid
compressible solvers [22]. However, when considering a
barotropic mixture, that is, the density depends solely on the
pressure, some physics is lost. This can be easily seen when
writing the vorticity transport equation

∂ω

∂t
+ u · ∇ω = ω · ∇u+

1
ρ2
∇ρ×∇p+viscous terms. (4)

The second term in the right-hand side, which accounts
for the baroclinic vorticity generation, vanishes when ρ =
ρ(p). As a result, an important vorticity source is lost,
especially in the cavity closure region [23].

Practical computations of industrial flows are using
RANS equations with various turbulence modelling capabil-
ities. This approach is embedded in most commercial codes
currently available, for example, FLUENT [17]. As a result, it
seems natural to build a cavitating flow model on top of such
computational infrastructure.

An alternative to the equation of state is to derive a
transport equation for the vapour volume fraction. The
continuity equation (3), together with (1), gives the velocity
divergence as

∇ · um = − 1
ρm

dρm
dt

= ρl − ρv
ρm

dα

dt
. (5)

Using (5), the conservative form of the transport equation
for α can be easily written:

∂α

∂t
+∇ · (αum) = 1

ρv

[
ρv ρl
ρm

dα

dt

]
. (6)

Equation (6) can be also written for the liquid volume
fraction, 1− α:

∂(1− α)
∂t

+∇ · [(1− α) um] = 1
ρl

[
−ρvρl

ρm

dα

dt

]
. (7)

The factor in square brackets in the r.h.s. of (6) and (7) is
the interphase mass flow rate per unit volume:

ṁ = ρvρl
ρm

dα

dt
. (8)

If we add term by term (6) and (7), we end up with an
inhomogeneous continuity equation of the form

∇ · um = ṁ

(
1
ρv
− 1

ρl

)
, (9)

which is used in [24] to replace the homogeneous equation
(3).

Finally, the vapour volume fraction transport equation is
written as

∂α

∂t
+∇ · (αum) = 1

ρv
ṁ. (10)

This is the equation for the additional variable α to
be solved together with the continuity and momentum
equations.

Most of the efforts in cavitation modelling are focused
on correctly evaluating ṁ. One approach has been proposed
by Merkle et al. [25], by modelling the phase transition
process similar to the chemically reacting flows. This model
was successfully employed by Kunz et al. [26] in a variety of
cavitating flows. However, the model constants are chosen
somehow arbitrary, and this choice ranges several orders
of magnitude from one problem to another. Senocak and
Shyy attempt a derivation of an empiricism-free cavitation
model [23] in order to avoid the evaporation/condensation
parameters introduced by Merkle.
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A different approach is proposed by Schnerr and Sauer
[27], who consider the vapour-liquid mixture as containing
a large number of spherical bubbles. As a result, the vapour
volume fraction can be written as

α = nb(4/3)πR3

1 + nb(4/3)πR3
, (11)

where the number of bubbles per volume of liquid, nb, is a
parameter of the model.

From (11) we can easily get

dα

dt
= α(1− α)

3Ṙ
R

, (12)

where Ṙ is the bubble vapour-liquid interface velocity. A
simplified Rayleigh equation can be used to compute

Ṙ ≡ dR

dt
= sgn

(
pv − p

)√√√√2
3

∣∣pv − p
∣∣

ρl
. (13)

Of course the bubble grows if the mixture pressure is less
than the vaporization pressure, p < pv, and collapses when
p > pv. The bubble collapse, as modelled by the Rayleigh
second-order differential equation, is much more rapid than
the bubble growth. However, the above model seems to make
no such difference between growth and collapse.

The present paper employs the mixture model, as
implemented in the FLUENT commercial code, with the
cavitation model described by (8), (12), and (13).

Physically, the cavitation process is governed by ther-
modynamics and kinetics of the phase change process.
The liquid-vapor conversion associated with the cavitation
process is modeled through two terms, which represents,
respectively, condensation and evaporation. The particular
form of these phase transformation rates forms the basis of
the cavitation model.

3. The Numerical Approach

To simulate the cavitating flow the numerical code FLUENT
[17] was used. The code uses a control-volume-based
technique to convert the governing equations in algebraic
equations that can be solved numerically. This control
volume technique consists of integrating the governing
equations at each control volume, yielding discrete equations
that conserve each quantity on a control-volume basis. The
governing integral equations for the conservation of mass
and momentum and (when appropriate) for energy and
other scalars, such as turbulence and chemical species, are
solved sequentially. With the governing equations being non-
linear (and coupled), several iterations of the solution loop
must be performed before a converged solution is obtained.
The flow solution procedure is the SIMPLE routine [17].
This solution method is designed for incompressible flows,
thus being implicit. The full Navier-Stokes equations are
solved. The flow was assumed to be steady, and isothermal.
In these calculations turbulence effects were considered using
turbulence models, as the k-ε RNG models, with the mod-
ification of the turbulent viscosity for multiphase flow. To

model the flow close to the wall, the standard wall-function
approach was used, and then the enhanced wall-function
approach has been used to model the near-wall region (i.e.,
laminar sublayer, buffer region, and fully-turbulent outer
region). For this model, the used numerical scheme of the
flow equations was the segregated implicit solver. For the
model discretization, the SIMPLE scheme was employed
for pressure-velocity coupling, second-order upwind for the
momentum equations, and first-order upwind for other
transport equations (e.g., vapor transport and turbulence
modeling equations). Computational domain is discretized
using the GAMBIT preprocessor [17]. The flow close to the
body surface is of particular importance in the current study,
the mesh structure in the computational domain deliberately
reflects this concern by heavily clustering the mesh close to
the solid surface of the body so that the boundary layer mesh
is used enclosing the body surface.

4. Validation of the Cavitating Flow Model

Before any attempt of computing cavitating hydrofoil flows,
we have tested the model described in Section 2 on a
benchmark problem. In a previous paper [28] we have
computed the cavitating flow over a blunt body, where our
numerical solutions are in a good agreement with experi-
mental data obtained by Rouse [29]. In this paper we analyse
the case of a hemispherical cavitator. The flow with and
without cavitation computed for the axi-symmetric cavitator
with blunt fore-body and numerical results is compared
with experimental data. For this particular axisymmetric
body, Rouse and McNown [29] have provided the pressure
coefficient distribution along the body.

In this paper we used the volume of fluid method (since
it is essentially based on the transport of the local volume
fraction of the liquid) implemented in FLUENT code to
capture the interface between fluid and vapour.

The volume of fluid methods belong to the group of
Eulerian techniques. The basic idea of the VOF method is to
consider a color function, defined as the volume fraction of
one of the fluids within each cell, to capture the interface.
This function will be unity if the cell is filled with the
gas phase, zero if the cell is filled with the liquid phase,
and between zero and one if the cell contains the interface.
Interfaces are then generally reconstructed using a piecewise
linear interpolation. The main strength of the volume of fluid
method is that it conserves mass exactly as it works directly
with the volume fraction. In general, a VOF algorithm solves
the problem of updating the volume fraction field given the
fixed grid, the velocity field, and the volume fraction field at
the previous step.

Figure 4 shows the distribution of α around a hemispher-
ical fore-body, for a cavitation number

σ = p∞ − pv
(1/2)ρlU2∞

= 0.3. (14)

Most of the computational domain constrains only
liquid, α = 0, but within the region with p < pv the vapour
phase is formed with 0 < α < 1.
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Cavitation occurs as a result of the flow acceleration
over the body surface resulting in regions with pressures
lower than the vapor pressure (Figures 3 and 4). Then, the
water transforms to vapor in these regions, thereby forming
vapor-filled cavities. These cavities collapse when the local
pressure becomes larger than the vapor pressure, with a
reentrant water jet, and the flow generally becomes unsteady.
Thus, an irregular cyclic process of bubble formation and
growth occurs, followed by the filling and finally breaking
off of the bubble. Due to cavitation, large-density and
viscosity gradients arise at the interfaces between nearly
incompressible fluids.

Within the cavity there are regions practically filled
with gas (the first half) and regions with a gas-liquid
mixture corresponding to the reentrant jet dispersion and
vaporisation. The present simulation considers a steady flow,
corresponding to a stable attached cavitation. However, when
the reentrant jet crosses the cavity boundary, a large part of
the cavity detaches and is transported downstream, while the
remaining part starts growing again.

The qualitative analysis above is completed with a
quantitative comparison shown in Figure 5. The pressure
coefficient is plotted against the dimensionless curvilinear
abscissa along the body, originating at the axis,

cp = p − p∞
(1/2)ρlU2∞

. (15)

The numerical results correspond to the dashed line
and agree very well with the experimental data [29]. In
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Figure 5: Pressure coefficient distribution on the hemispherical
fore-body. The curves correspond to the present computations,
while the points are experimental data of Rouse and McNown [29].

the cavitation model the vaporization pressure is adjusted
to obtain the cavitation number σ = 0.3. As a result, the
negative values of pressure coefficient are limited within the
cavity at−σ . However, at cavitation inception (upstream and
of the cavity) the pressure coefficient still drops below −σ as
the bubbles are transported faster than they can grow. At the
end of the cavity there is a sharp increase in cp, corresponding
to the exact location of the downstream stagnation point
from Figure 5.

5. Cavitating Flow Simulation and Analysis

Flow inside the poppet valve has been investigated consider-
ing a typical computational domain presented in Figure 6(a).
Pressure conditions were considered both on the inlet and
outlet sections of the axisymmetric domain, and the rest
of the boundary is considered a solid wall (Figure 6(b)). In
order to perform a quantitative analysis of the complicated
streamline pattern inside the poppet valve chamber, an
original theoretical vortex model has been proposed [16],
thus allowing a parametric study of the poppet valve flow
evolution in the whole range of poppet displacement.

A typical streamline pattern for the liquid flow through
the poppet valve is presented in Figure 7. Three main
vortices are developed in the poppet valve chamber. The
first two vortices, V1 and V2, are rotating counterclockwise
and clockwise, respectively, and are generated on the left-
hand side and right-hand side, respectively, of the liquid
jet issued from the poppet-seat opening. The third vortex,
V3, is generated beyond the valve chamber, in the outflow
channel. Such a qualitative analysis of the flow field has been
performed also by Dietze [15], who used flow visualization to
validate the numerical results, that is, the streamline pattern.
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Figure 6: Cross-sectional view of a typical poppet valve and the corresponding computational domain in a meridian half-plane.
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5,6 mm poppet displacement, operating at inlet/outlet pressure of
61 bar/1 bar.

However, Dietze does not provide a quantitative description
of the velocity and pressure fields details.

In order to carry out the mesh sensitivity analysis,
numerical simulations were carried out by varying the
number of mesh elements in the computational domain.
Initially, the domain was discretized into 26,500 elements.

The accuracy of the simulation results was then improved by
employing a finer mesh that contained 60,700 elements. This
number was further increased to 67,850 but resulted in no
significant improvement in the results. Thus to maintain a
balance between the computational cost and the numerical
accuracy, we concluded (based on the mesh independence
test) that the appropriate number of elements for our study
is 41,970.

The presence of flow separation in the valve passage
(Figure 8) and the occurrence of different flow patterns have
previously been identified in a number of investigations
of different valve geometries. Bulloungh and Chin [1]
performed the static pressure measurements along the valve
cone and seat wall for different poppet displacements.
Visualization of the valve passage flow in a transparent model
was investigated for different poppet valve configurations
by Johnston et al. [8]. Dietze [15] in his Ph.D. thesis
presented a comprehensive investigation into flow separation
in the valve passage using measurement techniques and flow
visualization to validate the numerical results, that is, the
streamline pattern.

As mentioned in Section 3, after obtaining a steady
single-phase (liquid) flow solution, the FLUENT code allows
turning on the cavitation model. As a result, vapor formation
is enabled where the absolute pressure is smaller than the
vaporization pressure. In order to obtain correct results the
so-called operating pressure pop must be set to zero (it is set
to the atmospheric pressure by default); therefore the gauge
pressure pgauge will equal the absolute pressure pabs,

pabs = pop + pgauge. (16)

This is particularly important for obtaining only positive
absolute pressure values.

As shown in Figure 9, when the cavitating flow model
is used the pressure inside the cavity becomes constant
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Figure 8: Streamline pattern and pressure field in the meridian
half-plane of the poppet valve.

and equals the vaporization pressure, in concordance with
cavitation physics. On the other hand, Figure 10 reveals that
the pressure exceeds the vaporization pressure at the same
radius of approximately 9 mm for both single-phase and
two-phase models. However, one cannot say that the cavity
radius is 9 mm since a continuous transition from vapor to
liquid takes place.

If the cavity radius is defined such that inside the cavity
the pressure does not exceed the vaporization pressure, then
Figure 9 shows that both single-phase and cavitating flow
models predict the same cavity extent. However, the above
conclusion might be valid only for a particular value of the
bubble density number n (see (11)). As a result, we have
performed the numerical simulation for three values for n,
namely, 104, 105, and 106, within the range recommended by
Kubota et al. [20]. The results are presented in Figure 10, with
a zoom for the pressure range around zero. We can conclude
that when a steady cavitating flow configuration is computed,
the bubble density number has no significant influence on
the results. This is particularly important since there is no
need for additional information to choose the appropriate
value for n.

Figure 11 shows the liquid-vapor mixture density, start-
ing with the vapor region inside the cavity and ending
with pure liquid. One can see that there is a large region
containing a mixture of liquid and vapor, as it actually
happens for industrial cavitation.
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A control valve creates a pressure drop in the fluid as it
controls the flow rate. The profile of the fluid pressure, as
it flows through the valve, is shown in Figure 11. The fluid
accelerates as it takes a pressure drop through the valve trim.
It reaches its highest velocity just past the throttle point, at
a point called the vena contracta. The fluid is at its lowest
pressure and highest velocity at the vena contracta. Past the
vena contracta the fluid decelerates and some of the pressure
drop is recovered as the pressure increases. The pressure in
the vena contracta is not of importance until it is lower than
the fluid vapor pressure. Then the fluid will quickly form
vapor bubbles and, if the pressure increases above the vapor
pressure, the vapor bubbles instantly collapse back to liquid
(Figure 11).

The liquid flow rate will increase as the pressure drop
increases. However, when cavitation vapor bubbles form
in the vena contracta, the vapor bubbles will increasingly
restrict the flow of liquid until the flow is fully choked with
vapor. This condition is known as “choked flow” or “critical
flow.” When the flow is fully choked, the flow rate does not
increase when the pressure drop is increased.

Cavitation will begin at the point of “incipient cavitation”
and increase in intensity to the point of choked flow.
Cavitation at point of “incipient cavitation” is not damaging
and is almost undetectable. At some point between incipient
and choked, the cavitation may damage most trim styles. The
location of the “damage” point varies with trim style and
material.

The radial distribution of the density inside the main
vortex is presented in Figure 12. One can say that the vapour-
filled cavity has a radius of 5 mm, but since we have a smooth
transition from the vapor region to the liquid region other
conventional cavity radii might be defined.

The cavitating flow streamline pattern is not significantly
altered in comparison with the one presented in Figure 7.
However, one can notice that the main vortex is slightly
shifted toward the axis of symmetry and the secondary vortex
V2 becomes smaller.

Figure 12 shows the liquid-vapor mixture density, start-
ing with the vapor region inside the cavity and ending with
pure liquid. One can see that there is a large region con-
taining a mixture of liquid and vapor, as it actually happens
for industrial cavitation [30]. The radial distribution of the
density inside the main vortex is presented in Figure 13. One
can say that the vapour-filled cavity has a radius of 5 mm, but
since we have a smooth transition from the vapor region to
the liquid region the above definition for the cavity radius in
terms of pressure seems to be more appropriate.

As far as the flow rate is concerned, the liquid flow
value is practically the same for cavitating flows. Further
investigations are needed to elucidate this issue.

6. Conclusions

The paper presents a numerical investigation of cavitating
flows using the mixture model implemented in the FLUENT
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inside the main vortex (cavity).

commercial code. The interphase mass flow rate is modelled
with a simplified Rayleigh equation applied to bubbles
uniformly distributed in computing cells, resulting in an
expression for the interphase mass transfer. This is the source
term for the vapor phase transport equation. As a result, the
density of the liquid-vapor mixture is allowed to vary from
the vapor density up to the liquid density.

The cavitation model is validated for the flow around
a hemispherical body cavitator. The numerical results agree
very well both qualitatively and quantitatively with the exper-
iments. As a result we include that the present cavitational
model is able to capture the major dynamics of the cavitating
flows inside the hydraulic power equipment.

Cavitation damage problems are more likely to occur
with water flow as water has a well-defined vapor pressure
and the vapor bubble collapse is instantaneous. Hydrocarbon
fluids have a less precise vapor pressure and are often a
compound with several vapor pressures [31, 32]. Cavitation
damage with hydrocarbon fluids is usually less severe than
water, as the bubble collapse is not as sudden and can be
cushioned by other vapors. However, the vibration and flow
noise problems remain [3, 10].

The fluid inlet pressure is proportional to the amount
of energy available to cause cavitation damage. Higher inlet
pressures will produce more intense and more damaging
cavitation.

The generation and implosion of the vapor bubbles will
cause vibration to the valve poppet that may cause wear
between the poppet and the seat.

The generation and implosion of the vapor bubbles
will cause significantly elevated flow noise in addition to
vibration. The cavitation bubbles will form a vapor plume
in the liquid. The larger the plume, the noisier the flow and
the more likely it is to cause erosion damage. The size of the
plume is dependent on trim style and severity of cavitation.

The cavitating flow pressure distribution displays a
constant value inside the vapor filled cavity, with a slow
increase as the mixture density increases. The investigation
of the liquid-gas mixture density shows a smooth and
continuous transition from vapor to liquid. This transition
takes place over a relatively large region. The results obtained
for a steady cavitating flow does not depend on the bubble
number density. This conclusion might not be true when
time-dependent evolutions are investigated.

As the authors proceed with this research, they focus
on several areas including: (1) improved physical model for
mass transfer and (2) extended application and validation for
steady two-dimensional flows.

Nomenclature

h: Poppet displacement [m]
nb: Number of bubbles per unit volume of liquid

[1/m3]
p: Mixture pressure [Pa]
pv: Vaporization pressure [Pa]
pabs: Absolute pressure [Pa]
pgauge: Gauge pressure [Pa]
pop: Operating pressure [Pa]
R: Bubble radius [m]
Ṙ: Bubble vapor-liquid interface velocity [m/s]
α: Vapour volume fraction [—]
ρm: Liquid-vapor mixture density [kg/m3]
ρv: Vapor volume fraction density [kg/m3]
σ : Cavitation number [—]
um: Liquid-vapor mixture velocity [m/s]
u: Absolute velocity [m/s]
ω = ∇× u: Vorticity [1/s]
t: Time [s].
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Coronary artery bifurcation lesions are complex and several classifications are presented to describe them. Recently, the Medina
classification has been proposed. This classification uses binary values for characterization of stenosis. Flow conditions according
to Medina classification have not been described. In this paper, bifurcation lesions corresponding to anatomical Medina lesion
classification are compared on the basis of flow and Wall Shear Stress (WSS). Computational models of healthy and stenosed
coronary artery bifurcations ((1, 1, 1), (0, 1, 1) and (1, 0, 1)) with moderate and severe stenoses of 50% and 75% diameter were
analyzed. The results showed that, flow conditions vary in bifurcation lesion types according to the clinically-oriented Medina
classification. The flow in SB of bifurcation was dependent of the Medina lesion type and was more affected in lesion type (1, 0,
1). The magnitudes of WSS on the inner and outer walls of SB of bifurcation lesion (1, 0, 1) in post-stenotic region and along the
arterial wall were smaller than bifurcations lesions (0, 1, 1) and (1, 1, 1) respectively. Our results suggest that SB of bifurcation
lesion (1, 0, 1) is more prone to atherosclerosis progression compared to types (0, 1, 1) and (1, 1, 1).

1. Introduction

From clinical practice, it is known that coronary artery bifur-
cations are regions where the flow is strongly perturbed, and
is prone to the development of atherosclerotic lesions. As a
definition, bifurcation lesion is a coronary artery narrowing
that may involve the proximal main vessel, the distal main
vessel, and the side branch [1]. Bifurcation lesions have
always represented a major challenge for percutaneous
treatment [2–5]. Part of this challenge is related to the
variety of coronary lesions located at a bifurcation which
present wide range of anatomical morphologies. Currently,
there are seven coronary bifurcation lesion classification
schemes in the literature [6–13]. These classifications are
based on the presence or absence of significant angiographic
stenosis within the three vessels of the bifurcation. All the
published classifications are very similar in describing a given
bifurcation lesion. Different lesion types are named using

numbers or letters. Most of the classifications are difficult
to remember [6–11]. The first attempt to overcome some of
the limitations of previous classifications and simplify these
classifications was successfully made by Medina et al. [12].
The classification by Medina is simple and does not need to
be memorized even though it provides all the information
contained in the other classifications. In this classification,
the bifurcation is divided into three segments: the main
branch proximal (MBP), the main branch distal (MBD), and
the side branch (SB). Any narrowing with critical stenosis of
50% and above in any segment receives the binary value 1;
otherwise, a binary value 0 is assigned starting from left to
right. The three suffixes are separated by commas. In that
context, the Medina classification is essentially an anatomical
classification.

Pathologic examination of coronary arteries reveals that
atherosclerosis lesions are likely to prevail at places where the
vessel is curved, bifurcates, has a junction, a side branch, or
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Figure 1: Angiogram of coronary artery bifurcation [26, 29] and corresponding geometrical model (a) and associated Medina lesion
classification of coronary artery bifurcation (b).

other sudden change in flow geometry, and when the flow
is unsteady [13–16]. Hemodynamic factors play a major role
in the initiation and progression of atherosclerosis [17–19].
Studies show that arterial regions exposed to low and non-
uniform shear stress are more prone to atherosclerotic lesions
development [20–23].

To date, there has been no report studying flow condi-
tions in bifurcation lesions associated with the Medina lesion
classification. Using computational fluid dynamics (CFD)
analysis, we studied (1) flow conditions in MBP, MBD,
and SB, and (2) Wall Shear Stress (WSS) distributions in
bifurcations lesions (1, 1, 1), (0, 1, 1), and (1, 0, 1).

2. Material and Methods

Hemodynamic analyses were carried out to study the flow
conditions and quantify the WSS in coronary artery bifur-
cation which is of the most important sites of atheroscle-
rotic plaque accumulation [24–26]. The simulation was
conducted using COMSOL 3.5 which is dedicated for multi-
physics and engineering applications. This software uses the
finite-element method to solve the equations that govern
blood flow in the computational domain. The computational
domain was meshed and the combination of both momen-
tum and continuity equations for transient, Newtonian
model of the blood flow is analyzed.

A geometrical model of coronary artery bifurcation was
considered to simulate the bifurcation between left main

coronary artery (LMCA) and left anterior descending artery
(LAD) [26]. Figure 1 shows the geometrical model of two-
dimensional angiographic projections of the bifurcation
(main branch proximal (MBP), main branch distal (MBD),
and side branch (SB)) as well as the bifurcation lesions
associated with the Medina lesion classification [3]. In our
model, the dimensions of MBP, MBD, and SB are 4 mm,
3.4 mm, and SB 2.7 mm which are selected based on coronary
arteriography data [27]. To have a fully developed flow at
the inlet and downstream the stenoses, we considered a
branch length 15DMBP as a total branch length. The branch
lengths for MBD and SB are calculated from the centre of
the bifurcation to their end, equal to 12DMBD and 11DSB,
respectively. A lesion length (L) of 6 mm is located at
the carina in the considered bifurcation lesions. The angle
between the centerline LMCA and LAD as well as the angle
between the centerline MBD and SB (75◦) corresponds to
physiological anatomical range [28].

A similar two-dimensional model was recently presented
for one stenotic bifurcation case [30].

In the stenosed bifurcation, the word “true” bifurcation
lesion is used when stenosis in the proximal and/or distal seg-
ment of the main vessel and the side branch is involved [31].
Therefore, according to Medina lesion classification, the
bifurcation lesion types (1, 1, 1), (0, 1, 1), and (1, 0, 1)
are true bifurcation lesions. The Medina classification seems
intuitive in the sense that the most obstructed disease
bifurcation is labeled as (1, 1, 1). A secondary goal of this
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Figure 2: Velocity field in coronary artery bifurcation at peak diastole.

study is to assess, on the WSS basis, if the bifurcation type (1,
1, 1) do correspond to the most severe condition.

For the study of blood flow, we assumed that blood can
be represented by an incompressible fluid which is governed
by the conservation of mass and the conservation of mo-
mentum leading to the Navier-Stokes and the continuity
equations:

ρ

(
∂�u
∂t

+ �u · ∇�u
)
= −∇p + μ

(∇2�u
)
,

∇ · �u = 0,

(1)

where, ρ denotes the density of the fluid (kg m−3), �u the
velocity vector (m s−1), p the pressure (Pa), and μ the
dynamic viscosity of fluid (Pa.s).

Wall shear stress was determined as the product of vis-
cosity (μ) and the shear rate (γ̇). The shear rate, in two
dimensions is defined according to:

γ̇ =

√√√√√
⎛
⎝2

(
∂�u
∂x

)2

+

(
∂�u
∂y

+
∂�v
∂x

)2

+ 2

(
∂�v
∂y

)2
⎞
⎠, (2)

where �u and �v are the velocity components [32].
To solve the governing equations, a set of boundary

conditions is required. In the present study, we assumed that
the vascular bed maintains a constant flow in both healthy
and stenosed artery.

The flows were considered unsteady, laminar, and fully
developed throughout the study section; hence, the velocity
distribution in the inlet was set to be parabolic as expressed
by (3):

u = umax

[
1−

(
R

Ra

)2
]

, (3)

where R is the radial position and Ra the inner radius of the
artery.

Time-dependant velocity was taken from the literature
for the left coronary artery during the cardiac cycle [33]. The

waveform has a period T = 0.7 s, where 0 < t (sec) < 0.2
is systolic and 0.2 < t (sec) < 0.7 is diastolic phase. The
maximum velocity magnitude at resting condition varies
between 0.15 m/s and 0.25 m/s for a coronary artery of
4 mm in diameter. The arterial flow at peak diastole in MBP
is 102.2 mL/min [34, 35]. For the outlet of the vessels, a
traction-free boundary condition was imposed [36]. The
Newtonian blood properties in this model are blood viscosity
μ = 0.0035 Pa.s, and blood density ρ = 1060 Kg/m3,
respectively [37].

3. Results and Discussions

Pulsatile hemodynamic analyses were carried out in healthy
and stenotic bifurcations to study the influences of the con-
striction location on flow conditions and WSS distributions.

3.1. Flow Simulation Corresponding to Healthy Coronary
Artery Bifurcation. A model of the healthy coronary artery
bifurcation was developed and the corresponding velocity
field and WSS distributions were investigated. The computed
velocity field at peak diastole is presented in Figure 2.

Velocity profiles in the normal coronary artery bifurca-
tion are skewed toward the carina, resulting in higher velocity
along the inner walls and lower velocity along the outer walls.

For a Newtonian flow, WSS is the magnitude of the tan-
gential shear forces acting on the wall by the fluid and is
determined by the wall shear rate (gradient of velocity at
the wall) multiplied by the viscosity of the fluid (τ = μγ̇).
It is observed that, the gradient of velocity creates significant
changes in the WSS on the inner and outer walls of MBD and
SB. Distribution of WSS in the healthy artery at peak diastole
is shown in Figure 3.

The distribution of WSS in Figure 3(a) shows the regions
of high shear stress at the carina which is drastically greater
than the WSS throughout the majority of the vessel walls.

The endothelial cells (lining the arterial walls) are ex-
posed to shear stress variations due to periodic nature of
blood flow. The physiological magnitude of the WSS ranges
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Figure 3: Distributions of WSS in the healthy coronary artery bifurcation (a) and WSS along the inner and outer walls of SB (b).

from 1 to 7 Pa in normal arteries [38]. Wall shear stress out-
side this range can potentially generate mechanisms that lead
to vascular pathology. Lower values of WSS may contribute
to the atherosclerotic process and therefore are considered
“athero-prone,” while WSS higher than this range may
activate platelets and consequently “high-shear” induced
thrombosis [38]. Prior in vitro and in vivo researches locate
the atherosclerosis mostly within regions of disturbed blood
flow, where WSS is below <0.5 Pa [39]. The WSS values along
the inner and outer walls depicted in Figure 3 indicate that a
small portion of the luminal surface is exposed to such low
WSS at peak diastole in the non-diseased bifurcation model.
The larger value of the WSS at peak diastole occurs on the SB
inner wall downstream the carina. The results indicate that
on the SB, low WSS values occur on the outer wall. The low
WSS distribution on the outer walls is in accordance with the
localization of atherosclerotic lesions in these areas. Indeed,
there is strong evidence that low WSS values are possibly
correlated to the lesion localization [39–41].

3.2. Flow Simulation of Bifurcation Lesions (1, 1, 1), (0, 1,
1), and (1, 0, 1). Having discussed the flow condition and
WSS distribution in healthy bifurcation, we next proceed to
inspect the flow condition and WSS distribution in three
lesion types of the Medina lesion classification (Figure 1).
In clinical medicine, the severity of stenoses is commonly
defined as the percentage of occlusion using diameter meas-
urements: % stenosis = (d1 − d2)/d1 ∗ 100%, where d1 is
the artery diameter and d2 is the constricted diameter. As the
disease advances, the percentage of stenosis also increases.
The geometry of stenoses used in this simulation is the same
geometry as Ahmed and Giddens used in their experimental
work [42]. Symmetric moderate (50%) and severe (75%)
stenoses with Gaussian symmetric surface morphology are
imposed at the MBP, MBD, and SB, respectively.

The computational model and mechanical properties are
built based on the coronary artery bifurcation detailed in
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Figure 4: Velocity fields in peak systole and peak diastole in SB for
three mesh densities.

section one. The obstructions in MBP, MBD, and SB are far
from the outlet so that the flow can return to a nearly fully
developed state and the outlet boundary condition does not
influence activities occurring upstream.

For the flow modelling, mesh sensitivity analysis was
carried out for bifurcation lesions (1, 1, 1), (0, 1, 1), and
(1, 0, 1) for three different mesh densities and velocity fields,
and WSS values were compared for different number of ele-
ments. Unsteady simulations were performed using a coarse,
medium, and fine mesh of the geometry to estimate the mesh
sensitivity for the arterial bifurcation geometry throughout
the cardiac cycle. In bifurcation lesion (1, 1, 1) with 50%
stenosis, we used a coarse mesh (8665 elements); a medium
mesh (13,097 elements); a fine mesh (19,625 elements).
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Figure 5: Maps of the velocity field magnitude and corresponding flow rates in 50% (a) and 75% (b) stenosed bifurcations.

Results were analyzed in term of the velocity profile and WSS
along the MBD and SB. The velocity profiles and WSS for
the coarse mesh density showed maximum 8% difference
with the medium mesh. The results showed that the velocity
field and WSS values have maximum 1% difference in the
medium and fine mesh densities. Considering the negligible
difference between medium and fine mesh densities and
also the computing time, the medium mesh with mesh
density of 13,097 elements was employed. For illustration,
for bifurcation type (1, 1, 1), we present the velocity fields in
peak systole and peak diastole in SB for three mesh densities
in Figure 4.

Transient simulations were performed for stenosed coro-
nary artery bifurcations and the corresponding velocity fields
and shear stress distributions were investigated. In Figure 5,

the three representative snapshots of the magnitude of the
velocity field for 50% and 75% stenoses are shown at peak
diastole (t = 0.27 s) for bifurcation lesion types (1, 1, 1),
(0, 1, 1) and (1, 0, 1) of Medina lesion classification.

The simulation results presented in Figure 5 shows a
dramatically different velocity profile of the blood flow in the
downstream of stenotic bifurcations and demonstrated the
influence of the bifurcation lesion types on the blood flow
pattern, such as flow separation and recirculation zones. The
maximum velocity in bifurcation lesions with 50% and 75%
stenoses are about 0.42 m/s and 0.84 m/s, respectively which
are related to the stenosed bifurcations with constriction
in their MBP. Downstream the lesions, the flow decelerates
and reverses near the walls due to the viscous effects. The
bifurcation lesion types with greater stenoses (75%),
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Figure 6: Wall shear stress at peak systole (a) and peak diastole (b) in true bifurcation lesions.

Table 1: The ratio of SB flow to MBP flow.

Diameter
reduction

(1, 1, 1) (0, 1, 1) (1, 0, 1)

50%
QSB/QMBP =

0.44
QSB/QMBP =

0.45
QSB/QMBP =

0.31

75%
QSB/QMBP =

0.37
QSB/QMBP =

0.42
QSB/QMBP =

0.16

experience more flow separation, and bigger recirculation
zones downstream the stenoses compare to bifurcation
lesions with 50% stenoses. The results presented in Figure 5
also show that bifurcations with constriction in both MBD
and SB (1, 0, 1) has the lowest magnitude of blood streaming
into the SB. We calculated the ratio of the magnitude of
the SB flow to the total MBP flow at peak diastole for all
bifurcation lesions. The flow values were determined from
converged simulation results and velocity profiles at 2.4 cm
(8DMBD) and 1.62 cm (6DSB) distal to the lesions in MBD
and SB. As a consequence of presence or absence of lesions
in MBD and MBP, various hemodynamic conditions occur
in SB with the same percentage of stenosis (Figure 5). The
ratio of maximal blood flow achievable in a stenotic SB to
the maximal blood flow in MBP in various bifurcation lesion
types for intermediate and severe stenoses are summarize in
Table 1.

As it is described in Table 1, in bifurcation lesion (1, 0, 1),
the maximal diastolic SB flow in intermediate and severe

stenoses is 31% and 16% of the total MBP flow. The results
support that, the lower blood flow in the SB creates a crucial
condition for this branch in bifurcation lesion (1, 0, 1)
compared to bifurcation lesions (1, 1, 1), and (0, 1, 1)
respectively.

3.3. Wall Shear Stress (WSS) of the Bifurcation Lesion Types.
WSS is one of the most important factors in develop-
ing atherosclerosis, and arterial branches are found more
prone in formation of arterial plaques [20–23]. Although
atherosclerosis is a disease affecting the vascular system as
a whole, it has uneven distribution in SB and MBD with
considerable differences for different bifurcation lesion types.
Therefore, the WSS distribution is studied along the inner
and outer walls of SB and MBD for true bifurcations (1, 1, 1),
(0, 1, 1), and (1, 0, 1) associated with the Medina lesion
classification.

