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Transverse jets in crossflow are widely used to enhance mixing between

two flow streams. Such jets exhibit complex flow features, and are highly sen-

sitive to a wide variety of operating conditions. The focus of this work is the

mixing of relatively low Reynolds number jets that are often encountered in

the chemical processing industry. The main objective is to determine if the the

jet mixing characteristics can be sufficiently altered by changing the nature of

the jet inflow. In particular, we study the effect of jet shape and inflow veloc-

ity profile on the mixing properties. Four different jet shapes including circle,

square, upstream triangle, and downstream triangle are considered. It is found

that the jet shape has tremendous impact on the near field dynamics, gener-

ating unique vortical structures for each shape. However, the overall mixing

rate is unaffected and is controlled by the evolution of the coherent vortex pair

(CVP) in the far-field of the jet. Analyses of turbulence modeling constraints

and structure of reaction zones for consecutive-competitive reactions are also

presented.
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Chapter 1

Introduction

Transverse jet, or jet-in-crossflow (JICF), is a common type of flow

which can be seen in many engineering application, such as fuel injection sys-

tem in a combustion chamber, VTOL aircraft, chemical reactor, film cooling

of turbine blades, and many others [1–4]. This type of flow-field can be easily

observed in smoke from the chimney on a windy day. Tranverse jets consist

of a jet issuing into a crossflow stream. Several studies [5–8] have established

that JICF provide enhanced mixing compared to coflowing jets. This enhanced

mixing reduces reactor dimensions, requiring shorter distances to obtain com-

plete mixing of the two streams.

Despite its simplicity in the components, the flow structure of a JICF

involves very complicated three dimensional vortex interactions. Past stud-

ies on large vortical structures of JICF flow has revealed that there are four

major vortical structures; counter-rotating vortex pair (CVP), jet shear layer

vortices, horseshoe vortices, and wake vortices [4, 9–12]. The CVP is the most

dominant flow structure observed in the far-field, and is known to be important

for jet mixing [4, 6]. Recent studies have focused more on the near-field flow

mechanism on formation of CVP using advanced flow visualization techniques
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[6, 13, 14]. Based on these studies, jet shear layer vortices are subdivided into

many different structures, such as leading edge vortices, lee-side vortices, kid-

ney, anti-kidney vortices, primarily based on their shape and location relative

to the jet [4, 6, 15, 16]. Kidney and anti-kidney vortices are formed during ini-

tial stages of forming CVP [15]. Yuan et al. [17] categorize the jet shear layer

vortices into several coherent structures, such as hanging vortices, spanwise

roller, and vertical streaks. In addition to jet shear layer vortices, horseshoe

vortices are formed near the wall upstream of the jet, similar to the one which

can be found in the flow around a symmetric obstacle. Finally, wake vortices

can be found near the wall downstream of the jet [4, 16].

In an effort to control the turbulent mixing process, a number of con-

trolling parameters have been investigated in the past [11, 14, 18]. The most

important factor is the momentum ratio (MR), defined as the ratio of the jet

momentum to the crossflow momentum

MR =
(
ρjetU

2
jet

ρcfU
2
cf

)1/2

,

where ρ and U denote the density and velocity, respecitively. The subscripts

jet and cf refer to the jet and the crossflow, respectively. Higher MR provides

more efficient mixing as the jet flow penetrates into the crossflow with higher

trajectory [4, 11, 19]. However, it also increases power requirements to achieve

this enhanced mixing. The MR can be increased through a number of means,

for instance, by increasing the jet velocity. In this case, the increased jet
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Reynolds number causes greater jet shear layer instabilities due to increased

turbulent intensity.

The availability of empirical correlations relating jet parameters to some

well-defined jet trajectory will be useful in the design of crossflow jets. Al-

though the jet momentum ratio is deemed the most important parameter

controlling trajectory, other flow conditions such as crossflow and main jet

boundary layer thicknesses have been found to affect jet evolution [11, 19].

For this purpose, Muppidi and Mahesh [19] proposed a new length scale which

includes both MR and crossflow boundary layer thickness. The wall condi-

tion upstream of the jet plays significant role in the flow field. Recent study

by Muppidi et al. [19] compared two different boundary layer thickness of

the crossflow, and concluded that thinner boundary layer results in a lower

trajectory and more efficient mixing because of stronger momentum near the

wall.

Increasing MR for mixing enhancement may not be possible for a va-

riety of reasons. If the jets evolve in a closed geometry, increased MR will

cause interaction of the jet with the upper wall, potentially reducing the mix-

ing efficiency. As mentioned above, increasing MR through jet velocity or exit

diameter variation will lead to increased power requirements. Other methods

such as pulsation [20, 21] will require moving parts in the flow configuration

that is subject to increased probability of mechanical breakdown. In this study,

we focus on passive changes to the jet exit shape and jet exit velocity profile for

controlling jet mixing. While most prior studies are experimental in nature,
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and focuses on the macroscopic mixing characteristics, the objective here is

to use direct numerical simulation (DNS) for understanding the flow physics

changes caused by variations in these chosen parameters.
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Chapter 2

Direct Numerical Simulation of Crossflow Jets

In this work, direct numerical simulation (DNS) of jets in crossflow will

be used to understand the role of near-field structures on the overall mixing

efficiency of such flows. We will use jet exit shapes to vary the near-field

structures. In this chapter, the details of the DNS methodology are provided.

2.1 Governing equations and problem setup

Figure 2.1 shows the schematic of the problem.

The incompressible flow equations were solved using an energy conserv-

ing numerical scheme based on the low-Mach number approximation [22]. The

momentum and flow equation that were used are as follows:

∂uj
∂xj

= 0

∂ui
∂t

+
∂uiuj
∂xj

=
1

ρ

(
−∂P
∂xi

+
∂τij
∂xj

)
, (2.1)

where ui is the velocity component, ρ is the constant fluid density, P is the

local pressure, and τij is the viscous stress tensor.

