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The effect of a cross-sectional exit plane on the downstream mixing characteristics of a circular turbulent jet is in-
vestigated using large eddy simulation (LES). The turbulent jet is issued from an orifice-type nozzle at an exit Reynolds
number of 5×104. Both instantaneous and statistical velocity fields of the jet are provided. Results show that the rates of
the mean velocity decay and jet spread are both higher in the case with the exit plate than without it. The existence of the
plate is found to increase the downstream entrainment rate by about 10% on average over the axial range of 8–30de (exit
diameter). Also, the presence of the plate enables the formation of vortex rings to occur further downstream by 0.5–1.0de.
A physical insight into the near-field jet is provided to explain the importance of the boundary conditions in the evolution of
a turbulent jet. In addition, a method of using the decay of the centreline velocity and the half-width of the jet to calculate
the entrainment rate is proposed.
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1. Introduction

Circular turbulent jets have been extensively investigated,
owing to their important role in fundamental research on tur-
bulence and wide applications in industries, and also our daily
life. Typically three types of circular nozzles are commonly
used: long pipe (LP), smooth contraction (SC), and orifice
plate (OP). A great number of experimental and theoretical
studies have focused on the velocity and scalar mixing char-
acteristics of circular free jets, in both mean and instantaneous
terms, from LP and particularly SC.[1–8] Numerical studies of
circular jets[9–12] often use LP or SC nozzles due to the above-
mentioned reason, which may be regarded as one key reason,
in addition to the simplicity in realizing and adjusting the inlet
profiles of both LP (often 1/7-power law) and SC (‘top-hat’)
jets.

Relatively speaking, the OP jet has drawn little attention
for fundamental study on jets, perhaps due to its very complex
flow structure around the exit plate, resulting in complicated
initial velocity profiles. Mi et al.[13] have reported on some
properties of the OP jet by comparing the jets issuing from
nine differently shaped nozzles. The mixing characteristics
of the OP jet were explored by Mi et al.[14] using flow vi-
sualizations and temperature measurements. They found that
the OP jet has the greatest entrainment with the ambient fluid
since the structures in the initial region of the OP jet are more
three-dimensional. Quinn[15] used hotwire (HW) velocimetry

to investigate the velocity properties of the OP jet and discov-
ered that the centerline mean velocity decays faster for the OP
jet than for the SC jet. Other properties like mean streamwise
velocity, the turbulent Reynolds stress, and the autocorrela-
tion coefficients of the OP jet were also reported. Recently
Mi et al.[16] used particle image velocimetry (PIV) techniques
to unveil more properties including the instant flow field of
the OP jet of high Reynolds number and confirmed the phe-
nomenon reported by Quinn. Previous studies have shown
that the evolution of the jet is strongly related to the near-field
three-dimensional motions.[17–19] Yet, the vortical structures
of the OP jet remain unknown while the vortical structures of
SC and LP jets have been investigated by flow visualization
techniques and numerical simulations. The numerical simu-
lation is a good way to reveal the three-dimensional motions
and other profiles of the OP jet. Unfortunately, no such work
has been conducted, perhaps due to the nozzle exit conditions
being more complicated than those of LP and SC jets.

The exit profiles are of great importance for the down-
stream development of the jet, so, numerous studies have fo-
cused on this topic.[4,7,10,12,20–23] Nevertheless, the environ-
mental condition of the exit, which also influences the evolu-
tion of the jet, has been less concerned. Babu and Mahesh[24]

and Romano[25] have investigated the effects of the cross-
sectional exit plate (Fig. 1) using direct numerical simulation
(DNS) and flow visualization techniques, respectively. While
the DNS results of an LP jet by Babu and Mahesh showed that
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the exit plate has minor effects on the jet profiles, the exper-
imental results of an SC jet by Romano manifested that the
evolution of the vortical structures is significantly affected by
the exit plate, even the statistical profiles of the SC jet have
some differences. To the best of our knowledge, the effects of
an exit plate on the OP jet have not been studied yet. The oppo-
site results presented by Babu and Mahesh[24] and Romano[25]

imply the necessity of the investigation on how the exit plate
influences the development of an OP jet.

