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ABSTRACT

A majority of equipment used in industry operate in the turbulent flow regime. Design

of these equipment requires many iterations, often performed using computer simulations.

Turbulence modelling is computationally expensive and time-consuming. In this study

we investigate different turbulence models and their application in designing cyclone

separators and novel plate heat exchangers. The performance of the various models are

studied and the simulations are used to provide insight and guidance on the redesign of

these two important systems. Cyclone separators and heat exchangers are ubiquitous in

industry.

A good understanding of the flow features in cyclone separators is paramount to

efficiently use them. The turbulent fluid flow characteristics are modeled using Unsteady

Reynolds Averaged Navier-Stokes (URANS), Large Eddy Simulations (LES), and hybrid

LES/RANS turbulent models. The hybrid LES/RANS approaches, namely, detached

eddy simulation (DES), delayed detached eddy simulation (DDES), and improved delayed

detached eddy simulation (IDDES) based on the k-omega SST RANS approaches are

explored. The study is carried out for three different inlet velocities. The results from

hybrid LES/RANS models are shown to be in good agreement with the experimental

data available in the literature. Reduction in computational time and mesh size are the

two main benefits of using hybrid LES/RANS models over the traditional LES methods.

The Reynolds stresses are observed to understand the redistribution of turbulent energy

in the flow field. The velocity profiles and vorticity quantities are explored to obtain

a better understanding of the behavior of fluid flow in cyclone separators. The better

prediction of turbulent quantities from the hybrid models can help in better modeling

the multiphase interactions. Using the improved turbulent quantity predictions, we are

able to design a cyclone separator for reduced erosion.

Supercritical CO2 cycles operating with high efficiency require new heat exchangers

which can operate at high temperature (above 800oC) and high pressure (above 80 bar)

with tens of thousands of hours of operation. In this thesis, we discuss modified metallic

plate heat exchangers which can withstand high temperature and high pressure with



new twisted S-shaped fins. Novel 3D twisted S-shaped fins are developed for better heat

exchanger performance. The fins have a twist to induce a swirl in the flow resulting

in enhanced heat transfer. Ni-based superalloy Haynes 214 is the material used for

the heat exchanger plates and fins. The heat exchanger is manufactured using additive

manufacturing processes. Turbulent Conjugate Heat Transfer simulations are carried out

to obtain the temperature and pressure profiles in the heat exchanger in the turbulent

regime. A parametric study is conducted to determine the performance of the newly

developed 3D twisted S-shaped fins. The CFD results are compared with experiments.

The studies in this thesis resulted in an improved cyclone separator design which has

improved operating life due to reduced erosion (maximum of 90%) without much compro-

mise on the efficiency. 3D twisted S-shaped fins provide a better Performance Efficient

Coefficient (PEC) than S-shaped fins. There is an improvement of 10%-13% better per-

formance. There is considerable reduction (up to 75%) in the pumping requirement for

3D twisted S-shaped fins.
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Chapter 1

Introduction

1.1 Motivation

Fluid mechanics is a fundamental discipline in the industrial sector, playing a crucial

role in the design, analysis, and optimization of various equipment and processes. Un-

derstanding fluid behavior is essential for developing efficient systems such as pumps,

turbines, compressors, and heat exchangers, which are integral to industries ranging from

energy production to chemical manufacturing. Accurate fluid mechanics models enable

engineers to predict and enhance the performance of these systems, leading to improved

energy efficiency, reduced operational costs, and increased reliability. Experiments and

numerical methods are two different ways to analyze fluid motion around us.

Computational fluid dynamics (CFD) is a powerful numerical tool that is increasingly

being used in the design of industrial equipment. CFD simulations allow engineers to pre-

dict the behavior of fluids (such as gases and liquids) within complex systems, providing

valuable insights that can help optimize the design of equipment for various applications.

By leveraging the capabilities of CFD, engineers can save time and resources by iden-

tifying potential problems early in the design process, reducing the need for costly and

time-consuming physical testing. As a result, the use of CFD in industrial equipment

design has become essential for achieving efficient and effective operation.

Turbulence is a phenomenon found in many industrial flows. Turbulence is random

and requires additional modelling to understand it. The Reynolds Averaged Navier-

Stokes (RANS) equations are developed to understand turbulence. The RANS equations

require a closure for the equations to be solved. The closure for the RANS models results

in many turbulence models. The best turbulence model to use in a given situation depends

on a number of factors, such as the type of flow, the flow conditions, and the accuracy and

computational cost required for the analysis. In general, however, the Reynolds-averaged

Navier-Stokes (RANS) equations are widely used for turbulence modeling, as they are

able to provide good predictions for a wide range of flows.
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Within the RANS models, there are various turbulence models that can be used to

represent the turbulent motion of the fluid. Some common turbulence models include the

k− ϵ model, the k−ω model, and the Reynolds stress model (RSM). These models differ

in their complexity and ability to capture the details of the turbulent flow, with the RSM

being the most advanced and accurate but also the most computationally expensive and

complex.

Overall, the best turbulence model to use in a given situation will depend on the spe-

cific requirements of the analysis and the trade-off between accuracy and computational

cost. Large Eddy Simulations (LES) are more accurate turbulence models than RANS,

but they consume a lot of computational time and resources. To overcome the expensive

cost of running LES, hybrid LES/RANS models have been developed which try to pro-

vide advantages of both RANS and LES. These hybrid models solve in the RANS mode

near the wall region and scale resolving mode away from the wall. To choose a turbulence

model for a particular CFD problem requires some testing and effort.

Two industrial equipment chosen for study in this thesis is the cyclone separator and

plate heat exchanger. These two industrial equipment are widely used and there is a need

for constant improvement in these equipment. These equipment operate in the turbulent

regime and there is a lot of modelling effort required to get accurate results.

Cyclone separators are important for several reasons. They are widely used in var-

ious industries to separate and remove solid particles from a fluid stream, such as dust

and debris from air or particulate matter from wastewater. This separation is impor-

tant to prevent damage to downstream equipment, improve product quality, and protect

the environment. Cyclone separators are also highly efficient, with some designs achiev-

ing separation efficiencies of over 90%. Additionally, they are relatively inexpensive and

require minimal maintenance, making them a cost-effective solution for many applica-

tions. Overall, cyclone separators play a crucial role in a wide range of industries and are

essential for maintaining the quality and performance of industrial equipment.

Plate heat exchangers are important in many industrial and commercial applications

because they are highly efficient and versatile. A plate heat exchanger consists of a series

2



of metal plates that are arranged in a corrugated pattern, with a small gap between each

plate. This design allows for a large surface area for heat transfer, allowing the heat ex-

changer to operate at a high rate of heat transfer. Additionally, the plates can be easily

removed and replaced, allowing for easy cleaning and maintenance. This makes plate

heat exchangers ideal for a wide range of applications, including HVAC, food processing,

and chemical processing. Overall, plate heat exchangers are an essential component of

many industrial and commercial systems, providing efficient and effective heat transfer

capabilities. The heat exchangers in this study are developed for supercritical CO2 ap-

plications. These heat exchangers need to perform at high temperatures (¿800o C) and

high pressure (25 MPa). It requires new materials and manufacturing methods to develop

such heat exchangers which will have good creep strength.

1.2 Objective

The objective of this work is to use CFD tools to improve the designs of cyclone sepa-

rators and plate heat exchangers. Turbulence modelling is widely present in the devices

being used in the industry. Cyclone separators involve multiphase flows and we utilize

the Lagrangian approach to track the particles. With accurate prediction of hydrody-

namics and particle motion in cyclone separators, we aim to reduce the erosion in cyclone

separators. The heat exchangers involve heat transfer and require the energy equation to

be solved. Novel 3D twisted S-shaped fins are developed to improve the thermo-hydraulic

performance of heat exchangers.

1.3 Thesis Organization

� Chapter 2 provides a brief review of the existing work done in the area of cyclone

separators and plate heat exchangers.

� Chapter 3 discusses the modelling of cyclone separators and lagrangian modelling of

particle phase in the cyclone separator to reduce the overall erosion in the cyclone

separator.
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� Chapter 4 discusses the novel 3D twisted S-shaped fins developed for plate heat

exchangers.

� Chapter 5 discusses the design of a single plate heat exchanger, graphite heater for

high temperature application and full scale plate heat exchanger simulations.

� The last chapter summarizes the conclusions made in this study and the scope of

future work.
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Chapter 2

Literature Review

2.1 Cyclone Separators

The occurrences of cyclone separators are ubiquitous in industries where there is a need

for separating two phases such as solid–liquid, liquid–liquid, or liquid–gas. For example,

they may be used to separate solid particles from liquids in mining industries, oil droplets

from water in petroleum purification, plastics from water, etc. Sawmills use large-scale

cyclone separators to remove sawdust from extracted air. Cement industries also use

cyclone separators as a process in kiln preheaters. Industrial and professional kitchen

ventilation employs cyclone separators to separate grease from exhaust air. Having nu-

merous applications, it is key to understand the behavior of fluid flow in cyclone separators

to optimize the designs for particular applications. A cyclone separator typically has a

tangential inlet for the feed and two outlets (at the top and bottom). The inlet feeds into

a cylindrical section followed by a conical section and finally into a bin. The heavier phase

exits through the bin, whereas the lighter phase exits through the vortex finder. Due to

its simple geometry and high throughput, it is used extensively in industrial processes.

The flow-field characteristics observed in cyclone separators are predominantly turbulent

and multiphase in nature. The design of cyclone separators is usually done using empir-

ical correlations due to the complications in measuring the flow field using experimental

techniques and difficulties in modelling turbulence. With advances in both fields, there

has been a tremendous improvement in the design and operation of cyclone separators.

A recent review by Ni et al. [2] discussed an increased interest in the improvement of

designs of existing cyclone separators for industrial applications.

The flow field in the cyclone separator is three-dimensional and is usually represented

using the cylindrical coordinate system (r, θ, z). Preliminary experimental studies fo-

cussed on capturing the tangential component of velocity in the cyclone separator. The

tangential component of velocity is responsible for the creation of the centrifugal forces

on the particles, while the axial component of velocity helps in transportation of parti-
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cles to the bin. The radial component velocity can be calculated using the continuity

equation. In this analysis, the flow field is assumed to be symmetric about the z-axis.

Dabir and Petty [3] used Laser Doppler Anemometry (LDA) to study the flow field in a

hydrocyclone. LDA is a non-intrusive measurement device that produces accurate results

of the tangential and axial velocity flow fields. Quian et al. [4] used LDA to measure the

three components of velocity. Another technique commonly used for flow measurement

is the Phase Doppler Particle Analyser (PDPA) which uses tracer particles to measure

the flow fields. Dai et al. [5] used PDPA method to study particle motion and velocity

fields. The primary diffiulty encountered in experimental studies is the measurement of

the three velocity components. The usage of V3V (Volumetric 3-component Velocimetry)

and PIV (Particle Image Velocimetry) techniques has helped to overcome this difficulty

as highlighted by Wang et al [6]. Wang et al [6] used V3V and reconstructed the 2D

images of the flow field to generate a 3D flow field. Liu et al. [7] was among the first

who worked on PIV for hydrocyclone flows. They used Stereoscopic PIV to measure the

3 components of velocity and attempted to explain the backflow which occurs near the

vortex finder.

Most of the preliminary numerical studies on the flow field in cyclone separators were

based on the two-equation turbulence models namely the k-ϵ and the k-ω models, but

results obtained from these simulations were not satisfactory as the models were not able

to predict the anisotropic nature of Reynolds stresses in the flow. With an improvement

in the computational facilities, more accurate results compared to two-equation mod-

els, were obtained. The use of second-moment closures such as Reynolds Stress Models

(RSM) which solves for the six Reynolds stresses, increases the accuracy of the results.

Large Eddy Simulations (LES) were employed to study the flow characteristics which

led to more systematic results when compared to RSM. The results obtained from LES

were found to be in good agreement with those obtained from experiments but were not

entirely accurate. However, this method is computationally expensive when compared

to the Reynolds Stress Model (RSM). The advantages of hybrid LES/RANS methods

has been highlighted in the paper by Vengadesan and Nithiarasu [8]. Recent attempts by
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Vakamalla and Mangadoddy [9] to study the flow characteristics using hybrid LES/RANS

model (Detached Eddy Simulations (DES)) based on the Spalart-Allmaras RANS model

were unsuccessful as the simulation results were not in good agreement with experimen-

tal measurements. Many studies on the numerical simulation of cyclone separators use

Reynolds Stress Model (RSM) which requires lesser computational resources. Gao et al.

[10] studied the effect of vorticity and vortex structures (Q criteria) on the performance

of cyclone separators. They concluded that the study of vortex structures can be used to

design cyclone separators and improve the flow stability in the cyclone separator. Saidi et

al. [? ] investigated the flow field in a hydrocyclone using Large Eddy Simulations (LES)

and examined the vortex structures using λ2 criterion. They also studied the droplet

motion in the hydrocyclone. Wang et al. [11] studied the effect of different inlet angles

on the flow and particle tracks in the Hoekstra cyclone separator.

In recent times, hybrid turbulence models have been proposed as an alternative solu-

tion to LES and RSM. Hybrid turbulence models not only have the accuracy of LES, but

also computationally less expensive. RSM usually tends to be numerically unstable due

to the coupling of many equations which are avoided in hybrid models. Recent studies

by many authors [12], [13], [14], [15] have shown the importance of studying the effect of

hybrid turbulence models to various engineering problems. These studies help in better

adaptation of hybrid turbulence models in the future, and also improve the accuracy of

results for industrial problems.