τij = −2

3
µ
∂uk
∂xk

δij + 2µSij, (2.2)
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Figure 2.1: A sketch of a crossflow jet system.

Sij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
, (2.3)

where µ is the fluid viscosity. To study mixing in these jets, a passive scalar

was also evolved along with the flow equations.

∂φ

∂t
+
∂ujφ

∂xj
=

∂

∂xj

(
D
∂φ

∂xj

)
, (2.4)

where φ is the scalar mass-fraction and D is the scalar diffusivity that was

assumed to be the same as the fluid viscosity.

The equations above were solved using a finite-volume projection-based

solver [23]. The convection terms in the momentum equations were discretized

using a second-order energy conserving central scheme [24]. The convec-

tion term in the scalar transport equation was discretized using a third-order

upwind-biased scheme [25]. This upwind bias was necessary to reduce un-

physical oscillations in the scalar transport equation. The viscous and diffu-

sion terms were discretized using a second-order central scheme. The time-

advancement is based on a semi-implicit predictor-corrector algorithm [22].
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The computational domain spans 26D × 13D × 13D, where D is the

diameter of the main jet. The jet Reynolds number was fixed at 3000 with a

velocity ratio of 1.52. This particular ratio was chosen so that direct compar-

ison with prior experiments could be carried out for validation purposes. To

resolve the smallest length-scales in the flow, over 30 million computational

points (512 × 256 × 256) were required. To capture the near-field dynamics,

the grid was clustered in all directions close to the jet entrance. The focus

of this study is the effect of jet configuration on mixing. For this purpose,

both the incoming crossflow and the main jet were assumed to be laminar.

The undisturbed crossflow boundary layer at the center of the jet is roughly

0.688D. For non-circular jets, the fully-developed velocity profile was applied

on the wall[26]. Due to this procedure, partial entrainment of the crossflow

around the leading edge of the jet was not observed. Although there was minor

misalignment between the jet geometry and the grid cells, the large number

of grid cells reduced the saw-tooth effect that arises due to a structured grid

system. The inlet area of non-circular jet exit were set such that the mass flow

rate is equal to the circular exit case. A complete list of simulations can be

found in Table 3.1.

All computations were carried out on massively parallel computers.

A domain decomposition strategy using MPI-based distributed computing

paradigm was used. Separate studies demonstrated that the code scales effi-

ciently up to 512 processors. The simulations performed here used between

128-512 processors and were carried out on the Lonestar and the Ranger com-
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puting system operated by the Texas Advanced Computing Center (TACC)

for over the five residence times. Each simulation took roughly 18 hours from

start to completion.

2.2 Grid convergence test

In direct numerical simulation, the smallest length scale of the turbulent

flow, which is the Kolmogorov length scale, needs to be resolved. While the

Kolmogorov length scale can be estimated from scaling laws in simpler flows,

it is non-trivial to estimate this length scale a priori in such complex flows as

the JICF.

Except for the simplest of flows, the computational grid will be nonuni-

form. For instance, Kim etal. [27] calculated a channel flow in which the

streamwise and spanwise directions were uniformly spaced but grid cluster-

ing was employed in the wall normal direction. (Reynolds number based on

the half width of the channel was 3300) with required grid spacing for DNS.

Boersma etal. [28] investigated a plane jet using DNS. Since the length scales

grow with increasing distance from the jet exit, the grid was progressively

coarsened with downstream location. In the complex JICF system, an esti-

mate of the DNS quality can be obtained through grid convergence studies.

In JICF, different flow interactions will have to be considered. This in-

cludes the near wall flow prior to the jet interaction, the leeside boundary layer,

the interaction between the jet and the crossflow, and the downstream mixing

process. Fully resolving all these processes at even the moderate Reynolds
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numbers considered here is not easily feasible. Although current computa-

tional power will allow a single fully resolved DNS computation to be per-

formed, multiple simulations required to understand inlet shape effects is still

computationally expensive. We seek a partial resolution strategy, where only

the near-field (defined as −2 ≤ x/D ≤ 5) is fully resolved. The far-field flow

is partially resolved through a coarsened grid system.

To implement this partially resolved DNS, the grid was clustered so that

the near field (−2 ≤ x/D ≤ 5, 0 ≤ y/D ≤ 5, −2.5 ≤ z/D ≤ 2.5) has uniform

grid at ∆x ≈ D/40, and the intensity of the grid is gradually coarsened with

downstream distance. The largest element in the grid cell has ∆x ≈ D/7. To

verify the accuracy of the solution, grid convergence test was performed by

reducing and refining the grid size by factor of two; 256×128×128 (the 256

grid), 512×256×256 (the 512 grid), and 1024×512×512 (the 1024 grid).

Figure 2.2 show mean passive scalar distribution at arbitrarily chosen

locations (x/D=3 and y/D=5). As seen in the plot, there is a significant

difference between the 256 grid and the 512 grid, while the difference between

the 512 and 1024 grid is much lower. The 512 grid shows fairly successful

convergence toward the result from the 1024 grid, especially in the value of

the peak mixture fraction. Although it is not shown, the velocity field also

showed convergence in the 512 grid and the 1024 grid. The computational cost

increases drastically as the grid size doubles in one dimension. A complete

simulation in the 512 grid takes approximately 12000 CPU hours, while the

1024 grid requires about 74000, and additional storage issues. Since there is
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only marginal difference in the results between the 512 grid as compared to

the 1024 grid, the 512 grid was chosen in this study.
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Figure 2.2: Mean passive scalar distribution on the symmetric plane (top:
x/D=3, bottom: y/D=5); dotted line, the 256 grid; dash-dot line, the 512
grid; solid line, the 1024 grid
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Chapter 3

Effect of Jet Exit Shape

The jet exit shape changes the vortical structures that are formed, their

relative importance, and their evolution in the flow field. One can postulate

that the more the jet exit shape is non-circular, the more different its evolution

will be compared to a circular jet. However, the importance of these geomet-

rical features in impacting overall mixing is yet to be studied. In this work,

the simulations listed in Table 3.1 were conducted in order to understand the

effect of jet exit shape on mixing.