The present study is to address the deficits indicated
above. The main objectives are (i) to provide flow field data
of the OP jet using numerical simulation and (ii) to examine
the influence of the cross-sectional exit plane on the down-
stream flow of an OP jet by using both the instantaneous and
statistical properties of the flow and thus providing physical
insight into the jet. Also, the investigation on the exit-plate
effect will benefit the jet applications in industry. To this end,
computations by large eddy simulation (LES) based on the dy-
namic Smagorinsky–Lilly subgrid-scale model of the OP jets
in the cases with and without the exit plate are performed at
Re = 5×104, where Re =Ujde/ν , with Uj being the bulk mean
velocity of the exit, de the exit diameter and ν the fluid kine-
matic viscosity.

2. Computational details
2.1. Governing equations and numerical methods

The filtered governing equations of viscous incompress-
ible flow for LES are

∂ui

∂ t
+u j

∂uiu j

∂x j

= − 1
ρ

∂ p
∂xi

+ν
∂ 2ui

∂x j
−

∂ (uiu j−ui u j)

∂x j
, (1)

∂ui

∂xi
= 0, (2)

where xi (i = 1, 2, 3) are the coordinates, are the filtered ve-
locity components, p is the filtered pressure, ρ and ν are the
density and kinematic viscosity of the fluid respectively, which
are both considered to be constant. The subgrid-scale (SGS)
stress tensor

τi j = uiu j−ui u j (3)

is modeled by Smagorinsky as

τi j−
1
3

δi jτkk =−2νtSi j, (4)

where δ i j is Kronecker’s delta, ν t is the Smagorinsky eddy
viscosity, and is the resolved strain rate tensor, which is de-
fined as

Si j =
1
2

(
∂ui

∂x j
+

∂u j

∂xi

)
. (5)

For the original Smagorinsky SGS model, the Smagorin-
sky eddy viscosity is estimated by

vt = L2
s
∣∣S∣∣ (6)

with and Ls being the mixing length for subgrid scales com-
puted as

Ls = min(κd,Cs∆), (7)

with κ being the von Kármán constant, d the distance to the
closest wall, Cs the Smagorinsky constant, and ∆ = V 1/3 the
local grid scale for filtering (here V is the computational cell
volume). In the dynamic Smagorinsky–Lilly model, which
was proposed by Germano et al.[26] and subsequently modi-
fied by Lilly,[27] a second, coarser spatial filter (called the test
filter) is applied. At the second filter, the stress tensor can be
expressed as

Ti j = ûiu j− ûi û j, (8)

where the hat symbol ̂ denotes the second filter.
By applying the Smagorinsky SGS model, the sub-test

scale stress tensor can be similarly approximated by

Ti j−
1
3

⌢
σTkk =−2C

⌢

∆

∣∣∣Ŝ∣∣∣ Ŝi j, (9)

where ∆̂ = 2∆ is the test filter scale, and C is the Smagorinsky
constant (square of the original quantity). Germano et al.[26]

related the sub-grid scale stress to the sub-test scale stress by

Li j = Ti j− τ̂i j = ûi u j− ûi û j, (10)

where Li j can be computed explicitly from the resolved scale
stress.