The Lagrangian particle tracking requires various forces on the particles to be mod-

elled. The forces that are considered for particle motion influence the accuracy of the

predicted results. Hsieh and Rajamani [16] used only the drag and centrifugal forces,

and concluded that there was good agreement between results of LDV (Laser Doppler

Velocimetry) and simulations results for slurries in cyclone separators. Saffman and Mag-

nus lift forces were used by Tofighian et al. [17] in addition to drag and gravitational

forces. It was clear from their study that excluding the lift forces resulted in inaccurate

erosion predictions for larger particles. Fluid turbulence causes fluctuations which affect

particle motion and needs to be modelled when using the frozen-field approach. This is
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done using dispersion models. There are two major dispersion models: Discrete Random

Walk (DRW) and Continuous Random Walk (CRW). DRW models were initially used

widely. CRW models were found to perform far better than the DRW models, especially

in complex flows [18]. Hoekstra [1] used the CRW model along with LES as suggested by

Pope [19] to obtain a good agreement with experiments for the collection efficiency curve.

Sommerfeld’s CRW model [20] was found to be effective in modelling particle dispersion

in the study of Lipowsky and Sommerfeld [21].

Erosion becomes critical when large particles are involved. From previous studies, it

can be seen that there are areas of concentrated high erosion. This leads to an increased

cost of maintenance. There are many erosion models available in the literature (Finnie

[22], Zhang [23], Neilson and Gilchrist [24] etc.). Standard elbow case is used to compare

the performance of these models (Tofighian et al. [17] and Liu et al. [25]). These models

had to be used in combination with restitution models like Grant and Tabakof’s model

[26], Forder model [27] and Jun and Tabakof’s model [28] for betterment in results.

Some erosion studies have been carried out on different type of cyclone separators.

Dizajyekan et al. [29] evaluated many parameters like centrifugal force and erosion in

the Stairmand high-efficiency cyclone separator, and concluded that centrifugal forces

increased with inlet velocity. Here, Oka’s erosion model [30] was used, and it was con-

cluded that the maximum erosion was at the inlet and conical regions. Dehdarinejad et

al. [31] demonstrated that erosion was lower with non-uniform surface roughness when

compared to the case with smooth walls. Karri et al. [32] investigated the influence of

cyclone separator cylinder length and gas outlet velocity on the erosion of second-stage

cyclone separators, and reported that vortex stabilizers could be very useful in reducing

the erosion and maintaining the performance. Parvaz et al. [33] showed that when the

height of the inner cone increased, erosion increased too. Sedrez et al. [34] compared the

performance of Oka’s model [30] and DNV model [35] for erosion with the experimental

results for the cyclone separator. They concluded that Oka’s model performed better at

the top and the DNV model was better for predicting erosion in the cone. The former

was the only work which compared the erosion both numerically and experimentally.
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Various geometric modifications were developed in the cyclone separators for different

goals. Yang et al. [36] used the RNG k-ϵ model and other particle models without

dispersion modelling to conclude that helical triangular fins increased the separation

efficiency of the device. A similar observation was reported on adding a 3D-printed guide

vane to the device after using RNG k-ϵ model with simple particle models [37]. Fu et al.

[38] used RSM and Dispersed Phase Modelling along with experiments to show that a

slotted vortex finder increased the cut size of the equipment. Jihai et al. [39] used RSM

turbulence model to affirm that their novel cyclone with an additional inner cylinder and

an inlet at a lower height stabilized the flow field more. Due to the recirculating structures

at the top part of the cyclone separator, the particles get trapped between these structures

and the boundary layer leading to long particle residence at the top, forming ash rings [40]

and causing more erosion [17]. Zhang et al. [41] used complex geometric modifications

at various parts of the cyclone separators to reduce erosion. Extra inlets were used by

Liu et al. [25] to reduce the erosion around the cone bottom. Both these recent works

used a Rosin-Rammler particle distribution. An idea of avoiding sharp corners was used

to lower the erosion in elbow pipes by Duarte et al. [42].

A large number of studies have been conducted on the cyclone separators using exper-

imental and numerical methods. In this study we aim to use different turbulence models

to study if hybrid turbulence models are able to provide accurate predictions of the hy-

drodynamics. Then a design modification is studied to reduce the erosion in cyclone

separators.

2.2 Fins for Plate Heat Exchangers

Supercritical carbon dioxide (sCO2) is a potential working fluid for next-generation power

conversion systems owing to its high density, low viscosity, and high thermal conductivity

[43]. The sCO2 power cycle can achieve high thermal efficiency due to the reduction in

compression work. In addition, the fluid characteristics of sCO2 make it possible to design

compact and simple turbomachinery. Therefore, the rest of the sCO2 power cycle and

the exchanger determine the compactness of the entire system [44]. One of the major
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advantages of using PCHE is that the system can be scaled by increasing the number of

plates used in the assembly.

The PCHE (printed circuit heat exchanger) is a compact heat exchanger which can

provide high thermal-hydraulic performance. It has high heat transfer surface area den-

sity. The first enhancements to be tried on the PCHE are the zig-zag channels. The

pressure drop was high when the flow went through the sharp bends, which led to the

development of the sine-wave flow channels. This channel is obtained by rounding off the

sharp bends in the zig-zag channel. The next iteration of the design to further improve

the performance of PCHE, the sine wave channels were cut at the bends and were moved

from the center to create the offset configuration. These fins had a blunt end which helps

in promoting turbulence and enhancing heat transfer. The S-shaped fins were developed

from the offset configuration which resulted in reduced pressure drop with almost identi-

cal heat transfer performance when compared to the zig-zag model [45]. Another type of

enhancement for PCHE was developed by Kim et al. [46] They proposed a new discon-

tinuous airfoil fin channel which resulted in a significant reduction in the pressure drop

using numerical analysis.

The S-shaped fins were first introduced by Ngo et al [47]. They performed an ex-

perimental study on S-shaped fins for application in recuperator for carbon dioxide gas

turbine cycle. They concluded that the new S-shaped fin heat exchanger design resulted

in 3.3 times smaller volume and a 37% reduction in pressure drop requirement. Another

study by Ngo et al. [48] compared the performance of the S-shaped fins with the zig-zag

fins using ANSYS Fluent. They reported that the S-shaped fins provided 6-7 times lower

pressure drop while maintaining similar heat transfer performance. Tsuzuki et al. [45]

performed a parametric study on the S-shaped fins exploring the effect of the fin-angle,

overlapping length, fin width, fin length and edge roundness. Rounded fins resulted in

an increase of pressure drop by 30% when compared to no roundness. Tsuzuki et al. [49]

in another study provided Nusselt number correlations for both the hot (CO2) and cold

sides (water). The correlations for the cold (water) side is for 100 < Re < 1500 and

the correlations for the hot side are valid from 1500 < Re < 15000. Zhang et al. [50]
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performed a structural assessment of the S-shaped fins in PCHE developed for gas-cooled

fast reactors. Zhang et al. proposed using S-shaped fins with alloys which have high

mechanical strength. Ding et al. [51] used the S-shaped fins to build a new adaptive

flow path for regenerator heat exchangers. The new adaptive path resulted in a 69%

reduction in pressure loss. Zeng et al. [52] conducted experiments in a microchannel

heat exchanger assembly with S-shaped fins with water as the working fluid and provided

Nusselt number and friction factor correlations.

Rao et al. [53] used the S-shaped fins as a starting point to a multi-objective opti-

mization problem to develop a recuperator for supercritical carbon dioxide recompression

Brayton cycle. Yin et al. [54] performed a comparative study on different fin patterns for

a shell and plate particle supercritical CO2 moving packed bed heat exchanger. S-shaped

fins provided the best hydraulic performance among all the fin shapes considered. Kong

et al. [55] compared the performance of different fin shapes for lead-sCO2 intermediate

heat exchanger (IHX) for lead-cooled fast reactor (LFR) and concluded that the S-shaped

channel heat exchanger provides better power density than straight and airfoil channels.

Kindra et al. [56] studied the feasibility of using S-shaped fin heat exchangers in the

Oxy-Fuel Combustion power cycle. They were able to find optimum operating conditions

for the S-shaped fin heat exchanger.

In this study we will be focussing on the thermal-hydraulic performance of the 3D

twisted S-shaped fins and its comparison with S-shaped fins. The performance will be

studied for various Reynolds number and Prandtl numbers. The change in the flow

patterns due to the twist in the fins can be used to explain the reduction in the friction

factor.
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Chapter 3

Design of Cyclone Separator

3.1 Problem Statement

In this study, the focus is on the fluid flow characteristics in cyclone separators. We

propose the use of hybrid LES/RANS models as opposed to the RSM and LES methods

for capturing the flow features. The hybrid LES/RANS methods are computationally less

expensive than the LES model and are also able to capture instantaneous flow features

better than the predictions made by Reynolds Stress Model. The study is carried out for

three different inlet velocities (v = 8, 16.1, and 32 m/s) to understand the effect of inlet

velocity on the flow features in the cyclone separator.

3.2 Numerical methods and turbulence modelling

The simulations in this study are carried out using the finite-volume based open-source

software OpenFOAM-v1806 [57]. The turbulence models (k-ω SST, RSM LRR, LES

WALE (Wall-Adapting Local Eddy-viscosity), k-ω SST based DES (Detached Eddy Sim-

ulation), k-ω SST based DDES (Delayed Detached Eddy Simulation) and k-ω SST based

IDDES(Improved Delayed Detached Eddy Simulation)) implemented in OpenFOAM are

discussed in the following sub-sections, and are followed by a case description and the

boundary conditions used in the study.

3.2.1 Turbulence Modelling

RANS model

The RANS model used in this study is the two-equation k−ω SST model. In this model,

we solve for the turbulent kinetic energy (k) and the specific rate of dissipation (ω). The

key difference between the regular k−ω and the k−ω SST model is that the SST model

switches to k− ϵ from k−ω model in the free shear flow region. The model implemented

in OpenFOAM is based on the study by Menter et al. [58].
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The k − ω SST model is not sufficient to capture all the turbulent flow features,

therefore results pertaining to the Reynolds Stress from the two-equation model is not

discussed. One of the key phenomenon observed in the cyclone separator is the flow

separation, and however using the k−ω SST model to predict the flow separation might

result in erroneous results [59]. Only the mean velocity profiles from the model are

used for comparison with the other turbulence models. It is not recommended to use

two-equation models to solve for the turbulent flow field of cyclone separators. [9]

Reynolds Stress Model (RSM)

The Reynolds Stress Model (RSM) or the second-moment closure model focusses on

solving six Reynolds stresses along with mean flow equations to solve the turbulent flow

field. The model can predict anisotropy in the Reynolds stresses when compared to the

two-equation RANS models. The RSM model used in OpenFOAM is the LRR (Launder-

Reece-Rodi) model based on the study by Launder et al. [60]

The LRR model uses the linear pressure strain correlation. The LRR RSM model

has been used to model cyclone separators in the study by Shalaby et al.[61] The flow

in the cyclone separator exhibits streamline curvature and it is a key feature of the fluid

flow in the cyclone separator. The LRR RSM model is deficient in predicting the mean

rotational effects and streamline curvature. The shortcomings of the LRR RSM have been

documented in the works [62], [63]. Previous studies have shown that the rapid pressure

strain correlation is a limitation in rotating turbulent flows [64], [65], [66]. Quadratic

pressure strain correction RSM models are available and can be used, but the scope

of the paper is to investigate the applicability of hybrid LES/RANS models to cyclone

separators, not to investigate in details the suitability of various RSM models.

Large Eddy Simulations

Large Eddy Simulations (LES) in this study is done using the WALE (Wall-Adapting

Local Eddy-viscosity) model. This model is chosen based on the results accomplished by

Poncet et al. [67] where they have concluded that the WALE model is computationally
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less expensive when compared to other LES models. This ensures that we are compar-

ing the computationally least expensive LES model to hybrid LES/RANS models. The

WALE model as described by Nicoud and Ducros [68] is used in the simulations.

∂ũi
∂t

+
∂ũiũj
∂xj

=
−1

ρ

∂p

∂xi
+ ν

∂2ũi
∂x2j

− ∂τijSGS

∂xj
(3.1)

τijSGS = ũiuj − ũiũj (3.2)

µt = ρ∆2
s

(
Sd
ijS

d
ij

)3/2(
S̃ijS̃ij

)5/2
+
(
Sd
ijS

d
ij

)5/4 (3.3)

∆s = CwV
1/3 (3.4)

Sd
ij =

1

2

(
g̃2ij + g̃2ji

)
− 1

3
δijg

2
kk (3.5)

g̃ij =
∂ũi
∂xj

(3.6)

g̃2ij = g̃ikg̃kj (3.7)

In the above equations ui is the fluid velocity and ũi is the filtered velocity component.

