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ABSTRACT

An analytical model that can be used to predict the circulation growth process for non-impulsive starting jets has been developed by extend-
ing the over-pressure correction model for impulsive starting jets. Only the jet velocity function Uy(t) is needed to obtain the circulation
growth process of non-impulsive starting jet. The non-impulsive starting jets generated by nozzle and orifice configurations are performed
numerically with two acceleration schemes (represented by two kinds of velocity functions) and different acceleration stage stroke ratios L,D
(modifying the acceleration time ¢, in each velocity function to obtain L,D = 0.05 : 0.2 : 1.25) to verify the accuracy of the proposed analyti-
cal model. The influence of radial velocity distribution in the jet inflow boundary is ignored in the process of constructing this model, but
this has been proven to be reasonable. The time-averaged relative error with the growth process of the total circulation predicted by this
model is about 11% to 26%, which is smaller than the 44% to 88% obtained by the classical slug model. For the range of L,D from 0.05 to
1.25, the relative error with the prediction of the total circulation at the end of the acceleration stage is from 4% to 28%, as compared to the

39% to 96% for the slug model.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0147768

I. INTRODUCTION

Starting jet is a typical unsteady flow, which can be taken as the
initial stage of a steady jet or a single-pulse jet with finite discharged
volume. It is an important feature of many flow systems ranging from
biological propulsion’ ” to flow control®” and even the blood flow in
the human heart."” The piston-cylinder mechanism combined with
nozzle or orifice configuration has been widely used in the experimen-
tal study of starting jets.''"'” During the initial stage of the starting jet,
the boundary layer separates and rolls up at the nozzle (orifice) edge to
form a vortex ring (the leading vortex ring). The vortex ring grows by
absorbing vorticity and fluid from the trailing jet.""'*'” The vorticity
flux across the jet inflow boundary, which is equal to the circulation
growth rate of starting jet, controls the formation and evolution pro-
cess of the leading vortex ring and starting jet.'”*’

One of the most interesting phenomena during the formation
process of the leading vortex ring is the “pinch-off.” The phenomenon
of pinch-off was first observed experimentally by Gharib et al.'

In that study, the piston-cylinder mechanism combined with nozzle
configuration was used to generate the starting jets with a wide range
of piston stroke ratios and the accompanying leading vortex ring. It
was observed that only a single leading vortex ring was produced
when the stroke ratio was small, and a trailing jet appeared behind it
with the increase in the stroke ratio to more than approximately 4.
The vorticity field of the leading vortex ring then got separated from
that of the trailing jet and no longer absorbed the vorticity from the
trailing jet, which indicated the occurrence of pinch-off. Subsequently,
a universal timescale called the “formation number” was proposed by
Gharib et al.'' to indicate the occurrence of the pinch-off phenome-
non. After that, many researchers tried to establish models to predict
the occurrence of pinch-off, i.e., the formation number under different
cases, by kinematic or dynamic.'"'*'**""** Since the circulation
growth rate of the starting jet is one of the controlling factors for the
development of the starting jet and the leading vortex ring, the estab-
lishment of all the above models required the total circulation growth
rate of the starting jet to be known beforehand.
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Gharib et al.'" used the Kelvin-Benjamin variation principle”” to
define dimensionless energy, which can be used to predict the forma-
tion number. Mohseni and Gharib”' predicted the formation number
by equating the leading vortex ring to a member of the Norbury family
vortex rings’”’ and incorporating the Kelvin-Benjamin variation
principle. Shusser et al.”” suggested that the time when the transla-
tional velocity of the leading vortex ring exceeds the jet velocity can be
used to predict the occurrence of pinch-off, which is also known as the
kinematic criterion. Shusser and Gharib”® demonstrated that the kine-
matic criterion is actually equivalent to the Kelvin-Benjamin variation
principle. The slug model, which assumes the velocity at the jet inflow
boundary is uniform, was used in the above three pinch-off prediction
models to approximate the circulation growth rate of starting jet, i.e.,

dr. 1
=300, (M
where Iy is the total circulation of starting jet, Up(t) is the average
velocity of the jet at the jet inflow boundary, and ¢ is the flow time.
The slug model was first introduced by Didden'” and Glezer™” to pre-
dict the circulation growth rate of parallel starting jets, and it was
extended by Gharib et al.'" to predict the hydrodynamic impulse and
kinetic energy. Therefore, the above three pinch-off prediction models
are limited to predicting the pinch-off in the parallel starting jet
(straight nozzle configuration).

To better predict the pinch-off, Shusser et al.”’ corrected the jet
velocity in the kinematic criterion suggested by Shusser et al.** by con-
sidering the existence and development of boundary layers. Dabiri and
Gharib”' modified the expression and obtained

U(t) = <1 +— \/;) (2)

where y is the kinematic viscosity of the fluid, and D is the diameter of
nozzle. As for U.(t), it is the velocity of the uniform region within the
nozzle excluding the boundary layer, named as core velocity. The
acceleration stage of the starting jet has been taken into account, so it
can be used to calculate the core velocity U,(t) for the non-impulsive
starting jet. The above equation is also used by Dabiri and Gharib’' to
modify the slug model to obtain the circulation growth rate of starting
jet but ignoring the initial acceleration stage, i.e.,

2
drtotul 1 8 Vt 2
=-{1 As 3
0 2< +\/_ ) U - (3)

Gao and Yu™ obtained a two-stage model for vortex ring forma-
tion and the pinch-off process in both straight and converging nozzles
by modifying the model proposed by Shusser and Gharib™* for vortex
ring formation in a starting buoyant plume. The problem that the cir-
culation growth rate of starting jet is actually higher than that of the
slug model after the jet develops for a period of time has also been con-
sidered.”” Gao and Yu™ used the approximation of vortex flux
through the jet inflow boundary from Didden,'” as follows:

drtutal
dt

This implicitly assumes that the piston reaches a constant velocity Uy
immediately after the jet is initiated.

=0.57U;. (4)
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Krieg and Mohseni'* suggested a new kinematic criterion that
uses the moment at which the velocity induced at the origin of the
leading vortex ring exceeds the maximum feed velocity at the center-
line (twice the jet velocity) as the criterion for predicting the onset of
pinch-off. This criterion can be used for the starting jets generated by
both the nozzle and orifice configurations. The method used to deter-
mine the circulation growth rate of starting jet is the two-dimensional
model proposed by Krieg and Mohseni, " i.e.,

drtuml _ 1 2
ol (14 K)U3(0) )

where K is the radial slope of 9vOx normalized by the jet velocity and
nozzle (orifice) radius, K = kR?/U,. OvOx is the axial gradient of
radial velocity, and its radial distribution is assumed to be
OvOx = kr."” The value of K is taken as a constant value by adopting
the assumption of the large stroke ratio, which is equivalent to ignor-
ing the initial acceleration stage."*

Limbourg and Nedi¢'® used a new timescale in terms of the con-
tracted quantities and combined three non-dimensional numbers to
unify the formation number of starting jet in orifice and nozzle config-
urations. The circulation growth rate of starting jet was estimated by a
revised slug model, i.e.,

drtotal 1 2 1
— 0 >< [ s
Cdr 2 C?

c

(6)

where C; is the contraction coefficient defined as the ratio of the area
of vena contracta to the area of the orifice.”**” In addition, the straight
nozzle would experience a contraction of the flow due to the existence
of the boundary layer and the contraction coefficient changes from 1
to 0.9. This would match its non-dimensional energy curve well with
the slug model. Therefore, the circulation growth rate of starting jet for
the nozzle configuration can be expressed as

drtotal
dt

which is larger than that used by Gao and Yu.”’ Similar to the previous
model, the model can only be verified with the impulsive starting jet
from Limbourg and Nedi¢'” due to the absence of considering the ini-
tial acceleration stage.