Subtracting a second filtered result of Eq. (4) from Eq. (9)
and using Eq. (10), one has the relationship between Li j and
the Smagorinsky constant C. Using the least-square method to
solve C and noting that in an incompressible flow, we have

C =
1
2

Li jMi j

M2
i j

, (11)

where

Mi j = ∆
2 ∣̂∣S∣∣Si j− ∆̂

2
∣∣∣Ŝ∣∣∣ Ŝi j. (12)

From the above equation, it can be seen that C is a lo-
cal value varying both with time and space in the dynamic
Smagorinsky–Lilly model. To avoid numerical divergence, C
is clipped in a range from 0 to 0.23 in the present simulation.
The equations of the dynamic Smagorinsky–Lilly LES model
are solved by a finite volume method based on FLUENT v6.3
with the boundary conditions implemented through the user-
defined function (UDF) feature, which are to be discussed in
the following section. For temporal discretization, a second-
order implicit scheme is used and a bounded central difference
scheme is used for spatial discretization. The PISO method is
applied to the pressure-velocity coupling.
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2.2. Physical model and the grid

The nozzle configuration for present simulation is shown
in Fig. 1, which is similar to that in Mi et al.’s[16] experi-
ment. The nozzle is characterized by an air supply tube with
25.4 mm in diameter, i.e., D = 25.4 mm (1.0 inch), and an
orifice plate serving as the outlet with an exit diameter of
de = 12.5 mm. Two cases for the present study are consid-
ered, i.e., a jet issuing from the nozzle exit (a) with and (b)
without a flat plate of 278.4 mm in diameter. The bulk mean
velocity of incompressible air issuing from both nozzles is
Uj = 58.71 m/s at room temperature, which produces the cor-
responding Reynolds number Re = 5×104.

t r

D

L
x

de

de

inflow 45O

ϕ

(a) (b)

Fig. 1. (color online) Schematic diagrams of the nozzle with de =
12.5 mm, D = 25.4 mm (1.0 inch), L = 62.5 mm, and t = 1.5 mm
in the cases (a) without exit plate and (b) with exit plate.

According to the coordinates and the scales specified in
Fig. 1(a), the size of the computational domain is−5< x/de <

30 for the axial range, r/de ≤ 11 for the radial range and
0 ≤ ϕ ≤ 2π for the azimuthal range, respectively. By dou-
bling the domain radius, it is found that the domain radius
of 11de is sufficiently large for the present simulations of the
mean and fluctuating flow fields. A similar domain size set-
ting can be found in Ref. [12]. The number of grid points
is 500(x)×128(r)×112(ϕ), about 7.2 million in total. Fig-
ure 1(b) shows how the exit plate is attached to the nozzle.

For accurate predictions of the shear layer and the lami-
nar sub-layer, refinements are applied to the wall boundaries to
keep Y+ < 1 in most of the grid and sufficient grid points that
are located inside the shear layers to simulate significant veloc-
ity gradients (Fig. 2). Grid sizes are non-uniformly distributed
in both the radial and axial directions. The grids are clustered
near the jet exit, and the grid within the potential core of the
jet is as fine as ∆x = 0.008de. Uniform grids are used in the
azimuthal direction, as Fig. 2 shows. Figure 2 also illustrates
the computational domain, grid distribution, and the bound-
ary conditions of the present two cases. The no-slip boundary
condition is adopted at all the wall surfaces (surfaces of supply
tube and the exit plate). At the radial boundary R = 11.136de,
p = 101325 Pa, and ∂ui/∂ r = 0 are used. At the outlet bound-
ary (x = 30de), p = 101325 Pa, and the Neumann condition
∂ui/∂x = 0 (zero gradient) are taken. p = 101325 Pa and
∂ui/∂x = 0 are also taken at the upstream ambient boundary
(x =−5de) for the case without the exit plate.

no exit plate

with exit plate

35de

22.272de

30de

u/u↼r↽

p/ Pa

∂ur/∂r/

p/ Pa

∂ui/∂x/

no slip

p/ Pa

∂ur/∂r/

p/ Pa

∂ui/∂x/

Fig. 2. (color online) Size and grid distribution of the computational domain and the boundary conditions for the present simulation
(only half the computational domain of each case is shown).