At peak diastolic point of a cardiac cycle, the WSS fields
for true bifurcation lesions with 50% stenoses are presented
in Figure 6.

The distribution pattern shows that, at the MBP and
upstream the flow divider, WSS is uniform. The peak values
of the WSS are at the center of stenosis and at the carina
of bifurcation. The WSS value at the inner and outer walls
peaks at the center of stenosis and reaches the minimum
in the post-stenosis region and then recovers gradually in
the downstream stenosis along the arterial wall until it levels
off. As mentioned, low WSS regions which are linked with
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Figure 7: Wall shear stress on the outer and inner walls of SB and peak diastole.

atherosclerosis progression occur within the recirculation
zone downstream the stenoses on the inner and outer walls.

Wall shear stress distribution on the inner and outer
walls of SB downstream the stenosis is studied for bifurcation
types (1, 1, 1), (0, 1, 1), and (1, 0, 1). The variation of WSS
downstream the lesions on the outer and inner walls of SB at
peak diastole are presented in Figure 7.

Comparing WSS values along the inner and outer walls
between normal (Figure 3) and atherosclerotic bifurcations
(Figure 7) revealed that the arteriosclerotic walls contain
more regions exposed to low WSS values. In arteriosclerotic
bifurcations, the magnitude of WSS on inner and outer walls
of bifurcation type (1, 0, 1) both in post stenotic region
and along the arterial wall is smaller than the corresponding
magnitudes in bifurcation types (1, 1, 1) and (0, 1, 1).

Low WSS regions which are associated with atheroscle-
rosis progression occur within the recirculation zone down-
stream the stenoses. In bifurcation lesions with stenosis in

their SB, low WSS regions were observed in the poststenosis
regions is the SB. We now examine the time-dependant
behavior of the WSS in the poststenosis region on the outer
wall of SB. For this purpose, three consecutive points (A, B,
and C) are considered downstream the stenosis on the outer
wall. Point A is located 0.1 mm downstream the stenosis. The
A-B and B-C distances are 1.5 mm. The temporal variation
of WSS downstream the lesions, at three consecutive points
on the outer wall of SB for true bifurcation are presented in
Figure 8.

The change of WSS throughout the cardiac cycle is highly
correlated to flow velocities. The WSS characterizes the forces
that longitudinally act on the vessel wall. At peak systole and
peak diastole, when the blood flow parallel to the wall is fast,
these forces are higher. At each individual point on the SB
wall, the maximum value of WSS in all bifurcation types is
related to the peak systolic and peak diastolic of a cardiac
cycle. The maximum value of WSS for bifurcation lesion
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Figure 8: Temporal WSS at three points on the outer walls of SB for true bifurcation lesions.

types (1, 1, 1) and (0, 1, 1) at peak systolic and diastolic
points are 0.65 Pa and 0.9 Pa. The corresponding WSS for
lesion type (1, 0, 1) is 0.58 Pa and 0.75 Pa revealing that the
minimum magnitude of WSS is related to the lesion type (1,
0, 1). The low values of WSS are mostly in the deceleration
phase which possess two third of a cardiac cycle duration.

To assess how WSS pattern changes in MBD along the
entire wall in all time steps of a cardiac cycle, the mean WSS
values along the inner and outer walls downstream the le-
sions are computed for 68 nodes in bifurcation lesion types
(1, 1, 1) and (0, 1, 1) and for 78 nodes in bifurcation lesion
type (1, 0, 1). The mean WSS values are determined at each
time step and mean WSS values along the inner and outer
walls of MBD during a cardiac cycle are presented in Figure
9.

The distribution pattern of WSS on the MBD reveals
that, most parts of the luminal surface are exposed to WSS
within the physiological range. Comparisons of the WSS
distributions in bifurcation lesion types (1, 1, 1), (0, 1, 1),
and (1, 0, 1) shows that during the diastolic period, arterial

regions downstream bifurcation lesion types (1, 1, 1), (0, 1,
1) exposes to lower magnitudes of WSS.

As another important hemodynamic parameter, WSS is
studied in true bifurcation lesions. Predictions of WSS distri-
bution downstream the stenosis is useful in the understand-
ing of the effects of disturbed flow on endothelial cells and
blood elements near the wall and can be used to support
medical decision.

The results of the present study should be interpreted
within the constraints of certain limitations. First, the geom-
etries used in this work are a series of idealized two dimen-
sional axisymmetric stenoses in idealized arterial bifurcation.
In our problem, stenoses configurations and percentages are
fixed while in reality they may vary and occur in different
places along the vessel. Another geometric limitation of the
present study is the fact that we do not take the composition
of the compliance of the vessels; all the vessels are considered
as rigid wall boundaries. The simulations do not take into
consideration the non-Newtonian property of the blood.
Indeed, while blood behaves generally like a Newtonian fluid
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Figure 9: Mean WSS value along the inner and outer walls of MBD during a cardiac cycle.

at high shear rates, the non-Newtonian properties may affect
the blood flow patterns and shear stress results at low shear
rate regions. In addition, our geometric model is based on a
representation of a straight blood vessel, while they may be
curved in reality. The vessel curvature can have significant
effect on the skewness of the velocity profile and the general
behavior of the flow.

4. Conclusion

Most experimental and numerical studies of pulsatile flow
through stenotic arteries have been performed assuming
a simple vessel and there are no studies of hemodynamic
changes associated with various bifurcation lesion types to
date especially in the context of the Medina lesion classifica-
tion. The present study is motivated by the need to under-
stand the flow condition and WSS distributions in various
bifurcation lesion types in a coronary artery bifurcation.
We have investigated the flow ratio and time-dependence
patterns of WSS resulting from the numerical simulation
of pulsating hemodynamic flows in healthy and stenosed
coronary artery bifurcations. Various stenoses configurations
were considered according to Medina lesion classification
and a detailed numerical result for time-dependent WSS
distributions that may be involved in lesion initiation and
progression is highlighted. The main results of this study
are that different bifurcation type determines different flow
ratio and WSS distributions in SB. In detail, the ratio of SB
flow to MBP flow was less in both 50% and 75% for (1, 0, 1)
bifurcation lesion type compared to (0, 1, 1) and (1, 1, 1).
Examinations of the WSS distribution in true bifurcation
lesions showed that on the SB, in terms of athero-prone
regions, the lesion type (1, 1, 1) is not likely the worst
case because the results support that lesion type (1, 0, 1)
resulted in lower values of WSS on both inner and outer
walls especially in the deceleration phase of the cardiac cycle.
The results indicated that in the bifurcation lesion types, the

flow condition and WSS distribution in SB are influenced by
the lesion morphologies which cannot be fully assessed by
quantitative coronary angiographic parameters.
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The application of computational fluid dynamics (CFD) in the area of porous media and adsorption cooling system is becoming
more practical due to the significant improvement in computer power. The results from previous studies have shown that CFD
can be useful tool for predicting the water vapour flow pattern, temperature, heat transfer, flow velocity, and adsorption rate. This
paper investigates the effect of silica gel granular size on the water adsorption rate using computational fluid dynamics.

1. Introduction

The adsorption properties of silica gel have been studied
for many years as silica gel is used in many industries
including adsorption cooling systems. Past research have
shown experimentally that the adsorpitivity of silica gel
granules depend on their size. The purpose of this work
was to study the effect of granule size on the adsorption
properties of silica gel by using CFD and comparing the
simulation results to those obtained experimentally.

To design an efficient adsorber bed, flow, and temper-
ature, adsorption information is essential. Studies of fluid
dynamics and heat transfer in adsorber beds date back to
the early twentieth century [1] (Andersson, 1961.) The early
investigation of flow in porous media packed beds provided
mainly such bulk information as pressure drop correlations
[2]. Predict pressure loss for flow in adsorber beds [3, 4].
Computational fluid dynamics (CFD) provides an innovative
approach to model and analysing the local flow and the effect
of silica gel size on adsorption performance of a packed bed.
CFD simulation of porous media local flow and heat transfer
based on CFD technique has increasingly been reported in
recent years in fields of packed bed flow and heat transfer
modelling [5, 6]. CFD simulation was based on fundamental
principles of diffusion and adsorption/desorption of porous
materials. In this study, an integrated CFD model was
developed to model and simulate the adsorption dynamics

of water vapour in three different sizes of silica gel in a fixed
bed adsorption column. The developed integrated model
was used to determine the adsorption capacity of the three
silica gel as a function of time, based on different operating
conditions.

The simulated results were compared with pass research
papers experimental data and found to give a good agree-
ment. The effect of various influencing parameters such as
velocity and silica gel porosity were studied to investigate
their influences on the adsorption capacity.

1.1. Methods

1.1.1. 3D Geometry of Silica Gel Packing. Geometric models
of the silica gel adsorber bed systems are generated for a tube
of 25 mm length of 100 mm diameter.
The size of silica gel that are use in this CFD simulation is

Silica gel granular size 1 mm
Silica gel granular size 2 mm
Silica gel granular size 3 mm.
Adsorbent particle size affects how the water vapour

flows through the adsorber bed. Smaller particles (higher
mesh values) larger particles (lower mesh values).

First we selected the silica gel to particle sizes the silica gel
were selected in the ranges of 40–60 mesh, 60–100 mesh, and
100–200 mesh.



2 Modelling and Simulation in Engineering

2. Modelling Strategies for
Silica Gel Adsorber Beds

In this study, an integrated CFD model was developed to
simulate the adsorption dynamics of water vapour of silica
gel granules in a fixed bed adsorption column using the
solidworks flow simulation module. The model consists of
two modes of operation, the water vapour adsorption and
the desorption mode. In each mode, the water vapour flow
profile surrounding the granules was determined by solving
the Navier-Stokes equations and the resulting velocity profile
was regarded time invariant and stored for later use. Also,
the time-dependent mass transfer both outside and inside
the porous silica gel due to its adsorpitivity was simulated
through a user-defined function developed to solve the
Brunauer, Emmett and Teller (BET) equation [1] for both
adsorption and desorption processes. The developed model
was used to determine the adsorption capacity of three
different sizes of silica gel granules namely; 1 mm, 2 mm,
and 3 mm as a function of time at different operating
temperatures. The simulation results were compared with
past experimental data and found to give a good agreement.

2.1. Modelling of Vapour Flow in Silica Gel Particle. The po-
rous media capabilities of flow simulation are used to sim-
ulate a porous media silica gel which allows you to model the
volume that the silica gel occupies as a distributed resistance
instead of discretely modelling all of the individual passages
within the silica gel, which would be impractical or even
impossible. We consider the influence of the porous medium
permeability type (isotropic and unidirectional media of the
same resistance to flow) on the water vapour mass flow rate
distribution over the silica gel. We will observe the latter
through the behaviour of the water vapour flow trajectories
distributed uniformly over the model’s inlet and passing
through the porous silica gel. Additionally, by cooling the
flow trajectories by the flow velocity the vapour residence
time in the porous media can be estimated, which is also
important from the silica gel adsorption of water vapour
effectiveness viewpoint. As a first introduction to CFD a
simple model was created the model represented one silica
granule in a tube as shown in (Figure 1) the flow inlet and
flow outlet.

The silica gel granule in the tube was designed with the
dimensions of 1 mm, 2 mm and 3 mm this was then used
in the validation model. With this model it was tried to fit
CFD data to generally accepted experimental data. This one
granule was then clone to 40 granule 60 and 120 these clone
granule was then simulated in a tube bed (see Figure 2).

This limitation of granules was necessary to keep the
model reasonable in size with a mesh density comparable
to the validation model. A series of runs was conducted at
a number of flow velocities, see Table 3. In all these runs, the
centrally located granules had a defined temperature of 20◦C.
The tube wall temperature was set at 20.5◦C to create a 0.5◦C
temperature difference between the granule and the fluid at
infinite distance. The water vapour that flowed through the
tube was defined at 20◦C at the entrance. The temperature
of the through the granules was simulated and recorded.

Outlet

Tube wall

Silica gel granule at
temperature of 20◦CInlet for water

vapour

Figure 1: One silica gel in a tube geometry used for validation of
CFD against theoretical models.

Figure 2: This one granule was then clone to 36 granule 65 and 114
granules.

A constant diffusion coefficient De was assumed according to
the reference of [7] Sakoda et al. (1984). The spherical silica
gel particle with initial conditions of water content mr = 0
and a temperature Tin is instantaneously exposed to vapour
flow. The diffusion equation in the silica gel particle is

∂mr

∂t
= 1

r2

∂

∂r

(
Der

2 ∂mr

∂r

)
. (1)

The initial condition and boundary conditions for (1) are

mr(r; t = 0) = 0,

∂mr

∂r

∣∣∣∣
r=0

= 0,

mr

(
r = dp

2
, t

)
= ms(T , x,P).

(2)

The mr is local water content of a silica gel particle in the
radial direction and the me is the equilibrium water content
on the particle surface. The water content averaged in a silica
gel particle is given by

m = 24
d3
p

∫ dp/2

0

(
1− ep

)
r2mrdr, (3)
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where the porosity in a silica gel particle was fixed at ep =
0.38 for 1 mm silica gel, 0.38 for 2 mm silica gel and 0.34 for
the 3 mm silica gel.

3. CFD Governing Equations

The transport phenomena can be divided into adsorption
and water vapour flow in the adsorber bed, silica gel granules
surfaces Navier-Stokes equations for flow are used to solve
the water vapour flow phase [1, 3, 7–11]:

∂�u
dt
= −1

ρ
∇p + ηΔ�u,

∇ · �u = 0.
(4)

The p represents pressure, η dynamic viscosity and ρ
density of the fluid the velocity flow can be simulated in first.
This simulated data is then stored and used for solving the
convection-diffusion equation [1]:

∂c

∂t
= −�u · ∇c + D · Δc. (5)

The c represents the water vapour molecule adsorbed into
the silica gel, and D the diffusion flow coefficient in the silica
gel. In contrast to diffusion, an effective diffusivity De must
be applied [1, 3, 9–11]:

∂cp
∂t

= De · Δcp − 1− εe
εe

∂q

∂t
,

De = εiD

θ
·

(6)

The cp represents the water vapour molecule adsorbed within
the silica gel particle. The mass transfer resistance between
the silica gel surface is also modelled [1]:

�n · (−D∇c + c�u
) = k f

(
c − cp

)
,

−�n ·
(
−De ∇cp + cp�u

)
= k f

(
cp − c

)
.

(7)

The �n represents the normal vector of the outer silica
surface. The driving force of transport over the particle
boundary is relative to the adsorption difference, and k f is
the corresponding mass transfer coefficient. The adsorber
beds in the CFD simulation are simulated with far less
silica gel granules than in a real adsorber bed. In order
to simulate similar systems, the effective diffusivity De is
increased. The adsorption of the water vapour molecules at
the silica surfaces is described by a classical Langmuir-type
kinetic [1, 3, 7–10]:

∂q

∂t
= ka · c ·

(
qmax − q

)− kd · q. (8)

The ka and kd represent adsorption and desorption rates,
qmax maximum capacity, and q the current occupation of
binding sites at the surface.

3.1. Desorption of Vapour in Porous Materials. When consid-
ering desorption in a porous material one must considers
vapour transport the Lattice Boltzmann equation can be
expressed as

∂s

∂t
= r

(
kpc

p − sq
)
. (9)

This can be done with Lattice Boltzmann multi physics ex-
tension by applying a local rule describing the change of the
adsorption rate ∂s/∂t on the water vapour concentration C
and the adsorbed mass S deposited per unit volume of the
porous media matrix.

With parameters kp > 0 and exponents p, q fulfilling
p/q ≤ 1. At equilibrium, that is, for ∂s/∂t = 0, this model
reduces to a Freundlich isotherm:

s = kcn, (10)

with k = kp
1/q and n = p/q.

4. CFD Modelling Method

In all types of CFD modelling there are some factors
that determine the difficulty of modelling granules packed
adsorption beds. In a silica gel packed bed the amount of
packing and the narrow region between them makes its
modelling more complicated. One way of solving this prob-
lem is to model a single granule of silica gel in CAD software.

This single granule can then be clone into thousands of
granule then pack into a 3D adsorption bed (see Figure 3).
The clone pack silica gel can then be inserted as a parasolid
CAD file then one could applied a porous media material
using a CFD software called flow simulation. Then, this
porous media could be solved by using a finite control-
volume method.

4.1. Smaller Arrangements of Silica Gel Granules. The amount
of silica gel granules in a real adsorber bed cannot be
reproduced in a three-dimensional model using CFD tools.
However, to simplify the numerical calculations you can
simulate smaller arrangements of silica gel granules. In this
study, there are three silica gel sizes in the adsorber beds
these beds contain 36, 65, and 114 particles, respectively (see
Figure 4).

Different porosities were obtained by changing the
particle sizes and arrangements. Constant thermo physical
properties at 20◦C were assumed for the water vapour. Peri-
odic boundary conditions were imposed on the boundaries
of the computational domain. The inflow into the domain
was set as a velocity inlet with the outflow set as the pressure
outlet boundary condition. The dimensions and porosities
of the porous media used in the simulation were based on
the experimental research are listed in Table 1. The constant
contact areas between the particles were calculated based on
the desired porosity.

4.2. Computational Mesh Domain. In this work, the mesh
creation was done using flow simulation, a general-purpose
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A single granule of silica gel

A packed bed of silica gel control

volumes

Figure 3: Thousands of granule pack the silica gel into a 3D adsorption bed.

(a)

(b)

(c)

114 silica gel granules

65 silica gel granules

36 silica gel granules

Figure 4: The three adsorption bed tube containing the numerically created example packing with (a) 36 granules, (b) 65 granules, (c) 114
granules.

Table 1: Geometry and mesh parameters.

Test section
Porous media sizes

(mm)
Porosity ε

Total number of
elements

No. 1 1 mm 0.38 1065623

No. 2 2 mm 0.38 1122425

No. 3 3 mm 0.34 1097191

program providing a variety of automatic meshing strategies.
All the simulation, in this exercise were conducted first with
automatic meshing and then secondly modified manually to
help determine the influence of mesh density on the outcome
of the simulation.

4.3. A Porous Sample with Nonuniform Porosity. The mesh
domain was split into 1065623 cells containing 1122425 faces
and 1097191 nodes.

The grid was then partitioned along the principal axis
into 3 segments to allow the domain to reduce simulation
time on computer see Figure 5.

4.4. 3D Silica Gel Granules Packing Arrangements. When sim-
ulating the adsorption of water vapour on porous silica gel
the volume of silica gel packing and pore spacing will depend
upon the size of silica gel. But in some sense the relationship
between size and pore spacing can be more complex because
of the influence of packing arrangements.

For example, the packing of spherical porous media
of 1 mm uniform size in Figure 6(a) when a simulation
was completed on this type of packing arrangement, the
porosity was 0.45. But when the simulation was simulated in
Figure 6(b) the porosity was 0.26 and when a simulation was
completed in the Figure 6(c), it was 0.38, this arrangement
was a more realistic packing arrangement, this was a random
arrangement. In a real-world scenario, adsorption bed would
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Figure 5: Schematic diagram of the computational domain.

(a) (b) (c)

Figure 6: Arrangements of the silica gel particles for CFD simulation.

have randomly packing of silica gel and not uniform
arrangement. So, it was determined that this was the packing
arrangement to be used in all CFD simulation.

4.5. CFD Mesh Generation. For all types of geometries the
creation of the mesh has different obstacles. In the meshing of
silica-gel-packed bed geometry, the major issue is resolving
the areas where two solid surfaces touch the contact points.

Because of this fact, the silica gel radii were reduced by
about 2% in order to avoid mesh failures in the area of the
silica gel contact points (see Figure 7).

4.6. Porous Media Simulations. A porous material had to be
defined for the adsorbent used in the simulation. Materials
were found in different sources, one of the source was in ([8]
Akisawa, Saha (2001), [3] Akira , Alam (2005)). Type A and
Type RD were created with a density of 730 kg/m3, for type
A and a density of 800 kg/m3, for type RD, a heat capacity of
0.921 J/kgK, and a thermal conductivity of 0.174 W/mK (see
Table 2).

By studying the table above, you can see that Type A
silica gel and Type RD have similar physical properties which
give them similar adsorption/desorption characteristics at
different regeneration temperatures [8].

Table 2: Thermophysical properties of silica gel.

Type A Type 3A Type RD

Specific surface area (m2/g) 650 606 650

Porous volume (mL/g) 0.36 0.45 0.35

Average pore diameter (A) 22 30 21

Apparent density (kg/m3) 730 770 800

pH value 5.0 3.9 4.0

Water content (wt.%) <2.0 0.87 —

Specific heal capacity (kJ/kg K) 0.921 0.921 0.921

Thermal conductivity (W/m K) 0.174 0.174 0.198

Mesh sire 10–40 60–200 10–20

4.7. Porosity of Silica Gel Used in CFD Simulation. Porosity
is the effective porosity of the porous medium, defined as
the volume fraction of the interconnected pores with respect
to the total porous medium volume; here, the porosity is
equal to 0.36. The porosity will govern the water vapour
flow velocity in the porous medium channels, which, in
turn, governs porous medium efficiency. The porosity of the
granules is defined as the ratio of the volume of the total pore
space filled by the fluid to the total volume of the porous
medium, all within the domain of interest. Since mesh cells in
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Silica gel radii were reduced
by about 2%

A packed bed of silica gel

Figure 7: 3D dimensional display and detail of the control volumes in the fluid region near particle-to particle contact points.

Figure 8: To define a porous medium in this simulation you need to specify the porous medium’s properties (porosity, permeability type,
etc.) in the engineering database and then apply the porous medium to a silica gel in the assembly see Figure 8.

the domain have been tagged as solid or fluid, the volume of
total pore space can easily be obtained numerically by finding
the sum of volumes of the cells tagged as fluid. Similarly, the
volume of the solid matrix is the sum of volumes of the cells
tagged as solid. Finally, the total medium volume is simply
the sum of the volumes of all cells, see also Figure 9.Then the
porosity is defined by the following equation:

ΔP

L
= −αU2

s − βUs. (11)

For some materials which have nonconstant porosity
(Benenati and Brosilow), there are various techniques avail-
able to generate numerical porous media with the same non-
uniform characteristics.

4.8. Pressure Drop and Mass Transfer. The pressure drop and
water vapour flow rate caused by the different size of silica

Table 3: Simulated pressure drop of different spacer arrangement.

Inlet velocity
(m/s)

Pressure drop
size 1 mm
(kPa/cm)

Pressure drop
size 2 mm
(kPa/cm)

Pressure drop
size 3 mm
(kPa/cm)

0.5 0.27 0.32 0.35

1.0 0.92 1.05 1.13

2.0 2.19 2.60 3.02

gel perpendicular to the flow direction together with the
mass transfer coefficient are very important in determining
optimal packing design.

Table 2 shows the pressure drop for different simulated
silica gel size and arrangement.

It can be seen that the pressure drop in the different size
of silica gel arrangements in the adsorption tube increased
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Figure 9: A typical domain of a porous medium two phase
problem.

significantly with inlet velocity. The silica gel size 1 mm has
the lowest pressure drop values are observed. This may be
partly due to the fact that the diameter of these silica gel
arrangement are smaller than the two silica gel 2 mm and
3 mm arrangement in the adsorption tubes. The pressure
drop for silica gel size 2 mm is slightly higher than 3 mm silica
gel this is also because of the different size effect on flow of
vapour.

4.9. Boundary Conditions Used in Simulation. The boundary
conditions determine the flow and thermal variables on the
boundaries of the physical model. There are a number of
boundary conditions:

(i) flow inlet and exit boundaries: pressure inlet, velocity
inlet, pressure outlet;

(ii) wall, repeating, and limit boundaries: wall, symme-
try;

(iii) internal fluid, solid;

(iv) internal face boundaries: porous, wall, interior.

In our model we use a velocity inlet at the flow inlet of
the adsorption bed, this boundary condition defines a flow
velocity at the inlet of the bed. The flow exit boundary is
defined as a pressure outlet; the outlet pressure is defined
as atmospheric pressure. The bed and packing interiors are
defined as boundaries. The wall boundaries separate the fluid
zone, vapour, in between the silica gel particles from the wall
zones [4, 5, 12–14].

With the determination of the boundary conditions, the
physical model has been defined and a numerical solution
can be provided. It was then necessary to determine how
the solution will be established. This was done by setting the
iteration parameters. With all boundary conditions defined,
a number of additional parameters and solving schemes were
selected.

An initial condition was assigned to the model and was
used to help speed the convergence of the computation. The

computation is an iterative process that solves the governing
equations for flow and energy in each simulated cell.
Depending on the complexity of the model and the computer
resources available, CFD simulation can take anywhere from
minutes to days [10]. The results of the simulation can be
viewed and manipulated with post-processing software once
the simulation has converted to a solution.

4.10. Postprocessing the Simulation Data. When the simu-
lation has converged, the last dataset is stored as a final
solution. This dataset has a record of the status of all elements
in the model, temperature, densities, pressures, flow aspects,
and so forth. To be able to interpret the data, it needs to
be ordered and reduced to comprehensible sizes [15]. This
displaying of the data is called postprocessing and makes it
possible to compare the different simulations with each other
and with external data. There was as many ways of displaying
the data as there were data points so it was important
to select the data representation that was required for the
desired data comparison. Some of the standard options
available are contour plots and velocity vector plots. Contour
plots will give a plot in the defined data point collection,
this can be a plane or a volume, of contours of another
variable. For example, a plane can be defined as a constant
x coordinate plane (y-z plane), we can then make a contour
plot showing temperature contours in this plane. In the same
plane, a velocity contour plot can be made showing absolute
velocities of the fluid in the defined plane. Other variables
that can be used for contour plots are magnitude of velocity
components, turbulence components, pressure, and so forth.
Velocity vector plots can be made to get an insight into the
flow patterns in the overall geometry or detailed at specific
locations [3, 9–11].

4.11. Fluid Flow Fundamentals. For iteration, CFD solvers
use generalized fluid flow and energy balances based on the
Navier-Stokes equations. The balances are generalized so the
user can influence which elements are added in the balance
and which are not. The number of balances to be solved is
also user defined; it can be advantageous to not solve all
balances initially. The generalized balances that are used by
the flow simulation commercial CFD package are the Navier-
Stokes equations for conservation of mass and momentum,
when it is set to calculate laminar flow without heat transfer.
Additional equations are solved for heat transfer, species
mixing or reaction, or κ and ε for turbulent cases [16].

5. Results and Discussion

The present CFD simulation attempts to clarify the adsorp-
tion characteristics of the adsorption bed packed with
spherical silica gel type A under the boundary condition of
parameters such as a width of packed bed, the inlet water
vapour velocity, and granule size of silica gel.

5.1. Granules Packing Gap between Wall. To be able to solve
for turbulent flow in a CFD simulation, it was necessary to
introduce a small gap between the wall and the silica gel
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Figure 10: Flow profile in an adsorber test beds.
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Figure 11: Velocity vectors profile in an axial cut model velocity profile expressed in m/s.

granules. It was shown from comparisons of flow profiles at
several gap sizes that the small gaps used in the final model
did not affect the stagnant flow area around the contact
points.

6. CFD Validation against Theoretical Models

The CFD simulation model has been used to simulate the
water vapour adsorption and desorption onto silica gel
porous media, heat transfer, and velocity. The results sim-
ulated using the CFD model were compared with the ex-
perimental data. Based on the simulation results, the data
demonstrated a good agreement with the experimental
data with maximum error (Figure 10). Based on the good
agreement of the model results, several important operating
parameters were varied to study the influence of these
parameters on water vapour adsorption performance.

6.1. Velocity Profiles. In all CFD simulation, it was notice that
the water vapour flow in the middle of the porous media
granules and the wall channel as expected. It was also noticed
that velocity increased by the inlet and velocity in some
constrained areas of the adsorption bed. Stagnation points
and secondary flows were also noticed near the contact
points (Figure 11).

It can be noticed that all simulations show a good
correlation with Ergun’s equation, turbulence, and velocity
model. The packing of the silica gel granules is clearly visible;
also note the practical difference between the interior of
the bed and the near-wall region where the packing of the
spheres is constrained by the presence of the wall. This lowers
the porosity in these regions and a significant fraction of the
flow is being channelled through this region.

In (Figure 12) it can be notice that the velocity vectors
of water vapour flows in the middle of the silica gel granules
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Figure 12: Velocity vectors plot of the water vapour velocity field in
a packed bed the inlet.

10

0

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500 600 700

W
at

er
 v

ap
or

 a
ds

or
pt

io
n

 c
on

te
n

t 
(w

t. 
%

)

Time (min)
Type A 1 mm FD
Type A 1 mm Sim

Figure 13: Influence of the silica gel size and number on the
breakthrough curve.

packing and by the walls of the tube adsorption bed. It can
also be seen that the velocity vectors increasing by the inlet of
the adsorption bed tube.

One advantage of computational simulation of the flow is
the sheer volume of data available for analysis; in particular,
here, flow velocities at every point in the bed, which are
available for statistical analysis.

6.2. Effect of Flow Velocity. Flow velocity has a directly pro-
portional effect over heat transfer when forced convection
takes place. An increase on flow velocity leads to an increase
on kinetic energy. This fact generates a better heat transfer
coefficient.

The velocity variation within the porous medium de-
pends on the structure of the porous media, as manifested via
the pressure drop. The pressure drops occurring across the
porous medium are attributed to several factors, including
form drag, viscous drag from bounding wall, and inertia
force. The obtained results confirm that the pressure drop
is a linear function of flow velocity [1–3, 9–17].

6.3. The Performance of the Silica Gel. The performance of
the silica gel systems is commonly illustrated and evaluated
on the basis of adsorption of the water vapour molecules
in the adsorber bed over time. These simulations reveal the
impact of silica gel granule adsorption rates:

C = 1
A
·
∫
A
cdA. (12)

Figure 13 shows the resulting CFD simulations with the
three example of silica gel. The breakthrough curves become
steeper for models that contain smaller silica gel, which is
crucial for good adsorption performance of the adsorber bed
[1, 5, 7, 11, 15–17].

6.4. Water Vapour Flow Profile. The water vapour molecules
adsorption accumulation on the silica gel is shown in
(Figure 13). In this study, an integrated CFD model was
developed to simulate the adsorption dynamics of water
vapour of silica gel granules in a fixed bed adsorption
column using the Solidworks flow simulation module, the
model consists of two modes of operation: the water vapour
adsorption and the desorption mode. In each mode, the
water vapour flow profile surrounding the granules was
determined by solving the Navier-Stokes equations and the
resulting velocity profile was regarded time invariant and
stored for later use. Also, the time-dependent mass transfer
both outside and inside the porous silica gel due to its
adsorpitivity was simulated through a user defined function
developed to solve the Brunauer, Emmett, and Teller (BET)
equation [1] for both adsorption and desorption processes.
The developed model was used to determine the adsorption
capacity of two different sizes of silica gel granules, namely,
3.5 mm and 5 mm as a function of time at different operating
temperatures.

In Figure 14, the water molecules stick to the surface of
the silica gel the same as the Brunauer, Emmett and Teller
model of multilayer adsorption method [12, 13], in the
CFD simulation, the water vapour molecules is a randomly
distributed on to the porous silica gel material surface.

6.5. Water Vapour Adsorption Profile. The CFD simulation
determine the distribution of water vapour molecules in the
flow vapour phase and the adsorption of adsorbed vapour
molecules on the silica gel surfaces. (Figure 15) shows some
views of typical adsorption of water vapour molecules (a),
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(a)

Molecules stick to the surface of silica gel

Silica gel

(b)

Figure 14: The adsorption starting to take place with the formation of multilayer of adsorbate on adsorbent.

(a) t = 129 sec (b) t = 350 sec (c) t = 700 sec

Figure 15: Concentration profiles for c and q at different times in a column filled with 100 silica gel beads.

(b) and (c) at different times of the adsorption of the beds
t = 129 sec, t = 350 sec, and t = 700 sec [1, 7, 8].

6.6. CFD Simulation of Desorption of Water Vapour from
Silica Gel. When attempting to simulate the desorption of
water vapour from silica gel, it was necessary to create a user
defined function (UDF); the major challenge in the use of
CFD simulation of the desorption of water vapour from silica
gel is the complex interconnected void space silica gel has. In
traditional 2D mathematical approaches, the engineers use
to largely ignoring this fact. In CFD simulation, this is not
ignored, it is model into the 3D model of the porous media,
see Figure 16. In order to simulate desorption, we had to
create a function called desorption that would take several
inputs (material, fluid, pressure, flow rate, and whatever
factors affect the silica gel calculations).

The desorption of water vapour for silica gel was sim-
ulated on a 3D test with one silica then was tested on a 3
silica gel then ultimately on a 40 silica gel simulation.

6.7. The Heat Transfer Performance. The CFD simulation
showed that the heat transfer performance of the silica gel

adsorption bed is one of the important factors to affect the
adsorption efficiency of the bed. The surface temperature of
the silica gel was measured in the simulation to get a batter
understand of the heat transfer performance of the silica
gel. The water temperatures of 70◦C, 80◦C, and 90◦C were
used to heat the silica gel different surface temperatures to
help one to understand the heat transfer performance of the
adsorber bed with silica gel. Figure 17 shows that the silica
gel surface temperature increased steadily in the bigger silica
gel sizes as compared to the smaller sizes and its surface
temperature was lower than that of the smaller sizes of silica
gel. As was expected, the heat transfer performance in the
smaller sizes was better than that of the bigger silica gel sizes.

7. Pros and Cons

CFD provides a cost-effective means to analyse, demonstrate,
and improve the performance of industrial designs; to
trouble-shoot manufacturing and process problems. It is
a very powerful tool for the simulation of fluid flows.
CFD is a knowledge-based activity. It still relies heavily on
the knowledge of the user. It is particularly important to
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Figure 16: Desorption of water vapour in porous materials.
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Figure 17: The variation of the surface temperature of silica gel size
with the heating time.

understand its bounds of applicability and the consequences
of limitations in physical and numerical submodels.

8. Conclusions

A CFD model was developed for simulating the adsorption
of water vapour on silica gel granules and used to study the
effect of granule sizes indicating that reducing the granule
size increases the adsorption. It can be concluded that CFD
is a promising tool in evaluating heat transfer behaviour in
an adsorption bed. Further CFD studies, with a larger silica
gel and porous medias, are required in the future simulation
to show whether they will produce this.

