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ABSTRACT

Considering two types of turbulent separating and impinging internal forced
convection flows, the main goal of this study is to evaluate the performance of
various two-equation turbulent models. For this aim, the most applied Low Reynolds
Number k—& and k—w@ models are implemented. A comparison of the
appropriateness of different Low Reynolds k—¢ and k— @ models is carried out.
Among the internal forced convection flow models, backward-facing step and
confined impinging slot jet models are studied. Using different global parameters
such as Nusselt number, skin friction coefficient and the position of the reattachment
point, the results are compared with those of experimental data available in the

relevant literature.

Governing partial differential equations are transformed to algebraic equations by
finite-volume method over unstructured grids. Semi-Implicit Method for Pressure
Linked Equations (SIMPLE) is used to solve pressure-velocity coupling fields. In
addition Linear Upwind Difference (LUD) and Upwind differencing schemes are
used to solve convection terms. The results indicate that Menter-SST k& —@ model is

superior among the implemented models.

Keywords: Turbulence modeling, Backward facing step, Impinging jet, Heat
transfer, Nusselt number, Skin friction coefficient, Lam & Bremhorst, Wilcox,

Menter SST.
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Bu ¢aligmanin asil amaci, farkl iki denklemli tiirbiilans modellerinin performansini,
tiirbiilansh zorlanmig konveksiyon akimlar1 iceren uygulamalar i¢in incelemektir. Bu
amac¢ i¢in, en fazla kullanilan diisiik Reynolds sayili k—¢ ve k—® modelleri
incelenmigtir. Farkli diisik Reynolds sayili k—¢ ve k- modellerinin
uygunlugunun belirlenmesi icin bir karsilastirma yapilmistir. I¢  zorlanmis
konveksiyon akim modeller arasinda, geriye bakan basamaktan akim ile
siirlandirilmig jet akimi {izerinde galigilmistir. Elde edilen sonuglar Nusselt sayisi,
siirtlinme katsayist ve yatisma noktasi konumunu kullanarak, literatiirdeki mevcut

deneysel verilerle karsilastirilmistir.

Ilgili kismi diferansiyel denklemler yapilandirilmamus 1zgaralar iizerinde sonlu hacim
yontemi ile cebirsel denklemlere doniistiiriilmiistiir. Hiz-basing baglantili denklemler
SIMPLE metodu kullanilarak ¢oziilmistiir. Konveksiyon ile ilgili terimler lineer
upwind farki (LUD) yontemi ile ayriklastirilmistir. Sonuglar, Menter-SST k-

modelinin, uygulanan diger modellerden daha iistiin oldugunu gostermistir.

Anahtar Kelimeler: Tiirbiilans modelleme, Geri doniikk adim, Carpmali jet, Is1
transferi, Nusselt sayisi, Cilt siirtiinme katsayisi, Lam ve Bremhorst, Wilcox, Menter-

SST.
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Chapter 1

INTRODUCTION

1.1 Computational Fluid Dynamics

Computational fluid dynamics (CFD) is an area of fluid mechanics that deals with
algorithms and numerical methods to solve and study the fluid flows. Computers are
used to perform the calculations required to simulate the interaction of liquids and
gases with surfaces defined by boundary conditions. With high-speed
supercomputers, better solutions can be achieved. Ongoing research yields software
that improves the speed and accuracy of complex simulation scenarios such as

turbulent or transonic flows.

One of the advantages of CFD is that it is a very convincing, non-intrusive, virtual
modeling technique with powerful visualization capabilities. Moreover, engineers
can calculate the performance of a wide range of different system configurations on
the computer without having to go the physical site, thereby saving much time and

money.

CFD has seen dramatic development through the last several decades. This
technology has been applied to various engineering applications such as
oceanography, aircraft and automobile design, civil engineering and weather science.
Today, the HVAC/IAQ industry is one such field that has initiated utilizing CFD

techniques widely and rigorously in its design.
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1.2 Turbulence modeling

In fluid dynamics, turbulence is a flow regime, characterized by chaotic property
changes, which include momentum diffusion, convection and rapid variation of

pressure and velocity in space and time.

Laminar flow is a condition where kinetic energy extinct due to the action of fluid
molecular viscosity. Although there is no theorem relating the non-dimensional
Reynolds number (Re) to turbulence, flows at Re greater than 5,000 are typically (but
not necessarily) turbulent, while those at lower Reynolds numbers Re<5,000 usually

remain laminar.

In turbulent flow, unsteady vortices appear on numerous scales and interact with
each other. Drag increases due to boundary layer skin friction. The structure and
location of boundary layer separation often change which sometimes reduces the
overall drag. Although Reynolds number does not govern laminar-turbulent
transition, it occurs if the density of the fluid is increased or the size of the object is
gradually increased, or the viscosity of the fluid is decreased. Nobel Laureate
Richard Feynman (2006) described turbulence as "the most important unsolved

problem of classical physics."

Turbulence modeling is of the three crucial elements in Computational Fluid
Dynamics (CFD). Accurate mathematical theories have been developed for the other
key elements: algorithm development and grid generation. Since it is creating a

mathematical model that approximates the physical behavior of turbulent flows, far



less precision is achieved in turbulence modeling. It is not a surprising incident since

the objective has been to approximate very complicated phenomenon.

In the following sections, an overview of the subject is presented, covering the

relevant studies of various flows.
1.3 Impinging Jet Flows

Impinging Jets (IJ) became a well-established object of investigation during recent
years for their reason of increasing importance in both fundamental and applied fluid

mechanics.

Impinging jets have been frequently used in industrial heat and mass transfer
applications for improving or damping localized heat transfer rates where high rates
of convective heat transfer is necessary. Also, it is very useful since it can be quickly
moved to the location of interest with minimum cost. In a turbulent flow, thin
boundary layers are located inside the stagnation zone, helping for further cooling,

heating or drying processes.

Applications of such systems include tempering and melting of some non-ferrous
metals and glass, Gas turbine components cooling and the outer wall of electronic
equipment and combustors. Other applications of 1Js are in freezing of tissue, surface
coating, cleaning, metal cutting and forming, veneer, paper and film materials, fire
testing, building materials and aircraft wings heating application. They also have
been used in aerospace applications e.g. VTOL (Vertical Takeoffs and Landing)
aircraft and lubrication. Effective designs can be achieved for engineering systems in

such applications if the necessary knowledge for this kind of flow is well-understood.



Rapid cooling is mostly achieved by forced cooling systems. This method increases
components safety and improves the efficiency of the components. Heat transfer
coefficient (h-value) has to be the highest possible amount to reduce the cooling
time. High transfer rates may further enhance by the use of through flow at the
impingement surface, which may involve the application of suction beneath this
surface. The combination of both impinging jets and through flow demonstrated for
the drying of newsprint in a pilot plant and a full-size mill in Canada (Burgess et al.

1972a)

Recently, many researches have carried out experimental and numerical
investigations of impinging jet under various conditions like Single or multiple jets
with cross-sections of round, annulus or slot-jets with or without confinement
surface, which depending on the application can be selected. Likewise, alternate
designs for the flow of the spent fluid from the system after impingement provide a

further design parameter.

To enhance the global transfer rates, often, banks of nozzles are used in the industry.
To avoid high pressure in the impingement region, Low Reynolds Number (LRN)
jets are preferred. Moreover, impinging jets offer the potential of fine and fast control
of local transfer rates by varying the jet velocity, size of the nozzle opening and the
impingement distance.

1.3.1 Description of impinging jets

‘Impingement’ means ‘collision’ that the coolant flow strikes into the target surface
and creates a thin stationary boundary layer at the stagnant core for coolant hitting

the hot surface without damping.



Impinging jet is a high-velocity coolant mass which is driven out from a slot or a
different shape hole and impinges on the desired heat transfer surface; as a result, it
gives a concentrated high-value rate of heat transfer between the fluid and the wall.

(Figure 1.1)

Figure 1.1: An impingement jet (Osama M. A. Al-aqal, 2003)

Although the geometry of jet impingement heat transfer is simple, physics of the
flow is complex due to the shear-layer development at the free jet and wall
boundaries, boundary-layer development at the impingement surface, and very high
streamline curvature near the impingement location. Due to the complex interaction
of the flow entrainment and vortex formation, flow separation along the surface,
vortex breakdown and high streamline curvature, numerical modeling of jet
impingement flow and heat transfer is very challenging. Consequently, the choice of
the turbulence model is vital in the numerical analysis of the impinging jet heat

transfer process.

Drying paper and textiles by jets involves the use of jets which are confined by a
hood, which is also the nozzle plate. Geometric and process variables direct the

design of such a confined 1J system. Geometric variables include the shape, size,

5



pitch, and spacing of Nozzles, the distance between the nozzle exit and the

impingement surface, exhaust port location, turbulence generation and confinement
type. Important process variables are jet Reynolds number (Re,), jet to impingement

surface (H/W), temperature differential (A7), jet humidity, speed of the
impingement surface i.e. of the wet sheet relative to the jets and fluid properties.
1.3.2 Configuration of impinging jets

Two types of flow configurations are considered in impinging jets: submerged and
free impinging jets (Figure 1.2). In submerged impinging jets, the exiting fluid from
the nozzle is the same as the surrounding fluid; however, in free impinging jets the

fluids are different.

a) b)

Air

Shear layer
(turbulence)

Figure 1.2: a) a submerged jet; b) a free impinging jet (Osama M. A. Al-aqal, 2003)

There are also different types of jets in regards of geometry: a planar case with jet
exiting from a slot and an axisymmetric case with a round nozzle. Similarly, other
geometries are also possible, like jets issuing from square, elliptical, rectangular
nozzles or oblique jets. The nozzle geometry is believed to have a significant effect
on the heat transfer to the IJs. Several studies attribute inconsistencies between
reported data and their research to slight differences in the nozzle geometries. For

this reason, the effect of nozzle geometry on heat transfer has attracted much
6



research. An important aspect of the nozzle geometry is confinement. An unconfined
1J is when a nozzle issuing a jet into an open space, though, it is called semi-confined
in a case when a nozzle is machined into the plate. Confined jets that are popular in

industrial applications cause the recalculation of the flow around the jet (Figure 1.3).

b) |

I\

[ ] [ J
Figure 1.3: a) an unconfined impinging jet; b) a confined impinging jet
(Osama M. A. Al-aqal, 2003)

a)

1.3.3 Characteristic zones
The flow field can be separated in three characteristic regions (Figure 1.4):
impingement, the free jet and wall jet regions. Furthermore, the free jet consists of

two parts: the stagnation zone, jet zone, and the wall jet zone.

The jet zone is located directly underneath the nozzle. The fluid entering from the
nozzle combines with the motionless surrounding fluid and creates a flow field. In
most applications, the nozzle-to-plate distance is very small to develop the jet flow
condition. A shear layer forms around the jet and its properties depend strongly on
the nozzle type. The shear layer thickness becomes comparable with the jet diameter

downstream, and the behavior of the layer changes significantly.
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Figure 1.4: Characteristic zones in impinging jets (Osama M. A. Al-aqal, 2003)

Depending on Reynolds number and the type of the nozzle, the flow entering from
the nozzle is either laminar or turbulent. The initial laminar flow experiences
transition to turbulent flow. The transition begins in the unstable shear layer. The
vortices are conveyed downstream by the flow. They lose symmetry, grow pair and

finally break up in eddies, and turbulent flow is developed.

A potential core is formed in the center of the jet when the velocity profile in the
nozzle exit is sufficiently flat. It is the flow region, in which the mean velocity is still
the same as that at the nozzle exit. In this part, the fluid inside the core has not yet
transferred its momentum to the surroundings. In the core region, stagnation Nusselt
number increases slightly by increasing in H/W ratio for different values of Reynolds
number. The potential core flow is inviscid that can be solved by used potential flow

theories.



1.3.4 Heat and mass transfer

The impinging jet heat transfer distribution (quantified by the Nusselt number, Nu) is
strongly influenced by the dynamics of the unsteady velocity field. The transfer of
heat to the wall may be divided into contributions from (1)The mean flow, (2)chaotic
structures (turbulence), (3)molecular diffusion and (4)coherent structures. If the flow
is strongly convective (diffusion being negligible) heat behaves as a tracer. Under
these circumstances, smoke visualizations can be used to characterize the dynamics
of the flow. If diffusive effects need to be accounted for, i.e. diffusive time-scale
comparable to the convective, smoke visualizations do not provide the correct picture
of the flow. It is the case also in the wall region of convection dominated flows,

where diffusive effects are dominant.

Promotion of vortex pairing resulted in shorter potential core and thus higher Nu for
small H/D and lower Nu for large H/D. Suppression of vortex pairing gave the
opposite effect. Furthermore, the secondary maximum (for H/D = 4) moved

downstream as vortex pairing was suppressed.