Case I (circular jet) serves as a standard setting to be compared with

other cases. Case II (square jet) is a rectangular jet with aspect ratio of one

with equivalent area to the circular jet in the Case I. More in depth analysis

on effect of aspect ratio of elliptical or rectangular jet is not considered in this

Case Geometry Vmax d
I Circle 1.997 Vmean 0.500 D
II Square 2.092 Vmean 0.443 D
III Triangle (upstream) 2.218 Vmean 0.877 D
IV Triangle (downstream) 2.218 Vmean 0.439 D

Table 3.1: List of simulation for effect of jet exit shape: Vmax, maximum
v-velocity; d, distance between the leading edge and the center of a jet
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Figure 3.1: Schematic view of the problem : Effect of Jet Exit Shape

study. Case III and IV share an equilateral triangle as the jet exit shape. For

Case III, the base of the triangle is downstream of the apex, while in Case IV,

the orientation is reversed.

3.1 Mean trajectory

The jet trajectory is defined in many different ways. In this study,

mean trajectory was obtained by calculating the streamline from the center of

the jet in the time averaged velocity field.

Figure 3.2 shows the mean trajectories for all four cases on the same

plot. Both axis were non-dimensionalized by the diameter of circular jet,

D. From observation, Case III has the highest trajectory than others. Since

the streamline originates from the core of the jet, the maximum velocity at

the center of the jet, Vmax, plays a significant role in determining height of

trajectory. Vmax for all cases are tabulated in Table 3.1. It is interesting that
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Figure 3.2: Mean trajectory comparison; solid line, circle; dashed line, square;
dotted line, upstream triangle; dash-dot line, downstream triangle
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Figure 3.3: Schematic view of the problem : Effect of Jet Exit Shape

Case III and IV have exactly the same Vmax, but only Case III shows deeper

penetration into the crossflow. The orientation of the triangle changes the

distance between the jet center and the leading edge. As shown in Table 3.1,

this separation distance for Case III is twice that of Case IV. For the triangular

jet that points upstream, the core of the jet is protected by longer distance

from the leading edge. For the triangular jet that points upstream, the jet

core is protected by this separation from the leading edge. Also, the apex

of the triangle allows an earlier formation of vortex pair, resulting in more

entrainment from the crossflow. As a result, longer separation limits crossflow

entrainment leading to higher trajectory. The details of the near-field flow

structure for these cases will be discussed in detail later (Section 3.3). Also,

the vertex of the triangle allows earlier formation of vortex pair, resulting more

entrainment of the crossflow. As the result, the velocity field becomes more

favorable for higher trajectory. This near-field flow feature as well as the one

for Case III will be dealt later.
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3.2 Mixing along the trajectory

Previously, the mean trajectory of the jet was defined as the stream-

line from the center of the jet. Since the core is most protected from the

crossflow, the evolution of the scalar moments along this trajectory can be

considered as the limiting scenario for mixing. Mean passive scalar and vari-

ance of passive scalar along the mean trajectory were obtained and plotted

with non-dimensionalized downstream distance, x/D, on Figure 3.4. The dis-

tance along this trajectory can be considered as a measure of mixing rate, with

shorter distances indicating faster and more efficient mixing.

For all cases, mean passive scalar starts from 1 at the center of the jet,

and decays down to 0.2 as the jet flow reaches 10D downstream. Variance of the

passive scalar is 0 at the center of the jet, and it quickly reaches around 0.095,

and after about 2D downstream, it drops down to 0.02, then slowly decays

toward zero. Most interaction between the jet flow and the crossflow occurs in

a region called near-field, and from observation of variance, it is clear to call a

region from x/D = 0 to x/D=5 the near-field, and call the region beyond x/D

= 5 as the far-field. More detailed description of the near-field flow features

for selected cases is presented in the following section.

3.3 Near-field flow structure for each case

Although the different simulations predicted similar evolution in the

far-field, the near-field features were considerably different. In this section,

near-field flow field from each jet geometry is examined by using both instan-
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Figure 3.4: Mean passive scalar (top) and variance of passive scalar (bot-
tom) along the trajectory ; solid line, circle; dashed line, square; dotted line,
upstream triangle; dash-dot line, downstream triangle
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Figure 3.5: Mean passive scalar field comparison for circular (top) and trian-
gular (top) jet. The white line represents the mean trajectory. Superimposed
slices shown here are z/D=0, y/D=0, y/D=0.6, and x/D=5
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taneous and time-averaged data. In the instantaneous flow field, Q-criterion

vortex is calculated to identify coherent structures. Q-criterion is used instead

of traditional definition of vorticity magnitude, |~ω| =
∣∣∣~× ~V

∣∣∣, because the di-

rect contact between the jet and the crossflow creates thin shear layer, and

often makes coherent structure less visible. The thin shear layer is impor-

tant in mixing because it creates suitable condition for turbulent mixing by

increasing instability.

Details of the coherent structures in the flow are as follows. First, a

pair of hanging vortices is stretched like sidearms slightly above the jet exit.

The orientation and the magnitude of the hanging vortex is clearly appeared

as the initiation of the counter-rotating vortex pair (CVP). As noted by Yuan

et al.[17], the movement of the hanging vortex was more or less predictable

than other vortex shedding; causing periodical roll up of the side of the jet

column. Secondly, the spanwise roller can be found in both upstream and the

down stream of the jet. Since the spanwise rollers are found in the center

plane (Z/D=0), they have been misunderstood as vortex ring emitted from

the jet exit [13, 17]. They are oppositely oriented and are separated by the jet.