Notations

a: Surface area of silica gel
C0: Inlet concentration (kg m−3)
C: Bed concentration (kg m−3)
C2: Inertia resistance coefficient (m)
D: Molecular diffusivity (m2 sec−1)

Dp: Particles diameter (m)
K : Mass transfer coefficient (sec−1)
P: Partial pressure (Pa)
q: Adsorbent capacity (mmol g−1)
qs: Maximum capacity (mmol g−1)
t: Time (sec)
u: Water vapour velocity (x-direction) (m sec−1)
v: Water vapour velocity (y-direction) (m sec−1)
w: Water vapour velocity (z-direction) (m sec−1).

Greek Symbols

ε: Bed fraction (Porosity)
ρs: Particles density (kg m−3)
ρ: Fluid density (kg m−3)
α: Viscous resistant coefficient (m−1)
μ: Fluid viscosity (Ns m−2)

Abbreviation

CFD: Computational fluid dynamics
LDF: Linear driving force
UDS: User’s defined scalars
UDF: User’s defined functions.
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Simulation-driven design with computational fluid dynamics has been used to evaluate the flow downstream of a hydropower
plant with regards to upstream migrating fish. Field measurements with an Acoustic Doppler Current Profiler were performed, and
the measurements were used to validate the simulations. The measurements indicate a more unstable flow than the simulations,
and the tailrace jet from the turbines is stronger in the simulations. A fishway entrance was included in the simulations, and the
subsequent attraction water was evaluated for two positions and two angles of the entrance at different turbine discharges. Results
show that both positions are viable and that a position where the flow from the fishway does not have to compete with the flow
from the power plant will generate superior attraction water. Simulations were also performed for further downstream where the
flow from the turbines meets the old river bed which is the current fish passage for upstream migrating fish. A modification of the
old river bed was made in the model as one scenario to generate better attraction water. This considerably increases the attraction
water although it cannot compete with the flow from the tailrace tunnel.

1. Introduction

Computational fluid dynamics (CFD) is used to simulate the
flow within a tailrace channel of a hydropower plant with the
purpose to scrutinize alternative positions of an entrance to a
fishway. The simulations are carried out on full scale imply-
ing a length of the virtual model of 320 m, a typical width
of 75 m, a typical depth of 10 m, and a maximum inlet flow
rate of 1000 m3/s. A numerical challenge with the large scale
is to fulfill conditions of a sufficiently resolved flow struc-
ture at locations with high gradients (e.g., at boundaries) and
a good mesh overall with a decent usage of computational
resources (Marjavaara and Lundström [1]). Another chal-
lenge is the validation of the simulations which is here done
by measurement with an Acoustic Doppler Current Profiler
(ADCP).

Studies of tagged Atlantic salmon and sea trout in the
unregulated river Vindelälven in northern Sweden during
1995–2005 have shown that only a third of the upstream

migrating fish find their way to their natural spawning
grounds (Lundqvist et al. [2]). The main reason for this is the
Stornorrfors power plant located downstream the confluence
between the rivers Vindelälven and Umeälven, the latter
being a regulated river. A major issue at the power plant is
that the fish are attracted into the tailrace channel from the
turbines rather than migrating up through the old river bed
that offers a fishway around the turbines (Rivinoja et al. [3]).
The flow rate from the turbines is typically 20 times larger
than the flow rate from the old river bed and its entrance
into the confluence is very wide. Hence, fluid flow conditions
for the old river bed to attract fish are limited. The fact that
migrating fish are attracted to the tailrace of the turbines
instead of the weaker current from the fishway is a common
problem (Arnekleiv and Kraabøl [4], Webb [5]). The diffi-
culties of upstream migrating fish coming across in regu-
lated rivers in northern Sweden have been documented by,
for example, Rivinoja [6], Lindmark [7], and Lindmark and
Gustavsson [8].
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There are two major measures that are being consid-
ered for improving the upstream migration of fish at the
Stornorrfors power plant. One is to construct a new fishway
in the form of a fish ladder from the tailrace channel since
a majority of the fish reside there for a long period of time
during the migration season. The other alternative is to
create better attraction water from the old river bed into the
confluence area. The alternatives are here modeled with CFD,
and the attraction water created using given configurations
is examined. The interest in numerical simulations of flows
in rivers is increasing, and, due to the rapid development of
user-friendly efficient codes and computer power in recent
years, more advanced models than before can be applied in
areas such as fish migration, habitat modeling, sedimenta-
tion transport, erosion, and dam safety. Olsen and Stokseth
[9] created a model of the Sokna River in Norway where they
applied a k-ε turbulence model and a porosity-based model
for large roughness elements in the river bed showing good
resemblance with observed data. The SSIIM model suggested
by Olsen has been validated against LDA measurements in
a meandering channel on a lab scale (Wilson et al. [10])
where the model showed the ability to capture secondary
currents. CFD has also been applied to the River Cole,
Birmingham, UK (Clifford et al. [11]), and the River Thame,
Birmingham, UK (Booker [12]), where the potential for use
in habitat modelling was discussed. A numerical model of
a 4 km stretch of the Columbia River downstream of the
Wanapum Dam has been performed and calibrated against
measured data highlighting the importance of bed roughness
for accurate flow predictions (Sinha et al. [13]). Dargahi [14]
used the commercial code Fluent to model fluid flow and
sediment transport in the River Klarälven, Sweden, and vali-
dated the results with ADCP measurements. The design of a
submerged flow guiding device to increase the survivability
of downstream migrating fish has been performed in the
commercial code CFX-10 (Lundström et al. [15]). Simula-
tions of flow in an ice-covered channel with the k-ω turbu-
lence model with different roughness values for river bed and
ice-cover resulted in a 16% increase in mean flow depth of
the channel (Yoon et al. [16]). The effects of submerged weirs
in natural channels to improve the navigation conditions for
barges have been investigated numerically (Jia et al. [17, 18]).

Rakowski et al. [19] used field-measured data with ADCP
to validate their CFD simulations of a 2.7 km reach starting
downstream of the Bonneville powerhouse and spillway with
total river flows between 3275 m3/s and 11328 m3/s. The
velocities were measured and averaged over a 10 minutes
period to get adequate representation of the mean velocity.
When comparing the CFD simulations (steady state, k-ε
turbulence model) to ADCP data, the modeled velocity was
slightly lower than the measured, but within the standard
deviation of the field velocity. Viscardi et al. [20] also used
ADCP measurements to validate CFD simulations in a 3 km
stretch of the Paraná de las Palmas River with flow rates
ranging from 2200 to 5000 m3/s (steady state, k-ε turbulence
model, rigid lid, bed roughness Manning n = 0.025). In
their case, the velocities were averaged over 2 seconds in each
vertical sample in order to minimize the effect of the tidal
change and the velocities correspond reasonable accurate.

To summarize, two-equation turbulence models are in most
cases used to simulate the flow in rivers and no one is con-
sidering how attraction water from a fishway competes with
the flow in the river.

2. Geometry

The actual geometry in the present study consists of four
parts, the tunnel from the turbines, the tailrace channel, the
old river bed, and the confluence area, see Figure 1 where
the tailrace channel and the old river bed are defined. The
confluence area is located where the water from the old river
bed and the tailrace channel meet, while the tunnel from the
turbines is located upstream the tailrace channel. CFD cal-
culations are performed on all parts except the old river bed,
while velocity measurements are only reported for a couple
of transects within the tailrace channel.

3. Experimental

To measure topology and water velocity downstream Stor-
norrfors power plant, an ADCP was used. The ADCP has
four transducers directed into the water. The transducers
send out sound waves that reflect on small particles traveling
with the water, and the transducers detect the Doppler fre-
quency of the reflected sound waves. These frequencies are
proportional to the velocity of the water (the particles).
ADCP is a relatively fast way of measuring velocities in field
and to calculate river discharge. The ADCP used in this case
is a RiverBoat RioGrande, and the data processing was per-
formed with the software Winriver II, both from RD Instru-
ments.

The bathymetry in the area was measured using two set-
ups. The ADCP was dragged besides a motorboat with a
pole and rope, which enabled measurements close to the
shoreline. By combining the bottom-tracking feature of the
ADCP with GPS data, a point cloud consisting of ADCP
provided depths at specific satellite coordinates was obtained.
The ADCP however fails to find the bottom of the deep-
est area in the tailrace channel; hence, a SIMRAD EY60,
GPT 200 kHz, split beam echo sounder with the transducer
mounted vertically on the boat was used near the tailrace
tunnel outlet. There is a small shallow part of the tailrace
that is located above and behind the tunnel outlet. The GPS
reception was very low this far into the spillway due to the
surrounding terrain which caused large uncertainties in the
acquired coordinates. The length of this region is appro-
ximately 50 m, and observations suggest that it consists of
a slow circulating flow and the assumption was made that
this part of the spillway does not have any significant effect
on the flow in the remaining channel. It was thus omit-
ted from the numerical model, and the entrance to this inner-
most part was excluded from the geometry. The points of
measurements are shown in Figure 1(a).

For the velocity measurements, a steel wire was stretched
across the tailrace channel and the ADCP was tethered to it.
A manual winch enabled the ADCP to travel across the chan-
nel and capture the velocities in the entire cross-section.
The transect T1 in Figure 1(a) was measured on several
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(1) Tailrace channel

(2) Old river bed

(3) Locations for fishway

(4) Measured transect (T1)

(5) Measured transect (T2)
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Figure 1: (a) Aerial photograph of tailrace channel and confluence area downstream Stornorrfors power plant. White lines (points) represent
data points used in geometry creation. Please notice the cardinal direction. (b) Visualization of the confluence area, tailrace channel, and old
river bed looking upstream. Darker grey represents a larger channel depth.

occasions at different turbine discharges and a minimum
of four times at each flow. Three vertical profiles in the
T1 transect and three in the T2 transect were measured
during a minimum of 600 s. The profiles were collected
when the flow rate through the power plant was ∼500 m3/s
(according to the discharge calculation in WinRiver and
data from the hydropower company). Profiles were measured
with a time difference of 0.95 s between ensembles. During
measurements, the distance to the shore was measured with
a laser distance meter. The total width of the T1 section was
measured to 40 m, and the profiles were located at 16, 23,
and 32 m from the south shore. Transect T2 had a measured
width of 85 m, and the verticals were located 30, 44, and 59 m
from the north shore.

The accuracy of the ADCP depends on many factors,
such as side-lobe interference, ringing, and ADCP-flow inter-
action that exclude the ADCP from doing any measurements
near the water surface or close to the bottom of the river
(Simpson and Oltmann [21]). Nystrom et al. [22] compared
ADCP accuracy with an Acoustic Doppler Velocimeter
(ADV) in a lab flume within which the turbulence intensity
of the flow was 0.1. The ADCP measurements were carried
out during 15 min, and the error was less than 3% in the areas
away from the boundaries not being affected by ringing, side
lobe interference, and flow disturbance.

4. Numerical Setup

The point cloud collected with ADCP and SIMRAD seen in
Figure 1 was converted to a bottom surface in the software
Imageware 13. The surface was imported to Ansys Icem
Cfd 11 where a solid model was created. The formed
geometry was divided in two parts, the tailrace channel and
the confluence area between the channel and the old river
bed. The simulation volumes were discretized as tetrahedral
elements in the CFD model. Local refinements of the grid
were carried out in areas of simulated attraction water to
increase the resolution in the most interesting parts of the
flow. All simulations were carried out with the commercial
software CFX11 from Ansys Inc. A mesh sensitivity study of

the tailrace channel was performed with different numerical
grids, ranging from 239 k to 7389 k nodes. The velocity
in the east direction was evaluated at T1 and T2 for the
different grids and the conclusion was that the coarsest mesh
did not capture the flow field with sufficient accuracy. A
mesh with 526 k nodes however produced a very similar
flow field to that of the 7389 k mesh with significantly lower
computational cost. Hence, the final grids for the tailrace
channel consisted of ∼500 k nodes and the confluence area
of ∼600 k nodes.

In reality, the water from the power plant goes through an
approximately 4 km long tunnel before entering the tailrace
channel. To create a realistic inlet boundary condition for
the simulations, this tunnel was modeled separately and the
velocity profile at the end of the tunnel was used at the inlet
of the tailrace channel simulations. The tunnel was given a
sufficient length to give a fully developed velocity profile,
and the tunnel walls were given a wall roughness of a typical
excavated rock.

The high-resolution advection scheme was used for
solving the equations of fluid motion and turbulence closure.
The high-resolution scheme uses a close to second-order
solution in areas with low variable gradients, and, in areas
where the gradients change sharply, it will be close to a first-
order solution (ANSYS [23]). The incompressible Reynolds-
Averaged Navier Stokes equation and the continuity equation
are expressed as

∂Ui

∂t
+ Uj

∂Ui

∂xj
= −1

ρ

∂P

∂xi
+ ν∇2Ui − ∂

∂xj

(
ujui

)
,

∂Ui

∂xi
= 0,

(1)

where U is the mean part of the velocity component, P is the
pressure, ν is the viscosity of the fluid, ρ is the fluid density,
and ujui are the Reynolds stresses. All simulations were run
with the k-ε turbulence model with scalable wall functions.
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In the k-ε turbulence model, Reynolds stresses are linearly
related to the strain:

−ujui = 2νTSi j − 2
3
kδi j , (2)

where k is the turbulent kinetic energy, νT is the eddy vis-
cosity, and Si j is the mean strain tensor defined as

Si j = 1
2

(
∂Uj

∂xi
− ∂Ui

∂xj

)
. (3)

The eddy viscosity is modeled as

νT = Cμ
k2

ε
, (4)

where Cμ is a model constant and ε is the turbulent dis-
sipation rate. For more information, see Launder and Spald-
ing [24]. The RMS residual target for all simulations was set
to 10−6. This convergence target could not be achieved with
a steady-state solver due to initial fluctuations of the flow.
Simulations were instead run on a transient solver until it
approached a steady solution and the final values from the
simulation were used. A physical time step of 0.5–2 s was
selected depending on grid size, and the solution was con-
sidered steady when the velocity in 18 monitored points
throughout the domain had been virtually constant for at
least 1000 time steps.

The water surface was modeled as a rigid lid with zero
friction. This approximation is viable when the surface level
variation is smaller than 10% of the total channel depth
(Rodriguez et al. [25]). The outlets are given a pressure type
boundary condition. The bottom surface of the numerical
model was defined as a rough wall. A scalable wall function
that uses an extension of the method suggested in [24] was
selected for near wall modeling. The dimensionless velocity
u+ in the logarithmic layer close to the rough wall is typically
written as

u+ = Ut

uτ
= 1

κ
ln y+ + B − ΔB, (5)

where

y+ = uτΔy

ν
, uτ =

√
τω
ρ

, (6)

and where uτ is the friction velocity, Ut is the velocity
tangent to the wall at a distance Δy from the wall, y+ is the
nondimensional wall unit, τω is the wall shear stress, κ is
the von Karman constant, B is a constant, and ΔB is the so-
called roughness characterization function. Since the rough-
ness of the channel is not well documented, a global repre-
sentation of roughness was selected. The wall roughness
can be described as an equivalent sand-grain roughness, ks
(ANSYS [23]). With this formulation, the roughness charac-
terization function can be described as (White [26])

ΔB = 1
κ

ln
(
1 + 0.3k+

s

)
, (7)

where the dimensionless roughness height k+
s is defined as

k+
s =

uτks
ν

. (8)

To obtain a realistic value for the equivalent sand-grain
roughness of the channel, an empirical Gauckler-Manning
coefficient n that describes the channel is selected (Arcement
and Schneider [27]). The advantage of using the Manning’s
n instead of other coefficients is that n is nearly constant
regardless of flow depth, Reynolds number (Re = 4URh/ν),
or ks/Rh for fully developed turbulent flow over a rough
surface (Yen [28]). The selected n is used to calculate a Darcy
friction factor f given by

f = 8gn2

R1/3
h

. (9)

The friction factor obtained is then used to find ks from
the Colebrook-White formula (Colebrook [29])

1√
f
= −2log10

⎛
⎝ ks

3.71 · 4Rh
+

2.51

Re
√
f

⎞
⎠, (10)

and the derived ks is finally used for input into the simu-
lations. In the present case, the second term in (10) can be
neglected due to the high Reynolds number of the flow.

The wall function approach is common in river simula-
tions since the scales of roughness are very costly to model
physically in problems of such large scales. The limitations of
this method are discussed by Patel [30]. Since the roughness
is only an approximation and is difficult to measure in reality,
a parameter study was here performed in the numerical
model with a flow rate of 350 m3/s from the turbines.

With no surface roughness, the jet leaving the tunnel
barely leaves the bottom of the channel which does not seem
likely with regards to the characteristics of free surface chan-
nel flow, see Figure 2. With a ks value of 0.3 m (Manning n ≈
0.033) which can be considered typical for a rock excavat-
ed channel such as the tailrace channel, the flow charac-
teristics change considerably. The jet emerging from the
tunnel now moves towards the free surface of the channel.
Increasing ks to 0.5 m (Manning n ≈ 0.037) did not affect
the solution in any major way, and all following simulations
on the tailrace channel, were run with ks = 0.3 m.

Two ways of improving the upstream fish migration
around the power plant were studied: a new fishway in the
tailrace channel and higher attraction to the old river bed. In
the tailrace channel, two positions and two angles of a new
fishway entrance were evaluated. The positions were selected
from previous observations of fish during the migration sea-
son. The dimensions of the entrance were 2×2.7 m2, and the
flow rate used was 10 m3/s. The two inlet angles of the fish-
way entrance were perpendicular and 45◦ to the main flow.

The modification of the confluence area to improve the
attraction to the old river bed was realized by adding a wall
at a distance from the river bank directing nearly all the
flow in the old river bed to a narrow open channel between
the wall and the shoreline. In such opening the water may
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Figure 2: Parameter study of the wall roughness in the tailrace channel showing the development of the velocity profile at two different cross-
sections for three different roughness values. The characteristics of the flow change completely when the equivalent sand-grain roughness
increases from 0.0 to 0.3 m increasing it further to 0.5 m giving no noticeable additional effect.

be accelerated with a ramp, for instance, as suggested in
Lindmark and Gustavsson [8] and Green et al. [31]. The flow
in the old river bed was set to 20 m3/s and that from the
tailrace tunnel to 500, 750, and 1000 m3/s, representing a low
flow, a normal flow, and a flow close to the maximum flow,
respectively.

5. Results and Discussion

The characteristics of the flow will be described followed by a
comparison to experimental data, and finally the results from
simulation of attraction water will be presented.

5.1. Characterization of the Flow in the Simulations. The flow
exiting the tunnel takes the form of a jet that gradually
develops into an open channel flow profile. Approximately
after 2/3 of the channel length, the jet maximum velocity is
at the surface of the water as can be seen in Figure 3.

The jet however influences the surface orientation flow
much earlier in the channel as revealed by plots of vorticity
and turbulence intensity in a plane at 1 m depth, see
Figures 4(a) and 5(a). High-vorticity areas are found at the
bottom of the channel near the edges of the channel and at
one large area of recirculation after the expansion, near the
north shore, but there is also a noticeable rotation of the flow
close to the surface near the inlet of the tailrace channel, see
Figures 4(a) and 4(b). This is also reflected by relatively high
turbulence intensity in this area, see Figures 5(a) and 5(b).

5.2. Comparison to Experiments. The results from ADCP
measurements in the tailrace channel yield an unstable
behavior of the flow, see Figure 6 showing a 12 × 12 m2

section in the middle of the T1 transect at five different times
where the raw data from the ADCP has been averaged to
1 × 1 m2 cells. The measurements were taken in succession,
and the velocities have been normalized with transect average
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Figure 3: Development of the turbine jet as seen in a section along the channel, cross-sections T1, T2, one intermediate cross-section, inlet,
and outlet.
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Figure 4: (a) Magnitude of the vertical vorticity in a plane at 1 m depth. (b) Magnitude of the vertical vorticity in a section along the channel.
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Figure 5: (a) Turbulence intensity (logarithmic scale) in a plane at 1 m depth. (b) Turbulence intensity (logarithmic scale) in a section along
the channel.



Modelling and Simulation in Engineering 7

D
ep

th
 (

m
)

0 3 6

3

6

9

12

0.8

1

1.2

1.4

1.6

1.8

−6 −3

xT1 (m)

Ueast/Uave

(a)

D
ep

th
 (

m
)

0 3

3

6

6

9

12
0.4

0.6

0.8

1

1.2

1.4

1.6

−6 −3

xT1 (m)

Ueast/Uave

(b)

D
ep

th
 (

m
)

0 3 6

3

6

9

12 0.5

1

1.5

2

−6 −3

xT1 (m)

Ueast/Uave

(c)

D
ep

th
 (

m
)

0 3 6

3

6

9

12 0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

−6 −3

xT1 (m)

Ueast/Uave

(d)

D
ep

th
 (

m
)

0 3 6

3

6

9

12

0.6

0.8

1

1.2

1.4

1.6

xT1 (m)

−6 −3

Ueast/Uave

(e)

Figure 6: Five individual measurements for a section of 12× 12 m2 from transect T1. Red indicates high velocity and blue low velocity. The
area with high velocity changes position as a function of time.

velocity to account for minor differences in total flow from
the tunnel. The jet stemming from the tunnel is apparent in
all transects but not as well defined as in the simulations,
compare Figures 3 and 6. To examine the time dependence
of the flow, the ADCP was kept in the same position and the

velocity was measured during a longer period of time. Three
vertical profiles at 15, 22, 31 m from the south shore were
measured. The standard deviation from the mean distance
was 0.01-0.02 m. The results from the measurements show
a highly fluctuating flow. Initial frequency analysis does not
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Figure 7: RMS of the east velocity component as a function of the averaging time. The velocities are from the profile 22 m from the south
shore at 5 m depth in transect T1.
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Figure 8: (a) Comparison between vertical velocity profiles in experiments and simulation in verticals at 15 m, 22 m, and 31 m from the
south shore, respectively, for transect T1. Ueast is the velocity in the east direction. (b) Comparison between simulations and measurements
in verticals at 30 m, 44 m, and 59 m from the north shore, respectively, for transect T2. Ueast is the velocity in the east direction.

indicate any periodicity; however, it cannot be excluded
that fluctuations are influenced by large-scale structures of
the flow, originating from upstream instabilities. How the
RMS velocity (east) stabilizes with time is shown for the
profile at 22 m in Figure 7. From the results, it is concluded
that, to measure representative mean velocities, each profile
must be measured during at least 600 s. The measurements
over a complete transect presented in Figure 6 took about
120 s which means that these measurements by no means
represent the mean velocity in that transect which explains
the different velocity patterns.

To validate the simulations, time-averaged velocities of
fixed-point measurements at both T1 and T2 are derived.
The agreement between simulation and experiment at T1 is
rather poor, see Figure 8(a) where normalized velocity pro-
files are compared. The velocity is normalized with the bulk
velocity Ubulk = Q/AT1, where Q is the flow rate and AT1

is the area of the T1 transect being 516 m2 as derived from
the virtual model. The jet that exits the tunnel appears
closer to the water surface in the measurements than in the
simulations, and it is much more diffuse in the measure-
ments. This is most apparent for the measurements at 31 m
at T1 where measurements indicate a plug flow while the
simulations yield a sinus-shaped profile. Hence, there is a
discrepancy at the surface and at the bottom and the jet
penetrates the surface much earlier in reality as compared to
the simulations. For T2, the agreement between simulations
and experiments is better especially close to the free surface,
see Figure 8(b). The maximum velocity of the flow in the
middle of the channel is lower in the experiments than in
reality, while it is actually higher towards the shores indica-
ting a more diffusive flow also in this transect. One reason for
the differences, especially apparent in T1, might be the inlet
boundary condition in the simulations, which is described
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Figure 9: Fishway inlet at position 1 with 0◦ and 45◦ angle. The flow rate through the power plant is 750 m3/s, and the velocities are shown
at 1 m depth.
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Figure 10: Fishway inlet at position 2 with 0◦ and 45◦ angle. The flow rate through the power plant is 750 m3/s, and the velocities are shown
at 1 m depth.

as a stationary velocity profile where in reality effects of the
turbines, larger discrete wall roughness elements or sudden
changes in discharge may come into play. Other contributing
factors may be difference between model geometry and real
geometry as to surface roughness, for instance, and oversim-
plified modeling of turbulence or that the rigid lid assump-
tion creates unphysical behavior when the jet from the
tailrace tunnel approaches the water surface of the tailrace.
It is also likely that the flow field is smeared out by the meth-
od to measure the velocity field. The discrepancy between
simulations and measurements is a subject for future
research as to turbulence intensity, for instance. When later
on discussing the results from the simulations with the fish-
way entrances, it should be remembered that the jet is more
diffuse and surface orientated in reality as compared to the
simulations.

5.3. Simulation of Attraction Water. For position 1 in the tail
race channel, the perpendicular entrance gives a noticeable
jet that stretches to the center of the tail race channel while
the angled inlet gives a jet that aligns with the flow from
the tailrace tunnel and reaches further downstream, see
Figure 9. Even better attraction water is created at the second
position as shown in Figure 10. Since the small jet from the
fishway does not collide with the large jet from the tailrace
tunnel, the generated attraction water stretches further out
in the channel, see Figure 11. Noticeable attraction water was
created even at the highest flow (1000 m/s) from the tur-
bines, see Figure 12. The relatively high-vorticity levels and
turbulence intensities are thus too weak to influence the
attraction water to any larger extent. Hence, position 2 is, as
to generation of attraction water, a better choice than posi-
tion 1. This conclusion is strengthening by the fact that, in
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Figure 11: Fishway outlet (upper right corner) at positions 1 and 2
with 0◦ angle. The flow rate through the power plant is 750 m3/s.

reality, the jet from the turbines is more surface orientated
which probably will make the attraction water created at
position 1 less prominent than obtained in the simulations
and from the turbines stressing the fact that the fishway
should be placed as long into the tail race channel as possible
for optimum generation of attraction water.

When scrutinizing possible improvement of the attrac-
tion water from the old river bed, the simulations yield a
rather different result. The attraction water cannot compete
with the flow from the tail race channel except in an area
quite close to the shore, see Figure 13 where the simulated
attraction water competes with two flow rates from the
turbines (500 and 750 m3/s). As compared with the current
situation, this modification of the confluence would still
provide considerable improved attraction water along the
north side (the right-hand side in the simulated results
in Figure 13 and see Figure 1 for cardinal directions). This
should improve the probability that fish migrating upstream
on the north side of the river or fish exiting the tailrace tunnel
on the north side find the fish passage in the old river bed.
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Figure 12: Fishway outlet at positions 1 and 2 with 0◦ angle. The
flow rate through the power plant is 1000 m3/s.

6. Conclusion

The measurements show that the flow is considerably more
unstable in reality as compared to the simulations. The
flow fields in the simulations are therefore less diffuse as to
time-averaged quantities, and the tailrace jet from the tun-
nel outlet is stronger but less surface orientated in the simu-
lations as compared to reality. Keeping this in mind, a num-
ber of additional conclusions can be made from the work
here presented. A fishway in the tailrace channel can generate
noticeable attraction water for all relevant flows from the tur-
bines. Of the cases studied, the simulations show that posi-
tion two gives considerably stronger attraction water as com-
pared to position one. It is likely that this difference is enlarg-
ed by the diffusivity of the tailrace jet existing in reality. By a
concentration of the flow from the old river bed, noticeable
attraction water can be created at the confluence area. In
this case, the attraction water only stretches a short distance
into the tailrace flow since this flow is completely surface
orientated in the confluence area. However, if the fish migrate
along the north shore, they will sense the attraction water.
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Figure 13: Confluence area with flow rate from the turbines of
500 m3/s and 750 m3/s and flow rate in the old river bed is 20 m3/s.
A wall is inserted 10 m from the north shore.
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The effects of Venturi structural parameters on its hydraulic performance were studied, which provided theoretical basis for the
design of Venturi injector. With an inlet diameter of 50 mm, based on the method of computational fluid dynamics (CFD),
the effects of the structural parameters (such as throat taper, throat contraction ratio, and throat length) on their hydraulic
performance (such as outlet faceted average velocity, minimum pressure, and critical pressure) were studied under different inlet
pressures and pressure differences between inlet and outlet. A power function relationship existed between the mean velocity in
outlet section and pressure difference, with an approximate flow stance index of 0.53. Minimum pressure occurred in the throat
inlet wall and there was a linear relationship between the minimum pressure and the pressure difference at the inlet and outlet. The
throat contraction ratio was the main factor on the effect of Venturi injector performance, which was positively correlated with
outlet velocity, negatively to critical pressure, the minimal in-tube pressure, coefficient of local head loss, and fertilizer absorption
ratio. For designing Venturi injector, contraction ratio should be reasonably selected according to the coefficient of local head loss
and fertilizer absorption ratio.

1. Introduction

Drip irrigation is a controlled local irrigation. While irrigat-
ing, fertilizer mixed in water is delivered to the crop root
zone, which not only saves fertilizer and a lot of labors, but
also improves fertilizer use efficiency and reduces production
costs. Fertilization device is one of the main devices in
the drip irrigation system. At present, commonly applied
devices for fertilization include pressure difference fertilizer
applicator, fertilizer pumper, and Venturi injector [1–3].

Due to its simple structure, convenient operation, the
Venturi injector has a wide application in the production
agriculture. Therefore, the effects of structural parameters
of the injector on its hydraulic performance were studied,
which is important to improve and enhance its work per-
formance [4]. Two-part Venturi tube was studied by Hou
[5], Sha and Hou [6], Sheng [7], and Sun and Wu [8], and
structural parameters of the Venturi tube were determined.
Li et al. [9] and Jin et al. [10] investigated the relationship
among throat pressure, front and back pressure difference,
and designing parameters of paralleled Venturi tube, who

also suggested the optimal selection of parameters of front
and behind inclinations of paralleled Venturi tube. Chen et
al. [11] and Wang et al. [12] employed CFD to determine
the relationships between the structural parameters of the
Venturi applicator and its fertilization performance and sug-
gested that when the inlet pressure and the slot position keep
constant, the suction of the Venturi injector would increase
with the decrease of throat diameter and the length of con-
traction section, and the increase of slot diameter. However,
few studies have reported aiming at the effects of Venturi
structural parameters on its fertilization performance, and
there is little theoretical information available on the design
of Venture injectors with better fertilization performance and
lower head loss.

The objective of this study was to determine the effects
of structural parameters of Venturi tube on its hydraulic per-
formance based on the method of CFD. Results of this study
may provide theoretical basis for the design of better Venturi
injector and may suggest a broader alternative for further
researches on the effect of Venture structural parameters on
the hydraulic performance.
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Figure 1: Structural diagram of Venturi injector.
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Figure 2: Pressure profile patterns of Venturi injector.

Table 1: Structural Parameters of Venturi injector.

D/(mm) λ1 λ2 α/(rad) β/(◦)

50
0.25, 0.30

1.0, 1.5, 2.0 1.57, 2.09, 2.62 10
0.40, 0.50

2. Methods and Materials

2.1. Physical Model and Parameters. In the structural dia-
gram of Venturi injector, D is inlet and outlet diameter
(mm), l is inlet and outlet length (mm), a is contraction
length (mm), b is throat length (mm), c is expansion length
(mm), d is throat diameter(mm), e is radius difference
between inlet and throat (mm), α is contraction ratio (rad),
and β is expansion angle (◦) (Figure 1).

For the structural parameters of Venturi injector
(Table 1), the throat contraction ratio (λ1) is the ratio
between the throat diameter and inlet diameter, namely, λ1 =
d/D; throat length-diameter ratio (λ2) is ratio between the
throat length and the throat diameter, namely, λ2 = b/d.
Based on a factorial experiment design of the structural
parameters in Table 1, a total of 36 treatments were obtained.
The simulations were conducted at different inlet pressures
and pressure differences between inlet and outlet. The inlet
pressures were 100, 150, 200, 250, and 300 kPa, respectively,
and the outlet pressures are shown in Table 2.

2.2. Mathematical Model. Water flow in the Venturi injector
could be regarded as incompressible, steady flow, which
is consistent with mass and momentum conservation law.
Therefore, the basic equations include the continuity equa-
tion (1) and the Navier-Stokes equation(2)

∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0, (1)

Table 2: Outlet pressures under the different inlet pressures of
Venturi injector.

Inlet pressure/kpa Outlet pressure/kpa

100 90, 80, 70, 50, 40

150 130, 110, 90, 70, 50

200 160, 140, 120, 100, 80

250 200, 170, 130, 100, 70

300 240, 200, 150, 120, 100

where u, υ, ω (m/s) means the flow rate component in x, y, z
direction, respectively

∂
(
ρu

)
∂t

+∇(
ρuU

) = −∂p

∂x
+ μ∇2u + Fx,

∂
(
ρυ

)
∂t

+∇(
ρυU

) = −∂p

∂y
+ μ∇2υ + Fy ,

∂
(
ρω

)
∂t

+∇(
ρωU

) = −∂p

∂z
+ μ∇2ω + Fz,

(2)

where t (s) is time, U (m/s) is velocity vector, ρ (kg/m3)
is the water density, p (Pa) is pressure of fluid tiny body,
μ (Pa·s) is dynamic viscidity coefficient of water, Fx, Fy , Fz
means component of mass force on unit volume at x, y, z,
respectively. When the mass force is only the gravity and Z
axis is vertical, then comes Fx = 0, Fy = 0, and Fz = −ρg.

According to microscale theory and experimental study,
transition Reynolds number in small scale is less than that
of the macroscale. When the flow channel was bended and
variable, except at the part near the wall, other flows were the
turbulent. Therefore, the standard k-ε turbulence model was
used for numerical simulation. In the k-ε turbulence model,
turbulent kinetic energy was k, dissipation ratio was ε.

2.3. Meshing. CFD software FLUENT6.2 was used for
simulation analysis. In this software, differential equations
could be simplified into algebraic equations via the finite
volume method, one-order upwind difference scheme for
its calculation. SIMPLE algorithm was employed for the
calculation of noncoupling of pressure rate of the discrete
equations. Convergence criteria were the second iteration
residuals of the adjacent dependent variables. The two-
dimensional model was established using AutoCAD, with
GAMBIT2.2.30 to mesh, each section set fully structured
hexahedral grid of 1 mm diameter, generated about 30000
grids.

