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Abstract

Large-eddy simulations of round forced impinging jets at laboratory scale are performed, as

a simplified model of the helicopter rotor wake; the goals were to understand the dynamics

of the vortices, and to help develop engineering correlation and models. First, I studied

the flow over smooth surfaces, then the Reynolds number effects and the performance of

lower-level models in this flow were explored. Finally, I investigated surface roughness

effects.

The interaction between the vortices and the wall resulted in the formation of secondary

vorticity that was lifted up and rolled around the primary vortex. These large-scale vortices

play an important role in determining the flow. The dynamics of the vortex evolution are

initially dominated by an inviscid mechanism. As the interaction with the wall begins,

however, the contribution of turbulent diffusion to the vorticity transport (TVD) becomes

the leading term weakening the primary vortex. This phenomenon is extremely robust,

leading to similar vortex decay rates regardless of the level of turbulence in the jet and the

nature of the near-wall flow. The mean-flow three-dimensionality due to a short-wavelength

azimuthal instability also plays a role in the evolution of the vortices.

Surface roughness significantly modified the near-wall flow, including displacement of the

velocity profile, increase of wall stress, and amplification of turbulence levels. The near-wall

flow changes due to the roughness are advected to the outer layer during the separation of

the secondary vorticity, rather than being confined in the vicinity of the roughness elements.
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The robust TVD mechanism, however, prevent the vortices from being strongly affected by

these changes.

This flow is particularly challenging for turbulence models. The tested RANS models

exhibited poor performance. The error sources were first identified as their incapability in

predicting both the shear-layer instability, and the local unsteady separation. Secondly, the

well-known shortcomings of the eddy-viscosity assumption in wall jets were amplified here

by the counter-gradient transport during the vortex evolution. Finally, since the TVD term

depends on the second derivative of the shear stress, the RANS model errors were naturally

amplified. The WMLES predicted vortex decay in good agreement with the resolved LES

data.
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Chapter 1

General introduction

1.1 Background and motivation

When a helicopter hovers near the ground, the wake of the rotor is a downward-directed

jet that impinges on the ground. The fluid gets deflected near the surface and forms a

wall-bounded flow spreading radially. This flow field is complex in structure: the coherent

helical vortices generated at the rotor tip and the vortex sheet generated by the inner part

of the blade are embedded into the jet (Gray, 1956; Leishman, 2000). A laboratory-scale

visualization of this flow field is shown in Figure 1.1. The rotor-tip vortices are convected

towards the ground by the rotor-wake, and interact with the turbulent flow near the solid

boundary (Lee et al., 2010). Their passage may produce localized adverse pressure gradients

in the near-wall region, and local separation (Olsson & Fuchs, 1998). The vortex passage

also induces strong localized downwash and upwash velocities, which are intensified when

the rotor-tip vortices pair with the separated vortices they induced.

An undesirable effect of this phenomenon, when sediments such as sand exist on the

ground, is the particle entrainment into the wake that affects the pilot’s vision, which is

called “helicopter brownout”. When the helicopter lands on snowy ground, similar events
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Figure 1.1: Visualization of the wake of a rotor in ground effect (Figure courtesy of Lee
et al. (2010)).

occur, but are referred to as “helicopter whiteout”. These phenomena may result in con-

siderable damage to the aircraft, and sometimes loss of life (Colby, 2005). Their mitigation

requires detailed understanding of the physics of the near-wall flow, and of the particle

transport.

The flow in the near-wall region, especially the evolution of the rotor-tip vortices and

the interaction between these vortices and the near-wall flow, has not been extensively

studied in realistic configurations. Instead, due to the simplicity of the configuration and

the similarity to the rotor-wake flow, the round impinging jet (Figure 1.2 (a)) has been

used as a model of the wake of a rotorcraft hovering near the ground. The Kelvin-Helmholz

(KH) instability in the jet shear-layer results in the generation of an array of azimuthal

vortices, which are advected by the jet and impinge on the ground. These vortices have

their major rotation axises in the azimuthal direction, similar to the rotor-tip vortices

generated at the end of the rotor-blade. After being deflected by the impermeable wall,

the impinging fluid forms a wall jet a few radii downstream of the impingement point, in

which high-momentum fluid is injected in a thin region close to the wall and the mean

radial velocity over some region between the wall and the outer edge of the wall-jet exceeds

that of the external stream (Launder & Rodi, 1983a; Tachie et al., 2002) (shown in Figure
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Figure 1.2: (a) Schematic sketch of an impinging jet. (b) Typical mean radial velocity
profile of a radial wall-jet.

1.2 (b)). The azimuthal vortices generated in the jet shear-layer are embedded in this wall

jet, moving radially outwards, generating a flow field similar to that observed in the rotor-

wake (Landreth & Adrian, 1990). Forcing the jet may be used to amplify the KH instability,

leading to more coherent azimuthal eddies, locked at the forcing frequency (Anderson &

Longmire, 1995; Zhou & Lee, 2007). It has been found that the embedded large-scale

vortices, representing the rotor-tip vortices, dominate the impinging flow. Their formation,

interaction, and decay are critical in determining the evolution of the flow in the wall-jet

region (Olsson & Fuchs, 1998; Dairay et al., 2015), where the sediment suspension and

dispersion occurs in the helicopter brownout. The dynamics of these vortices in the wall-jet

region, therefore, is the key to explore the mechanism of dust cloud formation.
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The prediction of helicopter rotor-wake, including brownout, today still heavily relies

on wind tunnel or on-site testing, making it expensive and time consuming. A strong

motivation to develop computational fluid dynamics methods therefore exists. Numerical

simulation tools have advanced considerably in the past several decades. ‘Eddy-resolving’

methods, in which the dynamics of some or all of the turbulent eddies are captured by the

simulation, have progressed significantly. These techniques have made available data that

had never been measurable previously: multi-point, unobtrusive measurements of velocity,

velocity gradients, pressure, passive scalars, etc. (Piomelli, 2014). Some significant level of

understanding of the physics of turbulent flows has been achieved based on the databased

obtained from simulations. These advanced numerical methods include direct numerical

simulations (DNS) and large-eddy simulations (LES). In DNS, the full Navier–Stokes equa-

tions are numerically solved using very fine grid to capture all the scales that are present

in a given flow, from the smallest to the largest eddies. Therefore, DNS is computationally

very expensive and at present can be applied only to low Reynolds number flows over simple

geometry. In LES, the large-scale motions (large eddies) of turbulent flow are computed

directly, and small-scale motions are modelled, resulting in a significant reduction in com-

putational cost compared to DNS. Thus LES can be used in a significantly wider range of

applications than DNS.

This thesis considers round, forced impinging jet with embedded azimuthal vortices.

The focus is on the dynamics of the large-scale eddies. These studies are performed using

numerical simulation techniques including high-resolution LES, wall-modelled LES (WM-

LES), and Reynolds-averaged Navier-Stokes equations (RANS). The transport of the solid

particles will not be considered in the simulations. The study will also benefit much wider

applications in heat and mass transfer applications employing the impinging flow (e.g. elec-

tronic, thermo-related, and ship industries and environmental studies).
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1.2 Literature review

1.2.1 Turbulent phenomena in impinging jets

With reference to the sketch of the impinging jet shown in Figure 1.2 (a), three regions can

be identified in an impinging jet: the free jet zone, the impingement zone and the radial

wall-jet zone. Numerous experimental and numerical investigations have examined this

problem, for Reynolds number (based on average jet velocity and jet diameter) in the range

of ReD ≡ UoD/ν = 103− 105 (where Uo is the bulk velocity at the jet exit and D is the jet

diameter), nozzle-to-plane distance H/D = 0.1−30, various jet velocity profiles, turbulence

intensities and so on. A common conclusion is that when the vortex ring generated in the

jet shear layer approaches the ground, it creates locally an adverse pressure gradient in

the radial direction and a counter-rotating secondary vortex ring is formed in the near-wall

region (Magarvey & MacLatchy, 1964; Doligalski & Walker, 1984; Olsson & Fuchs, 1998).

The interaction between the large-scale vortices and the near-wall flow is believed to play

an important role in determining the heat and momentum transfer at the wall. According

to Özdemir & Whitelaw (1992), the large-scale vortices cause local increase of the Nusselt

number, especially for small nozzle-to-plane distance. Fox et al. (1993) attributed the

enhanced heat transfer to the competition between the vortex ring and the secondary vortex.

Kataoka et al. (1987) proposed the surface renewal effect caused by the large-scale structures

striking the surface. Hoogendoorn (1977) concluded that the occurrence of a secondary peak

in Nusselt number distribution was found to depend mainly on the nozzle-to-plane distance

, but turbulence level in the jet also played a role. Hadziabdic & Hanjalic (2008) studied the

vortex dynamics of a round unforced impinging jet at ReD = 20, 000 and H/D = 2 by LES.

They found that the rolled-up vortices formed at the edge of the free jet were short-lived and

underwent faster stretching, deformation and breakdown than in a free jet. The ‘vortical

nests’, as they called the high vorticity concentrations from the original rolled-up vortices,

formed large-scale structures and impinged on the wall periodically with a frequency close
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to that of the rolled-up vortex formation. These structures were neither circular nor parallel

to the target wall, but tilted and broken into segments.

Since the primary vortex is the major large-scale structure in the flow and also the cause

of the separation on the wall, its formation and development are important in determining

the entire flow field. In forced jets the primary KH instability in the jet shear layer is

amplified (Sato, 1960; Huang & Hsiao, 1999), leading to the formation of stronger primary

vortices. Both the frequency and the amplitude of the excitation are important. Results

showed that the preferred mode of instability depends upon the initial conditions and can

occur in the range of Strouhal numbers StD = 0.3 − 0.85 (Gutmark & Ho, 1983) (where

StD = foD/Uo, and fo is the forcing frequency). Experiments by Hwang & Cho (2003) show

that for jet excitation at the preferred frequency, the potential core of the jet was small and

the jet turbulence level was high. The subharmonic of the preferred frequency excitation

promoted vortex pairing. Mladin & Zumbrunnen (2000) found that the product of Strouhal

number and amplitude was important at particular Reynolds number and nozzle-to-plane

distance. Uddin et al. (2010) performed LES of round jet at ReD = 23, 000, H/D = 2 and

different forcing modes. They found that when the subharmonic frequency of a preferred

mode was excited, the resulting structures are large: the excitation caused the merging of

the vortices in the jet and large pieces of vortical structures with high turbulence striking

the surface.

The primary vortex starts to decay and loss its coherent structures when approaching

the wall and during its interaction with the near-wall flow downstream of the impingement

region. Usually reported by flow visualization of the vortical structures, it is observed that

the ring vortex undergoes distortion and break down due to intense shear, and turns into

smaller structures (Fleischer et al., 2001; Hwang et al., 2001; Uddin et al., 2013; Geiser &

Kiger, 2011; Saffman, 1993; Wu et al., 2006). High turbulent kinetic energy appears during

the vortex evolution (Uddin et al., 2013; Geiser & Kiger, 2011). Secondary instability also

plays a significant role in the three-dimensionalization of the vortices. Many studies on this
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topic have been performed theoretically, experimentally, and numerically. The impinging jet

configuration, however, is rarely used. Crow (1970) found a symmetric long-wave instability

about the minor axis of the section of the vortex ring. This instability has been related to

the decay of the vortex rings (Sakakibara et al., 2001). Spanwise non-uniform disturbances

can also trigger a translative instability (Pierrehumbert & Widnall, 1982), which induces

sinusoidal distortion in spanwise rollers, and the braid instability (Lin & Corcos, 1984),

which generates streamwise vortices such as rib structures.

The research on the impinging jet and vortex evolution explores one or several flow

modules that exhibit(s) in the helicopter brownout. The flow configuration, such as jet and

vortex parameters, varies between studies. Research regarding the whole physical picture

that closely matches the rotor wake is rarely seen. Moreover, many studies focus on the

heat transfer characteristics of impinging jet, among which only a few reported the low-

order turbulent statistics. The correlations between the turbulence generation mechanism

and vortex evolution, especially the key factors that determine the vortex dynamics, are

still unknown.

1.2.2 Modelling of impinging jets

As mentioned in the general introduction, the advanced numerical simulation techniques

such as DNS and LES have shown their ability to capture the three-dimensional, turbulent

flow and to provide an accurate determination of the flow statistics and turbulent structures.

The expensive computational cost, however, is still the main obstacle to their application to

the rotor wake: the flow field generated by a rotor hovering near the ground is at Reynolds

number ReD ∼ 107 − 108, which leads to a large ratio between the largest and the smallest

eddy in the flow, especially near the solid boundaries, and thus dramatically increase of the

computational cost; at the same time one needs to have a domain large enough to contain

the whole rotor-wake fields (as shown in Figure 1.2 (a)). For this reason most models

used to predict helicopter brownout use very strong simplifying assumptions (Komerath &
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Smith, 2009); Typical approaches use an inviscid-flow approximation, in which the wake of

the rotor is modeled by vortex filaments. In such models, the flow induced by the wake and

by the vortices, which move downward and impinge on the ground, is used to determine the

particle liftup and transport. However, the strong interaction between the turbulent flow in

the impingement region and the vortices is likely to result in a significantly different vortex

development than that predicted by the models that use the inviscid-flow assumptions, even

if semi-empirical corrections are used to account for the vortex decay.

The simplified configuration of the rotor-wake flow used in this study, the impinging

jet, has been more widely studied by the numerical simulation tools. Table 1.1 presents

different LES investigations of round impinging jets. In these studies, the instantaneous

flow fields, generated by the LES, revealed the interesting time and spatial dynamics of the

vorticity, eddy structures, and their imprints on the target wall (as reviewed in the previ-

ous sub-section). Despite that different sub-grid stress (SGS) models, including dynamic

Smagorinsky model, Lagrangian dynamic Smagorinsky model, wall-adapting eddy viscosity

model (WALE), etc, were used in these studies, to account for the effects of the unresolved

small-scale eddies, the prediction of the turbulence quantities exhibits small differences (Ols-

son & Fuchs, 1998; Lodato et al., 2009). Note that the Reynolds number that limits the

LES application to the round impinging jet is around the order of 104, which is three to

five orders of magnitude lower than it in the realistic helicopter configuration. Therefore,

less expensive numerical models must be employed to study the Reynolds number effects

on the flow, losing certain accuracy in turbulent statistics.

The RANS methods, in which only the evolution of the mean quantities is resolved,

require remarkably less computational cost than LES, even at high Reynolds numbers.

Therefore, they have been one of the options to overcome the Reynolds number barrier in the

impinging jet studies, and fill the gap between the resolved LES and the inviscid methods.

The advantage of the RANS models also leads to their principal shortcoming, that the model

must represents a very wide range of scales. The dependence of the large-scale eddies to
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Author(s) ReD H/D Jet conf.

Olsson & Fuchs (1998) 10,000 4 forced
Tsubokura et al. (2003) 6,000 10 forced

Ḧallqvist & Fuchs (2005) 23,800 2 unforced
Hadziabdic & Hanjalic (2008) 20,000 2 unforced
Uddin (2008) 23,000 2 forced
Lodato et al. (2009) 23,000, 70,000 2 unforced
Jefferson-Loveday & Tucker (2011) 23,000 2, 6 unforced
Dairay et al. (2014) 10,000 2 unforced
Shum-Kivan et al. (2014) 23,000 2 unforced

Table 1.1: Reynolds number, nozzle-to-plane distance, and jet forcing status of different
LES studies on round impinging jets.

the boundary conditions, however, often ruined the generality of the models. Actually, the

impinging jet has been used to test and validate RANS models. Craft et al. (1993) observed

that the k − ε eddy-viscosity model overpredicted the turbulence levels in the stagnation

region, while second-moment closures (SMC) were more accurate if modification are made

to the wall-reflection part of the pressure-strain term. Park et al. (2003) demonstrated

improved results using the k − ω model, although the secondary peak in the profile of the

Nusselt number, Nu, shifted far inward. Behnia et al. (1999) showed that Durbin’s v2 − f

model (Durbin, 1995) predicted the Nu distribution more accurately than other models.

Other RANS models have also been tested for the prediction of heat transfer, and are

reviewed by Zukerman & Lior (2006). In general, the forced impinging jet is challenging

within the framework of the RANS equations, because the physics of the turbulence in

impinging jets (as reviewed in the previous sub-section) indicates the critical role of the

vortices, and the complexity in predicting its dynamics due to the highly unsteady, three-

dimensional nature of the flow.

An alternative, which becomes more feasible as the available computational power in-

creases, is to use Wall-Modelled LES (WMLES), which recognize that most of the cost of
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LES that resolve fully the wall layer comes from the need to use a grid that is much smaller

than the turbulent eddies in this region (Piomelli & Balaras, 2002; Piomelli, 2008). Since

these eddies scale in wall units, at realistic Reynolds numbers, more than 99% of the grid

points are required to cover less than 10% of a boundary layer. Two types of WMLES

are common: those that bypass the wall layer altogether, and calculate the wall stress by

postulating some form of the velocity profile (typically, the logarithmic layer) and apply

approximate boundary conditions (similar to the wall functions used in RANS modelling),

and those that model the wall layer using the RANS equations (with a standard turbulence

model) and transition to LES far from the wall. Applications of the wall models in LES

show that simple models work fairly well in simple flows, especially the flows for which

they were designed and in which they were calibrated. In more complex configurations in

which the flow is driven by the outer layer, equilibrium laws may fail, but zonal models

give reasonably accurate predictions (Piomelli & Balaras, 2002). Kabucki et al. performed

the hybrid RANS/LES simulation (based on k-ω model) of plane (Kubacki & Dick, 2010;

Kubacki et al., 2013) and round (Kubacki & Dick, 2011) impinging jets in recent years and

compared their results with experiments. All jets were unforced in their studies and the

Reynolds number ranges from 5,000 to 70,000 (based on slot width in the plane jets). They

concluded that the flow prediction with the hybrid models was consistently much better

than with the RANS model, especially in reproducing the heat transfer coefficient along the

impingement plate. The differences in the hybrid models had little effect, consistent with

the studies on canonical turbulent flows that the accuracy of the hybrid method mainly de-

pends on the RANS model (Piomelli & Balaras, 2002). In this thesis, I perform simulations

by five most commonly used RANS models, and two WMLES models, at very high Rey-

nolds number (106), close to the realistic helicopter brownout. The model performance will

be assessed and the Reynolds number effects on the vortex dynamics will be investigated.
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1.2.3 Roughness effects

An important parameter that may affect the helicopter brownout, which has not been

studied in detail, is the surface roughness. In canonical wall-bounded flows, it has been

shown (Nikuradse, 1933; Colebrook, 1939; Raupach et al., 1991; Jiménez, 2004) that the

existence of roughness changes the mechanism of production, diffusion, and energy transfer

between the mean and the turbulent fields, especially in the near-wall region. This can cause

significant changes in the flow characteristics, e.g., skin friction and heat and mass transfer.

Therefore, the prediction of the roughness effects is crucial in engineering applications. In

the helicopter brownout, the sediments on the ground may include sand, gravel, rocks,

bushes etc., whose sizes range from the order of millimetres to decimetres (Figure 1.3).

Sand and fine gravel, due to their light weight and small inertia, may be lifted and form the

dust cloud during brownout, while the coarse gravel and rocks stay on the ground, acting as

rigid obstacles. The effects of these stationary objects on the development of vortices, and

thus the formation of dust cloud during brownout, is worth special attention and study.

Figure 1.3: Typical surface topography of a desert, source: http:// www.andrewwilber.com/
2013/01/i-miss-desert.html.

Most of the studies on the round impinging jets focused on the heat transfer enhance-

ment (Jambunathan et al., 1992). However, there are a few investigations that considered
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the effects of roughness on the turbulent statistics. It has been found that the wall shear

distribution and the mean velocity are influenced strongly by the roughness (Kobus et al.,

1979; Rajaratnam & Mazurek, 2005; Xu & Hangan, 2008; Geiser & Kiger, 2011). These

changes can be expected to affect the liftup and transport of the sediments in helicopter

brownout.

Details of the turbulence development mechanism changed by the roughness are rarely

discussed in these studies on impinging jets. However, the theories obtained from the

canonical wall-bounded flows, which have been more widely studied, can be borrowed to

estimate the roughness effects in wall-jets, because the roughness elements on the impinging

surface are only expected to affect the flow in the near-wall region where the wall-jet is

formed (Banyassady & Piomelli, 2014; Banyassady, 2015). The inner shear-layer of the

wall-jet is in direct contact with the roughness elements, and is similar to a turbulent

boundary layer (TBL). Summarised by Raupach et al. (1991) and Jiménez (2004), the

rough-wall effects on the TBL include an offset of the mean-velocity profile, quantified by

the roughness function, ∆U+ in wall units, the intensification of Reynolds stresses, more

isotropic distribution of the three Reynolds normal stresses, and the alteration of the near-

wall turbulent structures.

The roughness effects in TBL begin to occur when the Reynolds number of the flow

is high enough that the size of the smallest eddies in the flow is comparable to the size

of the roughness elements (k), and viscous effects are no longer sufficient to damp the

perturbations caused by the roughness. Beyond this transitional regime, a point is reached

at higher Reynolds numbers where the flow becomes fully rough. The near-wall turbulent

structures, such as streaks and horse-shoe vortices, are broken up by the roughness elements,

the frictional drag of the wall is dominated by the form drag of the roughness elements, and

viscous effects become negligible even very near the wall. Further increase in the Reynolds

number no longer has an effect on the friction factor (Allen et al., 2007; Schultz & Flack,

2007). It is also found that in the case of high Reynolds numbers and small roughness
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length–scales (compared to the boundary layer thickness), the roughness effects on the

turbulence are limited to a near-wall layer called the “roughness sublayer” (Jiménez, 2004).

The outer-layer turbulent statistics remain unchanged when normalised using the friction

velocity uτ . This is called “outer-layer similarity”.