The above research works on the prediction of the vortex ring
pinch-off process all require the circulation growth rate of starting jet
to be known. Five methods for predicting the circulation growth rate
of starting jet have been proposed, see Egs. (1) and (3)-(6). Compared
to the impulsive starting jet, the non- 1mpulswe starting jet is closer to
the actual application scene of the starting jet.”””° Recent research
works have also gradually began to focus on the non-impulsive start-
ing jets.””*” However, the above methods for calculating the circula-
tion growth rate of starting jet only consider the impulsive starting jet
and ignore the initial acceleration stage, except for Eqgs. (1) and (5).
However, Eq. (1) underestimated the circulation growth rate of start-
ing jet in the acceleration stage of the parallel starting jet (nozzle con-
figuration) and the entire process of the non-parallel starting jet
(orifice configuration). ' '****>77404! Kryeger’ made up for the
deficiency by adding an added contribution term due to “over-
pressure” for impulsively starting jet. It is interesting to note that this
model does not consider the transient process of circulation growth

=0.62U%, %
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and also neglects the vortex ring formation under the approximation
of potential flow. Equation (5) is a semi-empirical model derived by
Krieg and Mohseni,"”"* and the parameter K changes drastically dur-
ing the initial acceleration of the starting jet [see Fig. 14(b) in Ref. 13].
This reduces the practicability of the method in the initial acceleration
stage of the non-impulsive starting jet.

Circulation growth rate is also critical for the applications of
starting jet. Holman et al.** suggested that the rate of circulation from
the synthetic jet generator to the outflow field is important for defining
the formation criteria of synthetic jets. The evolution of vortex struc-
ture in the jet wake, which is also influenced by the circulation growth
rate, can affect the performance of pulsed jet propulsion.” However,
the starting jets generated by the synthetic jet generator and pulsed jet
propulsion are pulsed jets with finite discharged volume, and their
stroke ratios are not large enough to ignore the initial acceleration
stage.”***” In addition, it was found that the circulation growth rate of
starting jet is critical to the formation of the vortex ring in the starting
forced plumes (starting jet with buoyancy effect).”* *” The buoyancy
affects the formation of the vortex ring by changing the circulation
growth rate of the starting jet. Therefore, it is necessary to study the
mechanism for the circulation growth of the starting jet to provide a
better circulation prediction method considering the initial accelera-
tion stage.

In the present work, we present a model to calculate the circula-
tion growth rate of non-impulsive starting jets with initial acceleration
stage for nozzle and orifice configurations by extending the over-
pressure correction model for impulsive starting jets. To verify the
accuracy and availability of this model, the results predicted by this
model and also from the numerical simulation are compared for the
non-impulsive starting jet with two acceleration schemes (represented
by two kinds of velocity functions) and different acceleration stage
stroke ratios (modifying the acceleration time in each velocity function
to obtain L,/D = 0.05: 0.2 : 1.25).

The paper is organized as follows: The analysis of the mechanism
for the circulation growth of non-impulsive starting jets and the deri-
vation of extending the over-pressure correction model to obtain the
model for calculating the circulation growth rate of non-impulsive
starting jets, which considers the initial acceleration stage, are given in
Sec. II. Section III introduces and verifies the numerical method that
will be used to test the performance of this model. In Sec. IV, the
results obtained by the numerical method are compared with that
obtained by the extended pressure-correction model. In the remaining
part of Sec. I'V, the error source of the model will be analyzed and the
model will be modified to improve the accuracy. The paper ends with
brief concluding remarks in Sec. V.

Il. THE EXTENDED OVER-PRESSURE CORRECTION
MODEL

Starting from the vorticity transport equation, Krueger’
obtained the total circulation of the starting jet generated by the nozzle
and orifice configurations as

t t R

Pa(t)dt — j V() odr (8)

0

1
Ftaml(t) - EJ

0

1
Llf,(t)dt + ; Jo
where 1. and P, are the axial velocity and gauge pressure at the center
of the jet inflow boundary, respectively, v(t, r)|,_, is the radial velocity
distribution in the jet inflow boundary, and R, represents the position

scitation.org/journal/phf

of radial infinity. Differentiating the above equation with respect to
time can obtain the circulation growth rate,

dl—‘tamlil 2 Pcl(t) 9 [
dt _Zud()+ 0 6tJ

v(t,r)] dr. )
0

The first term on the right-hand side is a vorticity flux term, which is
denoted as dI',/dt; the second term on the right-hand side is gener-
ated by the over-pressure in the jet inflow boundary and is denoted as
dI',/dt; the third item on the right-hand side is caused by the change
of radial velocity distribution in the jet inflow boundary, denoted as
dTl 44/ dt. From the pressure distribution equation in the jet inflow
boundary [see Eq. (2.23) in Ref. 13], we can obtain

Pcl(t) _ JRX |: 61’(1‘, r)'x:O 81}(""7 r)‘x:O _ 1 2
0 - u(t’ r)'x:O Ox + ot dr 2 Vels
(10)

0

where u(t,r)|,_, is the axial velocity distribution in the jet inflow
boundary, and v is the radial velocity at the center of the jet inflow
boundary. Based on the axisymmetric assumption of the flow, vy = 0.
Therefore, Eq. (10) can be rewritten as

Pa(t) _ ™ ov(t,7)| o *
ZT:J u(t,r)|x=oT°dr+—J W(t,1)],odr. (11)

0 ot Jo
Substituting Eq. (11) in Eq. (9), we can obtain

drtotal_l 2 Roe
Tad =20+ [ Tutenl

0V(t7 r)'x:O dr. (12)
Ox

This is the equation for calculating the vorticity flux through the jet
inflow boundary, equivalent to the circulation growth rate.'>"****’

When only the final total circulation is considered, the upper
limit of the integral in Eq. (8) should be infinity. This can be equivalent
to the situation after the jet is stopped for a single-pulse jet, so that
v(t,7)|,_o = 0. The third term on the right-hand side of Eq. (8) is,
therefore, ignored by Krueger.” We could also assume that the varia-
tion of the radial velocity distribution at the jet inflow boundary has
little effect on the circulation growth process of non-impulsive starting
jet, so that Eq. (8) becomes

1—‘total = ru +T 5 (13)
where

1 t

I, = —J uh(t)dt, (14)
2o
1t

Fp = *‘[ Pcl(t)dt. (15)
PJo

By using the assumption that the front of material surface for starting
jet is close to flat owing to the rapid flow initiation,”” Eq. (15) can be
approximated by

UOmaxD
I'y=——-— (16)
P I
CP
where C, = m for the nozzle configuration, C, = 2 for the orifice con-
figuration, and Upygy is the maximum value of jet velocity. It should
be noted that the assumption used to obtain Eq. (16) is only applicable
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when the stroke ratio in the initial acceleration stage is far less
than 1.” However, the applicability of the generalized form of this
equation when the stroke ratio in the initial acceleration stage is close
to 1 or even greater than 1 will be verified in the present work.
Therefore, Eq. (13) is modified to become

1( UomaxD
Crotal = —J ul(t)dt +—=—. (17)
2) G
For the case that the velocity program is a monotonic continuous
function, that is, the initial acceleration stage of starting jet, the above
equation can be further modified as

Jt a(t)dtD

o, (18)

1 t
) = | w0 + 20—
0 P

where a(t) is the acceleration of the jet velocity Uy. By differentiating
the above equation against time f, we can obtain

dl"mm, o 1 5 a(t)D
At _zucl()+ Cp .