As described before about Nu number, the geometrical parameter H/D is of great
importance. If the spacing is greater than the length of the potential core, a fully
developed jet will impinge onto the wall, i.e. turbulent jet impingement. Maximum
heat transfer is achieved at the stagnation point Due to a high level of turbulent
kinetic energy (k) within the center region of the axial jet. Downstream the
stagnation point, Nu decreases monotonically. If the potential core is longer than
H/D, the initial region of the wall jet becomes laminar-like, including small values of
k. Thus, Nu experiences a local minimum at the stagnation point. As the laminar-like

wall jet accelerates wall shear increases, due to thinning of the velocity boundary
9



layer, and a local maximum skin friction coefficient (C,) is obtained at

approximately 1/D=1/2. The maximum in wall friction is accompanied by a
maximum in wall heat transfer since the flow is laminar. Downstream this maximum,
the Nu decreases. Furthermore, the ranges of scales grow large, and the wall jet
becomes turbulent. This results in a second maximum of Nusselt number. In
addition, the second maximum is influenced by large organized structures. Maximum

stagnation heat transfer is attained when the H/D is about 6-8 nozzle diameters long.

A change in Reynolds number for small H/D has a greater influence on wall heat
transfer than for large H/D. As shown by Angioletti et al. (2003) when Re was
changed from 1500 to 4000 for H/D=4.5, stagnation point heat transfer increased by
15% and for H/D=2 resulted in a 56% increase. A second peak of Nu was only

obtained for the higher Reynolds case.

In order to assess high wall heat transfer, it is important to pay attention to the inflow
conditions (disturbances and mean profile) and the nozzle-to-plate spacing of the
impinging jet. Further improvements of the wall heat transfer can be achieved by
installing perforated plates prior to impingement or modification of the surface
conditions. The shape of the outlet nozzle also has a major effect on the wall heat
transfer, mostly for small H/D.

1.4 Separated flows

Flow separation and following reattachment of a sudden expansion or compression in
the flow channels such as backward and forward facing steps, play an important role
in the design of a variety of engineering applications where heating or cooling is

required. These heat transfer applications appear in cooling systems for combustion

10



chambers, electronic equipment, energy systems equipment and chemical processes,
cooling passages in turbine blades, high-performance heat exchangers and
environmental control systems. Mixing of high and low energy fluid occurs in the
reattached flow region of these devices that affect their heat transfer performance.
For this reason, the problem of laminar and turbulent flow over forward and
backward-facing step geometries in natural, forced, and mixed convection have been

widely investigated numerically and experimentally.

Separation, recirculation and reattachment occur whenever a fast-flowing fluid is
required to bypass an obstacle or when a confining wall undergoes a rapid change in

orientation to form a strongly curved convex surface.

The objectives followed in different studies have varied significantly. However, the
emphasis has been on understanding and capturing the separation process.
Particularly on resolving recirculation zone, the structure of the separated shear layer
it envelops, describing the location of reattachment, understanding and predicting the
processes governing the flow recovery in the wake region following reattachment.
All these issues are sufficiently important to be familiar to the most of practical and
idealized laboratory flows, and therefore studies tended to concentrate only because
of the availability of experimental data suitable for validation. For example, Kim et
al. (1980), Eaton & Johnston (1980) and Driver & Seegmiller (1985) have obtained

particularly widespread and precise experimental data for backward-facing step flow.

The discovery of boundary layer theory by Ludwig Prandtl in the early twentieth
century was the beginning to the extensive research on separated flows. Separated

flows are common in numerous engineering applications such as turbine and
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compressor blades, buildings or cars, aircraft wings, diffusers and over airfoils,
suddenly expanding pipes and combustors. Flow recirculation is also used as an
efficient way to stabilize flames in premixed combustion. The characteristics of a
separated flow have been studied for decades by experimentalists to understand the
physics of the separated shear layers and their instability mechanisms. The
instabilities in the free shear layers are the source to distinctly visible large coherent
structures. The existence of coherent structures in almost every turbulent flow has
been well documented, and this makes it even more interesting to study such

separated shear flows.

Besides the academic interests, knowledge of separated flows can also be applied to
many practical applications. Two of their main applications include the automobile
and aircraft industries, which are developing fuel efficient designs to reduce
consumption of the rapidly-depleting non-renewable resource and minimize
greenhouse gas emission. In an aerodynamic perspective, drag is considered as one
of the primary reason for inefficient fuel consumption. Studies by Roos and
Kegelman (1986) demonstrated that by actively controlling the flow at separation,
characteristics of the coherent structures can be modified and consequently alter the
drag characteristics. These aspects of the flow make it necessary to understand the
instabilities and characteristics of coherent structures for controlling flow dynamics
to achieve significant drag reduction or lift enhancement. Apart from drag reduction,
understanding the fluid-structure interactions of these separated shear layer
instabilities can be very useful in controlling the noise and vibration characteristics

of such flows.
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1.4.1 Characteristics of separating flows

Among the internal separated flows, the backward-facing step (BFS) flow has
received much attention over the past decades, and it has served as a test case for
numerical methods. BFS flow was chosen because it has a simple geometry, but
contains many flow regimes relevant to practical engineering. In addition, the BFS
has perhaps the most extensive literature base of any benchmark flow, with several

reliable datasets for comparison.

Flow over a backward-facing step produces recirculation zones where the fluid
separates and forms vortices. For turbulent flow, the fluid separates at the step and
reattaches downstream, as shown in Figure 1.5. Only a single recirculation zone
develops for turbulent flow, and the reattachment point is believed to be independent

of the Reynolds number and depend only on the ratio of inlet height to outlet height.

To simplify the flow characteristics, researchers conducted experiments on various
geometries, which include fence, rib, suddenly expanding pipes, bluff body with a

splitter plate or blunt leading edges, cavities, forward and backward facing steps.
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Figure 1.5: Flow characteristics behind a BFS (Driver et al. 1987)
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The backward-facing step is considered as the ideal official separated flow geometry
due to its single fixed separation point and the wake dynamics that are not affected
by the downstream disturbances. A diagram of the wake characteristics behind a

backward-facing step is shown in Figure 1.6.

Shear layer
vortices

Y7z
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Recirculation bubble Coherent
Structure

Figure 1.6: Backward-facing step flow features (J. Rajasekaran 2011)

The wake of a backward-facing step has unique features mainly in two regions: the
free shear layer and low-velocity re-circulating bubble. Due to instabilities, the
vortices in the shear layer roll up and pair with the adjacent vortices to form larger
coherent structure. These vortices entrain fluid from the region below and trigger the
recirculation. The free shear layer reattaches at the bottom wall due to adverse

pressure gradient in the wake of the step.

In the separation of the flow, a curved and highly turbulent free shear layer composes
first. In this layer, turbulence anisotropy will not normally be as large as in the
boundary layer prior to separation, yet it can have a greater effect on mean flow
characteristics than that in the parent boundary layer. Curvature tends to reduce the

shear stress and hence the level of fluid entrainment into the shear layer with an
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interaction that dictates the intensity of curvature in the shear layer and hence the
reattachment position. Additionally, gradients of normal stresses contribute
significantly to momentum transport. As the flow approaches reattachment, it is
subjected to severe average strain, yet this can be shown not to contribute
measurably to the turbulence-generation process; here too, normal-stress anisotropy
plays a crucial role. Apart from provoking severe flow curvature, associated with the
impingement process, the wall tends to attenuate turbulent fluctuations normal to it
and to enhance wail-parallel components, the result being an unusually high level of
normal-stress anisotropy. Finally, within the recirculation zone, curvature is high and
affects the turbulence structure through the same mechanism identified above in

relation to the free shear layer following separation.
1.5 Objective and Overview of the Thesis Work

The objective of the current study is to investigate the heat transfer and flow
characteristics of impinging slot jet and backward-facing step flows by using various

two-equation turbulence models.

The fluid-thermal and skin friction characteristics of the two cases of jet
impingement and a backward-facing step model are investigated numerically,
utilizing a finite volume method based FORTRAN unstructured code with a low
Reynolds version of k—& and three versions of k—@ turbulence models. Through
numerical analyses, a detailed description of two-dimensional fluid flow pattern is
obtained. The distribution of Nusselt number and skin friction are calculated on the
bottom surface and the reattachment points are calculated for the backward-facing

step case in addition. These numerical results are validated with experimental data
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obtained from literature. The effect of the Turbulence intensity variation on the heat

transfer and flow characteristics of test cases is also reported.

Nusselt number and skin friction distribution are compared for two cases of
impinging jets with different Reynolds numbers of 10,400 and 8,100. Skin friction
and reattachment length are computed for a backward-facing step model with

Reynolds number 28,000.

16



Chapter 2

LITERATURE SURVEY

2.1 Impinging slot jet flow

During the past years, various experimental and numerical models have been studied
on jet impingement flow structure or heat and mass transfer procedure. Considerable
effort has been devoted toward the development of efficient cooling schemes while
attempting to understand the related flow and transfer mechanisms. Gardon and
Akfirat (1966), Sparrow and Wong (1975) achieved the most wide-ranging
experimental data on submerged, confined jet impingement. Their heat and mass
transfer data for two-dimensional slot jets impinging normally on a flat plate of
constant temperature are still commonly used. The primary concerns in the design of
an impinging jets system are the regime of flow, flow rate, jet configuration, jet-to-
target surface, spacing and any other geometric parameters. Gordon and Akfirat
(1966) presented pressure and heat transfer coefficient distribution along the
impingement solid surface for jet Reynolds number ranging from 450 up to more
than 20,000 and with nozzle-to-wall spacing H/W from 2 to 32. Sparrow and Wong
(1975) focused on laminar slot jets and reported mass transfer rates in addition to
heat transfer coefficients. Both papers have demonstrated that transfer rates decrease
as H/W increases and increase as Reynolds number increases, consistent with the
understanding that transfer rates are enhanced when there is greater flux. Meanwhile,

the later paper also concluded that velocity profile has a significant effect on the
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transfer characteristics near the impinging region, although the total transfer

coefficient along the wall is mostly unaltered.

Martin (1977) provided the first summary review of the studies on impinging gas
jets. The report covered basic topics such as hydrodynamics of impingement flow,
definition of local properties of jets, influences of boundary conditions, turbulence
promotes and swirling jets. There were also brief comments on complex geometries
and angled impingement in that paper. There have been many subsequent
experimental results for either laminar or turbulent regular impinging jets. They
reproduce the heat transfer rates reported by Gardon and Akfirat (1966). It is
observed that transfer coefficients show a secondary local peak at some distance
downstream the stagnation point by the time the Reynolds number is greater than a
certain value, typically 900, in comparison with the monotonic distribution along the
wall for lower Reynolds jet flow. Stevens and Webb (1991) have reported this
secondary peak at high Re as well. Downs and James (1987) has presented a detailed
literature survey of impingement jet experiments, in which research findings related
to jet impingement characteristics were summarized and significant physical, as well

as geometric parameters examined in earlier studies, were classified and listed.

Aside from the experimental studies, a number of efforts have also been devoted to
numerical computation of jet impingement. The essential tasks have been to predict
jet impingement and the induced recirculation flow structure: and to calculate the
heat transfer rate along the impingement wall. Varieties of schemes have been
implemented for turbulent and laminar jet flow. Primary studies have been concerned
with normal impingement, either with or without confinement. Looney and Walsh

(1984) have investigated mean-flow and turbulent characteristics of free and
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impinging jet flows numerically by solving Navier-Stokes equations first two-
dimensional model of laminar and turbulent 1J for altered ratios (H/W) of the nozzle
height (H) to nozzle width (W). A correlation between stagnation Nusselt number,

Reynolds number and H/W has been proposed for stagnation zone heat transfer.

Polat et al. (1989) have carried out a detailed review of the numerical methods and
computational results for flow and heat transfer under jet impingement on flat
surfaces. Mostly, the computations can capture some of the measured quantities
reasonably well, such as the distribution of pressure and Nusselt number Nu nearby
the impingement region and the velocity profiles along the jet axis. However,
unresolved issues remain. Only a couple of studies report computations for large
nozzle-to-wall spacing, either clue to numerical instability or the steady flow
assumption; numerical results never reveal the secondary peak of Nusselt number
along the wall as reported in experiments at higher jet Reynolds numbers. This later
problem still exists even when different turbulence models are implemented for
turbulent jet flow. In addition, since there is a lack of flow field measurements inside
a jet impingement system sometimes numerical computations from various studies
present contradictory predictions particularly about the secondary recirculation
bubble off the impingement wall downstream of the primary recirculating vortex.
According to Polat et al. (1989), a recirculating bubble may act as an insulator
between the jet flow and the plate, therefore causing a drastic reduction in heat
transfer. Meanwhile, others argued that the local hump corresponds to the point at
which turbulence has been fully developed (Liu et al. 1991), or it is attributed to the
transition from a laminar to turbulent boundary layer in the parallel flow region along

the plate.
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Polat et al. (1989) gave a comprehensive literature review in experimental and
numerical aspects of impingement heat transfer, highlighting that the standard &k —¢
model with different wall functions fails to predict the stagnation heat transfer

accurately.

