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1 The ‘ManchesterCFD’ Team
The ‘ManchesterCFD’ (www.manchestercfd.co.uk) group has world-class expertise in Computational Fluid
Dynamics (CFD), Heat Transfer and Engineering Design and Optimisation. The group originated from the
University of Manchester and is directed by Dr Amir Keshmiri. The ‘ManchesterCFD’ team is a multi-award
winning research team with access to world-class research facilities. The team is actively involved in highprofile research and industrial projects and several high-quality publications per year.
In addition, the consultancy & training division of ManchesterCFD has been involved in numerous industrial
and academic projects and has conducted several specialist training in different aspects of modelling and
simulation.
For more information about our extensive CFD expertise and experience, please download our latest
technical catalogue by clicking here.

2 Software List
The main software to be used for the proposed projects will be from the following list:
Software Name

Function

Design Modeller

CAD

ICEM-CFD

CAD/Meshing

Ansys-Fluent

CFD solver

Ansys-CFX

CFD Solver

OpenFOAM

CFD solver

Code_Saturne

CFD solver

CFD-Post

Advanced Post-Processing

Ensight

Advanced Post-Processing

3 Software Verification Data
ManchesterCFD is one of the very few groups/companies in the world whose computational techniques
have been tested and validated through several experimental-based analyses thanks to our extensive R&D
and facilities. Our strength lies on our unique ability to provide experimentally validated computational
results to guide operations, designs and engineering processes. We combine state-of-the-art commercially
available and in-house developed CFD tools with cutting-edge in-house experimental facilities including
Wind tunnels, Laser Doppler Velocimetry (LDV), Particle Image Velocimetry (PIV), synchrotron X-ray
tomography, high-resolution thermal imaging, 3D printing, acoustic emission, etc to delineate the impact
of various parameters on complicated flow problems at different scales.
The quality of our validated CFD techniques is such that most of them have been published in reputable
scientific journals. Below is a list of publications which reports our CFD results backed up by experimental
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data in the area of heat transfer, turbulence, porous media and multi-phase flow (led by Dr Amir Keshmiri
and Dr Nima Shokri):
Heat Transfer/Turbulence:
▪ Keshmiri, Uribe, Shokri (2015), ‘Benchmarking of Three Different CFD Codes in Simulating Natural,
Forced and Mixed Convection Flows’, Int. J. Numerical Heat Transfer; Part A, Vol. 67(12), 1324-1351.
▪ Keshmiri, Osman, Benhamadouche, Shokri (2016), ‘Assessment of Refined RANS Models against
Large Eddy Simulation and Experimental Data in the Investigation of Ribbed Passages with Passive
Heat’, Int. J. Numerical Heat Transfer; Part B, Vol. 69(2), 96-110.
▪ Keshmiri, Cotton, Addad, Laurence (2012), ‘Turbulence Models and Large Eddy Simulation in
Application to Ascending Mixed Convection Flows’, Flow, Turbulence and Combustion, Vol. 89, 407434.
Multiphase Flow/Porous Media:
▪ Jambhekar, Mejri, Schröder, Helmig, Shokri (2016), ‘Kinetic approach to model reactive transport and
mixed salt precipitation in a coupled free-flow-porous-media system’, Journal of Transport in Porous
Media, 114(2), 341-369.
▪ Rabbani, Joekar-Niasar, Pak, Shokri (2017), ‘New insights on the complex physics of two-phase flow
in porous media under intermediate-wet conditions’, Nature (Sci. Rep.), 7, 4584.
▪ Rabbani, Or, Liu, Lai, Lu, Datta, Stone, Shokri (2018), ‘Suppressing viscous fingering in structured
porous media’, Proceeding of National Academy of Science, 115(19), 4833-4838.
▪ Rabbani, Zhao, Juanes, Shokri (2018), ‘Pore geometry control of apparent wetting in porous media’,
Nature (Sci. Rep.), 8, 15729.
Appendix A provides more information of the our experimentally validated computational projects with
relevance to the proposed project in more detail.