3. Results and Discussions

3.1. Pressure Difference and the Mean Velocity at Outlet Cross-
Section. According to the numerical simulation, the distri-
butions in the flow and pressure fields of Venturi injector
were obtained, and the outlet velocity and minimal in-
tube pressure could be calculated. The relationship between
pressure difference and the discharge velocity at outlet could
be expressed as follows:

v = k · hx, (3)
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Table 3: Regression coefficients of pressure differences and velocity
of Venturi injector.

Simulation k x

M1 0.40 0.53

M2 0.39 0.53

M3 0.40 0.53

M4 0.36 0.53

M5 0.36 0.53

M6 0.36 0.53

M7 0.35 0.53

M8 0.34 0.53

M9 0.34 0.53

M10 0.48 0.53

M11 0.48 0.53

M12 0.47 0.53

M13 0.44 0.53

M14 0.45 0.53

M15 0.44 0.53

M16 0.42 0.53

M17 0.42 0.53

M18 0.42 0.53

M19 0.67 0.53

M20 0.65 0.53

M21 0.66 0.53

M22 0.60 0.53

M23 0.60 0.53

M24 0.60 0.53

M25 0.57 0.53

M26 0.56 0.53

M27 0.56 0.53

M28 0.84 0.53

M29 0.84 0.53

M30 0.84 0.53

M31 0.77 0.53

M32 0.76 0.53

M33 0.76 0.53

M34 0.73 0.53

M35 0.73 0.53

M36 0.72 0.53

where v (m/s) is the velocity at cross-section, k is the velocity
coefficient, h (kPa) is pressure difference of inlet and outlet,
and x is flow stance index.

Regression analyses were conducted for the 36 simulation
results according to (3) and the regression coefficients are
presented in Table 3.

As shown in Table 3, for different combinations of struc-
tural parameters, Venturi tube flow index, x, was about 0.53
and fairly constant. This is consistent with the criteria of flow
discrimination pattern in microirrigation emitter suggesting
that the flow is turbulent flow. In addition, the structural
parameters had little effect on flow stance index x while they
had greater effect on velocity coefficient k.
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Figure 3: Lines of pressure differences and minimum pressure of
Venturi injector.

3.2. Pressure Difference and the Minimal In-Tube Pressure.
The simulations showed that the minimal in-tube pressure
always occurred at the junction of contraction section and
the throat of Venturi injector (Figure 2).

At a given inlet pressure, the minimal in-tube pressure
would decrease with the increase of pressure difference be-
tween the inlet and outlet. For instance, when the inlet pres-
sure was 100 kPa and pressure difference between the inlet
and outlet was increased from 10 to 60 kPa, the minimal in-
tube pressure of treatment M1 would decrease from 62 to
−146 kPa. When the pressure difference between the inlet
and outlet was determined, the minimal in-tube pressure
would increase with the increase of the inlet pressure, and
the quantitative relationship was presented as follows:

H1 −H2 = h1 − h2, (4)

where H1, H2 (kPa) are different inlet pressures, h1, h2 are
the minimal in-tube pressures corresponding to H1 and
H2, respectively. Taking the treatment M1 as an example,
when the pressure difference is 60 kPa, and the inlet pressure
increases in sequence from 100 kPa, 150 kPa, 200 kPa to
300 kPa, the minimal in-tube pressure would be −146 kPa,
−96 kPa, −46 kPa, and 54 kPa in sequence, with the same
increase amplitude as inlet pressure.

Through a conversion of minimal in-tube pressure ac-
cording to (4), the minimal in-tube pressures at different
pressure differences with an inlet pressure of 300 kPa were
obtained (Figure 3), and regression analysis was conducted
according to the following equation (5). The regression
coefficients are showed in Table 4

hmin = m · h + h′, (5)

where hmin (kPa) is the minimal in-tube pressure, m is the
coefficient of pressure difference, h′ (kPa) is the ideal pres-
sure, and h (kPa) is the pressure difference between inlet and
outlet.

The correlation lines of all pressure differences and the
minimal pressures intersected at one point (Figure 3). When
the inlet pressure was 300 kPa and the pressure difference
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Table 4: Regression coefficient of minimum pressure and pressure
differences of Venturi injector.

Simulation m hmin

M1 −4.33 311

M2 −4.30 313

M3 −4.31 311

M4 −3.97 312

M5 −3.95 312

M6 −3.96 312

M7 −3.80 312

M8 −3.74 311

M9 −3.78 312

M10 −4.38 312

M11 −4.47 312

M12 −4.40 312

M13 −4.32 313

M14 −4.31 313

M15 −4.32 315

M16 −3.98 312

M17 −3.98 313

M18 −3.99 313

M19 −4.99 312

M20 −4.94 313

M21 −4.88 312

M22 −4.75 314

M23 −4.79 315

M24 −4.76 315

M25 −4.33 313

M26 −4.35 314

M27 −4.35 314

M28 −5.06 309

M29 −5.12 310

M30 −5.08 310

M31 −4.80 312

M32 −4.77 312

M33 −4.81 313

M34 −4.44 312

M35 −4.45 312

M36 −4.44 312

between inlet and outlet was 0, the minimum in-tube
pressure is 312.6 kPa. When the liquid in the tube was the
ideal liquid (the ideal liquid has neither the wall friction,
nor the viscous force), and the pressure difference between
the inlet and outlet was 0, the fluid maintained a uniform
linear motion, movement only occurred with the conversion
of kinetic energy and potential energy, meanwhile there was
no energy exchange with the environment. In this ideal state,
the maximal pressure within the tube would be the 312.6 kPa.
According to (4) and (5), the following expression can be
obtained:

h′1 − h′2 = H1 −H2, (6)
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Figure 4: Effects of throat contraction ratio on critical pressure of
Venturi injector.

where h′1, h′2 (kPa) are the ideal pressures corresponding to
the inlet pressure of H1, H2, respectively.

Therefore, the minimum in-tube pressure could be cal-
culated with the following expression:

hmin = m · h + h′min + H , (7)

where h′min (kPa) is the ideal pressure under the inlet pressure
of 0 kPa, and H (kPa) is the inlet pressure.

3.3. The Effect of Structural Parameters on Critical Pressure
Difference. Structural parameters have great effects on mini-
pressure and Venturi injector flow (average velocity at the
cross-section of the outlet). Through statistical analysis,
the main structural parameters influencing the flow mainly
include the throat contraction ratio, throat taper, throat di-
ameter, contraction length, contraction ratio, the expansion
part, and the throat length. The effects of the throat contrac-
tion ratio, throat taper, and throat diameter on the hydraulic
performance were more significant.

When the inlet pressure was determinate and the mini-
mum in-tube pressure was 0, the pressure difference between
inlet and outlet hcr could be obtained according to (7). When
the pressure difference was greater than hcr, the minimum
in-tube pressure was negative; otherwise, the minimum in-
tube pressure was positive. In this study, hcr was defined as
critical pressure difference between inlet and outlet and can
be calculated as follows:

hcr = −H + h′min

m
, (8)

where hcr (kPa) is critical pressure difference between the
inlet and outlet.

When inlet pressure was 300 kPa, thus hcr were calculated
with (8). The effects of throat contraction ratio on hcr were
analyzed, and the fitting curves are shown in Figure 4.

As shown in Figure 4, when the throat contraction ra-
tio was determined, critical pressure would increase with the
increase of contraction taper (not cleaner). So Venturi in-
jector should be designed to obtain optimal negative pres-
sure, when the throat contraction ratio is determinate; throat



Modelling and Simulation in Engineering 5

Contraction ratio

α = 1.57

α = 2.09

α = 2.62

0.2 0.3
0.3

0.4

0.4

0.5

0.5

0.6

0.6

0.7

0.8

0.9

V
el

oc
it

y
co

effi
ci

en
t

Figure 5: Effects of throat contraction ratio on velocity coefficient
of Venturi injector.

taper should be appropriately shortened to get less head
loss at optimal negative pressure and optimal fertilization
effect. When contraction ratio was determinate, a negative
correlation between hcr and contraction ratio was demon-
strated. That is to say, when the inlet pressure is given
and other structural parameters remain constant, negative
pressure is more easily to be obtained at the throat inlet. With
the increase of throat contraction ratio, hcr decrease would
slow down. It is suggested that designing Venturi injector,
contraction ratio would be reasonably selected, not to be too
small.

3.4. Effect of Structural Parameters on the Outlet Velocity.
When the inlet pressure was determined, the flow velocity
was mainly determined by the throat contraction ratio and
the contraction taper, but throat contraction ratio was more
influential. As showed in Table 3, the regression value of
the flow index at different treatments was constantly about
0.53. That is to say, the effect of structural parameters on
the flow rate is its effect on the flow velocity coefficient
k. The effects of throat contraction ratio and contraction
taper on the flow velocity coefficient k were comprehensively
analyzed, and the correlation curve of flow velocity between
the throat contraction ration and contraction taper were
mapped (Figure 5).

The velocity coefficient k tended to decline over the in-
crease of throat taper, but the change would slow down grad-
ually (Figure 5). The velocity coefficient k showed a tendency
to increase with the increase of throat contraction ratio, and
the tendency would speed up gradually. Therefore, the local
head loss of Venturi injector would increase with the increase
of throat taper or throat contraction ratio, while the mean
velocity at outlet cross-section would decrease. Based on
regression analysis, the equation of velocity coefficient with
the diameter in 50 mm was as follows:

k = 0.1131 + 1.6469λ1 − 0.0767α, R2 = 0.9944. (9)
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Figure 6: Effects of throat contraction ratio on pressure coefficient
of Venturi injector.

3.5. Effects of Venturi Structural Parameters on the Minimum
Pressure in the Tube. The effect of Venturi structural param-
eters on minimum pressure is the effect on the pressure
difference coefficient m. Through statistical analysis, the ef-
fects of throat contraction ratio and contraction taper on
minimum pressure were more significant than effects of
other structural parameters. According to the results in Table
4, the effects of throat contraction ratio α and contraction
taper on the pressure difference coefficient m were analyzed,
and the correlation curve of m with throat contraction ratio
and contraction taper was established (Figure 6).

As shown in Figure 6, m and its contraction taper showed
a positive correlation, which indicated that contraction taper
greatly affects the pressure distribution. In order to obtain
optimal negative pressure, throat taper should be appro-
priately increased. Negative correlation demonstrated be-
tween m and throat contraction ratio, m decreased with the
increase of throat contraction ratio, and the decrease would
slow down. That is to say, when the inlet and outlet diame-
ters remained unchanged, and other structural parameters
are kept constant, the absolute minimum pressure would
increase with the increase of tube diameter at throat. When
the throat contraction ratio is ≤0.5, if the throat diameter
is too small, the flow velocity at the throat would be too
large, and thus easily causes vaporization, which is not
conducive to produce good negative pressure. Therefore,
the throat diameter should be appropriately increased to
produce effective intake negative pressure. m could also be
expressed in the following equation:

m = −4.4030− 3.1284λ1 + 0.5290α, R2 = 0.963.
(10)

3.6. Effects of Structural Parameters on Head Loss and Fertilizer
Absorption Ratio. Due to the small length of venturi injector,
the frictional head loss can be ignored in calculation, and the
calculation formula of local head loss is as follows:

hj = ζ
v2

2g
, (11)
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where hj (m) is local head loss, which stands for the pressure
difference between inlet and outlet in this study, ζ (%) is the
coefficient of local head loss, v (m/s) is the average flow speed
of outlet section, and g (9.8m2/s) is acceleration of gravity.

Local head loss ζ was calculated through (11). The results
showed that the local head loss of Venturi injector was very
great. The value of ζ tested here is between 2.25 and 13.27.
When contraction ratio λ1 is between 0.25 and 0.50, the
value of ζ would drop quickly with the increase of λ1, while
other structure parameters had little influence on ζ , so it
can be expressed approximately like that ζ = 0.5λ−2.16

1 . In
addition, it is also found that coefficient of local head loss
(ζ) fell with the increase of the pressure difference, which
may be caused by the change of flow pattern. Using Reynolds
number to analyze the flow pattern in tube through the
following formula:

Re = vd

ν
, (12)

where Re (%) is Reynolds number, ν stands for kinematic
viscosity coefficient of water (m2/s), when the temperature
is 20◦C, ν = 1.01× 10−6 m2/s.

The calculation results of (12) show the Reynolds num-
ber is between 14356 ∼ 335643, so it is turbulence due to
the criterion of hydraulics. Besides, the Reynolds number, the
mutual movement inside water flow, the energy conversion
caused by mutual movement increase with the pressure dif-
ference, while the proportion of energy conversion caused by
function between fluid and structure would decrease, which
well-explained why the local head loss would decrease with
the increase of pressure difference.

It is generally agreed that effective Venturi injector
should have small coefficient of local head loss but greater
fertilizer absorption ratio (η). The driving flow rate and the
minimum pressure in tube of main tube were established
in this study. Therefore, the amount of fertilizer absorption
can be predicted in accordance with the tube hydraulics.
Suppose there was a standard atmospheric pressure on liquid
fertilizer surface, and the distance under the Venturi tube
was 0.5 m, the diameter of fertilizer absorption tube was
8 mm, without considering local head loss, the amount
of fertilizer absorption can be predicted according to the
following equation:

q = A
√

2gh0, (13)

where q (m3/s) is the amount of fertilizer absorption, h0 is the
head difference of fertilizer absorption tube between outlet
and inlet, which means distance difference between liquid
fertilizer surface with Venturi tube.

The results showed that fertilizer could be stably ab-
sorbed when the contraction ratio λ1 was bigger than (0.4
or 0.5), the pressure difference between outlet and inlet was
80 kpa, and η was 0.5. However, when the contraction ratio
λ1 was less than 0.3, it may absorb fertilizer stably only when
the pressure difference between outlet and inlet is 100 kpa.
And when the pressure difference between outlet and inlet
remained constant, η showed a tendency to decrease with the
increase of contraction ratio λ1.
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Figure 7: Effects of contraction ratio on head loss and absorption
fertilizer of Venturi injector.

Figure 7 shows the correlation among the contraction
ratio, local head loss, and fertilizer absorption ratio, when
the pressure difference between outlet and inlet is 150 kPa,
the pressure of inlet is 300 kPa. It can be found that the
coefficient of local head loss and η would decline with in-
crease of contraction ratio. Therefore, the throat diameter
cannot be too big or too small when designing the Venturi
injector; and it should be chosen in accordance with coeffi-
cient of local head loss and the diameter of throat part. The
throat length has little influence on the critical pressure, the
minimum pressure in tube, and the flow speed, which is in
consistence with the findings in the literature.

4. Conclusions

(1) It is demonstrated that a strong relationship between
the mean velocity at outlet section and the pressure
difference, and the flow stance index was approx-
imately 0.53; velocity coefficient was mostly influ-
enced by throat taper and throat contraction ratio.

(2) The minimum pressure occurred in the throat inlet
wall, and the location of minimum pressure was
rarely influenced by the opening position and pore
size of Venturi injector. There existed perfect linear
relation between the minimum pressure and the pres-
sure difference between at inlet and outlet. When the
inlet pressure is determined, the curves of the pres-
sure difference and the minimum pressure would
come cross a fixed point. The coordinates of the point
were not influenced by the pressure difference at the
inlet and outlet.

(3) The structural parameters which influence the hy-
draulic performances of Venturi injector include
throat taper, throat contraction ratio, throat length,
and expansion section taper. More significant influ-
ence of throat contraction ratio was found among pa-
rameters affected by hydraulic performances. The
results showed a positive correlation between the
throat contraction ratio and the mean velocity at out-
let section, and a negative correlation between throat
contraction ratio and minimum pressure in tube.
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(4) The results showed a negative relationship between
coefficient of local head loss, absorption fertilizer ra-
tio, and throat contraction ratio. So it is strongly rec-
ommended that when designing Venturi injector,
contraction ratio should be reasonably selected ac-
cording to the coefficient of local head loss and ab-
sorption fertilizer ratio.
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Landing gear noise prediction method is developed using Building-Cube Method (BCM). The BCM is a multiblock-structured
Cartesian mesh flow solver, which aims to enable practical large-scale computation. The computational domain is composed of
assemblage of various sizes of building blocks where small blocks are used to capture flow features in detail. Because of Cartesian-
based mesh, easy and fast mesh generation for complicated geometries is achieved. The airframe noise is predicted through the
coupling of incompressible Navier-Stokes flow solver and the aeroacoustic analogy-based Curle’s equation. In this paper, Curle’s
equation in noncompact form is introduced to predict the acoustic sound from an object in flow. This approach is applied to JAXA
Landing gear Evaluation Geometry model to investigate the influence of the detail components to flows and aerodynamic noises.
The position of torque link and the wheel cap geometry are changed to discuss the influence. The present method showed good
agreement with the preceding experimental result and proved that difference of the complicated components to far field noise was
estimated. The result also shows that the torque link position highly affects the flow acceleration at the axle region between two
wheels, which causes the change in SPL at observation point.

1. Introduction

Great progress has been made in Computational Fluid
Dynamics (CFD) in the past several decades, and nowadays it
plays an important role in the design and analysis for aircraft
development. The emerging problem for the commercial air-
craft development is how to reduce the airframe noise from
high lift device and landing gear. CFD has been widely used
to predict the flow around the high lift device to reduce
the aerodynamic noise, whereas the application of CFD to
the landing gear is still limited [1–6]. The landing gear
is constructed with many bluff components, and thus the
noise source is not singular but many and thus complicated.
To predict the noise from the real landing gear geometry
precisely, all the components need to be modeled in the com-
putation to treat all the interaction effect. Japan Aerospace
Exploration Agency (JAXA) has developed a research landing
gear model with detailed components based on the current
two-wheel landing gear to understand the noise generation
mechanism by experiments and numerical analysis. The

model, Landing gear Evaluation Geometry model (LEG),
includes all the components even with pins, tubes, and cavity
as shown in Figure 1 [4–6]. To analyze the flow and acoustic
field of the landing gear, the computational capability to
these complicated geometries and the high parallelization
performance are required.

To satisfy all these demands, Building-Cube Method
(BCM) has been proposed, which is a block-structured Car-
tesian mesh solver [7–13]. In BCM, three-dimensional flow
fields are divided into various sizes of cuboids called “Cube,”
and the cubes are subdivided into equally spaced Cartesian
meshes called “Cell.” As the mesh resolution is determined
according to the local cube size, fine meshes near the body
and coarse meshes far from the body can be accomplished.
Because of the uniform computational load at each cube, it is
expected to achieve the high parallel performance even with
the massive number of processors. Since BCM is a Cartesian-
based mesh, a complicated geometry such as a landing gear
with tiny components can be easily and instantly meshed
[7, 13].
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Figure 1: JAXA’s two-wheel main landing gear model (LEG model)
[4–6].

Compressible Navier-Stokes equation represents the
propagation of sound wave, thus we can calculate aero-
dynamic sound directly in theory. However, because this
propagation is a very tiny pressure fluctuation, it requires an
enormous amount of mesh to calculate, and thus it is not a
practical method. Therefore, we adopt aerodynamic/acoustic
splitting method in this study. The pressure on a body surface
is computed by an incompressible Navier-Stokes flow solver
of BCM, and then the far-field sound level is estimated
by means of Curle’s equation [14]. In our previous result,
the far-field noise from a landing gear was estimated but
the large difference of SPL was observed [7]. In this paper,
noncompact form of Curle’s equation is adopted for far-
field noise prediction to be able to handle acoustically non-
compact objects. The method is validated using a circular
cylinder case to estimate the far-field sound level. The present
approach is then applied to JAXA’s landing gear model,
LEG geometry. The geometry is composed of many detail
components: Main cylinder (strut), Center piston, Axle,
Brake caliper, Brake disk, Wheel cap with cooling holes,
and so forth. One of the objectives of this research is to
evaluate the usefulness of non-compact form of Curle’s
equation against the landing gear noise by comparing with
experimental data. Another is to investigate the influence
of a torque link position and wheel cap shape to local flow
features and also far-field aerodynamic noise. Through the
computational analysis, the usefulness of the present method
toward airframe noise estimation is discussed.

2. Numerical Method

2.1. Splitting Method. There are two major approaches for
the aeroacoustic analysis: the direct method and the split-
ting method. In this paper, we adopt the latter, as it
is popular particularly for low Mach number flows. The
flowfield is analyzed by an unsteady flow simulation and
the sound propagation is calculated by an acoustic analogy.

Three-dimensional incompressible flow solver is used as a
flow solver and Curle’s equation is adopted as aeroacoustic
analogy. Firstly, the pressure fluctuation on the body sur-
face is calculated by the BCM flow solver. Based on the time-
dependent surface pressure, far-field Sound Pressure Level
(SPL) is obtained via the Curle’s equation.

2.2. Flow Analysis. BCM is based on a multiblock structure
of equally spaced Cartesian meshes to achieve the simplicity
in the mesh generation, in the spatially higher-order solution
algorithm, and in the postprocessing. These features of
simplicity of the Cartesian mesh apply to all stages of a
flow computation and eases memory requirement per node.
These factors will become more important for large-scale
computations on expected near-future high performance
computers. The computational mesh consists of many cu-
boids which include equally spaced Cartesian mesh as shown
in Figure 2. It shows cube and cell distribution around
NACA0012 airfoil. These cuboids in Figure 2(a) are called
as “cube,” and Cartesian mesh in each cube are called as
“cell” in Figure 2(b). Since the number of mesh points is
completely the same in all the cubes regardless the cube size,
high parallel efficiency is accomplished as the computation is
parallelized based on cube. The mesh resolution is controlled
by each cube size, thus the geometrical size of cube becomes
large as the increase of distance from a wall boundary. In
the present approach, the body surface is approximated as
staircase representation for the simplicity. To improve the
local mesh resolution, selected cubes can be subdivided.

Governing equations of the present solver are incom-
pressible Navier-Stokes equations as follows:

∂u
∂t

+ (u · ∇)u = −∇p +
1

Re
∇2u,

div u = 0.
(1)

The staggered arrangement is employed with finite difference
scheme in terms of the spatial accuracy. In this study, the con-
vective term is discretized by Kawamura-Kuwahara scheme
based on a third-order upwind scheme [15]. The pressure
term is solved by Red-Black SOR method, and the diffu-
sion term is discretized by a second-order central difference
scheme. The time integration uses Fractional-Step meth-
od, and the temporal velocity field is solved by second-
order Adams-Bashforth explicit method [12]. Simple linear
interpolation is employed for the data interchange for the
compromise between computational efficiency and accuracy.
Higher-order interpolation maintains the computational
accuracy and the mass conservation; however, it deteriorates
the computational efficiency and increases memory usage.
Thus, the smallest cubes are allocated around the body and
also the wake region in the present computation to minimize
the influence of linear interpolation between different size
cubes.

2.3. Acoustic Analysis. The general theory about the aeroa-
coustic generation was developed by Lighthill in 1952 [16].
Lighthill transformed the Navier-Stokes and continuity
equations to form an exact, inhomogeneous wave equation,



Modelling and Simulation in Engineering 3

(a) Cube allocation (b) Cell distribution

Figure 2: Cube and cell distribution around an airfoil with BCM.

where the source terms were considered only within turbu-
lent flow region. The Lighthill equation, which represents the
sound propagation in the static fluid, is described as follows:

∂2ρ′

∂t2
− c2

0∇2ρ′ = ∂2Tij

∂xi∂xj
. (2)

The equation means that the aeroacoustic noise is generated
by quadrupole source in the static fluid. The Lighthill
equation does not consider the existence of an object in
the flow. Curle revealed that sound source was generated by
quadrupole source at the turbulent flow and dipole source at
the surface of an object, and led to the following equation:

ρ′ = 1
4πc2

0

∂2

∂xi∂xj

∫
V

⌊
Tij

⌋
r

dV − 1
4πc2

0

∂

∂xi

∫
S

[Pi]
r

dS. (3)

Curle’s equation was obtained by the transformation of
the Lighthill equation to form an exact integral equation.
However, the equation is not easy to solve since it requires
the computation of volume integration and space derivative.
Curle’s equation can be simplified with the assumption
of low speed flow. The first term of (3) can be ignored
because the magnitude of the term is square of the Mach
number. The space derivative is then converted into temporal
differentiation, and the equation is represented as follows:

Pa = 1
4πc0

xi
r2

∂

∂t

∫
Pi

(
y, t − r

c0

)
dS. (4)

This compact form of Curle’s equation means that the
sound pressure at the observation point from the object is
computed via the surface pressure fluctuation. This equation
is valid when the acoustically compact condition is satisfied.
The compact condition is that the sound wavelength is much
longer compared to the characteristic length of an object,
and also the sound observation point is far away enough
from the object compared to the sound wavelength. In this
study, the following noncompact form of Curle’s equation is
introduced to treat the acoustic field where the acoustically
compact is not satisfied

Pa = 1
4π

∫
xi − yi
r2

(
1
c0

[
∂Pi
∂t

]
+

[Pi]
r

)
dS. (5)

The sound source position is not singular in the equation
unlike (4). The equation is named non-compact Curle’s
equation in this study, whereas (5) is named compact Curle’s
equation for the distinction. To measure the SPL at the
observation point, the pressure fluctuation calculated by the
Curle’s equation is transformed into the fluctuation in the
frequency domain by FFT (Fast Fourier Transform). Then, it
is substituted into the following equation:

SPL = 10 log10

(
Pe

2

P0
2

)
. (6)

Here, Pe is the effective value of the sound pressure fluctu-
ation calculated by the FFT, and P0 is the reference sound
pressure in air, whose value is 2.0× 10−5 [Pa].

3. Circular Cylinder

3.1. Computational Condition. A circular cylinder is used
for the validation of aeroacoustic noise prediction using the
present aerodynamic/acoustic splitting method of BCM and
Curle’s method. The BCM meshes based on the cylinder
diameter D (0.04 m) is generated in the computational
domain shown in Figure 3. The computational domain size
is 50D × 50D, and the cylinder height is 12.5D (0.5 m). The
minimum mesh spacing is 1.0×10−2D, and the total number
of cells amounts to 100 million. Cube allocation from the
side view is shown in Figure 3(b), where finer cube is used
behind the cylinder to distribute high-resolution mesh in
the wake region. Reynolds number is 2.0 × 104 based on the
cylinder diameter, uniform flow velocity is 7.5 m/s, and the
observation point is 25D (1.0 m) aside from the cylinder.
Sommerfeld boundary condition is used at the downstream
boundary condition to prevent the unphysical reflection
of pressure wave at the boundary. In the FFT calculation,
the sampling frequency is 1,280 Hz (6.3 in nondimensional
frequency), the frequency resolution is 2.5 Hz (0.133 in
non-dimensional frequency). FFT length is 512, FFT average
is 10 times, and the overlap is 50%. The parameters used in
the computation are summarized in Table 1.

3.2. Result. The computational result of SPL is compared
with experimental data [17] as shown in Figure 4. Both the
results of compact Curle’s equation (2) and non-compact



4 Modelling and Simulation in Engineering

Flow

D

Vel: Dirichlet B.C.
Pre: Neumann B.C.

25D 25D

50D

12.5D

Vel: Slip B.C.
Pre: Neumann B.C.

Vel: Slip B.C.
Pre: Neumann B.C.

Vel: Sommerfeld B.C.
Pre: Dirichlet B.C.

(a) Computational domain

(b) Cube allocation (viewed from the side)

Figure 3: Computational domain with boundary conditions and Cube allocation.
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Figure 4: SPL spectrum of computational end experimental results.

Curle’s equation (3) are plotted for comparison. The bold
line is calculated by the non-compact Curle’s equation, the
dot-line is calculated by compact Curle’s equation, the circle
is the experimental result, and the slim line is calculated
by the authors of [17] using compact Curle’s equation. The
spectrum of the non-compact Curle’s equation is gener-
ally matched with those of compact Curle’s equation and
experiment. However, the SPL of first peak is much higher
compared to the experiment. This is because non-compact
Curle’s equation considers the near-field pressure fluctuation
(pseudo acoustic wave). Meanwhile, the effect of pseudo
acoustic wave is removed for the experimental result. The raw

Table 1: Computational condition of a circular cylinder.

Reynolds number, Re 2.0× 104

Characteristic length, D 0.04 [m] (cylinder diameter)

Freestream velocity 7.5 [m/s]

Computational domain 50D × 50D × 12.5D

Minimum mesh spacing 1.00× 10−2D

Total number of cells about 100 million

Sampling frequency 6.3 [−] (1280 Hz)

Frequency resolution 0.133 [−] (2.5 Hz)

Length of FFT 512

Averaging 10 times

Overlap 50%

SPL at the first peak of experiment is 51.7 dB, and then the
difference with non-compact result becomes 4 dB (55.0 dB
by non-compact SPL at the first peak). The usefulness of the
present splitting method is validated, though the difference
between compact and non-compact Curle’s equation is small
for the case of cylinder.

4. LEG Model

4.1. Computational Condition. The simplified LEG model is
used for the simulation to understand the influence of axle
region to flows and far field noise. As shown in Figure 5,
the simplified LEG geometry is composed of a main cylinder
(strut), a center piston, a torque link, axle and brake
components, and two wheels. The simplified LEG model
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Figure 5: Simplified LEG geometries for computation.
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(a) Cube allocation (b) Wall cube allocation (c) Surface cells (staircase represen-
tation)

(d) Cells at wheel

Figure 7: Computational mesh for LEG geometry.

does not have other major components such as a door, a
side-brace, and cavity shown in Figure 1. The torque link
position is variable, so that the torque link can be attached
in front of the strut, behind the strut (Figure 5(a)), or even
removed (Figure 5(b)) to evaluate the influence of torque
link to the flowfield and aerodynamic noise. In addition,
there are two types of wheel cap prepared: the sealed cap
(Figure 5(b)) and the tear-shaped cooling holes on the cap
(Figure 5(a)). The cooling holes are penetrating the wheel
cap, thus the tiny flow paths exist in the wheel. Computations
are conducted for the six configurations by changing the
position of the torque link and by changing the wheel cap
geometry as summarized in Table 2. Each name in the table
means [Torque link position] [Wheel cap type]. BACK TEAR
geometry is that the torque link is attached backward the
strut (BACK) and the wheel cap is tear-shaped cooling holes
type (TEAR) as shown in Figure 5(a).

The BCM meshes based on the wheel diameter D (0.4 m)
are generated for the six LEG geometries. The computational
domain size is 60D × 60D × 30D, and the LEG geometry
is attached to slip wall as shown in Figure 6(a). Figure 6(b)
shows the model with several cross-sections where the

Table 2: Six LEG configurations.

Name Torque link position Wheel cap type

BACK SEAL BACK SEALED

BACK TEAR BACK TEAR (Cooling Hole)

FRONT SEAL FRONT SEALED

FRONT TEAR FRONT TEAR (Cooling Hole)

NO SEAL NO (REMOVED) SEAL

NO TEAR NO (REMOVED) TEAR (Cooling Hole)

computed flowfields are compared. Cube allocation from
the side view is shown in Figure 7(a). Subdivided cubes are
allocated at the wake region to improve the mesh resolution.
Wall cubes around the wheel region are also refined as
shown in Figure 7(b). The whole surface cells with staircase
representation is shown in Figure 7(c). Cooling holes at the
wheel are sufficiently represented with the minimum mesh
spacing of 3.66 × 10−3 D (based on the wheel diameter) as
shown in Figure 7(d). The total number of cells amounts
about 90 million, and the flow computations are conducted
on the vector-parallel supercomputer of NEC SX-9 16 CPUs.
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(a) Cross section at y = 0.0 (b) Cross section at z = −2.00

Figure 8: Computed mean velocity component in the freestream direction.
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Figure 9: Mean velocity component in the freestream direction by Murayama et al. [6].

Reynolds number is 1.49 million based on the wheel
diameter D, uniform flow velocity is 54.4 m/s, and the ob-
servation point is 14.71D below the model. In the FFT cal-
culation, the sampling frequency is 10 kHz (75 in non-di-
mensional frequency), the frequency resolution is 20 Hz
(0.147 in non-dimensional frequency). The other setting is
same as the cylinder case: FFT length 512, FFT average 10
times, and the overlap 50%. Table 3 summarizes the compu-
tational condition.

4.2. LEG with Backward Torque Link Configuration. The LEG
configuration with backward torque link and wheel cap of
cooling holes (BACK TEAR) is used for comparison. The
mean velocity component in the freestream direction at the
two sections (y = 0.0 and z = −2.00) is shown in Figure 8.
Figure 8(a) shows the flowfield at the center of the landing
gear, and the separation from the axle is observed. The
geometry is upside down, but the result is in reasonable
agreement with Murayama’s PIV measurement data and
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Figure 11: Comparison of OASPL of different LEG configurations.

Table 3: Computational condition of LEG model.

Reynolds number, Re 1.49× 106

Characteristic length, D 0.4 [m] (wheel diameter)

Freestream velocity 54.4 [m/s]

Computational domain 60D × 60D × 30D

Minimum mesh spacing 3.66× 10−3D

Total number of cells About 90 million

Sampling frequency 75 [−] (10 [kHz))

Frequency resolution 0.147 [−] (20 [Hz])

Length of FFT 512

Averaging 10 times

Overlap 50%

computational result [6] in Figure 9(a). Figure 8(b) shows
the velocity field near the axle region. The flow acceleration
due to the existence of the center cylinder and the torque
link is observed. The flowfield are similar to the PIV data
and computation; however the acceleration region is larger
compared to the referenced computation.

The SPL spectrum in narrow band and also the converted
spectrum to 1/3 octave band (experimental scale) are plotted
in Figure 10. The figures include numerical results based on
compact and non-compact forms of Curle’s equations, and
also experimental result. The SPL based on compact Curle’s
equation shows a 10 dB difference compared to experiments
as compared to the previous result in [7]. By applying non-
compact Curle’s equation, the SPL values between 200 and
3,000 [Hz] frequency range are much improved, and the
values are closely agreed with experimental data. The sharp
decrease of SPL is shown in the present computation at the
higher frequency range. The problem needs to be solved for
more accurate prediction in the entire frequency domain but
this can be caused due to the lack of mesh resolution. Since
the background noise is not considered in the computations,
the SPL of the lower frequency range is smaller compared to
the experiment.