Coefficients used in the simulation are: Ck = 0.094, Ce = 1.048, Cw = 0.325.

k − ω SST based hybrid models

The hybrid LES/RANS models used in this study are k − ω SST based models. These

models use equations to solve for turbulent kinetic energy (k) and specific rate of dissi-

pation (ω). The two quantities are then used to calculate turbulent viscosity. Switching

between the k−ϵ and k−ω models as a part of the k−ω SST model is also retained in the

hybrid model. Detached Eddy Simulation (DES) model implemented here is based on the

study by Strelets [69]. The Delayed Detached Eddy Simulation (DDES) and Improved

Delayed Detached Eddy Simulation (IDDES) are based on a study by Gritskevich et al

[70].
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∂ρk

∂t
= ∇ · (ρDk∇k) + min (ρG, (c1β

∗) ρkω)− 2

3
ρk (∇ · u)− ρ

k1.5

d̃
+ Sk (3.8)

∂ρω

∂t
= ∇ · (ρDω∇ω) + ργ

G

ν
− 2

3
ργω (∇ · u)− ρβω2 − ρ (F1 − 1)CDkω + Sω (3.9)

d̃ = min

(
CDES∆,

√
k

β∗ω

)
(3.10)

νt = a1
k

max (a1ω, b1F23S)
(3.11)

where αk1 = 0.85, αk2 = 1, αω1 = 0.5, αω2 = 0.856, β1 = 0.075, β2 = 0.0828,

γ1 = 5/9, γ2 = 0.44, β∗ = 0.09, a1 = 0.31, b1 = 1, c1 = 10, CDESkϵ = 0.6,

CDESkω = 0.82

In the hybrid LES/RANS models, LES is solved in some regions and the RANS equa-

tions are solved in the other regions. Many different hybrid models have been proposed

and they differ in the way the model switches between the LES and RANS region. Some

models employ prefixed switching between the LES and RANS regions also, called as

zonal models [71]. The models which facilitate a smooth transition (no prefixed dis-

tance) from RANS region to LES region are called non-zonal models [71]. In this study,

non-zonal models (smooth transition) are used and during the simulation the transition

is based on the equations 3.12 - 3.14, respectively for DES, DDES and IDDES. These

equations are based on Strelets [69] and Gritskevich et al [70]. The switching between

the models is based on the length scales calculated for the models. LLES corresponds to

the length scale used in LES and LRANS is the length scale used for the RANS model.

For the DDES and IDDES models, the length scales are multiplied by an empirical delay

function fd to shift the switch between the models.

d̃DES = min (ΨCDES∆, y) (3.12)

d̃DDES = max [LR∆S − fd,max (LRANS − LLES, 0)] (3.13)

d̃IDDES = max (fdLRANS + (1− fd)LLES, 1e− 6) (3.14)
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The variables in the above equations are defined below:

LRANS = y (3.15)

LLES = ΨCDES∆ (3.16)

fd = 1− tanh
[
(Cd1rd)

Cd2

]
(3.17)

Ψ2 = min

[
102,

1− 1−Cb1

Cw1κf∗
w
[ft2 + (1− ft2) fv2]

fv1max (10−10, 1− ft2)

]
(3.18)

rd = min

(
νeff

|∇u|κ2y2
, 10

)
(3.19)

where νeff is the effective viscosity, κ is a constant of value 0.41 and y is the distance

from the nearest wall. The other constants are σνt = 2/3, Cb1 = 0.1355, Cb2 = 0.622,

Cw1 = Cb1

κ2 + 1+Cb2

σνt
, Cw2 = 0.3, Cw3 = 2, Cv1 = 7.1, Cs = 0.3, CDES = 0.65, Ck = 0.07,

Ct3 = 1.2, Ct4 = 0.5, f ∗
w = 0.424.

3.2.2 Case Description and Boundary Conditions

The geometry of the cyclone separator used in this study is shown in Fig. 3.1. The

dimensions of the cyclone separator are non-dimensionalised using the diameter of the

cylindrical section (D = 290 mm). The results are discussed at three planes (z = 0.75D,

2D and 2.5D as shown in Fig. 3.1) as done in the experimental work by Hoekstra [1].

Uniform velocity is provided at the inlet. Pressure is kept constant, and all other scalars

are given zero gradient boundary condition at the outlets. Standard wall functions are

used for turbulent quantities in all the turbulent models. Air, at constant density of 1.2

kg/m3 and kinematic viscosity of 1.57 × 10−5 m2/s is used as the working fluid. Time

step used in the simulations is 5 × 10−6, which ensures that it is smaller than the residence

time for the cyclone separator. Courant number using the time step mentioned is between

0.2-0.3. Transient simulations are carried out with pisoFOAM solver in OpenFOAM. All

the mean flow quantities in this study are obtained by averaging after attaining the

stationary state of the turbulent flow in the cyclone separator.
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Figure 3.1: Solid particle cyclone separator

3.2.3 Mesh independence study

The simulations for mesh independence study are carried out for inlet velocity of 16.1

m/s and compared with the experimental results of Hoekstra [1]. Three mesh sizes (Mesh

- 1, 2 and 3) in Table 3.1 are used for the hybrid models, and meshes 3 and 4 are used

for the LES WALE model. Smaller sized meshes are not used for LES as they will result

in erroneous results since the grid sizes are not enough to resolve the flow field. The
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most optimum mesh is selected by looking at the tangential velocity prediction by the

different meshes. The tangential velocity for different meshes is shown in Fig. 3.2 for

the three different hybrid LES/RANS models and the LES model. Fig. 3.2 demonstrates

that mesh 2 is sufficient to capture the velocity profile in the cyclone separator for hybrid

models. Mesh 3 also predicts accurate results for the hybrid models but has almost twice

the number of cells as compared to mesh 2. The difference between the velocity values for

the two meshes is less, as shown in the magnified view. Therefore for faster computation

without compromising the quality of results, mesh 2 is used. Mesh 2 is also used for

the Reynolds stress model and the two-equation k − ω SST model. For LES, mesh 3

produces results as comparable to the experimental results, whereas mesh 4 over-predicts

the velocity values.

Table 3.1: Mesh independence test details

Mesh number Number of elements
Mesh 1 188756
Mesh 2 312441
Mesh 3 499194
Mesh 4 992162

3.3 Results and Discussion

The results discussed in this paper are related to the fluid flow characteristics of cyclone

separators. Accurate fluid flow characteristics are essential to understand the multiphase

nature of the cyclone separator. Firstly, the effect of different turbulence models is

discussed, and the most accurate model is chosen to discuss other results. Velocity

profiles and vorticity profiles are then discussed to understand the effect of different inlet

velocities.

3.3.1 Turbulence modelling

In this current study, three different hybrid LES/RANS turbulence models (k − ω SST

based DES, DDES, and IDDES) are considered as an alternative to the RSM and LES

models. The hybrid models differ in the region where the model switches between the

18



-1 -0.5 0 0.5 1

r/R

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0.4 0.5

1.4

1.6

1.8

(a) DES k − ω model

-1 -0.5 0 0.5 1

r/R

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0.4 0.5

1.4

1.6

1.8

(b) DDES k − ω model

-1 -0.5 0 0.5 1

r/R

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

0.4 0.5

1.6

1.7

1.8

1.9

2

(c) IDDES k − ω model

-1 -0.5 0 0.5 1

r/R

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

0.4 0.5

1.6

1.8

2

2.2

(d) LES WALE model

Figure 3.2: Mesh independence study for hybrid models (Experiment: Hoekstra [1])

RANS and LES model regions. The velocity profiles and turbulence parameters are

discussed for the different models.
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Figure 3.3: Tangential velocity profiles at three different planes for different turbulence
models (Experiment: Hoekstra [1])

To compare the performance of the different hybrid models, the tangential and axial
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Figure 3.4: Comparison of turbulence models (Experiment: Hoekstra [1])

component of velocities for the three different planes (plane 1, plane 2, and plane 3)

are plotted in Fig. 3.3 and compared with the experimental values. The velocity is

normalised using the inlet velocity. The region near the peak velocity is zoomed in to

show the differences in the models’ prediction. From Figure 3.3, it can be inferred that

k−ω SST based IDDES hybrid model performs better than the k−ω SST based DES and

DDES hybrid models. When comparing the results of the hybrid LES/RANS and the

LES model, we see that the IDDES model results are more accurate than the LES WALE

model for reduced mesh size in the near wall region and the central region of the cyclone

separator. All the models (hybrid LES/RANS and LES) are able to predict the tangential

component of the velocity profile throughout the width of the cyclone separator at plane

1 with reasonable accuracy. However, as we move further down the cyclone separator

to plane 2 and plane 3, there are differences in the tangential component of velocity

profile for different models. The IDDES hybrid model is able to predict the velocity

profile remarkably good at various locations in the cyclone separator. Fig. 3.4 shows the

tangential velocity profiles at three different planes comparing the RANS (k − ω) SST,

RSM and k−ω SST based IDDES models. We can see that the RSM model overpredicts
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the velocity at all the planes. The k − ω SST model is able to predict the peak value,

but is not able to predict the velocity around the centre region (|r/R| < 0.2) where it

underpredicts the velocity. This is because the two-equation k−ω SST model is not able

to capture the flow separation effects in the flow [72],[73]. When the hybrid turbulence

models based on the k − ω SST model are used, LES models are used in the regions

where flow separation occurs and this improves the velocity predictions made by the

hybrid turbulence models in the core region (|r/R| < 0.2).
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Figure 3.5: The LES (red) and RANS (blue) regions for the different hybrid models

The switching between the LES and RANS region is demonstrated in Fig. 3.5. This

figure is obtained by plotting the distance d̃ defined for each hybrid LES/RANS model

as defined in equation 3.10. The section for plotting is taken at the center of the cyclone

separator perpendicular to the inlet of the cyclone along the y-axis. The red region

corresponds to the LES model, while the blue region corresponds to the RANS model.

The RANS region is mainly concentrated near the wall region while the LES region is

spread over the entire volume. The DES hybrid model has the highest concentration of

the LES region when compared with other hybrid models, but underpredicts the velocity

at planes 2 & 3. The IDDES model has a lower concentration of LES region when

compared to DES but is able to better approximate the velocity profiles at all planes.

The IDDES hybrid model has a larger LES region than the DDES model, which improves

its prediction of velocity profiles when compared to the latter. Therefore appropriate
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region of LES and RANS is required to obtain accurate results.
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Figure 3.6: u′RMS and v′RMS from experimental data and Reynolds stress profiles at plane
1 from the IDDES and RSM model

Reynolds stresses play a role in modelling the motion of particles. When particle

tracking simulations are done for the cyclone separator, dispersion modelling is required

to model the turbulent fluctuations seen by the particle. The results provided here can aid

in developing a better model for turbulent fluctuations seen by the particle in a rotating

turbulent flow. The Reynolds stresses are scaled by the square of the inlet velocity to

facilitate a comparison with the experimental results available. The hybrid turbulence

models are able to capture anisotropy in the turbulence field better than RSM values

as seen in Fig. 3.6. The Reynolds stress values are plotted for v = 16.1 m/s in Fig.

3.6. In the figure the values of the Reynolds stress are compared to the RMS values of

the the fluctuating velocity data found in the experimental study and the RSM model

results. The trend of the Reynolds stress profile from the hybrid models is similar to the

experimental data published and are able to capture the location of the peak values of

Reynolds stress near the central region of the cyclone separator. The Reynolds stresses

u′v′, u′w′ and v′w′ have not been reported from experimental studies. The profiles for

these Reynolds stresses are provided in this study.

22



-1 -0.5 0 0.5 1

r/R

0

0.05

0.1

0.15

0.2

0.25

0.3

(a) Plane 1

-1 -0.5 0 0.5 1

r/R

0

0.05

0.1

0.15

0.2

0.25

(b) Plane 2

-1 -0.5 0 0.5 1

r/R

0

0.05

0.1

0.15

0.2

0.25

(c) Plane 3

-1 -0.5 0 0.5 1

r/R

-4

-2

0

2

4

6
10

-3

(d) Plane 1

-1 -0.5 0 0.5 1

r/R

-1.5

-1

-0.5

0

0.5

1

1.5
10

-3

(e) Plane 2

-1 -0.5 0 0.5 1

r/R

-1.5

-1

-0.5

0

0.5

1

1.5
10

-3

(f) Plane 3

Figure 3.7: Reynolds stress profiles for v = 16.1 m/s at different planes of the cyclone
separator
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Figure 3.8: Reynolds stress profiles for different velocities at Plane 1 of the cyclone
separator

The Reynolds stresses at different planes are shown in Fig.3.7. As we move down the

cyclone separator, undulations in the Reynolds stress increase due to a decrease in the
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cross-sectional area. This affects the velocity fluctuations, which act on the particles due

to high variation in the stress values. The effect of inlet velocity on Reynolds stresses is

shown in Fig. 3.8. The interesting result observed here is that at lower inlet velocities,

the value of v′v′ is higher in magnitude than the other Reynolds stresses, which are

qualitatively similar to the one in experimental results.

In the annular region (|r/R| > 0.9) of the cyclone separator, large velocity gradients

are present near the wall region which leads to higher predictions of the Reynolds Stress.

The velocity gradients increase as we move down in the cyclone separator, which leads to

a higher production of Reynolds stress. Due to the presence of the processing vortex core

at the centre (|r/R| < 0.2), the Reynolds stress decreases [74], [75]. The RSM model is

able to capture the anisotropy in the flow, but is not able to give a good prediction of the

Reynolds stress. The models are not able to capture the precessing vertex core effects.

The secondary peaks observed in the Reynolds stress are present near the peak values of

the velocity profile.
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Figure 3.9: Turbulent viscosity (νt) for three different hybrid models

Reynolds stresses are modelled using turbulent viscosity and the gradients of the

velocity. Overprediction of turbulent viscosity leads to overprediction in the turbulent

quantities. Therefore correctly predicting the value of turbulent viscosity is important for

obtaining accurate turbulent flow features. The turbulent viscosity is plotted for different

hybrid models in Fig. 3.9. The IDDES model has a low turbulent viscosity in the central

24



region when compared to the other hybrid models, which could be the reason for higher

accuracy in the velocity and the turbulent quantities.
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Figure 3.10: Turbulent kinetic energy (k) for three different hybrid models and different
inlet velocities

Figs. 3.10 a-c shows the turbulent kinetic energy for the three different hybrid models,

and also the effect of inlet velocity (Figs. 3.10 d-e) on turbulent kinetic energy distribution

in the cyclone separator. There is a significant difference in the distribution of TKE

between different hybrid LES/RANS models. The DDES model predicts a higher TKE

value near the walls, which is not accurate. As the inlet velocity is increased, we find that

the TKE also increases proportionally. The TKE predominantly increases in the region

where vorticity magnitude increases.
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3.3.2 Computational Time

One of the major advantage of using the hybrid LES/RANS models over the LES model

is its reduction in computational time. The computational time is calculated for all the

models after reaching stationary state for the flow in the cyclone separator. Simulations

are run for 20000 iterations on an Intel i7-7700 3.60 GHz processor with 4 cores for

comparison of computational time (see Table 3.2).