4 Quality Plan
As a world-leading R&D team in CFD, all policies, processes and procedures at ManchesterCFD are aligned
with the well-recognised Quality Management System (QMS) standards including ISO9001, which briefly
includes:
▪ Following the code of conducts/ethics set out by relevant bodies including Institution of Mechanical
Engineers (IMechE), American Society of Mechanical Engineers (ASME) and International Association
for the Engineering Modelling, Analysis and Simulation Community (NAFEMS).
▪ Recognising interested party requirements including Licenses to Trade, guidelines, customer
requirements, and the chosen management system standard(s).
▪ Ensuring that all requirements have been met.
▪ Confirming that all employees, particularly the technical staff receive applicable training in the quality
system requirements.
▪ Determining processes, their interaction, inputs and outputs.
▪ Producing records or evidence that system requirements have been met.
▪ Measuring, monitoring and reporting the performance of the QMS.
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▪ Planning changes to the QMS and take actions to address risks and opportunities as a result of
changes.
▪ Performing internal audit to analyse the QMS and correct nonconformities.
▪ Continually improving the QMS.

5 Testing/Checking Procedures
‘Building-Block Approach’
Because of the infeasibility and impracticality of conducting true validation experiments on most complex
systems, the standard approach adopted by ManchesterCFD for quality assurances is to use a ‘buildingblock approach’1, as shown in Fig. 1. In this approach, we normally break down a complex engineering
system of interest into three, or more, progressively simpler tiers. This strategy allows us to carefully apply
existing or conduct relevant validated cases with different physics and configurations to ensure accuracy in
our results and estimate errors/uncertainty. The approach is clearly constructive in that it recognises that
there is a hierarchy of complexity in systems and simulations. It also recognises that the quantity and
accuracy of information that is obtained from experiments varies radically over the range of tiers.

Tier1: ‘Complex System’
(e.g. Reactor, Engine, Boiler, Atmospheric
Tank, Cardiovascular system, etc)

Tier2: ‘Sub-System’
(e.g. parts, sections, elements, organs, etc)

Tier3: ‘Benchmarking/Validation Cases’
(e.g. heat transfer in a pipe, turbulent mixing
in a vessel, multi-phase flow in a channel,
chemical reaction in a combustor, blood flow
in an artery, etc)

Tier4: ‘Unit Problem’
(e.g. Navier-Stokes equation,
evaporation, turbulence, etc)

convection,

Fig.1 - Schematic of Validation Tiers and ‘Building-Block Approach’ Adopted by ManchesterCFD.

Validation & Verification (V&V):
1

AIAA - Guide for the Verification and Validation of Computational Fluid Dynamics Simulations-AIAA G-077-1998(2002)
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The most crucial step in the building-clock approach adopted by ManchesterCFD is ‘Tier3’ which consists of
carefully validated CFD cases. The two well-established concepts in benchmarking CFD and to assess the
uncertainty in the computational results are2:
▪ ‘Verification’: The process of evaluating the products of a software development phase to provide
assurance that they meet the requirements defined for them by the previous phase (see Fig. 2).
▪ ‘Validation’: The process of testing a computer program and evaluating the results to ensure
compliance with specific requirements (see Fig. 3).
The ManchesterCFD’s dedicated V&V activities for CFD particularly in the Energy and Environment sectors
have featured in a number of highly recognised and cited publications including:

Fig.2 – Standard procedure used by ManchesterCFD for verification of computational codes.

2

W.L. Oberkampf & T.G. Trucano, Verification and validation in computational fluid dynamics, Progress in Aerospace Sciences,
Volume 38, Issue 3, 2002, Pages 209-272
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PREDICTION

VALIDATION

Fig.3 – Schematic of the process adopted by ManchesterCFD in validation of CFD problems.