The upstream spanwise roller (USR) is formed sooner because of the direct

interaction between the jet and the crossflow creates more unstable condition

for the upstream spanwise roller than the downstream spanwise roller (DSR)

[17]. On the other hand, the orientation and the source of the DSR were

observed more complicatedly. There are three different sources of the vorticity

immediately behind the jet column; lee-side of the jet velocity profile, strong
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entrainment induced by the hanging vortices, and wall bounded flow. In this

study, the sources of vorticity for the DSR are discussed by observation of flow

evolution in four different jet geometries. Lastly, vertical streaks described by

Yuan et al. were also observed in the result [17]. Vertical streaks are stretched

along the jet bending direction, and their orientation are consistent with the

CVP. These coherent structures, originated by the instability in the upstream

of the jet column[17]., appear as ribs in the passive scalar iso-surface (see

Figure 3.6). In addition to Yuan et al.’s discoveries [17], dramatic increase in

vortex breakdown was observed at the point where USR and DSR collided.

The evolution of each of these structures is explained detail for the different

jet exit shapes studied.

In the time-averaged flow field, mean passive scalar field for each case

will be examined. Nominally, slices normal to the mean trajectory are the

most suitable view to look at the jet evolution, but immediately after the

jet is exposed to the crossflow, slices normal to y-axis shows acceptable view

of the jet evolution.The comparison between the circular and the upstream

triangular jets are presented because they showed the most apparent difference

in the instantaneous flow field, yet resulted in similar mixing performance in

the far-field. Other cases were also studied, but their contour figures will not

be presented.
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3.3.1 Case I : Circular jet

Circular JICF has been studied extensively and its coherent structures

are well categorized by Fric [4] and Yuan et al[17]. Fric identified four major

vortical structures as mentioned earlier, and Yuan recognized the hanging

vortices, spanwise roller, and vertical streaks. In Figure 3.6, the iso-surface

of Q-criterion of 130000 and passive scalar of 0.8 at the same time are shown

side by side. Q-criterion is contoured by the passive scalar to help understand

the mixing of two fluids. Although the Reynolds number for this simulation is

higher and momentum ratio is lower than Yuan et al.’s (Re=2000, MR=2.0)

[17], similar coherent structures in the near-field are also shown in Figure 3.6.

In this particular snapshot, the USR and the DSR are colliding and breaking

down the jet efficiently. As a result, vertical streaks and other small vortical

structures are created. The orientation of these vortical structures are very

unpredictable. When these oppositely signed vortex collide, they experience

instability and reconnection. Lim et al. [29] visualized a perfect head-on

collision of vortex rings, and found that this can result in the production of

a series of smaller vortex rings. When the USR and DSR collide, the lack of

perfect alignment combined with unequal vortex strengths lead to additional

instabilities.

The hanging vortex for the circular JICF are shown on Figure 3.6. As

the USR develops in the jet shear layer, it joins with the hanging vortex, and

forms a vortex ring type structures. Due to instability, vertical streaks are

created and destroy the USR. This process is also seen indirectly on the sur-
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Figure 3.6: Iso-surface of Q-criterion (top) and passive scalar (bottom) at the
same instant for circular jet (Case I)
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face of the passive scalar iso-contour (Figure 3.6). The DSR is not formed as

clearly as the USR. Instead, small and randomly oriented vortical structures

are created and convect along the downstream jet boundary. A fraction of

these structures are translated downstream near the wall, and eventually be-

come wake vortices. This wake vortex formation is more clear for case IV (see

Section 3.3.4).

The most notable vortical structure in a JICF is the CVP The formation

of the CVP has been an important research topic for JICF since it can provide

us with better understanding of the flow evolution from the near to far field.

The source of the CVP for case I lies in the side arms adjacent to the jet.

From this initial entrainment, a series of complex vortex folding processes

produce the far field CVP (see Figure 3.6 of Section 3.3.1). In contrast to the

experiment of Lim et al [13], the simulations here were performed at higher

Reynolds number. Hence, the CVP development beyond the initiation phase

is not clearly observed.

3.3.2 Case II : Square jet

In this case, the jet exit is shaped as a square with same cross-sectional

area as the circular jet in the previous case (Section 3.3.1). The jet velocity

profile is based on a fully developed analytical laminar flow solution. This

velocity profile is responsible for the particular orientation of the jet vorticity,

which has a net outward structure around the edges of the jet. The jet velocity

profile is responsible for the orientation of the vorticity that rolls outward.
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For square jet, the jet edges are oriented along the positive streamwise and

spanwise vorticity directions, ωx and ωz respectively. Since the sides of the

jet are aligned with the crossflow, the hanging vortices of the square jet is

more stable than those of the circular jet. Although the vortical structures

in the downstream side of the jet are still chaotic, three distinct sources of

the vorticity were observed (Figure [?]). First, the downstream side of the

jet creates the DSR (positive ωz). Second, the remaining part of the jet is

rolled inside (positive ωy for positive z). Just below the hanging vortex there

is a small column of that induces the crossflow into the lee-side of the jet.

The presence of this small column is very brief and intermittent. Unlike the

hanging vortex, these columns were observed only for a single jet side at any

given time. In a two-dimensional flow field slice, this semi-periodical vortex

movement resembles Karman vortex street found in flow around a cylinder.

The separation of the crossflow boundary layer leads to wake vortices being

formed. [4] The orientation the wake vortices is consistent with Yuan et al.[17].

3.3.3 Case III : Triangular (upstream) jet

As mentioned earlier, the upstream triangular jet exhibited the highest

mean trajectory and slightly faster jet break-down. As shown in the Figure 3.8,

the hanging vortex is straight and stretched at higher angle. As a result, the

crossflow swirls into the jet and reduces the magnitude of the vorticity in the

leading edge jet shear layer. While the core of the jet is protected by this
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Figure 3.7: Iso-surface of Q-criterion (top) and passive scalar (bottom) at the
same instant for square jet (Case II)
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reduced vortex activity, the lee-side of the jet exhibits more active features.