(19)

Comparing with Eq. (9), the circulation growth rate calculated by Eq.
(19) lacks dT', /4 dt and the circulation growth caused by the over-
pressure in the jet inflow boundary can be calculated directly by the jet
velocity Up(t) as

dl’, a(t)D
S 20
o (20)
and the flux term can be expressed as
ar, 1,
Fra 2ud(l‘). (21)

The key to modeling the flux term is to obtain the axial velocity at the
center of the jet inflow boundary uy from the jet velocity Up(t).
Krueger’ obtained a method that can calculate the u, for the impul-
sive starting jets in nozzle and orifice configurations. Motivated by the
model for dI, /dt [see Eq. (20)], we can also generalize the method for
predicting 1, in impulsive starting jet obtained by Krueger’ to the
non-impulsive starting jet with the acceleration stage.
For the nozzle configuration, u can be calculated by

Ue(t)

M[](t) - 1 + 0595(1 — O'n(t))7 (22)

where U,(t) is the core velocity and can be calculated by Eq. (2) based
on jet velocity Uy(t) for short acceleration periods (stroke ratio less
than 10). o,(¢) is a transition function. Based on the fact that the
velocity of the leading vortex ring moving away from the jet inflow
boundary gradually increases and finally stabilizes,'” 7,,(t) can be writ-
ten as

Uy (1)
ity Tjpr Ur0 < Uo/2 o3
17 Utr(t) 2 UO/27

where U, (t) represents the translational velocity of vortex ring, and
the critical value Uy /2 is obtained by Mohseni and Gharib’' using the

scitation.org/journal/phf

slug model. Didden'” experimentally measured Uy, (t) as
0.42Uy+/L(t)/D, where L(t)/D is the piston stroke ratio (equivalent
to t*). Considering that the jet velocity varies with time,

0.42Up+/L(t)/D can be rewritten as 0.42Uy(t)+/L(t)/D. Equation

(23) can, then, be rewritten as

0.84\/L(t)/D, L(t)/D < 1.42,
oult) = (t)/ (t)/ (24)

1, L(t)/D > 1.42.

For the orifice configuration, u can be calculated by
uq(t) Uo(t) (25)

T 240, (0(C—2)

where C. is the contraction coefficient,”* and the method to calculate
it has been summarized in Limbourg and Nedié."” Continuing the
method of calculating o, from Krueger’” and considering the jet
velocity varying with time when calculating stroke ratio L(t)/D, the
equation for calculating 6,,(¢) in the orifice configuration becomes

0.84
——/L(t)/D, L(t)/D < 1.42C!",

oty — 4 G VIO L0/ 06
1, L(t)/D > 1.42C!".

In addition, Kruegerj3 introduced P; > 0 at the center of the inflow
boundary caused by flow contraction into uy according to the
Bernoulli equation, that is, u. at vena contracta was used to replace
that at the jet inflow boundary.

We have obtained a model (named as OP model in the follow-
ing), see Eq. (19), that can calculate the circulation growth rate of the
non-impulsive starting jet according to the jet velocity Uy(t) by
extending the over-pressure correction model for the impulsive start-
ing jet from Krueger,”” which does not take into account the accelera-
tion process of the starting jet. 1 in Eq. (19) can be calculated by Eq.
(22) in the nozzle configuration and by Eq. (25) in the orifice configu-
ration, and a(t) in Eq. (19) can be obtained by differentiating the jet
velocity Uy (t) with respect to time £.

lll. NUMERICAL METHOD AND VERIFICATION

To verify the accuracy of this model, the numerical method will
be used to simulate the non-impulsive starting jet generated by the noz-
zle and orifice configurations with two acceleration schemes (repre-
sented by two kinds of velocity functions) and different acceleration
stage stroke ratios (modifying the acceleration time in each kind veloc-
ity function). Computational domain and boundary conditions for
nozzle and orifice configurations are shown in Fig. 1. To improve the
calculation efficiency and shorten simulation time, the two-
dimensional numerical simulation would be used based on the axisym-
metric assumption of starting jet."*"™"” The size of the computational
domain is 14D below the jet inflow boundary (x =0, 0 < r < 0.5D)
in the axial direction and 5D in the radial direction, where D is the
diameter of the jet inflow boundary to form the starting jet. The study
of Gao and Yu"® and Gao et al.” showed that this size of the computa-
tional domain would be large enough so that the outer boundary con-
ditions have no influence on the development of starting jet. The
domain independence test has also been performed, and the parame-
ters used and results are summarized in Table I. The cases tested in the
present work are shown in Table II. The total circulation of starting jet

Phys. Fluids 35, 057102 (2023); doi: 10.1063/5.0147768
Published under an exclusive license by AIP Publishing

35, 057102-4

81:€2:90 G20z Aenuer ¢|


https://scitation.org/journal/phf

Physics of Fluids

ARTICLE scitation.org/journal/phf

(@) Y
N 20D \
:/ Wall(no-slip)

Pressure-outlet

J Velocity-inlet Al 3D A~
N Uo(0)
3 6D
— FIG. 1. Computational domain and
N A5/ L A « T ._).x_ i i i i i e Y boundary conditions for nozzle (a) and ori-
Axis fice (b) configurations, where D is the
) _ 11 _ diameter of the jet inflow boundary to form
N 3 o the starting jet, and Dy is the diameter of
14D
the tube.
Wall(no-slip) —Y /
N Pressure-outlet
Velocity-inlet
(DDA Uy(0) Ar 5D
/ 6D \
SONNN N NN NNN
—>
— 0.5D, .
— e - _____Q'S_D SRS v ISP, >— N .

at t* = 3.9715 in the nozzle and orifice configurations hardly differs
(far less than 1%) between the two largest domains. The computational
domain 14D x 5D can, therefore, be considered sufficiently large. The
length of the tube generating jet is 6D to ensure the parallel flow in the
tube before ejection.”"* To simulate the movement of the piston, the
fluid enters by the velocity inlet on the left side of the tube (x = —6D
and 0 < r < 0.5D;, where D is the diameter of the tube) with a special
velocity program.*® The wall forming the nozzle and orifice configura-
tions would adopt the non-slip condition. For the outlet boundary con-
ditions, the pressure-outlet condition is applied.

