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Viscous Linear Instability of an Incompressible Round Jet
with Petrov-Galerkin Spectral Method and Truncated

Boundary
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Abstract: A Fourier-Chebyshev Petrov-Galerkin spectral method is described for
computation of temporal linear stability in a circular jet. The outer boundary of
unbounded domains is truncated by large enough diameter. The mathematical for-
mulation is presented in detail focusing on the analyticity of solenoidal vector field
used for the approximation of the flow. The scheme provides spectral accuracy in
the present cases studied and the numerical results are in agreement with former
works.
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1 Introduction

Jets are important in many practical applications, e.g., related to combustion, propul-
sion, mixing, and aeroacoustic. As one of the generic flow of fluid mechanics, jets
have been of scientific interest for over 100 years. The round jet results when fluid
is emitted, with a given initial momentum, out of a circular orifice into a large space.
At sufficiently high Reynolds numbers this jet will be turbulent. The stability prop-
erties of the flow play a fundamental role in the transition to turbulence and the
formation of coherent vortex structures in a turbulent fluid (Schmid & Henningson,
2000; Drazin & Reid, 2004).

Frequently, the choice of independent variables is motivated by the symmetry of
circular jet, then cylindrical coordinates are likely most appropriate. However, the
choice of a particular set of independent variable might inadvertently introduce
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mathematically allowable but physically unrealistic terms, e.g., singularities, al-
though the flow is continuous and regular at the axis (Lewis & Bellan, 1990). These
nonphysical terms must be eliminated by the imposition of physical constraints on
the mathematical solutions. The strategy to deal with this difficulty in analytical
approaches is commonly that of discarding the singular solutions among all the
admissible ones (Batchelor & Gill, 1962).

The treatment of the geometrical singularity in cylindrical and spherical coordi-
nates has been a difficulty in the development of accurate finite difference (FD) and
pseudo-spectral (PS) schemes for many years (Mohseni & Colonius, 2000). A va-
riety of numerical procedures for dealing with the singularity have been suggested.
The use of a spectral representation is often to be preferred for the accurate solu-
tion of problems with simple geometry (Chan et al., 2009; Xie et al., 2008, 2009a,
2009b, 2009c, 2009d). For spectral methods, Lopez et al. (2002) derived a regular-
ity conditions by using the properties at the axis of the functions chosen to expand
velocity and pressure along the radial direction. Pole conditions for Poisson-type
equations in the physical space were derived by Huang and Sloan (1993). But the
time step restriction problem that arises for advection problems due to the increased
resolution near the coordinate singularity can’t be avoided. One way to avoid the
time step restriction is to use a Fourier filter in the azimuthally direction as used
by Fornberg (1995). Priymak and Miyazakiy (1998) presented a robust numerical
technique for incompressible Navier Stokes equations in cylindrical coordinates.
Lin and Atluri (2000, 2001) proposed several up-winding Meshless Local Petrov-
Galerkin (MLPG) schemes to solve steady convection-diffusion problems in one
and two dimensions. It shows that the MLPG method is very promising to solve
the convection-dominated flow and fluid mechanics problems. Meseguer and Tre-
fethen (2003) described a Fourier-Chebyshev Petrov-Galerkin spectral method for
high accuracy computation of linearized dynamics flow in finite circular pipe in
the light of Chapman’s analysis. Bierbrauer & Zhu (2007) present three analytical
solutions, the Bounded Creeping Flow, Solenoidal and Conserved Solenoidal So-
lutions, which are both continuous, incompressible, retain as much of the original
mathematical formulation as possible and provide a physically reasonable initial
velocity field. For hydrodynamic stability problems, the linearized Navier-Stokes
equations are a general eigenvalues equation, the conditioner of the matrix usually
is an ill-conditioned system arising from very-high order polynomial interpolations.
Liu & Atluri (2008, 2009) developed a highly accurate technique based on mod-
ified Trefftz method to deal with the ill-posed linear problems. A link between
these structures is discussed by van Doorne & Westerweel (2009). Theoretical
approaches to extract perturbations that are efficient in triggering turbulence are
presented by Biau & Bottaro (2009) and Cohen et al. (2009), respectively. Re-
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cently, MLPG methods mainly are used in the bounded domain for fluid mechanics
problems. Shan et al. (2008) used local MLPG method to solve 3D incompressible
viscous flows with curved boundary. Sellountos and Sequeira developed a hybrid
multi-region MLPG velocity-vortices scheme for the 2D Navier stokes equations.
To improve the accuracy and stability of MLPG methods, Mohammadi (2008) and
Orsini et al. (2008) proposed a meshless radial basis function techniques, and Sel-
lountos & Sequeira (2009) applied the radial basis function networks to transient
viscous flows.