Computational time required for the hybrid models are comparable to each other.

Difference between the models arises because of different switching formulas between LES

and RANS regions for the hybrid models. There is a 55% reduction in computational

time for the k − ω SST based IDDES model compared to the LES WALE model. The

reduction in simulation time will also be reflected when we study the multiphase flow in

the cyclone separator, as these simulations take up a lot of time.

Table 3.2: Computational time for various models

Model Computational time (s)
k − ω SST 12931

Reynolds Stress Model LRR 16201
k − ω SST based DES 14326
k − ω SST based DDES 14359
k − ω SST based IDDES 14878

LES WALE 33700

3.3.3 Velocity distributions

The flow distribution in cyclone separators is three-dimensional and turbulent. The

profiles for velocity are obtained after statistical stationarity is achieved in the flow field

of the cyclone separator. After statistical stationarity, the profiles are averaged to obtain

mean velocity profiles.

The tangential and axial components of velocity profiles for k− ω SST based IDDES

model are shown in Fig. 3.11. The model is able to predict the correct trend of the

tangential and axial velocity profile at the three different planes. It is also able to cap-

ture the downward trend of axial velocity at the center of the cyclone separator. The
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Figure 3.11: Tangential (Tang) and axial (Axi) velocity profiles at three different planes
(Experiment: Hoekstra [1])

magnitude of peak value in the tangential component of velocity is not captured, but the

location of the peak value is predicted accurately by the models. The peak value of the

tangential component of velocity increases as we go from plane 1 to plane 3. This is due

to the decrease in the cross-sectional area in the conical region of the cyclone separator.
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Figure 3.12: Radial velocity profiles at three different planes for different inlet velocities

27



The radial component of the velocity profile for the cyclone separator is shown in Fig.

3.12. It is challenging to obtain this velocity measurement in experimental studies and

is usually obtained from the continuity equation using the tangential and axial velocity.

The asymmetric pattern in the radial component of the velocity profile in planes 2 and

3 shows that flow is not symmetric about the vertical axis. Therefore simulating with

axisymmetric conditions as reported in most of the literature will lead to errors in the

calculation of the velocity profiles and turbulent quantities.
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Figure 3.13: Velocity profiles at plane 1 for different inlet velocities

The effect of inlet velocity on the velocity profiles is shown in Fig. 3.13. The mag-

nitude of the peak velocity for all the velocity components increases as the inlet velocity

is increased from v=8 m/s to v=32 m/s. The position of the peak velocity does not,

however, change with the change in the inlet velocity. This shows that the vortex formed

at the central region does not change size as we increase or decrease the inlet velocity.

Some of the fluid from the inlet directly escapes through the vortex finder. This flow

is called the shortcut flow. The IDDES model is able to capture the shortcut flow from

the inlet through the vortex finder as shown in Fig. 3.14. A red circle is marked near the

vortex finder to show the shortcut flow in the cyclone separator. The amount of leakage

fluid does not vary much when the inlet velocity is changed.

3.3.4 Vorticity distribution

Insights on energy distributions in the cyclone separator can be obtained from the study

of vorticity. The magnitude of vorticity is plotted at three different planes for three
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Figure 3.14: Image showing the leakage of fluid through the vortex finder at inlet velocity
of 16.1 m/s

different inlet velocities in Fig. 3.15. The increase in the vorticity magnitude near the

wall (r/R=1 and -1) shows that a large quantity of energy is lost to the wall. The vorticity

is maximum, where there exists a steep gradient in the tangential and axial velocity. The

vorticity reduces as we move towards the wall. Near the wall region, the vorticity peaks

again and is maximum around the region closest to the wall. This is where the majority

of the energy in the cyclone separator is lost. A secondary peak is also visible at all inlet

velocities at plane 1, and this is due to the vortices formed at the vortex finder region

due to shortcut flow. The peak of the vorticity in the central region decreases as we move

down to planes 2 and 3. It is to be observed that the peak is not located at the geometric

center. The increase in inlet velocity increases the strength of the vorticity.

The vortices also influence the motion of particles, as some particles can get trapped

in vortices and be transported along with it. The instantaneous streamline patterns for

different inlet velocities are shown in Fig. 3.16. The streamlines are plotted in a section

perpendicular to the y-axis for non-dimensional time of 125T (T = D/u). From the figure,

it is evident that the vorticity strength increases as the inlet velocity is increased. The

vortices are concentrated primarily near the wall region, where the vorticity magnitude

is high, as seen in the line plot of vorticity in Fig. 3.15. The vortices seem to detach from

the wall due to swirl of the fluid. Some vortices are also concentrated near the vortex
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Figure 3.15: Vorticity profiles at three different planes
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Figure 3.16: Streamline patterns
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finder region. This is because shortcut flow that occurs in this region.

v = 8 m/s v = 16.1 m/s v = 32 m/s

Plane 1

Plane 2

Plane 3

Figure 3.17: Vorticity line patterns at various z cross-sections

The vorticity lines are plotted for the three different planes of the cyclone separator

in Fig. 3.17. As we move down the cyclone separator, the vorticity strength increases

due to a decrease in the cross-sectional area, which further increases the mixing of the

fluid. Vortices are mainly concentrated around the central region of cross-section, and

some vortices are also formed near the wall region. There is an increase in the vorticity

strength as we increase the inlet velocity.

3.4 Improvements

One of the major concerns in the operation of cyclone separators is erosion. Recent

studies have shown an increase in interest to reduce the erosion in cyclone separators.

Many design changes are recommended to change the geometry of the cyclone separator

without impacting its performance.

The major region of concern for erosion in cyclone separators is the top part. For

certain particle size ranges, particles are trapped in the vortices formed at the sharp
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corners of the cyclone separator and they continuously erode the surface. This can be

reduced by introducing fillets at the sharp corners. Different fillet radii (5mm, 10mm and

15mm) are considered and their effect on erosion is studied.

3.4.1 Particle motion modelling

xp refers to the position vector of the particle with respect to the origin, up and ωp refer

to the particle velocity and angular velocity respectively. mp is the particle mass. As

the particles move inside the fluid domain, it is affected by the forces that act on it. For

the flow regimes in our study, the drag force (FD), Saffman lift force (FS), Magnus lift

force (FM) and the gravitational force (FG) are the forces which play a major role and

the other forces can be neglected [17].

dxp
dt

= up (3.20)

mp
dup
dt

= FD + FS + FM + FG (3.21)

FD =
mpur
τp

(3.22)

where, τp is the particle relaxation time.

τp =
τpst
fd
, τpst =

ρpd
2
p

18µ
(3.23)

where τpst is the particle Stokes number.

ur = us − up (3.24)

ur is the relative velocity between the fluid and the particle. ans us is the fluid

velocity seen by the particle.us = Umean + u′s and u
′
s is reconstructed from hydrodynamic

variables by the turbulent dispersion model. Umean is calculated as < u > where ¡ ¿

indicates ensembled average.
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Rep =
|ur|dp
ν

(3.25)

is the particle Reynolds number. fd is obtained by the following equations using the

Schiller and Neumann correlation. [76]:

fd =


1; Rep ≤ 1

1 + 0.15Re0.687p ; 1 < Rep ≤ 1000

0.44Rep
24

; Rep > 1000

(3.26)

Drag is the force that dominates among the forces taken into consideration, especially in

the smaller particle regimes.

Saffmann force is a result of velocity gradients present in the fluid domain along the

path of the particle, resulting in a pressure gradient which in turn produces a lift on

particles.It is calculated using the Saffman-Mei correlation [77],[78]:

FS = 1.61Csd
2
pρ(2ν)

1/2|ω|−1/2(ur × ω) (3.27)

Cs =


(1− 0.3314λ1/2)exp(−0.1Rep) + 0.3314λ1/2; Rep ≤ 40

0.0524(λRep)
0.5; Rep > 40

(3.28)

where ω = 0.5(∇× < u >) is the angular velocity of rotation of the fluid element and

λ = dp|ω|
|ur| .

Magnus force acts on a particle because of it’s own spin which generates the lift.

Magnus and Saffman forces become more important when the particle sizes become larger

and particularly in erosion study [17] .This is calculated by Rubin and Keller relation

[79].

FM =
πCLRρd

2
p|ur|

8|ω|
(ur × ωr) (3.29)

Reω =
|ωr|d2p
ν

(3.30)

Ip
dωp

dt
= T ;T = −

d5pρ

64
CR|ωr|ωr (3.31)
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Ip = 0.1mpd
2
p, where Ip is the particle moment of inertia and the torque given by [80].

CR is as derived by Dennis et al [81]:

CR =


64π/Reω; Reω ≤ 32

12.9/Re0.5ω + 128.4/Reω; 32 < Rep ≤ 1000

(3.32)

3.4.2 Dispersion modeling

Initially, the model was derived from isotropic Langevin equations and was extended to

LES by Limpowsky and Sommerfeld [21]. The velocity fluctuation that the particle will

see in the next time step of its motion depends on the amount of fluctuation it sees at

the present time. This effect is quantified by the drift term and indicates the memory

effect. In the Sommerfeld’s CRW, this involves a Lagrangian temporal correlation (RL)

and an Eulerian spatial correlation (RE,ij).This effect is quantified by the drift term

and indicates the memory effect. In the Sommerfeld’s CRW, this involves a Lagrangian

temporal correlation (RL) and an Eulerian spatial correlation (RE,ij).

u′n+1
i = RP,i(∆tL,∆r)u

n
′i + σf

√
1−R2

P,i(∆tL,∆r)ζi +

[
1

1 + Std

]
1

ρ

∂(ρ < u′iu
′
j >)

∂xj
(3.33)

RE,ij(∆r) = (f(∆r)− g(∆r))
∆ri∆rj
|∆r|2

+ g(∆r)δij (3.34)

RL(∆tL) = exp(−∆t

TL
) (3.35)

f(∆r) = exp(−∆ri
LE,i

), g(∆r) = f(∆r)(1− ∆ri
2LE,i

) (3.36)

RP,i = RE,ij(∆r)×RL(∆tL) (3.37)

LE,∥ = 2LE,⊥ (3.38)

The equation is written in the local coordinate system with the the first coordinate

parallel to −Ur at that point. So, the variables involved must be transformed to the local
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coordinate system with transformation tensor and after the fluctuations are obtained

locally, they must be back transformed to the global coordinate system. In Equation

3.35, the fluid time scale TL =
CT σ2

F

ϵSGS
and the turbulent length scale LE = CLσfTL. Here,

σf =
√

2kSGS

3
and constants CT = 0.24, CL = 3.0. ∆ri refers to the relative position

vector and ∆r refers to the magnitude of relative displacement. In Equation 3.33, the

third term is called the drift correction term and is of great importance in accounting for

the inhomogeneity in turbulence and, if excluded could even result in an error of 500%

as highlighted by Bockshell and Loth [82].

3.4.3 Erosion modelling

Zhang’s model[83] was used to predict erosion in our work, since it gave best experimental

match for us. The model has been applied to various mateials and flow situations and

has always yielded good results. This E/CRC model predicts erosion ratio as follows:

ER = C(BH)−0.59FsV
n
p F (θ) (3.39)

F (θ) =
5∑

i=1

Aiθi (3.40)

Here, A1 = 5.4, A2 = −10.11, A3 = 10.93, A4 = −6.33, A5 = 1.42. ER refers to the mass

of the wall material removed per mass of impinging particle. BH refers to the Brinell

Hardness of the material which is eroded and Vp is the impact velocity of the particle

and n is the exponent of velocity associated with the model and is taken to be 2.41. Fs

refers to the particle shape coefficient and is 1 for sharp/angular particles. 0.53 for semi

rounded particles and 0.2 for fully rounded particles. Our cases are all for fully rounded

particles. C is an empirical constant whose value is 2.17× 10−7. The Erosion ratio must

be multiplied by mass of the particle impacting it and divided by area of the cell of impact

and the density of the wall material to get the units to m/kg which is what we use. The

value is multiplied by mass during every collision and the summation of these values is

normalised with the total mass injected to be reported.
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3.4.4 Restitution and coefficient of friction modelling

Of the restitution models available, we have used the model of Forder et al [27]. This

model was originally developed on Stainless steel chokes which raise from reservoirs and

have been used widely used since then in various scenarios to capture the particle wall

local interaction.

en = 0.988− 0.78α + 0.19α2 − 0.024α3 + 0.027α4 (3.41)

et = 1− 0.78α + 0.84α2 − 0.21α3 + 0.028α4 − 0.022α5 (3.42)

µst = µdy = µ = max(0.5− 0.175α, 0.15) (3.43)

en, et are coefficients of restitution in the normal and tangential directions to the wall

normal vector respectively. α is the angle of contact between the particle velocity vector

and the unit wall normal vector.µst and µdy are static and dynamic coefficients of fric-

tion respectively.The coefficient of friction plays an important role in the particle wall

interaction. In the studies carried out by Pereria et al. [84], it is clear that this way of

modelling coefficient of friction gives the best match to experiments and thus has been

used by us. The model in 3.43 was developed by Sommerfield and Huber [85] in their

work on particle laden horizontal flow measured with Laser beams.