We define the jet velocity Uy (t) as the average velocity at the jet
inflow boundary (x = 0, 0 < r < 0.5D). This definition is indepen-
dent of the configuration used to generate the jet. Based on the incom-
pressible continuity equation, the velocity at the velocity inlet is equal
to Up(t) for the nozzle configuration and (D?D?)Uy(t) for the orifice
configuration. The function form of the velocity program for two
acceleration schemes is given by

TABLE I. Summary of the parameters and results for the domain independence
test. X is the axial computational domain size below the jet inflow boundary, and R is
the radial direction. The relative error is calculated by taking the maximum domain
as the accurate value.

Domain I'(t* =3.9715) Relative
Configuration size (X X R) (cm?/s) error (%)
Nozzle (case 3) 7D x 2.5D 56.143 41 0.063 96
14D x 5D 56.178 00 0.002 39
21D x 7.5D 56.179 34 oo
Orifice (case 17) 7D x 2.5D 108.228 83 0.01272
14D x 5D 108.249 30 0.006 19
21D x 7.5D 108.242 60

(27)

and

t . t
Uo(t) Pl 2nx — |, t<t, (28)

1, t> tg,

where f, is the duration of the acceleration stage (different ¢, corre-
sponding to different acceleration stage stroke ratios) and
Uomax = 0.1 m/s. The acceleration schemes defined by Egs. (27) and
(28) are denoted as SIN and SIN2, respectively. The acceleration stage
stroke ratio is defined as

r Uy (t)dt

OT . (29)

The jet velocity Uy(t) and acceleration a(t) corresponding to the
acceleration schemes SIN and SIN2 are shown in Fig. 2 for
L,D = 1.25. It can be seen that the acceleration of SIN is the largest at
the beginning and then gradually decreases to 0 at t = 0.3927 s, while
the acceleration of SIN2 first rises to the peak from 0 at the beginning
and then decreases to 0 at t = 0.5s. In Krueger’s analysis, an upper
limit on the validity of the acceleration stage stroke ratio (L,D < 1)
was imposed on the application scope of the over-pressure correction
model based on the assumption of the impulsively starting jet.”” The
present work extends this model to the non-impulsive starting jet and
focuses on its transient calculation accuracy in the initial acceleration
stage. Therefore, it will be verified whether the extended pressure-
correction model (OP model) is applicable for the acceleration stage
stroke ratio L,/D ranging from 0.05 (far less than 1) to 1.25 (greater
than 1).

L,/D=
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TABLE Il. Summary of flow parameters for the starting jet with different configura-
tions, acceleration schemes, and acceleration stage stroke ratios (L, /D and t,).

Acceleration
scheme L,/D  t,(s)

D D
Case (mm) (mm) Configuration

1 182 182 Nozzle Line (0.050 6.33 1.1687
t0 0.147 m/s)
Line (0.021  5.53 2.1034

t0 0.082m/s)

2 19.6 216 Orifice

3 20 20 Nozzle SIN 0.05 0.0157
4 0.25 0.0785
5 0.45 0.1414
6 0.65 0.2042
7 0.85 0.2670
8 1.05 0.3299
9 1.25 0.3927
10 SIN2 0.05 0.02
11 0.25 0.10
12 0.45 0.18
13 0.65 0.26
14 085 0.34
15 1.05 0.42
16 1.25 0.50
17 20 40 Orifice SIN 0.05 0.0157
18 0.25 0.0785
19 0.45 0.1414
20 0.65 0.2042
21 0.85 0.2670
22 1.05 0.3299
23 1.25 0.3927
24 SIN2 0.05 0.02
25 0.25 0.10
26 045 0.18
27 0.65 0.26
28 0.85 0.34
29 1.05 0.42
30 1.25 0.50

The flow parameters for different cases used in the present work
are summarized in Table II. Cases 1 and 2 are used to simulate the
experiment in Krieg and Mohseni'" to verify the numerical method
used in the present work. The linear acceleration scheme is used,
which accelerates from 0.05 to 0.147m/s at a = 0.083m/s? for
the nozzle configuration (case 1), and from 0.021 to 0.082m/s at
a = 0.029 m/s? for the orifice configuration (case 2). Cases 3 to 30 are
used to verify the accuracy for the OP model, where cases 3 to 16
employ the nozzle configuration and cases 17 to 30 employ the orifice
configuration. The acceleration scheme used by cases 3 to 9 and 17 to
23 is SIN, and the acceleration scheme used by cases 10 to 16 and 24
to 30 is SIN2. For each combination of acceleration scheme and con-
figuration, a total of seven cases with different acceleration stage stroke
ratios (L,/D = 0.05: 0.2 : 1.25) are carried out by modifying the
acceleration time £, in velocity function.

ARTICLE scitation.org/journal/phf
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FIG. 2. Jet velocity and acceleration against time under different acceleration
schemes for cases with L,D = 1.25. “SIN” indicates the first acceleration scheme,
see Eq. (27); “SIN2” indicates the second acceleration scheme, see Eq. (28).

Similar to Zhu et al.”” and Gao et al.,”® ANSYS Fluent 19.2 has
been used for all numerical simulations in the present work.
Incompressible laminar flow assumption is applied due to the low
Reynold number. The Reynolds number is less than 2 700 when the jet
inflow boundary diameter D and the maximum jet velocity Upay are
used as the characteristic length and velocity, respectively,

UomaxD
Re = e (30)
?

where y is the kinematic viscosity of liquid water. The computational
domain is discretized using a non-uniform rectangular grid and
encrypted at the shear and boundary layers. The total circulation of
starting jet I'y, at t* = 0.4715 (t = 0.1 s) would be compared in the
grid independence and temporal convergence tests because the total
jet circulation is of most interest in the present work. t* is the forma-
tion time suggested by Gharib et al,''ie,

Jt Up (t)dt

0 (31)

=
D

The relevant parameters and results of the grid independence and
time convergence tests are summarized in Table II1. The total circula-
tion of starting jet at t* = 0.4715 in the nozzle and orifice configura-
tions for the three grids exhibits less than 1% difference between the
two finest grids. Therefore, the grids with 59826 and 58 866 nodes
would be used for nozzle and orifice configurations. There is almost
no difference between the two shortest time steps (the relative error is
0.000 45%), and the fixed time step of At = 0.1 ms would be used for
all subsequent numerical simulations.

The correctness of the numerical method has been verified by
comparing with the experimental results by Krieg and Mohseni'* for
nozzle and orifice configurations with a linear acceleration scheme.
The comparison of the total starting jet circulation produced by the
nozzle (orifice) configuration in the experiment by Krieg and
Mohseni'* and simulation (denoted as CFD) in the present work is
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TABLE Illl. Summary of the parameters and results for grid independence and temporal convergence tests. The relative error is calculated by taking the finest grid or the mini-

mum time step as the accurate value.

Configuration Nodes At (ms) (¢t =0.4715) (cm?/s) Relative error (%)
Grid independence Nozzle (case 3) 29256 0.10 11.42030 3.895 34
59826 0.10 10.967 77 0.22152
95634 0.10 10.992 12 e
Orifice (case 17) 25971 0.10 20.956 55 2.11589
58 866 0.10 20.57595 0.26133
99 477 0.10 20.52232 e
Temporal convergence Nozzle (case 3) 59826 0.20 10.967 61 0.00192
59 826 0.10 10.967 77 0.000 45
59 826 0.05 10.967 82
shown in Fig. 3. Based on the assumption of axisymmetric flow, the [
total circulation of the non-impulsive starting jet can be directly Liotar = J Ao)gdrdx, (32)

obtained from the azimuthal vorticity distribution in the x — r plane,”’
as follows:

O Experiment (Krieg & Mohseni'*) =—— CFD with 5% error
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FIG. 3. Comparison of the circulation between CFD results in the present work
(with 5% error) and experimental results of Krieg and Mohseni:'“ (a) is the nozzle
configuration (case 1) and (b) is the orifice configuration (case 2).

where A is the area outside the nozzle (orifice) configuration, and wy
is the azimuthal component of vorticity, i.e.,
on — dv  Ou (33)
"= ox or
The good agreement between simulation and experimental results
verifies the correctness of the numerical method used in the present
work and ensures that the error with the numerical method is within
5%.