The core of the jet is longer compared to the square jet, leading to increased

formation of DSR that convect along the lee-side of the jet. Eventually, these

vortices collide with the USR and breakdown the jet. Eventually, this scat-

tering vortices collides with the USR, and break down the jet. Compared to

other geometry, the vortex breakdown occurs more quickly in this case. The

USR is not clearly shown in Figure 3.8 because it is already deformed. As

seen in Figure 3.2, Case III shows the highest mean trajectory among all four

cases. In addition to greater Vmax, the orientation of Case III results in large

distance between the leading edge and the center of the jet, allowing the core

more protection from the crossflow, and resulting in higher trajectory. Also,

Figure 3.5 shows two sources of CVP for Case III. The presence of leading

vertex allows the crossflow to fold the jet column even before is passes x/D=0.

A similar phenomenon was observed in elliptical jet with low aspect ratio [11].

New et al. named each vortex pair as primary and secondary CVP according

to the strength of the vorticity. [14]

For our case, the final far-field structure, it merges with a stronger

second source, leading to a single CVP. Before the initial source of CVP evolves

into an actual CVP, it is emerged with stronger source, and only one CVP is

observed. This feature clearly demonstrates that the effect of the jet shape is

confined only to the near field. No matter how unique the jet geometry is, it

eventually develops only a single CVP is developed eventually.
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Figure 3.8: Iso-surface of Q-criterion (top) and passive scalar (bottom) at the
same instant for upstream triangular jet (Case III)
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3.3.4 Case IV : Triangular (downstream) jet

The downstream triangular jet contains all the features seen in the

previous jets. However, this configuration also produces a horseshoe vortex

similar to flow around a cylinder. Strong influence of the jet edge normal to

the crossflow creates horseshoe vortices with greater magnitude compared to

other jet geometry. As studied by Fric [4] and observed by Yuan et al. [17],

horseshoe vortices and wake vortices are closely related. Wake vortices are

originated from the leg horseshoe vortices [4]. Figure 3.9 shows both the wake

and horseshoe vortices in the downstream triangle case. As the passive scalar

contour level of the Q-criterion iso-surface indicates, no direct effect of those

vortical structures on mixing is found, and this result is consistent with Fric

and Yuan et al. [4, 17].

It is observed that the jet is broken down the slowest in this case in the

time-averaged passive scalar field. In Figure 3.9, comparatively weaker hanging

vortex (the iso-contour of Q-criterion is the thinnest), and less intensive vortex

break down are shown. Because the triangle is pointing downstream, small

vortex columns attached to the wall vertically to entrain the crossflow is more

influential in the lee-side of the jet. As a result, the number of the DSR that

collide with the USR is limited. Vertical streaks are formed due to instability

of the jet shear layer, but the increase of such streaks is not as high as that

found in Case III.
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Figure 3.9: Iso-surface of Q-criterion (top) and passive scalar (bottom) at the
same instant for downstream triangular jet (Case IV)
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3.4 Effect of jet exit shape for free shear jet flow

One of the motivations for this research was the significant improve-

ments observed in engineering applications involving free shear jet flow by

simply changing the jet exit shape. Prior research indicates that significant

mixing enhancement can be achieved by changing the jet exit shape for free

shear flows.[30] Mixing between coflowing jets is comparatively better under-

stood than in JICF. In coflowing jets, first the jet velocity gradient around

the jet edge creates strong vorticity, which breaks up the jet by entraining

the coflow into the jet column. After the large coherent vortical structure

is formed, the jet shear layer allows fine scale mixing to occur. By study-

ing the vortex ring dynamics of elliptic and rectangular jets, many interesting

phenomenon, such as axis switching and bifurcation, were observed [31, 40].

Self-induced Biot-Savart deformation of vortex ring is the most dominant fac-

tor, especially near the corners of the jet geometry due to small local radius

of curvature [30].

While mixing in free shear jet can be enhanced by simply changing

the jet exit shape, such changes did not create similar mixing enhancement

in JICF. The flow evolution is dominated by the interaction of the jet and

the crossflow. Vortex ring deformation by Biot-Savart self-induction is only

effective in the near-field. As the vorticity is created by interaction between

the jet and the crossflow, the flow from each jet geometry evolves similarly.
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Chapter 4

Effect of Velocity Profile on Mixing Efficiency

In practical applications, it is easier to change the flow characteristics of

the incoming jet than the exit shape. For this reason, the effect of jet velocity

profile on JICF mixing is studied here. Prior studies [19] have indicated that

the crossflow boundary layer has a large effect on the trajectory of the jet.

Here, a similar effect is created by changing the jet inflow condition. Two

different cases are considered: a fully-developed laminar inflow and a mean

turbulent velocity profile. In this paper, for convenience, the former is called

parabolic jet and the latter is called top-hat jet. For both cases, the mass flux

was matched, the inlet Reynolds number is set at 3000, and a circular cross

section is used. The inflow is implemented in the code using mean profiles

superimposed with random fluctuations. The mean velocity profiles are shown

in Figure 4.1.

4.1 Mean trajectory

Figure 4.2 shows the comparison of mean trajectory of both parabolic

and top-hat jets. The parabolic jet penetrates into the crossflow more than

the top-hat jet. Such results have also been noted by Muppidi et al. [19]
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and New et al. [11]. The trajectory is influenced by, Vmax, the maximum

v-velocity at the center of the jet. As seen in Figure 4.1, Vmax for parabolic

jet is almost twice as large as Vmean, while Vmax for top-hat jet only reaches

about 1.4Vmean. In addition to this Vmax difference, vorticity fields near the

jet exit plays a significant role, and it will be dealt later in a separate section.