Yin et al. (1990) developed a model that was originally based on low-Reynolds
number k—& model to predict turbulent natural convection boundary layers. In the
model, they divided the velocity into two components, i.e., a forced convection
component and a buoyancy-influenced component. A two-equation model for the
energy equation by Nagano and Kim (1988) has been used for the calculation of the
temperature field. They found that the combination of the modified low-Reynolds
number k£ — ¢ and the two-equation model for the energy equation be the best way to

predict natural convection.

Heyrichs. K., Pollard. A (1995) have investigated heat transfer in separating and
impinging turbulent flows. The performance of k—¢ and k— @ turbulence models
is evaluated, especially the low Reynolds number regions. In the k£ —& model, six
low Reynolds number and three wall functions assessed. The results indicate that the
k — @ model is numerically is easy to implement and reveals better performance for

prediction of convection heat transfer in complex turbulent flows.

Hosseinalipour and Mujumdar (1995) performed a comparative assessment of
various turbulent models for a confined impingement configuration with an aspect
ratio of H/W=1.5. Concluded that the predicted local Nusselt numbers achieved

using low Reynolds number k—& models in the stagnation region are in good
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agreement with the experimental data, but the stagnation zone is difficult to predict

accurately with any k£ —& models.

Behnia, M, et al. (1998) have studied on the problem of cooling of a heated plate by

an axisymmetric isothermal fully developed turbulent jet. Computations were

performed with the normal-velocity relaxation turbulence model (v’ —f model).

Local heat transfer predictions were compared to the available experimental data.

Computations also performed with the widely used k£ —& model for comparison. The

V- f heat transfer predictions are in excellent agreement with the experiments

whereas the £ —& model does not adequately resolve the flow features significantly

over-predicts the rate of heat transfer and produces physically unrealistic behaviors.

Behnia, M. et al. (1999) have studied on an elliptic relaxation turbulence model

(v2 — f model) to simulate the flow and heat transfer in circular confined and
unconfined impinging jet configurations. The model has been validated against
available experimental data sets. Results have been obtained for a range of jet
Reynolds numbers and jet-to-target distances. The effect of confinement on the local
heat transfer behavior has been determined. It has been shown that confinement leads
to a decrease in the average heat transfer rates, but the local stagnation heat transfer
coefficient is unchanged. The effect of confinement is only significant in very low
nozzle-to-plate distances (H/D<0.25). In contrast, the flow characteristic in the
nozzle strongly affects the heat transfer rate, especially in the stagnation region.
Quantitative (up to 30% difference) and qualitative differences have been obtained

when different nozzle velocity profiles were used.
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Sezai and Mohamad (1999) have studied the flow and heat transfer characteristics of
impinging laminar slot jets issuing from rectangular slots of different aspect ratios
numerically through the solution of three-dimensional Navier-Stokes equations in
steady state. Furthermore, Soong et al. (1999) have performed time-dependent
computations to investigate the flow structure, bifurcation and flow instability

involved in confined plate twin-jet flows numerically.

Shi et al. (2002) systematically studied the effects of turbulence models, near wall
treatments, turbulent intensity, jet Reynolds number and boundary conditions on the
heat transfer under a turbulent slot using the standard k—& and RSM (Reynolds
Stress Model) models. Their results indicate that both standard £ —¢ and RSM
models predict the heat transfer rates inadequately, especially for low H/W aspect
ratios. For wall-bounded flows, large gradients of velocity, temperature and turbulent
scalar quantities exist in the near wall region and thus to incorporate the viscous
effects it is necessary to integrate equations through the viscous sublayer using finer

grids with the aid of turbulence models.

S.J. Wang, A.S. Mujumdar (2005) have compared Five versions of low Reynolds
number k—& models with the available experimental data for the prediction of the
heat transfer under a two- dimensional turbulent slot. A correction model proposed
which was named as “Yap correction” for reducing the turbulence length scale in the
near wall region. This correction was tested with low Reynolds number k£ —& models
and found that for most of the models it is capable of improving the predicted local
Nusselt number in a good agreement with the experimental data in wall jet and

stagnation regions. Effects of the magnitudes of the turbulence model constants were
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also carried out for two low Reynolds number k —¢& models. They found that the set
of model constants identical to those in the high Reynolds number k—& model

performs better than the original ones for jet impingement configurations.

M. A. R. Sharif and K. K. Mothe (2009) have evaluated the performance of several
turbulence models in prediction of impingement slot jet onto flat and concave
cylindrical surfaces, against experimental data. The accuracy of heat transfer
prediction near the impingement region depends greatly on the jet-to-target surface
distance. When the impingement surface is within the potential core of the jet, the
turbulence models grossly overpredict the Nusselt number in the impingement
region, but in the wall jet region the Nusselt number prediction is fairly accurate. The
two-layer near-wall treatment significantly improves the Nusselt number prediction
accuracy compared to the equilibrium wall function approach. Overall, M. A. R.
Sharif and K. K. Mothe (2009) concluded that the RNG k& —¢& model with the two-
layer near-wall treatment and the Menter-SST k—@ model predict the Nusselt
number distribution better than the other models for the flat plate as well as for the

concave surface impingement cases.
2.2 Backward facing step flow

The BFS flow has been studied intensively for at least four decades and is possibly
the most popular benchmark flow. Literature is extensive, with contributions from
experimental, theoretical and computational fluid dynamics. Eaton and Johnston
(1981) explain that the BFS is popular because it is the “simplest reattaching flow
with a region of separation and reversed flow”. Despite this geometric simplicity, the
BFS flow is complex and composed of many regions of different flow regimes that

make for a thorough test of PIV and CFD techniques, particularly turbulence models.
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Thangam and Hur (1991) note that “the BFS is often used for analyzing the
efficiency of CFD algorithms and turbulence models, since it embodies several

crucial aspects of turbulent separated flows”.

Understanding of the BFS flow has improved with advances in fluid measurement
technology. The recirculating and highly unsteady BFS flow presents a considerable
challenge for most experimental techniques (Adams and Eaton 1988). Early studies
relied on flow visualization methods, such as oil, smoke, ink or tufts (Armaly et al.
1983, Kim et al. 1978) and experiments were limited to low speed laminar regions. A
few studies investigated the turbulent BFS, but measurements were limited to low
turbulence regions outside of the recirculation region (Kline 1959, Kim et al. 1980,
Bradshaw and Wong 1972). PIV has recently revealed the global BFS flow, at higher
resolution than previously possible (Scarano and Riethmuller 1999, Shen and Ma

1996, Kasagi and Matsunaga 1995).

Reliable CFD routines, such as Large Eddy Simulation (LES) and Direct Numerical
Simulation (DNS) are also contributing to BFS research. They are revealing the
behavior of the complex, unsteady, 3D BFS flow structures (Le et al. 1997,
Kobayashi et al. 1992). BFS knowledge is well-summarized in the reviews by Eaton
and Johnston 1981, Eaton and Johnston 1980, Adams et al. 1984, Simpson 1996,

Kim et al. 1978.

A detailed experimental study for an expansion ratio close to 2 and a downstream
aspect ratio close to 18, also raising the question of three-dimensionality of step flow,
was conducted by Armaly et al. (1983). Three dimensionality manifests itself in a

discrepancy in primary recirculation zone length between experiments and two-
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dimensional simulations for Reynolds numbers above Re = 400. As, at this Reynolds
number range, a secondary recirculation region appears at the channel upper wall,
Armaly et al. (1983) suggested that the discrepancy in primary recirculation zone
length could be attributed to the secondary recirculation region destroying the two-

dimensional character of the flow.

Numerical simulation studies of step flow including sidewalls started about a decade
ago (see Jiang et al. 1993, and references therein). More recently, Williams & Baker
(1997) performed three-dimensional numerical simulations of laminar flow over a
step, with sidewalls, for the same geometry as in Armaly et al. (1983) and for
Reynolds numbers up to 800. They found that the presence of sidewalls results in the
formation of a wall-jet, located at the channel lower wall and pointing from the
sidewall towards the channel mid-plane. This wall-jet is already present at low
Reynolds numbers (Re = 100), its strength increasing with Reynolds number. Chiang
& Sheu (1999) performed detailed three-dimensional simulations of laminar flow, for
the same expansion ratio as Armaly et al. (1983), for various Reynolds number and
aspect ratio values. They found that at Re = 800, the flow structure in the channel
mid-plane is similar to that of two-dimensional flow only for outflow channel aspect
ratios of the order of 50 and higher. Chiang & Sheu (1999) also gave a discussion of
streamwise vortex development. Barkley et al. (2002) have shown that, for an
expansion ratio of 2 and in the absence of sidewalls, the flow structure becomes
three-dimensional (and steady) around Re=1000, due to a three-dimensional
instability. Flat streamwise rolls lying within the primary recirculation zone

characterize the critical eigenmode responsible for this three-dimensional transition.
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Thangam & Knight (1989) investigated the influence of the step expansion ratio on
the reattachment length of laminar flow, 33 < Re < 600. The expansion ratios
considered were in the range 1.33 < r < 4, where r is defined as the ratio of the
outflow channel height to the height of the inlet channel. It was found that the non-
dimensional (normalized by the step height H) reattachment length increases at
increasing expansion ratio. For Re=200, an approximately 65% longer reattachment
length was reported for r=4, compared to r=1.49. Interestingly enough, the
dependence of normalized reattachment length on expansion ratio followed the
opposite trend in the turbulent regime. This was observed in the experiments of
Otiigen (1991), who conducted experiments in closed backward-facing step
geometry with varying expansion ratios, while keeping the inflow conditions
unaltered. The Reynolds number was 16,600 based on free stream velocity and
inflow channel height. Most measurements were done at expansion ratios of »=1.5,
2.0, and 3.13. Otiigen (1991) observed an increase in turbulence intensity at
increasing expansion ratio; thus, Otiigen concluded that the observed decrease in
normalized reattachment length with expansion ratio is the consequence of higher
turbulence intensities. Based on a review of the literature on turbulent flow over a
step, Eaton & Johnston (1981) summarized five parameters which, to a large extent,
define the flow structure downstream of the sudden expansion: (i)freestream
turbulence level, (ii)aspect ratio of the channel, (iii)initial boundary layer state,
(iv)pressure gradient and (v)initial boundary layer thickness. Isomoto & Honami
(1989) have since confirmed a strong negative correlation of the recirculation region
length with maximum turbulence intensity near the wall at separation. For the fully
turbulent flow, Papadopoulos & Otiigen (1995) report an aspect ratio (AR) invariant

reattachment length for AR>10. However, spanwise-dependent flow in terms of
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velocity and wall pressure was observed downstream of reattachment, even for larger
aspect ratios. This observation was attributed to the presence of a streamwise vortex

close to each channel sidewall.

Several experimental studies have been reported in the last decades. For example,
those carried out by Eaton and Johnston (1980), Vogel and Eaton (1985), Kim et al.
(1980) and Driver and Seegmiller (1985). Most of them have then been numerically
simulated. For example, Heyerichs and Pollard (1996) studied the configuration of
Vogel and Eaton (1985), and presented results for global parameters i.e. Nusselt and
Stanton number for several linear eddy viscosity models. Park and Sung (1995)
applied a new model to this case and compared mean velocity, normal turbulent
stresses at two positions and skin friction coefficient along step wall. Thangam and
Speziale (1992) used the experimental data by Kim et al. (1980) to evaluate standard
k—¢& and (Nonlinear Eddy Viscosity Model) NLEVM models with different
approaches near solid walls. They presented results for mean velocity, shear stress

and global variables.

Eaton & Johnston (1980), Westphal et al. (1984), Adams & Johnston (1988), and
Driver & Seegmiller (1985) all measured the skin friction coefficient C, on the step
wall. Although there is a large variation in Reynolds number and expansion ratio
among these experiments, they all reported a high level of skin friction magnitude
‘C f‘ in the recirculation region. The present study showed that the peak value of ‘C f‘
can be significantly higher at low Reynolds numbers. This finding prompted a
companion experimental investigation at the same Reynolds number and expansion

ratio as the present numerical study (Jovic & Driver 1994).
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Kuehn (1980), Durst & Tropea (1981), Otiigen (1991), and Ra & Chang (1990)
studied the effects of expansion ratio (ER) on the reattachment length. The
reattachment length was found to increase with ER in these studies. Armaly et al.