IV. NUMERICAL RESULTS AND DISCUSSION

A. Evolution of circulation growth in non-impulsive
starting jet

Two methods have been mentioned above to calculate the total
circulation of the non-impulsive starting jet. One is to integrate
directly the azimuthal vorticity field obtained by numerical simulation
based on the flow axisymmetric assumption, see Eq. (32).”" The other
is directly determined by the parameters at the jet inflow boundary
obtained by numerical simulation, see Eq. (8). It is believed that the
circulation growth of the starting jet depends on three factors, namely,
the velocity and gauge pressure at the center of the jet inflow bound-
ary, and the variation of radial velocity distribution in the jet inflow
boundary. Therefore, the total circulation of the starting jet can be
divided into three components based on Eq. (8), i.e.,

Cioar = T + rp + rdv/dtv (34)

where I', and I, can be calculated by Egs. (14) and (15), respectively,
and

R
Cav/ar = —J v(t, 1), _odr. (35)
0

Therefore, the three components on the right-hand side of Eq. (34)
can be calculated from u, Py, and v(t,7)|,_, obtained by numerical
simulation. Krueger’~ obtained an over-pressure correction model
that can calculate the total circulation of the impulsive starting jet by
modeling I', and I, respectively, but omitting I, /4. The OP model
also uses the assumption that the variation of radial velocity
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FIG. 4. The circulation growth process of non-impulsive starting jet (L, /D = 0.65) in different configurations (nozzle and orifice) and acceleration schemes (SIN and SIN2):
(a) case 6 (nozzle with SIN scheme); (b) case 13 (nozzle with SIN2 scheme); (c) case 20 (orifice with SIN scheme); and (d) case 27 (orifice with SIN2 scheme). The blue and
red lines are obtained from the numerical simulation results; the green and cyan lines are obtained based on the jet velocity Uy (t) by the OP model and the slug model,

respectively.

distribution in the jet inflow boundary has a limited effect on the cir-
culation growth of the non-impulsive starting jet.

Figure 4 presents the total circulation growth process of the non-
impulsive starting jet formed by different acceleration schemes (SIN
and SIN2) and configurations (nozzle and orifice) at L,/D = 0.65,
which are calculated by Egs. (8) and (32) from numerical simulation
results or predicted by the OP model proposed in the present work
and the classical slug model from the known Uy(t). The shadow of
error within numerical results (5%) is excluded from Fig. 4 to avoid
excessive clutter. The three components on the right-hand side of Eq.
(34) calculated from numerical simulation results are also given sepa-
rately. It is shown that the total circulation of the non-impulsive start-
ing jet obtained from Eq. (8) derived by Krueger™ (red solid line) is
almost identical to the integral of the azimuthal component of the vor-
ticity (blue solid line). Comparing the first component I',, (red dashed
line) to the slug model (cyan solid line), which is equivalent to com-
paring the velocity at the center of the jet inflow boundary u,(f) and
the jet velocity Uy (t), it can be found that it is more consistent in the
orifice configuration than that in the nozzle configuration by compar-
ing Figs. 4(a) and 4(c) and Figs. 4(b) and 4(d). This is due to the fact

that the continuous growth of the boundary layer in the nozzle config-
uration causes the velocity of the jet core to accelerate under the con-
straints of the incompressible continuity equation.'*”**" However, the
flow contraction at the jet inflow boundary due to the orifice configu-
ration tends to interrupt the boundary layer growth.'”'”* The phe-
nomenon that u(t) is smaller than Uy(t) in the early stage (+* < 1.8
for nozzle and t* < 3 for orifice) is also consistent with previous
research results.'””>"*** The nozzle and orifice configurations pro-
duce different trends in the second component I', (red dotted line),
compare Figs. 4(a) and 4(c) or Figs. 4(b) and 4(d). During the accelera-
tion stage (t* < 0.65), I, grows with almost the same trend in both
configurations. After that, I', in the nozzle configuration first
decreases slightly and then remains unchanged after a period of time,
while I, in the orifice configuration continues to increase at a certain
growth rate. The trend for the third component I'y, /4 (red dash-
dotted line) in the non-impulsive starting jet produced by the two con-
figurations is the same, but the final results are different. The value of
4y ar first decreases to negative and then increases to a constant value,
which is close to 0 for the nozzle configuration [Figs. 4(a) and 4(b)]
and positive for the orifice configuration [Figs. 4(c) and 4(d)].
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In addition, the proportion of I'y, /g to 't in the whole process is
very small, which is far less than 10% for both configurations, so it is
reasonable to ignore this component when constructing the OP
model.

Finally, we turn our attention to the results calculated by the OP
model (green solid line in Fig. 4) proposed in the present work. The
contraction coefficient C, used by the OP model in the orifice configu-
ration was 0.61 based on D/D; = 0.5 from Vennard™ and Krueger.”
Comparing with the classic slug model (cyan solid line), the OP model
proposed in the present work can better predict the circulation growth
of the non-impulsive starting jet, which is almost coincident with the
I" 1011 obtained from the numerical simulation results (the red and blue
solid lines in Fig. 4) in the whole process. At t* = 4, the error between
the total circulation predicted by the slug model and that obtained by
the numerical simulation is about 30% for the nozzle configuration
and 65% for the orifice configuration, which is consistent with the
conclusions obtained by Krueger’>"’ and Krieg and Mohseni."”
However, the errors with the results predicted by the OP model are
less than 5% for the non-impulsive starting jets generated by the two
configurations. This also proves that the OP model can hold beyond
the assumption of small L,/D (L,/D < 1) without increasing huge
errors.