4.3. OASPL for Six LEG Configurations. To compare the noise
level of the six LEG configurations, the Overall SPL (OASPL)



Modelling and Simulation in Engineering 9

z

yx

0.00035
0.00032
0.00029
0.00026
0.00023
0.0002
0.00017
0.00014
0.00011
8E−05
5E−05

(SPrms)

(a) BACK SEAL configuration

z

yx

0.00035
0.00032
0.00029
0.00026
0.00023
0.0002
0.00017
0.00014
0.00011
8E−05
5E−05

(SPrms)

(b) BACK TEAR configuration

z

yx

0.00035
0.00032
0.00029
0.00026
0.00023
0.0002
0.00017
0.00014
0.00011
8E−05
5E−05

(SPrms)

(c) FRONT TEAR configuration

z

yx

0.00035
0.00032
0.00029
0.00026
0.00023
0.0002
0.00017
0.00014
0.00011
8E−05
5E−05

(SPrms)

(d) NO TEAR configuration

Figure 12: Comparison of surface sound pressure fluctuation of different LEG configurations (viewed from behind the landing gear).

is computed in this section. The OASPL is computed by in-
tegrating the power of spectrums as follows:

OASPL = 10 log10

⎛
⎝
∑ f2

f1
p2

P0
2

Δ f

f2 − f1

⎞
⎠. (7)

In this study, the integral range of frequency is from 220 to
3,500 [Hz] because the range shows reasonable agreement
with the experiment in the previous section.

The computational and experimental OASPL values of
the LEG configurations are shown in Figure 11. Four out
of six configurations were examined by the experiment,
while all the six configurations were evaluated by the present
computations. In the experimental result, the torque link
position highly affects the OASPL. When the location is
behind the piston, higher OASPL values are observed. The
noisiest configuration is BACK SEAL in the experiment. The
computational result shows that the tendency of OASPL is in
qualitative agreement with the experiment; the BACK SEAL
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Figure 13: Comparison of surface sound pressure fluctuation below the wheel.

(a) Velocity component in the freestream direction

(b) Velocity component in the vertical direction

Figure 14: Computed mean velocity component at cross section x = 0.0 (left: BACK TEAR, center: FRONT TEAR, right: NO TEAR).

is noisiest, and the second is BACK TEAR of the four. From
the computational results, OASPL values tend to be high
when the torque link position is behind the piston or re-
moved from the geometry together with the sealed wheel
cap. On the other hand, when the torque link is attached
in front of the piston against the flow, the values are almost
the same regardless the wheel cap type: sealed or tear holes.
This indicates that the torque link position highly affects the
far-field aerodynamic noise from landing gear as its existence
drastically changes the flow characteristics.

Sound pressure fluctuation on the surface (SPrms) is cal-
culated by non-compact form of Curle’s equation. Since the
Curle’s equation converts surface pressure fluctuations to
the noise at the observation point, the surface with larger
SPrms has larger contribution to the noise. The surface
sound pressure fluctuations of the four configurations
(BACK SEAL, BACK TEAR, FRONT TEAR, NO TEAR) are
plotted in Figure 12. It is observed that one part of the
upper wheel (toward the root of landing gear) shows the
higher values. The appearance of BACK SEAL, BACK TEAR,
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(a) Velocity component in the freestream direction

(b) Velocity component in the vertical direction

Figure 15: Computed mean velocity component at cross section y = 0.0 (left: BACK TEAR, center: FRONT TEAR, right: NO TEAR).

(a) Velocity component in the freestream direction

(b) Velocity component in the vertical direction

Figure 16: Computed mean velocity component at cross section z = −1.81 (left: BACK TEAR, center: FRONT TEAR, right: NO TEAR).
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Figure 17: Computed mean velocity component in the horizontal direction at cross section x = 0.0 (left: BACK TEAR, right: BACK SEAL).

(a) Velocity component in the freestream direction

(b) Velocity component in the vertical direction

Figure 18: Computed mean velocity component in the horizontal direction at cross section y = 0.2 ( left: BACK TEAR, right: BACK SEAL).

and NO TEAR are almost identical, whereas the values of
NO TEAR are slightly lower. Large difference is observed
for FRONT TEAR geometry as the higher value’s region is
shifted and the values get weaker. The difference is caused by
the torque link position to be attached at the front.

4.4. Influence of Torque Link Position. As discussed in the pre-
vious section, forward torque link position affects the

flow-field and reduces the noise compared to the backward
torque link position. Surface sound pressure fluctuations at
the axle for BACK TEAR and FRONT TEAR are shown in
Figure 13. The difference is observed below the axle (toward
observation point) and also the junction between the main
cylinder and the piston. In addition to these areas, difference
of upper wheel region as shown in Figure 12 causes the
OASPL difference of the two geometries.



Modelling and Simulation in Engineering 13

(a) Velocity component in the freestream direction

(b) Velocity component in the horizontal direction

Figure 19: Computed mean velocity component at cross section z = −2.21 ( left: BACK TEAR, right: BACK SEAL).

Three LEG configurations with forward/backward and
without torque link are used to investigate the effect of torque
link position: BACK TEAR, FRONT TEAR, NO TEAR.
Figures 14–16 show the mean velocity component of the
three configurations at different cross-sections. Time-
averaged velocity component at x = 0.0 section shows the
large velocity difference at the main cylinder and the piston
for BACK TEAR and FRONT TEAR as shown in Figure 14.
The flow at the wheel corner (edge) is accelerated toward the
landing gear root in BACK TEAR, while the acceleration is
weaker in FRONT TEAR. This causes the difference of sound
pressure fluctuations in Figure 12, and also the OASPL in
Figure 11. Figure 15 shows the difference of the three
geometries at y = 0.0 due to the existence of the torque link.
The change is appeared in front of the strut (separation)
and behind the strut (wake region). In BACK TEAR config-
uration, the backward torque link causes the flow circulation
and the flow turning toward the root of landing gear in the
wake. Figure 16 shows that the velocity between the wheel
and the piston is accelerated in BACK TEAR and NO TEAR
configurations. On the other hand, the acceleration in
FRONT TEAR is weaker because the existence of forward-
attached torque link prevents the flow toward the freestream
direction and also vertical direction (along with the
cylinder).

When the torque link is attached forward (against the
flow), the flow through the two wheels at axle region is not
much accelerated. When the torque link is attached behind
the cylinder or the torque link is removed, the flow between
the two wheels is greatly accelerated, and this causes the large
surface pressure fluctuations and also the noise increase at
the observation point.

4.5. Influence of Wheel Cap Geometry. The influence of wheel
cap geometry is discussed in this section. The LEG geometry
with the sealed wheel (BACK SEAL) and the LEG geometry
with the tear-shaped cooling holes (BACK TEAR) are used
for comparison. Figure 17 shows the mean velocity compo-
nent in horizontal direction at x = 0.0. In BACK TEAR
configuration, the flow is induced from inside the wheel
to outside the wheel through cooling holes, whereas no
flow goes through the sealed wheel cap in BACK SEAL
configuration. Figures 18 and 19 show the mean velocity
components of the two geometries at different cross sections.
The difference of the flowfield is relatively small. It is
observed that the flow at the front part of axle region goes
into the wheel disk space for both configurations as shown in
Figures 18(b) and 19(b). The difference is shown at the rear
part of axle. The flow from the inside of wheel is induced
to the outside of the wheel through the cooling holes in
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(a) Velocity component in the freestream direction

(b) Velocity component in the horizontal direction

Figure 20: Computed mean velocity component at cross section z = −2.21 (left: NO TEAR, right: NO SEAL).

BACK TEAR as already described, and thus the flow does
not go back to the rear axle area. On the other hand, in
BACK SEAL, the flow similarly goes inside the wheel disk
region at front, but the flow goes through the disk space and
finally goes back to the rear axle area as shown in Figures
18(b) and 19(b). Because of the sealed cap, the flow only
goes through the internal part of the wheel and this causes
the slight acceleration of flow in the freesteream direction as
shown in Figures 18(a) and 19(a). This can be the reason that
the BACK SEAL shows the larger OASPL value compared to
BACK TEAR.

In the geometry without torque link, the OASPL of sealed
wheel cap (NO SEAL) is higher compared to the cap with
cooling holes (NO TEAR). Figure 20 shows the comparison
of NO TEAR and NO SEAL at z = −2.21 section. The
internal flow inside the wheel (brake disk region) is similar to
the geometry with backward torque link, where the induced
flow from inside the wheel to the outside through the holes
is observed for NO TEAR configuration but the flow is
returned to the rear axle region for NO BACK as shown
in Figure 20(b). The velocity in the freestream direction is
almost identical, though the circulated flow at outside of the
wheel is observed at NO SEAL as no induced flow through
the sealed cap exists. In this case, the acceleration of the
flow at the axle region is similar to both the geometry,

but the level of OASPL is different for the wheel cap
type.

The wheel cap affects the local flows of internal wheel
part such as brake disk due to the induced flows through
the cooling holes; however, the contribution to the noise is
quite complex. The far-field noise is determined with the
interaction of the induced flow with other components.

5. Conclusion

In this study, aerodynamic/acoustic splitting method based
on Cartesian-mesh incompressible flow solver and non-
compact form of Curle’s equation was proposed to evaluate
the far-field noise from a landing gear. The present method
was first validated on a circular cylinder case, where the
computation with non-compact form of Curle’s equation
is qualitatively in agreement with the experiment. The
approach was then applied to JAXA landing gear model to
evaluate the influence of torque link position and wheel cap
type. The velocity component in the freestream direction
of the configuration with backward torque link and cooling
holes cap was reasonably in agreement with experiment and
another computation. Due to the introduction of Curle’s
equation in non-compact form, the computed SPL levels
were well matched with the experiment, whereas a large
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discrepancy was observed in the past. OASPL values were
also compared with the experiment, and the tendency of
the OASPL for different geometry was qualitatively captured.
The velocity component of the different LEG configuration
was compared, and the results showed that the torque link
position had a large influence on the flow characteristics at
the axle region between the two wheels and in the wake
region. The torque link when in forward position prevented
the acceleration of flow between the wheels, which reduced
the far field noise. When the wheel cap had cooling holes,
the flow induced from the inside of the wheel to the outside
through the cooling holes was observed. On the other hand,
when the wheel cap was sealed, the flow inside the wheel
went through the internal component of brake disk space,
and finally goes back to the rear part of axle region. The
contribution of the wheel cap itself to the far field noise was
difficult to assess as there was also interaction of the induced
flow with other components. The present approach was
proved to be effective in evaluating the effects of tiny detailed
components attached to landing gear for the purpose of far-
field aerodynamic noise prediction. Because the flows and
aerodynamic noises of a landing gear are quite affected by the
detail components and their interactions, a detailed model is
required in future simulations and evaluations of low noise
components and devices.

Nomenclature

BCM: Building-Cube Method
c0: Speed of sound
D: Characteristic length
i, j: Index coordinates
Li j : Lighthill’s stress tensor
LEG: JAXA Landing gear Evaluation Geometry model
OASPL: Overall sound pressure level
P: Static pressure on body surface
P0: Reference sound pressure in air
Pa: Sound pressure fluctuation
Pe: Effective sound pressure
r: Distance to observation point
Re: Reynolds number
S: Surface
SPL: Sound pressure level
SPrms: Sound pressure fluctuation
t: time
u: Velocity vector
x: Coordinates of sound observation point
y: Coordinates of sound source point
V : Volume
ρ: Density.
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A comprehensive and detailed computational fluid dynamics (CFDs) modelling of air flow and heat transfer in an open refrigerated
display cabinet (ORDC) is performed in this study. The physical-mathematical model considers the flow through the internal
ducts, across fans and evaporator, and includes the thermal response of food products. The air humidity effect and thermal
radiation heat transfer between surfaces are taken into account. Experimental tests were performed to characterize the phenomena
near physical extremities and to validate the numerical predictions of air temperature, relative humidity, and velocity. Numerical
and experimental results comparison reveals the predictive capabilities of the computational model for the optimized conception
and development of this type of equipments. Numerical predictions are used to propose geometrical and functional parametric
studies that improve thermal performance of the ORDC and consequently food safety.

1. Introduction

Nowadays, the energy spent during the commercialization
of food products stored at refrigerated temperatures is
about 50% of the total consumption of energy of a typical
supermarket [1]. The growing of energy consumption in the
commercial sector is due to the increasing demand of large
quantities of perishable food products in urban areas and to
an effective rigorous regulation of the sector as well as quality
and food safety requirements of consumers. In past decades,
the investments and costs associated with food refrigeration
increased with the installation of refrigeration equipment
to maintain perishable products in perfect conditions for
consumption [2]. This trend continues as the worldwide
demand for commercial refrigeration equipment that is
projected to rise 5.2% annually through 2014. Beverage
equipment demand will post the fastest gains among
products. Reach-in and walk-in coolers and freezers are
expected to post solid gains due to their widespread use

in all of the major markets. Display cabinets will benefit
from a growing middle class, which will spur gains in
the food and beverage retail segment [3]. A large part of
the refrigeration equipments installed in supermarkets, and
retail stores are vertical open refrigerated display cabinets
(ORDCs). This merchandising solution contributes to the
largest part of electrical energy consumption related with
refrigeration on these sites [4]. This type of appliance is
equipped with a recirculating air curtain that establishes an
aerothermodynamics barrier between the conservation space
and the environment, without physical restrictions for the
consumer. Thus, the product to be acquired can be seen and
handled without inconvenience.

The air curtain reduces the infiltration of exterior air
at higher dry bulb temperature and specific humidity. The
effectiveness of this aerothermodynamics barrier changes
with thermal and mass-diffusive effects that affect thermal
entrainment. These effects, among others, depend on flow
instabilities and boundary effects. These conditions lead to
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a decrease in conservation quality of food products and
greater energy consumption and costs. In what concerns this
topic, it must be highlighted that the ambient air infiltration
load is around 67% to 77% of ORDC cooling load as
exposed by Gaspar et al. [5]. The thermal entrainment of
hot ambient air in empirical recirculating air curtains is due
to inbalance of air distribution between discharge air grille
(DAG) and perforated backpanel (PBP), and consequently
to air curtain temperature, velocity, and thickness values
as described by D’Agaro et al. [6] and Gray et al. [7].
Also, refrigerated air leakage from the bottom part of
the frontal opening (cold leg effect) increases the energy
loss to surroundings. Those facts, with the remaining heat
gain components [1], lead to an increase of thermal load
and consequently higher energy consumption. ASHRAE [8]
points out that thermal load reduction is the first step
for a better energy efficiency of refrigeration equipments
that may be accomplished by air curtain optimization,
reducing the thermal entrainment with ambient air, as
well as the temperature of air returned to the evaporator.
Therefore, most of research in this field, both experimental
and numerical, to evaluate the thermal performance of
ORDC focus on air curtain. Due to similarity, the research
on nonrecirculating air curtains is helpful. It is mainly
related with heat and mass transfer studies, considering the
impinging jet of several angles, different initial velocities,
temperatures and thicknesses, and generation/suppression of
turbulence inside air stream [9–14]. Although, due to specific
characteristics of air curtains installed in ORDC, researchers
carried out two- (2D) and three- (3D) dimensional compu-
tational fluid dynamics (CFD) parametric studies. Cortella
et al. [15] and Navaz et al. [16] evaluated the influence of
DAG velocity in thermal performance, quantifying the air
infiltration through the frontal opening. Axell and Fahlén
[17] developed a CFD-parametric study to evaluate the
influence of air curtain height/width ratio and inlet velocity
on the thermal performance. Navaz et al. [18] evaluated
the optimum operating condition based on entrained air
amount, taking into account the jet width and velocity
and inlet turbulence intensity. Foster et al. [19] developed
3D CFD models to analyse the effect of changing size and
position of the evaporator coil, width and angle of DAG, and
inserting baffle plates into the upper duct. D’Agaro et al. [6]
carried out 2D and 3D CFD-parametric studies to evaluate
the influence of: longitudinal ambient air movement; display
cabinet length, and air curtain temperature on the extremity
effects and how it reflects on ORDC performance. Chen
[20] developed CFD-parametric studies to evaluate the
thermal barrier performance of air curtains, adjusting the
length/width ratio and its discharge angle, the height/depth
ratio of the cavity, and the dimension and position of
shelves. Ge and Tassou [21] developed correlations for heat
transfer across air curtain with reasonable agreement with
experimental data in steady-state conditions. Ge et al. [22]
developed an ORDC model integrating CFD and cooling
coil models. The airside inputs of the cooling coil model are
the outputs of the CFD model, and, inversely, the airside
outputs from the cooling coil model are used to update
the boundary conditions of the CFD model. The use of

the validated integration model of the ORDC allows several
analyses such as the optimal designs of the geometrical
structures of ORDC, curtains and coils, and further of
alternative control strategies and operating states. However,
this type of simulation is computationally expensive.

Other research works were just experimental, such as
the study developed by Chen and Yuan [23] to evaluate the
influence of ambient air temperature and relative humidity,
indoor airflow, DAG velocity, PBP airflow, and night-
covers application, on the performance of an ORDC. Gray
et al. [7] also conducted an experimental study to evaluate
the effect of perforation pattern of PBP on the airflow
distribution. Among the experimental techniques used by
researchers are thermocouple thermometry, hot-wire/film
anemometry, laser Doppler anemometry, digital particle
image velocimetry, hygrometry, tracer gases, and infrared
thermography. Other method that can be used to evaluate
the thermal performance of an ORDC, based on the thermal
barrier provided by the air curtain, consists in the thermal
entrainment factor (TEF) calculation [6, 18, 23, 24]. This
formulation was adopted by Gaspar et al. [5] to evaluate
air curtain TEF for different environmental conditions (air
temperature, relative humidity and velocity, magnitude, and
direction) and how it influences the thermal performance of
the ORDC.

The experimental techniques described above are reliable
and provide results with a high degree of confidence, but its
use is labour intensive and time consuming, involving high
costs, being the results dependent on ORDC geometry, DAG
parameters, and ambient air conditions. By other hand, the
development of a complex simulation model requires large
computational resources, being the computational results
untrustworthy, until reliability and accuracy are checked by
comparison with experimental data. Although the significant
progress of CFD codes in geometry creation, data transfer
from CAD/CAE packages, improvement of meshing tools,
numerical robustness, and well-validated physical models for
specific classes of physical phenomena, made them desirable
in the design phase as an expedite analysis method. However,
none of CFD research works cited above has modelled
the several devices that make part of the refrigeration
system. Hence, this study provides a detailed CFD model
that combines the characteristics of aforementioned works.
It considers a 2D CFD simulation of an ORDC taking
into account the air flow through internal ducts, across
fans, evaporator and grilles, and the thermal response of
food products. The objective is to provide a complete
CFD design tool for this type of equipment, allowing fast
and efficient development of parametric studies devoted
to predict how operational and geometrical modifications
can improve the ORDC performance. This paper presents
some results derived from experimental testing to define
boundary conditions and to validate numerical predictions,
the physical-mathematical and numerical model formula-
tions, the CFD-modelling parameters and methodology for
complete simulation of the air flow and heat transfer of an
ORDC. The nonisothermal turbulent flow and temperature
field characteristics are predicted, and several parametric
studies to improve the ORDC performance are designed.
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2. Experimental Testing

2.1. Experimental Apparatus. Figure 1(a) shows the mid-
plane cross-section of the open refrigerated display cabinet
(ORDC) experimentally tested and numerically modelled on
heat and mass transfers. The air is drawn by fans located
in front of the evaporator. The air passing through the
evaporator is cooled below the conservation temperature of
the perishable products exposed in equipment’s shelves. This
air is convected to the rear duct, where part of it is discharged
inside the conservation space at low velocity through the
perforated backpanel (PBP). The other part of this air mass
flow rate will supply the air curtain, which develops vertically
between discharge (DAG) and return (RAG) air grilles.

The authors have already performed extensive experi-
mentation on this ORDC model [5]. It is a self-contained
system, in which the condensing unit and controls are built
into the cabinet structure (beneath the cabinet, taking up the
entire lower part). Its dimensions are 1900× 796× 1911 mm
(L×W×H). It has four shelves and a well tray, being its
frontal opening height, Hc, 1209 mm (see Figure 1(a)). The
evaporator is housed under the well tray and integrated with
refrigerant feed and return lines. Temperature regulation
and defrosting are digitally conducted by an electronic
thermostat, being the cooling system fan-assisted (four for-
ward fans that blow air through the coil).

The experimental test was performed in a climate
chamber Aralab Fitoclima 650000 EDTU. The test probes
described in Table 1 and placed inside the cabinet as shown
in Figure 1(b) (conservation space measuring locations
(CSMLs)) and Figure 1(c) (air curtain measuring locations
(ACMLs)) were connected to a data acquisition system Intab
PC-Logger 3100. A probe-positioning system is used to
evaluate the 3D effects of thermal entrainment on air curtain
and properties variations along length and height of the
conservation space [25]. The probe-positioning system was
settled on each shelf of the equipment to measure air tem-
perature, relative humidity, and velocity for three positions
across the air curtain width and eight vertical cross-sections
along the equipment’s length. The positioning system moved
the test probes in 240 mm increments for the 1800 mm
length of shelves, taking 1 min to move between positions
to reduce flow perturbation. Also, the properties values
were acquired 1 min after reaching each position to ensure
flow stabilization. The experimental results obtained with
this point measuring technique along the air curtain and
conservation space coordinates show a similar behaviour to
the experimental results obtained by Gray et al. [7], Chen and
Yuan [23], and Evans et al. [26]. It was found that the average
variation of air temperature was 0.4 K, and of air-relative
humidity was 4.5% which are not particularly significant.
Based in these results, the probes were distributed in the
midplane of the equipment’s length. In order to consolidate
and extend the measurements data, a thermoanemometer
AM 4003 was used to measure air temperature and velocity
near DAG and RAG, at the refrigeration unit (compres-
sor + condenser) and at several heights of PBP. Pressure loss
was measured using a micromanometer Air Instruments
Resources MP3KDS near inlets and outlets (DAG, RAG, and

PBP). The temperature of internal surfaces was obtained
with K-type thermocouple contact probe using a digital
thermometer FLUKE 51 (location n.◦9). Additionally, several
sets of experimental tests were performed to evaluate the
influence of surrounding air in air temperature, velocity, and
humidity inside the conservation space [5].

2.2. Testing Procedure and Results. The experimental testing
follows the procedure defined by EN-ISO Standard 23953
[27] for test room climate class n.◦3, which considers air tem-
perature (Tamb = 298 K; air relative humidity, φamb = 60%; air
velocity magnitude, vamb = 0.2 m s−1, with direction parallel
to the frontal opening plane of the ORDC, that is, θamb = 0◦)
and for M-package temperature class M1 (272.15 K ≤
Tprod ≤ 278.15 K). The experimental test followed the
procedure described in Gaspar et al. [5]. Table 2 contains the
average values of the parameters measured during this period
and their statistical parameters: maximum and minimum
values, standard deviation (σ), standard error of mean
(s), and variance (σ2). Notice that overall values of air
temperature and relative humidity inside conservation space
(probes location n.◦0 to n.◦4) consider the average values
along equipment’s length and height.

3. Mathematical Formulation

The turbulent air flow and nonisothermal heat transfer
process are modelled by a 2D (length midplane neglect-
ing extremity effects) steady-state mathematical model.
The basic equations governing transport phenomena in
an ORDC are continuity, momentum, and energy [28].
For application on the computational domain, the airflow
modelling is coupled to products modelling, where within
the latter region the convection term is neglected.

The air is considered as an ideal gas. Considering that
flow can be driven by buoyancy forces in specific zones of
the domain, the Boussinesq approximation is applied. Thus,
density has a constant value in all solved equations, except
for the buoyancy term in the momentum equation where
it is determined as function of temperature differences. So,
reference density is set to ρref = 1.17 kg m−3 for the operating
conditions defined by test room climate class n.◦3 [27].

The energy equation is developed as function of temper-
ature in steady state with constant specific heat. Further sim-
plifications are accomplished neglecting viscous dissipation
due to flow characteristics.

The turbulence is modelled by the RNG k-ε model
[29] since in previous works [30–33] its ability to model
turbulence was assessed in comparison with other models
(Spalart-Allmaras, k-Ω, standard k-ε). The comparison of
numerical results shows the applicability of k-ε models type
for simulation of a wide range of flows with minimum
coefficients adjustment and also for its relatively simple for-
mulation. The numerical predictions obtained with standard
and RNG k-ε models were similar. The latter model was
used due to its constants revaluation and additional term in
dissipation rate equation, to improve the precision of flow
simulation.



4 Modelling and Simulation in Engineering

W 796
b 60

9
4

9

9

3

9

M-packages

2

9

9

9

1

Shelves

H
c

12
09

0

RAG

7 8

Evaporator Fans 56
6

H
19

11

PBP

350

521

R 138

DAG

5

786

z

x y

10

6

(a) Display cabinet configuration and dimen-
sions

41 42
5

43

31 32 33

21 22 23

11 12 13

1 2 3

6

z

x y

(b) Conservation space measuring
locations (CSML)

z

x y

51 52 53

414243

31 32 33

21 22 23

11 12 13

61 62 63

(c) Air curtain measuring locations
(ACML)

Figure 1: Configuration of open vertical refrigerated display cabinet and measuring probes locations.

Table 1: Description of test probes and its location (see Figure 1(a)).

Loc. Type Accuracy Property Ref. Location

0–4
K-type thermocouple ±0.5 K Temperature Tcons Conservation space
Hygrometer (odd
measuring locations)

±3% Relative humidity φcons

5
K-type thermocouple ±0.5 K Temperature TDAG

DAGHot-wire anemometer ±0.1 m s−1 (±10%) Velocity vDAG

Hygrometer ±3% Relative humidity φDAG

6
K-type thermocouple ±0.5 K Temperature TRAG

RAGHot-wire anemometer ±0.1 m s−1 (±10%) Velocity vRAG

Hygrometer ±3% Relative humidity φRAG

7 K-type thermocouple ±0.5 K Temperature Tevap,out Evaporator outlet∗

8
K-type thermocouple
(contact)

±0.5 K Temp. (surface) Tevap,in Evaporator inlet∗

9
K-type thermocouple
(contact)

±0.5 K Temp. (surface) Tsurf Interior surfaces

10 Ammeter (Clamp-on) ±0.02 A (±2%) Electric current I Power source

∗The surface temperature of the air side-wall pipe is measured at the evaporator inlet while at the outlet is measured the air temperature.

The set of model equations is suitable for fully turbulent
flow. To account for viscous effects and high gradients in
proximity of walls, the turbulence model equations are used
in conjunction with empirical wall functions. The complete
description and implementation details of wall functions in

turbulence models can be found in Rodi [34] and Launder
and Spalding [35].

The influence of ambient air-relative humidity is con-
sidered by making use of a species transport model. The
fluid is considered as a mixture of dry bulb air and water
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Table 2: Experimental average results for climatic class n.◦3-EN-ISO std. 23953.

Parameter Tcons φcons TDAG φDAG vDAG TRAG φRAG vRAG Tevapout
Tevapin

I

Unit K % K % m s−1 K % m s−1 K K A

Mean value 277.1 86.2 276.0 82.4 1.5 282.4 88.1 1.7 272.1 272.3 8.7

σ 0.5 1.9 1.1 4.8 3.0 × 10−2 0.6 2.2 9.0 × 10−2 1.1 2.4 2.9

σ 2 0.3 3.8 1.1 23.1 0.6 × 10−3 0.4 4.9 7.2 × 10−3 1.3 5.9 8.1

s 3.0 × 10−2 7.0 × 10−2 6.0 × 10−2 4.0 × 10−2 1.4 × 10−3 4.0 × 10−2 1.0 × 10−2 4.8 × 10−3 6.0 × 10−2 1.0× 10−2 2.0 × 10−2

Min. value 275.8 82.5 274.8 68.6 1.1 280.7 82.9 1.1 270.0 270.3 0.3

Max. value 278.2 98.4 287.3 99.5 1.6 284.6 92.7 1.9 276.4 289.0 8.9

vapour. The heat gain of ORDC by thermal radiation is one
of most important cooling load components [5]. A surface-
to-surface radiation model (based in surfaces view factors
calculation) is used to take this heat gain component into
account.

4. Numerical Model

The mathematical model is a set of coupled nonlinear
partial differential equations, describing mass, momentum,
and energy conservation which can be simultaneously and
interactively solved. The equations set was solved using the
pressure-based, nonstructured grid, finite volume method
CFD code FLUENT.

4.1. Geometry and Computational Mesh. The 2D geometry
closely follows a mid-cross-section of ORDC. An automatic
orthogonal unstructured mesh generator (Gambit) was used
to develop the computational grid. The mesh was refined
in the internal ducts, near fans, evaporator, DAG, and
RAG vicinities and across air curtain, where velocity and
temperature gradients are expected to be higher. The grid size
was refined to predict accurately heat transfer by conduction
inside the conservation products. Grid dependence tests
were carried out for models with different grid size, that is,
increasing number of control volumes (cells): (a) 17 939 cells,
(b) 72 350 cells, (c) 110 029 cells, and (d) 350 533 cells. From
the comparison with experimental results, the computational
mesh of model (c) provides numerical results independent of
grid size both in solid and fluid regions. The computational
domain, grid, and boundary conditions location are shown
in Figure 2. Notice that connected but independent mesh
zones were defined near DAG, RAG, fans, evaporator, and
internal ducts in order to speed up the process of developing
future parametric studies of geometrical and/or functional
modifications and the analysis of their influence on the
ORDC overall performance.

4.2. Discretization of the Partial Differential Equations. The
computational procedure is based on a numerical iterative
process using the pressure-implicit with splitting of opera-
tors (PISOs) algorithm [36] for pressure-velocity coupling.
This algorithm was derived from semi-implicit method for
pressure-linked equations (SIMPLEs) algorithm [37], but it

has higher performance, and it is more efficient as described
by Jang et al. [38].

The equations were discretized in the control volume
form using MUSCL differencing scheme. The monotone
upstream-centered schemes for conservation laws (MUSCLs)
scheme proposed by Van Leer [39], derives from central
differencing scheme (CDS) and second-order upwind (SOU)
differencing scheme) as described by Patankar [37]. It is a
differencing scheme with low numerical diffusion; that is, it
shows higher spatial precision for all types of computational
grids and for complex flows. In this study, the comparison
with experimental results shows that numerical predictions
computed with MUSCL scheme are more realistic and
precise. The models run on a server Intel Xeon DualCore
2.33 GHz (4 MBytes internal cache) with 16 GBytes RAM.

4.3. Boundary Conditions. Boundary conditions (BCs) of
common practice in numerical simulations, defined for
climatic class n.◦3 of EN-ISO Standard 23953 [27], are
imposed in the computational domain.

4.3.1. Ambient Boundary Condition. The ambient boundary
is simulated by an “opening” type BC, that is, a constant
pressure boundary which allows both inflow and outflow.
The pressure value is considered to be the total pressure
based on the normal component of the velocity when flow
enters the domain and static pressure when it leaves the
domain. The ambient air temperature is supposed to be
Tamb = 298.15 K, and the water vapour mass fraction for
φamb = 60% is Yv, amb = 11.80 gv kg−1

m . The radiative black
body temperature is assumed to be Tbb = 298.15 K for the
algebraic calculation of radiative view factors as described
by Modest [40]. A black body emissivity value (ε = 1) is
assumed in this BC.

Free stream values for turbulent kinetic energy and its
dissipation rate are assumed on the free boundary at this
fixed-pressure condition set in terms of turbulence intensity,
It = 10%, (the worst situation considers the effects of con-
sumers passage in front of equipment, of air-conditioning
system operation and the influence of pressure perturba-
tions) and hydraulic diameter of equipment’s frontal opening
to ambient, Dh = 1.2 m, as being the characteristic turbulence
length scale. The values of parameters specified at fixed
pressure BC are shown in Table 3.

The influence of the distance at which this free boundary
is defined is not consensual as it affects the predicted
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Figure 2: Computational model geometry and grid, and boundary conditions location.

solutions. The numerical studies of ORDC developed by
Cortella et al. [15], and George and Buttsworth [41] consider
this BC at 2/3 and 5/4, respectively, of the equipment width.
Bhattacharjee and Loth [9] stated that this BC should be
imposed far away from zone of interest in the computational
domain, likewise at a distance of 40b, being b the air curtain
width. Gaspar et al. [42] tested different distances of this free
BC to ascertain the effect on the numerical predictions of
temperature and velocity within an ORDC. The following
cases were tested: (1) 1/3W ; (2) 2/3W ; (3) W ; and (4) 3/2W,
being W the width of the ORDC. Based on comparison
between numerical predictions and experimental values, the
precision of numerical results increases with the distance at
which is defined the BC. Thus, the fixed pressure BC was
defined at a distance equal to 3/2W from the frontal opening
of the equipment since it allows modelling the flow with heat
and mass transfers more precisely.

4.3.2. Wall Boundary Condition

(1) Shear Boundary Condition. Wall boundary conditions
are used to bound fluid and solid regions. At the walls a
nonslip BC (zero velocity) is considered.

Table 3: Values imposed at the fixed pressure boundary condition.

Parameter Variable Unit Value

Relative pressure p Pa 0.00

Temperature Tamb K 298.15

Turbulence intensity It % 10.00

Hydraulic diameter Dh m 1.20

Black body temperature Tbb K 298.15

Emissivity ε — 1.00

Water vapour mass fraction Yv gv kg−1
m 11.80

(2) Thermal Boundary Conditions

Heat Flux Boundary Conditions. An adiabatic BC is defined
for walls not considered in heat transfer calculation. How-
ever, a heat flux BC is used to simulate heat generated by the
illumination (85% for fluorescent lamp OSRAM L58W/20)
and heat flux through conduction across material layers
that compose the equipment walls. The heat flux across
them is determined by Fourier Law using a global heat
transfer coefficient determined by the conductive thermal
resistances of each wall material. The experimental values of
surface temperature on the internal and external sides of the
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Table 4: Walls heat flux boundary condition.

Surfaces Variable Unit Value

Illumination (OSRAM L58W/20) q̇ilum W m−2 10.00

Interior surfaces of the equipment

Top q̇duct, top W m−2 6.08

Rear q̇duct, rear W m−2 7.63

Bottom (well tray) q̇duct, bottom W m−2 6.96

Table 5: Tylose (equivalent solid food products) thermal character-
istics.

Parameters Variable Unit Value

Density ρ kg m−3 1.11× 103

Specific heat (T > Tcong) Cp1 kJ kg−1 K−1 3.70

Thermal conductivity (279.15 K) k W m−1 K−1 0.39

equipment are used. Table 4 shows the heat flux values fixed
as BC.