(1983) studied the effect of Reynolds number on the reattachment length. They found

that reattachment length increased with Reynolds number up to Re, ~1200
(Reynolds number based on step height and inlet free-stream velocity U,)), then
decreased in the transitional range 1200<Re, <6600, and remained relatively

constant when the flow became fully turbulent at Re,, >6600. Their findings agreed

well with experiments by Durst & Tropea (1981) and Sinha, Gupta & Oberai (1981).
Other parameters affecting reattachment length were also investigated: upstream
boundary layer profile (Adams et al. 1984), inlet turbulence intensity (Isomoto &

Honami 1989), and downstream duct angle (Westphal el al. 1984).

Investigations of the flow velocity profiles and turbulence intensities in the recovery
region were conducted by Bradshaw & Wong (1972), Kim, Kline & Johnston (1978),
Westphal et al.(1984), and Adams et al.(1984). These experiments showed that, even
though the mean streamwise velocity profiles were not fully recovered at more than
50 step heights behind the separation, a full recovery of the log-law profile near the

wall was attained as early as 6 step heights after the reattachment.

Several numerical simulations of the backward-facing step flow were also conducted,
but largely confined to two-dimensional calculations (Armaly et al. 1983; Durst &
Pereira 1988; Kaiktsis et al. 1991). Three-dimensional calculations were also
performed by Kaiktsis et al. (1991) and by Friedrich & Arnal (1990) using the large-

eddy simulation technique.
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Chapter 3

UNSTRUCTURED DISCRETIZATION OF NAVIER-
STOKES EQUATION

3.1 Introduction

Many engineering problems involve complex geometries that do not fit exactly in
Cartesian co-ordinates or one of the other systems. When the flow boundary does not
coincide with the co-ordinate lines of a structured grid, it could be proceeded by
approximating the geometry. For most of the complex geometries, it may be required
to use many cells, and the logical extension of this idea is the unstructured grid. This
gives infinite geometric flexibility and uses the computing resources efficiently for
complex flows, so this technique is now widely used in industrial CFD. An
unstructured grid can be thought of as a limiting case of a multi-block grid where
each individual cell is treated as a block. The advantage of such an arrangement is
that the grid imposes no implicit structure of co-ordinate lines — hence the name
unstructured — and the mesh can be easily concentrated where necessary without
wasting computer storage. Moreover, control volumes may have different shapes,
and there are no restrictions on the number of neighboring cells. In practical CFD,
triangles or quadrilaterals are most often used for 2D problems and tetrahedral or
hexahedral elements in 3D ones. Figure 3.1 shows a triangular unstructured mesh for

the calculation of a 2D flow over an airfoil.
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Figure 3.1: A triangular grid for a three-element airfoil (Versteeg 2007)

The best advantage of the unstructured mesh is that it allows the calculation of flows
in or around geometrical features of arbitrary complexity without spending a long
time on mesh generation and mapping. Grid generation is fairly straightforward
(especially with triangular and tetrahedral grids), and automatic generation
techniques, originally developed for finite element methods, are now widely
available. Furthermore, mesh refinement and adaption (semi-automatic mesh
refinement to improve resolution in regions with large gradients) are much easier in
unstructured meshes. In the following sections, the unstructured methodology is
explored in more detail as it is now the most popular technique and included in all

commercial CFD codes on the market today.
3.2 Discretization in unstructured grids

Unstructured grids are the most general form of grid arrangement for most complex
geometries. In the cell-centered method the nodes are placed at the centroid of the
control volume as shown in Figure 3.2a. In the vertex-centered method, the nodes are

placed on the vertices of the grid. This is followed by a process known as median-
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dual tessellation, whereby sub-volumes are formed by joining centroids of the
elements and midpoints of the edges, as illustrated in Figure 3.2b. The sub-volume
surrounding a node then forms the control volume for discretization. Both cell-
centered and vertex-centered methods are used in practice. Developing the ideas of
discretization in unstructured grids for the cell-centered method, which is simpler to
understand, and, since a control volume always has more vertices than centroids, it

has slightly lower storage requirements than the vertex-centered method.

(a) (b)
Figure 3.2: Control volume construction in 2D unstructured meshes:
(a) cell-centered control volumes; (b) vertex-based control volumes

A brief summary of the discretization process used in the original code is given

below. Detailed information can be found in the lecture notes of I. Sezai (2013).

The discretization in unstructured meshes can be developed from the general steady

state transport equation which is given by:

div(pgv) = div(T grad @) + s, + s;d (2.1)
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where s4 is the source term due to body forces and pressure for the case of
momentum equations, or energy generation per unit volume in the case of energy

equation. In general, it can be written in linearized form as
s,=s."+s"¢ (2.2)
The term s;d is the diffusion source terms involving cross derivatives in the

. . . d
momentum equations. The cross derivative source terms s,” are zero for

incompressible fluids if u is constant.

Integrating and applying the Gauss' divergence theorem gives

$(ppv)-dA = (T grad ¢)-dA + [ 5,V +§(ugradu-e,)-nd4 (2.3)

Convection term Diffusion term Source term Cross derivative diffusion term
where e; is the unit vector in direction i, (e, e,, e. for x-, y- and z-momentum

equations, respectively).

Approximating the surface integrals in terms of summations gives

I’l/P

- _ cd
g, — > T, Vg.A, = [s,dV+S; (2.4)
f=1 f=nb(P) cv
Convection term Diffusion term Source term
Or
np
conv dif _ cd
2 2 I = IS¢dV+S¢ (2.5)
f=1 S=nb(P) cv

. . . . d
where the cross derivative diffusion source term S ; are:

S = J(uvxu)-ndA r z (uVu) A +(UV'Y) A7+ (UV W) 4
S

J=nb(P)
S = j(wm) ‘ndA = Z (uVu)  A; +(UV7'Y)  Ap+ (VW) A (2.6)
S JS=nb(P)
S = '[(uvzu)-ndA r Z (UVu) Ay + (V) Ay + (VW) 4]
K J=nb(P)
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where, Ay, Ayand A; are the x, y and z- components of the surface area vector. The

convective flux at the cell faces J;™" = 1,4, can be written as the sum of the upwind

value and other higher order terms (i.e. LUD) which are evaluated at the previous

iteration n—1 as
Ty =iy =i [ ¢+ (g7~ o) ] 27
where ¢f is the face value of ¢ obtained from a higher order method and mf¢/f[ is

found from upwind method expressed in a compact form as:

¢, =max(rm,,0.)d, + min(ri,,0.)d,

(2.8)
Substituting mf¢? from Equation (2.8) into Equation (2.7)
J" =max(m,,0.)d, + min(m ,0.)d, 29)
. . . . ()ld :
+| i, ¢ —max(ii,,0.)¢, —min(rir, 0., |
Figure 3.3: Diffusion flux across a surface (Sezai I. 2013)
The calculation of the diffusion flux at an internal face is given by
” - V¢, -NN'-Vg, - PP’
JY =-T Vg, A, =T f.M Af-T, t NNV, Ay (2.10)
PN PN
orthogonal term non-orthogonal term

according to Figure 3.3:
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A_? _AA
d, A,-PN
PP'=Pf—(Pf-n )n,

NN'=Nf—(Nf-n)n,

2.11)

The orthogonal term is treated implicitly whereas the non-orthogonal term is treated

explicitly.

Writing the convection and the diffusion terms in a deferred correction manner,

Equation (2.4) can be written as

n;(P) n,(P)
> max(rir,,0.)d, + D min(sir,,0.),
/=1 f=1

n—1

n(P) T .4 ny(P) .4
_z £ d(¢N_¢P): z £ d(V¢N'NN'—V¢P-PP')
f=1 dPN f=1 PN

n,(P) n—1

= [, @) —max(ii,,0.)¢, —min(rir,,0)gy | +s,V,+S;
=

which can be written in the general form of:

ap Pp + Z aypy =S

N=nb(P)
where

S =54V, + 8% + 87 + 854

r.4
d . .
a, =——1 +m1n[mf., O], a, = Z —ay+a,—s,"Vp,
PN ' N=nb(P)

”/‘(P)

5= = 3 [ ¢ ~maxi, 0.9, ~minGir, 09, ]
/=1

n-1

n,(P)
+ 3| e (v, NNy, PP
f=1 PN
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(2.13)



"/
=—(Vp)pV, = —z p;A;  for x-momentum equation
— 7=l ’ ’

non-conservative )

S pres __ conservative

Wi
=—(Vp)V, = —z p;A;  for y-momentum equation
Cervati S=1
non-conservative \ )

conservative

S ;d = cross derivative diffusion term defined in Equations (2.6).

s, = source terms per unit volume in the differential equation

= body forces per unit volume in momentum equations

= energy generation rate per unit volume in energy equation
nb(P) — refers to the neighbor nodes of node P,
n{P) — neighbor faces of the control volume of node P,
dc — deferred correction (diffusion and convection source terms resulting from the
deferred correction procedure used during discretization of the differential
equation)
pres — pressure

(n—1) — previous iteration

Generally, the source terms are linearized as in equationS =S_+S,¢ where S, is

added to S and (-S,) is added to ap.

In order to improve the convergence characteristics of the steady flow equations
underrelaxation is usually applied. After relaxation, Equation (2.13) becomes

l-a

1 ;
;aP¢P+ > ayd, =S+ a,g, (2.14)

N=nb(P)

where @, is the previous iteration value of ¢.

Calculation of ¢f for Convection Terms:

35



Upwind difference method (UD):

¢, =¢, for m, >0 2.15)
¢, =@, for m, <0 '

Linear Upwind Difference Scheme (LUD) 2nd order Upwind Difference Scheme

(SOU):

LUD formulation along a line in 1-D is:

U P 1
b, =9 {%ng (2.16)

Figure 3.4: Linear Upwind Difference Scheme (LUD) illustration (Sezai I. 2013)

where subscript U refers to upwind node and it is illustrated in Figure 3.4. This can

be extended to 3D space using Taylor series expansion around point U:
¢, =9, +Vy, 1, (2.17)
according to Figure 3.4

¢, =¢p, Vo, =V, 1, =1, =r,—1r, for m>0

¢f”:¢w Vg, =V, r,=ry =r,—r, for m<0

or
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=@ +Vp-r, for m>0

: (2.18)
¢, =¢y+Ve, 1, for m<0
The pressure correction equation can be written as:
alpp= Y, alp)+b.
N=nb(P)
Y7 A, PN
ar = z a’ (2.19)
N=nb(P)
- (Pr—pPp) o oo
by ==V, = Xyt Y, pD VP (A,
At FEnb(P) F=nb(P)
(D,A))-A,
+ LS T (Vp! —Vpl) - PP
_,»_nzbm PPN (VP\ =Vpp)
Mass correction given can be written as
i, =—af (pi ~ py) —al (Vp)y NN'-Vp,, - PP") (2.20)

After solving the p' field from Equation (2.19) the mass flow rate at the surfaces are

corrected by using Equation (2.20)

i, =, —af (ply ~ py) —al (Vpl -NN'=Vp}, - PP") 2.21)
The nodal velocities are corrected as:

V,=V,+V,=v,-D,Vp, (2.22)
Pressure field is corrected by using:

Pr=Dp+a,p) (2.23)

@, = pressure under-relaxation factor

SIMPLE Algorithm:

The SIMPLE algorithm, which was implemented in the code, is using the following

steps for solving pressure-velocity fields coupling:
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Step 1: Solve the discretized transport Equation (2.14) for g¢=u and ¢=v

a ap -
— = D, ayy+S+(1-a) L4
o o

N=nb(P)

Step 2: Calculate mass flow rate at cell faces:

i, =p,V, A, +p,D;(Vp), A, —a} (py—pp)—al (VP -NN'-VP, . PP

Step 3: Solve pressure correction Equation (2.19)

P ] P
ap Pp = Z aypy +bp

N=nb(P)

Step 4: Correct velocities and pressure at points P using Equations (2.22) and (2.23)

* i * i * i
Vp=Vp+V,=V,—-D,Vp, Ppr=PptQ,Pp

Step 5: Correct mass flow rate using Equation (2.21)

i, =m; —ay (py —pp)—ax (Vpy -NN'=Vp},-PP")

Step 6: Solve the discretized transport Equation (2.14) for other unknowns (i.e. for ¢

= Temperature)

ap Ap n-1
= D ayp+S+l-a)t g
a a

N=nb(P)

Step 7: Repeat steps 1 to 6 until convergence.
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Chapter 4

TURBULENCE MODELING EQUATIONS

4.1 Introduction

The ability to predict turbulent flow and associated heat transfer by mathematical
modelling is of considerable practical value. Lately, there has been extensive
improvement in Computational Fluid Dynamics (CFD), where it is possible to
predict the performance of the system and optimize its goals efficiently by solving

numerical computation with fewer experiments.