Following the experiment of Mi et al.,[16] the inflow for
the present simulations is assumed to be the fully-developed
internal turbulence. Hence the velocity distribution of the in-
flow can be described by the empirical (1/7)-th power law, i.e.,

u(r) = umax

(
1− |r|

D/2

)1/7

, (13)

where r is the distance from the centerline, D is the diameter
of the supplying tube (‘(1/7)-th inflow’ is for referring this in-
flow condition in the following discussion). Random fluctua-
tions are added to the inflow, and the root-mean-square (RMS)
value of fluctuation amplitude is set to be 0.01u(r). The inflow
condition is implemented using UDF in FLUENT and updated
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for each time step.
The Strouhal number St = f d/Uj ( f being the frequency

of occurrence of the primary vortices) of the circular jet ranges
from 0.3 to 0.6 (see Ref. [28] by Gutmark and Ho). Accord-
ing to Mi et al.,[16] the Strouhal number of the jet from the
orifice plate is larger than those from nozzles of the other two
types. Thus, St = 0.6 is chosen in the present study so that the
frequency is

f =
Stue

de
= 2804 Hz. (14)

The time step used in the present simulations is therefore
set to be ∆t=2×10−5 s, which is fine enough to capture the oc-
currence of the primary vortices and their motions such as their
formation and breakdown in the near-field region. The flows
become stable after 1500T , where T is a time scale defined as
T = de/Uj. Flow field statistics time is 6000T , corresponding
to about 3300 primary vortices generated. The effects of grid
resolution and inflow profile will also be discussed in the fol-
lowing section. All the computations are performed using a
DELL Precision Tower T7500 with 12 CPUs.

3. Results and discussion
3.1. Characteristics of the OP jet velocity field (validation

of the simulation)

Dimotakis[29] found that the influence of Reynolds num-
ber becomes insignificant in similar turbulent flows of any
type when their Reynolds numbers exceed a critical value. He
claimed that the critical outer-scale Reynolds number should
be Re = 1− 2× 104 generally for any turbulent flow. Later,
Mi et al.[30] revealed that the normalized values of turbulent
flow properties in a turbulent round jet converge asymptoti-
cally when Re > 104. Therefore, it makes sense to validate
the present simulations performed at Re = 5×104 by the PIV
measurements of Mi et al.[16] in a similar jet configuration.
However, with Re = 7.5× 104, note that the two Reynolds
numbers are much larger than the likely critical value of 104

and thus these two OP jets are comparable.
The instantaneous vortex field in the near-field region, the

mean velocities of the exit and downstream field, the center-
line velocity (Uc) and fluctuating RMS velocity, the half-width
(radial distance from the centerline at which U = 0.5Uc) and
the mean entrainment rate of the jet are chosen for this valida-
tion.

First, following Mi et al.’s[16] and Xu et al.’s work,[31,32]

we use a relative coordinate system at a streamwise transla-
tion speed of 0.6Uj (bulk mean velocity at the exit) to present
the instantaneous streamlines in the longitudinal center plane
which can ‘visualize’ the distribution of the primary vortices
over a distance of x ≈ 8de (Figs. 3(a1)–3(a3)). For compar-

ison, the PIV results given by Mi et al.[16] are presented in
Figs. 3(b1)–3(b3).

Figure 3 shows the contours of the vorticity of the axial
plane ϕ = 0 in different cases. We can see that eddies vi-
sualized by the streamlines match the corresponding contours,
proving the effectiveness of the visualization method proposed
by Mi et al.[16] Figure 3 clearly demonstrates that the non-
axisymmetric vortices occurring in the near-field are well cap-
tured by the simulation and these vortices are apparently sim-
ilar to those from the PIV measurements. The instantaneous
(relative) streamlines appear to imply that ring-like structures
occur in the near field, which have been reported by both ex-
perimental and numerical studies,[7,10,12] travel downstream
and then break down due to their interactions with each other
and with the surrounding flow. This deduction is consistent
with the three-dimensional structures of the jet shown later.
Both the LES results and the PIV measurements show that the
vortex rings break down from about x/de = 2.5, where the vor-
tex cannot be explicitly paired.