The presence of the outer shear-layer, which is formed by the high-momentum fluid

moving along the wall and the external flow, makes the wall-jet more complex than the

TBL. The interaction between the two adjacent shear-layers leads to different turbulent

generation mechanisms (Tachie et al., 2004; Smith, 2008; Rostamy et al., 2011a; Banyassady

& Piomelli, 2014). The point of zero Reynolds shear stress, for instance, coincides with the

point of maximum velocity at the edge of the TBL. However, it is not the case in wall-

jets since positive shear stress is transported from the outer layer toward the inner layer

and displaces the point of zero Reynolds shear stress toward the wall. Even though some

of the roughness effects observed in TBL and many of the theories explaining them still

apply to the wall-jets, some differences exist. There are debates on the relation between the

roughness function and the roughness height, and also on the existence of self-similarity of

the velocity and Reynolds stress profiles (Tachie et al., 2004; Smith, 2008; Rostamy et al.,

2011a; Banyassady & Piomelli, 2014).

Although the characterization of the roughness effects and the interaction of the inner

and outer shear-layers were studied in the literature, these results cannot be used to explain

the roughness effects on the embedded vortices in the impinging jets over rough surfaces

observed by Kobus et al. (1979) and Geiser & Kiger (2011). For example, the roughness

effects in canonical wall-bounded flows are normally discussed based on the proper choice of

the dominant length scale of the mean flow, such as the roughness height, the boundary layer

thickness in TBL, or z1/2 or zm in the wall-jet (Tachie et al., 2004; Rostamy et al., 2011a,b;

Banyassady & Piomelli, 2014). The length scale, however, is significantly changed when

large vortices are embedded in the flow. Moreover, the interaction between the inner- and

outer-shear-layers becomes more complex than it in the canonical wall-jet, due to the flow
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separation and the dispersion of the near-wall flow caused by the passing vortices (Olsson

& Fuchs, 1998; Dairay et al., 2015).

The roughness effects in the vortex-dominant rotor-wake flow are still unknown, and

the theories developed based on the canonical turbulent flows so far cannot be directly

used to predict the formation of dust cloud over the rough ground. An investigation on

a configuration close to the helicopter operation condition with rough wall, is needed to

find out the extent to which the roughness affects the evolution of the vortices and the

formation of the dust cloud. From another point of view, such study will also reveal the

role of the embedded large-scale coherent vortices in determining the interaction between

the inner and outer-shear-layers of the wall-jet, and improve the current understanding of

the roughness effects.

1.3 Objectives and outline

In the present thesis I start with validation of the simulation of impinging jet compared with

experiments and then study the effects of large-scale vortex in jets. I examine the statistics

of the vortices that are advected on the wall and cause local separation. Mean and phase-

averaged-flow characteristics including wall-jet velocity profile, vorticity evolution history

and wall shear stress are examined. I study the coherent structures in the flow and compare

their statistics, e.g. the topology of the vortex rollers and separation bubble, the vortex

distortion in the azimuthal direction due to secondary instability, and the formation of

rolled-up rib-like structures. Then, to establish the link between the turbulence development

in the wall-jet and the vortex decay process, I study the flow dynamics in several cases with

different boundary conditions. In the next step, the study is extended to high Reynolds

numbers using lower-order simulation models to elucidate the vortex development in more

realistic scenarios and evaluate the model accuracy. Finally, the features of the flow over

surface patched with roughness elements are examined and the effect of the roughness on
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the mean- and instantaneous-flow characteristics of the vortex is systemetically studied.

The thesis is made up of the following chapters

• In Chapter 2, I begin with the problem formulation and discuss the setup of the grid

and the solver. The grid refinement study is followed by validation of the unforced

jet simulation against previous experiments in the literature. Mean flow statistics

of the wall-jet region are obtained, and then the development of the large coherent

structures are investigated in detail using vorticity transport budget. The topology of

the structures is studied by flow visualizations. Then, cases with different boundary

conditions are compared to explore the effects of jet turbulence and vortex secondary

instability.

• Then, in Chapter 3, the wall-resolved LES results are used to examine the perfor-

mance of the RANS and WMLES models. The flow at high Reynolds number close to

the realistic helicopter scenarios, are predicted by these models at affordable compu-

tational cost. The qualitative and quantitative analyses of the flow fields provide some

insights on the model error sources identification and possible model improvements

for this type of flow.

• In Chapter 4, I present an investigation of jets impinging on rough surfaces and

analyze the effect of roughness on the mean and phase-averaged-flow characteristics.

The changes in the vorticity transport budget, the extent to which the roughness

effects propagate to the outer region of the near-wall flow, and the sensitivity of the

roughness height are also studied.

• Finally, in Chapter 5, I summarize the results of this study. Concluding remarks and

recommendations for future work will also be made.
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Chapter 2

Large-eddy simulation of impinging

jets with embedded azimuthal

vortices

2.1 Abstract

We have carried out large-eddy simulations of an impinging jet with embedded azimuthal

vortices, a model of the wake of a helicopter hovering in ground effect. The azimuthal

vortices are generated by sinusoidal forcing of the velocity at the jet exit. They strengthen

while they are advected towards the ground; when they are close to the solid surface a layer

of opposite- sign vorticity is formed at the wall, and lifted up to form a secondary vortex

that interacts with the primary one. Regions of reversed flow are caused by the a strong,

localized, adverse pressure-gradient. After this interaction, the primary vortices begin to

decay, mostly due to the Reynolds shear stresses, which contribute to the turbulent vorticity

diffusion term in the budget for the phase-averaged azimuthal vorticity. This mechanism

is extremely robust, and plays the most important role in the vortex decay even if no
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turbulence is initially present in the jet, or if the no-slip condition is removed. A three-

dimensional, instability also plays a role: removing it leads to slower decay. Our results

also point out some challenges for turbulence models for the Unsteady Reynolds-Averaged

Navier-Stokes equations.

2.2 Introduction

Helicopter brownout has recently received considerable attention. When a helicopter hovers

near the ground, the rotor-tip vortices are convected towards the ground by the rotor

wake, and interact with the turbulent flow near the solid boundary (Lee et al., 2010). An

undesirable effect of this interaction is the lifting up of sand particles, that may be entrained

in the wake and affect the pilot’s visibility (“helicopter brownout”). When the helicopter

lands on snowy ground, similar events occur, but are referred to as “helicopter whiteout”.

These phenomena may results in considerable damage to the aircraft, and sometimes loss

of life (Colby, 2005). Its mitigation requires detailed understanding of the flow physics near

the wall and of the particle transport.

A laboratory-scale visualization of the flow field that causes this phenomenon is shown

in Figure 4.1(a). As they reach the ground, the rotor-tip vortices lift up fluid from the

near-wall region. This entrainment is associated with low shear stress and pressure, and

liftup of solid sediment. The vortices then decay as they are convected along the wall. Many

experimental studies (Özdemir & Whitelaw, 1992; Mladin & Zumbrunnen, 2000; Hwang &

Cho, 2003; Geiser & Kiger, 2011) have mimicked this problem replacing the rotor wake

with a forced impinging jet. This flow can be made very similar to the one that occurs

when the helicopter wake hits the ground: the Kelvin-Helmholtz instability in the shear

layer near the nozzle outlet results in the generation of vortex rings that are convected

towards the wall. These vortices can be artificially amplified by pulsing the jet, resulting

in an interaction between the wall-jet and the azimuthal vortices that mimics the one that

17



(a)

Nozzle

P
o
te

n
tia

l c
o
re

Free jet zone

Impingement zone

Radial wall jet zone

(b)

Figure 2.1: (a) Visualization of the wake of a rotor in ground effect (Figure courtesy of Lee
et al. (2010)). (b) Schematic sketch of an impinging jet.

occurs when the helicopter hovers near the ground. While in the latter case the vortices are

helical, in the former they are vortex rings; if the ratio of radius to pitch is large, however,

this dissimilarity can be neglected. The azimuthal velocity component present in the rotor

wake is also usually neglected in experiments.

With reference to the sketch of the problem setup shown in Figure 4.1(b), three re-

gions can be identified: the free jet zone, the impingement zone and the radial wall jet zone.

Numerous experimental and numerical investigations have examined this problems, for Rey-

nolds number (based on average jet velocity and jet diameter) in the range ReD = 103−105,

nozzle-to-plane distance H/D = 0.1−30, various jet velocity profiles, turbulence intensities

and so on. A common conclusion is that when the vortex ring approaches the ground it

creates locally an adverse pressure gradient in the radial direction and a counter-rotating

secondary vortex ring is formed (Magarvey & MacLatchy, 1964). The interaction between

the large-scale vortices and the near-wall flow is believed to play an important role in de-

termining heat and momentum transfer at the wall. According to Özdemir & Whitelaw

(1992), the large-scale vortices cause local increases of the Nusselt number, especially for

small H/D. Fox et al. (1993) attribute the enhanced heat transfer to the competition be-

tween the vortex ring and the secondary vortices. Kataoka et al. (1987) proposed the surface

renewal effect caused by the large-scale structures striking the surface. The occurrence of
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a secondary peak in Nusselt number distribution is found to depend mostly on H/D, but

turbulence levels in the jet (Hoogendoorn, 1977) also play a role.

Hadziabdic & Hanjalic (2008) studied the vortex dynamics using large-eddy simulations

(LES) of a round unforced impinging jet at ReD = 20, 000 and H/D = 2. They found that

the rolled-up vortices formed at the edge of the free jet were short-lived and underwent

faster stretching, deformation and breakdown than in a free jet. The ‘vortical nests’, as

they called the high vorticity concentrations from the original rolled-up vortices, formed

large-scale structures and impinged on the wall periodically with a frequency close to that

of the roll-up vortex formation. These structures were neither circular nor parallel to the

target wall, but tilted and broken into segments.

Since the primary vortex is the major large-scale structure in the flow and also the cause

of the separation on the wall, its formation and development are important in determining

the whole flow field. Forced (or excited) jets have been used to study this issue. In forced

jets the primary, Kelvin-Helmholz, instability in the shear layer is amplified (Sato, 1960;

Huang & Hsiao, 1999), leading to the formation of stronger primary vortices at the natural

frequency. Both the frequency and the amplitude of the excitation are important. Results

showed that the preferred mode depends upon the initial conditions and can occur in the

range of Strouhal numbers StD = 0.3− 0.85 (Gutmark & Ho, 1983) (where StD = foD/Uo,

and fo is the frequency). Experiments by Hwang & Cho (2003) show that for jet excitation

at the preferred frequency, the potential core is small while the jet turbulence level is high.

The subharmonic of the preferred frequency excitation promotes vortex pairing. Mladin &

Zumbrunnen (2000) found that the product of Strouhal number and amplitude is important

at a particular Reynolds number and H/D ratio. Uddin et al. (2010) performed LES of

round jet at ReD = 23, 000 and H/D = 2 forcing different modes. They found that when

the subharmonic frequency of a preferred mode was excited, the resulting structures are

large: the excitation causes the merging of the vortices in the jet and large pieces of the

vortical structures with high turbulence strike the surface.

19



The instability also plays a significant role in the three-dimensional development of

shear layers. Crow found a symmetric long-wave instability about the minor axis of the

section of the vortex ring (Crow, 1970); this instability has been related to the decay of

the vortex rings (Sakakibara et al., 2001). Spanwise non-uniform disturbances can also

trigger a translative instability (Pierrehumbert & Widnall, 1982), which induces sinusoidal

distortion in spanwise rollers, and the braid instability (Lin & Corcos, 1984), which generates

streamwise vortices such as rib structures.

The purpose of the present study is to perform numerical simulations of an excited

jet with embedded azimuthal vortices impinging on a flat, smooth wall; this is a first

step towards the understanding of the (obviously more complex) flow that occurs when a

helicopter hovers near the ground. The focus of this work is the study of the dynamics of

the vortices embedded in round impinging jets. Using well-resolved large-eddy simulations,

our goals are to explore the decay of the primary vortex, and the parameters that affect it.

We will use the three-dimensional, time-resolved data obtained from the LES to examine

both the instantaneous and averaged fields, and understand which physical mechanisms are

responsible for their development and evolution. In the next Section, the problem setup

will be described, the subgrid-scale model, boundary conditions and numerical method will

be presented. We will then present a comparison with experimental data, and discuss

the mean flow statistics. The vortex decay will be analysed using the mean, periodic and

stochastic vorticity budgets. We will then focus on the flow structures to explain the decay

of the vortex. Last, factors that affect the vortex dynamics will be discussed. Finally, some

concluding remarks will be drawn in the last Section, together with suggestions for future

work in this area.
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Figure 2.2: Calculation domain and grid. Every 30, 30 and 4 nodes in the radial, wall-normal
and azimuthal directions, respectively, are shown.

2.3 Problem formulation

2.3.1 Configuration

We consider a round impinging jet whose Reynolds number, based on D (the diameter of

the nozzle exit) and Uo (the mean nozzle exit jet velocity) is 66,000. This configuration

was chosen to match the experiments by Geiser & Kiger (2011) in which the jet outlet-

to-target wall distance was H/D = 1. This small H/D, which is less reported in previous

impinging jet studies, is a good representative of the helicopter landing operation. The

exciting frequency 75Hz and the Strouhal number (based on D and Uo), was StD = 0.75.

Figure 4.3 shows the sketch of calculation domain and grid used in this study. The three

coordinate directions are r, θ and z. The computational domain does not extend to the axis,

to avoid the singularity there (Mohseni & Colonius, 2000a; Constantinescu & Lele, 2002),

decrease the number of grid points required, and avoid the small time-steps required by the

CFL condition in regions where the azimuthal spacing, r∆θ, is small and the azimuthal

velocity, uθ significant. Since we are interested in the impingement and wall-jet regions,

this limitation is not expected to be significant.

Most simulations were performed using a computational domain size of 3.5D×1D×π/3
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in r, z and θ directions (the radial domain extended from r = 0.25D to r = 3.75D). Two

grids, one with 768× 500× 256 cells and a finer one with 1152× 700× 384 cells were used

for a grid convergence study. The grid was equispaced in r and θ directions, and stretched

in the wall-normal direction z. The maximum stretching ratio was less than 3%.

2.3.2 Numerical scheme

The filtered incompressible Navier-Stokes equations were solved:

∇ · u = 0, (2.1)

∂u

∂t
+ u · ∇u = −∇p−∇ · τ + ν∇2u (2.2)

in which an overline denotes the spatial filtering operation and τij = uiuj − uiuj are the

sub-grid stresses (SGS), which were modelled by the Lagrangian-averaged dynamic eddy-

viscosity model (Meneveau et al., 1996) in this study. The overline is omitted hereafter.

The governing equations are solved in cylindrical coordinates using a finite-difference

code with a staggered grid arrangement, based on a well-validated Cartesian code (Keating

et al., 2004). Both convective and diffusive terms are discretized by second-order cen-

tral difference. The time-advancement is a semi-implicit, fractional time-step advancement

scheme (Chorin, 1968; Kim & Moin, 1985). The Crank-Nicolson scheme is used for the wall-

normal diffusive term, while a low-storage third-order Runge-Kutta method is applied to

the remaining terms. The Poisson equation is solved by Fourier transform in the azimuthal

direction, followed by direct inversion at each wavenumber. The code is parallelized using

the Message-Passing Interface (MPI) protocol.

Since the flow is periodically forced, we use a triple decomposition (Hussain & Reynolds,

1970) to write any flow variable f as the sum of contributions of the mean field, F , the
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periodic (coherent) field f̃ and the stochastic turbulent (fluctuation) field f ′, i.e.,

f = F + f̃ + f ′ (2.3)

where the phase-averaged variable 〈f〉 = F + f̃ is defined as

〈f(x, φ)〉 =
1

N

N∑

n=1

f(x, (n+ φ)T ) (2.4)

in which T is the period of the forcing, and φ = mod(t, T )/T . Thus, the phase-averaged

Reynolds stress has a coherent (〈ũiũj〉) and a stochastic (〈u′iu′j〉) part (Reynolds & Hussain,

1972). Both are functions of φ (and space). The phase-averaged results shown below are

also averaged in the azimuthal direction.

All simulations were integrated in time until steady state was reached. Then the statis-

tics were accumulated, typically over 20 periods. First and second moments of the velocity

changed less than 2% when half of the sample was used. The simulation of each period

required about 3000 CPU hours on 128 SPARC64-VII processors, with a clock speed of

2.52 GHz. The results will be shown at eight equispaced phases, φ = 0/8 through 7/8.

2.3.3 Boundary conditions

The simulation tried to match the experimental setup by Geiser & Kiger (2011), who forced

the jet at 75Hz using a speaker in the chamber upstream of the jet. We assumed that the

phase-averaged velocity at the jet exit was sinusoidal, of the form

〈Ujet〉 = Uo +A sin(2πt/T ) (2.5)

where A and T are the amplitude and period of excitation, respectively, and the non-

dimensional period was T = 1.3334. Since the velocity at the jet exit was not measured in

the experiment, however, the flow conditions could not be matched precisely, and A was
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taken as 60% of Uo. Time-dependent mean-flow profiles along the jet and inflow bound-

aries were obtained from a simulation of the Unsteady Reynolds-Averaged Navier-Stokes

(URANS) equations performed using Fluentr with 384×100 grid points; the k − ε model

was used to parametrize the Reynolds stresses.

In most of the calculations, synthetic turbulent fluctuations were superposed on the

URANS solution, both at the jet exit and along the inner radial boundary, r = 0.25D. These

fluctuations were generated by digital filtering of random noise fields using the method of

Klein et al. (2003). Their amplitude varied between 40% of Uo and 0 (for the “laminar inlet”

case to be described below). The base case described in the following uses an amplitude of

0.4Uo.

Periodic boundary conditions were imposed in the azimuthal direction θ; the size of

the domain in θ direction was sufficient to capture the largest azimuthal length-scale (this

was verified using two-point velocity correlations). No-slip conditions were applied on the

wall. At the outflow, a modified convective condition based on the Orlanski boundary

condition (Orlanski, 1976) was applied: the convection velocity was obtained by averaging

the radial velocity, at each wall-normal location, in the azimuthal direction. A sponge

layer was used near the outflow region (Klemp & Durran, 1983) to minimize the backflow:

a damping function −σ(r)
(
ur − U c

)
was added to the right-hand side of the momentum

equation to relax the velocity fields towards U c as the outlet is approached. σ(r) increased

from 0 to 1 within the last 0.5D of the domain.

2.4 Results and discussion

2.4.1 Validation and grid refinement study

The code and the configuration setup were validated by comparison with bench-mark im-

pinging jet experiments. Cooper et al. (1993) studied a round unexcited impinging jet at

Reynolds number 23,000 and H/D = 2. Their hot-wire measurement included the velocity
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Figure 2.3: (a) Mean velocity U/Uo and (b) radial Reynolds stress u′ru
′
r/U

2
o in the wall jet.

Present calculation; • experimental data (Cooper et al., 1993).

and Reynolds stress in a radial-vertical plane. The boundary conditions mentioned above

were employed, with appropriate modifications to the jet velocity and the domain size in

the wall normal direction. The comparison of mean velocity U r/Uo and radial Reynolds

stress u′ru
′
r/U

2
o at several locations is shown in Figure 2.3. Good agreement can be seen

with maximum difference of 2%. We also validated our case by conducting simulation with

a larger radial domain size (5D(0.25D − 5.25D) × 1D × π/3), to verify that the outflow

conditions do not affect the results in the region r/D < 2.5.

We then considered the forced jet experiment of Geiser & Kiger (2011). Figure 2.4
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Figure 2.4: Profiles of mean radial velocity. • Experimental data (Geiser & Kiger, 2011);
coarse grid; fine grid. Each profile is shifted to the right by one unit for clarity.

compares the profiles of U r with the experimental data (Geiser & Kiger, 2011). There was

good qualitative agreement data in the impingement region at r/D = 0.5, but the velocity

predicted by the simulation was 10-20% higher than the experimental data downstream.

The main flow characteristics, however, are captured correctly. Given the difficulty in

matching exactly the experimental boundary conditions, we consider this level of agreement

to be adequate. We also performed a grid-convergence study using two grids. The coarse one

had ∆r+ < 25 in the radial and r+∆θ < 27 in the azimuthal directions, while the first node

in the wall-normal direction was at ∆z+
(1) < 1.7. The fine-grid spacing was approximately

2/3 of the coarse one in all three directions. The phase-averaged velocity profiles obtained

with the two grids were in good agreement, as shown in the Figure; hereafter we will show

only results obtained with the coarse grid.

2.4.2 Phase-averaged velocity and vorticity

Figure 2.5 shows contours of velocity magnitude and velocity vectors. As one moves radially

away from the axis, the impinging jet is deflected by the impermeable surface and the

maximum radial velocity increases (up to r/D ' 0.8− 1.0); farther downstream, a wall jet

is formed, which slowly thickens, and its maximum velocity um decreases. The location of

um moves away from the wall, as the strength of the inner and outer shear layers becomes

comparable.
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Figure 2.5: (a-d) Contours of phase-averaged velocity magnitude and (e-h) phase-averaged
velocity vectors. (a,e) φ = 0/8; (b,f) φ = 2/8; (c,g) φ = 4/8; (d,h) φ = 6/8. The contour
lines ( 〈ωθ〉 = 10; 〈ωθ〉 = −5) show the location of the primary and secondary
vortices.
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Figure 2.6: Contours of phase-averaged azimuthal vorticity. (a) φ = 0/8, (b) 2/8, (c) 4/8,
(d) 6/8. Profiles of the phase-averaged skin-friction coefficient are also shown.