6 Statement of Conformity
Through official membership of the Mechanical Engineering Institutes in UK and US, all our projects and
procedures at ManchesterCFD follows the code of conduct/ethics set out by the UK Institution of
Mechanical Engineers (IMechE) and American Society of Mechanical Engineers (ASME). ManchesterCFD is
also a member of the International Association Engineering Modelling (NAFEMS), which is a recognised
independent authority for sharing and monitoring best practice guidelines for engineering modelling,
analysis, and simulation practices. In addition, the director of the ManchesterCFD group, Dr Amir Keshmiri,
is a Chartered Engineer (CEng) through the UK Engineering Council (EC) and has achieved the highest level
of IMechE professional membership (Fellow - FIMechE). In 2017, Dr Keshmiri was also elected a Council
Member of the IMechE, working with the president and the trustee board on strategic issues affecting the
mechanical engineering community across the globe.
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Appendix A:
Experimental Validation Cases Conducted by ‘ManchesterCFD’ team
CASE1: Heat Transfer/Turbulence
TITLE: Benchmarking of 3 Different CFD Codes in Simulating Natural, Forced and Mixed Convection Flow
ABSTRACT: In this study three different CFD codes (in-house, commercial and industrial codes) are
assessed in simulating two distinct flow problems with complex heat transfer. The first case consists of an
ascending forced and mixed convection flow, a representative flow in the core of gas-cooled nuclear
reactors under ‘post-trip’ conditions and the second case involves natural convection in an enclosed tall
cavity which represents the gas-filled cavities around nuclear reactor cores. The CFD simulations were
compared against experimental and Direct Numerical Simulation (DNS) to assess the accuracy and
uncertainty of each code/model for each flow problem. Overall, good agreement was achieved between
the CFD and the experimental/DNS data.

(a) Normal velocity profile

(b) Temperature profile

Comparison of profiles at y/H = 0.05 using the standard k-ω-SST turbulence model in STAR-CD vs.
Code_Saturne, compared against experimental data.

(a) Steamwise velocity profile
(b) Temperature profile
Comparison of the results for Case (B) obtained using the Suga model in CONVERT and STAR-CD.
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Reference:
Keshmiri, Uribe, Shokri (2015), ‘Benchmarking of Three Different CFD Codes in Simulating Natural, Forced and Mixed
Convection Flows’, Int. J. Numerical Heat Transfer; Part A, Vol. 67(12), 1324-1351.

CASE2: Heat Transfer/Turbulence
TITLE: Assessment of Refined RANS Models against Large Eddy Simulation and Experimental Data in the
Investigation of Ribbed Passages with Passive Heat
ABSTRACT: In this project, simulations of the flow and heat transfer in a rib-roughened passage are
conducted using a number of advanced Reynolds-Averaged Navier-Stokes (RANS) turbulence models
including Eddy-Viscosity Models (EVM) and a Reynolds Stress Model (RSM). Large Eddy Simulation (LES) is
also conducted and results are compared against experimental measurements. In addition, the effects of
rib thermal boundary condition on heat transfer are also investigated. All computations are undertaken
using the commercial and industrial CFD codes, ‘STAR-CD’ and ‘Code_Saturne’, respectively. The
configuration studied in this project has numerous applications in different sectors particularly in the
energy and aerospace sectors. Comparison against the experimental data revealed the importance of
applying the right type of boundary condition in the simulation to achieve the most accurate results.

Nusselt number distribution for two different rib
thermal boundary conditions

Streamwise velocity profiles on the rib-top using
different turbulence models and CFD codes

Reference:
Keshmiri, Osman, Benhamadouche, Shokri (2016), ‘Assessment of Refined RANS Models against Large Eddy Simulation
and Experimental Data in the Investigation of Ribbed Passages with Passive Heat’, Int. J. Numerical Heat Transfer; Part B,
Vol. 69(2), 96-110.

CASE3: Heat Transfer/Turbulence
TITLE: Assessment of CFD Against Experimental Data in Capturing Laminarisation
ABSTRACT: Coolant flows in the cores of current gas-cooled nuclear reactors consist of ascending vertical
flows in a large number of parallel passages. Under post-trip conditions such heated turbulent flows may
be significantly modified from the forced convection condition by the action of buoyancy, and the thermal-
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hydraulic regime is no longer one of pure forced convection. These modifications are associated primarily
with changes to the turbulence structure. Flow laminarization may occur, and in that event heat transfer
rates may be as low as 40% of those in the corresponding forced convection case. The present work is
concerned with the modelling of such ‘mixed’ convection flows in a vertical heated pipe. All fluid properties
are assumed to be constant and buoyancy is accounted for within the Boussinesq approximation. Six
different Eddy Viscosity Models (EVMs) are examined against experimental measurements and the direct
numerical simulation (DNS) data. Large Eddy Simulations employing the classical Smagorinsky sub-gridscale model are also presented. A very diverse performance between different codes and turbulence
models are found which highlights the importance of choosing the right turbulence model when capturing
complicated flow/heat transfer phenomenon such as laminarisation.