Figure 4 shows the comparison between the mean veloc-
ity fields in the longitudinal center plane obtained by LES and
those obtained by PIV. As expected naturally from the com-
parison of Fig. 3, LES predicts the mean velocity field well.
Looking at the near field region in Fig. 4(a), we can see that
the vena contracta is also correctly simulated by LES even it
is not shown by the PIV result probably due to the resolution
limit. Downstream within the potential core, i.e., the region
where the mean velocity is approximately constant, the pre-
dicted and measured mean flows are overall similar, i.e., the
jets mix with the surroundings and spread out continuously
as x increases. However, precisely there are some differences
between the predictions and measurements: after the poten-
tial core, the centerline velocity predicted decays at a slightly
higher rate than the measured velocity.

To examine the effects of the grid resolution and the in-
flow condition, two additional no-exit-plate cases, namely, a
coarse mesh case (grid number of 300(x)×84(r)×112(ϕ)),
with the (1/7)-th inflow condition and a coarse mesh case with
a uniform inflow condition, are investigated. Figure 5 shows
that the exit velocity is well predicted by the present LES with
the (1/7)-th inflow condition. It is worth noting that, while the
SC jet exhibits a ‘top-hat’ inflow velocity profile, the inflow
velocity profile of the OP jet is shaped like a letter ‘M’. The
rescaled LES result of the fine mesh case with the (1/7)-th in-
flow condition is very close to the HW measurement of Mi et
al.,[14] indicating a good accuracy of the present simulation,
even on the upstream flow. Also, we can see from Fig. 5 that
the use of the (1/7)-th inflow condition significantly improves
the prediction of the nozzle exit mean velocity while the grid
refinement has a minor effect.
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translating at vx = 0.6Uj. Panels (a1)–(a3) show the LES results; panels (b1)–(b3) are the results cited from Mi et al.’s work.[16]
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Fig. 5. (color online) Mean velocity distributions of the nozzle exit.
Here Uc is the mean velocity at x = 0.1de.

Figure 6 presents the predicted centerline mean veloci-
ties of the OP jet by plotting U/Um and Um/U versus x/d,
where Um is the maximal mean velocity along the centerline.
For comparison, the experimental results of Mi et al.[16] and
Quinn,[15] and the predicted results of the additional cases are

044704-5



Chin. Phys. B Vol. 23, No. 4 (2014) 044704

also plotted in the figure. Fairly clearly, overall the predic-
tions accord well with the measurements. Among the three
simulation cases presented in Fig. 6, the fine and coarse mesh
cases with the (1/7)-th inflow condition are predicted more ac-
curately. However, the result of the coarse mesh case with uni-
form inflow condition displays an obvious discrepancy from
the measurements. Although the difference in the result be-
tween the fine mesh case and coarse mesh case with the (1/7)-
th inflow condition is minor, a fine mesh is more appropri-
ate for simulating the three-dimensional vortical structures.
Hence, the following discussion will be based on the simu-
lations using a fine mesh and the (1/7)-th inflow condition.

0

0

1

2
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4
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6

7

1.00
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0.50

0.25

(a)

(b)HW, Quinn[15]

PIV, Mi et al.[16]

present, fine grid, 

(1/7) th inflow
present, coarse grid, 

(1/7) th inflow
present, coarse grid, 
uniform inflow
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U
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m
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U

x/de

0 10 20 30
x/de

Fig. 6. (color online) Mean velocities of the centerline. (a) Normalized;
(b) normalized and inversed. Here Um is the maximal mean velocity
along the centerline.