Phase-averaged azimuthal vorticity contours and profiles of the skin-friction coefficient

Cf =
2τw
ρU2

o

; τw = µ
∂〈ur〉
∂z

∣∣∣∣
z=0

(2.6)

are shown in Figure 2.6. The Kelvin-Helmholtz instability due to the inflectional velocity

profile in the shear layer is amplified by the forcing, and a very coherent counter-clockwise

vortex ring is formed, which is advected towards the wall, consistent with experimental and

numerical observations (Özdemir & Whitelaw, 1992; Mladin & Zumbrunnen, 2000; Hwang

& Cho, 2003; Geiser & Kiger, 2011). When the primary vortex approaches the wall, near

r/D = 1.0, the wall shear stress τw increases immediately upstream of the locations of the

primary vortices (Hassan et al., 2013). The affected region can extend to 0.6D upstream

of the impingement point. Negative secondary vorticity is generated, at the wall, because

of the no-slip condition, and lifted up. Local separation occurs, indicated by the negative

wall shear stress. The secondary vortex interacts with the primary one in the region from

r/D = 1.4 to 2.0, called the “interaction region” hereafter, and rapidly decays beyond it.

Further downstream, the weakened primary vortex still disturbs the near-wall flow locally:
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a local peak occurs upstream of each consecutive primary vortex, which decay with radial

distance. No obvious change of wall shear stress can be seen downstream of r/D = 2.5.

The local skin-friction coefficient can vary significantly as the vortex passes by, as shown

in Figure 2.7. Note that the time-averaged Cf has a very different behaviour from the phase-

averaged one, with a much lower peak, and no region with τw < 0.

2.4.3 Reynolds stresses

Figure 2.8 shows contours of the phase-averaged periodic and stochastic Reynolds stresses

at phase φ = 6/8. Other phases have similar trends and are not shown here. The periodic

stresses are largest at the edge of the vortices (and especially of the primary one), while the

stochastic ones are large in the vortex cores.

A second region of high Reynolds stresses can be observed in the high-shear region

between primary and secondary vorticity, which is wrapped around the primary vortex as

it advects downstream. This high stress is due to the turbulence amplification in the high-

shear region between the vortices, where the Reynolds shear stresses, both periodic and

stochastic, are also large, thus creating a region of high turbulence production.
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Figure 2.8: Contours of phase-averaged periodic and stochastic Reynolds stresses, φ = 6/8.
(a-d) Periodic stresses; (e-h) stochastic stresses. (a) 〈ũrũr〉; (b) 〈ũzũz〉; (c) 〈ũθũθ〉; (d)
〈ũrũz〉; (e) 〈u′ru′r〉; (f) 〈u′zu′z〉; (g) 〈u′θu′θ〉; (h) 〈u′ru′z〉. The contour lines ( 〈ωθ〉 = 10;
〈ωθ〉 = −5) show the location of the primary and secondary vortices.
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Figure 2.9: (a) Contours of azimuthal vorticity at levels −60 to 60. Time interval between
each set of contours is 0.25T . (b) History of vortex Reynolds number. Lines: primary
vorticity; lines and symbols: secondary vorticity.
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2.4.4 Phase-averaged vorticity dynamics

Figure 2.9(a) shows the trajectories of the primary and secondary vortices as contours of

phase-averaged azimuthal vorticity magnitudes. The phenomena described before (forma-

tion of secondary vorticity, separation, liftup of the secondary vorticity and interaction

with the primary one) can again be observed. The Reynolds number based on circulation,

ReΓ = Γ/ν, where the circulation Γ around a closed curve C is the line integral:

Γ =

∮

C
u · dl =

∫∫

S
ω · dS, (2.7)

is shown in Figure 2.9(b). We can identify four stages in the primary vortex evolution. The

first is the “development stage”: when the primary vortex forms in the jet shear layer, its

circulation rapidly increases up to a peak ReΓ = 1.22×105. This magnitude remains nearly

constant while the primary vortex is advected towards the wall during the “convection

stage”. When the primary vortex approaches the surface, at t = 1.25T , and secondary

vorticity is generated at the wall, the Reynolds number of the primary vortex begins to

decrease. The primary vortex loses 30% of its strength during its interaction with the wall

and with the secondary vorticity (“strong interaction stage”). After the strong interaction,

the decay of the primary vortex slows down gradually, and after 3.625T it is 12% of its peak

magnitude (“self-decay stage”). The secondary vorticity grows from t = 0.5T to t = 1.25T

as it is lifted from the wall, reaching a magnitude that is, however, only 30% of the primary

one. It continues to increase at the beginning of the strong interaction stage, as more

negative vorticity is generated at the wall and fed to the separated secondary vortex. After

t = 1.75T , however, the magnitude of the secondary vortex decreases nearly at a constant

rate, slightly faster than the primary one.

We then considered the budgets of the azimuthal vorticity to explore the development
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of the vortices. The phase-averaged vorticity equation is (Bernard & Wallace, 2002)

D〈ωωω〉
Dt

=
∂〈ωωω〉
∂t

+ 〈u〉 · ∇〈ωωω〉

= −∇ · 〈u′ω′ω′ω′〉︸ ︷︷ ︸
TVD

+ 〈ωωω〉 · ∇〈u〉︸ ︷︷ ︸
SRM

+ 〈ωωω′ · ∇u′〉︸ ︷︷ ︸
SRF

+∇×∇ · 〈τττ tot〉︸ ︷︷ ︸
VD+SGSD

(2.8)

where the terms on the right-hand-side represent, respectively, turbulent diffusion of vor-

ticity (TVD), vortex stretching and reorientation by the phase-averaged flow (SRM) and

by the fluctuating field (SRF), and sum of viscous and SGS diffusion (VD+SGSD) (where

τττ tot = τττv + τττ sgs is the sum of the viscous and SGS stress tensors).

Figure 2.10 shows the terms in the budget of 〈ωθ〉 (normalized by U2
o /D

2) at phases

φ = 2/8 and 5/8. The positions of the primary and secondary vortices are indicated by

contour lines of 〈ωθ〉. The viscous and SGS stress terms are not shown, as they are two

orders of magnitude smaller than the other terms, except very near the wall. Note that,

although the contribution of the SGS stresses to vorticity transport is negligible, their effect

on the transport of turbulent kinetic energy is very significant. In the present configuration,

neglecting them would not be wise.

Before the interaction with the secondary vorticity begins, the left-hand side of (4.8)

is dominated by the phase-averaged flow term, SRM, indicating that turbulence plays an

insignificant role. The θ−component of the SRM reduces to 〈ur〉〈ωθ〉/r, and is negative in

the upper half of the vortex core, where 〈ur〉 is negative, positive in the lower part of the

core. Below the vortex, this term is also negative: once opposite-sign secondary vorticity

is generated at the wall, as long as the flow is not reversed (〈ur〉 > 0) the phase-averaged

azimuthal vorticity will amplify itself. The vortex stretching by the fluctuations, SRF, is

generally smaller than SRM, and significant mostly in the secondary vortex. Once the

interaction begins, and the Reynolds stresses become significant (Figure 2.8), turbulence

becomes the driving mechanism, and the diffusion of vorticity by the fluctuating field, TVD,

plays the main role.
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Figure 2.10: Contours of phase-averaged azimuthal-vorticity budget terms. (a-d) φ = 2/8,
(e-h) φ = 5/8. (a,e): Left-hand-side of (4.8); (b,f) SRM (vortex stretching by the phase-
averaged flow); (c,g) SRF (vortex stretching by the fluctuating field); (d,h) TVD (turbulent
diffusion of vorticity). The contour lines ( 〈ωθ〉 = 10; 〈ωθ〉 = −5) show the location
of the primary and secondary vortices.
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Figure 2.11: Contours of phase-averaged turbulent diffusion of azimuthal vorticity. (a-b)
φ = 2/8, (c-d) φ = 5/8. (a,c): ∂/∂r term; (b,d): ∂/∂z term.

The turbulent diffusion of azimuthal vorticity has the form

−∇ · 〈u′ω′θ〉 = −1

r

∂

∂r
(r〈ω′θu′r〉)−

∂

∂z
〈ω′θu′z〉 −

〈ω′ru′θ〉
r

. (2.9)

Figure 2.11 shows the first two terms in the right-hand side of (2.9) (the third is much smaller

than the others). Radial diffusion of ω′θ by the radial velocity fluctuations is the leading

term in the secondary vortices. The wall-normal diffusion is more important in the vortex

core, where TVD is the leading term in (4.8). Thus, the most significant contribution to

the evolution of the primary vortex when the interaction between primary and secondary

vorticity becomes important, for r/D < 1.2, is the wall-normal diffusion of ω′θ by the

wall-normal velocity fluctuations. While the vortex stretching by the phase-averaged flow

amplifies azimuthal vorticity in the early stages of the vortex development (both for the

primary and secondary vortices), Figure 2.10(b), diffusion of ω′θ by u′z is the primary source

of weakening of the primary vortex.

The stochastic azimuthal vorticity is primarily due to the near-wall small-scale vortices.

Figure 2.12 shows contours of the root-mean-square ω′θ; while a region of fairly high ω′θ
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Figure 2.12: Contours of phase-averaged stochastic root-mean-square azimuthal vorticity,
〈ω′θω′θ〉1/2. (a) φ = 0/8, (a) φ = 1/8, (b) φ = 2/8, (c) φ = 3/8, (d) φ = 4/8, (e) φ = 5/8,
(f) φ = 6/8, (g) φ = 7/8. The contour lines ( 〈ωθ〉 = 10; 〈ωθ〉 = −5) show the
location of the primary and secondary vortices.
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exists near the vortex even during its initial evolution (generated by the rolling up of the jet

turbulence around the vortex ring), higher levels of azimuthal vorticity are formed near the

wall, and lifted up by the advection due to the primary vortex as soon as the interaction with

the wall begins (at r/D ' 1 in Figure 2.12(d)). These vortical fluctuations are amplified

during the primary-secondary vorticity interaction (Figures 2.12(f-h)) and eventually form

a ring of stochastic vorticity fluctuations around the primary vortex core.

Note that the Reynolds stresses contribute both to the TVD and SRF terms; the former

is the most important of the two mechanisms. The curl of the divergence of the Reynolds

stresses results in three terms:

− ∇× (∇ · 〈uuu′uuu′〉)
∣∣
θ

=
∂2

∂z∂r

(
〈u′ru′r〉 − 〈u′zu′z〉

)
− 1

r

∂

∂z
〈u′θu′θ〉

+

(
∂2

∂z2
− ∂2

∂r2

)
〈u′ru′z〉.

(2.10)

In this flow, the last one (the difference between second derivatives of the shear stress) is the

largest by three orders of magnitude. This has significant implications for the turbulence

modelling approaches that are used in practical applications (to predict, for instance, the

dust cloud generated by a helicopter hovering near the ground): the second derivatives of

the Reynolds shear stresses are more difficult to predict accurately than the first derivatives

needed to predict the mean velocity.

2.4.5 Coherent structures

Figure 2.13 shows contours of the instantaneous azimuthal vorticity during the cycle. Sheets

of vorticity are formed between primary and secondary vortices; they are strained and even-

tually break into three-dimensional structures advected towards the outer flow, where they

remain relatively stationary. Note, for instance, the region with high vorticity fluctuations

in the outer layer, z/D > 0.5 and r/D ' 2.5; while the primary and secondary vorticity (as

well as the near-wall structures) are swept outwards during the cicle (and travel by more
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Figure 2.13: Contour of instantaneous azimuthal vorticity in the rz−plane θ = π/6 at (a)
φ = 0/8; (a) φ = 2/8; (a) φ = 4/8; (a) φ = 6/8.

than 0.5D in a period), this outer-layer turbulent excursion moves much more slowly, by

about 0.1D during one period. The presence of slow-moving turbulence (originating from

the wall layer) in the outer region may be related to the dust cloud formed by helicopters

hovering near the ground: it can be conjectured that small dust particles will be entrained

in a similar way as the near-wall fluid, and advected away from the wall. Many other effects

are, however, at play (particle inertia, bed loading, liftup mechanisms etc.) that need to be

taken into account.

Figure 2.14 shows instantaneous isosurfaces of Q, coloured by the radial vorticity. Q is

the second invariant of the velocity-gradient tensor,

Q = −1

2

∂uj
∂xi

∂ui
∂xj

=
1

2
(ΩijΩij − SijSij) (2.11)

(where Ωij and Sij are the resolved antisymmetric and symmetric parts of the velocity-

gradient tensor), and is positive when vorticity is dominated by the rotational motions,

and negative when shear is more significant (Hunt et al., 1988). Four consecutive primary

vortices can be observed: one is within the shear layer near the jet exit. As the primary

37



Figure 2.14: (a) Isosurfaces of instantaneous Q = 800U2
o /D

2 at phase φ = 4/8; (b) close-up
of the vortex interaction region. Isosurfaces are coloured by radial vorticity.
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vorticity develops, it becomes more coherent and a visible vortex ring can be seen after

the interaction with the wall has begun. The radial vortices are rolled around the primary

vortex, forming rib-like structures. The secondary vorticity observed in the phase-averages

is formed by bundles of smaller structures. Further downstream two more primary vortices

can be observed; they become more three-dimensional as they weaken, and the rib-like

vortices decay rapidly.

Note that the ultimate goal of this research is to examine the formation of dust/snow

clouds in helicopters hovering near the ground, and these large structures play an important

role in the particle resuspension. Sbrizzai et al. (2004, 2009), in their studies of the dispersion

of microparticles in confined round jets, show that those particles whose Stokes number is

close to one are mainly transported by the large coherent vortices. Particles will “cut-

across” the vortices if their inertia (and Stokes number) is even larger. The rib-like vortices

cause faster dispersion of small particles to the outer side of the vortex ring and to the

region without any structures. Thus we can expect that, if sediments exist, a cloud of large

particles will be concentrated below z/D=0.3 around the primary vortices, and a much

larger cloud formed by small particles will fill the region outside of the wall jet, reaching at

least z/D=0.9 (see Figure 2.13.)

The initially axisymmetric vortex develops a three-dimensional instability in the az-

imuthal direction (Figure 2.15) highlighted by concentration of the rib-like structures and

by waviness of the primary vortex (better seen in Figure 2.15(b), in which the higher value

of Q isolates the more coherent structure). The wavelength of this instability corresponds

to an angle of π/12 radians at r/D = 1.7 (thus, λ = 0.45D at this radial location), and

does not match either that of the Crow instability (eight times the vortex spacing, i.e.,

the distance between the primary and secondary vortex cores) or that of the Widnall in-

stability (Widnall et al., 1974) (almost equal to the spacing). It appears more similar to

that observed by Pierrehumbert & Widnall (1982) for arrays of vortices of like sign in shear

layers, which are most unstable for spanwise wavelengths approximately 2/3 of the distance
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Figure 2.15: Top-view of instantaneous isosurfaces of (a) Q = 800U2
o /D

2, (b) Q =
1600U2

o /D
2 at phase φ = 4/8. Colored by distance from the wall.

between consecutive primary vortices (very close to the value observed here), and can lead

to the generation of streamwise vorticity and coherent ridges of upwelling, as observed here.

We performed simulations using smaller domains in the azimuthal direction to test

whether suppressing the long-wavelength three-dimensional instability plays a role in the

primary vortex development. Simulations carried out using a domain with an azimuthal

angle of π/12 (which is the minimum required to allow this instability to exist) gave results

that were undistinguishable from the large domain (π/3); decreasing the domain size further

to π/24, an angle too small to support the wavelength of the 3D instability, resulted in a

more axi-symmetric shape of the primary vortex (Figure 2.15), and values of ReΓ that were

higher by 6-10% than the reference case.

2.5 Vortex decay dynamics

It was shown that the Reynolds shear stresses and the stochastic vorticity ω′θ, through the

generation of turbulent vorticity diffusion (TVD), play a crucial role in the dynamics of

the coherent azimuthal vorticity. To understand the factors that may affect the TVD term
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Figure 2.16: Top-view of instantaneous isosurfaces of (a) Q = 800U2
o /D

2, (b) Q =
1600U2

o /D
2 at phase φ = 4/8. Colored by distance from the wall. The computational

domain in the azimuthal direction (π/24 has been replicated 7 times for easier comparison
with the reference case.

Case Jet turbulence Wall
intensity b.c.

Reference 0.4Uo no-slip
Weak inlet turbulence 0.2Uo no-slip
Laminar inlet 0 no-slip
Slip wall 0.4Uo slip

Table 2.1: Summary of computational parameters.
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Figure 2.17: (a-d) Contour of azimuthal vorticity at level -60 to 60. Time interval between
each contour is 0.25T . (a) Reference case; (b) weak inlet turbulence; (c) laminar inlet;
(d) slip wall. (e) History of vortex Reynolds number. Lines: primary vorticity; lines and
symbols: secondary vorticity. , laminar inlet; , reference case; , weak inlet
turbulence; , slip wall.

we carried out a number of simulations (summarized in Table 2.1) in which the boundary

conditions were changed to modify either the incoming flow before the impingement, or the

near-wall flow (or both). In addition to the reference case discussed so far, we performed

one simulation in which the turbulence intensity at the inlet (both the jet exit and the

r/D = 0.25 surface) was half of the reference one (weak inlet turbulence), one in which the

inlet was laminar, an one in which, at the wall, a free-slip condition was applied, to inhibit

the formation and liftup of the secondary vorticity.

42



Figure 2.17 shows the trajectories of primary and secondary vortices from the four

calculations, as well as the evolution of the vortex Reynolds number, ReΓ. Weakening

the intensity of the inlet turbulence does not affect the development of the primary vortex

significantly. Although the jet appears less disturbed than in the reference case (compare the

isosurfaces of Q shown in Figures 2.18(a) and (b)) much of the wall turbulence is generated

in the impingement region, where the primary vortex first interacts with the wall, and the

subsequent development of the flow is similar.

If the inlet is laminar, different dynamics can be observed. First, the secondary vorticity

generated at the wall is much higher than in the reference case, and a stronger interaction

with the primary one occurs (Figure 2.17(c)). While the circulation of the primary vortex

initially reaches a higher level than in the reference case (due to the absence of turbulent dif-

fusion), once the primary vortex interacts with the secondary vorticity it decays much faster

(Figure 2.17(e)). The contours in Figure 2.17(c) show that this sudden weakening takes

place within 0.5T of the initial interaction with the secondary vorticity; very little coherent

primary vorticity can be observed by t/T ' 2.25 (r/D ' 1.5− 2) (see also Figure 2.18(c)).

The TVD term is again responsible for the decay of the primary vortex; it is shown

in Figure 2.19(d), and can be compared with Figure 2.10(d). This term is larger both in

the primary and secondary vortices (the latter has negative vorticity, so positive values of

TVD also cause vorticity decay) and is again caused by the last term in (3.29). In this

case the inflow is laminar, and the Reynolds stresses are zero in the approaching flow;

however, turbulent fluctuations are formed in the impingement region (Figure 2.20). Note,

however, the structural difference between the reference case and the laminar-inlet one: in

the reference case, the jet contains synthetic homogeneous isotropic turbulence, which is

subsequently stretched by the radial mean-velocity gradient in the impingement region, and

forms elongated streaks. The streaks are lifted up by the primary vorticity, forming rib-like

and ring vortices around the vortex core. When the inlet is laminar, on the other hand, the

impingement of the primary vortex ring results in the formation of a laminar vortex ring with
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Figure 2.18: Instantaneous isosurfaces of Q = 800U2
o /D

2 at phase φ = 4/8. (a) Reference
case; (b) weak inlet turbulence; (c) laminar inlet; (d) slip wall. Isosurfaces are coloured by
radial vorticity.

opposite-sign vorticity. Perturbations are formed (a consequence of roundoff error and other

asymmetries) and amplified in the impingement region. When the wall-vorticity is lifted up,

it also forms structures similar to those in the reference case, but the general flow structure

is more intermittent, with regions in which large clouds of vortical structures are lifted, and

others in which the flow is less disturbed. These phenomena result in the development of

stochastic Reynolds stresses that, although not as large as in the reference case, are still

significant (Figure 2.21). In the secondary vorticity, in particular, the stochastic stresses

are larger in the laminar-inlet case than in the reference one.

In the case in which a slip-wall boundary is used the evolution of the primary vortex is

changed. The vortex travels further in the radial direction (Figure 2.17(d)), since it is not

slowed down by viscous effects; it also comes closer to the ground, perhaps because of the

lack of the displacement caused by the boundary layer, and takes an elliptical cross-section.

The primary vortex begins its decay later (Figure 2.17(e)), but the rate of this decay is
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Figure 2.19: Contours of phase-averaged azimuthal-vorticity budget terms. φ = 6/8. (a-d)
Laminar inlet, (e-h) slip wall. (a,e): Left-hand-side of (4.8); (b,f) SRM (vortex stretching
by the phase-averaged flow); (c,g) SRF (vortex stretching by the fluctuating field); (d,h)
TVD (turbulent diffusion of vorticity). The contour lines ( 〈ωθ〉 = 10; 〈ωθ〉 = −5)
show the location of the primary and secondary vortices.

(a) (b)

Figure 2.20: Isosurfaces of ω′θ, φ = 4/8. Blue: ω′θ = −70; yellow: ω′θ = +70. (a) Reference
case; (b) laminar inlet.
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Figure 2.21: Contours of phase-averaged stochastic Reynolds stresses, φ = 6/8. (a-d)
Laminar inlet; (e-h) slip wall. (a,e) 〈u′ru′r〉; (b,f) 〈u′zu′z〉; (c,g) 〈u′θu′θ〉; (d,h) 〈u′ru′z〉. The
contour lines ( 〈ωθ〉 = 10; 〈ωθ〉 = −5) show the location of the primary and
secondary vortices.
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faster. Even in this case, in which no vorticity is generated at the wall, TVD is the leading

term in the primary vortex evolution (Figure 2.19(e-h)). However, the Reynolds stresses

responsible for this term are generated in the vortex core and amplified as the primary

vortex is advected downstream (Figures 2.21(e-h)), and the wall does not appear to play a

major role.

2.6 Conclusions

We have performed large-eddy simulations of the impingement of an axi-symmetric jet con-

taining embedded azimuthal vortices on a flat surface, a configuration that models the wake

of a helicopter hovering in ground effect. The azimuthal vortices are generated by sinusoidal

forcing of the mean velocity in the jet. Statistical data (based on a triple decomposition

and phase-averaging) and instantaneous fields have been examined.