Species Boundary Conditions. A zero-gradient condition for
water vapour mass fraction is assumed at walls.

Radiation Boundary Conditions. It is necessary to specify
the emissivities of different surfaces to use a surface-to-
surface radiation model. Constant emissivities are fixed for
the internal surfaces of the equipment εsup = 0.9 and for
external ground, εground = 0.7. It is considered the black body
emissivity, εbb = 1, for the external enclosure surfaces.

4.3.3. Product Load (Solid Region). Following EN-ISO Stan-
dard 23953 [27] and ISO 15502 [43], the products simulators
are made of tylose, in which thermal characteristics are
similar to meat. Considering values given by ASHRAE [44],
the equivalent solid thermal characteristics to simulate food
products are shown in Table 5.

4.3.4. Air Pressure Drop through the PBP: Porous Medium.
The detailed flow simulation across perforation of the back-
panel requires a very high grid refinement and consequently
a huge computational effort. Thus, PBP was modelled
as a porous medium to simplify the numerical model.
The thickness of PBP is 1.6 mm. The porous medium is
composed by 520 grid cells (4 grid cells along thickness and
130 grid cells along height): Δy = 0.4 mm and Δz = 20 mm.
The porous medium is modelled by the addition of a
momentum source term corresponding to Forchheimer law
to the standard fluid flow equations [45]. The source term is
composed of two components: a viscous loss term (Darcy’s
law, the first term on the right-hand side of (1)), and an
inertial loss term (the second term on the right-hand side
of (1)) due to high flow velocities [45] and low thickness to
hole diameter ratio [46]. We have

Si = −
(
μ

k
vi

)
−
(
C2

1
2
ρ|vi|vi

)
. (1)

Table 6: PBP parameters: porous medium.

Parameters Variable/Expression Unit Value

Porosity ε = Vv/Vt — 2.60× 10−2

Permeability k = ε D2
hole/12 m2 4.91× 10−8

Viscous resistance
coefficient

k−1
x m−2 2.56× 107

Loss coefficient K [49] — 8.65

Inertial resistance
coefficient

C2 = (K/δ)(1/ε)2 m−1 8.00× 106

In (1), v is the average value of fluid velocity through
the surface normal to flow, k is the medium permeability,
and C2 is the inertial resistance factor. The permeability of
perforated surfaces is defined by Bear [45] and Tang et al.
[47], in which the thickness of the porous medium, δ, has an
analogical correspondence to the perforation diameter, Dhole

as described in (2). We have

k = εδ2

12
, (2)

where ε is the porosity (void fraction), that is, the volume
fraction of fluid within the porous region (i.e., the open
volume fraction of the medium) given by the ratio between
the open volume and total volume of porous medium (see
(3)). One finds that

ε = Vv

Vt
= 1− Vs

Vt
. (3)

The constant value parameter C2 provides a correction
for inertial losses in porous medium. This constant can
be viewed as a loss coefficient per unit length along flow
direction, thereby allowing the pressure drop to be specified
as a function of dynamic head (see (4)). As this factor is
specified for fully open porous cells, the loss coefficient, K,
must be converted into dynamic head loss, considering the
same flow rate per unit length of porous region [48, 49]. So
we have

C2 = K

δ

(
vp
v0

)2

= K

δ

(
1
ε

)2

, (4)

where v0 and vp are respectively the fluid velocities of the
fully open porous medium and of flow passage through
the porous medium. The loss coefficient is calculated as
proposed by Idel’Cik [50]. The values imposed at PBP are
shown in Table 6.

4.3.5. Air Pressure Drop through DAG and RAG: Porous
Medium Model Simplification. The air pressure drop is
experimentally measured at DAG and RAG. Equation (5)
represents a one-dimensional simplification of the porous
media model defined at the faces that simulate these grilles.
The thin porous medium has a finite thickness, δ, over which
the pressure change is defined as a combination of Darcy’s
Law and Forchheimer inertial loss term. We obtain that

Δp = −
(
μ

k
v + C2

1
2
ρv2

)
δ. (5)
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The fixed parameters on these BC based in geometrical
characteristics of grilles and experimental measures of air
temperature and relative humidity are shown in Table 7.

4.3.6. Heat and Mass Transfer and Pressure Drop Modelling
across the Evaporator. The ORDC contains a wavy fin and
tube heat exchanger (evaporator). At the evaporator, it is
specified a heat exchanger BC type in which are defined both
pressure drop and heat transfer coefficient as functions of
velocity in direction normal to the heat exchanger. The BC
is specified at an infinitely thin face, and the pressure drop
through the heat exchanger is assumed to be proportional to
the dynamic head of the fluid. The friction factor, f = 0.0078,
is calculated through the empirical correlation (6) proposed
by Wang et al. [51]. We have

f = 0.05273 Re
f 1
Dc

(
Pd
X f

) f 2(
Fp

Pt

) f 3

×
[

ln
(
A0

At

)]−2.726(Dh

Dc

)0.1325

Ntl
0.02305,

f 1 = 0.1714− 0.07372
(
Fp

Pl

)0.25

ln
(
A0

At

)(
Pd
X f

)−0.2

,

f 2 = 0.426
(
Fp

Pt

)0.3

ln
(
A0

At

)
,

f 3 = −10.2192
ln(ReDc)

.

(6)

The pressure drop, Δp = 8.33 Pa, is calculated by (7)
proposed by Kays and London [52], being contraction, Kc,
and expansion, Ke, loss coefficients given by McQuiston and
Parker [53]. We have

Δp = G2

2ρin

[
f
A0

Ac

(
ρin

ρm

)
+
(
Kc + 1− σ2)

+2

(
ρin

ρout
− 1

)
− (

1− σ2 − Ke
) ρin

ρout

]
.

(7)

The heat transfer modelling through a heat exchanger
BC type in the CFD code requires the specification of
overall heat transfer coefficient, U, and refrigerant (R404A)
temperature, Trefrig, in, at the main entrance of evaporator.
The variation of refrigerant temperature across evaporator
(with phase change process) is reduced [54], so its value can
be considered constant. It is assumed no superheating of
refrigerant, and all heat transfer is on the two-phase zone at
constant temperature. The value determined for the overall
heat transfer coefficient, U = 124.16 W m−2 K−1, is referred
to the air temperature downstream of heat exchanger, Ta, out.
Based in the equation of energy conservation and consid-
ering the experimental values of air properties upstream
and downstream the heat exchanger, the value of refrigerant
temperature at heat exchanger entrance, Trefrig, in = 271.05 K,
is determined by a trial and error-iterative procedure.
These parameter values are based in the heat balance of
the evaporator, determined with the average experimental
values.

The heat flux from heat exchanger to surrounding fluid,
q̇evap = 124.31 W m−2, is determined by (8). Taking into

account the total surface area of the evaporator, A0, this value
is consistent with the ORDC’s cooling load determined by
Gaspar et al. [5]. We have

q̇evap =
ṁCp

A0

(
Ta, in − Ta, out

) = U
(
Ta, out − Trefrig, in

)
. (8)

However, since the evaporator is modelled as an infinitely
thin BC, it is necessary to obtain the equivalent heat flux
based on surface areas ratio given by (9). We obtain that

q̇eq = A0

Aeq
q̇evap = 9414 W m−2. (9)

The determined equivalent overall heat transfer coeffi-
cient, Ueq = 910.42 W m−2 K−1, is assumed to be similar to a
convective heat transfer coefficient. This simplification was
based on the evaluation of empirical correlations for Colburn
factor and friction factor available for heat exchangers with
corrugated fins.

The mass transfer modelling through a heat exchanger
BC type consists in the specification of a Dirichlet BC
for water vapour mass fraction, considering the air dehu-
midification process. By psychometric analysis, the water
vapour mass fraction specified at evaporator exit is Yv =
3.3722 gv kgm

−1.

4.3.7. Fan Boundary Condition Modelling the Pressure Rise
across the Fan. A discontinuous pressure rise across fans
(infinitely thin face) is specified as a function of air velocity.
The empirical characteristic curve which governs the rela-
tionship between head (pressure rise) and flow rate (velocity)
across a fan element (obtained at the manufacturer: EBM
Papst series 4500) is converted into a 4th-order polynomial
relationship (10) and specified as BC. We obtain that

Δp = −1.61v4 − 2.67v3 + 22.7v2 − 51.1v + 79.2. (10)

4.4. Solution Monitoring and Control Techniques. The linear
relaxation method is used to reduce high variation of depen-
dent variables during the iterative process of calculation.
Linear relaxation values ranged from 0.3 for pressure to 0.8
for momentum. The convergence monitoring was done by
the sum analysis of absolute residuals of mean field variables.
The iterative procedure run until a prescribed convergence
criterion for absolute residuals (λ ≤ 12× 10−4) is met.

5. Results and Discussion

The CFD modelling of air flow and thermal patterns inside
the conservation space of a vertical ORDC has an operation
temperature varying from 273.15 K to 278.15 K. This type
of equipment design still requires studies due to the major
influence of the frontal ambient opening on the heat and
mass transfers.

The numerical simulations allow the evaluation of air
temperature, relative humidity, and velocity distributions
within the equipment in order to propose possible paths for
technical evolution. Only most significant results concerning
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Table 7: DAG and RAG porous medium parameters.

Grille Parameters Variable/expression Unit Value

RAG

Pressure loss Δp (experimental value) Pa 2.30

Porosity ε = Vv/Vt — 0.51

Permeability k = ε D2
h/12 m2 4.24× 10−6

Loss coefficient K = 2Δp/ρv2
— 1.33

Inertial resist. coef. C2 = (K/δ)(1/ε)2
m−1 5.34× 103

DAG

Pressure loss Δp (experimental value) Pa 0.30

Porosity ε = Vv/Vt — 0.72

Permeability
k = ε D2

h/32 = ε ·
(4 · (3

√
3D2

comb/8)/6r)
2
/32

m2 2.76× 10−7

Loss coefficient [50] — 2.67

Inertial resist. coef. C2 = (K/δ)(1/ε)2 m−1 2.15× 102
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Figure 3: Comparative profiles of air temperature, T (y/W, z/H) (K) (see CSML in Figure 1(b)). (Legend: numerical: �; experimental: ©).
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0.95

0.81

0.53

0.3

z/
H

70 75 80 85 90 95 100

φ (%)

Figure 4: Comparative profiles of air-relative humidity, φ (y/W =
0.38, z/H) [%] (see CSML in Figure 1(b)). (Legend: numerical: �;
experimental:©).

0.95

0.81

0.53

0.3

0 0.5 1 1.5 2

z/
H

v (m s−1)

Figure 5: Comparative profiles of the air velocity, v (y/W = 0.38,
z/H) (m s−1) (see CSML in Figure 1(b)). (Legend: numerical: �;
experimental: ©).

flow properties and thermal behaviour are discussed here.
The numerical predictions solution required approximately
4 h 30 m performing 10 000 iteration sweeps.

5.1. Comparison with Experimental Data. The validation of
numerical predictions of the 2D ORDC model is accom-
plished by its comparison with experimental measurements
data.

Figures 3, 4, and 5 show the comparative profiles,
for different planes, of the experimental average values of
air temperature, relative humidity, and velocity. The pre-
dicted steady-state air flow and heat transfer inside the

ORDC both present a reasonable quantitative agreement.
The experimental average points are represented by ©,
and numerical predictions points are represented by �.
For the validation points set (90 validation points), the
minimum absolute deviations from experimental measures
for air temperature, relative humidity, and velocity were
respectively: eT (y/W = 0.34, z/H = 0.39)= 0.08 K (conserva-
tion zone at 3rd shelf height), eφ (y/W = 0.52, z/H = 0.88) =
0.26% (conservation at 4th shelf height), and ev (y/W = 0.52,
z/H = 0.88) = 0.002 m s−1 (near RAG). The highest quantita-
tive discrepancies are found outside the air curtain limits on
the external ambient side (y/W ≈ 1), thus without relevant
significance for the study.

Figure 6 shows the comparison of numerical predictions
of product core average temperatures with experimental
data obtained by Gill et al. [55] (ten retail stores were
tested), Foster et al. [19] (difference between minimum and
maximum package temperature is around 8 K), Evans et al.
[26] (single average temperature value for all M-packages
through its standard deviation), Gray et al. [7] (ORDC with
inclined shelves), and Lu et al. [56] (evaporator in the back of
the cabinet and possessing two air curtains). The predictions
of core products temperature are compared with results
from other studies because a uniform initial value for all
products core temperature was not ensured. The products
core temperatures are in the range of the results obtained by
the abovementioned studies.

Considering the range of air temperature, relative hu-
midity and velocity variations measured during experimen-
tal testing, the deviation between experimental data and
numerical predictions is acceptable for this type of engineer-
ing application. The nonoverlapping between experimental
and numerical results is due to experimental errors (mea-
surements precision, physical phenomena perturbation,
etc.), physical-mathematical model assumptions (2D, steady
state, turbulence model, PBP and evaporator formulations,
open boundary BC definition, etc.), numerical model (the
purpose of the MUSCL scheme is to reduce the higher-order
terms to first-order eliminating instabilities. However, its use
for incompressible flows can damp the physical solution in
some extend, providing nonphysical predictions especially in
the vicinity of mixing layers and where instabilities occur),
i.e., in the air curtain (a phenomenon also observed by
D’Agaro et al. [6] and Hammond et al. [57]). Nevertheless,
the combined analysis of experimental data and numerical
predictions shows that the computational model follows the
physical phenomena occurring in the real equipment.

5.2. Numerical Results Analysis and Discussion. The numer-
ical predictions of air flow and heat transfer for the ORDC
model subjected to climatic class n.◦3 of EN-ISO Standard
23953 [27] are analysed in this section. This analysis will
allow the development of numerical parametric studies to
improve the global performance of this type of equipments.

5.2.1. Velocity Field Predictions. The numerical predictions of
air velocity field are shown in Figure 7. It can be observed
the main characteristics of air flow, low air velocity between
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Figure 6: Comparative profiles of internal product temperature, T (y/W = 0.33, z/H) (K).

shelves in contrast with high velocities in ducts and at
DAG exit. The thermal mixture between refrigerated air
curtain and ambient is detected by the increase of air curtain
thickness as it moves toward RAG.

A substantial spillage of refrigerated air to ambient can
be observed in RAG vicinity due to increased mass flow rate
as consequence of entrainment from air curtain. It is also
related with the air curtain momentum weakening, being
the air velocities quite smaller when compared to those near
DAG. These effects convert into energy losses.

Flow details are analysed locally. Figure 8 shows the
velocity vectors predictions near DAG and RAG. Several
eddies that promote thermal mixture are predicted in
DAG vicinity as shown in Figure 8(a). A parametric study
where fan velocity and DAG angle influence on thermal
performance are studied can provide valuable information
to an improved design of the ORDC.

Some recirculations around food products are predicted,
as well as the “plug flow” from PBP carrying heat towards air
curtain. Other parametric study that can provide an insight
about this condition is related to the PBP holes diameter and
their distribution, homogeneous or not, in the panel.

The velocity vectors field near RAG is shown in
Figure 8(b). Spillage to exterior ambient and eddies forma-
tion are predicted at this location. These conditions can
be further analysed in a parametric study where different
values of fan velocity and RAG angle are tested. Higher
air velocities inside rear duct, smaller ones through PBP,
and the lowest air velocities inside the conservation space
are predicted. Also, vortices are predicted on duct curves,
which consequently decrease the air velocity at DAG. Thus,
a parametric study can be developed to analyse the inclusion
of air guides or deflectors inside ducts to improve air flow
by reducing friction. A recirculation region is predicted due
to interaction between low velocity air in the conservation
zone and high velocity of air curtain. This recirculation
reduces air curtain momentum, decreasing its performance
as aerothermodynamics barrier to ambient air.

5.2.2. Temperature Field Predictions. The homogeneity
degree of temperature distribution in the refrigerated display
space is shown in Figure 9. A temperature gradient rising
along ORDC’s width and height is predicted, suggesting
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Figure 7: Velocity field numerical predictions for recirculated air
curtain, v (m s−1).

that thermal entrainment occurs. The radiation heat transfer
affects mostly the surfaces “viewed” from the external
environment. The maximum value of air temperature is
predicted in the well tray. The internal temperature of
products is not constant, as products located at shelves
front are more exposed to thermal entrainment through
air curtain and by thermal radiation. These results are
in concordance with numerical predictions obtained by
Cortella [58] and with experimental results obtained by Gill
et al. [55], Foster et al. [19], and Evans et al. [26].

5.2.3. Relative Humidity Field Predictions. The numerical
results of air relative humidity are coherent with psychome-
tric analysis, that is, the air-relative humidity decreases with
air temperature increase. At the interface region between air
curtain and ambient, the relative humidity increases due to
thermal interaction promoted by eddies development.

5.2.4. Mass Flow and Heat Transfer Rates across the Air
Curtain Predictions. A region that virtually encloses air
curtain boundaries is considered as shown in Figure 10.
These boundaries enclose five control volumes (VC). The
numerical results of mass flow (11) and heat transfer (12)
rates per unit length are determined for each one. One has

ṁ = ρvA
(
kg s−1), (11)

Q̇ = ṁCpΔT (W). (12)

Figures 11 and 12 show the values and directions of
mass flow and heat transfer rates across air curtain per unit
length. These results indicate that air curtain gains thermal

energy from ambient and conservation region. The latter
gains are related to thermal radiation, illumination, and heat
conduction through equipment walls.

The mass flow and heat transfer rates predictions show
that recirculated air curtain gains energy from external and
internal borders, ΔQ̇ = 411 W m−1. It gains energy from
ambient at higher heights (East faces of VC n.◦1, 2, 3, and
4) and losses energy near RAG (East face of VC n.◦5) at
the external border. Simultaneously, it loses energy to the
conservation space (West faces of VC n.◦1, 2, and 3) and
gains it at lower heights (West faces of VC n.◦4 and 5).
These predictions show that the air curtain is a dynamic
system, gaining and losing energy, depending on air velocity,
turbulence, air mass ratio between discharge grille and
perforated backpanel, among other factors. An air curtain
that provides full protection is an unfeasible condition in
ORDC. However, the analysis of CFD predictions, such as
those provided by the CFD model described along this paper,
can help to improve the aerothermodynamics blockage
efficacy.

6. Conclusions

A CFD model of an ORDC, including ducts, grilles, perfo-
rated backpanel, evaporator, and fans, has been developed
to simulate air fluid flow and heat transfer. The aim of the
CFD model is to cover the simulation of both air curtain
and air flow inside the ducts, which is not common way of
using CFD in this type of application. The main objective
consists in the development of a detailed CFD model which
allows an expedite simulation of design improvements aimed
to increase the thermal performance and to reduce the energy
consumption of ORDC.

The characterization of air flow and heat transfer allows
identifying parameters that can be adjusted and hence
reducing the impact of thermal entrainment and improving
global performance of ORDC. The main thermal load
in this type of equipments is the infiltration of ambient
air. The determination of parameters that influence the
overall air curtain efficacy, likewise mass flow and heat
transfer rates across it, can provide valuable information
to performance improvement. The progressive downward
thermal entrainment into the air curtain is very dependent
on the development of eddies which trigger the mixing.
The momentum reduction decreases air curtain stability.
This condition promotes a nonuniform air temperature
distribution inside the ORDC and influences temperature
differences inside the products. Also, the predicted spillage
of cold air to surroundings near RAG and the temperature
value at this location affect the energy performance of the
equipment.

The agreement between numerical predictions and
experimental results is quite good and adequate to these
type of engineering problems although the authors recognize
that this model can be improved to perform transient
regime simulations, and the possibility of considering three-
dimensional effects will provide additional achievements.
Nevertheless, this CFD model is suitable to investigate the
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Figure 8: Velocity vectors field numerical predictions.
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effect of a number of modifications that affect the equip-
ment’s overall performance, that is, aiming the reduction of
thermal entrainment rate and maintaining stable air curtain
momentum until it reaches RAG.

Based on the numerical predictions analysis, several
parametric studies can be developed to evaluate the influence
of some parameters in thermal entrainment and tempera-
ture distribution homogeneity inside products conservation
region, as these factors are directly related with food safety

and energy consumption. As determined by the numerical
predictions analysis, these parameters involve fans velocity;
hole diameters and their distribution on the backpanel
perforation; DAG and RAG angles; guides and deflectors
inside ducts, among others. In the future, parametric studies
of the abovementioned parameters based on this detailed
CFD model will be developed with the aim to analyse design
modifications that improve the overall performance of the
open display cabinet.
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Nomenclature

A: Area, (m2)
A0: Total surface area, (m2)
At: External tube surface area, (m2)
b: Air curtain width, (m)
C2: Inertial resistance coefficient, (m−1)
Cp: Specific heat, (J kg−1 K−1)
Dc: Fin collar outside diameter, (m)
Dh: Hydraulic diameter, (m)
E: Energy, (J)
F: Force, (N)
f : Friction coefficient
Fp: Fin pitch, (m)
Fs: Fin spacing, (m)
g: Gravitational acceleration, (m s−2)
G: Mass flux of the air based on minimum flow area,

(kg s−1 m−1)
H : Height, (m)
It: Turbulence intensity, (%)
K : Loss coefficient
k: Turbulent kinetic energy, (m2 s−2); permeability,

(m2); thermal conductivity (W m−1 K−1)
k−1: Viscous resistance coefficient, (m−2)
L: Length, (m)
ṁ: Mass flow rate, (kg s−1)
Ntt : Number of longitudinal tube row
p: Pressure, (Pa)
Pd: Waffle height, (m)
Pl: Longitudinal tube pitch, (m)
Pt : Transverse tube pitch, (m)
q̇: Heat flux, (W m−2)
Q̇: Heat transfer rate, (W)
r: Radius, (m)
Re: Reynolds number
S: General source term
s: Standard error of mean
T : Temperature, (K)
U : Global heat transfer coefficient, (W m−2 K−1)
v: Average velocity, (m s−1)
W : Width, (m)
x, y, z: Spatial coordinates (along length, width, and

height), (m)
Xf : Projected fin pattern length for one-half wavy

length, (m)
Yv: Water vapour mass fraction, (kgv kg−1

m ).

Superscripts and Subscripts

0: Total surface
a: Air
amb: Ambient
bb: Black body
c: Air curtain; contraction; cross-sectional; fin

collar
comb: Honey comb
cons: Conservation

e: Expansion
eq: Equivalent
evap: Evaporator
e, w, n, s: Control volume faces identification (East,

West, North, and South)
f : Fin
h: Hydraulic
i: Component of cartesian directions

according to x, y, and z
in: Input; upstream
m: Mixture
out: Output; downstream
ref: Reference
refrig: Refrigerant fluid
sup: Surface
t: Total; turbulent
v: Water vapour; void.

Greek Symbols

ρ: Density, (kg m−3)
ε: Dissipation rate of turbulent kinetic energy,

(m2 s−3); emissivity; porosity
φ: Relative humidity, (%); general dependent variable
μ: Dynamic viscosity, (kg m−1 s−1)
σ : Standard deviation; ratio of the minimum flow

area to frontal area
σ2: Variance
ω : Absolute humidity, (kgv kg−1

a )
δ : Thickness, (m)
λ : Convergence criterion.

Acronyms

ACML: Air curtain measuring location
BC: Boundary condition
CAD: Computer-aided design
CAE: Computer-aided engineering
CSML: Conservation space measuring location
DAG: Discharge air grille
ORDC: Open refrigerated display cabinet
PBP: Perforated backpanel
RAG: Return air grille
VC: Volume of Control
TEF: Thermal entrainment factor.
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Within a continuum framework, flows featuring shock waves can be modelled by means of either shock capturing or shock fitting.
Shock-capturing codes are algorithmically simple, but are plagued by a number of numerical troubles, particularly evident when
shocks are strong and the grids unstructured. On the other hand, shock-fitting algorithms on structured grids allow to accurately
compute solutions on coarse meshes, but tend to be algorithmically complex. We show how recent advances in computational
mesh generation allow to relieve some of the difficulties encountered by shock capturing and contribute towards making shock
fitting on unstructured meshes a versatile technique.

1. Introduction

A shock wave is a surface in a flow-field across which various
thermodynamic and kinematic properties of the fluid appear,
from a macroscopic viewpoint, to change discontinuously. In
reality, shock fronts have a finite thickness, of the order of
a few mean free paths, across which the physical properties
change continuously. Since the shock thickness is much
smaller than any macroscopic length scale, such as the radius
of curvature of a curved shock, the assumption that the
discontinuity thickness is negligible compared with any mac-
roscopic dimension is a fundamental one in most engineer-
ing analyses of flows of practical interest.

From the mathematical modeling viewpoint, although it
might be expected that a continuum approach based upon
the Navier-Stokes equations fails to be valid at the micro-
scopic length scale that characterises the width of a shock
wave, Navier-Stokes solutions of the shock layer (in this
context, by the term “shock layer” we refer to the microscopic
region across which the fluid properties change from their

upstream to their downstream values) agree reasonably well
with experimental data, at least when the shocks are not too
strong (in this paper, except where otherwise noted, when we
mention the strength of a shock wave we refer to the magni-
tude of the jump in fluid properties that occurs through the
shock; this might be defined in several ways, for example, by
the ratio between the downstream and upstream pressures).
Moreover, since changes across a shock wave occur only in
the shock-normal direction, the problem is of one-di-
mensional nature so that closed-form or semianalytical
solutions of the 1D Navier-Stokes equations can be obtained
and provide the distribution of the various flow properties
within the shock layer, see, for example, the book by Hayes
[1] or the more recent one by Salas [2, Chapter 3.7].

In the vanishing viscosity limit, the shock width shrinks
to zero, the fluid properties change discontinuously through
the shock, which becomes a true discontinuity (in the math-
ematical sense), and the Rankine-Hugoniot jump relations
(algebraic equations that connect the upstream and down-
stream flow properties with the shock speed) are obtained
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from the 1D Navier-Stokes equations (see [3, page 136] and
also the related discussion in [2, Chapter 3.7.4] for details).

Shifting from the theoretical to the numerical models
actually used in the computation of flows with shocks, the
dualism between viscous shocks, having a finite though mi-
croscopic thickness, and inviscid shocks, being a true discon-
tinuity, shows up again in the two numerical approaches:
shock capturing and shock fitting, that have been tradi-
tionally used in Computational Fluid Dynamics (CFD) to
simulate shock waves.

Since shock thicknesses are of the order of a few mean
free paths and the length of a mean free path is of the
order of 10−7 m for air at standard conditions, it is easily
seen that fully resolved Navier-Stokes simulations of a shock
wave would require a large number of grid points within a
microscopic region surrounding the shock front, in addition
to those grid points that are needed to properly resolve
the macroscopic features of the flow field. Although the
tremendous advances in computer power “may bring com-
putational fluid dynamics to a molecular scale, where shocks
will cease to be discontinuities and have a real thickness,
full of viscous and thermodynamical effects . . .” [4], even
nowadays, the inner structure of the shock waves is neces-
sarily underresolved in a realistic Navier-Stokes simulation.
This is precisely the situation that occurs when shock-
capturing schemes, which represent the numerical model
most commonly used nowadays, are used to solve flows with
shocks. Shock-capturing discretizations, which date back to
the work by von Neumann and Richtmyer [5], lay their foun-
dations in the mathematical theory of weak solutions, which
allows to compute all type of flows, including those with
shocks, using the same discretization of the conservation law
form of the governing equations at all grid cells. This has
obvious consequences in terms of coding simplicity, since
the same set of operations is repeated within all control
volumes of the mesh, no matter how complicated the flow
might be. Coding simplicity is the primary reason for the
widespread use of shock-capturing schemes in the simu-
lation of compressible flows. Coding simplicity comes not
for free, however, and shock capturing solutions of flows
featuring strong shock waves are sometimes characterised
by large numerical errors and by the appearance of bizarre
anomalies. The sources of the numerical errors are various.
The most evident cause is the numerical thickness of the
captured shock, which depends on the local mesh size and,
for the reasons explained above, is always much larger than
the physical shock thickness. Two other possible causes are
the generation of spurious numerical oscillations [6–8] along
the shock front and the reduction of the order of accuracy
of the computed solution to a mere first order in the entire
region downstream of a captured shock [6, 9–11]. Spurious
oscillations arise when the faces of the control volumes of the
mesh are not aligned with the shock front; loss of accuracy is
probably due to the fact that the flow state of those gridpoints
that fall inside a captured shock bear little resemblance with
the physical shock structure and are rather to be seen as
numerical artefacts. Among the various anomalies exhibited
by shock-capturing discretizations, the most evident ones are
the stagnation point anomalies [12–16] and the carbuncle

phenomenon [17–19]. A large body of the literature has
emerged over the last decades addressing possible cures to the
aforementioned problems. Trying to give even a brief account
of these attempts is well beyond the scope of the present
paper, but it seems clear to the authors that none of these
efforts has yet given birth to the “ultimate” shock-capturing
scheme. Given up hope of finding such an ideal scheme,
another chance to improve the quality of shock-capturing
calculations consists in coupling the flow solver with a pos-
teriori mesh generation/adaptation/refinement procedures.
Indeed, the generation of a new mesh, tailored on the shock
pattern and finer in the shock-normal direction, or the
refinement/adaptation of an existing mesh not only allows
to bring the captured shock thickness closer to (but still
far from) its physical value, but also allows to improve the
solution quality by aligning the faces of the control volumes
with the shock front. Of course, improving the mesh quality
alleviates the symptoms, but does not cure the disease.
Nonetheless, it is true that good meshes help considerably
in reducing the numerical errors induced by captured
shock waves, thus significantly enhancing the quality of the
computed solution in the entire region downstream of a
shock. A discussion on the possible strategies to construct
meshes that are better suited to capture shock waves is one of
the goals of the present paper.

As already mentioned, however, a different approach for
modeling shock waves within the continuum framework
is possible: it is called shock fitting and, from a historical
perspective, it is even older than shock capturing, since its
first appearance is credited [2, Chapter 1], [20] to Emmons
[21, 22]. Shock fitting consists in locating and tracking the
motion of the discontinuities which are treated as boundaries
between regions where a smooth solution to the governing
PDEs exists. The Rankine-Hugoniot jump relations are used
to calculate the space-time evolution of the discontinuity
and the governing equations are discretized only within the
smooth regions of the flow field. Shock-fitting methods have
enjoyed a remarkable popularity at the dawn of CFD thanks
to their ability to accurately compute flows featuring strong
shocks on coarse grids using the modest computational
resources available at that time. For a given mesh resolution,
shock-fitting discretizations are characterized by smaller
numerical errors than shock-capturing solutions because
they are immune from all those sources of error, previously
described, that arise along a captured shock front. Moreover,
shock-fitting schemes do not suffer from the other numerical
anomalies described previously.

Nonetheless, the exponential growth of computing
power, along with the algorithmic difficulties that hindered
the development of general-purpose codes based on the
shock-fitting approach in the framework of structured
meshes, decreed the gradual dismissal of the technique over
the last decades. Simply stated, the slogan “one code for all
flows” that has so much contributed to the popularity of
shock-capturing discretizations does not carry over to shock
fitting. Indeed, the two variations of the basic technique that
have been so far proposed in the structured grid setting,
that is, “boundary” shock fitting and “floating” shock fitting,
are either algorithmically simple, but limited to topologically
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simple configurations or more widely applicable, but algo-
rithmically complex. Recently, a new shock-fitting technique
for unstructured two- and three-dimensional meshes has
been proposed and developed [23–27] by two of the authors
of this article. This new technique reduces significantly the
algorithmic difficulties encountered in the previous imple-
mentations of the shock-fitting technique within the
structured-grid context. In this newly developed technique,
the fitted shock fronts are moving boundaries that are free
to float inside a computational domain discretized using
triangles, in two space dimensions, or tetrahedra in three.
This is achieved by locally regenerating the computational
mesh in the neighbourhood of the fitted shocks while
ensuring that the shock lines (or the shock surfaces in three
dimensions) are always part of the mesh during their motion.
The development of this new shock-fitting technique has
been greatly furthered by the availability of public domain
software libraries, developed over the last years, implement-
ing a variety of tools for the generation of unstructured
meshes.

This brief outline of the two types of numerical
techniques used in the computation of flows featuring
strong shocks highlights the role played by mesh gener-
ation/adaptation/refinement techniques in providing high-
quality solutions. On the one hand, the use of these tech-
niques improves the quality of shock-capturing solutions; on
the other hand, the development of modern unstructured
mesh generation tools is opening up new perspectives in
the development of shock fitting techniques. To support
this assertion, three different applications of mesh gener-
ation/adaptation/refinement techniques in the context of
shock-capturing computations will be discussed and anal-
ysed in Section 2. Section 3 is devoted to shock-fitting: a
brief review of the traditional “boundary” and “floating”
techniques is given first, followed by the newly developed
technique for unstructured meshes. Applications of the
unstructured shock-fitting methodology both in two and
three space dimensions is illustrated in Sections 3.1 and 3.2.

2. Shock Capturing

In this section we shall describe three different mesh
adaptation and/or refinement techniques that can help
improving the resolution of strong shock waves computed
by means of shock-capturing discretizations. The results to
be presented in the following paragraphs have been obtained
using different codes, both in house and commercial; the
discretization techniques used in the various codes will not
be described here, but the reader will be referred to the
relevant references for details.

2.1. Structured Mesh Adaptation. The first technique to
be described consists in an in-house developed, mesh
adaptation code, applied within a structured multiblock
context. The selected test-case consists in the hypersonic flow
past the ESA IXV capsule [28, 29], a lifting reentry body,
see Figure 1(a), equipped with two variable deflection flaps
(δL, δR) that allow an aerodynamically controlled reentry.

Table 1: IXV reentry vehicle: free-stream flow conditions and flap
deflection angles.

M∞ AoA (deg) p∞ (Pa) T∞ (K) δL (deg) δR (deg)

25 45 1.87 205.73 15 15

The free-stream flow conditions considered in the present
case are those typical of a high speed and high altitude point
along the reentry trajectory of the space capsule and they are
summarised in Table 1. For the given flight conditions, the
flow past the capsule is completely laminar and chemically
reacting.

The numerical solutions have been computed by means
of the commercial code CFD++, developed by Metacomp
[30]. The Navier-Stokes equations are supplemented with the
5-species nonequilibrium model by Park [31] and a diffusion
model based upon the Gupta-Yos model [32]. The boundary
conditions at the solid walls employ the fully catalytic model
and radiative equilibrium.