3.4.5 Rebound model

When the particle collides with the wall, there is exchange of energy and momentum

between the wall and particles. This leads to a change in linear and angular velocities

after collision and the modelling approach of Breuer et al.[86] is applied here. Sufficient

mass loading was used to test and validate for different scenarios in 3D, which makes

the model highly generic [86].upr is the relative velocity of the point of contact during

collision, νcr is the critical relative velocity,n is the unit normal vector.

upr = u−p − (u−p · n)n− dp
2
ωp × n (3.44)
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νcr = −
7µst(1 + en)u

−
p · n

2(1 + et)
(3.45)

u+p = u−p −
2(1 + et)u

−
pr

7
+ (1 + en)(u

−
p · n)n (3.46)

ω+
p = ω−

p +
10(1 + et)n× u−pr

7dp
(3.47)

If |upr| <= νcr, it is considered non sliding collision and the equations 3.46 and 3.47 are

applied.

u+p = u−p + (1 + en)(u
−
p · n)[µdy

u−pr
|u−pr|

− n] (3.48)

ω+
p = ω−

p − 5

dp
(1 + en)(u

−
p · n) µdy

|u−pr|
n× u−pr (3.49)

Otherwise, the collision is taken to be sliding and 3.48 and 3.49 are used in post collision

calculations. Here, ’+’ and ’-’ refers to values after and before the collision respectively.
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Figure 3.18: Erosion reduction due to fillets
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3.5 Conclusions

The flow field characteristics observed in cyclone separators are predominantly turbulent

and multiphase in nature. This requires precise calculations of the velocity fields and

Reynolds stress to augment the design of cyclone separators. In this study, the hybrid

LES/RANS models DES, DDES and IDDES based on the two-equation k−ω SST RANS

model are studied in detail and are proposed as an alternative to the Reynolds Stress

Model (RSM) and the Large Eddy Simulations (LES) for cyclone-separator fluid flow

simulations. The hybrid models are able to accurately reproduce the experimental results

and require a smaller mesh size than the LES model. The hybrid turbulence models

are also able to capture the anisotropy in the Reynolds stresses much better than the

Reynolds Stress Model (RSM) which is important for multiphase dispersion models. The

RSM model is not able to account for the precessing vortex core effects which limits the

usage of the model. Among the hybrid models, it is found that the IDDES model based

on k−ω SST produces the most accurate results due to better switching model between

the RANS and LES regions.

The predictions of velocity between the different models are discussed and it is found

that the location of peak velocity remains the same across various inlet velocities. The

radial velocity profiles which are difficult to measure in experiments are plotted and are

found not to be axisymmetric. This observation is further established by looking at the

anisotropy of the Reynolds stress profiles obtained from the simulations. Therefore for

cyclone separators, it is recommended not to use axisymmetric simulation conditions.

RANS models predict the Reynolds stresses which are on the plane strain limit, which

is not desired for dispersion models in particle motion. The hybrid/LES models perform

better than the RANS and RSM models in providing better predictions to Reynolds

Stresses.

The flow within the cyclone separator is predominantly vortex dominated. The vor-

tex line graphs are plotted at various cross-sections helps to visualise the vorticity and

understand the energy losses in the flow.
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The main objective of this study is to highlight the gain in speed of simulations and

reduction in mesh requirement. There is a reduction in computational time of 55% when

compared to the LES model for a 37% reduction in mesh size. Saving in computational

time is paramount for industrial research studies, as it leads to quicker development.

There is considerable erosion reduction due to filleting the sharp corner of the cyclone

separator. For fillet radius of 10 mm, there is a reduction of erion of 90% for the 50 µm

particle.
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Chapter 4

Performance of 3D twisted S-shaped fins

4.1 Numerical modeling

To reduce the computational time spent in simulating the fins on the plate heat exchanger,

it is economical to use a periodic domain of the repeating fin pattern. This section

describes the geometry, the governing equations and boundary conditions used in this

study.

4.1.1 Geometry

The parameterization of S-shaped fins is shown in Equation 4.1.

y = ζsin(ωx) (4.1)

where the variables are defined as follows:

Table 4.1: Parameters for S-shaped fin

Variable name Expression
ζ 0.5lfsin(ψ)
ω π / (lfcosψ)
ψ tan−1((2/π)tanϕ)

The curve is formed by moving the curve along the direction vector (a,b), which are

defined as follows:

a =
dfcosβ

2cos(π
2
− ϕ− β)

(4.2)

b =
dfsinβ

2cos(π
2
− ϕ− β)

(4.3)

where β is the direction vector angle with respect to the x-axis. β needs to be selected

by us.

The parameters which can be varied are:

1. Length of the fin (lf )

2. Width of the fin (df )
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β

df

lf

ϕ

Figure 4.1: 2D drawing of S-shaped fin and parameters involved

Figure 4.2: Geometry

3. ϕ - Angle the curve makes with the horizontal

4. β

The 2D construction of the S-shaped fins is shown in Fig. 4.1. To create normal

S-shaped fins, the overlapping region is extruded in the normal direction. To create a

3D twisted S-shaped fin, we must include a rotation about the centre of the fin while

extruding.

The geometry is shown in Figure 4.2. The geometry consists of the S-shaped fin and

repetition of the fin in the streamwise (x) and spanwise (y) direction. The dimensions

of the geometry is two times the pitch in the x and y direction. The pitch chosen for

this study is 8.45 mm in the streamwise direction and 3.45 mm in the spanwise direction.

The fins are extruded for 1 mm in the z direction. The S-shaped fins are then twisted in

the z direction about the center of the fin. The twist angles chosen for this study are 0o

(No twist), 10o, 20o and 30o. The maximum twist angle is restricted by manufacturing

constraints from additive manufacturing. The no twist and 30o twisted S-shaped fins are

shown in Figure 4.3.
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(a) No twist fin (b) 30o twisted fin

Figure 4.3: 3D twisted S-shaped fins

4.1.2 Numerical Modeling

The Navier-Stokes and Energy equations need to be modified to account for the periodic

boundary conditions in the streamwise and spanwise directions. The equations accounting

for this are given in Equations 4.4-4.9. The equations are implemented in OpenFOAM

as a separate solver[87]. A momentum source (χ) needs to be added to maintain the

mass-flow rate or pressure drop in the flow. In the same manner, there is a sourcing term

for the energy equation (γ). The method used here is the one proposed by Patankar [88]

and also used by Allan Bjerg and Kristian Christoffersen [89].

∂ui
∂xi

= 0 (4.4)

∂ui
∂t

+ uj
∂ui
∂xj

= −1

ρ

∂p

∂xi
+

∂

∂xj

[
(ν + νt)

∂ui
∂xj

]
+ χδ1i (4.5)

∂T

∂t
+ uj

∂T

∂xj
=

∂

∂xj

[(
ν

Pr
+

νt
Prt

)
∂T

∂xj

]
− γū1 (4.6)

χ =
p(x, y)− p (x+ Ld, y)

Ld

(4.7)

γ =
T (x+ Ld, y)− T (x, y)

Ld

(4.8)
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γ =
q̇

Hcpubulk ρ
(4.9)

The equations only allow for a flow with a primary direction as the x axis. This can

be seen in Equation 4.5 where the momentum source is only multiplied by the Delta

function and applies only to the x momentum equation. For the energy equation, the

thermal source is multiplied by u1, which is the velocity in the x direction. In the above

equations, LD is the length of the domain in the x direction.

4.1.3 Turbulence modeling

The Reynolds number involved in this study fall in the turbulent regime. Since the

equations are implemented in OpenFOAM, it is possible to make use of the various

turbulence models available in the software. For this study the RANS based k-ω SST

turbulence model is used. The equations for the k-ω SST model are given in Equations

4.10 - 4.13.

∂k

∂t
+ uj

∂k

∂xj
= Pk − β∗kω +

∂

∂xj

[
(ν + σkνT )

∂k

∂xj

]
(4.10)

∂ω

∂t
+ uj

∂ω

∂xj
= αS2 − βω2 +

∂

∂xj

[
(ν + σωνT )

∂ω

∂xj

]
+ 2 (1− F1)σω2

1

ω

∂k

∂xi

∂ω

∂xi
(4.11)

F1 = tanh

{
min

[
max

( √
k

β∗ωy
,
500ν

y2ω

)
,

4σω2k

CDkωy2

]}4

(4.12)

νT =
a1k

max (a1ω, SF2)
(4.13)

F2 = tanh

[
max

(
2
√
k

β∗ωy
,
500ν

y2ω

)]2
(4.14)
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Pk = µt

(
∂uj
∂xi

+
∂ui
∂xj

)
∂uj
∂xi

− 2

3
ρk
∂uj
∂xi

(4.15)

The values of k and ω are used to calculate νt which is used in the Navier-Stokes and

energy equations. The term Pk in Equation 4.10 is the production term and is defined in

Equation 4.15. The constants used in the turbulence model are shown in Table 4.2. S is

the strain-rate tensor. The constants are computed by a blend from the corresponding

constant of k− ϵ and the k− ω model via α = α1F + α2(1− F ). y is the distance to the

nearest wall.

Table 4.2: Constants for k-ω SST model

σk1 σk2 σω1 σω2 β1 β2 γ1 γ2 β∗ a1 b1 c1

0.85 1.0 0.5 0.856 0.075 0.0828 5/9 0.44 0.09 0.31 1 10

4.1.4 Boundary conditions

Cyclic Arbitary Mesh interface (AMI) boundary conditions are used in the stream-wise

and span-wise directions for all the variables (u, T , p, k and ω). This boundary condition

allows for non-conformal patches to have a periodic boundary condition. The walls have

a no-slip boundary condition for velocity and constant temperature. The equations are

iterated till a constant value of gamma is achieved which corresponds to a constant heat

flux condition. The fvOptions is used to set the forcing velocity for the periodic flow.

4.1.5 Calculated Quantities

The quantities quantified in this study are the friction factor (f) and Nusselt number

(Nu). The friction factor is calculated from the pressure drop obtained from the solver.

f =
Dh

0.5ρu2ref

dP

dx
(4.16)

The Nusselt number is calculated on all the wall patches in the domain. This includes

all the fin surfaces as well as the bounding walls in the non-periodic directions. This is
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done to reflect the conditions in a plate heat exchanger with fins.

Nu = −dT
dn

Dh

∆T
(4.17)

dT

dn
=

∑
dT
dn
Ai∑
Ai

(4.18)

∆T = Twall − Tref = Twall −
∑
Tiu1Ai∑
u1Ai

(4.19)

The reference temperature (Tref ) is calculated on the periodic patch in the streamwise

direction. It is calculated on the velocity-weighted average in the streamwise direction.

The temperature gradient is calculated by area-weighted average over all the wall patches

in the domain.

The performance evaluation criteria (PEC) is calculated from the friction factor and

Nusselt number. PEC is calculated for equal pumping power.

PEC =
Nu/Nu0
(f/f0)1/3

(4.20)

4.2 Validation

4.2.1 Solver Validation

For validating the solver, we use the DNS data of Poiseuille flow for a Reτ = 180. This

flow was chosen for its simple geometry and the presence of periodic boundary conditions

in the streamwise and spanwise directions. The results from the k − ω SST model is

compared with the DNS data. The results are shown in Figure 4.4.

From the results, it can be concluded that the solver is able to solve periodic flows

with periodic boundary conditions in the streamwise and spanwise directions.

4.3 Results

The simulations in this study are run for 8 different Reynolds number. Variations in flow

variables are observed due to vortex shedding from the fins. Therefore the variables are
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Figure 4.4: Solver Validation

time averaged to get the statistics. All the simulations are run for 15 flow through time

to let the flow reach a steady state. After the 15 flow through times, the flow variables

are averaged for another 11 flow through time to capture the variations in the Nusselt

number and friction factor prediction.

4.3.1 Performance

Thermo-hydraulic performance is the key factor which needs to be considered for any new

fin developed. The Nusselt number and friction factor are calculated for the 4 different

twists. The Nusselt number decreases with increase in the twist angle. The variation of

Nusselt number with Reynolds number for Prandtl number of 0.8449 is shown in Fig. 4.5.

The Prandtl number 0.8449 corresponds to the inlet conditions on the cold side of the

heat exchanger. The Nusselt number decreases as we increase the twist. The difference

in Nusselt number increases as the Reynolds number increases.

The friction factor is the major reduction we see with the increase in the twist angle.

There is reduction of approximately 70% in the friction factor. This will greatly reduce

the pumping requirement. The variation of friction factor with Reynolds number for
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Figure 4.5: Nusselt number variation for Pr = 0.8449

different twist angles is shown in Fig. 4.6. In the turbulent regime, the friction factor

continuously reduces with increase in Reynolds number and this is observed in all the

twist angles.

Despite the reduction in Nusselt number, the reduction in friction factor overshadows

it and we see an increase in the Performance Evaluation Coefficient (PEC). This increase

in PEC is shown in Fig. 4.7. We see maximum PEC for twist of 30o. The maximum PEC

is 13%. The increase in PEC shows that increasing the twist angle results in a higher

performance.

The Chilton and Colburn J-factor analogy is calculated to find the relationship be-

tween fluid flow and heat transfer. This is shown in Fig. 4.8. The X axis has the friction

factor and the Y axis corresponds to Nu/(RePr(1/3)). When this line is plotted, we see

that for a given twist angle, all the data points fall in a straight line. This data can be

used to predict the performance of the system at intermediate data points and can also

be extrapolated.

The non-dimensional variables used for post-processing are defined as:

U∗ =
u

uref
(4.21)
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Figure 4.8: j factor for Pr = 0.8449

(a) Re = 5000 (b) Re = 60000

Figure 4.9: Time-averaged velocity contour for no twist

ω∗ =
ω

(uref/Dh)
(4.22)

τ ∗ =
τw

0.5ρu2ref
(4.23)

Dh is the hydraulic diameter. It is defined based on the smallest area between two fins

(Dh = 4A/P ). The hydraulic diameter changes with twist angle as the area between two

fins changes. uref is defined based on the Reynolds number of the flow. Re = ρurefDh/µ.