The variation of the second component I, is only related to
the gauge pressure at the center of the jet inflow boundary Py(t), see
Eq. (15). I', would increase when P(t) is positive and vice versa.
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Figure 5 shows the pressure field near the jet inflow boundary for noz-
zle (case 6) and orifice (case 20) configurations at t* = 0.18,
t* = 0.88, and t* = 2.25. Comparing with the red dotted line in Fig.
4, the above three instants correspond to the three stages with different
growth rates of I'y. At t* = 0.18, the pressure in the jet inflow bound-
ary is mainly positive due to the acceleration of the jet, and the gauge
pressure at its edge is negative due to the formation of the leading
vortex ring,”* regardless of the nozzle or orifice configuration, see
Figs. 5(a) and 5(d). This is the reason why I', grows during the jet
acceleration stage (" < 0.65). Similar to the results from Gao et al,’®
the negative pressure region induced by the leading vortex ring contin-
uously expands with its development, resulting in a completely nega-
tive pressure region in the jet inflow boundary of the nozzle
configuration, as shown in Fig. 5(b). After that, the pressure in the jet
inflow boundary is close to zero after the leading vortex ring convects
away from there, see Fig. 5(c). At the same time, a weaker positive
pressure area appears in the central region of the nozzle.” The reemer-
gence of the positive pressure region can be attributed to the continu-
ous acceleration of the jet core region due to the growth of the
boundary layer on the nozzle wall, while the effect of the leading vortex
ring has disappeared. However, for the orifice configuration, even after
the jet acceleration stage is finished, the gauge pressure at the jet inflow
boundary is still positive due to the structure-induced streamline cur-
vature, see Figs. 5(e) and 5(£)."%% This positive pressure will also accel-
erate the fluid between the jet inflow boundary and the vena contracta

5 10
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FIG. 5. The evolution of the pressure field near the jet inflow boundary for nozzle configuration [case 6, (a)—(c)] and orifice configuration [case 20, (d)—(f)]. The solid blue lines
represent contour lines with pressure equal to 0, which is used to distinguish positive and negative pressure regions.
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FIG. 6. The evolution of the streamlines and radial velocity profiles near the jet inflow boundary for nozzle configuration [case 6, (a)—(c)] and orifice configuration [case 20,
(d)~(f)]: (a) and (d) t; = 0.00002, t;,, = 0.00017; (b) and (e) ¢, = 0.11924, t; , = 0.18302; (c) and (f) t; = 2.62935, t, , = 3.12935. The black dotted line represents
the jet inflow boundary and the coordinate line for v = 0 (the right side represents v radially outward).

via Bernoulli’s equation. However, the negative pressure area induced
by the existence of the leading vortex ring reduces the gauge pressure
at the center of the jet inflow boundary P, () at ¢* = 0.88. This is why
the orifice configuration shows two stages in different growth rates of
I';, namely, 0.65 < t* < 1 with a gradually increasing rate and con-
stant t* > 1 after the completion of the jet acceleration stage.

The variation of the third component on the right-hand side of
Eq. (34) T4y is related to the radial velocity profile in the jet inflow
boundary [see Eq. (35)], which appears to be related to the curvature
of the streamlines there."” Therefore, it would be analyzed through the
evolution process of the streamlines and radial velocity profiles near
the jet inflow boundary shown in Fig. 6. Since the magnitude and sign
of dT g,a;/ dt are related to the time derivative [see Eq. (36)], two adja-
cent instants are given in each subgraph of Fig. 6 for the sake of
comparison,

V(t,7)|odr. (36)

dlavar 7QJR°C
dt ot

0

At the onset of the starting jet, the jets created by the nozzle and orifice
configurations expand radially outward at the jet inflow boundary,
with increasing radial velocity as the flow continues, see Figs. 6(a) and
6(d). This is the reason why I'4,; would decrease from 0 to negative
first. However, at this time, the streamlines at the edge of the orifice

configuration are bent toward the centerline due to structural con-
straints, and the radial velocity there is negative (radially inward)."®
This phenomenon develops rapidly as the flow continues, see the time
tn o = 0.00017 in Fig. 6(d) and ¢, = 0.119 24 in Fig. 6(e). This would
cause the minimum value of I'4, in the orifice configuration to be
larger than that in the nozzle configuration, and I'4, becomes posi-
tive more quickly. Finally, the streamlines at the two adjacent instants
coincide with each other, the radial velocity is completely less than 0
(radially inward), and the radial velocity profiles also coincide with
each other in Fig. 6(f). This bending of streamlines in the orifice con-
figuration is known as vena contracta.”"” In contrast, the starting jet
formed by the nozzle configuration does not experience this process,
and the radial velocity gradually decreases after a period of time, finally
becoming 0, as shown in Figs. 6(b) and 6(c). The difference in the
radial velocity profiles formed at the jet inflow boundary between the
two configurations determines that ', is 0 for the nozzle configura-
tion, while I 4,4 becomes positive in the orifice configuration.

B. Verification of the OP model

To assess the accuracy of the prediction results from the OP
model proposed in the present work, the results from numerical simu-
lation would be used to be the reference to define relative error calcula-
tion methods, as follows:
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_ |Fmodel(t = T) - 1—‘CFD(t = T)|
FCFD(t = T)

where I' 040 (t = T) is the total circulation of the starting jet at a cer-
tain instant predicted by the model based on the starting jet velocity
Up(t), and I'cpp(t = T) is obtained by integrating the vorticity field
obtained from the numerical simulation results. To verify the ability of
OP model to predict the transient process of circulation growth in the
non-impulsive starting jet acceleration stage, the time-averaged relative
error of the model will be used, i.e.,

e(t=T) , (37)

LT s (t = T) — Tepp(t = T))|

£ Tepp(t=T)
e = T=1xdt . 7 (38)

where dt is the time interval between instants selected for the calcula-
tion, and # is the number of instants selected. To fully include the
acceleration stage of all cases, as well as uniformity, the following cal-
culations about the time-averaged relative error e, take dt = 0.5ms
and n = 1000 (the maximum duration of the acceleration stage is 0.5s
for cases 16 and 30 with L, /D = 1.25, see Table II).

The time-averaged relative error e, and the relative error at the
end of the acceleration stage e, (t* = L,/D) within the results obtained
by the OP model are shown in Fig. 7 for cases 3-30. For comparison,
the error within the results obtained by the classical slug model calcu-
lated according to Eq. (1) is also added. As shown, the OP model
greatly improves the accuracy of the prediction. The time-averaged rel-
ative error e, range of the OP model is about 11% to 26% for cases
3-30, which is much smaller than that of the slug model from 44% to
88% [Fig. 7(a)]. In addition, the difference between the prediction
errors e, of the OP model for the nozzle and orifice configurations
with the same jet velocity Uy (t) is also not large, about 4% to 10%,
while the difference in the error of the slug model between the two
configurations is about 15% to 35%. When L,D changes from 0.05 to
1.25, e, of the OP model decreases continuously for the acceleration
scheme SIN, but increases continuously for the acceleration scheme
SIN2. However, the variation of e, caused by different L,/D is less
than 5%. This demonstrates the same applicability of the OP model to
the non-impulsive starting jets with different L, /D.

Next, we will focus on the relative error at the end of the accelera-
tion stage e, (t* = L,D), as shown in Fig. 7(b). For both SIN and SIN2
acceleration schemes, the e, (" = L,D) is almost the same, whether it
is the OP model or the slug model. For the scope L,D in this study
from 0.05 to 1.25, e, (t* = L,D) of the OP model is 4% to 28%, which
is smaller than that of the slug model from 39% to 96%. The accelera-
tion of the jet decreases, and the over-pressure effect weakens due to
the increase in L,D."" The e,(t* = L,D) of the slug model gradually
decreases to about 39% for the nozzle configuration and to about 69%
for the orifice configuration. Finally, it would be considered whether
the prediction errors of the OP model accumulate for long-duration
starting jet. The relative errors e, (t* = 4) for cases 3-30 are shown in
Fig. 7(c). Comparing Figs. 7(b) and 7(c), it can be found that the rela-
tive error of the OP model does not increase from t* = L,/D < 4 to
t* = 4, but decreases slightly. Therefore, it can be considered that the
relative error of the OP model does not continue to grow if longer
durations are considered. In addition, the reason why e,(t* = 4) is
smaller than e, (t* = L,/D) can be considered as the higher accuracy
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FIG. 7. (a) Time-averaged relative error e, (b) the relative error at the end of the
acceleration stage e (t* = L,/D), and (c) the relative error at t* = 4 e (t* = 4)
in different acceleration stage stroke ratio L;/D. NOZZLE_ SIN is nozzle with SIN
scheme (cases 3-9); NOZZLE_SIN2 is nozzle with SIN2 scheme (cases 10-16);
ORIFICE_SIN is orifice with SIN scheme (cases 17-23); and ORIFICE_SIN2 is ori-
fice with SIN2 scheme (cases 24-30).
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of the OP model in predicting the circulation growth of the starting jet
with a constant jet velocity after t* = L,/D.