As mentioned previously, the most important source of
numerical errors in the shock-capturing calculation of an
hypersonic flow is the shock wave itself, which affects the
solution quality of the entire flow-field downstream of the
discontinuity. An effective mesh adaptation procedure must
therefore be tailored for the shock.

Figure 1(b) shows the computational domain around
half of the capsule. The computational domain has been split
in ten blocks, whose topology has been chosen so as to allow
an easy management of the cell clustering in the critical
regions: the windward side, the bow shock, and the flaps.

Starting from this block-topology, a baseline mesh is
generated using a commercial mesh generator. This mesh
is characterised by cell clustering near the wall in order to
capture the boundary layers, but no attempt has been made
to refine the mesh within the shock regions. Figure 2(a)
shows some details of the ten-block mesh; the pressure field
computed on the this mesh is displayed in Figure 2(b). The
baseline mesh has been modified by changing the spatial
distribution of the mesh nodes belonging to the coordinate
lines that are perpendicular to the body surface, on the basis
of the pressure gradient distribution.

More specifically, the sequence of N mesh nodes (xbaseline
i )

belonging to each coordinate line is replaced by a new

sequence of N nodes (x
adapted
i ), whose mesh spacing Δsi =

‖xi+1 − xi‖ is computed as follows:

Δs
adapted
i = 1

w
adapted
i

∀i = 1, N − 1, (1)

where w
adapted
i is the weighting function that drives the cell

clustering. Using (1), the mesh spacing will be finer in
regions where the corresponding weighting function is large

and vice versa. The weighting function w
adapted
i associated

with the adapted mesh, defined as

1

w
adapted
i

= c

wbaseline
i

+
(1− c)

w
p
i

(2)
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Figure 2: The ESA IXV vehicle: meshes and solutions.

is a weighted average of the corresponding weighting func-
tion, wbaseline

i , which is computed from the known mesh
spacing of the baseline mesh:

wbaseline
i = 1

Δsbaseline
i

∀i = 1, N − 1, (3)

and a weighting function w
p
i based upon the pressure gra-

dient distribution computed on the baseline mesh and
normalised in such a way that:

N−1∑
i=1

1

w
p
i

= L, (4)
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Figure 3: The ESA IXV vehicle: pressure distribution over the
windward side of the vehicle.

where L = ∑N−1
i=1 Δsbaseline

i . The constant c in (2) is set equal
to 0.5.

The comparison between Figures 2(a) and 2(c) shows
how the baseline mesh has been modified using the afore-
mentioned pressure-driven adaptation strategy. Note, in
particular, that the procedure has been activated only in
those blocks where strong shocks are present and it has the
effect of clustering the grid points around the shock front
and aligning the cell faces with the shock front. Moreover,
the procedure does not significantly alter the cell distribution
of the baseline mesh inside the boundary layer, because
(2) combines the solution-dependent weighting function w

p
i

with wbaseline
i that keeps track of the original distribution of

mesh points within the near-wall region. As a result, only
grid points located near the shocks, either on their upstream
or downstream side, are moved towards the shock fronts.

The positive effects of the mesh adaptation procedure on
the quality of the numerical solution can be observed by
comparing Figures 2(b) and 2(d). In particular, the shock
thickness computed on the adapted mesh is thinner than the
one computed on the baseline mesh and the shock-shock
interaction more clearly outlined. Moreover, the beneficial
effects of the mesh adaptation procedure are not limited to
the shock region but can also be observed on the surface
of the capsule. Figure 3 compares the pressure distribution
along the windward side of the vehicle obtained on the
baseline mesh with that computed on the adapted mesh.
The positive effects of mesh adaptation around the shocks
are highlighted by the significant increase of the pressure
levels that can be observed both in the nose region and on
the surface of the flaps. Improving the prediction of the
pressure distribution on the capsule’s surface significantly
enhances the reliability of the numerical estimate of the
aerodynamic coefficients; this is particularly true for the
moment coefficients that strongly depend upon the pressure
distribution on the flaps.

A more comprehensive report of the results obtained by
the application of this mesh adaptation technique to the
computation of the flow field past the IXV vehicle can be
found in [33].

2.2. Structured Mesh Refinement/Adaptation Using Overset
Meshes. In this section we describe a more innovative

mesh refinement/adaptation technique, suited for struc-
tured, multiblock, shock-capturing solvers, which is based
upon the so-called “Chimera” or overset mesh approach.

Some early examples of application of the overset grid
technology can be found in the pioneering papers by
Volkov [34, 35], whereas some more recent applications are
reported, for instance, in [36, 37]. This approach is extremely
useful for the simulation of flows in domains with complex
boundaries (as it happens to be the case in most engineering
problems of practical interest), because it allows to mesh
complex geometries with relative ease while retaining most of
the computational advantages of algorithms based on block
structured grids: simple data structure, easy application of
iterative schemes based on geometrical multigrid, approxi-
mate factorisation techniques for implicit time integration,
and so on. The flexibility and convenience of the Chimera
approach lies in the process of grid generation, that can be
carried out by producing individual pieces of grid around
each portion of the frontier; the various blocks are then
assembled in a global grid, letting them overlap. Of course,
proper algorithms must be developed to compute grid con-
nections at the block boundaries and possible “hole” cutting
in the inner portion of each block.

Besides making grid generation more flexible, the overset
grid capability can be exploited also for mesh refinement in
regions where the solution is known to exhibit strong gradi-
ents, like wakes, strong expansions, and shocks. This capa-
bility will be illustrated with the following example, which
consists in the calculation of the supersonic flow (free-
stream Mach number equal to 3) past the space launcher
VEGA, shown in Figure 4, during its ascent trajectory. The
model equations are the Reynolds Averaged Navier-Stokes
equations; the one-equation Spalart-Allmaras model [38]
was used for turbulence closure. The CFD solver is an in-
house code [39] that exploits the overset grid capability. The
discretization is based on a finite volume scheme with
second-order accurate ENO [40] approximation of the
inviscid fluxes and centred approximation of the viscous
terms.

The simulation was aimed at assessing the thermal flux
on critical sections of the launcher surface (raceways, retro-
rockets, junctions, etc.) and of the appendages (such as
antennas, cameras, etc.); therefore, any single device pro-
truding off the vehicle’s surface has been carefully discretized,
as shown in the detailed view of Figure 4(b). In addition
to the geometrical description of the finest details of the
launcher, overset meshes have also been exploited for local
refinement in critical regions of the flow field.

A preliminary computation on a grid which is not refined
in the interior of the domain provided the approximate
location of the areas featuring strong gradients. Then, on the
basis of this preliminary solution, new blocks were designed
with a commercial CAD code and then discretized using a
commercial grid generator. The overlapping blocks used
for mesh refinement in various critical flow regions can
be clearly seen in the left half of both frames of Figure 5.
The right half of the two frames of Figure 5 shows the density
contours computed on the adapted mesh. It can be seen
that the overlapping grid technology can be an effective tool
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Figure 4: Launcher Vega of the European Space Agency.

to improve the resolution of specific flow features, such as
the bow shock shown in the right frame of Figure 5. The
quality of the aforementioned mesh refinement technique
might be further improved, particularly for shock waves,
if coupled with a shock-detection algorithm capable of
providing a reasonable approximation to the shape of the
shock surface. The overlapping blocks might then be built
with one set of coordinate lines perpendicular to the guessed
shock surface. This kind of semiautomatic procedure for
constructing approximate shock shapes has been used in
conjunction with shock fitting and shall be described in
Section 3.2.

2.3. Unstructured Grid: Anisotropic Mesh Adaptation. The
third methodology to be described consists in the application
of an Anisotropic Mesh Adaptation (AMA) technique to
unstructured, triangular meshes. AMA is more suitable than
the techniques discussed in the previous sections to simulate
flows characterised by complex shock topologies. Indeed,
unstructured grids clearly have the potential of making mesh
adaptation much simpler than it is in the context of struc-
tured grids and allow to easily refine the computational mesh
even when multiple shock interactions occur. In this section
we report the authors’ experience in using angener [41], a
public domain anisotropic mesh generator. The AMA tech-
nique available in angener consists in building a mesh made
of isotropic, almost equilateral triangles in a computational
plane which are then transformed into the physical plane
using a mapping governed by the Hessian of an appropriate
scalar quantity, available from a previous calculation made
on a different grid. In the calculations presented herein we
have chosen the first component of the set of dependent
variables:

√
ρ, which is adequate to resolve both shocks and

contact discontinuities. Further details concerning the AMA
technique implemented in the angener code can be found in
[42]. The flow solver is eulfs [43, 44] an in-house, shock-
capturing, vertex-centred code which uses second-order

accurate, multidimensional upwind, Fluctuation Splitting
schemes for the spatial discretization.

To assess the performances of the AMA technique, an
Eulerian flow characterised by multiple interactions has been
computed. The selected flow configuration is a type IV
shock-shock interaction [45], as classified by Edney [46].
This type of interaction arises when a weak (with the term
“weak” we here mean an oblique shock featuring a shock
angle σ which is smaller than that corresponding to the
maximum flow deflection for the given free-stream Mach
number) oblique shock meets the bow shock produced by
a supersonic stream impinging on a blunt nosed body.
Figure 6 shows a sketch of the geometry and flow structure:
in the present case the blunt body is a circular cylinder with
radius R and the origin of the reference frame is located
in the centre of the circle. The free-stream Mach number
is M∞ = 10 and the oblique shock, which forms an angle
σ = 10◦ with respect to the undisturbed flow, crosses the
x-axis at xP/R = 1.667. A first triple point forms where
the oblique shock impinges on the bow shock. A reflected
shock and a contact discontinuity arise in this triple point
and move downstream. The contact discontinuity separates
the supersonic stream which has crossed the reflected oblique
shock from the subsonic flow downstream of the bow shock.
The reflected shock coming from the first triple point rejoins
the bow shock in a second triple point where a new reflected
shock and a contact discontinuity arise. The two contact
discontinuities bound a supersonic jet which is directed
towards the body surface, whereas the second reflected shock
triggers a series of wave reflections inside the supersonic
jet bounded by the two contact discontinuities. Figure 7
shows the density contours computed on an isotropic mesh
which has been constructed using delaundo [47], a public
domain frontal/Delaunay mesh generator [48]. Starting from
the solution displayed in Figure 7(a), an adapted mesh has
been constructed using angener and a solution has been
computed on this new mesh using the eulfs code. The
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Figure 6: Type IV shock-shock interaction (M∞ = 10): test case
definition and flow sketch.

AMA/solution process has been repeated three times and
the third mesh and the corresponding solution are displayed
in Figure 7(b). The anisotropically adapted mesh features
roughly twice as many nodes and triangles than the original
mesh; notice that mesh refinement in the most “active” areas
of the flow field is partially balanced by mesh coarsening in
areas of smooth flow variations. It is clear that AMA allows
to improve considerably the resolution of the interaction
region; this allows not only to recognise the various flow fea-
tures, which are indistinguishable in the solution computed
on the uniform grid due to the large numerical thickness
of the captured discontinuities in that region, but also to
reduce the disturbances (even if these are not completely
removed) that are generated along the bow shock: compare
the density isolines computed within the shock layer (here
and in the remainder of this paper, by the term “shock layer”
we refer to the flow region bounded between the bow shock

and the solid body), which are shown in the leftmost frames
of Figures 7(a) and 7(b).

3. Shock Fitting

Nowadays, shock-fitting techniques are neither widely used
nor even known to most CFD practitioners, so that it might
be worth giving an historical background about the tradi-
tional shock-fitting techniques used in the structured grid
setting and briefly explaining its new developments within
the unstructured grid context.

The first shock-fitting calculation is credited to Emmons
[21, 22], but the undisputed guru of this technique is cer-
tainly Moretti who, along with his students, has greatly
contributed to the popularity of the technique. The recent
book by Salas [2] describes the theoretical foundations of
shock-fitting along with its practical implementation. Shock
fitting, which until recently has only been used in the
structured-grid setting, has historically evolved following
two different algorithmic approaches: boundary shock fitting
and floating shock fitting. In the boundary shock-fitting
approach, the shock is made to coincide with one of the
boundaries of the single- or multiblock mesh which is used
to discretize the flow field. For example, Figure 8 describes
the steady calculation of a bow shock about the fore-body
a blunt nosed object: the fitted bow shock is the leftmost
boundary of the computational mesh. Starting from the
initial configuration shown in Figure 8(a), the grid is de-
formed, see Figure 8(b), due to the motion of the fitted shock
front, until it settles to its final position, shown in Figure 8(c),
which corresponds to vanishing shock speed. Figure 8(d)
shows the computed flow field. Boundary shock fitting is an
algorithmically simple technique, since the treatment of the
algebraic relations that hold across the shock (the Rankine-
Hugoniot relations) is confined to the boundary points and
therefore no modification is required to the computational
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Figure 7: Type IV shock-shock interaction, M∞ = 10: density isolines.

kernel of the code which is used to discretize the governing
PDEs within the smooth regions of the flow field. This
feature greatly simplifies the coding, but clearly makes the
treatment of embedded and/or interacting shocks a “hard
bone to chew” [49].

A step forward towards a technique capable of handling
more complex flow configurations, as well as unsteady flows,
was undertaken by Moretti with the development of the
so-called floating shock fitting, see, for example, [50, 51].
In the floating version of the shock-fitting technique, the
discontinuities are a collection of shock points, shown by
open circles in Figure 9(a), which are allowed to move (float)
freely over a fixed background structured grid. The shock
front is described by its intersections with grid lines, which
gives rise to x and y shock points, as sketched in Figure 9(b).
The main features of the methodology are the same as those
of the boundary fitting technique, except for the need of a
special treatment for grid nodes neighbouring shocks. This
is because approximating derivatives by differences between
nodes located on opposite sides of a shock must be avoided
and therefore, ad hoc finite difference formulae (see, e.g.,
[52, 53]) have to be used in this case. Moreover, since the
x and y shock points are constrained to be located along the
grid lines, see Figure 9(b), the technique is able to adequately
describe isolated shocks, but it does not allow the precise
treatment of the shock-shock interaction point, since the lat-
ter may be located in between grid-lines, as also sketched in
Figure 9(b). The presence of an interaction point needs then
to be modelled by appropriately modifying the calculation
of the neighbouring shock points, see, for example, [54].
Floating shock-fitting codes have been used with success in
the past to compute steady and unsteady two-dimensional
flows involving shock reflections and shock interactions,
see, for example, [50, 52, 55]. Very recently, the floating
shock-fitting (denoted as front-tracking) technique has been
reproposed by Rawat and Zhong [53] in the framework
of high-order, structured-grid schemes. Nonetheless, float-
ing shock fitting is an algorithmically complex technique,

primarily because of the need to interface the inherently
unstructured collection of points used to represent the
shock fronts with the underlying structured mesh, which is
described using the classical IJK data structure. A thorough
account of these difficulties can be found in [53]. Taking
advantage of the availability of public domain software
libraries [56–60] that accomplish unstructured, volumet-
ric, and surface mesh generation, a novel unstructured
shock-fitting technique that combines features of both the
boundary and floating shock-fitting techniques has been
recently developed by two of the authors [23–27]. In this
novel unstructured shock-fitting approach the shock front
is discretized as a double-sided, triangulated surface (a
polygonal curve in 2D) which is treated as a zero-thickness,
internal boundary by the shock-capturing eulfs [43, 44]
solver (whose main features have already been described in
Section 2.3) which is used to discretize the governing PDEs
within the computational domain. The two sides of the
triangulated shock surface correspond to the upstream and
downstream sides of the discontinuity. A set of dependent
variables is assigned to each of the grid points which belong
to both sides of the discontinuity. The local shock speed
and nodal values on the high pressure side of the shock
are computed by enforcing the Rankine-Hugoniot relations
across the discontinuity. The shock is allowed to move over
and independently of a background tetrahedral (triangular in
2D) grid which is locally adapted at each time step to ensure
that the nodes and the triangles (edges in 2D) that make up
the shock front are part of a constrained Delaunay tetrahe-
dralization (triangulation in 2D). The coupling of the shock-
fitting technique with a shock-capturing solver also enables a
hybrid mode of operation in which some of the shocks are fit-
ted, whereas all others are captured. The reader is referred to
[23–27] for a detailed description of the two-, respec-
tively three-dimensional, version of this novel unstructured
shock-fitting approach; here we report some examples
demonstrating how the advances in unstructured mesh
generation enabled us to bring shock fitting back to life.
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Figure 9: Floating shock fitting.

3.1. Two-Dimensional, Unstructured Shock Fitting. The cur-
rent capabilities of the two-dimensional version of the un-
structured shock-fitting technique will be demonstrated
by referring to the same test case already examined in
Section 2.3. In two dimensions this technique is able not only
to fit the shock waves, but also the contact discontinuities
and the interaction points where various discontinuities
meet. The shock fitting simulation uses the unadapted mesh
shown in Figure 7(a) as the background triangulation. The
fitted discontinuities are approximated by a set of linear
splines (shown by the heavier solid lines in Figure 10) and
their initial location is guessed using a preliminary shock-
capturing calculation performed on the background grid.
Starting from this initial solution, the shock-fitting calcula-
tion is advanced in time until steady state is reached: at each
time step, the background triangulation is locally modified

to accommodate the fitted discontinuities which are free to
move at a speed which obeys the Ranking-Hugoniot jump
relations. Local remeshing along the discontinuities requires
a constrained Delaunay triangulation (CDT), a task which is
carried out using the triangle code [56], a public domain
software developed by Shewchuk [56] and based on Rup-
pert’s algorithm [61]. At steady state, the speed of the discon-
tinuities vanishes and the shock-fitting grid does not change
any longer. Note that the converged shock-fitting grid,
Figure 10, and the background one, Figure 7(a), only differ in
the neighbourhood of the fitted discontinuities. Figure 7(a)
shows the density isocontours computed by shock cap-
turing on the same grid also used as background tri-
angulation in the shock-fitting simulation; the shock-fitting
result is shown in Figure 10. The superiority of the shock-
fitting solution over a shock-capturing solution computed
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calculation.

on an unadapted mesh of comparable resolution is evident:
the detailed view of the region of interaction, shown in
the smaller frame of Figure 10, shows that the various
discontinuities are clearly identifiable in the shock-fitting
solution, whereas their features are completely lost in the
shock-capturing calculation, shown in Figure 7(a). If we
now compare the shock-fitting solution of Figure 10 with
the shock-capturing solution on the anisotropically adapted
mesh, shown in Figure 7(b), both calculations appear to be
of comparable quality. In particular, both solutions feature
smooth contours within the shock layer, even though small
wavelength disturbances are visible in the proximity of the
bow shock in the shock capturing solution. When compar-
ing shock fitting with shock capturing computed on the
anisotropically adapted mesh, it is worth underlining that
the former technique requires roughly half the number of
grid points and triangles than the latter. A more thorough
comparison between shock fitting and shock capturing on
anisotropically adapted meshes can be found in [24].

3.2. Three-Dimensional, Unstructured Shock Fitting. Al-
though the three-dimensional version of the unstructured,
shock-fitting methodology is conceptually the same as its
two-dimensional version described in Section 3.1, the imple-
mentation of these ideas in 3D is very challenging and far
from trivial. A three-dimensional shock-fitting calculation
proceeds similarly to the two-dimensional case. A prelimi-
nary shock-capturing calculation on the background mesh
provides the initial solution and the approximate shape
and location of the fitted shock surface(s). The generation
of the initial shock surface(s) proceeds as follows: a cloud
of candidate shock points is extracted from the shock-
capturing calculation using the algorithm by Ma et al. [62];
these shock points are then processed using various tools
available in the meshlab [58] software and a preliminary,
triangulated shock surface is obtained. The shock-fitting
calculation is then advanced in time until steady state is
reached. During its time evolution, the fitted shock surface is
allowed to float over the background tetrahedral mesh using
the shock speed computed within each of the grid points that
belong to the shock surface. Volumetric remeshing in the

neighbourhood of the shock surface requires a constrained
Delaunay tetrahedralization (CDT). This complex operation
is performed at each time step using TetGen, a public
domain code recently developed by Si [57]. Differently from
the two-dimensional case, the solution of a CDT problem
in three dimensions may require the insertion of several
additional mesh points (so-called Steiner points), a situation
that needs to be properly handled by the shock-fitting
algorithm. Moreover, since the shock surface may change its
area and shape during its motion, it has to be periodically
remeshed. Surface remeshing is required also to ensure that
the local mesh size of the shock surface triangulation is
comparable to that of the background tetrahedral mesh; the
fulfilment of this criterion avoids the appearance of badly
shaped tetrahedra in the neighbourhood of the shock front.
Unfortunately, most of the available surface-meshing tools
have been developed for computer graphics applications
and are typically designed to optimise the distribution of
triangles over the surface based upon geometrical features
(e.g., the local curvature), rather than user-specified criteria.
The solution to our specific surface meshing problem has
therefore required a remarkable effort in the search and
testing of appropriate software libraries. Among the various
tools we have come across, Yams, a surface-meshing code
developed by Frey [60], turned out to be the one that best
suited our needs.

The three-dimensional version of the unstructured,
shock-fitting technique has been applied to the calculation
of hypersonic flows past geometrically simple bodies, such
as the flow past a hemisphere, as well as rather complex
ones, including the IXV vehicle described in Section 2.1. A
detailed account of these efforts can be found in [26, 27].
The qualitative features of the three-dimensional version of
the technique are here described by reference to the high
speed flow past a blunt object which consists in a cylinder
with a hemispherical nose and a conical flare forming an
angle of 30◦ with respect to the cylinder’s axis. The free-
stream conditions are Mach number M∞ = 4.04 and angle of
attack equal to 20◦. This flow configuration has been studied
both experimentally and numerically by Houtman et al. [63];
it is characterised by a bow shock and an embedded shock
which originates at the cylinder-cone junction. Figure 11(a)
shows an experimental visualisation of the flow field, which
highlights the type VI shock-shock interaction, as classified
by Edney [46], which occurs along the windward side of the
body.

A preliminary shock-capturing calculation has been
performed using a grid which also served as background grid
for the shock-fitting calculations. Two different shock-fitting
solutions have also been computed: in the first only the
bow shock has been fitted, whereas in the second also
the embedded shock has been fitted; Figure 11(b) shows
both fitted shock surfaces at steady state. It is worth
underlining that the current three-dimensional version of the
shock-fitting algorithm is able to fit more than a single shock
surface, but the fitted shock surfaces are not allowed to
mutually interact. The cause of this limitation is not related
to modeling issues (the two-dimensional interaction models
described in [24] can be extended to the three-dimensional
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Figure 11: Supersonic (M∞ = 4.04) flow past a cylinder with conical flare.

case without major problems), but it has to do with a spe-
cific mesh generation problem. Indeed, in the three-di-
mensional space, two shocks interact along a curve. This
requires the capability to remesh different shock surfaces
while prescribing the position of those shock points that are
located along the curve where the shock surfaces meet. We
are currently investigating this issue and we are confident
that we shall be able to “fit” three-dimensional shock-shock
interactions in the near future, as we already do in two space
dimensions. For the time being, the interaction between
different fitted shocks is handled by terminating the fitted
surface of the embedded shock shortly before it reaches the
bow shock and letting the shock-capturing code capture
the shock-shock interaction. Although this is clearly sub-
optimal than a fully fitted interaction, it however provides
improved resolution compared to the situation in which only
the bow shock is fitted and the embedded one is captured.
This point will be supported with examples in the remainder
of this section; for further details the reader is referred to
[25, 27]. Figure 12, which shows the normalised pressure
distribution on the body surface and on the symmetry plane
for all three numerical solutions, allows to pinpoint some
significant details of the flow structure predicted by the
shock-fitting and shock-capturing simulations. The shock-
capturing solution is characterised by a large shock thickness,
which has nearly the same width as the shock layer thickness
in the stagnation region. In the neighbourhood of the
stagnation point, the shock-fitting solutions are seen to be
better defined and predict a pressure peak which is much
closer to the theoretical stagnation value and higher than that
predicted by the shock-capturing calculation.

The shock-shock interaction causes an abrupt change of
the shock slope which is clearly visible in Figure 12. In all
solutions, the shock-shock interaction is spread over a region
of finite width. This is because in all three calculations the
shock-shock interaction is captured by the shock-capturing
solver, even when both the bow shock and the embedded

shock are fitted. The pressure distribution on the body
surface is characterised by a second peak which occurs in
the proximity of the shock-shock interaction. This is an area
where the three numerical simulations show relevant mutual
differences. The pressure level which is reached at this second
pressure peak in the shock-capturing solution is visibly lower
than those predicted by the two shock-fitting solutions.
Moreover, downstream of this second pressure peak, the
shock-capturing calculation features smoother contour lines
that those predicted by the shock-fitting calculations, which
is an indication of the fact that the shock-shock interac-
tion has been excessively smeared in the shock-capturing
calculation. The relevant role played by the shock-shock
interaction is clearly highlighted by the fact that also the
two shock-fitting solutions display nonnegligible differences
in the neighbourhood of the second pressure peak. This
observation also points to the fact that the capability of fitting
shock-shock interactions in three dimensions would be an
important add-on to the current methodology.

4. Conclusions

Building upon the authors’ experience in the field of the
numerical simulation and of the development of numerical
techniques, this paper highlights the strong relationship that
exists between the development and application of mesh
adaptation/refinement/generation techniques and the com-
putation of high-quality solutions of flows featuring strong
shocks.

The examples provided show that mesh adaptation/
refinement/generation techniques that adapt the computa-
tional mesh to the shock front are a key ingredient to achieve
accurate solutions for this kind of flow fields.

The application of these techniques in the framework of
the shock-capturing approach allows to significantly reduce
the numerical errors induced by the capture of the shock
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Figure 12: Supersonic (M∞ = 4.04) flow past a cylinder with conical flare: pressure isocontours predicted by the shock capturing and shock
fitting calculations.

waves. Three different examples of mesh adaptation/ refine-
ment/generation techniques, used in conjunction with three
different shock-capturing solvers, have been discussed and
analyzed. Specifically, the first two examples show how it is
possible to improve the solution quality in the structured-
grid framework by means of (i) a mesh adaptation technique
that does not involve topological changes in the mesh, or (ii)
an overlapping mesh technique whereby additional blocks
are superimposed to a background computational mesh.
Finally, the third example shows that the same target can
be achieved, with greater flexibility, using an unstructured,
anisotropic mesh adaptation technique.

The use of different shock-capturing codes, both com-
mercial and in-house developed, structured, and unstruc-
tured, contributes towards making these observations of
broad validity.

Nevertheless, more relevant and conclusive enhance-
ments in terms of solution quality can be obtained by
means of a shock-fitting technique for unstructured grids.
Indeed, the use of this newly developed technique com-
pletely removes the capturing process that is the source of
most of the problems that plague current shock-capturing
schemes. The proposed shock-fitting technique heavily relies
upon unstructured mesh adaptation/refinement/generation
techniques and it is worth underlining that only the devel-
opment of advanced algorithms and the availability of public
domain tools for unstructured mesh generation have made

the development of this novel shock-fitting technique
possible.

All the analyses presented in this paper deal with steady
flows and have been conducted using second-order accurate
discretizations in space. We believe, however, that most of the
conclusions that have been drawn are applicable to higher
order discretizations and unsteady flows as well.

Very high-order methods on structured grids have been
extensively used since almost two decades to perform LES
or DNS of compressible turbulence, as reviewed in the
two recent articles by Johnsen et al. [8] and Pirozzoli
[64]. In this particular context, shock-capturing schemes
are severely challenged by two conflicting requirements:
on the one hand, the discretization scheme should be
minimally dissipative in order to be able to adequately
simulate all relevant turbulent scales; on the other hand,
it must supply a sufficient amount of artificial dissipation
around the shocks to avoid un-physical oscillations. This task
can be accomplished using different discretization schemes,
away and near the discontinuities, which are blended by
means of a shock sensor. A number of variations of these
hybrid shock-capturing techniques are described in the
two aforementioned papers, along with their merits and
limitations.

Although structured grid adaptation or refinement is
hardly foreseeable in the context of LES or DNS, the
advantages offered by shock-fitting, whenever the flow
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topology makes it applicable, are clearly acknowledged by the
“compressible” LES/DNS community [8, 64]. It is also true,
however, as demonstrated using the test-cases presented in
[8], that not only is the accurate treatment of the shock wave
important to achieve accurate results in the entire domain,
but also the properties of the numerical scheme used in
smooth regions of the flowfield. It follows that the coupling
between high-order schemes and improved shock modeling
(such as the high-order shock-fitting technique presented
in [53]) appears fully justified, at least in the context of
LES/DNS.

The last two decades have also seen a growing interest
in the development of high-order methods for unstructured
grids [65]. These are expected to be more efficient than
second-order accurate schemes, at least for selected appli-
cations requiring high accuracy. High-order methods on
unstructured grids naturally lend themselves to the coupling
with anisotropic mesh adaptation [66]. From the viewpoint
of mesh generation/adaptation, high-order methods are less
demanding than second-order accurate ones as they require
coarser meshes than the latter to achieve the same error
level. This is certainly true within boundary layers and
wakes, but not around shocks, since also high-order methods
need to locally downgrade their accuracy to first order
around captured discontinuities. In this respect, the coupling
between our newly developed unstructured shock-fitting
algorithm and high-order unstructured grid schemes looks
particularly promising.
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The application of computational fluid dynamics (CFDs) in the area of porous media and adsorption cooling system is becoming
more practical due to the significant improvement in computer power. The results from previous studies have shown that CFD
can be useful tool for predicting the water vapour flow pattern, temperature, heat transfer and flow velocity and adsorption rate.
This paper investigates the effect of silica gel granular size on the water adsorption rate using computational fluid dynamics and
gravimetric experimental (TGA) method.

1. Introduction

The adsorption properties of silica gel have been studied for
many years as silica gel is used in many industries includ-
ing adsorption cooling systems. Past research has shown
experimentally that the adsorpitivity of silica gel granules
depends on their size. The purpose of this work was to
study the effect of granule size on the adsorption properties
of silica gel by using CFD and comparing the simulation
results to those obtained experimentally. Computational
fluid dynamics (CFD) is a field that has developed over
the years because of the new development of computers
and CFD simulation. CFD is also used a simulation tool
in refrigeration and air conditioning industry. In this paper
CFD simulation has been used for modelling of heat and
mass transfer in an adsorption tube with silica. One of the
questions in CFD modelling is can this type of technology
be used as an alternative to experimental data gathering.
For this hypothesis a confirmation of CFD data against
experimental data is desired. In this paper a 3D silica gel and
tube-structured model have been developed for this purpose.
Data will be gathered from experimental study, an identical
CFD model. This data will be compared to experimental
and CFD results. The effects of silica gel size and properties
have been studied using the porous media approaches by
application of modified Navier-Stokes equations and the

continuity equation. In this set of equations, an additional
term is used describing the porosity distribution in order
to take into account the porous media packing geometry.
To design an efficient adsorber bed, flow and temperature
information is essential. Studies of fluid dynamics and heat
transfer in adsorber beds date back to the early twentieth
century [1] The early investigation of flow in porous media
packed beds provided mainly such bulk information as
pressure drop correlations. For example, Ergun [2] suggested
a pressure loss equation, in which parameters like porous
media particle diameter and fluid physical properties were
used to correlate the pressure drop. Similar correlations were
proposed by Molerus [3].

These three empirical correlations rather well predict
pressure loss for flow in adsorber beds but provide nothing
more about local flow fields of our adsorption/desorption
on porous media. On the other hand, of the many inves-
tigations of heat transfer in adsorber beds in the last
several decades effective parameter methods were applied
to predict temperature distribution [4, 5]. Computational
fluid dynamics (CFDs) provide an innovative approach to
model and analysing the local flow and the effect of silica gel
size on adsorption performance of a packed bed. Numerical
simulation of porous media local flow and heat transfer
based on CFD technique has increasingly been reported in
recent years in fields of packed bed flow and heat transfer
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modelling [6]. In this work, a finite volume formulation
based on the Chimera meshing technique is used to simulate
the local flow and heat transfer in a silica gel packed bed,
which contains 120 randomly packed spheres.

2. Experimental Apparatus Description

There are numerous methods used for measuring the
adsorption uptake of an adsorbent, and the most widely
reported procedures are the gravimetric method and the
volumetric method. The experimental apparatus used in
this paper is the gravimetric method (TGA) developed
by Micromeritics instrument corporation; this system is
designed to measure adsorption/desorption of porous media
materials (see Figure 2 for a schematic layout of the system
instruments).

2.1. Experimental Setup and Procedure. The thermogravi-
metric assembly (TGA) method is used for isotherm, kinetics
adsorption experiments due to the high accuracy, ease of
control of the pressure and temperature of the experiment.
TGA gives a direct measurement of the quantity of adsorbate
adsorbed throughout the uptake process. A microbalance
device is used where the adsorbent mass is measured as
a function of temperature and time. In the TGA, the
sample container is suspended on an extension wire that is
connected to the microbalance (see Figure 3).

The microbalance measures the weight of sample, and
it can detect weight changes of the sample in a very short
time. Its measurement ranges are between 0 and 150 mg with
readability up to 0.1 μg. The control software screen shot dis-
plays control of the functions of the microfurnace, balance,
and thermocouple; this runs on a computer connected to the
TGA’s thermal gas analysis station. During the experiment,
time, weight, and temperature are recorded continuously at
defined intervals and the data are stored on the computer.

Silica gel granules sample used in the experiment was
Fuji type B size 3.5 mm mesh 10–40 (see Table 1 for
thermophysical properties of this silica gel).

In Figure 4 you can see a single silica gel size 3 mm type
B; the purpose of testing one silica gel adsorption/desorption
was to generate experimental data to be used in a CFD
module. The advantage of studying a single granule of silica
gel is very useful when designing a 3D adsorption bed
simulation prediction module.

3. GTA Experimental Results

The adsorption isotherms of the Fuji Davison silica gel
water systems are known to exhibit zero hysteresis. Hence
in the spirit of confirming the reliability of our analyzer,
experiments are carried out from low vapour exposure to
high vapour exposure (low-high process) and then from high
coverage back to low exposure (high-low process). Figure 5
shows a typical adsorption isotherm plot for water vapour
adsorption on the Fuji Davison type B size 3.5 mm silica gel
(specific surface area is around 800 m2 g−1). Figure 6 presents
the water vapour adsorption uptake on the type B silica

Table 1: Thermophysical properties of this silica gel. A porous
material had to be defined for the adsorbent used in the simulation.
This data was taken from the experiment Type B data was created
with a density of 730 kg/m3, for type B and a density of 1000 kg/m3

and a heat capacity of 0.921 (KJ/kg K) and a thermal conductivity
of 0.174 (W/m K) (see Table 1).