The main feature of the flow is the interaction between the azimuthal vortices and the

wall, which results in the formation of opposite-sign, secondary vorticity that is lifted up

and rolled around the primary vortex. Here, the near-wall eddies formed by the stretching

of the inlet turbulence in the impingement region are lifted from the wall and rolled around

the primary vortex core, forming rib-like vortices. The Reynolds stresses are amplified, and

turbulent vorticity diffusion (TVD) increases, becoming the leading factor in the evolution

of the azimuthal vortices.

The adverse pressure gradient generated when the secondary vorticity is lifted up re-

sults in local separation, consistent with the findings of previous researchers (Magarvey &

MacLatchy, 1964; Özdemir & Whitelaw, 1992; Fox et al., 1993; Kataoka et al., 1987). The

motion of the primary vortices causes very strong perturbations in the wall stress profile

in the radial direction, which may be responsible for localized particle liftup when sand or

snow coat the surface.
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The evolution of the azimuthal vorticity is initially dominated by an inviscid mecha-

nism, the stretching of phase-averaged vorticity by the phase-averaged flow itself. As the

interaction with the wall begins, however, the contribution of turbulent fluctuations to the

vorticity transport (in particular, TVD) becomes the leading term, and vorticity is diffused

outward from the core, weakening the primary vortex. This phenomenon is extremely ro-

bust, and occurs independently of the turbulence level in the approaching flow, and even of

the formation of near-wall eddies. The robustness of TVD generation, and the way in which

it dominates the flow (as originally conjectured by Reynolds & Hussain (1972)) suggest that

Reynolds number may not be a very important parameter in realistic configurations. This

is an issue that warrants further investigation.

Mean-flow three-dimensionality, however, appears important. A short-wavelength in-

stability plays a role in the development of kinks in the initially axisymmetric vortices.

Suppressing it results in slower decay of the primary vorticity.

The present work also points out some important requirements for the lower-level models

(e.g., Reynolds-averaged solutions) that must be used, at the industrial level, to analyze this

flow. First, steady Reynolds-Averaged solutions are not suitable: the wall stress exhibits

unsteady oscillations, as a primary vortex passes by, that are many times larger than the

time-averaged value; Unsteady Reynolds-Averaged solutions are the minimum required.

Secondly, the TVD term depends on the difference between radial and wall-normal second

derivatives of the stochastic Reynolds shear stress 〈−u′ru′z〉. Second derivatives are more

sensitive to modelling (and numerical) errors that the first derivatives that drive momentum;

a higher level of modelling accuracy is, therefore, necessary. Furthermore, since the Reynolds

stresses are generated at the solid surface in the impingement region, the near-wall treatment

(if any) used by the turbulence model is important. Thirdly, the fact that the three-

dimensional instability affects the decay rate of the primary vortices limits the accuracy

that solutions of the averaged equations (which are axi-symmetric) can achieve.

While this study sheds some light on the dynamics of the azimuthal vortices in an
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impinging jet, additional work is required to transition this work to practical applications.

First, the particle motion must be investigated to understand the dynamics of the formation

of the dust cloud that causes brownout (or whiteout). Secondly, to develop corrections for

use in inviscid methods, a much wider parameter range (vortex strength and separation,

jet-to-ground distance) needs to be considered. The effect of the azimuthal velocity present

in the helicopter wake has also not been studied, and should be examined. Given the range

of speeds of helicopter wakes, compressibility does not appear to be important, but the

Reynolds number may be. Some of these issues are presently under study.
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Chapter 3

Reynolds-averaged and

wall-modelled large-eddy

simulations of impinging jets with

embedded azimuthal vortices

3.1 Abstract

We have performed simulations of an impinging jet with embedded azimuthal vortices, a

model of the wake of a helicopter hovering near the ground. This problem has consider-

able practical importance since, when the landing area is covered with sand or snow, the

interaction between the helicopter wake, the rotor-tip vortices and the solid particles on the

ground can result in the liftup of a cloud of sediment that limits the pilot’s vision, causing

accidents and potentially loss of life. We compare the results of well-resolved large-eddy

simulations (LES) at laboratory scale, with solutions of the Unsteady Reynolds-Averaged

Navier-Stokes (URANS) equations with three turbulence models, and also with LES in
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which the wall layer is modelled (WMLES), using the Delayed Detached Eddy Simulation

(DDES) approach, or employing approximate boundary conditions. The URANS solutions

do not yield a reliable prediction of the development of the azimuthal vortices (a well-known

shortcoming of most eddy-viscosity turbulence models in this type of configuration), while

the WMLES and DDES predict vortex decay in good agreement with the resolved LES

data. Simulations at a Reynolds number higher by a factor of 20 (intermediate between

the laboratory scale and the real configuration) were also carried out. All the simulation

methods predict very little effect of the Reynolds number: the flow appears to be driven

by the evolution of the large-scale embedded vortices. The trends are the same observed at

laboratory-scale: the RANS turbulence models predict a much faster decay of the embedded

vortices compared to the WMLES and DDES. The need for reliable experimental data is

highlighted.

3.2 Introduction and Motivation

When a helicopter hovers near the ground, the wake of the rotor is a downward-directed

jet that impinges on the ground and spreads radially, forming an axisymmetric wall jet.

Coherent helical vortices generated at the rotor tip are embedded into the jet, and vortex

sheets generated by the inner part of the blade occur inside it. The rotor-tip vortices are

convected towards the ground by the rotor wake, and interact with the turbulent flow near

the solid boundary (Lee et al., 2010). Their passage may produce localized adverse pressure

gradients in the wall region, and local separation (Olsson & Fuchs, 1998). The vortex

passage also induces strong localized downwash and upwash velocities, which are intensified

when two vortices pair. An undesirable effect of this phenomenon is the lifting up of sand

particles that may be entrained in the wake and affect the pilot’s visibility (“helicopter

brownout”). When the helicopter lands on snowy ground, similar events occur, but are

referred to as “helicopter whiteout”. These phenomena may results in considerable damage
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Figure 3.1: (a) Visualization of the wake of a rotor in ground effect (Figure courtesy of Lee
et al. (2010)). (b) Schematic sketch of an impinging jet.

to the aircraft, and sometimes loss of life (Colby, 2005). Their mitigation requires detailed

understanding of the physics of the wall layer, and of the particle transport.

A laboratory-scale visualization of the flow field that causes this phenomenon is shown

in Figure 4.1(a). As they reach the ground, the rotor-tip vortices lift up fluid from the

near-wall region. This entrainment is associated with low shear stress and pressure, and

liftup of solid sediment. The vortices then decay as they are convected along the wall.

The flow field generated by a rotor hovering near the ground is quite complex: the

Reynolds number ReD (based on the rotor diameter and the downwash velocity) is very

high, of order 107 − 108, the blades rotate and generate helical vortices, and sediment is

lifted up and transported in the axisymmetric wall-jet. For this reason most models used

to predict helicopter brownout (reviewed in detail in Komerath & Smith (2009)) use very

strong simplifying assumptions; typical approaches use an inviscid-flow approximation, in

which the wake of the rotor is modeled using vortex filaments. The flow induced by the

wake and by the vortices, which move downward and impinge on the ground, is used to

determine the particle liftup and transport. However, the strong interaction between the

turbulent flow in the impingement region and the vortices is likely to result in a significantly

different vortex development than that predicted by the models that use the inviscid-flow

assumptions, even if semi-empirical corrections are used to account for the vortex decay.
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The flow in the wall region, and especially the evolution of the blade-tip vortices and their

interaction with the wall jet, has not been extensively studied in realistic configurations.

Instead, due to the simplicity of the configuration and the similarity between this flow and

the rotor wake, the round impinging jet has been used as a model of the wake of a rotorcraft

hovering near the ground (Figure 4.1(b)). The Kelvin-Helmholz (KH) instability in the jet

shear layer results in the generation of an array of azimuthal vortices, which are advected by

the jet and impinge on the ground, moving radially outward, generating a flow field similar

to that observed in the rotor wake. Forcing the jet may be used to amplify the instability,

leading to more coherent azimuthal eddies, locked at the forcing frequency.

Experimental and numerical studies of forced and unforced jets are summarized in Wu

& Piomelli (2015). Here, only the main findings are repeated. When the vortex ring

approaches the ground it creates locally an adverse pressure gradient in the radial direction;

a counter-rotating secondary vortex ring is formed (Magarvey & MacLatchy, 1964; Didden

& Ho, 1985), and the interaction between the large-scale vortices and the near-wall flow

plays an important role in the heat and momentum transfer at the wall (Hoogendoorn,

1977; Kataoka et al., 1987; Özdemir & Whitelaw, 1992; Fox et al., 1993).

Olsson & Fuchs (1998) performed large-eddy simulations (LES) of a forced circular

impinging jet at ReD = 10, 000. They showed the formation of the secondary vortex and

found that the turbulent kinetic energy spectrum in the wall-jet region has a peak at the

frequency of the excitation. Xu et al. (2013) carried out LES of a forced plane impinging jet

at Re = 10, 000, and observed the evolution of the spanwise rollers, and rib-like structure

cause by secondary instabilities. Wu & Piomelli (2015) performed LES of a round forced jet

at ReD = 66, 000. They found that the rolled-up secondary vortices form rib-like structures

that rise up into the free stream, which can be related to the formation of the dust cloud

in helicopter brownout. The primary vortices decay mostly due to the Reynolds shear

stresses, which contribute to the turbulent diffusion of vorticity in the budget of the phase-

averaged azimuthal vorticity. A 3D instability of the vortex ring also plays a role in the
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evolution of the vortex, causing sinusoidal distortion of the spanwise rollers and generating

streamwise vortices such as rib structures. Suppressing it results in slower decay of the

primary vorticity (Wu & Piomelli, 2015).

The impinging jet (usually unforced) has also been used frequently to test and validate

turbulence models for the Reynolds-Averaged Navier-Stokes (RANS) equations. Craft et al.

(1993) observed that the k − ε eddy-viscosity model overpredicts the turbulence levels in

the stagnation region, while second-moment closures (SMC) are more accurate if modifi-

cation are made to the wall-reflection part of the pressure-strain term. Park et al. (2003)

demonstrated improved results using the k − ω model, although the secondary peak in the

profile of the Nusselt number, Nu, shifted far inward. Behnia et al. (1999) showed that

Durbin’s v2 − f model (Durbin, 1995) predicts the Nu distribution more accurately than

other models. Other RANS models have also been tested for the prediction of heat transfer,

and are reviewed by Zukerman & Lior (2006).

The studies of impinging jets shows the critical role of the primary vortex in the flow,

and the complexity in predicting its dynamics due to the highly unsteady, three-dimensional

flow, which is difficult to model within the framework of the RANS equations. Although

eddy-resolving methods such as LES have shown their potential, their computational cost

remains an issue that will limit, within the foreseeable future, their applicability in realistic

configurations, and at Reynolds numbers close to those of real rotorcraft applications. At

present, the gap between the full LES and the inviscid methods must be filled by RANS

simulations. An alternative, which becomes more feasible as the available computational

power increases, is to use Wall-Modelled LES (WMLES), which recognize that most of the

cost of LES that resolve fully the wall layer comes from the need to use a grid that is much

smaller than the turbulent eddies in this region (Piomelli & Balaras, 2002; Piomelli, 2008).

Since these eddies scale in wall units, at realistic Reynolds numbers, more than 99% of the

grid points are required to cover less than 10% of a boundary layer. Two types of WMLES

are common: those that bypass the wall layer altogether, and calculate the wall stress by
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postulating some form of the velocity profile (typically, the logarithmic layer) and apply

approximate boundary conditions (similar to the wall functions used in RANS modelling),

and those that model the wall layer using the RANS equations (with a standard turbulence

model) and transition to LES far from the wall. The latter approach is known as “hybrid

RANS/LES”, while we will refer to the first as “log-law WMLES”.

The goal of this article is to explore the accuracy of both Unsteady RANS (URANS)

models and WMLES to the same problem studied by Wu & Piomelli (2015) using resolved

LES. First, while turbulence models for the RANS equations are not always accurate (es-

pecially eddy-viscosity models), it is conceivable that capturing the coherent structures and

only modelling the stochastic fluctuations may be more successful. Second, it is desirable

to determine whether WMLES can accurately predict the interacton between primary and

secondary vorticity that plays a significant role in the decay of the coherent azimuthal vor-

tices. The evaluation of these techniques, in a case in which resolved LES data is available

to guide the modelling effort, may contribute to the development of better lower-level mod-

els for use at the design stage. We then perform simulations at higher Reynolds number,

to evaluate, through the predictions of the various models, whether Reynolds number ef-

fects are important, and if these techniques can be extended to more realistic configurations

reliably.

In the following section, we will present the problem formulation, including the models

used, the numerical method and the boundary conditions. Then, the results of a validation

study will be discussed. Results of the comparison of the various models at two Reynolds

numbers will follow. Concluding remarks will end the paper.
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3.3 Problem formulation

3.3.1 Governing equations

We solve the Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations for the cases

with turbulence models, and the filtered Navier-Stokes equations with wall models for the

WMLES. Since the flow is periodic, phase-averaging is used to derive the URANS equations:

∇ · 〈u〉 = 0, (3.1)

∂〈u〉
∂t

+∇ · 〈u〉〈u〉 = −∇〈P 〉 (3.2)

−∇ · τ + ν∇2〈u〉, (3.3)

where the phase-averaged quantities are defined as

〈f(x, φ)〉 =
1

N

N∑

n=1

f(x, (n+ φ)T ) (3.4)

in which T is the period of the forcing, and φ = mod(t, T )/T . According to (4.5) any

flow variable f can be decomposed into the sum of contributions of the mean field, F , the

periodic (coherent) field f̃ and the stochastic turbulent (fluctuation) field f ′ (Hussain &

Reynolds, 1970), i.e.,

f = F + f̃ + f ′ (3.5)

The phase-averaged variable is then 〈f〉 = F + f̃ . Thus, the phase-averaged Reynolds stress

has a coherent (〈ũiũj〉) and a stochastic (〈u′iu′j〉) part (Reynolds & Hussain, 1972). Both

are functions of φ (and space). The unresolved stresses τij are defined as

τij = −〈u′iu′j〉 −
2

3
δijk, (3.6)

where k = 〈u′iu′i〉/2 is the phase-averaged stochastic turbulent kinetic energy (TKE).
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The filtered Navier-Stokes equations (Leonard, 1975) are solved in the WMLES:

∇ · u = 0, (3.7)

∂u

∂t
+∇ · u u = −∇P (3.8)

−∇ · τ + ν∇2u, (3.9)

where an overline represents spatial filtering, and τij = uiuj − uiuj are the subgrid-scale

(SGS) stresses.

3.3.2 Turbulence models

All models for the unresolved stresses are of the eddy-viscosity type:

τij = −2νtSij −
2

3
δijτkk, (3.10)

where

Sij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
(3.11)

is the strain-rate tensor, calculated using either the phase-averaged or the filtered velocity

as appropriate.

Three RANS models, are used, the Spalart-Allmaras (SA) model, the k − ω model

and the k − ε two-layer model. In the SA model (Spalart & Allmaras, 1994), a transport

equation for νt is solved. In the present work, the original model and coefficients are used,

as described in Spalart & Allmaras (1994).

In the two-equation k− ε model (Hanjalic & Launder, 1972), the eddy viscosity is given

by

νt = Cµ
k2

ε
, (3.12)

where ε is the dissipation rate of the TKE k; the transport equations for k and ε are solved.
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The Yap correction (Yap, 1987) and the Kato-Launder modification (Kato & Launder,

1993) of the production term have been used. In the near-wall region this model is modified

using the two-layer approach, in which the ε equation is replaced, near the wall, by the

one-equation model of Wolfstein (1969), and the turbulent eddy viscosity is obtained from

νt = Cµ
√
klµ; (3.13)

the rate of energy dissipation in the inner layer is specified by

ε =
k3/2

lε
(3.14)

whereas the TKE equation is still solved. The length scales lε and lµ determine the necessary

damping effects in the near-wall region as functions of the turbulence Reynolds number

Rey =
√
ky/ν

lµ = Cly [1− exp(−Rey/Aµ)] ;

lε = Cly [1− exp(−Rey/Aε)] .
(3.15)

Model coefficients are

Cl = κC−3/4
µ , Aµ = 70, Aε = 2Cl. (3.16)

The interface between the two layers is chosen as the point where Rey ' 200, which ensures

a smooth distribution of νt. Jongen & Marx (1997) proposed a transition function to bridge

the interface:

νt = λεCµ
k2

ε
+ (1− λε)Cµ

√
klµ (3.17)

with

λε = 0.5

[
1 + tanh

(
Rey −Re∗y

A

)]
(3.18)

in which Re∗y = 200 and A = 0.1–0.2Re∗y/ tanh(0.98).
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In the k − ω model (Wilcox, 1993) the dissipation equation is replaced by a transport

equation for the inverse time-scale ω. The turbulent viscosity is

νt = γ∗
k

ω
. (3.19)

Menter (1994) proposed a modification of this model, in which the transport equations for

k and ω are the weighted summation of the original k − ω equations, and the transformed

k − ε equation. This model takes advantage of the fact that the k − ω model does not

need any extra damping function near the wall (as is the case in the low-Re k − ε model),

while avoiding the well-known sensitivity of the k − ω model to the free-stream turbulence

properties (Menter, 1992; Wilcox, 2006). An additional modification to the definition of νt

was introduced by Menter (1994) and Menter et al. (2003) to take into account the shear-

stress transport (SST), and is included in the present formulation. The eddy-viscosity and

production limiters proposed by Menter et al. (2003) are used.

Two WMLES techniques are used. In the first, the log-law WMLES, the entire wall layer

is bypassed, and the first grid point, at y = y1, is located, ideally, in the logarithmic region

of the flow. Under these conditions, finite differentiation cannot be used to calculate the wall

stress from the mean velocity profile, but the velocity at the first grid point, u+
1 = u(y1)/uτ ,

can be related to the wall stress by assuming a logarithmic velocity profile if the distance

from the wall (in wall units) is sufficiently large, and a linear profile otherwise:





u+
1 = y+ for y+ < 12

u+
1 =

1

κ
log
(
y+
)

+B for y+ ≥ 12,
(3.20)

which can be solved for uτ ; the wall stress τw = ρu2
τ can then be used to supply the

momentum flux at the wall, and close the equations. In the LES region, the SGS stresses

are modelled using the Lagrangian-averaged eddy-viscosity model (Meneveau et al., 1996).

Spalart et al. (1997) proposed the Detached-Eddy Simulation (DES), a hybrid approach
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in which the RANS equations are solved in attached, thin shear layers, while the LES

technique is used in regions of separated flow. The DES is based on the SA model (Spalart

& Allmaras, 1994) described above, in which, however, d is taken as the minimum of

the RANS turbulent length scale d (the distance from the wall) and the cell length ∆ =

max(∆x,∆y,∆z):

d̃ = min (d,Cdes∆) (3.21)

The constant Cdes is usually set to 0.65. When d̃ = d the model is in RANS mode, whereas

when d̃ = Cdes∆, the dissipation of eddy viscosity is increased, νt decreases, and the SA

model behaves like a Smagorinsky model for LES.

To avoid the strong dependence of the original DES formulation on the local grid reso-

lution, the Delayed Detached Eddy Simulation (DDES) was proposed (Spalart et al., 2006),

in which the DES length scale d̃ is defined as

d̃ = d− fdmax (0, d− Cdes∆) , (3.22)

where

fd ≡ 1− tanh
[
(8rd)

3
]
, rd ≡

νt + ν√
Ui,jUi,jκ2d2

. (3.23)

This formulation is used here.

3.3.3 Geometric configuration and boundary conditions

We consider a round, forcing impinging jet whose Reynolds number, based on D (the

diameter of the nozzle exit) and Uo (the mean nozzle exit jet velocity) is 66,000. The jet

outlet-to-target distance is H/D = 1. This configuration is chosen to match the experiments

by Geiser & Kiger (2011) and our previous resolved LES simulation (Wu & Piomelli, 2015).

We also performed simulations at ReD = 1.32× 106, which is 20 times the laboratory-scale

calculation. This Reynolds number is intermediate between the laboratory scale and the
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real configuration.

The instantaneous velocity at the jet exit was assumed to be sinusoidal, of the form (Wu

& Piomelli, 2015)

ujet = Uo +A sin(2πt/T ) +Afuf (3.24)

A, T , uf and Af are the amplitude and period of excitation, the synthetic turbulent fluc-

tuations and its magnitude. The same values of T = 1.3334, A = 0.6Uo and Af = 0.4Uo as

those in the resolved LES case (Wu & Piomelli, 2015) are used here.

The calculation domain is 3.5D × 1D × π/3 in the radial, wall-normal and azimuthal

directions, respectively (for details, refer to Ref. Wu & Piomelli (2015)). Note that the

axis (r = 0) is not considered; thus, the instantaneous velocity must be defined on the

inlet surface, as well as at the jet exit. For this reason, a prior axi-symmetric URANS

simulation using Fluentr was performed to obtain phase-averaged velocity profiles at the

top and inlet boundaries. For the WMLES and DDES cases, turbulent fluctuations were

added to the phase-averaged velocity (see Eqn. (4.3)) Periodic boundary conditions were

imposed in the azimuthal direction θ; no-slip conditions were applied on the wall, except in

the logarithmic-law WMLES, in which case the wall shear stress is determined from (3.20).

At the outflow, a modified convective condition based on the Orlanski (Orlanski, 1976)

boundary condition was applied (Wu & Piomelli, 2015).

Boundary conditions for the turbulence quantities in the URANS models were assigned

based on empirical relationships. We used u′ = 0.16Re−1/8, k = 3u′2/2, νt = ltk
1/2 and

lt = 3.8%D (Fluent, 2006).