4.2 Mixing along the trajectory

Along the mean trajectory, mean passive scalar and variance were ob-

tained and plotted in Figure 4.3. Clearly, the effect of jet velocity profile is

much higher than that of exit shape (Figure 4.3). Note that the parabolic

jet is identical to case I in the previous study. Mean passive scalar of both

parabolic and top-hat jets decreases rapidly in the near-field and its decay

becomes modest in the far-field. From the variance plot, it appears that most

interaction between the jet and crossflow occurs in the near-field for both cases.

However, while the parabolic jet has its maximum variance less than 0.1, the

top-hat jet’s maximum variance exceeds 0.15. From comparing the jet evolu-

tion in both cases, it appears that the mechanism for fluid mixing is different

for the two inflow conditions. Figure 4.4 shows a snapshot from the two simu-

lations. For the parabolic jet, the flow from the jet undergoes rapid mixing for

x/D<3. This efficient form of mixing occurs as a vortical structure undergoes

eddy break-up (Figure 4.5), and due to the increase in the area exposed to the

crossflow, more mixing at molecular level is expected as the flow translates

downstream. On the other hand, top-hat jet forms vortex ring at the jet exit
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due to strong velocity gradient around the jet exit. Because of this periodical

large vortical structure, more crossflow fluid is swirled into it at an earlier

stage, forming leading edge and lee-side vortices (see Figure 4.4). However,

mixing by such process is less efficient than turbulent mixing in parabolic jet.

This periodical flow structure is translated downstream slowly mixing the jet

flow and the crossflow leading to higher variance along the mean trajectory in

the near-field.

The mixing process can be further understood by studying the evolu-

tion of vortex structures. From the previous observation, parabolic jet has

higher trajectory and more efficient mixing than top-hat jet. Since vortices

are important factor for the large scale flow circulation, its evolution for each

case is studied carefully in order to understand the difference.

The parabolic velocity profile provides a suitable condition for devel-

opment of a vortex shield at the leading edge of the jet flow in the near-field.

The velocity gradient is not sufficient to create vortices that can deflect the

jet, leading to a more upright jet. As the leading side of the jet column is

exposed to the crossflow, the shear layer becomes thinner and the more unsta-

ble, developing the ”vortex shield” (see the arrow in Figure 4.5). The vortex

shield is thin region with high vorticity magnitude due to shear. From this

shear layer thinning process, the magnitude of vorticity continuously increases,

and the resultant instability causes the tip of the vortex shield to be dispersed

into several vortices with random orientation and strength. The surface area

of jet/crossflow interaction is increased dramatically, providing a favorable
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along the trajectory. Parabolic jet (solid line) and top-hat jet (dash dotted
line).
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Figure 4.4: Instantaneous passive scalar contour on the symmetric plane for
parabolic (top) and top-hat(bottom) jet.
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Vortex shield

Figure 4.5: Instantaneous iso-surface of vorticity (|ω| = 13000) contoured with
passive scalar for the parabolic jet (top) and the top-hat jet (bottom).
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condition for mixing at the molecular level.

On the other hand, the velocity gradient for the top-hat jet is concen-

trated around the jet edge, therefore strong vortex ring is developed around the

jet exit. The magnitude of vorticity is strong enough to entrain the crossflow

immediately after the jet is exposed to the crossflow. As a result, large vortical

structures, and in particular the leading-edge and lee-side vortices, are created

at an early stage. Although it entrains more of the crossflow initially, the mix-

ing solely relies on the circulation in the core of the vortex ring. The presence

of the large scale structures that do not break down soon enough, leads to

slower mixing. The vortex ring is formed at a certain frequency, similar to

Kelvin-Helmholtz instabilities, with a reduction of velocity-gradient through

jet deflection. This large scale coherent structure coupled with reduced small

scale mixing leads to the higher scalar variance observed in Figure 4.3.
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Chapter 5

Structure of Reaction Zone in Transverse Jets

In most practical application, transverse jets are used for molecularly

mixing two different reactants that will ultimately undergo chemical reactions.

In this particular work, we consider a simple competitive-consecutive reaction

mechanism as a surrogate for reaction systems encountered in the chemical

processing industry. In such systems, one reaction produces the primary re-

actant, while secondary reactions lead to unwanted secondary products. The

presence of large recirculation zones or excess reactants can lead to a reduction

in product yield. For certain reactants, this secondary product is known to

precipitate out leading to deposition on the bottom wall.

To understand the role of the jet structure on the reaction process, we

introduce a competitive-consecutive reaction system containing four species

(A,B,R, S) that react according to the following reactions:

A+B → R (5.1)

B +R→ S (5.2)

The primary reaction should be faster than the secondary reaction,

otherwise there would be no primary product [32]. The ratio of the reaction
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time scales is an important parameter [32] and will be considered here. In

terms of the discussion above, main objective is to understand the evolution

of the secondary production S so that it can be minimized. The jet is assumed

to be pure A while the crossflow is made of pure B. The transport equations

for the four species can be written as

∂cA
∂t

+ Uj
∂cA
∂xj
− Γ

∂2cA
∂xj∂xj

= − k1 cAcB, (5.3)

∂cB
∂t

+ Uj
∂cB
∂xj
− Γ

∂2cB
∂xj∂xj

= − k1 cAcB − k2 cBcR, (5.4)

∂cR
∂t

+ Uj
∂cR
∂xj
− Γ

∂2cR
∂xj∂xj

= k1 cAcB − k2 cBcR, (5.5)

∂cS
∂t

+ Uj
∂cS
∂xj
− Γ

∂2cS
∂xj∂xj

= k2 cBcR, (5.6)

where k1 and k2 denote the reaction rates for the primary and secondary reac-

tions. The reaction rate constants are defined in terms of the non-dimensional

Damköhler number.