Figures 4.9, 4.10 and 4.11 show the normalized velocity, normalized vorticity and

normalized wall shear stress for the no twist fin at Reynolds number of 5000 and 60000.

As we increase the Reynolds number, we see that the recirculation region behind the

fin reduces. This is seen in the velocity and vorticity contours. In the wall shear stress

contour, we observe that the negative wall shear stress region reduces as we increase the
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(a) Re = 5000 (b) Re = 60000

Figure 4.10: Time-averaged vorticity contour for no twist

(a) Re = 5000 (b) Re = 60000

Figure 4.11: Time-averaged Wall Shear Stress contour for no twist in the central fin

Reynolds number. This results in reduced friction factor.

Figures 4.12, 4.13 and 4.14 show the normalized velocity, normalized vorticity and

normalized wall shear stress for the 10o twist fin at Reynolds number of 5000 and 60000.

Compared to the no twist fin, we find that the vortex regions behind the fin is more

closer to the fin. This is because the streamlines tend to stick to the twisted fin and not

separate. There is significant change in the wall shear stress contour when compared to

the no twist. The wall shear stress contour for Re 60000 is mostly close to zero as there

(a) Re = 5000 (b) Re = 60000

Figure 4.12: Time-averaged velocity contour for 10o twist
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(a) Re = 5000 (b) Re = 60000

Figure 4.13: Time-averaged vorticity contour for 10o twist

(a) Re = 5000 (b) Re = 60000

Figure 4.14: Time-averaged Wall Shear Stress contour for 10o twist in the central fin

is less separation and recirculation.

Figures 4.15, 4.16 and 4.17 show the normalized velocity, normalized vorticity and

normalized wall shear stress for the 20o twist fin at Reynolds number of 5000 and 60000.

The vortex regions are much closer to the fin and this results in even more reduction in

the friction factor. There is reduction in the Nusselt number as the recirculation region

is reduced compared to the no twist and 10o twist fins.

Figures 4.18, 4.19 and 4.20 show the normalized velocity, normalized vorticity and

(a) Re = 5000 (b) Re = 60000

Figure 4.15: Time-averaged velocity contour for 20o twist
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(a) Re = 5000 (b) Re = 60000

Figure 4.16: Time-averaged vorticity contour for 20o twist

(a) Re = 5000 (b) Re = 60000

Figure 4.17: Time-averaged Wall Shear Stress contour for 20o twist in the central fin

(a) Re = 5000 (b) Re = 60000

Figure 4.18: Time-averaged velocity contour for 30o twist

(a) Re = 5000 (b) Re = 60000

Figure 4.19: Time-averaged vorticity contour for 30o twist
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(a) Re = 5000 (b) Re = 60000

Figure 4.20: Time-averaged Wall Shear Stress contour for 30o twist in the central fin

normalized wall shear stress for the 30o twist fin at Reynolds number of 5000 and 60000.

Figures 4.9 to 4.20 show the time-averaged non-dimensional velocity, time-averaged

non-dimensional vorticity and time-averaged non-dimensional wall shear-stress on the

central fin for different angles of twist. The time-averaged wall shear stress reduces as

the we increase the Reynolds number for all angles of twist. For the highest Reynolds

number (Re = 60000), we see that there is reduction in the negative wall shear stress

when compared to the lower Reynolds numbers. This results in a decrease in the friction

factor.

The velocity patterns change as we increase the twist of the fin. The no twist fins

have a separation region which has high velocity. But as we increase the twist of the

fins, the separation region reduces in length and the velocity is more streamlined. The

velocity tends to stay connected to the fins. The maximum velocity also decreases as we

increase the twist of the fins.

The vorticity is much higher in the no twist fins compared to the 30o twisted fins.

The twist reduces the separation and removal of recirculation zones. This reduces the

pressure drop drastically and also the friction factor.

4.4 Conclusions

Novel 3D twisted S-shaped fins are designed for plate heat exchangers. These heat ex-

changers are to be used in the next generation supercritical CO2 power plants. There

is always a need to improve the performance of heat exchangers to reduce the pumping
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requirement without losing heat transfer performance. Instead of simulating the entire

plate of the heat exchanger, a representative periodic domain is chosen to reduce the

computational time for studying more designs. Periodic heat transfer with turbulence

modelling is used to gather data on the performance of the 3D twisted S-shaped fins.

The 3D twisted S-Shaped fins provide almost 75% reduction in the pumping requirement

with improved performance efficient coefficient of 10%-13%. The reduction in the friction

factor is due to the reduction in the recirculation zone behind the fin. The streamlines

are more attached to the fin as we increase the twist angle.
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Chapter 5

Design of Full Scale Heat Exchanger

5.1 Introduction

In this chapter, we build on the 3D twisted S-shaped fins performance to build full-scale

heat exchangers. Firstly we evaluate the performance of a single plate of a plate heat

exchanger built using Laser Powder Bed Fusion (LPBF) with titanium material with 3D

twisted fins. The CFD data is compared with the experimental data obtained in-house.

The friction factor and Nusselt number are compared with the experimental data. In

addition to the 3D twisted fin plate, a flat plate data is also obtained to calculate the

efficiency of the fins.

A heater for the full scale heat exchanger testing was developed by the experimental

team. Testing on the heater was limited, therefore CFD was used to supplement the

experiments. CFD is used to measure the performance of the heater and get detailed

temperature measurements over the heater.

Finally, full-scale themo-mechanical and fluid flow simulations of the plate heat ex-

changers have been carried out for various geometric dimensions. The plates are manu-

factured using Additive Manufacturing technologies. Two additive manufacturing tech-

niques considered in this study are the Laser Powder Bed Fusion (LPBF) and SEAM

process. The green parts made from manufacturing process have to be sintered in fur-

naces and this process also posses some constraints on the geometric dimensions. Using

the existing equipment available in-house, the maximum size of parts that can be gener-

ated is 12.5 cm× 12.5 cm using the SEAM process and 8.5 cm× 8.5 cm using LPBF.

5.2 Single Plate Data

5.2.1 Geometry

The simulations for a single plate is carried out using ANSYS 2021R2. The geometry

of the assembly is shown in Fig. 5.1. The geometry is an assembly of 5 different parts

- titanium plate (bluish gray), aluminium header(green), rubber seal (magenta), copper
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sheet (pink) and polyamide heaters (pink). Seven polyamide heaters are used to provide

the heat flux. The heaters are mounted on a copper sheet. The copper sheet is then at-

tached to the backside of the plate assembly. The plate assembly consists of the titanium

plate which is enclosed in an aluminium header. The aluminium header is sealed with

the titanium plate using a rubber seal. The thickness of the plate is 4 mm, with a fluid

gap of 1 mm. The closeup of the fins is shown in Fig. 5.2. The geometry for the flat

plate is similar to the plate with fins, with only the fins removed.

Figure 5.1: Exploded view of assembly

The mesh is generated for the entire assembly using ANSYS Fluent Meshing. Gen-

erating the mesh for this geometry was difficult owing to the close gaps between the 3D

twisted S-shaped fins. Initial attempts were made using the tetrahedral elements, but
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Figure 5.2: Close up of the 3D twisted S-shaped fins

Figure 5.3: Polyhedral mesh of the fluid region

the software was not able to generate the prism layers near the fins. Therefore polyhedral

mesh elements were used to mesh the geometry. Polyhedral meshes are generated in par-

allel in ANSYS Fluent, whereas tetrahedral meshes are generated in serial as of in ANSYS

2021R2. Meshing in parallel greatly reduces the mesh generation time. The mesh on the

a face in the fluid region is shown in Fig. 5.3. Conformal meshes are generated between

the fluid and solid regions to reduce the computational time. The mesh is generated to

maintain a y+ < 5 for the highest Reynolds number.

5.2.2 Modelling

This is a conjugate heat transfer simulation. The heat flux is applied at every heater as

a boundary condition. Pressure inlet boundary condition is used to specify the pressure

and temperature in the inlet. Mass-flow outlet is mentioned at the outlet. All internal

walls (in contact with other surfaces) are set to coupled boundary condition to account

for conjugate heat transfer. All external walls (not attached to other surfaces) are set to
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Table 5.1: Material Properties

Material Density
(kg/m3)

Thermal conductivity
W/m · ◦C

Specific heat J/kg◦C

Aluminium 2719 202 871
Rubber 1300 0.25 1350

Ti-6Al-4V 4430 6.7 526.3

zero heat flux (fully insulated).

ANSYS Fluent has the in-built NIST Refprop database which has the thermal proper-

ties for many fluids. Air is the working fluid in these simulations, and the NIST Refprop

is used to generate the thermal properties. The material properties of the solid are

tabulated in Table 5.1.

The simulations are carried for a range of Reynolds number varying from 1000 - 8000.

For lower Reynolds number (less than 2500) are in the laminar regime and no turbulence

model is used. The k−ω SST turbulence model is used to model the fluid flow for higher

Reynolds number flow.

Constant heat flux boundary conditions are used on the heater surfaces. The resis-

tance of the heaters was measured in the lab by the experimental team and the voltage

applied to each heater was also given. Using this information, the heat flux from the

surface is calculated in W/m2. The heat provided to the heaters for different Reynolds

numbers are given in Table 5.2.

The results are compared with the experimental data provided by the team. Nusselt

number (Nu) and friction factor (f) are compared. The Nusselt number is calculated

using Equation 5.5 and the friction factor is calculated using Equation 5.6.

∆Tin = Tsurface,in − Tfluid,in (5.1)

∆Tout = Tsurface,out − Tfluid,out (5.2)

∆TLM =
∆Tin −∆Tout

ln
(

∆Tin

∆Tout

) (5.3)

58



Table 5.2: Heat flux boundary condition

Re Heater
1
(W/m2)

Heater
2
(W/m2)

Heater
3
(W/m2)

Heater
4
(W/m2)

Heater
5
(W/m2)

Heater
6
(W/m2)

Heater
7
(W/m2)

1202.31 4148.73 4090.19 4140.27 4098.45 4140.27 4090.19 4140.27
1605.31 5732.59 5651.70 5720.90 5663.11 5720.90 5651.70 5720.90
1997.41 7061.91 6962.25 7047.50 6976.31 7047.50 6962.25 7047.50
2382.65 8667.040 8544.72 8649.35 8561.99 8649.35 8544.72 8649.35
2789.73 10179.09 10035.44 10158.32 10055.71 10158.32 10035.44 10158.32
3196.76 11649.50 11485.10 11625.73 11508.30 11625.73 11485.10 11625.73
3624.65 12737.85 12558.09 12711.86 12583.46 12711.86 12558.09 12711.86
4064.26 13701.38 13508.02 13673.42 13535.31 13673.42 13508.02 13673.42
2795.72 10191.62 10047.79 10170.82 10068.09 10170.82 10047.79 10170.82
3209.10 11698.24 11533.15 11674.37 11556.45 11674.37 11533.15 11674.37
3607.32 13163.80 12978.03 13136.94 13004.25 13136.94 12978.03 13136.94
4060.42 13792.59 13597.94 13764.45 13625.41 13764.45 13597.94 13764.45
4442.05 13865.06 13669.39 13836.77 13697.01 13836.77 13669.39 13836.77
4878.15 13915.37 13718.99 13886.98 13746.70 13886.98 13718.99 13886.98
5308.06 13907.43 13711.16 13879.05 13738.86 13879.05 13711.16 13879.05
5742.00 13967.39 13770.27 13938.89 13798.09 13938.89 13770.27 13938.89
6205.07 14162.94 13963.07 14134.04 13991.27 14134.04 13963.07 14134.04
6629.82 14034.59 13836.53 14005.96 13864.48 14005.96 13836.53 14005.96
7053.83 14096.18 13897.24 14067.41 13925.32 14067.41 13897.24 14067.41
7493.38 14165.13 13965.22 14136.23 13993.44 14136.23 13965.22 14136.23
7937.95 14084.36 13885.60 14055.63 13913.65 14055.63 13885.60 14055.63
8271.58 14325.67 14123.50 14296.44 14152.03 14296.44 14123.50 14296.44
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U =
ṁCp(Tfluid,out − Tfluid,in)

∆TLMAHX

(5.4)

Nu =
UDh

kfluid
(5.5)

f = ∆P
ρDhA

2
C

2Lṁ
(5.6)

The surface and fluid temperatures are obtained from 7 different locations in the plate

heat exchanger. The solid probes are placed 1.6 mm from the bottom of the plate and

the fluid probes are placed at the interface of the fluid and solid at the top surface. The

calculation of Nu and f in CFD follows the same procedure as in the experiments.

5.2.3 Results

The simulations are carried out for various Reynolds number ranging from 1000 - 8000.

This Reynolds number is lower than the Reynolds number range for the full scale heat

exchanger. The Nusselt number and friction factor for the finned and flat plate are shown

in Fig. 5.4.

The Nusselt number for the finned plate is under-predicted compared to experiments

by about 35-38% at all Reynolds number, whereas for the flat plate, the Nusselt number

is much better predicted and the maximum error observed is 18%. There could be 2

reasons for the high mismatch in the Nusselt number prediction for the finned plate: 1.

Turbulence modelling and 2. Surface roughness. This has been studied by Garg et al.

[90]. In the study by Garg et al., they have documented the increase in the Nusselt

number and friction factor for additively manufactured surfaces. They found that due

to roughness, they had 1.2-3 times enhancement in heat transfer compared to smooth

pipes. The additive manufacturing used in that study is Laser Powder Bed Fusion with

material IN939. The roughness on the sides of the fins also increases the friction factor

which is seen in Fig. 5.4c. These trends are not that pronounced in the flat plate case.