3.3.4 Numerical method

The governing equations are solved in cylindrical coordinates using a finite-difference code

with a staggered grid arrangement, based on a well-validated Cartesian code (Keating et al.,

2004). Both convective and diffusive terms are discretized by second-order central difference.
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The time-advancement is a semi-implicit, fractional time-step advancement scheme (Chorin,

1968; Kim & Moin, 1985). The Crank-Nicolson scheme is used for the wall-normal diffusive

term, while a low-storage third-order Runge-Kutta method is applied to the remaining

terms. The Poisson equation is solved by Fourier transform in the azimuthal direction,

followed by direct inversion at each wavenumber. The code is parallelized using the Message-

Passing Interface (MPI) protocol. The results are analyzed by averaging in time and phase,

as well as in the azimuthal direction. More detail on the code and its validation can be

found in Refs. Banyassady & Piomelli (2014) and Wu & Piomelli (2015).

3.4 Model validation and grid convergence study

We first validate the URANS models and the WMLES by comparing their accuracy in an

unforced impinging jet, for which extensive experimental data is available at ReD = 23, 000

and H/D = 2.0 (Cooper et al., 1993). Figure 3.2 shows the radial velocity profiles at

several locations. The k − ω-SST model predicts the mean velocity very well, while the

Spalart-Allmaras model results in higher maximum wall jet velocity in the outer shear

layer around z/D=0.2. The k − ε two-layer model predicts a much wider wall jet and

smaller peak velocity. The agreement of the WMLES approach with the data is altogether

more satisfactory, although the DDES shows a narrower wall jet and higher velocity peak

compared with the resolved LES and experiments.

To understand better the URANS model predictions we show, in Figure 3.3, the contours

of νt obtained by SA, k − ε two-layer and k − ω SST models, and compare them with the

eddy viscosity calculated, in the resolved LES, from the definition

νt =

(
−〈u′iu′j〉+ 2νt,sgs〈Sij〉

)
〈Sij〉

2〈Sij〉〈Sij〉
. (3.25)

in which νt,sgs is the subgrid eddy-viscosity.
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Figure 3.2: Comparison of mean velocity profiles at r/D = 1.0 to 3.0 in the unforced jet.
(a) URANS models. • experimental data (Cooper et al., 1993); resolved LES; SA;
k−ω SST; k− ε two-layer; (b) WMLES. • experimental data (Cooper et al., 1993);

resolved LES; log-law WMLES; DDES.

Figure 3.3: Contours of νt/ν, unforced jet, ReD = 23, 000, H/D = 2.0. (a) Resolved LES;
(b) SA model; (c) k − ω SST model; (d) k − ε two-layer model.
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Figure 3.4: Comparison of mean velocity profiles obtained on different grids at r/D = 1.0
to 3.0, forced jet, ReD = 66, 000, H/D = 1.0. • resolved LES; fine; intermediate;

coarse. (a) SA model; (b) log-law WMLES.

The k − ω SST model is the one that predicts the eddy viscosity distribution best.

None of the other URANS models is able to predict the low value of eddy viscosity in the

impingement region, where the Reynolds stress goes through zero: −〈u′ru′z〉 is positive in

the jet shear layer, and negative in the outer part of the wall layer. The k − ε two-layer

model overpredicts the eddy viscosity in the wall jet very severely, and that causes the lower

peak velocity and the excessive spreading of the wall jet.

We then investigate the grid requirements for the various models in the configuration

of interest, the forced impinging jet. For the URANS, we used the SA model, and tested

three grids: a coarse one used 64 × 220 points (in the radial and wall normal directions,

respectively), an intermediate one 128×256 points, and a fine one 256×340 points. The

grids are uniform in r and stretched in z. The first grid point in the wall-normal direction

is always less than one wall unit away from the solid surface. The flow is assumed to be

axisymmetric.
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Mean radial velocity profiles obtained using the three grids are compared in Figure

3.4(a). The intermediate grid is sufficient to yield grid converged-results. We then repeated

this study using the log-law WMLES with 320× 160× 96, 240× 120× 72 and 180× 90× 54

grid points (in r, z and θ directions; the grid is uniform in θ). The mean velocity profiles are

shown in Figure 3.4(b). The separation on the bottom wall is underestimated by the coarsest

grid, but the results become grid-independent when the first grid points is located within

the thin layer of negative vorticity (z/D < 0.01). Note that in the azimuthal direction and

in the outer region, DDES and log-law WMLES require similar grid resolution, while for the

inner layer DDES requires ∆z+
min < 1.0, the same requirement of the SA model on which

it is based. Therefore, the 320 grid points in the radial direction and 96 in the azimuthal

direction used in the log-law WMLES are sufficient to resolve the outer layer; there, the

most important structure is the embedded vortex, whose core size is roughly 0.2D (Wu

& Piomelli, 2015); with this grid, the core is resolved by 20 grid points. Based on these

findings, in the following, we will use 128×256×2 grid points for the URANS, 336×256×96

for the DDES, and 336× 160× 96 for the log-law WMLES.

3.5 Results

3.5.1 Mean velocity and wall stress

Next, we performed unsteady simulations of the forced impinging jet. The azimuthal vor-

tices are generated by forcing the jet velocity using the procedure described in Section 3.3.3.

The mean radial velocity profiles obtained by URANS and WMLES are shown in Figure 3.5.

Near the impingement region (r/D ' 1.0) all models agree well with each other. Down-

stream, the SA model yields a wall-jet velocity profile similar to that of the resolved LES,

although the maximum velocity is about 8% larger, the wall jet is wider for r/D < 2.0, and

the location of the velocity peak is closer to the wall. The discrepancy increases at down-

stream locations. The wall jet velocity predicted by the k − ω SST model shows a much
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wider wall jet, and, in the outer shear layer, a back flow (U r < 0) can be seen (discussed

below). The maximum velocity also decays faster, and is 15% lower than the resolved LES

value for r/D > 1.5. The k− ε two-layer model shows a wider wall jet due to the excessive

diffusivity of this model (Figure 3.3(d)), a lower peak velocity and back flow in the outer

shear layer, similar to the k − ω SST model. The velocity peak, however, shifts towards

bottom wall rather than away from the it.

Figure 3.5(b) shows the velocity profiles obtained by the WMLES. Both methods show

good agreement with the resolved LES. The width of the wall jet and the shape of the

velocity profile are correctly predicted. The peak velocity occurs slightly further away from

the bottom wall in the DDES case and closer to it in the log-law WMLES case. Overall the

differences with the resolved LES are much smaller than the URANS cases. The large error

of the DDES at r/D = 1.5 will be explained later with reference to the vortex dynamics.

The RANS models predict reasonably well the friction coefficient Cf = 2τw/ρU
2
o (Figure

3.6(a)), although the k − ω SST and k − ε two-layer model overpredict Cf in the impinge-

ment region, due to the effect of the empirical relationships used to assign the boundary

conditions for k, νt and lt. In the wall jet region (r/D > 0.75), the SA model overpredicts

the skin friction coefficient by about 20%, and k− ω SST model and k− ε two-layer model

underpredict it by 15%. When the logarithmic law is used in the WMLES (Figure 3.6(b)),

the prediction of the wall stress is incorrect in the impingement region, where the logarith-

mic law does not hold, but improves in the downstream wall jet. The DDES gives reasonable

results near the impingement region, similar to those obtained with the SA URANS model,

which provides the near-wall treatment. In the wall jet, where the unsteady vortex interac-

tion becomes significant, Cf decreases rapidly after r/D = 0.75 to a level 30% lower than

the resolved LES and 45% lower than SA URANS; this effect is due to the separation and

to the vortex evolution, which are quite different between the approaches.
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Figure 3.5: Profiles of U r at r/D = 1.0 to 3.0 obtained with different models. (a) URANS
models: • resolved LES; SA model; k − ω SST model; k − ε two-layer model.
(b) WMLES: • resolved LES; DDES; log-law WMLES.
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Figure 3.6: Profiles of the skin-friction coefficient Cf . (a) URANS models: • resolved LES;
SA model; k − ω SST model; k − ε two-layer model. (b) WMLES: • resolved

LES; DDES; log-law WMLES.
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3.5.2 Phase-averaged vorticity field

Figure 3.7 shows the contour of phase-averaged azimuthal vorticity obtained with the dif-

ferent models. None of the URANS model is able to predict the correct vortex dynamics.

Even the generation of the primary vortex in the jet shear layer is, in some cases, slower,

presumably because of the damping of the shear-layer instability due to the large eddy vis-

cosity predicted there by the URANS models; the result is a much weaker primary vortex,

which decays more rapidly. The SA model, designed for wall-bounded flow, is the least

accurate in this region. The k−ω SST model and the k− ε two-layer model have the same

behaviour in the jet shear layer (where the SST model switches to the ε equation). In the

near-wall region, however, the ω equation is triggered, resulting in improved prediction of

the separation. The k − ε two-layer model predicts mild separation. The vortex, however,

decays too rapidly.

DDES and log-law WMLES have better agreement with the resolved LES. DDES pre-

dicts a strong secondary vortex that interacts vigorously with the primary one and causes

the counter-rotating pair to lift up. The decay process after the interaction is still quite

similar to the resolved LES. The use of log-law approximate boundary conditions predicts

the generation of the negative vorticity at the bottom wall correctly and results in the most

accurate reproduction of the decay of the primary vortex.

To understand better the behaviour of the RANS models we define the correlation

coefficient between the Reynolds-stress and the strain-rate tensors:

R =
−〈u′iu′j〉〈Sij〉(

〈u′iu′j〉〈u′iu′j〉
)1/2

(〈Sij〉〈Sij〉)1/2
. (3.26)

Eddy viscosity models assume that R = 1. An analog of this coefficient, whose meaning

may be more immediate (although it is not invariant to a rotation of the frame of reference)
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Figure 3.7: Contours of phase-averaged azimuthal vorticity at levels -40 to 40. Time interval
between each set of contours is 0.25T. (a) resolved LES; (b) SA; (c) k − ω SST; (d) k − ε
two-layer; (e) DDES; (f) log-law WMLES.
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Figure 3.8: Contours of the correlation coefficients (a-c) R, and (d-f) Rrz , defined in (3.26)
and (3.27) calculated from the resolved LES results for: (a, d) unforced impinging jet; (b,
e) forced impinging jet, time-averaged data; (c, f) forced impinging jet, phase-averaged
data. The lines in (c) and (f) are contours of phase-averaged azimuthal vorticity equal to
−5 (dash) and +20 (solid).

can also be defined based on the Reynolds shear stress only:

Rrz =
−〈u′ru′z〉〈Srz〉

(〈u′ru′z〉2〈Srz〉2)1/2
. (3.27)

These coefficients were calculated using the resolved LES data, both for unforced and forced

jets, and are shown in Figure 3.8. In the forced case, both phase-averaged and time-averaged

contours are shown.

The coefficient Rrz for the unforced jet (Figure 3.8(d)) shows the expected behaviour

for a wall jet: the coefficient is close to 1 everywhere, except near the impingement, and in a

thin layer immediately below the point of maximum velocity, where 〈u′ru′z〉 and the velocity

gradient have the same sign (Figure 3.9). This is a well-known shortcoming of turbulence
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Figure 3.9: Profiles of time-averaged radial velocity and Reynolds shear stress. × Ur,
unforced jet; ◦ Ur, forced jet; 〈u′ru′z〉, unforced jet; 〈u′ru′z〉, forced jet.

models, which assume that the point of zero Reynolds shear stress coincides with the point

of maximum velocity, an assumption not valid for wall jets, since positive shear stress is

transported from the outer layer toward the inner layer and displaces the point of zero

Reynolds shear stress toward the wall (Abrahamsson et al., 1994). The frame-independent

coefficient shows a similar behaviour; however, it is lower in the near-wall region, because

of the effect of the normal stresses.

The time-averaged coefficient for the forced jet presents a much wider band, near the

wall, in which the correlation coefficient (either R or Rrz) is close to zero or negative. This

is due to the fact that the interaction between the strong coherent vortices and the near-wall

region results in a thickening of the inner part of the wall jet; the point of maximum velocity

moves farther from the wall than in the unforced case (Figure 3.9). However, the interaction

between the coherent vortices and the wall does not appear to change the location in which

〈u′ru′z〉 = 0. Thus, the region in which the Reynolds stress and the velocity gradient have

opposite signs becomes wider, and the eddy-viscosity assumption begins to hold only in
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the outer region. In the phase-averaged field we observe significant areas, especially at the

edges of the main vortices, where counter-gradient transport occurs. A similar result was

obtained by Liu et al. (1996), in their study of the interaction of streamwise coherent vortices

with boundary layers. In the regions immediately downstream of the lifted-up secondary

vorticity, R is also negative.

The analysis of the correlation coefficient provides an upper bound to the degree of

accuracy that can be expected if eddy viscosity models are used. It indicates that any

model that uses the eddy viscosity assumption will have difficulties in predicting the phase-

averaged field with any degree of accuracy, as shown here. Even the time-averaged field

will have errors due to the incorrect prediction of the wall-jet inner layer. Modelling errors,

that result in incorrect prediction of the eddy viscosity magnitude, as seen in Figure 3.3,

are expected to compound the inaccuracies further.

3.5.3 Turbulent kinetic energy and Reynolds stresses

The periodic velocity fluctuation, ũi, and the stochastic one, u′i, give rise to two components

of the Reynolds stresses, a periodic part 〈ũiũj〉, and a stochastic one 〈u′iu′j〉. The former

represent the effects of the periodic passing of coherent structures, and the latter the non-

coherent turbulence. We will discuss the role of each based on resolved LES results and

then compare the prediction of the various models.

Contours of the TKE components obtained from the resolved LES at four phases are

shown in Figure 3.10. Regions of high periodic TKE are located around the primary vortex,

especially at the upstream and downstream regions along the vortex path. The highest

periodic TKE occurs in the separation and interaction regions, especially in the shear layer

between the primary vortex and rolled-up secondary vortex. As the secondary vortex decays,

the periodic TKE in the shear layer reduces to a level comparable to the one on the opposite

side of the primary vortex. Its peak value rapidly decreases to 0.2U2
o near r/D = 2.0, 30%

of its maximum value at r/D = 1.5, indicating the loss of coherence of the primary vortex

72



Figure 3.10: Contours of phase-averaged turbulent kinetic energy normalized by U2
o for

the resolved LES case, (a) periodic component; (b) stochastic component. The lines are
contours of phase-average azimuthal vorticity equal to −5 (dash) and +20 (solid).

due to the interaction with the secondary one.

Stochastic turbulence is first generated in the vortex core, and amplified as the vortex

is advected towards the wall. Its level remains constant (or slightly increases) during the

vortex interaction, and then decays after r/D = 2.0, indicating the different production

mechanisms (relative to the periodic one) that govern it. The high stochastic turbulence

within the primary vortex cores plays a role in the vortex decay as discussed in Wu &

Piomelli (2015). Another region of high stochastic TKE is the shear layer between the

vortex pair. The TKE magnitude increases with the decrease of the periodic TKE in the

same region, and the region is rolled up around the primary vortex as the vortex pair

interacts.

Figure 3.11 shows the contours of stochastic turbulent kinetic energy obtained by the

various models, compared with the resolved LES. Generally, the same pattern is observed
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in all cases. The magnitude of the TKE in the region between the primary and secondary

vortices, however, varies significantly. The SA model, which solves an equation for the eddy

viscosity, provides values for the Reynolds shear stresses only, and does not yield values for

the TKE. The k−ω SST case, surprisingly, shows very low levels of TKE during the vortex

interaction, but as shown before, stronger separated vorticity is predicted (Figure 3.7(c)).

The low turbulence levels in this region may be the reason for the slow decay of the vortex

pair predicted by this model. The k−ε two-layer model predicts very large TKE during the

interaction, even though the separated vorticity can barely be observed. In the WMLES

cases the stochastic TKE in the shear layer between the primary and secondary vortices is

lower than it in the resolved LES case, although the separated vortex by DDES is stronger

(Figure 3.7(e)). The primary vortex survives the interaction only in the WMLES cases

(Figures 3.7(e,f)), in which the secondary region of high stochastic TKE in the vortex core

appears, matching the resolved LES results.

The production of stochastic TKE is

Pk = −〈u′iu′j〉
∂〈ui〉
∂xj

, (3.28)

which can be rewritten, for eddy-viscosity based models, as Pk = νt〈S〉2. URANS simula-

tions predict much lower production of stochastic TKE during the vortex generation and

its interaction with the wall layer (Figure 3.12). The error in the k − ω SST model can

be explained, based on the results of the unforced-jet case, by the low νt predicted in the

wall-jet region (Figure 3.3(b)).The k − ε two-layer model, on the other hand, predicts the

highest production among RANS models; TKE begins to grow at an earlier phase of the

period (not shown here) and its overprediction (Figure 3.11(c)), results in excessively high

levels of νt (Figure 3.3(c)). Both DDES and log-law WMLES show the best agreement

with the resolved LES in the interaction region and in the remaining primary vortex core

downstream.
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Figure 3.11: Contours of the stochastic TKE at phase φ = 6/8, normalized by U2
o . The

locations of the vortices are indicated by black contour lines at 〈ω〉θ/(Uo/D) = −5 (dash)
and 10 (solid). (a) Resolved LES; (b) k−ω SST; (c) k− ε two-layer; (d) DDES; (e) log-law
WMLES.
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Figure 3.12: Contours of the production of stochastic TKE at phase φ = 6/8, normalized
by U3

o /D. Locations of vortices are indicated by black contour lines at 〈ω〉θ/(Uo/D) = −5
(dash) and 10 (solid). (a) Resolved LES; (b) k−ω SST; (c) k− ε two-layer; (d) DDES; (e)
log-law WMLES.

It was discussed in Wu & Piomelli (2015) that the turbulent vorticity diffusion (TVD)

is the most important term in the vorticity budget, and plays a major role in the decay of

the primary vortex. The curl of the divergence of the stochastic Reynolds stresses results

in three terms:

− ∇× (∇ · 〈uuu′uuu′〉)
∣∣
θ

=
∂2

∂z∂r

(
〈u′ru′r〉 − 〈u′zu′z〉

)

− 1

r

∂

∂z
〈u′θu′θ〉+

(
∂2

∂z2
− ∂2

∂r2

)
〈u′ru′z〉.

(3.29)

The last term (the difference between second derivatives of the shear stress) was found to

be larger than the others by three orders of magnitude Wu & Piomelli (2015). Therefore,

the prediction of the Reynolds shear stress is critical in determining the vortex dynamics.

Figure 3.13 compares the shear stress component 〈u′ru′z〉 at a representative phase, φ = 6/8.
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Figure 3.13: Contours of 〈u′ru′z〉 at phase φ = 6/8, normalized by U2
o . Locations of vortices

are indicated by black contour lines at 〈ω〉θ/(Uo/D) = −5 (dash) and 10 (solid). (a)
Resolved LES; (b) SA model; (c) k − ω SST; (d) k − ε two-layer; (e) DDES; (f) log-law
WMLES.

The resolved LES results show that high 〈u′ru′z〉 exists in the secondary vortex and in the

core of the primary one during their interaction, and persists in the primary vortex core

after that. None of the URANS models predicts this behaviour correctluy: in all cases

the stress levels are considerably lower than the LES results, and more diffuse, consistent

with the lower shear in the outer part of the wall jet observed from the velocity profiles in

Figure 3.5(a). The k − ε two-layer model predicts the highest 〈u′ru′z〉, and thus the fastest

decay of the vortices. The DDES and log-law WMLES are in much better agreement with

the resolved LES, and predict the evolution of 〈u′ru′z〉 within the primary vortex core after

interaction.
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Figure 3.14: Contours of phase-averaged azimuthal vorticity at levels −40 to 40 at ReD =
1.32× 106. Time interval between each set of contours is 0.25T. (a) SA; (b) k− ω SST; (c)
k − ε two-layer; (d) DDES; (e) log-law WMLES.

3.5.4 High-Reynolds number case

We then performed simulations at a higher Reynolds number, ReD = 1.32× 106 to explore

Reynolds number effects. This Reynolds number is still smaller (by one order of magnitudes)

than the one in the real configuration, but can evidence changes in the model behaviour. We

first performed URANS calculations on three grids, using 128×300, 256×350 and 512×400

points. With the SA model, a grid-converged solution is obtained on the intermediate one,

with average grid spacing in wall units ∆r+ = 900 and ∆z+
min = 0.75. Based on the previous

calculations, we estimate that 320 and 96 points in the radial and azimuthal direction are

78



enough, in WMLES, to resolve the large scale vortices in the outer layer. This consideration

determined the grid size for the eddy-resolving cases: 320 × 450 × 96 points were used for

the DDES and 320×400×96 for the log-law WMLES (which does not require the resolution

of the wall-layer in the normal direction). Note that a resolved LES at the low Reynolds

number required 98 million grid points; according to Chapman’s (Chapman, 1979) estimate

of LES grid requirements, 21 billion grid points would be needed at ReD = 1.32× 106. The

DDES and log-law WMLES require less than 1% of this number.

Figure 3.14 shows the contour of phase-averaged azimuthal vorticity predicted by

URANS and WMLES. The overall evolution of the vortices is quite similar to the lower

Re case (Figure 3.7), although (based on the WMLES results) the primary vortex main-

tains its coherence for a longer time, and the secondary vorticity remains confined to a

thinner shear layer. Both these behaviours are consistent with the Reynolds-number in-

crease, and also with the observation that the TVD term, which is critical in determine the

decay of the vortices, is extremely robust, and independent of the turbulence level in the

approaching flow (Wu & Piomelli, 2015).

The log-law WMLES predicts mild separation. Only some liftup of the secondary vortic-

ity can be observed. The lack of interaction between primary and secondary vortices causes

a slow vortex decay. The primary vortex penetrates further towards the wall, similar to

what was found in our previous simulation with free-slip boundary condition at the bottom

wall (Wu & Piomelli, 2015). Again, this behaviour is consistent with the thinning of the

near-wall layer (in outer units) expected as Re is increased. Since, at the lower Re, the

log-law WMLES predicted a weaker separation, and the DDES a stronger one, we expect

the real flow to have a behaviour intermediate between these two cases.

The URANS simulations give results similar to those at the moderate Reynolds number.