In general terms, the criteria for a nice turbulence model are: (1)minimum
complexity (i.e. contain a minimum number of differential equations; (2)empirical
constants and functions but still provide sufficiently accurate and physically realistic
results); (3)robustness (i.e. promote stable convergence and not have difficulty
resolving the steep gradients in near-wall regions); (4)possess extensive universality
(i.e. can be applied to a large variety of flows without adjusting the empirical
constants). For practical engineering calculations, two-equation turbulence models
have become the most popular since they are relatively simple to program and place
much lower requirements on computer resources than other more complicated
models (e.g. algebraic and Reynolds stress models). Consequently, when cost
effective, timely solutions of flows spanning large domains with complicated
geometries are required, only two-equation models are currently practical. The main

difference between two-equation models is the treatment of near-wall regions and
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choice of the length scale variable, the equation for the transport of turbulence
kinetic energy (k) being common to all. As well, a significant problem with the
selection of a turbulence model is that it is often difficult to assess those models
available since they have been tested on different test cases using a variety of grid
sizes and numerical schemes. Therefore, it is not clear which proposed models
provide the best performance, especially in the case of complex flows that involve

impingement or boundary separation and reattachment.

This dissertation attempts to resolve small part of this issue by applying and
comparing various two-equation turbulent models to different test cases (impinging
and separating flows), which all use a standard numerical scheme and identifying

preferred methods of predicting various cases performance.
4.2 Momentum Transport Governing Equation

The Reynolds number of a flow gives a measure of the relative importance of inertia
forces (associated with convective effects) and viscous forces. In experiments on

fluid systems, it is observed that at values below the so-called critical Reynolds

number Re_. the flow is smooth and adjacent layers of fluid slide past each other in

crit
an orderly fashion. If the applied boundary conditions do not change with time the
flow is steady. This regime is called laminar flow.

At values of the Reynolds number above Re_, a complicated series of events takes

crit
place which eventually leads to a radical change of the flow character. In the final
state the flow behavior is random and chaotic. The motion becomes intrinsically

unsteady even with constant imposed boundary conditions. The velocity and all other

flow properties vary in a random and chaotic way. This regime is called turbulent
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flow. The characteristics of turbulence are diffusive, random, dissipative and three-

dimensional. Figure 4.1 shows the time history of turbulent velocity.

Figure 4.1: Typical point velocity measurement in turbulent flow (Versteeg 2007)

The random nature of a turbulent flow precludes an economical description of the

motion of all the fluid particles. Instead, the velocity in Figure 4.1 is decomposed
into summation of a steady mean value U with a fluctuating component u'(¢)
superimposed on it.

u()=U+u'(t) 3.1
This is called the Reynolds decomposition. A turbulent flow can be considered as the
sum of mean values of flow properties (U, V, W, P etc.) and some statistical

properties of their fluctuations (u’, v/, w’, p’ etc.).

By assuming that fluid density pis constant, the instantaneous continuity and steady

Navier-Stokes equations (1827 & 1845) in Cartesian co-ordinate system can be

defined as:
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ou; _
ox,

32

olpuu;)  op 0 Ou, Ou, G2

- S L 4 M| — +—7
Oox, Ox, Ox, Ox; O

Continuity 0

Momentum

where p =P+ p' is the instantaneous pressure and 4 is dynamic viscosity.

Since it is necessary to investigate the effects of fluctuations on the mean flow using
the Reynolds decomposition given in Equation (3.2) and replace the flow variables u
(hence also u, v and w) and p by the sum of a mean and fluctuating component. Thus
by substituting the variables u=U+u;u=U+u",v=V+v,w=W+w',p=P+p’
into Equation (3.2) and time averaging individual terms in momentum equations, it
finally yields the time-averaged momentum equations and placing these terms on the

right hand side gives the following equations for continuity and momentum:

Continuity oY, _ 0
ox,
33
apUU,) oP o ou, U, — G
Momentum — =t | M|t |- puy;
ox, ox, ij ij ox, '

The extra stress terms —ul’u; results from six other stresses, three normal stresses,

and three shear stresses. These additional turbulent stresses are termed the Reynolds
stresses, which are all non-zero and appears because of the nonlinearity of the

Navier-Stokes equation.

The primary task of turbulence modeling is to develop computational procedures to

predict these extra terms. (Reynolds stresses and scalar transport terms).
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To compute the Reynolds stresses with the turbulent k—& model, Boussinesq
relationship (1877) is used which indicates that Reynolds stresses might be

proportional to mean rates of deformation:

ox. Ox 3

Jj i

— - oU,
Reynolds stress —puu’; = p, £ﬂ+ - J—z Pk, (3.4)

where, k represents turbulent kinetic energy and o, represents the Kronecker delta

function.

Substituting Equation (3.4) into Equation (3.3) derives final Turbulent Momentum

Equation:

apUU,) o ou. ou, || opP
P — + l + = —_ 3.5
Ox Ox (v a1 ox, Ox Ox. (3-5)

i J J i i

while P’ =P+§pk .

Applying dimensional analysis, the eddy viscosity can be specified with a relation
between turbulent viscosity £, to the turbulence kinetic energy, &, and the turbulence

dissipation rate, ¢ using equation below:

2
Turbulent viscosity x4, = pC, —
¢ (3.6)

where C,is a dimensionless constant and considered as constant for high Reynolds
number. For a simple flow, such as pipe flow or channel flow, the Reynolds stress
term can be modeled by a simple Prandtl mixing length model called zero-equation
model. The zero-equation model can be modeled directly without any additional

differential equations. However, more general and complex flow needs to have a
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more sophisticated model that includes & and ¢. This is referred to as the second-

order closure problem.
4.3 Energy Transport Governing Equation

Similar to the momentum equation, the energy equation has an extra term which is

called Reynolds flux:

opurT) 0 ﬁa_T_pﬁ (3.7)
Ox, ox, | o Ox,

The turbulent heat flux can be obtained using a gradient diffusion model:

— T
o =4
o, OX,

(3.8)
Using the Equation (3.8) the steady-state Reynolds averaged energy equation can be

derived as follow:

a(pU.T) :iKLr&ja_T} (3.9)

Ox, ox,|\o o, )ox,

1

This energy equation is strongly coupled with the momentum equation so that all the

numerical calculations for the governing equations can be performed simultaneously.
4.4 Standard & -¢ models

The standard k& —& model (originally developed by Launder and Spalding 1974) is
the most popular used and approved turbulence model, which has achieved great
successes in calculating thin shear layer and recirculating flows without the
requirement of individual adjustment of the model constants. It performs particularly
well in confined flows where the Reynolds shear stresses are most important. This
includes a wide range of flows with industrial engineering applications, which

explains its popularity.
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As previously mentioned in Equation (3.6), kinetic energy and its dissipation rate are
introduced to calculate eddy viscosity. The standard k£ —& model has been applied to
many different flows, such as plane jets, mixing layer, boundary layer flows, and so
forth. Despite the existence of more advanced turbulent models, such as Direct
Numerical Simulation (DNS), Large Eddy Simulation (LES) or Reynolds Stress
Model (RSM), the standard k£ —& model has been studied by many researchers
because of its easy adaptivity and smaller computational cost. This model was

developed on the assumption that the flow is fully turbulent and there is a local
equilibrium where rate of production of turbulent stress, F,, equals rate of turbulent
dissipation rate, &, near the wall. The assumption of fully turbulent flow requires the
local turbulent Reynolds number Re, = pk”/ ue, to be high. For this reason, the

standard k—& model is sometimes called the high-Reynolds number k£ —¢& model,
compared to the low-Reynolds number k& —¢& model in which calculation is carried
out up to the wall including the viscous sublayer. It is necessary for standard &k —&
model to have the first calculation point far away from the wall where the local

Reynolds number is large enough to satisfy the above assumption.

In spite of the numerous successes, the standard k£ —& model shows only moderate
agreement in unconfined flows. The model is reported not to perform well in weak
shear layers (far wakes and mixing layers), and the spreading rate of axisymmetric
jets in stagnant surroundings is severely over predicted. In large parts of these flows
the rate of production of turbulent kinetic energy is much less than the rate of
dissipation and the difficulties can only be overcome by making ad hoc adjustment to

model constants.
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The turbulent model, including buoyancy term, originally developed by Launder and

Spalding (1974), is described by the following equations:

apyU, k) o Ok
— =a—{(u+i>—}+pa—pe (3-10)
x; x; o, Ox;
o(pU,e) 0 U, . o€ & &
- + L0 | = C ——pC, — 3.11
axj axj (/Ll Gg)axj p lgk p 2¢ k ( )
where
- oU, _
Pk:i 8Ul+ ; |oU,
p\ox, Ox; )ox,

The empirical constants are assigned their usual values, these are
C,=009C,,=144,C, =192,0,=10,0,=13

Equations (3.10) and (3.11) are valid only in high Reynolds number regions. They
are not applicable in regions close to solid walls where viscous effects predominate
over turbulent ones. Usually Two methods are used in dealing with near-wall
regions: low Reynolds number modeling or wall functions. Of interest is the low
Reynolds number modeling since wall functions are not recommended for impinging
jets and they all perform poorly in the stagnation region where the assumptions used
in their derivation are certainly not valid (Heyerichs and Pollard 1996).

4.4.1 Low Reynolds Number (LRN) % —& modeling

Efforts have been made in the past for better approximation of refining the near-wall
grids without using a wall function. This led to the development of the Low
Reynolds versions of k—& model. A summary in presented by Patel et al. (1985),

compared nine different versions for performance comparison.
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The Reynolds number is based on the distance from the wall. In the near-wall region,
the flow velocity and distance to the wall are low and the result is a low Reynolds
number. Then, low Reynolds number models refer to turbulence models that can
simulate the flow in near-wall region where the viscous effects dominate, by

integrating the equations right to the wall, without resorting to wall functions.

In low Reynolds number flows, very rapid changes occur in the distribution of & and
¢ by reaching the buffer layer between the viscous sublayer and fully turbulent
region. To force the rapid changes to k and ¢, the constants of the high Reynolds
number model are multiplied by exponential damping functions which require large
number of grid points to resolve the changes. As a result, the system of equations

becomes stiff which makes the numerical solution difficult to converge.

Jones and Launder (1972) proposed the first LRN k4 —& model. This model includes
damping functions based on the local turbulent Re number. The attempt has been
made to predict the appropriate values of the eddy viscosity and the dissipation near
the wall where turbulent Reynolds number is small. LRN k—& by Lam and
Bremhorst (1981), Abid (1993), and Lars Davidson (1990) developed new models to
investigate the proper behavior of the turbulent shear stress and the kinetic energy
and its dissipation near a solid wall. Chien (1982) was one of the researchers who
improved the LRN £ —& model by applying the Taylor series expansion technique to
investigate the proper behavior of the turbulent shear stress and the kinetic energy
and its dissipation near a solid wall. Craft et al. (1996) proposed a non-linear LRN
model that has a nonlinear relation between strain-stress and vorticity that includes

quadratic and cubic terms. Nagano and Tagawa (1990) developed the LRN k—¢
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model to satisfy the physical requirements of wall and free turbulence. Chang et al.
(1995) developed the LRN & —¢& model to satisfy the physical requirements of wall
and free turbulence. For a flow over backward-facing step, experimental data by Kim
et al. (1987), Driver and Seegmiller (1985), and Vogel and Eaton (1985) are
frequently used to verify the models. For an impinging jet flow, experimental data by
Van Heiningen (1982), is frequently used to verify the models. Unlike experimental
data, DNS data are often used to develop new turbulence models because of its

detailed information of flow quantities even very close to the wall.

For the time being Lam and Bremhorst (1981) model will be discussed which is
mainly preferable and popular for a number of reasons. First, it has seen application
to a variety of different flows by a number of independent researchers. Also
comparing with other LRN k —¢& models, tests have shown that it is among the best

at predicting the characteristics of fully turbulent flow.

The general forms of k —¢& group of models are:

8(pu, k 1 —oau

(ou, ):i{(wﬂ)a_k _pu;u;_%_pg (3.12)
ox; ox; o, 0x; | ox;

o(pu,e) 0 Y7 oc | &— Ou. g’

= |(u+E) = |- pC Zuu' —L— fpC, =— 3.13
axj axj (/Ll Gg)axj_ ﬂp le kulu] axj ﬂp 2¢ k ( )

The steady state equations of the k—& group of models are defined in Equations

(3.12) and (3.13).