In Fig. 6, of interest, however, there is some difference oc-
curring between x/de = 5 and x/de = 20, i.e., in the transition
region, followed by a good agreement in the far field. Corre-
spondingly, the half-width of the simulated jet is wider than
that from the measurements (Fig. 7). That is, both decay rates
of the centerline velocity and half-width appear to be slightly
overestimated in the transition region by the present simula-
tion. Such differences may be caused by the inflow conditions.
Though we have introduced a power-law inlet velocity distri-
bution to mimic the full developed turbulent flow in a round
tube, there are other properties like Reynolds stresses of the
inflow that are unknown and so cannot be considered. Also,
if a careful comparison is made between the exit mean ve-
locity distributions from the present LES prediction and the

hotwire measurements[14] in Fig. 5, a small but discernible
difference in the boundary layer is seen, i.e., the momentum
thickness of the jet exit is predicted to be a bit thinner. Ac-
cording to Kim and Choi’s work,[12] the jet flow is sensitive to
the inflow momentum thickness: at the same Reynolds num-
ber, the thinner the inflow momentum thickness, the faster the
jet decays. Considering the above reasons, the differences be-
tween the LES and experimental results in the transition re-
gion can be explained reasonably well. It is worthwhile not-
ing that Quinn’s experiment is also performed at a sufficiently
high Reynolds number Re = 1.84× 105 so that the Reynolds
number effect should be negligible when examining the dis-
crepancy between the simulated and the experimental results
according to the previous discussion.

0 10 20 30

x/de

HW, Quinn[15]

PIV, Mi et al.[16]

present simulation

3.0

2.0

1.0

0

r
1
/
2
/
d

e

Fig. 7. (color online) Half-widths of OP jets.
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Quinn (1990)

u′/Uc↪ Mi et al.[16]

v′/Uc↪ Mi et al.[16]

u′/Uc↪ Mi et al.[13]

u′/Uc↪ present
v′/Uc↪ present
w′/Uc↪ present

Fig. 8. (color online) RMS values of the centerline velocity fluctuations
of OP jets

The centerline RMS (denoted by u′ ≡ 〈u2〉1/2, v′ ≡
〈v2〉1/2, and w′ ≡ 〈w2〉1/2 for the three components) values
of the velocity fluctuation of OP jets are presented in Fig. 8.
All the three components first increase as x increases and then
reach their maxima at a downstream distance and remain al-
most at the same level farther downstream. For any axial
location, u′ is larger than v′ or w′, and the latter two are
nearly equal always. These observations are consistent with
the measurements of Mi et al.[16] Generally, the predictions
from the present simulation accord with the measurements of
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Mi et al.[13,16] within the near-field (x < 5de) and the far-field
(x > 15de). However, the present simulation overestimates the
RMS values in the transition region (5de < x < 15de) of the
OP jet, especially for v′ and w′. From Fig. 8 we can see that
the present simulation predicts u′ quite well but the predictions
of v′ and w′ needs improvement.

Another important property of the mixing characteristics
of jet is the entrainment rate (ER). Here we propose a method
to calculate the ER using the centerline velocity and half-width
of the jet. ER is defined as

ER =
M−M0

M0
, (15)

where M0 = ρπd2
eU0/4 is the inlet mass flow rate, and M is

the mass flow rate of the cross section at location x, i.e.,

M =
∫

∞

0
ρU2πrdr. (16)

Numerous previous investigations (e.g., Hussain et al.[2]

and Mi et al.[16]) have suggested that in the fully developed
region,

U =Uc e−(r/r1/2)
2 ln2, (17)

where Uc is the centerline mean velocity. By substituting
Eq. (17) into Eq. (16) and calculating the integral, we can ob-
tain that

M = (ln2)ρπr2
1/2Uc. (18)

Hence,

ER =
M−M0

M0
=

4
ln2

(
r1/2

de

)2(Uc

U0

)
−1. (19)

Using the data at x/de ≥ 8 where the mean velocity profile
approximately follows the Gaussian distribution, and linearly
fitting the inversed centerline velocity and half-width of the
jet, the ER can be calculated by Eq. (19).