The SA model is too diffusive at the jet shear layer and results in much weaker primary

vortex; the k − ω SST model overpredicts the separation, while the k − ε two-layer model

underpredicts the separation but overestimates the TKE, leading to the fast decay of the
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Figure 3.15: Profiles of U r at r/D = 1.0 to 3.0 obtained with different models. (a) URANS
models: • resolved LES at ReD = 6.6× 104; SA model; k−ω SST model; k− ε
two-layer model. (b) WMLES: • resolved LES at ReD = 6.6×104; DDES; log-law
WMLES.

vortex.

Mean velocity profiles are compared in Figure 3.15(a). No significant differences can be

seen upstream of the separation region, where inviscid mechanisms (the instability at the

jet lip and the impingement) dominate the flow dynamics. The inner shear layer is slightly

thinner due to higher Reynolds number, but the URANS model predictions are similar to

those observed at the lower Re, showing a wider wall jet, with a lower shear in the outer

layer. The DDES model predicts a wall-jet with the same width as the one at moderate Re,

while the peak velocity is 5-10% higher. The log-law WMLES, on the other hand, shows a

much narrower wall jet, consistent with experiments (Cooper et al., 1993; Namer & Otugen,

1979; Deo et al., 2007). The URANS models predictions of the friction coefficient Cf are

consistent with each other, and with the prediction of the DDES (which is expected to be

close to that of the SA model) and the log-law WMLES.
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Figure 3.16: Profiles of the mean skin-friction coefficient Cf . (a) URANS models: • resolved
LES at ReD = 6.6 × 104; SA model; k − ω SST model; k − ε two-layer model.
(b) WMLES: • resolved LES at ReD = 6.6× 104; DDES; log-law WMLES.

The stochastic TKE and its production (not shown) show the same trends observed at

the lower Re. The k−ω SST model still cannot predict the strong TKE region at the shear

layer between the primary and secondary vortices, nor in the vortex core of the primary

vortex. The k − ε two-layer model predicts the two region well, but error shows due to the

discrepancy in vortex locations. The DDES models predicts the same distribution of TKE

as the one at moderate Re. The magnitude of stochastic TKE between the vortex pair,

however, is smaller at high Re. The log-law WMLES barely shows any separated vortices

thus the high stochastic TKE cause by vortex interaction does not show.

Figure 3.18 shows the distribution of Reynolds shear stress 〈u′ru′z〉. The URANS models

again do not predict the high stress within the vortex core and shear layer, except for

k − ε two-layer model, which show a larger stress in the primary vortex. WMLES cases

predict lower values of 〈u′ru′z〉 during the vortex interaction, due to the less intense separated

vorticity, and in the second high stress region in the primary vortex core after the interaction.

This phenomenon is very similar to the moderate Re case.
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Figure 3.17: Contours of the stochastic TKE at phase φ = 6/8 at ReD = 1.32×106, normal-
ized by U2

o . Locations of vortices are indicated by black contour lines at 〈ω〉θ/(Uo/D) = −5
(dash) and 10 (solid). (a) k − ω SST; (b) k − ε two-layer; (c) DDES; (d) log-law WMLES.

3.6 Conclusions

Unsteady Reynolds-Averaged Navier-Stokes (URANS) solutions and Wall-Modeled Large-

Eddy Simulations (WMLES) of an impinging jet with azimuthal vortices were carried out,

first at laboratory scale (for which results of a resolved LES, validated with experimental

data, are available), then at a Reynolds number closer to that of practical applications.

The models were compared with experimental data in an impinging jet with no coherent

vortices.

Although the k − ω SST and Spalart-Allmaras models give acceptable results in the

unforced impinging jet, they are less accurate in the forced flow which includes large-scale

vortices. The Kelvin-Helmholtz (KH) instability is not well predicted, resulting in weaker

primary vortices in the jet shear layer. The Spalart-Allmaras model, designed for wall-

bounded flow, has the worst performance in this region.

The k−ω SST model gives the best prediction of the separation induced by the primary
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Figure 3.18: Contours of 〈u′ru′z〉 at phase φ = 6/8 at ReD = 1.32 × 106, normalized by
U2
o . Locations of vortices are indicated by black contour lines at 〈ω〉θ/(Uo/D) = −5 (dash)

and 10 (solid). (a) SA model; (b) k − ω SST; (c) k − ε two-layer; (d) DDES; (e) log-law
WMLES.

vortices, but the discrepancy in the strength of the secondary vortices leads to a different

vortex interaction pattern, compared with the one obtained by resolved LES. In general,

the primary vortex loses its coherence faster, in URANS simulations, compared with the

resolved LES prediction. The predictions of the k−ε two-layer model have the worst overall

agreement with the resolved LES.

The wall-modeled LES (WMLES) with the use of the logarithmic law to relate the

the velocity at the first grid point to the wall stress gives the best agreement with the

resolved LES. The Delayed Detached Eddy Simulation (DDES) hybrid approach slightly

overpredicts the separated vorticity, which leads to a stronger vortex and a more laminar-like

vortex evolution pattern.

Two regions of high stochastic turbulent kinetic energy, one occurring in the gap between

the primary and secondary vortices and the other within the primary vortex core, are
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captured by all models. Differences in the magnitude of the TKE and its production are

due to the misprediction of the strength of the vortex pair.

The development of the azimuthal vortices appears insensitive to the Reynolds number.

The separated vorticity and the decay rate of the vortices, in particular, do not vary much.

The friction coefficient decreases. The high-Re simulations, however, indicate the need for

accurate measurements in a controlled configuration, but at Reynolds numbers much higher

(by at least one order of magnitude) than those in present experiments.

This flow is particularly challenging for turbulence models. The early development of

the vortex caused by the KH instability, is sensitive to the eddy viscosity level predicted

by the model itself. The subsequent dynamics of the vortex-boundary layer interaction

depend on the strength of the azimuthal vortex, which is underpredicted by all the URANS

models. The well-known shortcomings of the eddy-viscosity assumption in wall jets are

amplified here by the interaction of the embedded vortices with the inner layer of the wall

jet. The eddy viscosity assumption that the shear stress is proportional to the strain rate

is invalid over a larger region near the wall, compared with the unforced jet case. When

the phase-averaged field is considered, the local interactions between vorticity and wall jet

result in more regions of countergradient transport, in which the eddy-viscosity assumption

fails. The decay of the vortices is also very sensitive to the accuracy of the prediction of the

Reynolds shear stresses, since the turbulent vorticity diffusion (TVD), which is the main

mechanism for azimuthal vorticity decay, depends on the second derivative of the shear

stress, which naturally amplifies modelling errors.

At the low Reynolds number both WMLES techniques were in better agreement with

the resolved LES. At the higher Re differences appeared between the log-law WMLES and

the DDES; the absence of experimental data makes it difficult to conclude which method

is more accurate. The computational cost of these methods is, naturally, much higher than

that of URANS solutions. However, its scaling with the Reynolds number is the same (for

DDES) or more favourable (for the log-law WMLES) than that of URANS. If a realistic
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configuration is considered, in which the flow is not axisymmetric, the cost advantage of

the turbulence models would also decrease.

All the models considered indicate that the Reynolds number is not a primary parameter

affecting the vortex development. However, the particle lift up may be more sensitive to

Reynolds number effects (since it depends on the instantaneous wall stress). Performing

accurate measurements at Reynolds numbers intermediate between those considered until

now and those in realistic configurations appears extremely desirable. Further development

of turbulence models, or of advanced eddy-resolving techniques, will be difficult unless such

data is generated.
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Chapter 4

Large-eddy simulation of impinging

jets on smooth and rough surfaces

4.1 Abstract

We performed large-eddy simulations (LES) of forced impinging jets over smooth and rough

surfaces, containing large-scale, azimuthal vortices generated by the enhanced primary in-

stability in the jet shear-layer. The interaction between these vortices and the turbulence in

the wall jet that is formed downstream of the impingement region determines their rate of

decay. To explore the surface-roughness effects on the evolution of the vortices, sand-grain-

like surfaces are generated using uniformly distributed but randomly oriented ellipsoids.

The flow is compared to our previous LES of jets impinging on a smooth surface. In spite

of the severe modification the roughness causes in the near-wall flow, the vortex develop-

ment is not significantly altered. Slightly faster decay of the primary vortices is observed in

the rough-wall case compared to the smooth-wall one; the secondary vortex that detaches

from the wall and is lifted up has larger vorticity. The highly disturbed near-wall flow is

advected outward and affects the evolution of the primary vortex for a longer period during
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the vortex interaction. The robust turbulent generation mechanism in the outer shear-

layer, however, mitigates the changes in vortex behaviour. The momentum deficit and the

enhancement of turbulence due to the surface roughness play a key role during this process.

4.2 Introduction

When a helicopter hovers near the ground, the rotor-wake is a downward-directed jet that

impinges on the ground. The fluid is deflected by the surface and forms a wall-bounded

flow spreading radially. This flow field is complex in structure: the coherent helical vortices

generated at the rotor-tip and the vortex sheet generated by the inner part of the blade are

embedded into the jet (Gray, 1956). If the rotor forms an angle to the horizontal plane,

further complexity occurs (Leishman, 2000). A laboratory-scale visualization of this flow

field is shown in Figure 4.1(a). The rotor-tip vortices are convected towards the ground by

the rotor-wake, and interact with the turbulent flow near the solid boundary (Fradenburgh,

1960; Lee et al., 2010; Lighthill, 1979). Their passage may produce localized adverse pressure

gradients and flow separation (Olsson & Fuchs, 1998; Doligalski & Walker, 1984). The vortex

passage also induces strong localized downwash and upwash velocities, which are intensified

when the rotor-tip vortices pair with the separated vortices they induce. An undesirable

effect of this phenomenon in helicopter operation is the visual degradation through dust

entrainment into the air around the helicopter, which is called “helicopter brownout”. It

is also referred to as “whiteout”, if snow is blown up in the air. The degraded visual

environment has caused many critical accidents (Colby, 2005). The mitigation of helicopter

brownout requires detailed understanding of the physics of the near-wall flow, and of the

particle transport.

The flow in the near-wall region, especially the evolution of the rotor-tip vortices and the

interaction between these vortices and the near-wall flow, has not been studied extensively in

realistic configurations. Instead, due to the simplicity of the configuration and the similarity
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Figure 4.1: (a) Visualization of the wake of a rotor in ground effect (Figure courtesy of Lee
et al. (2010)). (b) Schematic sketch of an impinging jet.

to the rotor wake, the round impinging jet (Figure 4.1(b)) has been used as a model of the

wake of a rotorcraft hovering near the ground (Haehnel & Dade, 2008; Geiser & Kiger, 2011;

Wu & Piomelli, 2015). The Kelvin-Helmholtz (KH) instability in the jet shear-layer results

in the generation of an array of azimuthal vortices, which are advected by the jet and impinge

on the ground. After being deflected by the impermeable wall, the impinging fluid forms a

wall jet downstream (Figure 4.1(b)). A wall jet is a wall-bounded shear-flow in which high-

momentum fluid is injected parallel to a solid wall, resulting in a mean radial velocity profile

shown in Figure 4.2 (Launder & Rodi, 1983b; Wygnanski et al., 1992; Eriksson et al., 1998;

Tachie et al., 2002). The azimuthal vortices generated in the jet shear-layer are embedded

in this wall jet, moving radially outwards, generating a flow field similar to that observed

in the rotor-wake. Forcing the jet may be used to amplify the KH instability, leading to

more coherent azimuthal eddies, locked at the forcing frequency (Anderson & Longmire,

1995; Zhou & Lee, 2007; Geiser & Kiger, 2011; Wu & Piomelli, 2015). It has been found

that these embedded large-scale vortices, representing the rotor-tip vortices, dominate this

flow. Their formation, interaction, and decay are critical in determining the evolution of

the flow in the wall jet region (Olsson & Fuchs, 1998; Dairay et al., 2015; Wu & Piomelli,

2015), where the sediment pick-up occurs in the helicopter brownout. The dynamics of

these vortices in the wall jet region, therefore, is the key to explore the mechanism of dust

88



Figure 4.2: Typical mean radial velocity profile of a radial wall jet.

cloud formation (Wu & Piomelli, 2015).

An important parameter that may affect the helicopter brownout, which has not been

studied in detail, is the surface roughness. In canonical wall-bounded flows, it has been

shown (Nikuradse, 1933; Colebrook, 1939; Raupach et al., 1991; Jiménez, 2004) that the

existence of roughness changes the mechanism of production, diffusion, and energy transfer

between the mean and the turbulent fields, especially in the near-wall region. This can cause

significant changes in the flow characteristics, e.g., skin friction, heat and mass transfer.

Therefore, the prediction of the roughness effects is crucial in engineering applications.

When helicopter brownout occurs, the sediments on the ground may include sand, gravel,

rocks etc., whose sizes range from millimetres to decimetres. Sand and fine gravel, due to

their light weight and small inertia, may be lifted and form the dust cloud during brownout,

while the coarse gravel and rocks stay on the ground, acting as rigid obstacles. The effects

of these stationary objects on the development of the vortices, and thus the formation of

dust cloud during brownout, is worth special attention and study.

Most of the studies on the round impinging jets focused on the heat transfer enhance-

ment (Jambunathan et al., 1992). However, there are a few investigations that considered
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the effects of roughness on the turbulent statistics. Kobus et al. (1979) studied the rough-

ness effects in an impinging jet in air, and the scouring of the movable sand bed caused

by a jet in water. They observed that the wall-shear distribution was influenced strongly

by the roughness, and the wall stress increased with increasing wall roughness. They also

used a pulsed jet for comparison and concluded that the pulsation caused an increase in the

erosion of the bed, which was due to two main reasons: the changes in the main flow-field

and the increase in the lateral correlation of the velocity field in the impingement region

(representing the existence of large-scale coherent vortices). Geiser & Kiger (2011) per-

formed an experimental study of radial impinging jets, comparing the results of a smooth

surface to those obtained by placing a small radial fence (acting as individual roughness el-

ement) immediately downstream of the impingement region. They observed that the fence

produced high- and low-speed streaks on either side of it. The fluctuating stress in the

high-speed region was increased, but dramatically lowered in the low-speed region. Ra-

jaratnam & Mazurek (2005) carried out experiments of an impinging jet on a rough wall.

They reported that the variation of the normalized radial velocity with the radial distance

was not affected by the boundary roughness. The maximum wall shear-stress (measured by

a static pitot tube mounted on the wall) in the radial direction was 2 to 2.5 times higher on

the rough walls. The increase of the wall-stress and the modification of the mean velocity

profile shown in these studies can be expected to affect the liftup and transport for the

sediments in helicopter brownout. Although the effects of roughness on the mean flow field

have been studied, the details of changes to the turbulence development mechanism by the

roughness have not been clarified.

Roughness effects on the turbulence generation mechanisms in impinging jets can also be

studied using the theories developed for canonical wall-bounded flows, since the roughness

elements on the solid surface are only expected to affect the flow in the near-wall region,

where the wall jet is formed (Banyassady & Piomelli, 2014; Banyassady, 2015). The inner

shear-layer of the wall jet, which is formed by the injected high-momentum fluid and the
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stationary fluid attached to the surface, is in direct contact with the roughness elements,

and is similar to a turbulent boundary layer (TBL).

Rough-wall effects on the TBL are summarised by Raupach et al. (1991) and Jiménez

(2004). They include an offset of the logarithmic layer of the mean-velocity profile, quanti-

fied by the roughness function, ∆U+, the intensification of Reynolds stresses, more isotropic

distribution of the normal stresses, and the alteration of the near-wall turbulent structures.

The roughness effects begin to occur when the Reynolds number of the flow is high enough

that the size of the smallest eddies in the flow is comparable to the size of the roughness

elements (k), and viscous effects are no longer sufficient to damp the effects of the perturba-

tions caused by the roughness. Beyond this transitional regime, a point is reached at higher

Reynolds numbers where the flow becomes fully rough. The near-wall turbulent structures,

such as streaks and horse-shoe vortices, are broken up by the roughness elements, the drag

is dominated by the form drag of the roughness elements, and viscous effects become neg-

ligible even very near the wall. Further increase in the Reynolds number no longer have an

effect on the friction factor (Schultz & Flack, 2007; Allen et al., 2007). Nikuradse (1933)

and Colebrook (1939) proposed correlations between the roughness function and roughness

height in the transitionally and fully rough regimes. For high Reynolds numbers and small

(compared to the boundary layer thickness) roughness heights, the roughness effects on

the turbulence are limited to a near-wall layer called the “roughness sublayer” (Jiménez,

2004). The outer shear-layer turbulent statistics remain unchanged when normalized using

the friction velocity uτ (“outer-layer similarity”).

The presence of the outer shear-layer, which is formed by the high-momentum fluid

moving along the wall and the external flow, makes the wall jet more complex than the

TBL. The interaction between the two adjacent shear-layers leads to different turbulent

generation mechanisms (Tachie et al., 2004; Smith, 2008; Rostamy et al., 2011a; Banyassady

& Piomelli, 2014; Dejoan & Leschziner, 2005). The Reynolds shear stress, for instance,

vanishes where the velocity is maximum at the edge of the TBL. This is not the case in wall
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jets, since positive shear-stress is transported from the outer shear-layer toward the inner

one and displaces the point of zero Reynolds shear-stress toward the wall.

Although some of the roughness effects observed in TBL and many of the theories

explaining them still apply to the wall jets, some differences exist. There are debates

on the relation between the roughness function and the roughness height, and also on

the existence of self-similarity of the velocity and Reynolds stress profiles. Tachie et al.

(2004), for instance, did not observe a systematic relation between the roughness function

and the roughness height in their experiments of plane wall jets for different roughness

heights and Reynolds numbers. Smith (2008) found that the roughness length-scale that

fits the relation proposed by Nikuradse (1933) and Colebrook (1939) was not the roughness

height (the nominal grain size in their cases), but a value that varies with the root-mean-

square of the roughness elements height through out the roughness patches used in their

study. Banyassady & Piomelli (2014) performed large-eddy simulations (LES) of plane

and radial wall jets over smooth and rough surfaces at several Reynolds numbers, and their

results confirmed Colebrook’s (Colebrook, 1939) correlation between the roughness function

and roughness height in both transitionally and fully rough regimes. Tachie et al. (2004),

Rostamy et al. (2011a) and Banyassady & Piomelli (2014) reported that Reynolds stresses

normalized by the outer shear-layer similarity parameters, um and z1/2 (respectively, the

maximum streamwise velocity and the wall-normal location above the maximum where the

streamwise velocity is half of its peak value, see Figure 4.2), were the same over smooth

and rough surfaces, while in the inner region roughness changed both the shape and the

magnitude of the Reynolds-stress profiles normalized by uτ (Rostamy et al., 2011a). On the

other hand, George et al. (2000) and Smith (2008) showed that self-similarity did not occur,

neither in inner nor outer normalizations. George et al. (2000) concluded that similarity

can only be achieved as Re → ∞; for finite Reynolds numbers, the statistics depend on

Reynolds number, and no scaling parameter can collapse all data onto a single curve. Smith

(2008) and Banyassady & Piomelli (2014) showed that the inner layer disturbance did not
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propagate to the outer shear-layer. The latter authors also pointed out that the outer

shear-layer modified the inner layer in a region whose size depends on the local Reynolds

number (Rem = umzm/ν).

Although the characterization of the roughness effects and the interaction of the inner

and outer shear-layers were studied in the literature, these results cannot be used to explain

the roughness effects on the embedded vortices in the impinging jets over rough surfaces

observed by Kobus et al. (1979) and Geiser & Kiger (2011). For example, the roughness

effects in the canonical wall-bounded flows are normally discussed based on the proper choice

of the dominant length scale of the mean flow, such as the roughness height, the boundary

layer thickness in TBL, or z1/2 or zm in the wall jet (Tachie et al., 2004; Rostamy et al.,

2011a; Banyassady & Piomelli, 2014). The length scale, however, is significantly changed

when large vortices are embedded in the flow. Moreover, the interaction between the inner

and outer shear-layers becomes more complex than in the canonical wall jet, due to the flow

separation and the dispersion of the near-wall flow caused by the passing vortices (Olsson

& Fuchs, 1998; Dairay et al., 2015; Wu & Piomelli, 2015). As observed in our previous LES

of laminar and turbulent impinging jets with embedded vortices over smooth surface (Wu

& Piomelli, 2015), for instance, different turbulence levels in the jet significantly change

the shear-layer interaction and the vortex behaviour. Comparing one case in which the jet

was laminar with one in which it was perturbed, it was observed that the vortex evolution

pattern and structures were remarkably different (Wu & Piomelli, 2015). When the surface

is rough, inner shear-layer turbulence will be actively generated by the roughness elements,

and this disturbance, produced from a different source than in the smooth case, can affect

the outer shear-layer, and especially the vortices. It is also important to find out the extent

to which the roughness affects the evolution of the vortices and the formation of the dust

cloud.

In the following, we begin by presenting the model configuration used to study the

roughness effects (Section 4.3). In Section 4.4, the mean velocity, wall stress (Section 4.4.1)
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and vortex evolution (Section 4.4.2) are discussed, followed by the roughness effects on

vortex dynamics (Section 4.4.3). Concluding remarks will end the paper.

4.3 Problem formulation

4.3.1 Governing equations and numerical techniques

We solve the the filtered Navier-Stokes equations (Leonard, 1975)

∇ · u = 0, (4.1)

∂u

∂t
+∇ · u u = −∇P −∇ · τ + ν∇2u, (4.2)

where an overline represents spatial filtering, and P = p/ρ is the modified pressure, ρ the

density, and ν the kinematic viscosity. The subgrid-scale (SGS) stresses τij = uiuj − uiuj
are modelled using the Lagrangian-averaged dynamic eddy-viscosity model (Germano et al.,

1991; Meneveau et al., 1996), due to the capability of this model to capture spatial-flow

heterogeneity by following the fluid particles along their paths. The overline operation

is hereafter omitted for simplicity. All variables are normalised by appropriate reference

velocity and length scales, which define the Reynolds number, ReD.