Da =
τf
τc
, (5.7)

where Da is the Damkohler number, τf is a characteristic fluid time scale, and

τc is the chemical time scale. The reaction and flow parameters can be related

to the Damkohler number as follows:

Da1 =
k1cB0H

uτ
, Da2 =

k2cB0H

uτ
, (5.8)

where H is jet pipe diameter and uτ is the friction velocity. cB0 is initial

concentration of B which remains at 1. The parameters are chosen based on

the studies conducted by Vrieling etal.[32]
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Case Geometry Da1 Da2 cA0

A Circle 50 5 0.0355
B Circle 50 10 0.0355
C Circle 10 1 0.0355
D Circle 10 1 0.00716
E Circle 10 1 1
F Square 10 1 1
G Triangle (upstream) 10 1 1
H Triangle (downstream) 10 1 1

Table 5.1: List of simulation for effect of mixing parameters: Da1, Damköhler
of the primary reaction; Da2, Damköhler of the secondary reaction; cA0 , initial
concentration of crossflow

5.1 Effect of mixing parameters in consecutive-competitive
reaction

Before studying the effect of inlet condition, the controlling parameters

in the competitive-consecutive reaction were examined. Table 5.1 shows a list

of simulations conducted to study reaction structure in transverse jet. Case

A through C were conducted to verify the role of Damköhler number in the

mixing process. Then, the inlet concentration of scalar A was varied in cases

C through E. Finally, effect of jet geometry was studied at the same mixing

condition (cases F through H).

It should be noted that the Damköhler number has been defined in

terms of an integral scale timescale for the fluid motion. As the Damköhler

number increases, the reaction zone becomes thinner, and will ultimately be

smaller than the Kolmogorov length scale. For instance, in the flamelet-limit

of combustion, the reaction zone is much thinner than the Kolmogorov length
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scale. The cases considered here fall under the category of distributed com-

bustion, where the turbulent straining of the reaction zone penetrates occurs

at length scales smaller than that of the reaction layer. Consequently, only

Damköhler numbers up to a value of 50 can be supported by the computational

grid used in the nonreactive flow calculations discussed in the previous chap-

ters. At Da=10, chemical reaction is 10 times faster than characteristic fluid

motion. If Damköhler number is too high, the reaction takes place immediately

after the fuel is injected to the crossflow. Because the competitive-consecutive

reaction is passive to the flow field, the time step remains the same in the

computation. Cases B and C have same Damköhler number ratio, but Case

C is simply slowed down by factor of five.

In order to examine how Damköhler number affect the mixing, con-

centration of the primary product and the secondary product along the mean

trajectory of Case A through C are shown in Figure 5.1. Note that Case A

and B have the same Da1 = 50, while Case A and C have the same Damköhler

number ratio, 10 to 1. Since cR and cS are produced from dissolved jet fluid,

the amount of cB can be inferred from the sum of cR and cS. Case A and B

have the same amount of the total product (sum of dotted line and solid line

are the same). The first reaction rate is the key parameter that controls the

total amount of product. Case B has higher value of cS because the secondary

reaction is twice as fast as the other cases. While Da2 doubled from Case

A to B, cS did not, however, increase by factor of two. But it is interesting

to see ∆cR and ∆cS are consistent between Case A and B. While Damköhler
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number ratio was held constant at 10 to 1, the reaction rate was decreased

by factor of five in Case C. The most apparent change caused by lowering

the reaction rate was a decrease in the total product. Even cR (green solid

line in Figure 5.2) is produced in different curve shape. The evolution of cR

is modified by this change in rate coefficient. In the far field, Case C shows

that the reactions are incomplete while the other cases lead to fairly uniform

values in the far field. Theoretically, cR is supposed to be consumed by the

second reaction, but due to limited quantity of cB, this trend was not observed

in this calculation. The concentration ratio of the primary and the secondary

product was smaller than Case A despite the same Damköhler number ratio.

There are two sources of delay in the secondary product; Da2 was reduced by

factor of five, but the secondary reaction is not possible without the primary

product whose reaction rate was also decreased. As a result, cS of Case C

(green dashed line) is consistently smaller than Case A (blue dashed line) by

a factor of five.

Next, different values of the initial concentration of crossflow, cA0 were

evaluated for the same reaction mechanism. The volumetric flow rate of the

crossflow and jet are different due to differences in the inflow area and velocity.

To understand the impact of species dilution, the initial concentration of the

reactants were altered. In particular, the crossflow species A was changed.

Case D considers inflow dilution by a factor of 5 compared to case C. In case

E, the inflow concentration is set to 1. This increases the net flow of species A

into the domain. Figure 5.1 shows the variation of species B in the wall-normal
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Figure 5.2: Mean cR (solid line) and cS (dashed line) along mean trajectory;
Case A (blue), Case B (red), and Case C (green)

direction at a downstream distance of x/D=5. The jet fluid B is consumed

by reactions, the variation of B is indicative of the progress of the reaction.

The different cases yield qualitatively similar results, with increased dilution

reducing the overall reaction rate. The use of higher concentration of species

A seem to fully consume species B at this location. It should be noted that the

large variations within the profile is due to a lack of statistical convergence.

Nevertheless, higher concentration of species B is found in the inner core of

the jet, and lower values in the boundary layer near the lower wall.
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5.2 Effect of jet geometry

To understand the role of near-field vortical structures on mixing and

reaction, the jet exit shape was varied similar to the studies detailed in the

previous chapters. Here, the different orifice conditions were used along with

the following parameter values: Da1 = 10, Da2=1, and CA0 = 1. These

simulations correspond to cases E through F in Table 5.1.

5.2.1 Reaction zone in transverse jet

The structure of the reaction zone can be visualized by plotting the

source term for the primary and secondary reactions. In particular, the terms

SR and SS, which correspond to the reaction source terms for species R and

S, respectively, will be considered. The reaction structure is discussed based

on the square jet (Case F) results. While the other cases show changes in the

reaction zone, similar to the mixing studies, these changes did not significantly

alter the characteristics of the flow system.