This paper considers the hydrodynamic stability of round jet flow in which there
are no solid boundaries in the field. To construct a basis function set for unbounded
domains, it is necessary to assume the asymptotic behavior of the approximated
functions for large r. if the approximated functions decay exponentially as r trends
to infinite, there are many options for the basis functions (Matsushima & Marcus.
1997). Xie et al. (2009a, 2009d) have proposed a exponential mapping for the com-
putation of stability of circular jet, and the results are in agreement with previous
work very well. But the coherent structure for super critical condition of jet flow
cannot be obtained directly, and it needs the inverse coordinate transformation to
draw the streamline. One way to treat this problem efficiently is the domain trun-
cation method which imposes artificial boundary conditions at sufficiently large
radius.

In the present work, a spectral Petrov-Galerkin scheme for the numerical approx-
imation of flow in a circular jet is presented; rational basis functions in an un-
bounded domain are used for expansion in the radial direction of polar coordinates.
They satisfy the pole condition exactly at the coordinate singularity. Solenoidal
vector fields are treated efficiently by the toroidal and poloidal decomposition which
reduces the number of dependent variables from 3 to 2. It can be used in analytical
studies and it is particularly useful in numerical solutions.

2 The mathematical formulation

The impressible dimensionless Navier-Stokes equations in cylindrical polar coor-
dinates, these equations become:
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These equations are non-dimensionalised with respect to a length scale Lc, a veloc-
ity scale Uc, and the Reynolds number is Re=LcUc/v. The length scale and velocity
scale is usually based on the jet core velocity and momentum thickness. It is used
to characterize jet velocity profiles for different axial locations. The boundary con-
dition now takes the form:

ur = uθ = uz = 0 for r = ∞ (7)

It is readily seen that independently of Reynolds number, there is a steady solu-
tion to Eqs.(1)-(4), the laminar parallel flow, consisting of pure axisymmetric axial
motion (Schmid & Henningson, 2000; Drazin & Reid, 2004):

Ur = 0; Uθ = 0; Uz = U(r) = 1/(1+ r2)2;P = P(r) (8)

Our concern in this paper is the linearized problem in which only infinitesimal
perturbations from the laminar flow are considered, Let

ur = Ur +u′r; uθ = Uθ +u′θ ; uz = Uz +u′z; p = P+ p′ (9)

and the perturbation can be expressed as superpositions of complex Fourier modes
of the form:
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Then the linearized Navier-Stokes equations become:
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The boundary conditions are set for different azimuthal modes. The following
boundary conditions of disturbance were first derived by Batchelor and Gill (1962),
and then adopted by many researchers (Lessen and Singh, 1973; Morris, 1976). The
boundary conditions take the form:

Case n = 0:

ur(0) = uθ (0) = Duz(0) = Dp(0) = 0;ur(∞) = uθ (∞) = uz(∞) = p(∞) = 0 (15)

Case n = 1

ur(0)+uθ (0) = Duz(0) = Dp(0) = 0;ur(∞) = uθ (∞) = uz(∞) = p(∞) = 0 (16)

Although the outer boundary of the jet is located at infinity, it should be truncated
at some finite values in the present numerical simulation. This finite domain size is
denoted by R.

3 Solenoidal Petrov-Galerkin discretisation

The solenoidal condition (Eq.(14)) introduces a linear dependence between the
components, ur, uθ ,, uz, therefore, there are only two degrees of freedom. There
are many different ways of obtaining divergence free fields in polar coordinate; we
proceed in the way similar to that of Meseguer and Trefethen (2003), the solenoidal
basis for the approximation of the perturbation vector field takes the form:

u = ei(kz+nθ−kct)
M
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where um belongs to the physical or trial space and wm is a solenoidal vector field
belongs to the test or projection space. Then the physical or trial basis is:
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where D∗ = D + 1/r,; and hm(r/R) = (R2 − r2)T2m(r/R)/R2, gm(r/R) = (R2 −
r2)hm(r/R)/R2, in which T2m(r/R) stands for the Chebyshev polynomial of or-
der 2m, the factor (R2− r2)/R2 is added to make the vector field vanish over the
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boundary. In order to take the advantage of orthogonality properties of Chebyshev
polynomials, the test functions should be built up suitably. In essence, the projec-
tion fields are going to have the same structure as the trial fields but the functions
will be modified by the Chebyshev weight (1− x2)−1/2.