The simulations are performed using a well-validated code (Keating et al., 2004) that

solves (4.1–4.2) on a staggered grid using second-order accurate central differencing scheme

for all the spatial terms. A second-order accurate semi-implicit time advancement method

was employed in which the Crank-Nicolson scheme is used for the wall-normal diffusive

terms, while a low-storage Runge-Kutta method is applied to the remaining ones. The

Poisson equation is transformed by Fourier transform in the azimuthal direction, followed

by direct penta-diagonal matrix solver at each wavenumber. The message passing interface

(MPI) protocol is used for parallelization. The Cartesian version of this code (Keating

et al., 2004) was extended to cylindrical coordinates by Banyassady & Piomelli (2014) and
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(a) (b)

Figure 4.3: (a) Visualization of the surface with roughness by isosurfaces of volume-of-fluid
ψ = 0.99, coloured by z/D. (b) Calculation domain and grid. Every 30, 30 and 4 nodes in
the radial, wall-normal and azimuthal directions, respectively, are shown.

Wu & Piomelli (2015).

To represent the random roughness elements, the virtual sandpaper model proposed

by Scotti (2006) is used, in which the roughness elements are represented by uniformly

distributed but randomly oriented ellipsoids of the same size and shape (with the three

semi-axes of the ratio 1:1.4:2). Only one degree of freedom, namely the roughness height k,

is needed to describe the element geometry and distribution (Scotti, 2006). The elements

obtained by the model have average height k = 0.6k, and root-mean-square height krms/k =

0.452. Large roughness elements are used in this study, with k = 0.02D. In helicopter

operations, they correspond to medium-sized rocks of size 10–20 cm. This roughness height

is about 20% of the inner shear-layer thickness and is expected to result in significant

roughness effects. An example of the final surface is shown in Figure 4.3 (a). The rough-

surface is implemented by an immersed boundary method (IBM) with the volume-of-fluid

(VOF) approach (Scotti, 2006). Simulations are also performed with a smaller roughness

height (k = 0.013D) for comparison.

The model used here has been widely validated. Detailed descriptions and validations

for boundary layer flows over rough surfaces can be found in Piomelli & Yuan (2013) and

Yuan & Piomelli (2014), and for wall jets over rough walls in Banyassady & Piomelli (2014,
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2015).

4.3.2 Calculation domain, boundary conditions and grid

We consider a round, forced impinging jet at ReD = UoD/ν = 66, 000. The jet outlet-to-

wall distance is H/D = 1. The instantaneous velocity at the jet exit is sinusoidal, of the

form

Ujet = Uo +A sin(2πt/T ) +Afuf (4.3)

A = 0.6Uo, T = 1.3334, uf and Af = 0.4Uo are the amplitude and period of excitation,

the synthetic turbulent fluctuations and their magnitude, respectively. This configuration is

chosen to match the experiments by Geiser & Kiger (2011) and our previous LES simulation

of impinging jets on smooth surface (Wu & Piomelli, 2015).

Figure 4.3 (b) shows a sketch of the calculation domain and the grid used in this study.

The three coordinate directions are r, θ and z. The computational domain size is 3.5D ×

1D× π/3 in r, z and θ directions. The computational domain does not extend to the axis,

to avoid the singularity there (Constantinescu & Lele, 2002; Mohseni & Colonius, 2000b),

decrease the number of grid points required, and avoid the small time-steps required by the

CFL condition.

Due to the absence of the axis (r = 0), the periodic mean-flow profiles along the jet

and the inner radial boundaries (r/D = 0.25) were obtained from a simulation of the

Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations performed using Fluent®

with 384×100 grid points. Synthetic turbulent fluctuations (uf in (4.3)) were superposed

on the URANS solution, both at the jet exit and along the inner radial boundary (see

Wu & Piomelli (2015) for detail). Periodic boundary conditions were imposed in the az-

imuthal direction, θ. The size of the domain in the θ direction was sufficient to capture

the largest azimuthal length-scale, which was verified using two-point velocity correlations

in the azimuthal direction. No-slip boundary conditions were applied on the wall. At the
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outflow, a modified convective boundary condition based on the Orlanski boundary condi-

tion (Orlanski, 1976; Wu & Piomelli, 2015) was used. The wall is rough only in the region

0.375 < r/D < 3.5; thus the inlet and outflow boundary conditions used in the rough-wall

cases are the same as the ones in the smooth-wall cases.

Several cases will be considered. The two simulations discussed in Wu & Piomelli

(2015) had smooth walls and either laminar or turbulent inflows. We have performed

three additional calculations, two with turbulent inflows and rough surfaces (with different

roughness heights) and one in which the inflow is laminar, but the surface rough. The

parameter of the cases are listed in Table 4.1; they include several cases:

1. The approaching flow is laminar and the surface smooth, so that turbulence is gener-

ated due to the shear-layer instability, and advected between inner and outer layers

(LAM-SMOOTH).

2. Turbulence is advected from the freestream, and the inner layer is destabilized by the

outer one (TURB-SMOOTH).

3. The outer layer is laminar, but turbulence is generated due to the roughness in the

inner layer (LAM-ROUGH-HI).

4. The outer layer is turbulent, and the surface is rough; turbulence exists both in the

inner and outer layers (TURB-ROUGH-HI).

5. The outer layer is turbulent, and the surface is rough, but with smaller roughness

height than in the previous case (TURB-ROUGH-LO).

These cases represent different interaction patterns, due to the different jet disturbances

(which are the primary sources of outer-layer turbulence (OLT) in the wall jet region) and

different instability mechanisms for the inner-layer turbulence (ILT) (which is generated by

either the surface roughness or advected from the OLT). Comparison between these cases
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Case (Inflow-Surface) Af/Uo k/D k/D Interaction

LAM-SMOOTH 0 0 0 None
TURB-SMOOTH 0.4 0 0 ILT ⇐= OLT
LAM-ROUGH-HI 0 0.02 0.012 ILT =⇒ OLT

TURB-ROUGH-HI 0.4 0.02 0.012 ILT ⇐⇒ OLT
TURB-ROUGH-LO 0.4 0.013 0.008 ILT ⇐⇒ OLT

Table 4.1: Parameters of the simulations. The arrow shows the expected interaction pattern
between the inner- and outer-layer turbulence.

will show the role of the disturbance in determining the shear-layer interaction in the wall

jet, and in affecting the vortex dynamics.

A grid independence study for the smooth cases, was performed in our previous paper.

Grid-converged results were achieved with 768 × 300 × 256 grid points in the radial, wall-

normal and azimuthal directions, respectively (Wu & Piomelli, 2015). For roughness height

k = 0.02D, this grid will resolve each roughness element with 8 points in the radial direction,

49 in the wall-normal direction, and 7 in the azimuthal direction (radial-average value),

resulting in a total of 2750 volumes per roughness element. Yuan & Piomelli (2014) have

shown that, with this VOF model, the statistics above the roughness crest are insensitive

to perturbation if at least 4 points are used to resolve each element. Note that finer grids

are used in the wall-normal direction in the rough-wall cases due to the expected increase of

wall stress. For the smaller roughness height k = 0.013D, 1152×350×512 grid points were

used in the r, z and θ direction, and the roughness elements are resolved by 9, 62 and 9

points in each direction, correspondingly. The first grid points in the wall-normal direction

in all cases were at ∆z+
(1) < 1.7. The maximum stretching ratio was less than 3%.

Since the flow is periodically forced we use a triple decomposition (Hussain & Reynolds,
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1970) to write any flow variable f as the sum of contributions of the mean field, F , the

periodic (coherent) field, f̃ and the stochastic turbulent (fluctuating) field, f ′, i.e.,

f = F + f̃ + f ′ (4.4)

where the phase-averaged variable 〈f〉 = F + f̃ is defined as

〈f(x, φ)〉 =
1

N

N∑

n=1

f(x, (n+ φ)T ) (4.5)

in which T is the period of the forcing flow, and φ = mod(t, T )/T . Thus, the phase-averaged

Reynolds stress has a coherent (〈ũiũj〉) and a stochastic (〈u′iu′j〉) part (Reynolds & Hussain,

1972). Both are functions of phase φ (and space).

All simulations were integrated in time until steady state was reached. Then statistics

were accumulated over 20 periods. First and second moments of the velocity changed less

than 2% when half of the sample was used. The results will be shown at eight equi-spaced

phases, φ = 0/8 through 7/8. The averaging was also performed in the azimuthal direction.

4.4 Results

4.4.1 Mean flow characteristics

The radial evolution of the length- and velocity-scales of the wall jet is presented in Figure

4.4; here z0 = z−d and d is the zero-plane displacement thickness, i.e., the vertical position

of the centroid of the moment of the mean drag force acting on the fluid by the rough

surface (Jackson, 1981). First, we observe that roughness affects both the inner-layer length-

scale, zm, and the outer-layer one, z1/2 (Figure 4.4(a)). While zm increases immediately

when the roughness is imposed, at r/D = 0.375, the response of the outer layer is delayed,

and differences between the smooth- and rough-wall cases become noticeable only after
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r/D = 1. As will be shown later, this is the region where the azimuthal vortices reach the

wall; the advection of near-wall fluid (which has been exposed to the increased drag due to

roughness) towards the outer layer will begin to be significant here, the vortex interaction

region (r/D ∈ [1.0, 2.0]). Another notable difference is the fact that in the LAM-SMOOTH

case both length-scales present several humps, which correspond to the points where the

primary and secondary vorticity interact strongly. The corresponding LAM-ROUGH-HI

case, on the other hand, has a behaviour similar to the turbulent rough-wall cases, both

in terms of inner- and outer-layer length-scales. Roughness plays an important role in the

dynamics not only of the inner layer, but also of the outer one, once the advection from

the coherent vortices has had the time to mix the near-wall fluid with that from the outer

layer. Roughness thickens both the inner and the outer layers of the wall jet, although this

effect tends to decrease as the flow moves downstream and, presumably, adjusts to a new

equilibrium state. Note that the displacement of the mean flow is noticeable even after the

zero-plane displacement has been subtracted.

In terms of the velocity scales, um is not affected by roughness; in fact, all cases, in-

cluding LAM-SMOOTH, collapse reasonably well. While the flow is displaced upwards, the

velocity profile maintains its shape, as will also be demonstrated momentarily. The inner-

layer velocity-scale, uτ , on the other hand, is very sensitive to the roughness, as should

be expected. The case with higher roughness, TURB-ROUGH-HI, has the highest drag,

hence the largest uτ , the one in which the inflow is laminar the lowest. All rough-wall

cases begin to collapse downstream, as even the laminar case transitions. In this region,

roughness becomes transitional, as shown by the profiles of k+ = kuτ/ν = k/δν (Figure

4.4(d)), the roughness Reynolds number. The flow is not close to the hydraulically-smooth

regime, however, by the end of the computational domain.

Profiles of the radial and wall-normal velocity, normalized by Uo, are compared at several

radial locations in Figure 4.5. The LAM-SMOOTH case is the only one with a significantly

different radial velocity; the LAM-ROUGH-HI one shows some of the same characteristics,
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in the outer layer, at r/D = 1.25 (most notably, a small region of reversed flow in the outer

layer, due to the strong coherence of the azimuthal vortices), but very rapidly collapses on

the other rough-wall cases; although the inner layer is first to adjust, the outer layer does

not lag significantly. The upward displacement of the wall jet profile discussed above can

be seen quite clearly here, especially in the early stages of the interaction zone.

The wall-normal velocity profiles, on the other hand, are quite sensitive to the inflow

conditions and to the details of the wall shape. Below zm (which, for r/D > 1 is approxi-

mately 0.1, Figure 4.4(a)) roughness results in a reduction of the downwash caused by the

impingement; for r/D > 1.5 one can observe a mild upwash that is more significant in the

rough-wall cases. The decrease of the wall-ward motion, and increase of the upwash cause

the upward displacement mentioned before.

The wall-normal integral of the stochastic Reynolds shear-stress, u′ru
′
z is calculated and

compared in Figure 4.6. All turbulent jet cases are in good agreement throughout the

calculation domain. The LAM-ROUGH-HI case, which has low ur ′uz ′ near the inlet of
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the calculation domain, transitions to the turbulent value around r/D ≈ 1.25. From this

location on, we can assume that an equilibrium state between inner and outer layers has

been reached.

Strong roughness effects on the inner shear-layer, corresponding to the changes of uτ

shown in Figure 4.4, can been also observed in the velocity profiles in wall units (Figure

4.7). A logarithmic region in the mean streamwise velocity profile is one of the features of

turbulent wall-bounded flows at high Reynolds numbers. In wall jets there is a close correla-

tion between the local Reynolds number, Rem, and the extent and slope of the logarithmic

region (Banyassady & Piomelli, 2015). As the local Reynolds number increases, the loga-

rithmic region approaches the universal law of the wall (Figure 4.7(a)). The deviation from

the universal law in wall jets has been observed in many other studies at low or moderate

Reynolds number, and a wide variation in log-law constants has been proposed (Özdemir &

Whitelaw, 1992; Uddin et al., 2013). Banyassady & Piomelli (2015) showed that the plane

and radial wall jets had same profile at same local Reynolds number; thus the discrepancy

in this forced-jet flow compared with the unforced one at similar local Reynolds number

(Figure 4.7 (a)) is due to the modification of the momentum by the azimuthal vortices. The

upper bound of the logarithmic law shifts towards the wall (below um) due to the large-scale

vortices.
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The loss of momentum in the near-wall flow due to the surface roughness can be charac-

terized by the roughness function, ∆U+ (Figure 4.7 (b)). Colebrook (1939) found that ∆U+

is a function of the roughness type and height for TBL. To remove the the dependence on

the roughness type, the equivalent sand-grain roughness height ks (Nikuradse, 1933) is used,

which can be related to k by fitting the law of wall determined by roughness length-scale

in the fully-rough regime, which reads (Nikuradse, 1933)

u+ =
1

κ
log(y+) +B −∆U+ =

1

κ
log(

y

ks
) + 8.5 . (4.6)

The fully-rough regime, by definition, starts from the critical equivalent sand-grain rough-

ness height ks,cri where Eq. (4.6) is satisfied. Despite the dependence of the logarithmic

law constants on the local Reynolds number in the wall jets (Banyassady & Piomelli, 2015),

and on the vortices, the roughness function can still be used to analyze the roughness effect.

Compared with Colebrook’s correlation (Colebrook, 1939), the critical value for fully-rough

behaviour is higher than in TBL, where k+
s,cri ≈ 80 (Colebrook, 1939; Scotti, 2006). The

reason for the difference can be the significantly different physical configuration of the flow

in the current study compared with the canonical TBL and wall jet. The results indicate

that the flow is in the fully-rough regime at radial locations r/D < 2.0 (where secondary

vortex is induced and vortex interaction happens), and is in transitionally-rough regime for

the rest of domain. In the fully-rough regime, the roughness height is much higher than

the viscous length-scale δν = ν/uτ and k is the only important length-scale in the inner re-

gion (Jiménez, 2004), which may explain why the three rough-wall cases in this study, which

have the same or comparable roughness height, show the same behaviour of the inner shear-

layer flow (Figure 4.5). Compared to the mean velocity in the inner shear-layer, the drag

due to the roughness (mostly due to the pressure difference around roughness elements) is

more sensitive to the flow in the vicinity of the roughness elements, which is composed of lo-

cal small-scale separation and reattachment (Yuan & Piomelli, 2014). Therefore, differences
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in uτ are observed between the three rough-wall cases in Figure 4.4 (c).

In summary, the mean flow shows several effects of the roughness on the mean wall

jet: first, the rough surface causes a significant upwards displacement of the velocity profile

and some thickening of the inner part of the wall jet, which is significantly modified by

the roughness; second, the roughness effects on the outer shear-layer are insensitive to the

presence of turbulence in the outer layer, the outer shear-layer turbulence or the roughness

height; finally, the changes in both inner and outer layers peak in the region from r/D=1.0

to 2.5, where a strong interaction occurs between the inner layer and the outer-layer coherent

vortices (Wu & Piomelli, 2015). The advection plays a major role in communicating the

effects of roughness throughout the flow, unlike the case of the canonical wall jet. The

fact that the differences are small between the cases in which turbulence is generated near

the wall by the presence of roughness, is an indication of the importance of the coherent

vortices in this flow. Unless the flow is laminar and the wall is smooth, regardless of whether

turbulence is generated at the wall or advected from the freestream, the vigorous mixing

caused by the embedded vortices tends to generate similar flow fields in the outer layer.

Roughness, however, plays a role in displacing and thickening the wall jet.
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Figure 4.9: Contours of phase-averaged azimuthal vorticity in (a) TURB-SMOOTH; (b)
LAM-SMOOTH; (c) TURB-ROUGH-HI; (d) LAM-ROUGH-HI; (e) TURB-ROUGH-LO.
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4.4.2 Vorticity field

The phase-averaged azimuthal vorticity fields are shown in Figure 4.9 to highlight the effects

of roughness on the development of the embedded coherent vortices. As observed by Wu

& Piomelli (2015) when no fluctuations are present in the jet, a more coherent vortex is

formed (cases LAM-SMOOTH and LAM-ROUGH-HI, Figures 4.9(b) and (d)). Despite the

difference in the vortex, however, its development after it interacts with the wall is similar to

the turbulent cases if roughness is present: on the smooth wall the secondary vorticity lifted

up in the strong interaction region (1.0 < r/D < 1.5) has higher intensity as the separation

is more pronounced. The presence of turbulence (whether advected from the inflow and

freestream, or generated locally by the roughness), results in a smaller separation bubble,

and weaker lifted secondary vorticity. The subsequent decay of the vortices is very similar

for those four cases.

This is also shown in Figure 4.10, which compares the Reynolds number based on cir-

culation ReΓ = Γ/ν, where the circulation Γ around a closed curve C enclosing an area S

is the line integral:

Γ =

∮

C
u · dl =

∫∫

S
ω · dS, (4.7)

The region very close to the wall, zo/D < 0.02, is excluded in calculating the circulation

of the secondary vorticity to account only for the lifted-up vorticity. The behaviour of

the LAM-SMOOTH case was discussed by Wu & Piomelli (2015): the initial growth of

the vortex is faster, but the interaction with the stronger secondary vorticity results in

faster decay in the strong interaction region. The LAM-ROUGH-HI case initially has faster

growth of Γ as LAM-SMOOTH, but as the vortex interacts with the wall it rapidly settles

on a decay rate similar to the other rough-wall cases. Roughness always results in lower

circulation of the primary vortex, very much independent of roughness height and condition

of the incoming flow (laminar or turbulent). The secondary vorticity, on the other hand, is

much more sensitive to both. It is consistently higher for the rough-wall cases because the
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For the line styles refer to the caption of Figure 4.4.

major term contributing to the azimuthal vorticity, ∂〈Ur〉/∂z, is significantly higher in the

near-wall region (zo < 0.02D) in the rough-wall cases (Figure 4.11). In the rough-wall cases

∂〈Ur〉/∂z is lower near the wall (or the virtual origin), but becomes much higher after a

short distance from the wall. In the LAM-ROUGH-HI case it is initially higher than for the

turbulent cases, but collapses on the other rough-wall configurations once the inner layer of

the wall jet becomes turbulent, corresponding to the transition to quasi-equilibrium state

shown in Figure 4.6.
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Figure 4.12: Contours of (a,b) phase-averaged TVD term (−∇ · 〈ω′u′〉), (c,d) phase-
averaged SRM term (〈ω〉 · ∇〈u〉), at phase φ = 4/8, normalized by U2

o /D
2. The black

contour lines (solid: 〈ωθ〉 = 20; dashed: 〈ωθ〉 = -5) show the location of the primary and
secondary vortices.

The three major findings on the effects of roughness on the averaged-vorticity develop-

ment (i.e., the faster decay of the primary vortex, the rapid change of the vortex interaction

pattern in the LAM-ROUGH-HI case, and the quick vanishing of the significant increase of

the secondary vortex magnitude) show that the early stage of vortex interaction is critical.

The roughness effects in this region play an important role in determining the entire vortex

decay process in the wall jet region. The details on how roughness determines the vortex

decay will be discussed in the following section. Since the statistics of the velocity and

vorticity fields are very similar in all the rough-wall cases, we will only compare the results

of the TURB-SMOOTH and TURB-ROUGH-HI cases in the following discussions.

4.4.3 Roughness effects on primary vortex dynamics

The evolution of the vortices during the vortex interaction and the self-decay stages is

associated with the development of the turbulence. Here we use the phase-averaged vorticity
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equation (Bernard & Wallace, 2002)

D〈ωωω〉
Dt

=
∂〈ωωω〉
∂t

+ 〈u〉 · ∇〈ωωω〉

= −∇ · 〈u′ω′ω′ω′〉︸ ︷︷ ︸
TVD

+ 〈ωωω〉 · ∇〈u〉︸ ︷︷ ︸
SRM

+ 〈ωωω′ · ∇u′〉︸ ︷︷ ︸
SRF

+∇×∇ · 〈τττ tot〉︸ ︷︷ ︸
VD+SGSD

(4.8)

to study the major turbulent statistics affecting the vortex development. The terms on

the right-hand-side represent, respectively, turbulent diffusion of vorticity (TVD), vortex

stretching and reorientation by the phase-averaged flow (SRM) and by the fluctuating field

(SRF), and sum of viscous and SGS diffusion (VD+SGSD) (where τττ tot = τττv + τττ sgs is the

sum of the viscous and SGS stress tensors). Previous analysis of the vortex dynamics of the

smooth-wall case showed that the TVD term is the major destruction term in the averaged

vorticity transport budget, while the SRM term is the leading production term for the

primary vortex during its evolution in the impinging jet shear-layer (Wu & Piomelli, 2015).

The TVD and SRM terms are shown in Figure 4.12. Before the primary vortex reaches

the bottom wall, the TVD term is negligible and the SRM term dominates the generation

of the vortex (not shown). Both terms are the same in the smooth- and rough-wall cases.