Type B

Specific surface area (m2/g) 450

Porous volume (mL/g) 0.85

Average pore diameter (A) 22

Apparent density (kg/m3) 730

pH value 5.0

Water content (wt.%) <2.0

Specific heat capacity (kJ/kg K) 0.921

Thermal conductivity (W/m K) 0.174

Mesh size 10–40

Table 2: Thermophysical properties used in CFD simulation. The
adsorption performance of silica gel is influenced by the physical
properties such as surface area, pore size and pore volume and pore
distribution, porosity, and density of the silica gel see Table 2.

Material Water

Density, ρ (kg/m3) 1000

Specific heat capacity, Cp (J/kg K) 4200

Thermal conductivity, k (W/mK) 0.61

Dynamic viscosity, μ (kg/ms) × 10−3 0.96172

gel size 5 mm following the low-high process at 25◦C. The
adsorption temperature fluctuation is about 0.5◦C which is
controlled by the microcomputer controller (see Figure 1,
pictorial view of the used TGA instrument).

3.1. The Isotherm Plot for Silica Gel Size 3.5 mm. The adsorp-
tion/desorption Isotherm plot for silica gel size 3.5 mm for
temperature 25◦C in Figure 5 shows a typical water sorption
result from a DVS experiment. The isotherm plot adsorption
kinetic data shows the change in mass and humidity as
over a function of time. From the kinetic results, the rate
of water uptake and water diffusion coefficients can be
determined. The equilibrium mass values at the end of
each humidity step were used to calculate the sorption and
desorption isotherms. The difference in water vapour uptake
between the sorption and desorption isotherms is called the
hysteresis.

3.2. The Isotherm Plot for Silica Gel Size 5 mm. In Figure 6
the Isotherm plot is for silica gel size 5 mm; the plot begins at
water performance near zero and 1. The shape and location
of the isotherm hysteresis give you information about the
sorption method and sample porosity. Temperature of water
vapour in the adsorbent sample chamber is at a constant
25◦C silica gel size 5 mm. The isotherm plot will be used
to assist in determining drying rates and optimal endpoints.
The isotherm also shows whether the silica gel exhibits
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(a) (b)

Figure 1: Pictorial view of the used TGA instrument; this system measures the change in weight of a silica gel sample as it is heated for
desorption of water, cooled for the adsorption of water vapour, or held at a constant temperature.
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Figure 2: Schematic of the TGA instrument.
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Figure 3: Sample container suspended on an extension wire.
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(a) (b)

Figure 4: One silica gel size 3 mm type B.
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Figure 5: Moisture sorption behaviour of silica gel type B size 3.5 mm at 25◦C 1-cycle experiment. Figure 5 shows two isotherms, one
obtained by wetting a sample from a dry state and the other obtained by drying a sample from wet state. Water sorption (red) and desorption
(blue) isotherms at 25◦C measured on silica gel. The moisture content at each water activity is higher during desorption (drying from high
moisture content) than adsorption (wetting from low moisture content).

hysteresis and what impact it will have on water activity after
drying to a given moisture content drying curve for silica gel
type size 5 mm. Figure 6 shows two isotherms, one obtained
by wetting the silica gel sample from a dry state and the
other obtained by drying the silica gel sample from wet state.
The water sorption is shown (red) and desorption is shown
(blue); isotherms temperature is at 25◦C. In this Isotherm
plot the moisture content at each water activity is higher
during desorption (drying from high moisture content)
than adsorption (wetting from low moisture content). The
isotherm plot represents the limits or bounding isotherms
since they begin at water performance near zero and one. The

shape of the isotherm hysteresis gives you information about
the sorption mechanism and sample porosity of the 5 mm
silica gel.

The shape and location of the isotherm hysteresis for silica
gel type B size 5 mm temperature of water vapour in the
adsorbent sample chamber is at a constant 25◦C silica gel size
5 mm.

3.3. Physical Properties. The adsorption performance of silica
gel is influenced by the physical properties such as surface
area, pore size and pore volume and pore distribution,
porosity, and density.
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Figure 6: Moisture sorption behaviour of silica gel type B size 5 mm at 25◦C 1-cycle experiment.

To help identify the desorption of different species,
derivative curves were also produced; the results obtained
from a sample of silica gel taken directly from the TGA
instrument are shown in Figures 5 and 6.

4. Computational Fluid Dynamics

In this study an integrated CFD model was developed to
simulate the adsorption dynamics of water vapour of silica
gel granules in an adsorption tube by using the SolidWorks.

Flow Simulation module consisted of two modes of
operation, the water vapour adsorption and the desorp-
tion mode. In each mode, the water vapour flow profile
surrounding a single silica gel granules was determined
by solving the Navier-Stokes equations, and the resulting
velocity profile was regarded time invariant and stored
for later use. Also, the time-dependent mass transfer both
outside and inside the porous silica gel due to its adsorpitivity
was simulated through a user defined function developed to
solve the Brunauer, Emmett, and Teller (BET) equation [7]
for both adsorption and desorption processes. The developed
simulation model was used to determine the adsorption
capacity of two different sizes of silica gel granules, namely,
3.5 mm and 5 mm as a function of time at different operating
temperatures. The simulation results were compared with
experimental data and found to agree.

4.1. Geometry and Analysis. Geometrical modelling was one
of the most critical stages in the CFD simulation; correct
definition of the geometry provides a more practical state
for the simulation, and the technique used for constructing
the geometry will ensure the feasibility of generating a mesh

good enough to capture all of the phenomena involved in the
problem.

4.2. Boundary Conditions. The boundary conditions deter-
mine the flow and thermal variables on the boundaries of
the physical model. There are a number of classifications of
boundary conditions:

(1) flow inlet and exit boundaries: pressure inlet, velocity
inlet, pressure outlet,

(2) wall, repeating, and limit boundaries: wall, symme-
try,

(3) internal fluid, solid,

(4) internal face boundaries: porous, wall, interior.

In our model we use a velocity inlet at the flow inlet of
the adsorption bed; this boundary condition defines a flow
velocity at the inlet of the bed. The flow exit boundary is
defined as a pressure outlet; the outlet pressure is defined
as atmospheric pressure. The bed and packing interior are
defined as boundaries. The wall boundaries separate the
fluid zone, vapour, in between the silica gel particles from
the wall zones [5, 8–11]. With the determination of the
boundary conditions, the physical model has been defined
and a numerical solution was provided. It was then necessary
to determine how the solution will be established. This was
done by setting the iteration parameters. With all boundary
conditions defined, a number of additional parameters and
solving schemes where selected. An initial condition was
assigned to the model and was used to help speed the
convergence of the computation.
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Figure 7: One silica gel in a tube geometry used for validation of
CFD against experimental work.
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Figure 8: Adsorption and desorption curves for silica gel granules
size 3.5 mm.

The computation is an iterative process that solves the
governing equations for flow and energy in each simulated
cell.

4.3. Modelling of Vapour Flow in a Single Silica Gel Particle.
The diffusion equation in the silica gel particle is as a first
introduction to CFD a simple model was created the model
represented one silica granule in a tube as shown in Figure 7
the flow inlet and flow outlet.

4.4. Porous Media Simulations. A porous material had to be
defined for the adsorbent used in the simulation. This data
was taken from the experiment Type B; data was created
with a density of 730 kg/m3 for type B and a density of
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Figure 9: Adsorption and desorption curves for silica gel granules
size 5 mm.
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Figure 10: Simulation of water vapour adsorption on porous silica
gel.

800 kg/m3 and a heat capacity of 0.921 J/kg K and a thermal
conductivity of 0.174 W/mK (see Table 1).

4.5. CFD Porous Medium Methodology. For the porous
medium approach the CFD model has a mass of cells
representing the fluid inlet. This is followed by the porous
medium cells, which are used to model fluid flow through
porous medium. Full flow field predictions are possible with
the porous medium approach because the resistance of the
porous medium to flow is described by the expression

ΔP

L
= −αU2

s − βUs, (1)

where the permeability coefficient values α and β are assigned
temperature-dependent values that describe the behaviour of
a porous medium. High values of α and β preclude flow at
right angles to the porous medium.
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Figure 11: simulation of water vapour desorption on porous silica gel. To simulate desorption of water vapour we created a function called
desorption that could take several inputs (material, fluid, pressure, flow rate, and whatever factors that would affect silica gel desorption of
water vapour (see Figure 11).
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Figure 12: Velocity vectors profile vector plot of the water vapour
velocity field around a single silica gel. The inlet velocity is 5 m/s and
the velocity field plotted in the plane passing through the centre of
the particle.

Upstream and downstream of the water vapour flow field
are solved using the usual Reynolds averaged Navier-Stokes
methodology.

4.6. Boundary Conditions Used in Simulation. The boundary
conditions determine the flow and thermal variables on the
boundaries of the physical model. There are a number of
boundary conditions:

(i) flow inlet and exit boundaries: pressure inlet, velocity
inlet, pressure outlet,

(ii) wall, repeating, and limit boundaries: wall, symme-
try,

(iii) internal fluid, solid,

(iv) internal face boundaries: porous, wall, interior.

In our model we use a velocity inlet at the flow inlet of
the adsorption bed, this boundary condition defines a flow
velocity at the inlet of the bed; The flow exit boundary is
defined as a pressure outlet; the outlet pressure is defined
as atmospheric pressure. The bed and packing interior are
defined as boundaries. The wall boundaries separate the fluid
zone, vapour, in between the silica gel particles from the wall
zones [5, 9–11].

With the determination of the boundary conditions, the
physical model has been defined, and a numerical solution
can be provided. It was then necessary to determine how
the solution will be established. This was done by setting the
iteration parameters. With all boundary conditions defined,
a number of additional parameters and solving schemes were
selected.

An initial condition was assigned to the model and was
used to help speed the convergence of the computation. The
computation is an iterative process that solves the governing
equations for flow and energy in each simulated cell.
Depending on the complexity of the model and the computer
resources available, CFD simulation can take anywhere from
minutes to days [12]. The results of the simulation can be
viewed and manipulated with postprocessing software once
the simulation has converted to a solution.

4.7. CFD Mesh Generation. One of the most important parts
of this CFD simulation was the module mesh creation. The
mesh establishes the accuracy of the simulation which has
to be chosen with enough detail to describe the simulation
processes accurately and with a degree of coarseness that
enables solution within an acceptable amount of time. When
an optimal density has been found refining this will increase
the model size without displaying more flow details. When it
is coarseneds the mesh will obscure, possibly essential, part of
the flow detail. The mesh determines a large part of creating
an acceptable simulation.
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4.8. The CFD Mesh Density. For this study we focused mainly
on maintaining a 3D simulation that described the physical
model accurately and was able to handle the flow specifics of
the silica gel geometry.

The mesh densities were varied to establish the optimal
mesh density, describing the flow characteristics and limiting
the calculation times.

The initial mesh was specified in the following stages.

(1) Specifying an automatic initial mesh, so all the fol-
lowing specifications consist in changing the default
values of its parameters.

(2) Specifying a basic mesh consisting of nearly uniform
cells.

(3) Refinement of the basic mesh to capture the relatively
small silica gel porous features to resolve the small
porous features in contact with fluid.

(4) Refinement of the basic mesh to resolve the solid/
fluid interface as well as porous/solid, fluid/porous
interfaces.

(5) Specifying other initial meshes in local regions (solid
and/or fluid) to better resolve the model-specific
geometry and/or flow (and/or heat transfer in solids)
peculiarities in these regions.

4.9. Postprocessing the Simulation Data. When the simula-
tion has converged, the last data set is stored as a final
solution. This data set has a record of the status of all
elements in the model, temperature, densities, pressures,
flow aspects, and so forth. To be able to interpret the data,
it needs to be ordered and reduced to comprehensible sizes
[2]. This displaying of the data is called postprocessing and
makes it possible to compare the different simulations with
each other and with external data. There were as many ways
of displaying the data as there were data points, so it was
important to select the data representation that was required
for the desired data comparison. Some of the standard
options available are contour plots and velocity vector plots.
Contour plots will give a plot in the defined data point
collection; this can be a plane or a volume of contours of
another variable. For example, a plane can be defined as a
constant x coordinate plane (y-z plane); we can then make a
contour plot showing temperature contours in this plane. In
the same plane a velocity contour plot can be made showing
absolute velocities of the fluid in the defined plane. Other
variables that can be used for contour plots are magnitude of
velocity components, turbulence components, pressure, and
so forth. Velocity vector plots can be made to get an insight
into the flow patterns in the overall geometry or details at
specific locations [7, 12–14].

4.10. Fluid Flow Fundamentals. For iteration CFD solvers,
use generalized fluid flow and energy balances based on
the Navier Stokes equations. The balances are generalized
so that the user can influence which elements are added in
the balance and which are not. The number of balances to
be solved is also user defined; it can be advantageous to

not solve all balances initially. The generalized balances that
are used by the Flow simulation commercial CFD package
are the Navier Stokes equations for conservation of mass
and momentum, when it is set to calculate laminar flow
without heat transfer. Additional equations are solved for
heat transfer, species mixing or reaction or κ and ε for
turbulent cases [2, 4, 15].

5. CFD Results and Discussion

Figure 8 shows the adsorption curves for water adsorption
on one granular size of silica gel; this curve was compared to
Fuji data for smaller silica gel granules.

Figure 8 is an adsorption isotherm plot comparison
between CFD simulation and the experimental results on
silica gel size 3.5 mm.

Figure 9 is an adsorption isotherm plot comparison
between CFD simulation and the experimental results on
silica gel size 5 mm.

5.1. Water Vapour Adsorption CFD Simulation. The CFD
simulation determines the distribution of water vapour
molecules in the flow vapour phase and the adsorption
of adsorbed vapour molecules on the silica gel surfaces.
Figure 10 shows a silica gel porous media with a typical
adsorption of water vapour molecules; this simulation was
developed through a user-defined function developed to
solve the Brunauer, Emmett, and Teller (BET) equation for
both adsorption and desorption processes.

The developed model was used to determine the adsorp-
tion capacity of two different sizes of silica gel granules,
namely, 3.5 mm and 5 mm as a function of time at different
operating temperatures.

Figure 10 shows the water vapour being adsorbed onto
the single silica gel. The porous media capabilities of CFD
model determine the distribution of water vapour molecules
in the flow vapour phase and the adsorption of adsorbed
vapour molecules on the silica gel surfaces.

5.2. CFD Simulation of Desorption of Water Vapour from Silica
Gel. When attempting to simulate the desorption of water
vapour from silica gel, it was necessary to create a user-
defined function (UDF). The major challenge in the use of
CFD simulation of the desorption of water vapour from silica
gel is the complex interconnected void space silica gel has.
In traditional 2D mathematical approaches the engineers use
to largely ignoring this fact. In CFD simulation this is not
ignored; it is modeled into the 3D model of the porous
media. In order to simulate desorption, we had to create
a function called desorption that would take several inputs
(material, fluid, pressure, flow rate, and whatever factors
affecting the silica gel calculations; see Figure 12 where there
is a simulation of the water vapor desorption).

5.3. Velocity Profiles. To study the velocity distribution in an
adsorption silica gel packed bed section cuts were made along
the packed bed to generate velocity vector plots. Velocity
profiles were also observed in the near-wall region of the
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modelled arrangements. As expected, in all of the cases
analyzed, flow channelling took place near the wall and inside
the bed, due to the presence of constrained flow areas. Strong
radial flow from the middle to the wall was also noticeable.
Due to the channelling of the flow (strong axial flow and
reduced radial flow) at the wall, the local radial heat transfer
rate decreases, causing the well-known.

6. Conclusions

A CFD model was developed for simulating the adsorpitivity
of water vapour on silica gel granules and used to study the
effect of granule sizes indicating that reducing the granule
size increases the adsorpitivity. We used a thermogravimetric
(TGA) to make some experimental data to be used in the
CFD module; we compare our measurements with the CFD
simulation. A good agreement was found with CFD and
experimental data. In conclusion to this study, it is thought
that using CFD could provide useful information for the
design of adsorption cooling systems and better predict the
system performance.
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Computational fluid dynamic techniques have been applied to the determination of drag on oceanographic devices (expendable
bathythermographs). Such devices, which are used to monitor changes in ocean heat content, provide information that is
dependent on their drag coefficient. Inaccuracies in drag calculations can impact the estimation of ocean heating associated with
global warming. Traditionally, ocean-heating information was based on experimental correlations which related the depth of the
device to the fall time. The relation of time-depth is provided by a fall-rate equation (FRE). It is known that FRE depths are
reasonably accurate for ocean environments that match the experiments from which the correlations were developed. For other
situations, use of the FRE may lead to depth errors that preclude XBTs as accurate oceanographic devices. Here, a CFD approach
has been taken which provides drag coefficients that are used to predict depths independent of an FRE.

1. Introduction

Oceanography requires data samples of ocean information
such as temperature and salinity at a sufficiently large num-
ber of locations and times to ensure proper characterization
of ocean properties. The creation of such data sets is con-
strained by the number of measurements made around the
globe. It is also constrained by the duration of measurement
activities. For climate monitoring for instance, continuous
measurements on the order of decades is required to extract
a signal-to-noise ratio sufficient to make judgments about
global warming [1].

One of the most commonly used devices for taking ocean
temperature measurements is the expendable bathythermo-
graph (XBT). Approximately six million XBT devices have
been launched over the past few decades. XBT devices
contain a temperature-sensing element housed within a
streamlined object which is launched into the ocean. The
XBT falls through the water at approximately 7 m/s. During
its descent, a copper wire is unspooled maintaining an elec-
trical connection with a data processing station onboard a

ship. Temperature information is transmitted through the
wire and is stored for processing.

There are multiple varieties of XBT devices, each with
a unique label. They are broadly separated into two classes
(T4/T6/T7/T10/DB which are most common, then the FD,
T11, and the T5 class). The major difference between the
two classes is the size of the XBT body. Additionally, there
are two main XBT manufacturers (LM-Sippican and TSK).
Slight differences in the manufacturing processes between
these two suppliers and variations in the processes since the
1960s have introduced some variation in the fall rates of the
respective devices [2–6].

Biases in XBT measurements have been known for ap-
proximately 40 years. These include biases in the estimated
depth as well as biases in temperature. The biases have led
to errors in ocean-heat estimations reported in [2, 7–9].
Numerous efforts have been completed to reduce these biases
and thereby increase the accuracy of oceanographic mea-
surements made by XBT devices. These efforts have typically
focused on improving the depth-time correlation of the FRE
[10–13].
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Very rarely have researchers focused on developing a
dynamic model of the XBT during its descent with an
analysis of buoyant, drag, and weight forces. Perhaps the
most significant effort in this regard was by Green [14] who
developed a model utilizing approximate drag forces which
were taken from literature corresponding to streamlined
bodies.

Here, a new approach is adopted. A dynamic model is
developed and drag-coefficient information is taken from a
computational fluid dynamic study. To the best knowledge
of the authors, the computational approach is the first of its
kind for XBT devices. The authors will investigate the impact
of laminar-to-turbulent transition in the boundary layer of
the XBT. Specifically, a comparison of drag coefficients for
fully turbulent and transitional models will be performed.
The resulting drag information will be used to predict
depths on recent XBT experiments. The predicted depths
will be compared with both the industry-standard FRE and
with collocated and contemporaneous experiments using
CTD devices which are considered the gold standard in
oceanography.

2. Fluid Dynamic Model

Two approaches are taken in handling the simulations of
fluid flow in the vicinity of the probe. The first method is
based on the popular Shear Stress Transport (SST) model
developed by Menter [15]. This model combines the seminal
κ-ε model of Launder and Spalding [16] in regions removed
from the probe-water interface with the κ-ω model in the
boundary layer [17, 18]. The SST smoothly transitions
between the two models to take advantage of their respective
strengths. The κ-ε typically provides more accurate results
in the free stream and is less sensitive to the upstream
flow conditions whereas the κ-ω method is more capable of
handling the low-Re flow within the boundary layer.

The second method is a transitional model which was
first exhibited by Menter et al. [19] and Menter et al. [20].
It was later developed by the present authors in a series of
studies which extended its use to internal flows, flows with
adverse pressure gradients in diffusers, and pulsating flows
[21–30]. Both the SST method and the newly developed
transitional method rely upon a control-volume solution
method wherein conservation equations are developed at a
multitude of elements which constitute the solution domain.
Among the relevant equations are conservation of mass and
momentum, which are expressed in tensor form as:
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= 0, (1)
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Here, the term u is the local velocity, ρ is the fluid density, p is
the pressure and μ represents the molecular viscosity. In (2),
turbulent motion has been accounted for by the introduction
of the eddy viscosity. It is the definition of the eddy viscosity

which characterizes the turbulence model. When the SST
approach is taken, the eddy viscosity is found from:

μturb = aρκ

max(aω, SF2)
, (3)

where the terms κ and ω are found from two new transport
equations for turbulent kinetic energy and the specific rate of
turbulence dissipation:
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The term Pκ represents the rate of production for the
turbulent kinetic energy, κ. All of the σ terms are Prandtl-like
numbers for the respective transported variables, indicated
by a subscript. The F terms represent blending functions
whose purpose is to allow the transition from the κ-ε model
away from the wall to the κ-ω model near the wall. The S
term refers to the magnitude of the shear strain rate. Taken
together, (1)–(5) define the SST approach. This approach
accounts for flow that is fully turbulent as it approaches the
oceanographic probe.

The transitional model includes a slight variation to the
SST method. The variation begins with a modified form of
(4) which becomes
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There is seen to be a multiplier on the rate of turbulent
production, Pκ. That multiplier is symbolized by γ, the
intermittency. The term γ takes on values between 0 and 1. It
serves to reduce the rate of turbulence production in regions
that are not entirely turbulent. Local values of γ are found
from two new transport equations which are
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The collection of (1)–(3) and (5)–(8) is often termed the
transitional SST model. The symbols P and E represent rates
of production and destruction of the transported variables.
The symbol Π is the turbulence adjunct function (sometimes
called the transitional onset Reynolds number). The first
equation, (7), provides values of the intermittency γ. As
mentioned earlier, the intermittency takes on values between
0 and 1. Values of γ near zero represent laminar regions
while values that approach 1 occur in turbulent zones.
Intermediate values of γ are representative of flow that is
partially laminar and partially turbulent. It should be noted
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that this definition of the intermittency differs from that
sometimes found in the literature. Often, the intermittency
is used as a multiplier of the eddy viscosity so that the
eddy viscosity is reduced in regions where flow is partially
turbulent. In the present work, the intermittency is utilized
as a multiplier of the rate of turbulent energy production.

With respect to the turbulent adjunct function, Π, it is
correlated to the local Reynolds number where intermittency
first begins to grow (the critical value of the momentum-
thickness Reynolds number). So, solutions from (8) are uti-
lized to calculate the value of the critical momentum thick-
ness Reynolds number which, in turn, is used to modify (7)
through the intermittency production terms P.

The output of the fluid dynamic model is the drag coeffi-
cient on the probe. This coefficient is a singular expression of
the Reynolds number and will be employed in the following
section.

Figure 1 has been prepared to illustrate some of the
features of the computational mesh. The figure will convey
the features common to the meshes employed on all of the
XBT devices, although the mesh shown in the figure is meant
to be illustrative. The image shows a probe with the mesh
extending around the probe exterior as well as throughout
the interior channel which houses the temperature sensor.
Special boundary layer elements were employed at the
surfaces of the probe. Two callouts are shown which illustrate
the element deployment in those regions. It can be seen
that the boundary-layer elements are thin prismatic elements
aligned with the probe body. Those elements were carefully
constructed so that the y+ was less than 1.

For all investigated cases, a mesh-independence study
was completed. This study involved the solution of the fluid
flow problem with sequentially increasing element counts.
The solutions were continued until the results were indepen-
dent of mesh. For all probe shapes, the final mesh count was
well over 1,000,000 elements. To provide some perspective
on the mesh-refinement study, Table 1 has been prepared.
That table lists the number of elements for two sequential
simulations that were carried out on the T7 device. It can
be seen that with a significant refinement of the mesh, the
value of the drag coefficient has not changed appreciably. The
results in Table 1, while shown for a single Reynolds number,
are representative of findings carried out at all other Reynolds
numbers.

The solutions to the fluid flow equations were found
using the ANSYS CFX V13.0 software. In reality, the probes
rotate during their descent. In the present simulations,
rotation was ignored. It is expected that rotation may have
a slight effect on the drag coefficient and may make it less
sensitive to the Reynolds number. On the other hand, the
present nonrotating results will be compared with experi-
ments and the close agreement will be used to justify the
present approach.

3. Probe Dynamic Model

With the drag coefficient of the probe available from the fluid
dynamic simulations, it is possible to predict the probe fall
rates through the ocean water. The first step in this stage is the

Figure 1: The computational mesh deployed in the fluid.

Table 1: Results of mesh-independence study, values of drag coeffi-
cient for the T7 device. Both calculations were completed for a Re =
950,000.

Number of elements Drag coefficient

3,730,000 0.103

14,280,000 0.108

development of a dynamic model that relates the drag force
to the timewise variation in probe velocity. That relation
begins with a balance of forces and momentum changes of
the probe. Mathematically, this balance is expressed as

Fnet = Fbuoy − Fdrag =
d
(
mpV

)
dt

= mp
dV

dt
+ V

dmp

dt
. (9)

Here, account is made for the change in mass of the probe
as it descends through the water. It should be noted that
the wire which is unspooled from the probe is not expected
to exert any force on the probe. In addition, the unspooled
wire has no velocity. When the drag and buoyancy forces are
expressed in terms of the drag coefficient and the mass of the
probe, the following expression is obtained:
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Equation (10) can be written in a forward-stepping algo-
rithm that allows the determination of velocity at a new time,
provided information at the current time is known:

Vnew = V +
Δt

mp

[(
mp −mw

)
g − Cd

1
2
ρV 2A−V 2 dmp

dx

]
.

(11)

It is (11) that will be employed to calculate the velocity at
each timestep throughout the descent. It should be noted
that this model is able to account for variations in the initial
velocity of the probe (velocity of the probe when it enters the
water) as well as variations in the linear mass of the wire, the
diameter of the wire, and changes in the water temperature.
This last issue deserves some detailed discussion. Historically,
probe FREs are created by experimental correlation of XBT
temperature values with more exact CTD results. Typically,
XBT devices are dropped alongside CTD devices. Then,
comparison of the temperatures between these devices allows
construction of a FRE which takes the form

Depth = A + Bt + Ct2. (12)

For Class I probes (T4/T6/T7/DB), the recommended coeffi-
cients are A = 0, B = −0.00225, and C = 6.691 when depth
is measured in meters and time is in seconds. For the Class
II probes (T5), the constants are A = 0, B = −0.00182,
and C = 6.828. However, the depth of a probe depends
on local factors such as the specifics of the experiment
(height of probe release above water), the details of the
probe (size, mass, wire properties, etc.) and the local water
temperature which affects the water viscosity. Consequently,
when experiments are made under differing conditions, the
FRE may no longer be valid. In particular, since most FREs
are developed in tropical waters, their application to polar
regions is questionable. The new method can account for
variations in the water temperature and its impact on the
viscosity. The variation is taken account of through the
Reynolds-dependent drag coefficient. The definition of the
Reynolds number used the probe length as the representative
length.

4. Results and Discussion

The first set of results will focus on the values of the drag
coefficients which characterize two classes of probes (Class
I = T4/T6/T7/DB and Class II = T5). Additionally, the impact
of laminar-to-turbulent transition will be explored. First,
Figure 2 has been prepared which shows the drag coefficients
on the Class I probes. It can be seen that the two solution
methods provide somewhat different drag coefficients; the
SST model predicts higher drag than the transitional model.
A more detailed discussion of this difference will be provided
later. Also shown in the figure are values of the drag coeffi-
cient which are estimated from Green [14]. A corresponding
figure for the Class II probes is presented in Figure 3. There, it
can be seen that the differences between the transitional and
SST models is very small however (not discernibly different),
the two methods exhibit a significant difference compared to
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Figure 2: Drag coefficients for Class I probes, including SST model
and transitional model results as well as drag coefficients from
Green [14].
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Figure 3: Drag coefficients for Class II probes, including SST model
and transitional model results as well as drag coefficients from
Green [14].

the values extracted from Green [14]. These results lead to
the conclusion that for the T5 device, the effects of laminar-
to-turbulent transition is negligible and that solutions with
a fully turbulent model are sufficient to use in the present
situation.

With respect to the model differences in the Class I
devices, depths were calculated with both the transitional
and the SST drag coefficients. It was found that the quality
of XBT-CTD match was improved when the SST-based
coefficient was employed. It is believed that for the Class
I devices, which are shorter in length than their Class II
counterparts, flow separation on the downstream faces plays
a larger role in drag. The transitional model has difficulty
in predicting the location of separation in adverse pressure
gradient situations. Consequently, it was decided to utilize
the drag coefficient obtained with the SST model.
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Figure 5: Distribution of surface shear stress (Class II probe).

For both classes of probes, the drag coefficients can be
represented as functions of the Reynolds number. Those
expressions are

Cd = 2.18× 10−15 · Re2 − 1.10× 10−8 · Re + 0.140, (13)

for Class I probes and

Cd = 2.74× 10−15 · Re2 − 2.21× 10−8 · Re + 0.1668,
(14)

for Class II probes. The Reynolds number ranges are indi-
cated by the figure axes.

Figure 4 has been prepared which shows the pressure
distribution in the fluid near the XBT probe. In the figure,
fluid is traveling from right to left. The figure shows that at
the nose of the probe, there is a region of high pressure which
decreases toward the upper and lower surfaces of the probe.
Similarly, Figure 5 shows the variation of the shear stress on
the surface of an XBT probe. It can be seen that the shear
stress in the streamwise direction is low at the leading edge
and trailing surfaces of the probe, as expected. The stress is
more uniform along the length of the fuselage. The shear
stress results presented in Figure 5 are representative of the
results which can be extracted on any of the probe variants.

Next, displays of fluid flow patterns near the probe
surface are shown in Figure 6. Here, representative images are
exhibited which convey the basic features of the flow. It can

(a)

(b)

Figure 6: Streamline patterns through the center channel of a probe
[31].

be seen that the flow is channeled in the streamwise direction
as it enters the center channel of the probe. The fluid in this
channel washes over the temperature probe before passing
through the body and emptying into a downstream chamber.
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Figure 7: Comparison of depth calculated with the standard FRE
and the new method.

In that chamber, there is flow recirculation and eddies which
form before the fluid finally exits the probe interior.

In order to have confidence in the results presented
here, it is necessary to make two comparisons. First, depth
predictions will be compared with predictions obtained from
the industry standard FRE. Second, comparisons between
the new method and collocated CTD experiments will be
made. An example of the first comparison is shown in
Figure 7. The comparison from Figure 7 is taken from an
experiment on Class II probes which was made in the
Mediterranean Sea in May, 2011. It is seen that down to
depths of 1000 m, the new method is nearly identical with the
standard FRE technique. Comparisons with Class I probes
reveal a similar level of agreement.

Next, experiments with coincident CTD/XBT devices are
made. Typically, temperature and depth results from CTD
probes are considered exact and are used to calibrate XBT
devices. Two sample experiments are shown. The results of
the experiments are shown in Figures 8 and 9. Each figure
has two parts (a) and (b). The (a) part of the figure focuses
on the near-surface region of the descent. The (b) part
shows the temperature data down to the deepest parts of the
descent. The images are separated into the parts to allow a
magnification of temperature differences in the near-surface
region.

Each part has three curves. Those curves represent the
“exact” temperature information from the CTD devices, the
temperatures from the new method, and temperatures which
are obtained using the standard FRE. The display of results
in Figures 7, 8, and 9 show that the new method is capable
of calculating the depth of XBT devices throughout their
entire descent with accuracy that is approximately equal to
the industry standard FREs. In Stark et al. [31], it was shown
that a quantitative comparison of a large number (seventeen)
comparisons of CTD/XBT temperatures revealed that the
temperature results from the new method and the accepted
FRE agree to within the accuracy of the temperature sensing
device. These findings were further reinforced in Abraham
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Figure 8: Comparison of the present method and the manufacturer
FRE with a collocated CTD experiment.

et al. [29]. This finding provides further evidence that the
new technique has some merit in predicting XBT depths
and in evaluating the ocean temperatures and ocean heat
content.

As stated earlier, one significant advantage of the new
method is that it is able to accommodate changes in the
probe design or the launching method. For instance, the
new method can incorporate different launch heights, probe
shapes and sizes, initial probe mass, linear mass of the wire,
diameter of the wire, and so forth.
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Figure 9: An additional comparison of the present method and the
manufacturer FRE with a collocated CTD experiment.

5. Concluding Remarks

In this study, a new technique is presented to calculate depths
of oceanographic temperature monitoring devices. Those
devices, expendable bathythermographs, are launched into
the ocean with high frequency each year. As the devices
descend, they gather temperature information which, when
combined with ocean depths, can provide ocean heat content
assessments. XBT devices do not measure depth directly but
rather determine depths from a correlative equation that is
determined from experiment. This correlation, termed a Fall
Rate Equation (FRE), is typically based on experiments car-
ried out in tropical-water environments. FREs are incapable

of handling variations in probe design, launch parameters, or
water conditions. For instance, if the launch height or probe
shape is changed, the FRE must be recalculated.

The new method, on the other hand, is based on a
dynamic analysis of the probe which accounts for the forces
exerted on the probe and the change in probe momentum.
Necessary for the dynamic model is the drag coefficient on
the probe. In this study, drag coefficients were determined
on oceanographic devices for the first time (to the best
knowledge of the authors). It was found that the drag
coefficients were singular expressions with respect to the
Reynolds number. With drag coefficients available, it was
possible to calculate the depth of the XBT probes with accu-
racy that is comparable to the industry standard FRE.

It is hoped that this new method will be useful in re-
evaluating the archive of oceanographic temperature data
and can be used to improve the accuracy of ocean heat
content, and consequently, the role of oceans in storing
excess energy from the surrounding environment.
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