C. Refinement of the OP model
1. Nozzle configuration

In the process of constructing the OP model in Sec. II, only the
first two items on the right-hand side of Eq. (8) are considered, i.e., I',
and I, while I'y, 4 is ignored [see Eq. (19)]. Therefore, the rationality
of ignoring I,/ and the prediction accuracy of the OP model for I',
and I', would be discussed below.

The key to model I',, is to accurately obtain the centerline veloc-
ity uq(t), see Eq. (21). ug(t) can be obtained using Eq. (22) in combi-
nation with Egs. (2) and (24) in the nozzle configuration. The u(t)
predicted by the OP model with the two acceleration schemes (SIN in
case 6 and SIN2 in case 13) and that obtained from the numerical sim-
ulation results are compared in Fig. 8(a). It can be seen that the OP
model can accurately predict u(t) in the non-impulsive starting jet.
The most pronounced prediction error appears around t* = 1.42,
which can be attributed to the error introduced by the used transition
function o, (t) [Eq. (24)]. The time-averaged relative errors e, within
the results I',, predicted by the OP model for cases 3-16 are shown in
Fig. 8(b), and the e, within I'y is also given for comparison. The OP
model predicts I', with e, ranging from 7.5% to 13%. When
L,/D = 0.05, which is the smallest stroke ratio in the acceleration
stage, e, within I, is almost the same as I'y,, but it becomes smaller
than that within Ity with the increase in L, /D.

Based on Eq. (15), it can be obtained that the prediction of I,
can be characterized as the prediction of P;. The over-pressure correc-
tion term for the non-impulsive starting jets in the OP model is the
second term on the right-hand side of Eq. (18), which can be equiva-
lent to Eq. (15) to obtain

t
J a(t)yatb
Py(t
n o P
By removing the integral sign, we can obtain
a(t)D
Py=p (n) . (40)

The acceleration used in Eqs. (39) and (40) is obtained by differentiating
the jet velocity Uy () with respect to time #. However, the translating disk
analytical solution used by Krueger”” in deriving the over-pressure cor-
rection term is based on the irrotationality assumption of the jet core.””””
Therefore, the acceleration obtained by differentiating the core velocity
U.(t) with respect to time ¢, which has taken into account the correction
of the boundary layer, may be better to approximate Py. The Py(t)
obtained from the numerical simulation results and calculated using Eq.
(40), where the acceleration is obtained according to Uy(t) and U,(t),
respectively, are shown in Fig. 9(a) for cases 6 and 13. The over-pressure
correction term derived for the impulsive starting jet can be extended to
the non-impulsive starting jet, and the predicted P,(t) is very close to
the numerical simulation results. Using the core velocity U, (t) instead of
the jet velocity Up(t) to obtain the acceleration has better accuracy,
whether in the jet acceleration stage or the prediction of the positive pres-
sure caused by the boundary layer growth in the later stage.
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FIG. 8. (a) Comparison of the centerline velocity u(t) predicted by the OP model
and that from the numerical simulation results under the two acceleration schemes
(SIN in case 6, SIN2 in case 13) and (b) comparison of the time-averaged relative
errors within T, (solid line) and T, (dash line) obtained by the OP model for
cases 3-9 with SIN (red line) and cases 10-16 with SIN2 (black line).

The error of the OP model in predicting I', and the effect of
ignoring Iy, 4, would be discussed. The I', and I, + 'y, /4 obtained
from CFD (with 5% error) by Egs. (15) and (35) and I, calculated by
the OP model [using Uy ()] for case 6 are shown in Fig. 9(b). It can be
seen that the I', calculated by the OP model is underestimated when
t* < 1.5 and overestimated when t* > 1.5 compared with the T,
obtained from the numerical simulation results. On the contrary, com-
paring with the I, obtained from the numerical simulation results, the
Iy + g4 obtained from the numerical simulation results seems to
be closer to the I'; calculated by the OP model. The time-averaged rel-
ative errors ¢, of the I'; calculated by the OP model with respect to I,
and I’y + I'yy/q obtained from the numerical simulation results are
shown in Fig. 9(c) for cases 3-16. The e, of the OP model in predicting
I';, ranges from 7% to 12%, which is comparable to the e, with T',.
The €, of I', obtained by the OP model relative to I', + I'gy/a
obtained from the numerical simulation results ranges from 5% to
15.5%. In some cases, such as at L,/D = 0.05, the difference between
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FIG. 9. (a) Comparison of P predicted by the OP model [using the jet velocity
Un(t) and core velocity Uc(t) to obtain the acceleration a(t), respectively] and that
from the CFD results under the two acceleration schemes (SIN in case 6 and SIN2
in case 13); (b) comparison of I', calculated by the OP model with ', and I,
+ gy ar Obtained from CFD (with 5% error) for case 6; (c) &, of I, obtained by
the OP model relative to I, (solid line) and ', 4 Iy, /¢ (dash line) obtained from
the numerical simulation results, respectively, for cases 3-9 with SIN (red line) and
cases 10-16 with SIN2 (black line).
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', obtained by the OP model and I', + I'y,/q obtained from the
numerical simulation results is smaller than the difference between I',
obtained by the OP model and I, obtained from the numerical simu-
lation results. This is because the OP model underestimates P(t) and
I', during the acceleration stage [see Figs. 9(a) and 9(b)], but the
L4y is negative at this time (Fig. 4). This can compensate for the
error caused by ignoring I'y, /4 during model derivation. In general,
the error caused by ignoring I', /4 does not exceed 5% (comparable
to the error with the numerical simulation method), so it is reasonable
to ignore this item in the process of constructing this model.