The coefficients, wall damping functions and constants used for the Lam &

Bremhorst model are defined below:
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2

Turbulent viscosity g, = pC,f, L (3.14)
£

2 20.5
f,= [1—exp(—0.0165Rey)] £1+R—eIJ

Damping functions 3 (3.15)
fi= 1+[$J | = l—exp(—Retz)

U

C,=0.09, 6,=09, o,=1.00, o,=130, C,=144, C, =192

2
Re 2K pe —£Vky

e H

where y is the minimum distance to the nearest wall.

Defining the boundary conditions, for inlet in internal flows, if no k£ and & are

available, crude approximations could be attained from the Characteristic length L
(equivalent pipe diameter) and Turbulence intensity 7, which are defined in

1

Table 4.1:

Table 4.1: Boundary Conditions in Lam & Bremhost model

3 2 k3/ 2
Inlet k,==(U,,T) and g, =C""=——,/=007L
A !
Outlet or symmetry axis ok =0 and ¢ =0
on on
0
Solid walls k,, =0 and 58 =0

The low Reynolds number k£ —& model equations can be written in generic form:

% +div(pgv) = div(I'grad§) + s, + s;d (3.16)
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In Equation (3.16) s, is the source term due to body forces and pressure for the case
of momentum equations, or energy generation per unit volume in the case of energy
equation. The term S;d is the diffusion source terms involving cross derivatives in the

momentum equations.

The variables (¢, I' and S;) for Momentum, Energy, k and ¢ equations are shown

in Table 4.2.

Table 4.2: Low Reynolds Number equations (Generic form)

Equation ¢ r S,
Continuity 1 0 0
0 oUu\ o o). o oW\ oP
XMomentum | U1 #er | &l ey [ e ) e\ o e
oUu ). 0 o), o ow ) opP
Y-Momentum | V Moy a ,ueﬁ.g +5 ‘ueﬂ.g +£ 'ueﬁ'ﬁ_y _E
M ) wl| u 0 ou N 0 oV N 0 ow\ or
-Momentum . Ny — =y — ||, — |——
7w\ o\ e ) 2\ e )
HoH
_+_
Energy T o' o 0
Turbulence | K | 4+ f B —pe
k
L 4 & g
Dissipation | & ,U+;E C.f, ;Pk - ngfsz

ouY (ovY (ewY 1(ou ovY 1(ow ouY 1(ov owY
SS.=l— |+ — |+ —|+2| —*+—=— | +t=| —+—| t=| —+—
7 ox oy Oz 2\ oy ox 20 oz 2\ 0z oy
k* . 2
P =H+p th=pCuf,— P =P+(§ka P, =2uS;S,

2 C
Re =¢ Re =p_\/zy 0'=Pr='u £

" osu g 7, k

Linearization of source terms:
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One of the basic rules require that when the source term is linearized as
S=S.+S,4, (.17)
The quantity S, must not be positive for a convergent iterative solution, which

ensures diagonal dominance of the coefficient matrix. However S, must be positive

to obtain all positive ¢ values. Often source terms are the cause of divergence of

iterations and that proper linearization of the source term frequently holds the key to

the attainment of a converged solution.

When source S depends on ¢, the dependence is expressed in a linear form given by

Equation (3.17). This is done because first, our nominally linear framework would
allow only a formally linear dependence, then the incorporation of linear dependence

is better than treating S as a constant.

When § is a nonlinear function of ¢, it must be linearized, i.e. specify the values of
S.and S, which may themselves depend on ¢. During each iteration cycle, S, and

S, would then be recalculated from the new values of ¢. The linearization of §

should be a good representation of S and ¢ relationship.

Both k and & are strictly positive quantities. So, to obtain always positive results for
k and &, the source terms should be formulated such that S, is positive and S, is

negative for k and & equations.
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2
For k equation source term by inserting equation &= pC, f,— in the turbulent

t

source term:

2
C
Sk:B‘—pg:B‘_p—”f;‘kz (3.18)
H,
Ser = h,
Kinetic energy source terms poﬂ S i (3.19)
Pk ‘th
Fore source term:
& g’
Sg = ClgﬁEc o CZ‘s‘f‘Zp_ (320)
k k

Rewriting source terms in terms of eddy viscosity £, :

pC Lk & pC.fk & pC,f ke
ll'lt = — = =

& k H,ok H,
Gives:
pC [k
SCL‘ = Cl:;fipk =5
Dissipation source terms ' (3.21)
pC. [k
SPL‘ = _CZLf‘Zp

t

In order to avoid negative values for £ and &, and division by zero, #, is limited to

a small fraction of laminar viscosity £ by using:
k2

Turbulent viscosity limitation M, =max ( pC. [, — ,107 y,j (3.22)
£

4.5 Wilcox k-o models (2006)

The standard k£ — @ model was originally proposed and developed by Wilcox. In this
model, two transport equations for the kinetic energy of turbulence k and its specific

dissipation rate @ are solved. One major advantage of the k£ —» model are that the
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transport equations for k and @ are solved right across the boundary layer, all the
way to the wall, through the viscous sublayer, and a low Reynolds number
modification using an extra damping term is not required. However, the original
k— o model of Wilcox has one main drawback: the results depend on the free-
stream value of the turbulence variables (in particular®) even at very low free-
stream eddy-viscosity levels. This free-stream dependence seems to be the strongest
for free shear layers, but is also significant for boundary layers, whereas the k—¢&

model is insensitive to the free-stream turbulence.

As described above, the k—® turbulence model is similar to the low Reynolds
number k—¢& model with ¢ replaced by @ which represents the frequency of the

vorticity fluctuations and the relation defined by Wilcox (2006) is given below:

&= ok (3.23)

It is initially attracted attention because it does not require wall-damping functions
nor the computation of wall distances, and it is less stiff than £ —& models in the

near-wall region.

The turbulent eddy viscosity x, is expressed in terms of @ as:

= (3.24)

This Equation shows that the eddy viscosity 4, is indeterminate or infinite asw — 0,

so a small non-zero value of @ must be specified.

A 55,
@=max| o,Cy T (3.25)
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S o5 Lo s (3.26)

U 3ox, 7
The Reynolds stresses are computed from Boussinesq expression:

U,
ﬂ+—fj _2 ks, (3.27)
Ox,

= 2
7, = —pul; =245, _Epkdj s { ax, 3

The transport equations for k-@ steady state turbulent flows are:

o(pU .k .
8xj 8xj w 8xj
o(pU .
(pU @) 70 b st 0 (ﬂ+%p_kj oo |, po, %k dw (3.29)
ij k Ox x; w ij w ij ij
oU, oU,
P=7,—=2uS,S,—— k—L0.
! ox Hiey 3/0 ox; Y

J

The model constants and equations are described below:

13 7
=0.6, =05, y=—, =0.09, C,, =—
Oy O, Y 25 B li 3
1+85y |29, S,
= ) =0.0708, =——Zfo 4 =
it IBOfﬁ 5 fﬁ' 1+1007, X (ﬂ )
ok Ow
0 ——<0 (3.30)
1 6u Ox; OX;
i =Sy~ 0y, 0, = b
2 ox 1 0Ok 0w
" — —>0
8 8x Ox;

P KT O Vo o
T2 ox, oy 72 ox;, ox

The tensors €2, and S, are the mean-rotation and mean-strain-rate tensors. As can be

easily verified the quantity j, is zero for two-dimensional flows.

For the boundary conditions, many CFD codes employ the approximate » wall
boundary condition from Menter for this model (Equation (3.56)) which is defined in

Table 4.3 again.
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At inlet boundaries the values of £ and @ can be obtained from characteristic length

L (pipe diameter) and turbulence intensity ;.

Table 4.3: Boundary Conditions in Wilcox £ — @ model (2006)

3 k3/2
k=3 (UnfT) and g, =C)" = =007L
Inlet
gin
@, =
0.09%,,
Outlet or symmetry axis ok =0 and oo =0
on on
ou

i k,,=0 and o,,;,=10————
Solid walls wall wall 0075p(Ay1)2

as Ay, >0, where Ay, is the distance to the nearest wall.

In Table 4.4 the Wilcox k — @ (2006) model equations are written in generic form.

Table 4.4: Wilcox k& —» model (2006) equations (generic form)

Equation ¢ r S,
Continuity 1 0 0
0 ou\) o ovy) o oW\ oP
X-Momentum | U M, —\ sy — |+ — |y — |+ | 1y — |——
7 el e )\ e )T e\ e ) ox
Y-Momentum | V U ou n 0 v N 0 oW\ oP
- u . —| oy — ||y — |+ — |y — |——
7 ol et Py Hey oy ) Hey o ) o
Z-Momentum | W 7, 0 ou N 0 oV N 0 oW\ oP
- u [ A € A (5 A A (5 A A
7w\ Yo o ) o\ e ) e
H o H
_+_
Energy T o' o 0
ok 2 oU oV
Turbul K +o,— 2u,8,S; == pk(——+—— wk
urbulence U+o, - 4, p (8X 8Y) B p
Dissipation | @ y+0'wp—k X p_ Ppw + % (8k oo %8_0))
@ k w 0XoX oYoY
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* 2
Mo = 1+ 1 P=P+(§)pk P=2uS,5,

Linearization of the source terms according to the Equation (3.17) is as follows:
k equation:

28U oV, .
S =208,8, =5 PR - +— )= pok (3.31)

The linearized source terms are:

2 ou oV

Spk :—ﬂ*pw (3.33)

and for @ equation:

)0, , po, Ok dw Ok dw
S =—P-Poo +—4L(——+—— 3.34
o= PP o ax Yar ar) (3:34)

The linearized source terms are:

s —12p POy k0 kow, , ¢g 10 POy k00 KO0\ ;44
k @ 0X 0X oY oY "'k o 0X0X 0YO0Y

Spo =—Fpe (3.36)

4.5.1 Low Reynolds Number version of Wilcox (2006)
This model is the same as Wilcox (2006) model with the minor changes which is

named as Wilcox2006-LRN.

In constants of Equation (3.30), instead of £ =0.09 following is used:

100,/27+(Re, /R,)
1+(Re, /R,)’

*

B =0.09

(3.37)

where Re, :p_k’ R, =8 and f,=0.0708.
e

56



also, the same applies to y = % which is replaced by

7/22 (ZO +R€T/Rw (a*)*l (3_38)
25( 1+Re, /R,

. a,+Re. /R
where o =°—T/"

. 1
0l = 3, =—, R =261 and R, =6.
1+Re, /R, ~° B3 a, 9’ ane S

Instead of 11, = 2% following will be used
w

p=a (3.39)

A

@

25,8,
Replacing Equation (3.25) @ with @ = max {w, C,. ﬂ*? A ]
o

while 3 =0.09

Finally in Equations (3.28) and (3.29) instead of k& and o diffusion terms

( H+o, p_k} and ( H+O, p_k} following will be replaced:
@ @

( pto,a p—kJ (3.40)
w

(,u+0'wa*p—kJ (3.41)
w

4.6 Revised Menter-SST k- » model (2003)

In practice, the £ —& models are generally more accurate in shear type flows and are
well behaved in the far field. The k& —® models are more accurate and much more
numerically stable in the near wall region. Recognizing that each model has its

strength and weakness and that the forms of the equations are similar, Menter (1992)
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noted that the results of the k—& model are much less sensitive to the (arbitrary)
assumed values in the free stream, but its near-wall performance is unsatisfactory for
boundary layers with adverse pressure gradients. He suggested a hybrid model using
a transformation of the & —& model into k£ — @ model in the near-wall region and the

standard k& —¢& model in the fully turbulent region far from the wall.

Menter (2006) developed the shear-stress transport SST k—@ model, which
effectively blends the robust and accurate formulation of the k—@ model in the
near-wall region with the free-stream independence of the k—& model in the far
field. To achieve this, the k—& model is converted into a k—@ formulation. The
standard k—® model and the transformed k—& model are both multiplied by a
blending function, and the two models are added together. The blending function is
designed to be one in the near-wall region, which activates the standard k-
model, and zero away from the surface, which activates the transformed k-—¢&
model. The SST model also incorporates a damped cross-diffusion derivative term in
the @ transport equation. The definition of the turbulent viscosity is modified to
account for the transport of the turbulent shear stress, and the modeling constants are
different. These features make the SST k£ — @ model more accurate and reliable for a
wider class of flows (e.g., adverse-pressure-gradient flows, airfoils, transonic shock

waves) than the standard k& — » model.

Here, the complete formulation of the latest SST model in steady state is given, with

the limited number of modifications to the original model.

opuk)
ox,

1 1

., 8 ok
=P — B pok+-| (u+ ax 3.42
=B p ax[(” Gku,)ax} (3.42)

i

58



o(pUw) aBp , 0 ow 1 ok o
= —ppw”+—|(u+o +2(1-F) po — 3.43
ox, i pp ox, (e omm) 2 ox, (1=F)pon ® Ox, 8x (3.43)
where the blending function £, is defined by:
4
4

F, = tanh {{ min| max \*/% ,SO(Z‘U , pa‘”zlj (3.44)

p oy py o) CD,y
with CD, = rnax(ZpO'w2 ! 2_]{2_@ 107 J and y is the distance to the nearest wall.