In the fully developed region, one can derive that

Um

Uc
∝

x
de
,

r1/2

de
∝

x
de

(20)

from the assumption of self-similarity. By substituting
Eq. (20) into Eq. (19), we can infer that ER also has a self-
similar solution in the fully developed region, i.e., the ER has
a linear relationship with the normalized distance x/de:

ER =
M−M0

M0
∝

x
de
. (21)

The ER measurements from Mi et al.[16] and Zaman[21]

(Fig. 9) confirm Eq. (21). Note that Eq. (21) also implies the
different importance of half-width spreading and velocity de-
cay in the entrainment rate of the jet. Since ER is proportional

to the square of r1/2 but only linearly proportional to Uc, we
can see that the half-width is more weighted than the center-
line velocity in describing the mixing between the jet and the
ambient fluid.

The good agreement between the directly-measured data
and the estimated result by Eq. (19) of Mi et al.[16] validates
the correctness of Eq. (19). Figure 9 also shows that the simu-
lated ER accord well with the experimental results of Mi et
al.[16] and Zaman,[21] indicating that the measured flow by
Mi et al. can be successfully simulated by the present LES.
The discrepancy between the estimated results of Quinn[15]

and the present study may be due to the inlet conditions or
the measurement error. The measurement of the ER usually
has some uncertainties, especially in the far-field region where
the hotwire signal is relatively weak. Calculation shows that
3% uncertainties in the measurements of velocity decay and
half-width will cause about 9% uncertainty in the estimation
of Eq. (19). Therefore, the discrepancy can be explained rea-
sonably. In conclusion, the above comparisons suggest that
the present LES can well predict the mixing characteristics,
i.e., the mean profiles of the OP jet. Also, from the above RMS
value comparison, we can observe some overestimations in the
predicted RMS value. Therefore, the following investigations
are focused mainly on the mean flow field of the OP jet.
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Fig. 9. (color online) Comparison between estimated and measured ERs
of jets.

3.2. Effect of the exit plate on downstream mixing charac-
teristics of the OP jet

To examine the effect of the exit plate on the evolution
of the primary coherent structures, the iso-pressure surface
is used to illustrate the three-dimensional coherent structures
in the near-field region. Figures 10(a1)–10(a3) and 10(b1))–
10(b3) show the normalized instantaneous iso-pressure sur-
faces at (p− p0)/ρU2

0 =−0.05 for the cases with and without
the exit plate, where p0 is the atmosphere pressure.

Comparisons between Figs. 10(a1)–10(a3) and 10(b1)–
10(b3) clearly show that the vortex ring grows and breaks at
a greater axial location with the exit plate. This observation
accords with the experimental results of Romano[25] using
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LIF, LDA, and PTV. In his experiment, he conducted an SC
water jet with ‘free-slip’ (the plate is placed at 2.5de behind
the jet exit) and ‘no-slip’ (the plate is placed at the jet exit
as in the case with an exit plate in the present study) bound-
ary conditions at Re = 6600. The experimental configuration
in Ref. [25] is quite similar to the cases in the present study,
though it is not fully identical, we can make some comparisons
to derive some understanding of the exit plate effect. A possi-
ble explanation for this observation is that the fluid source be-

hind the jet is blocked by the exit plate. As the large-scale en-
trainment is slowed down or prevented, less Kelvin–Helmholtz
instabilities may take place, which delays the formation of pri-
mary vortex rings. Another observation from Fig. 10 is that the
vortex rings appear to become larger when the exit plate is at-
tached. This observation suggests that the roll-ups last longer
and thus more ambient fluid is entrained while the OP jet pro-
ceeds downstream, as the quantitative result is to be shown
later in Fig. 13.
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Fig. 10. (color online) Typical instantaneous iso-pressure surfaces for visualizing the vortical structures of OP jet, at ((a1)—(a3))
without exit plate and ( (b1)—(b3)) with exit plate.

The previous investigations into the boundary influences
on the jet mostly focused on the inner exit boundary or condi-
tions of the nozzle which directly ‘contact’ the jet. By compar-
ison, the present work concerns the influence from the outer
boundary of the nozzle exit. The evolution of the vortical
structures is closely related to the initial state of the jet[12,33]

and so must depend on both the inner and the outer exit bound-
ary conditions.
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Fig. 11. (color online) Centerline velocities of the OP jet with and with-
out an exit plate.