2. Orifice configuration

For the orifice configuration, the gauge pressure at the jet inflow
boundary remains positive as a result of the curvature of the resulting
streamlines even though the jet acceleration stage has already stopped.
When constructing the OP model for the orifice configuration, the u
at the vena contracta was used instead of the uy at the jet inflow
boundary, so that the phenomenon of P; > 0 caused by the flow con-
traction can be compensated. This makes I', and I', predicted by the
OP model not correspondingly equal to I, and I',, calculated by Egs.
(14) and (15) from the numerical simulation results. However, the
sum of I';, and T, predicted by the OP model and that calculated
from numerical simulation results are comparable. According to Eq.
(34), Ty + Ty is equal to Tjorar — [gy 4. To study the effect of ignoring
[Cay/ar in the orifice configuration, the T and Ui — Tavjar
obtained from the numerical results and the I'y calculated by the
OP model are shown in Fig. 10(a) for case 20. It can be found that the
OP model ignoring I'y,/q would cause a relatively obvious error
around t* = 0.5. However, this error will gradually decrease or even
disappear as the jet continues. The time-averaged relative errors e,
between Iy calculated by OP model and I'tor and Tiorar — Uayyar
calculated from the numerical simulation results are shown in
Fig. 10(b). It can be seen that e, between the I';y, calculated by the
OP model and the I'yotq1 — 'y g, Obtained from the numerical simula-
tion results is between 5% and 19%. e, between the I'yy calculated by
the OP model and the I}, obtained from the numerical simulation
results is between 14% and 26%. Comparing each case (the same color
and L,D) in Fig. 10(b), it can be found that ignoring Iy, /4 would
increase e, by less than 14%. This is more serious than that in the noz-
zle configuration, which can be attributed to that the nozzle configura-
tion does not cause streamlines to bend and I'4, /4 is close to 0 after
the acceleration stage. However, Iy, experiences a short-term
decrease and then rapidly increases to a relatively large positive value
in the orifice configuration, see Figs. 4(c) and 4(d). This may be the
reason why ignoring I'4, 4 in the orifice configuration would induce a
larger error.

In constructing the OP model of the orifice configuration, the
transition function [Eq. (26)] from Krueger™ has been used to com-
plete the model. After that, Krueger'm had fitted a new transition func-
tion by studying the relationship between the axial displacement of the
leading vortex ring and the dimensionless time ¢* [equal to L(t)/D]
for the impulsive starting jet generated by the orifice configuration, as
follows:

on(f) = 1.118(L(t)/D)**, L(t)/D < 0.64, 1)
! 1, L(t)/D > 0.64.

Phys. Fluids 35, 057102 (2023); doi: 10.1063/5.0147768
Published under an exclusive license by AIP Publishing

35, 057102-13

81:€2:90 G20z Aenuer ¢|


https://scitation.org/journal/phf

Physics of Fluids

@ 5 y

Tl by CFD with 5% error
Ttotal-I'avar by CFD with 5% error
4r Tiorat by OP model

F/(U()maxD)
[\ w

0
0 0.5 1 1.5 2 2.5 3 3.5
t*
(b 28 —m e ————m———m—m—————
Total L otal-1 av/d
° - -E- -SIN
T 24 - -B- - SIN2
=
[
220
=
i
= 16
S
]
> 12
o
E
= 8 I P s
@< —ilgT
40 0.1 02 03 04 050607 0809 1 1.1 1213

Lao/D

FIG. 10. (a) Comparison of ['ysq @Nd [yre1 — gy /g Obtained from CFD (with 5%
error) with 'y, calculated by the OP model for case 20 and (b) the time-averaged
relative errors of the prediction result from the OP model with respect to '/
(solid line) and T'sorar — Tgyjgr (dash line) from the numerical simulation results,
respectively, for cases 17-23 with SIN (red line) and cases 24-30 with SIN2 (black
line).

Consider the jet velocity varying with time to apply this equation to

non-impulsive starting jet when calculating L(t). Therefore, instead of

using Eq. (26), Eq. (41) can be applied to the OP model established in
the present work. The revised model is denoted as the ROP model.
The growth process of the total circulation obtained from numerical
simulation results and that calculated by the OP model (red solid line)
and ROP model (red dash line) are shown in Fig. 11(a). It can be seen

that modifying the transition function can make the growth process of

the total circulation calculated by the model closer to the results
obtained by the numerical simulation. The time-averaged relative
errors e, within the prediction results for cases 17-30 by the OP model
and the ROP model are compared in Fig. 11(b). Comparing the pre-
diction error of the OP and ROP model for each case [the same color
and L,D in Fig. 11(b)], it can be found that e, of the ROP model is
more than 5% lower than that of the OP model.
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FIG. 11. (a) Comparison of the total circulation of starting jet obtained from CFD
(with 5% error) with that calculated by the OP and ROP model for case 20 and (b)
comparison of the time-averaged relative errors between the OP model (solid line)
and the revised model (ROP) (dash line), for cases 17-23 with SIN (red line) and
cases 24-30 with SIN2 (black line).

V. CONCLUDING REMARKS

By extending the over-pressure correction model previously
derived by Krueger’ for impulsive starting jets, a model, denoted as
OP model, that can predict the circulation growth process of the non-
impulsive starting jets has been obtained, i.e.,

a(t)D

Ciotar(t) :J [; u?[(t) + G dt. (42)

0

Here, ug can be calculated by Eq. (22) in the nozzle configuration and
by Eq. (25) in the orifice configuration, a(t) is the jet acceleration
obtained by differentiating the jet velocity Uy(t), and D is the diameter
of the jet inflow boundary. As for Gy, it is a constant 7 for the nozzle
configuration and 2 for the orifice configuration. Two acceleration
schemes combined with different acceleration stage stroke ratios
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(Lgs/D = 0.05 : 0.2 : 1.25) had been tested in the present work to ver-
ify the prediction accuracy of the model for the nozzle and orifice con-
figurations. The results obtained by numerical simulation are used as a
reference to calculate the relative error with the analytical model.

1. The dynamic process prediction error of this OP model,
expressed as the time-averaged relative error over one thousand
instants with a time interval of 0.5 ms (from t = 0.5ms to
t =0.5s), is 11% to 26%, which is smaller than the 44% to 88%
of the classical slug model.

2. The error of the OP model in predicting the total circulation at the
end of the acceleration stage of the non-impulsive starting jet, i.e.,
the relative error within I'(#* = L,D), is about 4% to 28%.

3. Krueger’” proposed a constraint that the stroke ratio in the
acceleration stage of the starting jet L,/D should be much less
than 1 for the over-pressure correction model. The prediction
accuracy of the OP model would not decrease significantly with
increasing L,/D from 0.05 to 1.25, and the application range of
our new model would not be limited by this constraint.

The total circulation of the starting jet is divided into three com-
ponents (I',, I'p, and Iy, /4), and their evolution process and mecha-
nism have also been examined. Then, the error sources of the OP
model have been analyzed in combination with the three components,
and attempts have been made to improve the model. In the process of
constructing the OP model, based on the assumption that the influ-
ence of the component I'y, /4 caused by the change of radial velocity
distribution is relatively small, it is, therefore, ignored and the OP
model only considers I', and I'y. The influence of ignoring Iy, /4 has
also been discussed. For the nozzle configuration, neglecting Iy, /4
results in increasing the time-averaged relative error by less than 5%,
and the time-averaged relative error of this model in the orifice config-
uration increases by 1% to 14%. For nozzle configuration, the key is to
accurately predict the velocity at the centerline of the jet inflow bound-
ary ug when predicting I';, and the prediction of I', can be deduced
to the prediction of Py, so that we can obtain Py based only on the
acceleration a(t) of the non-impulsive starting jet. The prediction of
P is more accurate using the acceleration a(t) derived from core
velocity U.(t) instead of jet velocity Uy(t). For the orifice configura-
tion, the model cannot predict I', and I', independently, but only the
sum of them due to the existence of vena contracta phenomenon. In
addition, the transition function used by the model for the orifice con-
figuration was also modified, and the time-averaged relative error of
the model was reduced by more than 5%.
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