@ Ox; Ox

I, is equal to zero away from the surface (k—& model), and switches over to one

inside the boundary layer (£ — @ model).

The turbulent eddy viscosity is defined as follows:

pak

= 3.45
H max (a,o,SF,) (3.43)
where

1 Ou Ou,
§=28;8;, S;== +—L
! v 2(8x 8xl.)
2
S, (an + a +(8—Wj (3.46)
Ox oy 0z

1(ou ovY 1(8W 8UJ2 1(ov owY
— =t | = — | +=| —+—
2\ oy ox 2\ 0x Oz 2\ 0z Oy

where S is the invariant measure of the strain rate and F, is a second blending

function defined by:
\/_ 2
F, = tanh| | max {2 500“ J (3.47)
Baoy py'o

A production limiter is used in the SST model to prevent the build-up of turbulence

in stagnation regions:
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Pk:

ouU, | oU, an
+
! ij ij ox;

1

J — B, =min(R,10.8 pko) (3.48)

All constants are computed by a blend from the corresponding constants of £ —& and

k—@ model via ¢=@F, +¢,(1-F) etc.

The constants for this model are:

. 5
B =0.09, ¢, =5’ a, =044, 5, =0.075, B, =0.0828 (3.49)
0,,=085,0,=1L0,=050,=0.856,a =031

In Table 4.5 the Revised Menter-SST &k — @ model (2003) equations are written in

generic form.

Table 4.5: Revised Menter-SST k& — @ model (2003) equations (generic form)

Equation @ r S,
Continuity 1 0 0
0 ou\ o ov) o ow\ oF
X-Momentum | U M, —\ sy — |+ —| g — |+ | g — |——
7w\ e o\ )T 2\ e ) o
0 oUu )| 0 ovy) o ow ) or
Y-Momentum | V Moy a ,ueﬁ.g +5 eﬁ.g +g e/f'a_ _E
Z-Momentum | W H 0 oy + 0 oV + 0 o\ _oF
- u [ A €] A A (5 A A (5 A T4
7w o\ e ) 2\ e )
H K
_+_
Energy T o o 0
Turbulence | K | u+o,4 P~ [ pawk
i 1 ok 0
Dissipation | @ | #4+0O, 4, &—ﬁpa)z + 2(1 ~F )P%z 1L Ok o0
A, @ Ox; Ox,

. 2
My =p+p, P =P+(§jpk

Linearization of the source terms:
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k equation:
S, =P~ pok (3.50)

The source terms are:

S =P, (3.51)
S,==p pw (3.52)
@ equation:
B 1
s, =25 gowt +2(1- F) po,, - 0@ (3.53)
U, @ Ox; O,
Results of the linearization are:
P
s =% o01-F)po,, L K02 (3.54)
y7s @ Ox; OX,
S, =—Ppw (3.55)
The recommended boundary conditions for smooth walls are mentioned:
ou
@, =10———
1l PB.(An,) (3.56)

wall —

as Ay, >0, where Ay, is the distance to the nearest wall.

Hellsten, A. (1998) has suggested a simplified rotation/curvature model, which is the

same as Menter’s SST (2003) method except that the destruction term in the w

equation is multiplied by the function F, described below:

1
) ;;(;VR (3.57)
R =—(—-1)
S S

The strain rate S is defined previously in Equation (3.46).
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Vorticit itude W =.2W.W, W= (M
(6] 1C1ymagn1u (] i i 2 axj axi) (3 58)
1(ou avY 1(8(] awjz (v awY '
WW. == ———| +=| ——— | +=| ——
Yo2loy ox 200z ox 2\ oz oy
Cpo =14 (3.59)

This corrected model is referred as (SST-2003RC-Hellsten).

F. R. Menter (2010) has also developed a model called the scale adaptive simulation
model. This model has been derived from the exact transport equation for the
correlation kL of the turbulence kinetic energy k and the integral length scale of

turbulence L, which offers a profound starting point for the modeling of the relevant
terms and finally leads to the introduction of the Von Karman length scale L, into
the turbulence scale equation. Because the turbulence scale equation in statistical

two-equation turbulence models can be transformed from one variable to another

(e.g., kL to specific dissipation rate ®), the new model is transformed into the k — @
shear stress transport (SST) framework, yielding an additional source term (,; in

the o equation:

2
L 2pk 1 dwow 1 Ok Ok
= S| — | =Cys—— ———\———|,0 3.60
s max{pgz [kaj S48 o, max(wz ox, ox, 2 ox, Gx]} ] ( )

with the strain rate S defined in Equation (3.46) and the constants &, =1.47,
Css =2 as well as o, =2/3. The turbulence length scale L can be calculated with
the help of the two variables of the wunderlying turbulence model via

L=k"/ (a)CL”) and the corresponding constant C,=0.09. The generalized

formulation of the Von Karman length scale L,, is based on the second derivative of

the velocity field and is given by
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2 2
Ly =rl, ur= |2Y 00 (3.61)
u” ox, Ox,

while the Von Karman constant value is x = 0.41. If the flow field exhibits sufficient
inherent instabilities, the source term will be activated, leading to an increased
production of the specific dissipation rate in these areas. This results in lower levels
of eddy viscosity and eventually leads to the resolution of turbulent fluctuations. On
the other hand, in stable flow regimes such as attached boundary layers, the source
term remains inactive, thus allow treating these areas efficiently with the standard

RANS capabilities of the SST turbulence model.
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Chapter S

RESULTS AND DISCUSSIONS

5.1 Introduction

In order to solve the governing equations for turbulent flow, turbulence models are
written in FORTRAN code and added to an existing unstructured flow solver
developed in the Mechanical Engineering Department by I. Sezai. For pressure-
velocity decoupling, SIMPLE algorithm is employed, and the turbulence models are
solved in conjunction with the Reynolds-averaged momentum and energy equations
using a control volume method. In discretization of the convection term, upwind
scheme is used for turbulence terms while Linear-Upwind-Differencing (LUD)
scheme is used for discretizing momentum convection equations. For better
resolution near the wall, nonuniform grids are used so that fine meshing is applied

near the walls and stagnation region.

Various turbulence models are applied for two turbulent flows configurations;
backward facing step and impinging jet, with altered Reynolds numbers and
compared to experimental values. These geometrically simple test cases contain
stagnation and recirculation zones, which provide stringent conditions for testing

turbulence models.
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5.2 Validation

5.2.1 Impinging slot jet

A single turbulent confined impinging air slot jet is numerically studied at two
different Reynolds numbers and Nozzle-to-impingement surface spacing (H/W), and

the Nusselt number results are compared to experimental values of Van Heiningen

(1982).

Figure 5.1 shows the geometric configuration of the problem. Only the flow field of
the half domain is solved due to geometric and physical symmetry of the impinging
slot jet. The channel length is extended so that the flow variables become fully

developed at exit plane.

u=0,v=-1,8=0
’ ’ u,=0, 66/éy=0
. Yz
Iﬁﬂl '\ Confinement Plate |
| ' Inlet: Plug flow : ou, /ox =0
Zero N
H :&\ Plane of S_ymmctry Gradient_b: 6‘6’;"63' =0
I v=0, dufox=0, Exit I Ok/ox=0
| 80/ex=0.  ok/ax=0. | oc/ex=0
: oglox=0, Ow/éx= 2// Impingement Plate : dwfox=0
T Wz e v
l« 49W N
| I

u =0, 0=1

Figure 5.1: The impinging slot jet test case and boundary conditions
(Heyerichs 1996)

General boundary conditions are described in Figure 5.1; however, turbulent
boundary conditions relating to different models were also described previously. The
bottom impinging plate is an isothermal wall of temperature 310k; a constant

temperature of 300k was set on the inlet flow and top confinement wall; a uniform
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velocity, turbulent kinetic energy, energy dissipation rate and temperature profiles
were presumed at the nozzle exit; at outlet and symmetry planes an outflow and
symmetry boundary conditions were assumed; at the confinement walls, the no-slip
condition was specified. Length scale and Turbulence intensity at the nozzle exit

were set to be 0.07W and 2% respectively.

For the accuracy of the results, the convergence criteria were specified as maximum
residuals of momentum equations must be 10 while for turbulence equations (k, ¢ ,

o) is 107°. To resolve the near wall region with large gradients satisfactorily, finer
computational grids were set near the walls. Grid distributions are depicted in

Figure 5.2 andFigure 5.3.

0 10 20 30 40 50
X

Figure 5.2: Grid distribution for Impinging slot jet H/'W=2.6, 216 %80 Grids
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Figure 5.3: Grid distribution for Impinging slot jet H/'W=6, 216*80 Grids

5.2.2 Backward facing step

Numerical computation has been performed for turbulent flow over a backward-
facing step studied by Vogel and Eaton (1985) which is frequently used in
benchmarking the performance of turbulence models for separating and reattaching
flows. Besides, it includes a region with adverse pressure gradient and shear-layer

mixing process. The computation domain was set to 35H in the streamwise direction.
The Reynolds number based on the step height for the experiment are given as Re,,
=28,000 and the expansion ratio (ER) outlet /inlet =1.33. The inlet boundary layer
is 6 =1.1H which is shown in Figure 5.4. No-slip condition was specified on the

walls. Symmetry boundary condition was assumed at the top. Length scale and
Turbulence intensity at the inlet were set to be 0.07/ and 1% and respectively; at the
exit, zero-gradient boundary conditions are assigned for temperature, velocities, and

turbulent quantities.
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' T = 300K Zero e
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5l e ‘/ u= umgyfs)”?-os‘u =0 Exit I'____:
_x_ k= C;%51%(du/dy)?, | = min[xy,0.096 ]
H
L 1

T
Figure 5.4: Backward facing step test case and boundary conditions
(Heyerichs 1996)

For the accuracy of the results, the convergence criteria were specified the same as
previous case which maximum residuals of momentum equations must be 107,
while for turbulent equations (k, &,w) is 10”. To resolve the near wall region with
large gradients satisfactorily, the mesh has been clustered near the step end and in the

recirculation region. Grid distribution is shown in Figure 5.5.

0 0 20 30
X

Figure 5.5: Grid distribution for Backward facing step (175x80 Grids)
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5.3 Grid sensitivity analysis

To ensure the attainment of grid-independent results, the sensitivities of the
numbering grids was tested for each case. Figure 5.6 toFigure 5.15 shows effects of
grid sizes on the predicted Nusselt number and skin friction coefficient distribution.
Typically, a grid density of 216 x80 provides a satisfactory solution for the impinging
slot jet model with 17280 vertices and 17573 total elements, and 175x80 is suitable
for the backward facing step flow containing 14256 vertices and 14510 total

elements.

60

55 b

150*60 Grids
————— 216*80 Grids
—memm 252-90 Grids

50

T N S I | TR T U TR SR S T
0 5 10 15 20 25
XW

Figure 5.6: Effect of grid size on the predicted Nusselt number for Impinging jet
k —& model, Re=8,100, H/'W=6.
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Figure 5.7: Effect of grid size on the predicted skin friction coefficient for Impinging
jetk — & model, Re=8,100, H/W=6.
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150750 Grids

————— 216780 Grids
—————————— 252790 Grids
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XwW
Figure 5.8: Effect of grid size on the predicted Nusselt number for Impinging jet
k — @ model, Re=8,100, H/'W=6.
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XA
Figure 5.9: Effect of grid size on the predicted skin friction coefficient for Impinging
jetk — @ model, Re=8,100, H/'W=6.
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Figure 5.10: Effect of grid size on the predicted Nusselt number for Impinging jet
k — & model, Re=10,400, H/'W=2.6.
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Figure 5.11: Effect of grid size on the predicted skin friction coefficient for
Impinging jet k — £ model, Re=10,400, H/W=2.6.
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Figure 5.12: Effect of grid size on the predicted Nusselt number for Impinging jet
k —wmodel, Re=10,400, H/'W=2.6.
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Figure 5.13: Effect of grid size on the predicted skin friction coefficient for
Impinging jet k — @ model, Re=10,400, H/W=2.6.
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Figure 5.14: Effect of grid size on the predicted skin friction coefficient for
Backward facing step k — & model, Re,, =28,000.
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Figure 5.15: Effect of grid size on the predicted skin friction coefficient for
Backward facing step k — @ model, Re,, =28,000.
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5.4 Velocity Streamlines

5.4.1 Impinging slot jet

Two cases of experimental data of the jet impingement flows were selected from the
available literature based on how detailed the authors described the experimental

setup and procedures and the boundary conditions required. First case with lower

nozzle to plate spacing (H/W=2.6) and Re, =10,400, second one with high nozzle

to plate spacing (H/W=6.0) and Re;, =8,100 where the Reynolds numbers are based

on inlet width of the jet.