Diverse performance of different turbulence model and CFD codes against experimental/DNS data in capturing
laminarisation in an ascending flow.
Reference:
Keshmiri, Cotton, Addad, Laurence (2012), ‘Turbulence Models and Large Eddy Simulation in Application to Ascending
Mixed Convection Flows’, Flow, Turbulence and Combustion, Vol. 89, 407-434.

CASE4: Multiphase Flow/Porous Media
TITLE: Kinetic Approach to Model Reactive Transport and Mixed Solute Precipitation
ABSTRACT: Understanding the physics of solute transport and precipitation in porous media is of
fundamental importance to many natural and industrial processes, such as mineral-fluid interactions, CO2
sequestration in reservoirs, deposition in pipes and storage tanks and the issue of soil salinization. Solute
transport and deposition is strongly influenced by the complex coupling between the free-flow and porousmedia flow and transport processes. Moreover, this process is influenced by the interaction between
different dissolved ionic species in water. To analyse such coupled systems, a continuum-scale model was
9
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used for coupling non-isothermal multi-phase compositional porous-media flow. Moreover, the interaction
between various ions present in water, reactive transport and mixed solute deposition in porous media
was considered in our modelling.

(a) Simulation setup for mixed solute precipitation in a coupled Free Flow–Porous Media system. (b) Comparison of
the saturation index Ω for NaCl and NaI in the saline water-containing ionic species Na+, Cl− and I−. Here, the solid
lines are the saturation index for NaCl, and the dotted lines are the saturation index for NaI.

To validate the computational results, we used 4D X-ray tomography enabling us to visualise and measure
salt transport and deposition in porous media during drying. The following Figure presents the comparison
between the experimentally determined deposited salt (due to precipitation) and the cumulative water
loss (due to drying) and the computationally calculated values confirming a reasonable agreement
between our modelling and experimental results.

(a) The cumulative mass loss of water by
evaporation from the saline porous medium,
initially saturated with 6 M NaCl solution.
(b) The corresponding cumulative NaCl
precipitation. “equbm” and “expData” refers to
the computationally and experimentally
determined values, respectively.
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Reference:
Jambhekar, Mejri, Schröder, Helmig, Shokri (2016), ‘Kinetic approach to model reactive transport and mixed salt
precipitation in a coupled free-flow-porous-media system’, Journal of Transport in Porous Media, 114(2), 341-369.

CASE5: Multiphase Flow/Porous Media
TITLE: New Insights on The Complex Dynamics of Two-Phase Flow In Porous Media
ABSTRACT: The physics of immiscible two-phase flow in porous media is a subject of intense study in a
number of applications including enhanced oil recovery, CO 2 sequestration, remediation of contaminated
aquifers, drying of porous media and drug delivery. Wettability, defined as the tendency of a fluid to
spread over a solid surface in the presence of another fluid, has a significant impact on the dynamics of
immiscible displacement. We performed a series of two-dimensional high-resolution direct numerical
simulations (DNS) using OpenFoam with the aim of understanding the pore-scale physics of two-phase
immiscible fluid flow under different wetting conditions. The following Figure shows a typical example of
our computational results. To validate our modelling approach and computational results, we have
fabricated micromodels based on the domain and geometry used in the CFD analysis and conducted a
comprehensive series of microfluidics experiments. The figure also shows a comparison between our
experiments and simulation results where the size and frequency of the trapped “oil” in porous media
measured experimentally were compared to the values obtained by CFD simulation.

(a) Fluid phase and pressure distribution under different wetting conditions during immiscible two-phase flow in
porous media. White colour represents pathway of invading phase. Colour represents the pressure in the liquid
phase. Pressure is normalized with respect to the outlet pressure and it indicates the pressure in the defending
phase. (b) Comparison between the blob-size distributions of trapped phase computed numerically (solid line) and
the ones measured by the microfluidic experiments using the micromodel fabricated based on the design of the
computational domain (right figure).
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Reference:
Rabbani, Joekar-Niasar, Pak, Shokri (2017), ‘New insights on the complex physics of two-phase flow in porous media under
intermediate-wet conditions’, Nature (Sci. Rep.), 7, 4584.