To quantify the effect of the exit plate on the mixing char-

acteristics, the statistical results are provided. Figure 11 shows
the centerline velocity decays of the OP jets. Due to the earlier
breakup of the vortical structures and the increase in the num-
ber of the streamwise vortices, the velocity decays faster for
the case with the exit plate. Correspondingly, the jet spreads
faster as indicated by the half-widths of the OP jet in Fig. 12.
These observations accord with the experimental results of
Romano[25] (see Figs. 13 and 15 in Ref. [25]).
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Fig. 12. (color online) Half-widths of the OP jet with and without an
exit plate.

Using Eq. (19), the entrainment rates in the two cases can
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be calculated and are presented in Fig. 13. Adding the exit
plate increases the entrainment rate of the present OP jet by
about 10% in an axial range 8 < x/de < 30, which is suffi-
ciently larger than the likely error in computation. This is quite
significant and important because it provides an idea that by
controlling the upstream ambient conditions, we may enhance
the mixing of the OP jet with the surrounding flow.
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Fig. 13. (color online) Entrainment rates of the OP jet with and without
an exit plate.
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Fig. 14. (color online) Mean entrainment fields of the OP jet in the cases
(a) without exit plate and (b) with exit plate.

For a more direct way of seeing how the OP jet entrains
the ambient fluid, here we present the mean velocity fields of
the OP jet with the mean streamlines in the longitudinal cen-
ter plane in Fig. 14. The difference in how the ambient fluid
is entrained for the two cases is quite obvious, particularly in
the near field (x < 5de). Without the exit plate, the jet entrains
ambient air from almost every direction, while the entrainment
only takes place radially after placing the exit plate. The pres-
ence of the plate cuts off the fluid supply upstream from the

exit plate, resulting in the later formation of the primary vor-
tex ring with a larger size (see Fig. 10) that enhances the en-
trainment and mixing downstream. This also accounts for the
faster decay of the centerline velocity and the wider spread of
the OP jet. Note that no reverse mean flow occurs in the near
field region and near the boundaries of computational domain,
and the ambient fluid is entrained in the direction almost per-
pendicular to the axial direction.

4. Concluding remarks
In the present study, the orifice-plate (OP) jet is success-

fully simulated by LES. Good agreement is achieved between
the present simulations and the PIV measurements of Mi et
al.,[16] especially in mean profile. We investigate the mix-
ing characteristics of the OP jet in the cases with and without
an exit plate at a Reynolds number of Re = 5× 104. The in-
vestigated mixing characteristics includes instantaneous three-
dimensional vortical structures, the centerline mean velocity,
the half-width, and the entrainment rate of the jet. Also we
propose a simple method to calculate the entrainment rate us-
ing the centerline velocity and half-width of the jet. The main
conclusions drawn from the present study are as follows.

(i) In the presence of the exit plate, the centerline velocity
decays faster and the jet spreads out more rapidly. This is con-
sistent with the experimental result of Romano[25] for an SC
jet. Also the entrainment rate of the present OP jet is increased
by about 10% on average in an axial range 8< x/de < 30 when
a cross-sectional plate is attached to the nozzle exit.

(ii) The vortical structures show significant differences
for the two cases: with and without the exit plate. The plate
reduces the perturbation from the ambient flow and thus the
Kelvin–Helmholtz instability delays its occurring so that the
primary vortex ring forms farther downstream and becomes
larger, eventually the entrainment is enhanced.

(iii) The estimate by Eq. (19) of the entrainment rate us-
ing the centreline velocity and half-width of the jet is found to
be approximately valid.

(iv) Both the ambient and inflow boundary conditions of
an OP nozzle have significant influence on the downstream
evolution of the jet.
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