The probe temperatures are measured at different locations in the domain and are

presented in Fig. 5.5. The solid probes in the flat plate case are within 1% percent error

with the experimental data which is within experimental measurement error. The solid
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Figure 5.4: Performance of single plate - Nu and f

probe temperatures for the finned case has a higher mismatch with the experimental data

with the maximum mismatch for the Probe 1, which is near the inlet. The bounds drawn

with dashed lines in all the figures correspond to 7% from the ideal value. The fluid probe

data has a greater spread because it was not possible to know exactly where the probe

was placed in the fluid.

The temperature difference between inlet and outlet, and the pressure drop between

inlet and outlet is shown in Fig. 5.6. The temperature difference is captured well by

CFD and the maximum difference with experiments is 2% in the finned case. We also

get a good prediction of dT for the flat plate case. The pressure drop has a maximum

error of 12% for the finned case.
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(c) Fluid probes - finned
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Figure 5.5: Performance of single plate - temperature probes

5.3 Design of High Temperature Heater

A custom heater is required to be designed for the testing the full scale heat exchangers

at high temperatures (800oC - 900oC). A heater has been designed by the experimental

team using graphite. Testing these heaters for different test conditions is very difficult

and expensive. To aid in capturing the performance of the heater, CFD simulations are

used to study the performance of the graphite heater. The graphite heater has been

machined using wire EDM.

5.3.1 Geometry

The geometry of the heater is shown in Fig. 5.7. The heater is designed in a way to have

maximum heat transfer area. The heater is enclosed in an aluminium sheath and the
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Figure 5.6: Performance of single plate - dT and dP

entire assembly is covered by insulation.

The mesh for this geometry is generated using ANSYS Fluent 2021R2. Polyhedral

mesh with prism layers to maintain the y+ < 5. The computational domain of the

geometry is shown in Fig. 5.8. The inlet is on the right side of the image and the

outlet on the left side. The heater is placed in the centre of the computational domain,

insulated.

5.3.2 Modelling

The heater works on the principle of Joule’s heating. For measuring the performance

of the graphite heater, it is required to model the electric potential in the heater. An

additional equation is solved for the electric potential in addition to the Navier-Stokes

and energy equation. The turbulence modelling is done using the k − ω SST turbulence
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(a) Front View (b) Top View

Figure 5.7: Graphite heater

Figure 5.8: Computational domain for the heater

model.

∂ui
∂xi

= 0 (5.7)

uj
∂ui
∂xj

= −1

ρ

∂p

∂xi
+

∂

∂xj

[
(ν + νt)

∂ui
∂xj

]
(5.8)

uj
∂T

∂xj
=

∂

∂xj

[(
ν

Pr
+

νt
Prt

)
∂T

∂xj

]
+ Sh (5.9)

∂

∂xj

[
σ
∂ϕ

∂xj

]
+ S = 0 (5.10)

Sh is the source term in the energy equation (Equation 5.9) for Joule’s heating. The

term is defined as: Sh = σ|∇ϕ|2.

Pressure inlet boundary condition is used at the inlet to specify the inlet pressure

and fluid temperature at the inlet. Mass flow outlet boundary condition is used at the
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outlet. The leads of the heater are given constant potential. 12V is provided to the

positive terminal and 0V is provided to the negative terminal. The outer walls of the

computational domain are insulated.

Nitrogen is the working fluid in the simulations. Since the pressure drop across the

heater is very less (approximately 100 Pa), only temperature dependent properties are

used for the fluid. Polynomial fitting is used to get properties of the fluid: density,

viscosity, specific heat and thermal conductivity of the fluid. The solid material has

constant properties as we are solving for steady state temperature distribution on the

heater. The resistivity of the heater is the most important parameter. The resistivity

for the graphite heater is measured in-house and used in these simulations. The elctrical

conductivity of the fluid does not play a major role in these simulations.

5.3.3 Results

Steady-state simulations are run to get the temperature profile of the graphite heater and

the outlet temperature of the domain. The outlet of this heater is used as the inlet for

hot side of the heat exchanger.

(a) Temperature contour of the middle plane (b) Temperature contour of the graphite heater

Figure 5.9: Temperature contour

The simulations are run for a mass flow rate of 0.006866 kg/s at 25.3 bar. The

area-averaged temperature at the inlet is 745 K and the area-averaged temperature at

the outlet is 1301.278 K. An increase of 556 K is observed. The outlet temperature

calculated from experiments at the centre of the outlet patch is 1207 K and from CFD

it is 1256.7588. The error between the CFD prediction and experiment is 4.11%. This

shows that CFD is able to predict the performance of the heater.

65



(a) Temperature contour (b) Velocity contour

Figure 5.10: Contours at the centre of the heater

5.4 Full scale heat exchanger simulations

In this section, we discuss the performance of heat exchangers that are designed for high

temperature and high pressure applications. The operating temperatures in the heat ex-

changer vary from 300oC to 1100oC. The materials considered for the heat exchangers is

Haynes 214. The properties of the material is taken from the Haynes 214 brochure [91].

The properties are given in Table 5.3.

The datasheet provided by Haynes International does not contain the Youngs modulus

which is necessary for doing Thermo-Mechanical simulations. The Youngs modulus data

at various temperatures can be obtained from these published sources [92]. The data

obtained is for rolled and subsequently solution heat-treated strips. The data is shown

in Table 5.4. The data might vary with additively manufactured parts.
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Table 5.3: Properties of Haynes 214

Temperature Expansion
cofficient
×10−6◦C

Thermal conductivity
W/m · ◦C

Specific heat J/kg◦C

20 − 12 452
100 − 12.8 470
200 13.3 14.2 493
300 13.6 15.9 515
400 14.1 18.4 538
500 14.6 21.1 561
600 15.2 23.9 611
700 15.8 26.9 668
800 16.6 29.7 705
900 17.6 31.4 728
1000 18.6 32.7 742
1100 20.2 34.0 749

Table 5.4: Themo-physical properties of Haynes 214

Temperature (oC) E (GPa) G (GPa) ν
20 217.2 83.2 0.305
50 212.4 81.0 0.312
100 209.8 80.0 0.311
150 206.5 78.6 0.314
200 202.5 76.7 0.319
250 199.3 75.8 0.314
300 195.9 74.5 0.315
350 191.6 72.5 0.321
400 188.1 70.9 0.327
450 185.5 70.1 0.324
500 182.2 68.7 0.326
550 179.2 67.6 0.326
600 174.9 65.6 0.333
650 171.2 64.2 0.334
700 165.7 62.1 0.335
750 163.1 61.1 0.336
800 159.1 59.6 0.335
850 153.6 57.3 0.339
900 151.2 56.3 0.343
950 144.5 54.7
1000 139.2 50.0
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5.4.1 Geometry Description

The plate frame heat exchangers are designed for two configurations: Cold-Hot-Cold

(CHC) and Cold-Hot (CH). The plate thickness is chosen to be 4 mm and the the fin

thickness is 1 mm. The inlet and outlet holes are located 15.53 mm from the edges of the

plate. This dimension is chosen to accommodate for the experimental apparatus present

in the university and also for sealing. The inlet and outlet in the top and bottom plates

need to be sealed to the flanges to avoid leakages. The CAD drawing of the CHC is

shown in Figure 5.11 and that of CH configuration is shown in Figure 5.12.

Figure 5.11: CHC configuration heat exchanger (in mm)

The heat exchanger is designed to have a capacity of 50 KW. To achieve this the plates

are stacked up in their respective configurations and the necessary capacity is reached.

The stacked up heat exchanger is shown for the CHC combination in Figure 5.13. The

fin shapes in the heat exchanger is not optimized and the pitch of the fin distributions in

the x and y direction is based on existing literature and has not been optimized for the

current geometry. The fin shape and pitch length will be optimized in the next part of
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Figure 5.12: CH configuration heat exchanger (in mm)

the project.

5.4.2 Simulations

CFD Simulations

The CFD simulations are run in ANSYS Fluent. The inlet mass flow rate is fixed at

0.007 kg/s. The Reynolds number corresponding to the inlet mass flow rate is 8625.783

on the hot side and 13831.828 on the cold side based on the diameter of the inlet and

outlet. The boundary conditions used are displayed in Table 5.5. The MNIST database

is used to get the properties of CO2. A lookup table is created within ANSYS Fluent

using the in-built MNIST database to get the properties of the fluid. The properties of

the solid material are given as in Table 5.3 and piecewise-linear.

The mesh is generated using ICEM CFD. Unstructured volume meshing is used to

create the mesh. The y+ values near the fins is maintained between 10-30. k − ω SST

turbulence model is used to describe the turbulent flow field. The y+ values obtained

are acceptable if wall functions are used along with the turbulence models. The Energy
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Figure 5.13: Exploded view of the staked up heat exchanger

Table 5.5: Boundary conditions

Patch/Surface Boundary condition
Hot Inlet Pressure Inlet (8 MPa and 1373 K)
Cold Inlet Pressure Inlet (25 MPa and 573 K)
Hot Outlet Mass flow outlet (0.007 kg/s)
Cold Outlet Mass flow outlet (0.007 kg/s)
External walls Adiabatic walls

Internal walls and fins No slip and Coupled wall for heat transfer

equation is solved for heat transfer. Steady State simulations are used. The simulations

are run till convergence of 0.001 is obtained in the continuity, momentum and energy

equations.

The outlet temperature and pressure drop across the heat exchangers is calculated.

The power capacity of the heat exchanger is also calculated. The power is calculated

using the following the formula:

Q = ṁ(hin − hout) (5.11)

where ṁ is the mass flow rate in kg/s and h is the enthalpy of the fluid in J/kg. The

enthalpy of the fluid is also calculated using the MNIST database in ANSYS Fluent.
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Mesh Independence Study

Table 5.6: Mesh independence

Parameters Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5
Number of cells 6,228,924 13,082,814 17,762,678 33,395,894 70,829,479
y+ 18-32 15-25 10-20 8-15 6-11
∆PHot (kPa) 38.1931 37.190 36.836 37.089 39.8951
∆PCold (kPa) 3.466 3.546 3.643 3.877 4.258
∆THot 356.2057 362.4732 380.361 401.8403 411.8797
∆TCold 379.1651 385.7156 396.624 415.978 428.1011
Power (KW) 3.25 3.38 3.48 3.61 3.73

5.4.3 Results

The plate heat exchangers are tested for various designs and sizes. The geometrical size

is varied keeping in mind the constraints from manufacturing. The simulations are run

for a range of sizes and the results are tabulated in Table 5.7 and 5.8. All the plates

are made to have the same fin design and arrangement to study only the effect of the

different geometrical configurations.

The specific power (Power/Mass) decreases with increased size of geometry. The C-H

configuration provides higher specific power compared to the C-H-C configuration, but

the pressure drop in the cold side is much higher compared to the C-H-C configuration.
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Table 5.7: Different Designs 1

Parameters Design 1 Design 2 Design 3 Design 4 Design 5
Dimension 90 mm x

90 mm
100 mm x
100 mm

110 mm x
110 mm

125 mm x
125 mm

90 mm x
90 mm

Configuration C/H/C C/H/C C/H/C C/H/C C/H
∆Phot (kPa) 30.6351 36.429 34.596 29.287 31.4106
∆Pcold (kPa) 3.888 3.443 3.480 2.772 14.834
∆Thot (K) 347.3908 384.1103 414.9515 461.2647 311.7672
∆Tcold (K) 364.7999 402.1847 439.9473 474.0436 315.981
Power (KW) 3.2 3.4 3.8 4.2 2.8
Mass (kg) 0.8722 1.0984 1.3317 1.5358 0.6439
Volume (m3) 0.0001083 0.000136 0.0001654 0.0001907 0.00007998
A (m2) 0.02028 0.02717 0.03476 0.04793 0.01369
U (W/m2K) 489.5181 647.2350 393.0789 234.2732 500.1031
UA (W/K) 9.9274 17.5854 13.6635 11.2287 6.8464
Number
of plates
(Hot/Cold)

16/32 15/30 14/28 12/24 18/18

Mass (kg) 11.075 13.103 14.8527 16.5144 8.3488
Volume (m3) 0.001375 0.001627 0.001845 0.002051 0.001037
Power/Mass
(KW/kg)

4.5146 3.8156 3.3663 3.0276 5.9888

Power/Volume
(KW/m3)

36363.63 30731.4 27100.27 24378.35 48216

Power/UA (K) 5036.5654 2843.26 3659.38 4452.87 7303.1
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Table 5.8: Different Designs 2

Parameters Design 6 Design 7 Design 8 Design 9
Dimension 125 mm x

62.5 mm
100 mm x
100 mm

125 mm x
125 mm

80 mm x
80 mm

Configuration C/H/C C/H C/H C/H/C
∆Phot (kPa) 63.046 42.0021 30.814 42.711
∆Pcold (kPa) 4.013 14.141 10.696 2.589
∆Thot (K) 321.3259 356.456 424.0308 307.9151
∆Tcold (K) 324.543 377.294 442.8071 318.9162
Power (KW) 2.9 3.3 3.9 2.8
Mass (kg) 0.8583 0.811 1.2718
Volume (m3) 0.0001066 0.0001007 0.0001579
A (m2) 0.01747 0.01825 0.03217 0.0148
U (W/m2K) 423.2571 613.9139 456.7999 461.8864
UA (W/K) 7.3943 11.2043 14.695 6.8359
Number
of plates
(Hot/Cold)

18/36 15/15 13/13 18/36

Mass (kg) 12.253 8.8162 12.029
Volume (m3) 0.001522 0.0011 0.001494
Power/Mass
(KW/kg)

4.0806 5.64256 4.1566

Power/Volume
(KW/m3)

32851.51 45454.545 33467.2021

Power/UA (K) 6761.9 4462.5 3402.5178 7.3143
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Scaling up

Table 5.9: Large scale HX simulations

Parameters
\Number of
plates

1 set 5 set 10 set 18 set

Configuration C/H C/H C/H C/H
Dimensions 100 x 100 x

43
100 x 100 x
83

100 x 100 x
147

Mass flow rate
(kg/s)

0.007 0.035 0.07 0.126

∆Phot (kPa) 42.0021 39.2187 46.536 65.3604
∆Pcold (kPa) 14.141 13.375 15.741 24.597
∆Thot (K) 356.456 364.1612 369.517 364.1432
∆Tcold (K) 377.294 370.7624 376.074 372.032
Power (KW) 3.3 16.24 33.1 59.45
Mass (kg) 0.811 3.0989 5.958 10.5335
Volume (m3) 0.0001007 0.0003849 0.0007401 0.001308
A (m2) 0.01825 0.09004 0.1797 0.3233
U (W/m2K) 613.9139 615.7687 665.3 634.8958
UA (W/K) 11.2039 55.4438 119.5544 205.2618
Power/Mass
(KW/kg)

4.069 5.2405 5.55 5.6438

Power/Volume
(KW/m3)

32770.605 42192.777 44723.685 45451.0703

Power/UA (K) 294.5402 292.909 276.8614 289.6301

Influence of mass-flow rate

This section discusses the effect of mass flow rate on the power rating of the heat ex-

changer. The Cold-Hot-Cold combination of plates is taken to discuss the results.