As soon as the vortex reaches the ground and starts to induce the secondary vortex at

t = 1.5T (phase φ = 4/8, shown in Figure 4.12), the primary vortex begins to be destroyed

by the TVD term in the layer-like region between the primary and secondary vortices. The

negative TVD term (Figure 4.12(a,b)) in this region is larger and more intense in the rough-

wall case (Figure4.12(b)). The SRM term (Figure 4.12(c,d)), meanwhile, becomes smaller in

the rough-wall case in the primary vortex. The combined effect is a weaker primary vortex

after the beginning of the vortex interaction, as shown by the vortex Reynolds number in

Figure 4.10. After T/4, at phase φ = 6/8 (not shown), the strength of the primary vortex

in the rough-wall case is 10% lower than the one in the smooth-wall case (see Figure 4.10 at

r/D = 1.3), and both the TVD and SRM terms start to decrease. The vortex decay from

here on is mainly determined by the TVD term within the vortex core, whose magnitude
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Figure 4.13: (a-b) Phase-averaged azimuthal vorticity contours at φ = 4/8 with the location
of plots in (c-f) indicated by vertical solid lines. (c-f) comparison of the phase-averaged
stochastic Reynolds stress near the wall. TURB-SMOOTH; TURB-ROUGH-HI;

z/k = 3.0.

is smaller in the rough-wall case because the primary vortex decays more during the early

stage of vortex interaction. The secondary vorticity survives for a longer time due to its

higher initial magnitude during its generation.

In cylindrical coordinate, the SRM term in the 〈ωθ〉 transport budget is

(〈ω〉 · ∇〈u〉)
∣∣
θ

=
1

r

∂(r〈ωr〉〈Uθ〉)
∂r

+
1

r

∂(〈ωθ〉〈Uθ〉)
∂θ

+
∂(〈ωz〉〈Uθ〉)

∂z
+
〈ωθ〉〈Ur〉

r
(4.9)

The only non-zero term is the last one since 〈Uθ〉 = 0. The smaller SRM term observed

in the rough-wall cases compared to the one in the smooth-wall case shown in Figure 4.12,

is caused by the lower 〈Ur〉 near the wall (Figure 4.5) due to the displacement effects of

the roughness. Note that the SRM term forms a negative feedback loop with the local

〈ωθ〉, which means that the less significant increase of the mean vorticity due to the lower

production will further decrease the production itself.
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The curl of the stochastic Reynolds shear stress (RSS) has the most significant contri-

bution to the TVD term (Wu & Piomelli, 2015). Components of the stochastic Reynolds

stress tensor are compared at equally spaced locations around the primary vortex at phase

φ = 4/8 in Figure 4.13 (c-f). In the rough-wall case, the Reynolds stresses, especially

the radial normal stress, 〈u′ru′r〉, increase near the bottom wall at all locations that are not

within the separation region. Farther away from the wall, a high Reynolds stress regions can

only be seen locally in the primary and secondary vortices, with almost zero Reynolds stress

in the space between the two consecutive primary vortices. The profiles of the stochastic

Reynolds stress collapse in the primary vortex, normalized by z1/2 and u2
m, consistent with

the outer-layer similarity of the radial wall jet (Banyassady, 2015). The roughness sublayer,

defined as the layer in which roughness alters the profiles of the Reynolds stresses (Jiménez,

2004), is the region z < 3k = 5k, consistent with the value found in other studies (Jiménez,

2004; Yuan & Piomelli, 2014). On top of the separation bubble, however, the near-wall flow

modified by the roughness is advected away from the wall. The peak stress magnitude in the

secondary vortex is significantly amplified. Because of the large-scale vortices embedded in

the jet, this phenomenon is very different from the one observed in the canonical attached

TBL and in wall jets, in which the outer layer is not affected by the roughness (Jiménez,

2004; Smith, 2008; Yuan & Piomelli, 2014; Banyassady & Piomelli, 2015).

Figure 4.14 shows the TVD and RSS terms along several lines parallel to the bottom

boundary (Figure 4.14(a, b)) at phase φ = 4/8. It can be seen that these terms are only

different near the location of the vortex pair. In the vicinity of the wall, the rough-wall case

shows more negative TVD underneath the primary vortex and more positive one within

the separated secondary vorticity (Figure 4.14(c)). The peak of TVD term occurs about

0.06D upstream of the one in the smooth-wall case along the checking line, indicating the

destruction happens earlier during the development of the primary vortex. The changes of

TVD do not show in other locations away from the wall. The Reynolds shear stress shows

no shifting of the peak location (Figure 4.14(d)). Its magnitude is amplified both in the
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layer-like region between the primary and secondary vortices (positive peak) and within

the separated secondary vortex (negative peak). The changes extend further away from

the bottom wall in the rolled-up secondary vorticity as the near-wall flow propagates out

during the separation.

To explore the reason of the RSS increase in the near-wall flow, the production of the

stochastic RSS is considered

P = −〈u′ru′r〉
∂〈Uz〉
∂r︸ ︷︷ ︸

P1

−〈u′zu′z〉
∂〈Ur〉
∂z︸ ︷︷ ︸

P2

−〈u′ru′z〉
(
∂〈Uz〉
∂z

+
∂〈Ur〉
∂r

)

︸ ︷︷ ︸
P3

(4.10)

Each term is measured along the lowest line near the wall shown in Figure 4.14(a,b) and

compared in Figure 4.15. Note that the strain in both r and z directions is important in

this flow due to the large-scale vortices, while the derivatives in the azimuthal direction

are zero. As can be seen in the Ptot profile (Figure 4.15(a)), more negative production

occurs underneath the primary vortex (located at r/D = 1.05 at the phase shown). It

indicates the negative RSS there (magnitude shown in Figure 4.14(d)) is further enhanced

due to roughness. Among the three terms, P2 (Figure 4.15(c)), which is the reorientation

of the Reynolds normal stress due to the mean shear in z direction, is the leading one.

Considering the sub-terms in P2, the ∂〈U〉r/∂z term (Figure 4.15(h)) is the one most

affected by roughness. The main cause of the increase of the RSS, therefore, is the increase

of ∂〈U〉r/∂z. The change of the mean velocity profile, as discussed in Section 4.4.1, is due

to the displacement effects of the roughness.

Figures 4.13 and 4.14 show that the near-wall fluid affected by the roughness propagates

out with the secondary vortex, bringing the roughness effects to the outer shear-layer. To

examine to what extent the detached near-wall flow affects the outer shear-layer, the region

around the primary vortex that is affected by the secondary one and the ejected near-wall
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Figure 4.16: Contours of autocorrelation coefficient of radial velocity fluctuations at
rref/D = 1.5 and (zref − d) = 2(z1/2 − d).

turbulence is revealed by the two-point autocorrelation coefficient in the r − z plane

Rii(rref , zref , r, z) =
〈u′i(rref , zref )u′i(r, z)〉

〈u′i(rref , zref )u′i(rref , zref )〉 (4.11)

Figure 4.16 shows the map of Rrr at point rref/D = 1.5, (zref−d)/(z1/2−d) = 2 at different

phases. It can be seen that the flow around the primary vortex is more correlated to the

secondary vortex in the rough-wall case than in the smooth case (Figure 4.16(b) between

t = 1/8T and 5/8T ). In the rough-wall cases, the less intensive interaction between the

weaker primary vortex and the stronger secondary one results in a longer survival of the

secondary vortex. The separated and ejected fluid has sufficient time to be rolled up to the

outer side of the outer shear-layer before losing its coherence. It also sustains its turbulent

features, including high RSS, for a longer time during the vortex interaction.

In summary, the roughness affects the evolution of the radial wall jet, especially the

embedded large-scale vortices by reducing the production of the primary vortex and ampli-

fying its destruction as it reaches the bottom wall, leading to a weaker primary vortex in the
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vortex interaction region later on. Meanwhile, roughness also enhances the generation of the

secondary vortex. A stronger secondary vortex is formed by more dissipative turbulent flow

in the rough-wall cases, which is later rolled up around the primary vortex and changes the

outer shear-layer turbulent field that determines the vortex evolution. During this process,

the most important change of the turbulence statistics is the momentum deficit due to the

roughness displacement, especially the lower 〈U〉r in the wall jet (which contributes to the

decrease of SRM term) and higher ∂〈U〉r/∂z in the vicinity of the surface roughness (which

contributes to the higher RSS and thus TVD).

4.5 Conclusions

We have carried out large-eddy simulations of forced round impinging jets on smooth and

rough surfaces. It is a simplified analog of the helicopter rotor wake interaction with the

ground, in which the rotor-tip vortices play an important role in the formation of a dust

cloud downstream of the impinging region. The aim of this study was to find out the

roughness effects on the vortex evolution. Roughness heights 10-20% of the jet diameter

were chosen to maximize the roughness disturbance. Because the roughness and the vortices

are embedded separately in the two shear-layers of the wall jet, the roughness can only affect

the vortices through the turbulence generation mechanisms and the interaction between the

two shear-layers. Five cases are compared, each with different turbulence sources in the

inner and outer shear-layer of the wall jet, to explore this mechanism.

The mean velocity profile and vortex development are similar between most of the cases,

regardless of the existence of the jet turbulence or the roughness. The only significantly

different case is the laminar jet on smooth surface. Although the inner shear-layer is sig-

nificantly modified by the roughness, as highlighted by the increase of the wall shear-stress

and shift in the law of the wall, the outer shear-layer only exhibits the displacement of the

mean wall jet as well as a slightly faster decay of the primary vortex in the rough-wall case.
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The vortex behaviour in the laminar jet on rough surface is similar to that of the turbulent

cases in the wall jet region, indicating that the roughness effects propagate to the outer

layer and change the vortex. The changes of the outer shear-layer, however, do not depend

on the turbulence levels in the freestream, but are due to the robust turbulent generation

mechanism discussed in the study of smooth wall cases.

A faster decay of the primary vortex occurs in the rough-wall cases, beginning soon after

the vortex reaches the ground and starts inducing the secondary vortex. The major pro-

duction term, the stretching and reorientation by the mean flow, SRM, decreases compared

with the smooth-wall case, while the destruction term, the turbulent diffusion of vorticity,

TVD, is amplified in the layer-like region between the primary and secondary vortices. The

combined effects of the two leads to a weaker (as measured by ReΓ) primary vortex after

the secondary vortex has detached from the bottom wall. The momentum deficit, especially

U r, caused by the displacement effects brought about by the roughness is the major reason

for the smaller SRM. The increase of TVD is related to the amplification of the Reynolds

stress. The Reynolds stresses increase in the vicinity of the roughness elements, mainly

due to the increase of ∂U r/∂z, and are advected with the rolled-up secondary vortex. After

being entrained into the outer shear-layer, this highly disturbed fluid affects the evolution of

the primary vortex for a longer period during the vortex interaction, as shown by the spatial

auto-correlation of turbulent fluctuations in the primary vortex core and in the rolled-up

vortex.

The characterization of the roughness effects revealed in this study proves that this type

of flow is very different from canonical TBL and wall jets. The TVD and Reynolds shear-

stress (RSS) terms show that the changes are confined within the roughness sublayer in

the attached flow region, consistent with the results of previous research. In the separation

region, however, the near-wall fluid detaches from the wall and mixes with the outer shear-

layer. These results shed some light on the future study of the roughness effects, that the

possible existence of large-scale, coherent structures must be taken into consideration.
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Chapter 5

Conclusions and Future Work

In the previous chapters, numerical simulations of a simplified configuration of the heli-

copter rotor-wake flow, the forced round impinging jet, were carried out to investigate sys-

tematically the mechanisms determining the evolution of the dominant embedded vortices,

understand the effects of surface roughness, and study the Reynolds number effects close

to real scenario using the Reynolds-averaged Navier-Stokes equations and wall-modelled

LES. A detailed conclusion section is provided in each of the preceding chapters. Here, we

summarize the most important findings, by partially reiterating them in a more general

perspective. This will be followed by some recommendations for future research work on

this subject.

5.1 Conclusions

The general objective of this thesis was to establish the link between the turbulence de-

velopment and the formation of dust cloud in helicopter brownout. Currently, there is no

established method to mitigate the problem, due to the lack of understanding of the dynam-

ics of the dominant turbulent structures in the flow. Although this problem is mimicked by

replacing the rotor wake with a forced round impinging jet in this study, the most relevant
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feature of the flow, the interaction between the azimuthal vortices and the wall results in

the formation of opposite-sign, secondary vorticity that is lifted up and rolled around the

primary vortex, is observed in our numerical simulation and excellent validation against the

experiments is obtained. Large eddy-simulations provide the detailed information of the

flow fields that are difficult to get in details using present experimental technique or from

the solution of Reynolds-averaged equations. Compared with other studies of impinging jet,

the current are focusing more on the dynamics of the vortices, report high-order turbulent

statistics, and correlate them with the vortex evolution.

Results show that the evolution of the azimuthal vorticity is initially dominated by

an inviscid mechanism, the stretching of phase-averaged vorticity by the phase-averaged

flow itself. As the interaction with the wall begins, however, the contribution of turbulent

fluctuations to the vorticity transport (in particular, TVD) becomes the leading term, and

vorticity is diffused outward from the core, weakening the primary vortex. Through a

wide range of boundary conditions from laminar to turbulent jets, and from non-slip to

slip surfaces, the present data shows that this phenomenon is extremely robust, leading to

similar vortex generation and decay rates. It indicates that the attempts to control the

decay of the vortices, and thus the formation of the dust cloud, may not be easy. This

finding also suggest that Reynolds number may not be a very important parameter in the

realistic configurations. This is an issue that warrants further investigation.

To clarify the Reynolds number effects, the same configuration is studied at Reynolds

number twenty times higher, which is close to the realistic helicopter operation. Due to the

vast increase of computational cost, lower level turbulent models RANS are employed, as

well as wall-modelled LES. All the models considered indicate that the Reynolds number

is not a primary parameter affecting the vortex development. However, the particle lift up

may be more sensitive to Reynolds number effects, since it depends on the instantaneous

wall stress which is significantly changed at different Reynolds numbers.
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Another factor that affects the evolution of the vortices, is the mean-flow three-

dimensionality. A short-wavelength instability plays a role in the development of kinks

in the initially axisymmetric vortices. The observed wavelength (π/12), however, does not

match the ones obtained by the instability theories such as Crow instability or Widnall

instability. Suppressing it, using a smaller azimuthal domain size, results in slower decay

of the primary vorticity. Further studies are required to identify this azimuthal secondary

instability.

To explain the role of the stationary sediments and obstacles during helicopter brownout,

on the evolution of the vortices and dust cloud, simulations with virtual roughness on the

bottom wall are performed. The stationary objects are represented by sand-grain-like sur-

face roughness. Compared with the smooth-wall results, the rough-wall one shows remark-

able modifications to the near-wall flow, including displacement of momentum, increase of

wall stress, and amplification of turbulence level, consists with other studies on canonical

wall-bounded flows. Interesting mechanism of the roughness effects on the large-scale em-

bedded vortices are captured, despite that, the robustness of the TVD mechanism leads to

only minor differences in the vortex decay rate. It is found that the displacement effects of

the roughness elements play an important role during the early stage of the vortex interac-

tion, and causes a faster decay of the primary vortex. Meanwhile, the other participant of

the vortex interaction, the secondary vortex, is not only amplified by the surface roughness,

but also brings the more diffusive near-wall fluid to the region away from the wall and

expedites the decay of the vortices. Compared these two mechanisms, the effects of the

secondary vortex is less significant.

This work demonstrates the power of the advanced numerical techniques in analysing

this flow, and points out some important requirements for the lower level models that must

be used at the industrial level. The current large-eddy simulations showed their capabilities

to predict the complex three-dimensional, instantaneous characteristics of the flow. They

are also more affordable in terms of costs than the onsite experimental measurements. The
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lower level turbulent models, such as RANS, are not accurate due to existence of the large-

scale vortices. The model errors lay either in the poor prediction of the Kelvin-Helmholtz

instability in the jet shear-layer, or in the failure in predicting flow separation, or in the

violation of the eddy-viscosity assumption due to counter-gradient transport. The wall-

modeled LES gives much better prediction than the RANS models. The one using the

logarithmic law to relate the the velocity at the first grid point to the wall stress gives

the better agreement with the resolved LES than the Detached Eddy Simulation hybrid

approach. Despite that WMLES results shows minor errors in prediction, they save more

than 90% of the computational cost at moderate Reynolds number compared with the

resolved LES, which is a valuable advantage that may prompt their application in analysing

this flow at both academia and industrial levels.

5.2 Future work

While this study sheds some light on the dynamics of the azimuthal vortices in an impinging

jet, additional work is required to transition this work to practical applications. First, the

particle motion must be investigated to understand the dynamics of the formation of the

dust cloud that causes brownout (or whiteout). Unlike the rolled-up turbulent structures,

for instance, the particles barely moves in the radial direction after being dispersed to the

ambient space as observed during helicopter brownout. The investigation on these non-

tracer-type particle motion can only be accomplished by resolving the particle transport

in time. Results of such multi-phase flow simulations will be useful to the study of the

correlation between the particle distribution and the turbulent statistics and structures,

both spatially and temporally, and improve the understanding of the formation of dust

cloud.

Secondly, to develop corrections for use in Reynolds-averaged Navier-Stokes equations

123



and inviscid methods, a much wider parameter range (vortex strength and separation, jet-

to-ground distance) needs to be considered. The characteristics of the secondary azimuthal

instability require further investigation. The angular separation observed in this study,

π/12, may be limited by the π/3 domain size used here (thus only radian wavelength π/(3n),

n=1, 2, ..., N can be captured). It is possible that the actual instability is resounded at the

closest one in this study. Therefore, larger calculation domain in the azimuthal direction

may be needed. Wall-modelled LES will be very suitable to for this topic, due to its

promising accuracy and tremendous saving in the computational cost shown in this thesis.

The effects of the azimuthal velocity and helical vortex present in the helicopter wake have

also not been studied, and should be examined.
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Appendix A

Inflow fluctuation generation

At the inflow and jet part of the top boundaries (z/D = 1, r/D < 0.5), synthetic turbulence

is superposed to the phase-averaged flow obtained using Fluentr. The method proposed by

Klein et al. (2003) is used in this study, which is able to generate artificial velocity data who

reproduces first and second order one point statistics and a locally given autocorrelation

function (Klein et al., 2003). The procedures of the method, and the application to this

study are summarized in this section.

To obtain the synthetic fluctuating velocity, a series of random fields rm (rm = 0,

rmrn = 1) is generated first. Then

um =
N∑

n=−N
bnrm+n (A.1)

defines a convolution or a digital linear filter. The bn are filter coefficients and N is related

to the support of the filter. Because rmrn = 0 for m 6= n, um follows

umum+k

umum
=

N∑

n=−N+k

bnbn−k
b2n

(A.2)

that means a relation between the filter coefficients and the autocorrelation function of um.
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By assuming

Ruu(δx) = exp

(
−πδx

2

4L2

)
(A.3)

where δx is proportional to the grid spacing δx = k∆x, and L = Nx∆x is the desired length

scale. Then we can write in discretized form

uiui+k
uiui

= Ruu(k∆x) = exp

(
− πk

2

4N2
x

)
(A.4)

with the filter coefficients

bk ≈ b̃k
/
(

N∑

n=−N+k

b̃2n

)1/2

and b̃k ≡ exp

(
− πk

2

2N2
x

)
(A.5)

The above relation is for filtering in one-dimension. For three dimension,

bijk = bi · bj · bk (A.6)

In this study, L in all the three directions are chosen to be D/16. For the top boundary

in the TURB-SMOOTH case, Lx ≈ 14∆x, and Lθ ≈ 40rc∆θ at the midpoint (rc) of

r ∈ [0.25D, 0.5D]. Then at each k, the filter coefficient is calculated using Eq. (A.5).

Apply the filtering operation Eq. (A.1) to rm with the obtained filter coefficient, the target

fluctuating velocity field is generated. Note that for each of the three velocity components,

a random rm field is generated. Moreover, in the direction normal to the boundary (z for

the top boundary, and r for the inflow boundary), the desired length scale is related to the

mean orthogonal velocity Lt = U⊥δt. For Lt = D/16, it gives δt = 1/16D/Uo ≈ T/40.

Therefore, 40 fluctuating fields are generated for each velocity component, representing the

turbulent field at t = 0, T/40, 2T/40, 3T/40, ..., 39T/40. When applied to the boundary

condition, a linear interpolation is used between them to give the temporal correlation in

the direction perpendicular to the boundary.
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Appendix B

CFL condition

The axis of the impinging jet is not included in the calculation domain. The main purpose

is to save the computational cost. This section explains this in detail.

In mathematics, the Courant-Friedrichs-Lewy (CFL) condition (Courant et al., 1928)

is a necessary condition (on the time-step) for convergence while solving certain partial

differential equations numerically by the finite difference methods.

∆tmax

( |Ui|
∆xi

)
≤ CFL (B.1)

For the third Runge-Kutta method used in this study, it is numerical stable for CFL ≤ 2.51,

but in practice 0.3 to 0.4 is used. The CFL condition for cylindrical coordinates is

∆t ≤ max

( |Ur|
∆r

,
|Uz|
∆z

,
|Uθ|
r∆θ

)
· CFL (B.2)

As r approaches zero, |Uθ|/(r∆θ) decreases to zero, leading to a significantly small ∆.

We performed simulations with inflow at smaller r0, and π/24 in the azimuthal direction to

verify this. It shows that ∆t decreases by 64% when r0 = 0.1D, compared to the r0 = 0.25D

used in this thesis. Moving the inflow more upstream to r0 = 0.05D, ∆t becomes 1/10 of
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it in the r0 = 0.25D simulation. Considering the simulation in this thesis costs 3000 CPU

hrs per flow forcing cycle, such increase is not affordable so far. Moreover, comparing the

smaller r0 simulations with the one reported in Chapter 2 (with π/24 in the azimuthal

direction), the maximum difference in first and second order statistics is less than 2%.

Therefore, the treatment to avoid the axis of impinging jet is legitimate for this study.
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