Figure 5.16 andFigure 5.17 compare the velocity streamline patterns for different
turbulence models. It is observed that k—@ models predict similar reattachment
lengths for the vortex at the confinement plate which is about X = 20 (for H/W=2.6)
and X =~ 40 (for H/'W=6), while k—& LB model shows this distance about X ~12

(for H/W=2.6) and X ~30 (for H/'W=6). It can be realized from the streamlines that
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k — o models can predict much more efficient cooling effects of the impinging jet

than low Reynolds LB k —& model.

X
Figure 5.16: Magnified Streamlines comparison for Impinging slot jet, Re=10,400,
H/W=2.6 ( (1))Wilcox2006, (ii) k —& LB, (iii))Wilcox2006-LRN, (iv)Menter-SST )
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Figure 5.17: Streamlines comparison for Impinging slot jet, Re=8,100, H/'W=6
( ()LB, (i) Wilcox2006, (ii))Wilcox2006-LRN, (iv)Menter-SST )

5.4.2 Backward facing step

The backward facing step evaluates the quality of turbulence models for predicting a
flow that involves reattachment of separated turbulent boundary level. All turbulence
models have predicted the vortex behind the step in 2D, and the streamlines are

shown in Figure 5.18.

In addition to the primary recirculation zone, there exists a secondary bubble in the
step corner at approximately 0< X <1 called as corner eddy that is hardly visible in
streamlines of Figure 5.18 (iv)Menter-SST. Friedrich & Arnal (1990) reported that
the rapid secondary recirculation regions located in the corner were three-

dimensional bubbles.
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(i) (i}

(i) i {iv)

Figure 5.18: Streamlines comparison for Backward facing step, Re,,=28,000,
o/ H=1.1. ((1)LB, (i))Wilcox2006, (iii)Wilcox-LRN, (iv)Menter-SST )

5.5 Nusselt number and skin friction coefficient

5.5.1 Impinging slot jet

Figure 5.19 andFigure 5.20 compare the Nusselt numbers and friction coefficients
predicted by the different turbulence models with the experimental data of Van
Heiningen (1982), for first test case with Re=8,100 and H/W=6. It is observed that
both Wilcox2006 and Menter of k —» model family predict Nusselt number better
in correlation with the experimental data. Although these two models slightly
underpredict Nu around the secondary peak, where a boundary layer develops along
the impingement plate, and is located at X /W ~7 in experimental data. The other
two models (Wilcox-LRN and LB k —& model) overpredict excessively the value of

the Nusselt number in the secondary peak. This is because of the fact that the
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constants and the damping functions of k& —¢& models are not tuned correctly at the
wall and are tuned by free shear flow and wake flows, while £ —® family have a

better agreement with the experimental data near the solid walls.

There exists a stagnation region along the impingement plate, which forms a wall jet.

All models have a high correlation with the experimental data in stagnation region.

At the stagnation point, C, =0 and Nu is a maximum ( ~ 48). This is because of the
g p /

impingement of large-scale eddies that form during jet development. Around the

stagnation point, the fluid is caused to alter its direction, experiencing strong

acceleration, which results in a rapid increase in C, downstream impingement.
Decreases in the values of C,and Nu result from flow deceleration with distances

farther removed from impingement with a gradual decrease with Nux15 at

X/W=20.
%5
50
;\\.
45 ) — LB
N Wilcox2006
10k - Wilcox-LRN
a - Menter-SST
- o] Van Heiningen
15N
x
2 30
Z N
25 F
20F
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Figure 5.19: Comparison of predicted Nusselt number, Re=8,100, H/'W=6.
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Figure 5.21: Comparison of predicted Nusselt number, Re=10,400, H/W=2.6.
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Figure 5.22: Comparison of predicted skin friction coefficient, Re=10,400, H/W=2.6.

Figure 5.19 toFigure 5.22 compare the local Nusselt numbers and friction coefficient
distributions for Re=10,400, H/'W=2.6 case. The results are somehow similar with
the previous case that obviously Nu profile of Menter-SST k& —@ model has better
agreement to the data set. Lam & Bremhorst model extremely overpredicts Nu at the
stagnation point. The Nu profiles might be influenced by the initial step rise and the

stagnation peak is shown by the profiles inC, diagram. Therefore, Low Reynolds

number k —& model is not appropriate for heat transfer prediction near a stagnation

point especially in lower distances of impingement to plate.

All models predict poorly both the magnitude and location of the secondary peak in
Nu distribution; considering that the profiles of Nu and C, are similar. Once more,
Menter-SST model has the strongest correlation among others to the data set. It

predicts Nu in this region better than other models while Wilcox2006 model has

similar result.
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Far downstream (X/W>20) the predicted C, and Nu profiles of all models converge

to a similar value. It appears that C,and Nu predictions in this area are strongly

affected by the capability of a model to catch the physical behavior upstream of this

region.

The impinging slot jet test case shows that among the models taken into account;
only the Menter-SST k—w® turbulent model gives a satisfying prediction of
convection heat transfer in a flow deceleration. In addition, k—& low Reynolds
number models that calculate the near-wall turbulence based on distance from the
wall perform poorly and are not recommended for this type of flow.

5.5.2 Backward facing step

Skin-friction coefficient predictions for different models are presented in

Figure 5.23. The simulated flow domain here along the wall can be divided in three

general regions with alternating C, signs: forward flow region (positive C,,
Approx. X/H>7.0); recirculation region or reverse flow (negative C,, Approx. 0.0<

X/H<6.0); secondary bubble which is not visible in LB k—& model (positive C,,

Approx. 0.0<X/H<1.0);
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Figure 5.23: Comparison of the predicted skin friction coefficient with

experimental data, Re,, =28,000.

Reattachment length is a commonly used parameter to determine the ability of a
turbulence model for simulating the flow correctly over backward facing step.
Prediction of the reattachment point is a key measure of the computational accuracy
of any numerical scheme. It is the distance from the step to the position at
downstream of the channel, where the velocity sign changes from negative to
positive. Table 5.1 illustrates the comparison of predicted reattachment lengths by
various turbulence models with the Vogel and Eaton (1984) experimental data. The

experimental reattachment point is located at 6.67H downstream of separation. At

reattachment C, changes the sign from negative to zero and positive, then increases

downstream.
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Table 5.1: Reattachment length based on step height for different turbulence models
backward facing step, Re,, =28,000

Reattachment length
Turbulence Model Used (H = step height)
LB 4.69 H
Wilcox2006 6.05 H
Wilcox LRN 597H
Menter-SST 6.47H
Experimental data

(Vogel & Eaton 1984) 6.67H

Figure 5.23 and Table 5.1 indicates that the Low Reynolds number &k —¢& model fails
to predict backward facing step flow in terms of C,and reattachment length. It
substantially overpredicts C, after the reattachment region and underpredict in

recirculating flow region. Other k& —® models have similar correlation to the data set
as they have poor performance in predicting C, in the recirculation zone. According
to Table 5.1 Menter-SST model, calculates the reattachment length most accurately.
All three k — @ models predict C, well beyond reattachment along the impingement

plate where a boundary layer starts to develop; however, Wilcox-LRN gives a better

correlation in the redeveloping region.

The backward facing step test proves that among the test cases, k —® models predict
the flow better while Menter-SST has better correlation similar to the impinging test

case while k£ —¢& models have poor prediction in both cases.
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5.6 Effects of turbulence intensity
Figure 5.24 toFigure 5.33 show the effect of inlet turbulence intensity on the Nu and

C, distribution for impinging jet and backward-facing step configurations. In all

cases, the turbulence intensity is varied between 1% and 8%. Mean value of 1m/s is
assumed according to Figure 5.1 andFigure 5.4. All models are sensitive to
turbulence intensity value. In impinging jets test cases, it is much more noticeable
that in k—@ models skin friction coefficient and local Nusselt number increase
around stagnation section, and the secondary peaks tend to disappear. Still, on k—¢&
models, the change is less observable. The Nusselt number and skin friction
coefficient value increases in the stagnation region until the secondary peak and right
after secondary peak the values decrease. As a final point, it must be considered that
in experimental measurements, the turbulent intensity can be easily determined for

impinging jet cases.
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Figure 5.24: Turbulence Intensity effects on impinging slot jet Nusselt number,
Re=10,400, H/'W=2.6, k — ¢ model.
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coefficient, k& —& model
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In Figure 5.32 andFigure 5.33 the effects of varied I, on friction coefficient in

backward-facing step can be observed. It is clear that values of skin friction
coefficient and the reattachment length are transformed as the reattachment length
decreases in both k—¢ and k—w models, the absolute value of skin friction
increases. Finally, it is observed that in both turbulent models, turbulent intensity
increments overpredict the friction factor coefficient value while underpredicting the
reattachment length.

5.7 Programming consideration

As a programmer, the k—® models have several advantages. It does not include
extra terms as in k —¢ models. Thus, it decreases the amount of coding. The Menter-
SST k—® model converged faster than other available models. One of the reasons
can be the w-equation boundary condition (i.e. @ is static at the wall) or the reason of

better performance of the damping functions used for LRN models. It is more vital in
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a very close region to the wall (i.e. y* <5 where y" is the dimensionless distance
y" =pu.y/ ). The main asset of K —@ models is that the damping functions are all
bounded between ‘reasonable’ values. Moreover, the damping function f, used in
LB model is not bounded. In the process of solution, R becomes very small and this

results to a greater than unity value for f,, which results in unrealistic values of .
The boundary condition of & -equation that is used in conjunction with LB is a zero
gradient boundary condition at outlet, symmetry and solid walls. The value of &, is
determined during the solution process and does not have the stabilizing effect of a
statically fixed wall boundary condition. In addition, the LB model’s f; term is not
bounded. Therefore, f, become very small resulting in a large value of f, causing a

large positive source term for ¢ -equation.
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Chapter 6

CONCLUSION AND FUTURE WORKS

The main concern of this study is the accuracy assessment of several LRN k —¢& and
k — @ turbulence models by various Reynolds numbers on several test cases, which
are popular due to their complex separating and impinging flow characteristics using
the Finite Volume Method (FVM) unstructured discretization in a FORTRAN code
developed in Mechanical Engineering department. The results were compared to
available experimental data. It was concluded that Menter-SST (2003) k-
turbulence model gave better correlation in predicting of heat transfer in turbulent

separating and reattaching flows compared to their related experimental data.

Menter-SST model also gives faster convergence among other models and produces
less oscillation in residuals during simulation. It can be reasoned to the bounded near
wall damping functions and the Dirichlet wall boundary condition applied to the o

equation.

It is also sensible that the evaluation of BFS looks somehow vague. There are some
inconsistencies between shear stress wall distributions and mean velocities in some
models. In details, according to skin friction data, the reattachment length is
predicted as to occur at 6.05H for Wilcox2006 model. However, the velocity

streamlines suggest this location is at approximately 5.5H.
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The schemes used here for discretizing momentum convection equations are upwind
and Linear-Upwind-Differencing. These are first order schemes, and the results are
not very accurate. The reason is that the turbulence models are highly unstable to
higher order schemes, though using them resulted in unstable results and
convergence did not occur. This problem might overcome by refining the mesh

(especially in boundary layers), but it will consume more time and resources.

Compared to k—& models, implementing and programming the Wilcox k-
model is easier, since it is not required to consider the wall shear stress, additional

equation terms or distance from the wall.

Lam & Bremhorst (1981) has a poor performance in all test cases and is not

recommended in these kinds of flows.

It is also planned to extend this work on Three-Dimensional models since there have
been numerous new experimental data published for 3D models of these test cases

and can be validated with the available code.

Additional results might also be added to the current work by varying the Reynolds
number and visualizing the effects on the cases, as well as illustrating the effects of
increasing or decreasing jet-to-impingement distance (H/D) on heat transfer

coefficient.

The same simulations are also achieved by Ansys Fluent as the most popular

commercial CFD solver to compare the results with available FORTRAN code.
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Furthermore, there is an ongoing process of simulating the same models on

OPENFOAM (an open source CFD solver) as future work for comparison.

A novel model, which is recently developed by F. R. Menter (2010) as the Scale
Adaptive Simulation (SAS) model. The model is a transformed form of Menter-SST
framework with an additional source term, which results in lower levels of eddy
viscosity and leads to the resolution of turbulent fluctuations. It is of interest to assess
the capabilities of this model on different complex transient models since this model

is already implemented in the available FORTRAN code.

An adaptive grid system is recommended to be developed to obtain the required y"

along the walls, or the obstacles. In addition, the stability of the multiblock grid

system should be studied to secure stable convergence.
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