Table 5.10: Effect of mass flow rate

Mass Flow Rate
(kg/s)

Power
(KW)

Power
Density
(KW/kg)

0.007 3.4 3.09
0.0084 4.03 3.668
0.01 4.6 4.189
0.02 7.6 6.92
0.03 10.3 9.38
0.035 11.5 10.46
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Effectiveness and NTU

For calculating the effectiveness of the heat exchanger, we need the minimum of the

specific heat (Cp) between the hot and cold side. The specific heat is minimum in the

outlet of the hot side. The variation of Specific heat for CO2 is shown in Figure 5.14.
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Figure 5.14: Specific Heat values for CO2

To study the effectiveness of fins, 4 different designs with different angles of twist

and different fin widths are chosen and studied at different mass flow rates to study the

variation of effectiveness and power output. The different designs are shown in Figure

5.15. Two different angles of twist are chosen 20o and 40o. Two different fin widths of

1.8 mm and 3.2 mm. The bigger fin width is chosen to provide more structural support

to the system.
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(a) Fin width, d 1.8 mm, Twist angle 20o
(b) Fin width, d 1.8 mm, Twist angle 20o ori-
ented vertical to flow

(c) Fin width, d 1.8 mm, Twist angle 40o (d) Fin width, d 3.2 mm, Twist angle 20o

Figure 5.15: Different fin designs

Figure 5.16: New arrangement of fins
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Table 5.11: Effectiveness for 10 cm x 10 cm HX

Fin shape ṁh

(kg/s)
ṁc

(kg/s)
Th,in (K) dPh (kPa) dPc (kPa) Specific

Power
(KW/kg)

Power
Density
(KW/m3)

Power/UA Effectiveness NTU

Fin Width 3.2 mm,
Twist Angle 20o

0.007 0.014 1173 32.91 43.46 47.38 35267.07 296.7 0.532 1.075

0.007 0.02 1173 32.96 83.04 4.69 37732.01 309.1 0.569 1.104
0.007 0.028 1173 33.19 153.94 5.04 40567.82 316.6 0.612 1.159
0.009 0.027 1173 53.64 142 5.78 46522.18 339.4 0.545 0.964

Fin Width 1.8 mm,
Twist Angle 20o

0.009 0.027 1173 139.42 205.51 6.60 50734.50 313.8 0.591 1.131

0.007 0.028 1173 84.77 206.61 5.36 43154.21 294.6 0.647 1.317
0.007 0.035 1173 84.01 325.54 5.50 44266.97 300.7 0.663 1.323

Fin Width 1.8 mm,
Twist Angle 20o,
vertical to flow

0.007 0.028 1173 78.82 198.58 5.40 43452.35 289 0.651 1.351

0.007 0.035 1173 79.06 294.85 5.5 44259.15 293.4 0.663 1.355
0.009 0.045 1173 129.67 479.08 6.56 52772.65 321.2 0.615 1.148
0.01 0.04 1173 164.48 393.22 7.13 57424.99 325.9 0.602 1.108
0.01 0.05 1173 165.10 598.45 7.29 58715.19 325.7 0.615 1.134

Fin Width 1.8 mm,
Twist Angle 40o

0.007 0.035 1173 57.28 274.98 5.46 43931.02 302.8 0.658 1.303

0.012 0.06 1173 176.97 788.01 8.24 66347.38 357.4 0.58 0.973
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Table 5.12: Effectiveness for 12.5 cm x 12.5 cm HX

Fin shape ṁh

(kg/s)
ṁc

(kg/s)
Th,in (K) dPh (kPa) dPc (kPa) Specific

Power
(KW/kg)

Power
Density
(KW/m3)

Power/UA Effectiveness NTU

Fin Width 1.8 mm,
Twist Angle 40o

0.007 0.035 1173 49.34 280.13 4.11 33116 207.9 0.775 2.236

0.007 0.035 1373 55.78 290.68 5.6 45068.17 264.4 0.772 2.337
0.007 0.042 1173 48.75 403.25 4.18 33656.63 214.0 0.788 2.208
0.01 0.05 1173 99.43 622.53 5.43 43732.94 259.2 0.717 1.659
0.012 0.06 1173 145.94 819.83 6.40 51537.01 274.1 0.704 1.540
0.012 0.072 1173 144.79 1197.49 6.43 51746.94 282.9 0.707 1.498
0.015 0.075 1173 232 1294.09 7.51 60488.03 302.4 0.661 1.311
0.02 0.1 1173 427.95 2356.51 9.37 75443.06 334.7 0.618 1.108

Table 5.13: Effectiveness for new design 12.5 cm x 12.5 cm HX

ṁh

(kg/s)
ṁc

(kg/s)
Th,in
(K)

dPh (kPa) dPc (kPa) Specific Power (KW/kg) Power
Density
(KW/m3)

Power/UA Effectiveness NTU

0.007 0.042 1173 25.3297 158.479 3.69 29711.59 304.77 0.691 1.361
0.02 0.02 1173 229.9244 41.623 5.23 42099.42 369.60 0.343 0.557
0.04 0.04 1173 982.7119 158.866 8.43 67845.00 429.15 0.276 0.386
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The results of the fin designs are tabulated in Table 5.11 and Table 5.12. The mass

flow rate on the cold side is deliberately made greater than on the hot side, because of

the properties of Haynes 214. The thermal conductivity of Haynes 214 on the hot side is

almost twice the thermal conductivity on the cold side. This configuration led to better

effectiveness and NTU values.

Based on the above observations that pressure drop needs to be reduced, the fin

arrangement is changed to mimic the streamline pattern in the plate. Figure 5.16 shows

the new pattern of fins without a twist angle.

Thickness of plates and Inlet Temperature

Table 5.14: Effect of plate thickness

Dimension 100 mm x
100 mm x
9 mm

100 mm x
100 mm x
7 mm

Configuration C/H/C C/H
Mass flow rate (kg/s) 0.007 0.007
Inlet Temperature 800 800
∆Phot (kPa) 29.625 31.54
∆Pcold (kPa) 3.379 12.61
∆Thot (K) 225.14 214.33
∆Tcold (K) 286.87 216.72
Power (KW) 2.3 1.98
Mass (kg) 0.8653 0.6554
Volume (m3) 0.000107 8.1427e-05
A (m2) 0.02685 0.01807
U (W/m2K) 972.4576 483.0305
UA (W/K) 17.57 8.733
Power/Mass
(KW/kg)

3.511 2.9

Power/Volume
(KW/m3)

28246.1 23337.8

Power/UA (K) 0.1308 0.2175

5.5 Conclusion and Future Work

In this chapter, the performance of a single plate, high temperature graphite heater and

full scale heat exchanger are discussed. The CFD models used to predict the performance
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was able to give a good approximation. A heat exchanger capable of operating for su-

percritical CO2 cycles has also been proposed. The heat exchanger can operate at 800o

C inlet temperature on the hot side.

The single heat exchanger plate performance was well captured for the flat plate as

the effects of roughness was minimal and the error in the Nusselt number prediction was

in the range of 10%-18%. The prediction for the finned case was less accurate than the

flat plate case. The error in the Nusselt number for the finned case was 30%-40%. The

reason was the mismatch in the predictions by CFD and experiments can be attributed

to: 1. Turbulence modelling and 2. Surface roughness. Surface roughness has been

shown to increase heat transfer effectiveness. The friction factor prediction for the finned

case was close to the experimental values. The maximum error observed was 14%. The

friction for the unfinned case has an error of 27% for the lower Reynolds numbers.

The turbulent conjugate heat transfer simulation with potential equation has been

solved to predict the performance of the graphite heater for high temperature applica-

tion. The error in the outlet temperature prediction is 4%. This validates the numerical

methodology used for this problem.

The performance of full-scale heat exchangers are computed for various mass flow

rates, fin shapes and dimensions are calculated. An entire 50 KW heat exchanger with

200M cells is also computed and we find that the heat exchanger scales linearly as we

increase the number of plates. The maximum performance for the assembly is observed

when the mass flow rate on the cold side is about 6 times the mass flow rate on the hot

side and this is because of the difference in the thermal conductivity of Haynes 214 on

the hot side and cold side.

Two different configurations of assembly are studied and it is found that the CH

combination is much efficient as less material is used. The maximum performance for the

heat exchanger assembly observed is for the 40o twisted fins in the 12.5 cm x 12.5 cm heat

exchanger. The maximum specific power observed is 9.37 KW/kg with an effectiveness

of 0.618 and NTU of 1.108. The pressure drop on the hot side is much higher than the

cold side. Arranging the fins along the streamline helps in reducing the pressure drop.
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Chapter 6

Summary, Conclusion and Future Work

This work focuses on the workings of two different types of industrial equipment which

operate in the turbulent regime. CFD simulations are used to understand the working of

these equipment and design modifications are proposed for improved performance of the

equipment.

Cyclone separators are used for separating the solid phase from the gaseous phase.

Hybrid turbulence models are studied to check their applicability for swirling flows. Mean

flow quantities and Reynolds stress predictions from the hybrid turbulence models match

the experimental data available in the literature. Using hybrid turbulence models will

drastically reduce the computational time and resources required. Lagrangian particles

are then injected into the mean turbulent flow. The lagrangian motion of particles is

studied in LES. Based on the observation of the hydrodynamics, there are vortices in

the sharp corners at the roof of the cyclone separators. Particles get stuck in these

vortices and tend to continuously erode the surface. A design modification is proposed

to introduce fillets in the roof of the cyclone separator to reduce the vortices forming

at the roof. The introduction of the fillets reduces the overall erosion of the cyclone

separator. Major reductions are seen in the roof of the cyclone separator, but there is a

slight increase in the erosion in the cone region of the cyclone separator.

Novel 3D twisted S-shaped fins are designed for plate heat exchangers. These heat

exchangers are to be used in the next generation supercritical CO2 power plants. There

is always a need to improve the performance of heat exchangers to reduce the pumping

requirement without losing heat transfer performance. Instead of simulating the entire

plate of the heat exchanger, a representative periodic domain is chosen to reduce the

computational time for studying more designs. Periodic heat transfer with turbulence

modelling is used to gather data on the performance of the 3D twisted S-shaped fins.

The 3D twisted S-Shaped fins provide almost 75% reduction in the pumping requirement

with improved performance efficient coefficient of 10%-13%.

Experimental data for a single plate heat exchanger is available. The results from the
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CFD simulations are compared with the experimental data. There is a mismatch of 35%-

38% in the Nusselt number prediction for the finned case. This can be due to 2 different

reasons: 1. Turbulence modelling and 2. Surface roughness. It has been recorded in

literature that the surfaces from additive manufacturing can have high roughness and

this roughness can enhance the heat transfer. The Nusselt number prediction for the flat

plate case was much better with maximum error of 18%.

A graphite heater was designed by the experimental team for the high temperature

inlet flow in heat exchangers. Running many experiments on this heater is resource

consuming, therefore it is beneficial to use CFD to predict the performance of the graphite

heater. The graphite heater works on the principle of Joule heating. In addition to the

energy equation, an additional equation for the electric potential is also solved. This

increases the complexity of the problem. The outlet temperature prediction from CFD

was within 5 % of the experimental value.

Full scale heat exchanger simulations are carried out in ANSYS Fluent to predict

the performance of the heat exchangers. The simulations are run for various mass flow

rates, configurations, geometry and fin shapes. CFD really shows its advantage over

experiments in being to able to gather the performance for many design points quickly.

The maximum performance for the heat exchanger assembly observed is for the 40o

twisted fins in the 12.5 cm x 12.5 cm heat exchanger. The maximum specific power

observed is 9.37 KW/kg with an effectiveness of 0.618 and NTU of 1.108. The pressure

drop on the hot side is much higher than the cold side. Arranging the fins along the

streamline helps in reducing the pressure drop.

This thesis has explored the use of CFD for design of equipment. Even though com-

prehensive work has been completed as a part of this thesis, there are still some gaps

which can be filled by further research. There is still a mismatch in the data between

CFD and experiments for rough surfaces. There is scope to improve CFD modelling to

be able to account for the roughness generated by additive manufacturing processes. The

3D twisted fins have been studied upto a certain extent, there is scope to do an optimiza-

tion problem to find the most optimal fin shape for different operating conditions. The
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graphite heater can be optimized to increase its heat transfer performance.
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