As shown in Figure 5.3, majority of cR is produced by the reaction

zone in the leading edge of the jet column. As highlighted by upper box,

active chemical reaction occurs along with vortical roll-up motion to stretch

out the contact surface. This initial contact between the jet and crossflow is

aided by shearing motion. Comparably weaker reaction was observed in the

lee-side of the jet column. Vortical motion behind the jet is very complicated,

but signs of swirling up motion that draw crossflow into the jet core was seen.

On the other hand, the secondary reaction was occurring near the jet core, and
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Figure 5.3: Contour of reaction zone of cR in square jet in crossflow (Case F).
Active reaction regions are boxed.

slightly further downstream (note the position of the boxes on Figure 5.3 and

Figure 5.4). The secondary reaction zone is not located where direct contact

of jet and crossflow occurs near the jet core, and slightly downstream of this

region.

Both the primary and the secondary product are shown in Figure 5.5.

The jet plume was divided by the center plane, showing contour of cR on the

right side, and iso-surface of cS = 0.01 on the left side. Although the peak

reaction rates were near the outer edge of the jet, the product concentration

was highest on the inside and lee-side of the jet. The streamline from the highly
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Figure 5.4: Contour of reaction zone of cS in square jet in crossflow (Case F).
Active reaction regions are boxed.
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Figure 5.5: Area-averaged concentration of all species variation along the mean
trajectory in circular jet (Case E)

reactive location, for example the top box in Figure 5.4, evolves with swirling

motion to create CVP, and passes through the region with high secondary

product concentration. The main reason for the high concentration of S on

the lee-side is the nature of its formation. Once the primary product R is

produced in the leading edge of the jet shear layer, it flows around the jet

column and is entrained on to the lee-side of the jet. With large quantities

of B present in this location, the primary product reacts to produce S. If the

jet break-up were faster, this would reduce the entrainment and lead to a

reduction in the formation of S.
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5.2.2 Mixing quantity comparison

To better understand the evolution of the species, a plane-averaged

measure of concentration was studied. From the mean flow-field, the stream-

line originating from the jet center was calculated as mean trajectory. Then

20 points were selected from the trajectory with increasing distance from the

origin. At each point, a plane normal to the trajectory was constructed. On

each plane, the surface integral of each concentration was calculated, then

normalized by the jet boundary area, defined by a threshold value for each

concentration. Figure 5.6 shows variation of average species concentration

along this streamline based trajectory in different color. The mixture fraction

(black solid line), is defined as sum of cB, cR, and cS. It is clearly shown

that jet fluid is consumed very fast, so only limited amount of the secondary

product is obtained.

Among these four species, the jet fluid B and secondary product S

were examined for the four different exit shapes. Figure 5.7 shows the decay

of plane-averaged cB along the mean trajectory. The upstream triangle case

showed the least amount of jet fluid compared to other cases, indicating in-

creased consumption consistent with faster breakdown of the jet. Result from

faster jet break-up process is consistent. On the other hand, the downstream

triangle showed the worst mixing performance with the highest amount of S.

The downstream triangle contains a broad interface between the jet fluid and

the crossflow that allows for the primary product to be formed. However, the

presence of vortical entrainment pushes this primary product to the lee-side
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Figure 5.6: Area-averaged concentration of all species variation along the mean
trajectory in circular jet (Case E)
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Figure 5.7: Area-averaged cB along the mean trajectory
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Figure 5.8: Area-averaged cS along the mean trajectory

which contains significant amount of jet fluid. This leads to increased pro-

duction of S. The upstream triangle, on the other hand, quickly exposes the

jet core to the crossflow, leading to higher yield for the primary product. Jet

break-up in downstream triangular jet is inefficient. These observation agree

with the ones from vortex evolution. Upstream triangular jet (Case G or III

in Table 3.1) exhibited strong hanging vortices at comparably higher angle

from bottom, which enhanced the exposure of the jet core to the crossflow.

Although the mixing and reaction zones are similar for the different cases,

quantitive differences are found due to the nature of the near-field vortical

structures. In particular, the faster breakdown of the core jet resulted in

reduction of secondary product.
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Chapter 6

Conclusions and Future Work

The effect of jet geometry and jet velocity profile on transverse jet

mixing process was examined using direct numerical simulation. Compared

to velocity ratio, mixing enhancement was minimal for different exit shapes.

However, many interesting flow features were observed in the near-field de-

pending on the jet configuration.

In the near-field, there are slight difference in flow evolution to form

CVP from each jet geometry. Changes in jet exit shape alters the vortical

structures in the near field. A detailed examination of the vortical field using

the Q-criterion showed that the formation of CVP is affected by the near-field

structures, but this effect quickly dies down with different vortex patterns lead-

ing to similar CVP structure in the far field. Sporadical vortex shedding was

observed as a result of the collision between USR and DSR vortical structures.

The location of these collisions determined the jet breakdown length, and was

affected by the jet exit shape. For instance, the upstream triangle showed

the fastest jet breakdown while the downstream triangle was least efficient at

mixing the fluids.

A change in the jet exit velocity profile affected jet trajectory consider-
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ably. A parabolic exit shape led to higher mean trajectory, with the formation

of a vortex shield around the jet. The top-hat profile, on the other hand,

created coherent vortical structures that persisted longer, resulting in delayed

small scale mixing.

Simulation of a system of competitive-consecutive reactions showed the

presence of spatially separate reaction zones for the primary and secondary

reactions in a transverse jet. While the jet exit shape created some changes in

the reaction structure, the overall qualitative features remained the same.

In the future, extension of this DNS study to reacting exothermic flows

need to be considered. Further, the impact of the vortical structures on the

dissipation rate of scalars, and as a result the reaction zone needs to be better

understood.
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