CASE6: Multiphase Flow/Porous Media
TITLE: CFD Against Experimental Data In Suppressing Viscous Fingering In Structured Porous Media
ABSTRACT: Viscous fingering commonly takes place during injection of one fluid that displaces a resident
fluid in a porous medium. Such interfacial instabilities are undesirable in many natural and engineered
displacement processes. Fingering normally is promoted where the injected fluid is less viscous than the
resident fluid being displaced. We proposed a design of a porous medium in the form of an ordered
structure to suppress or trigger (depending on the application) viscous fingering in porous media. We
utilized CFD modelling validated against experimental data obtained by state-of-art microfluidics tests to
evaluate effects of various parameters on controlling viscous fingering in porous media. The following
Figure shows an example of our simulation results obtained by direct numerical simulation of two-phase
flow (using OpenFoam) and Figure 5 illustrates an example of the microfluidics results used to validate our
simulation.

Simulation results demonstrating displacement fluid front morphologies for different values of the capillary number
Ca and the pore size gradients λ at the time where the invading fluid reaches the outlet (the direction of
displacement is from bottom to top). The white, orange, and black colours represent invading fluid, defending fluid,
and the interface, respectively. The results illustrate that fingering is suppressed as λ becomes more negative.

(a) Design of the microfluidic device. (b) Experimental results for different values of Ca for a uniform porous medium
(λ = 0) and a non-uniform medium (λ = −6.1 × 10−3). The invading fluid is water with red dye, and the displaced fluid
is transparent silicone oil.
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Reference:
Rabbani, Or, Liu, Lai, Lu, Datta, Stone, Shokri (2018), ‘Suppressing viscous fingering in structured porous media’,
Proceeding of National Academy of Science, 115(19), 4833-4838.

CASE7: Multiphase Flow/Porous Media
TITLE: Pore Geometry Control Of Apparent Wetting In Porous Media Using Experiments And CFD
ABSTRACT: Wettability, or preferential affinity of a fluid to a solid substrate in the presence of another
fluid, plays a critical role in the statics and dynamics of fluid-fluid displacement in porous media. The
complex confined geometry of porous media, however, makes upscaling of microscopic wettability to the
macroscale a nontrivial task. Using state-of-art computational tools combined with cutting-edge
microfluidics analysis, we elucidated the contribution of pore geometry in controlling the apparent
wettability characteristics of a porous medium. Using direct numerical simulations of fluid-fluid
displacement, we demonstrated, for the first time, the co-existence of concave and convex interfaces in a
porous medium - a phenomenon that was validated using microfluidic experiments. Figure 6 shows an
example of our CFD results illustrating the interface dynamics under different wetting conditions. Figure 7
presents some snapshots of the micromodels used in our experiments confirming the co-existence of both
concave and convex interfaces in porous media with intermediate wetting condition. We showed the
significant impact of such a phenomenon on the general dynamics of two-phase flow in porous media at
macro-scale.

Time evolution of the simulated displacement pattern as a function of the static contact angle θ in the micromodel.
The direction of flow is from bottom to top. Blue, red and black indicate the invading fluid, the defending fluid and
the grains, respectively. The magnified image shows a map of the pressure drop Δp = p – po where p is the pressure
at each point and po is the outlet pressure, for the case θ = 120°. This magnified image indicates that there is a coexistence of concave and convex interfaces, which stems from curvature reversal at the converging and diverging
sections of the pore throat. This phenomenon was validated against our experimental results obtained by
microfluidcs test.
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Experimental sequences of snapshots as the
invading fluid traverses through a convergingdiverging pore throat under different wettability
conditions (left to right: θ = 60°, 90°, 120°).
Here, the invading fluid (yellow) is water and the
defending fluid (blue) is silicone oil. For θ = 90°
(center column), the fluid-fluid interface
curvature reverses from being convex in the
converging section of the pore throat to being
concave in the diverging section of the pore
throat. In contrast, the fluid-fluid interface
remains concave for θ = 60° (left column) and
convex for θ = 120° (right column) through the
invasion sequence. This behaviour is consistent
with the computational results obtained by
OpenFoam simulation.

Reference:
Rabbani, Zhao, Juanes, Shokri (2018), ‘Pore geometry control of apparent wetting in porous media’, Nature (Sci. Rep.), 8,
15729.
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