In the present study, the temporal instability of round jet is considered. Hence, k
and n is real quantity while c = cr + ici is generally complex. The disturbances will
grow with time if ci >0 and will decay ci <0 in Eq.(10). The neutral disturbances
are then characterized by ci =0. The Petrov-Galerkin projection scheme is carried
out by substituting the spectral approximation in equations and projecting over the
dual space. This procedure leads to a discretized generalized eigenvalues problem,
and the coefficient a(1,2)

m govern the temporal behavior of the perturbation.

AX = λBX (19)

where λ =−ikc, the matrixes, A, B and X represent as follows respectively.
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where ` stands for the linear operator of linear stability equations

`[·] = 1
Re

∆[·]−uB ·∇[·]− [·] ·∇uB (20)

where uB are the basic flow velocity vector (0, 0, Uz). The pressure term should be
formally included in the operator `, but it is cancelled when projecting it over w,
that is (w,p)=0.

The solenoidal perturbation vector fields defined in Eq.(14) are invariant under spi-
ral transformations of the form dz/dθ=−n/k. Making use of the spiral coordinate
ζ =nθ+kz, the Solenoidal condition Eq.(14) can be expressed in this new variable
as

∂ rur

∂ r
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which implies the existence of a first integral χ(r, ζ ) of perturbed field satisfying

∂ χ

∂ r
= nuθ + rkuz;

∂ χ

∂ζ
=−rur (22)

the function χ(r, ζ ) plays the role of a stream function which is tangent to the
perturbation vector field u. Then we can obtain χ(r, ζ ) for the vector field for n>0:

χ = 2nrnRe
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where C is an arbitrary constant of integration.

4 Results and discussion

In stability analysis the most important eigenvalue is the one that is the most unsta-
ble or least stable. For the present framework, this corresponds to the eigenvalue
with the least imaginary part. In particular, the flow will be temporal unstable if the
imaginary part of the complex amplification is positive. The results in the present
section have been obtained by parametrically varying the Reynolds number and
frequency for an azimuthal wave number nof 1. The mode of n =0 is not consid-
ered in present study in that the linear stability problem of round jet reduces to the
ordinary Orr-Sommerfeld equation.

4.1 The effect of finite domain size R

The wave amplifications (ci) of round jet forRranging from 5 to 10 are shown in
Fig.1. It shows that the wave amplification of jet atR =7.5 is almost the same trend
as that of R =10. So much it can be concluded that R =10 is far away enough for
outer boundary of an axisymmetric jet flow. Hence, the outer boundary is defined
at R=10 in the present study. And the normalized jet velocity and its derivation
profile is shown in Fig.2. There is a inflexion at the point r=(1/5)1/2.

4.2 Critical Reynolds number

To obtain the critical Reynolds number, the amplification factor for some values
of Re close to the critical Reynolds number is plot in Fig.3. The critical Reynolds
number is the point where the curveci(k) becomes tangent to the ci=0 line. And in
k-Re plane the neutral curve (ci=0 line) separates the space into two zones: one is
stable and the other is unstable, which is shown in Fig.4.



46 Copyright © 2010 Tech Science Press CMES, vol.67, no.1, pp.39-53, 2010

From the graph the critical Reynolds number is found to be 37.89 and the corre-
sponding wavenumber is 0.45 for n =1 mode, under the conditions, the amplifica-
tion is -0.102758529595647-0.000000635742628i. The distribution of the eigen-
values is plotted in Fig.5. The present result is also compared with some of the
other values reported by researchers in Table 1.

4.3 Stream function

From the previous expression, the eigen-stream functions have been computed as-
sociated with the least stable eigenvalues of the spectra of the operator. The least
stable eigenmode of various Reynolds number under the conditionsk =0.45 is plot-
ted in Fig.8. The dynamics is localized around the axis of the cylinder. The lower
Reynolds number, the more smoothness of the distribution of stream functions; the
larger Reynolds number, the farther downstream the locations, the more concen-
trated of stream function on the axis. The similar things are founded in the effect
of wave number.
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Figure 1: The effect of domain size on wave amplification.

5 Conclusion

The incompressible linear stability equation of round jet in cylindrical polar coor-
dinates with Petrov Galerkin method is presented. To construct a basis function set
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Figure 2: The velocity and its derivation distribution in the direction of axis.
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Figure 3: Amplification factor as a function of Re and k.
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Figure 4: The neutral curve in k-Re plane based on numerically computed critical
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 Figure 5: The distribution of eigenvalues for n =1 mode.

Table 1: Comparison of critical Reynolds number for n =1 mode

Reference Re k λ r

Morris (1976) 37.64 0.44 0.1
Lessen & Singh (1973) 37.9 0.3989 0.08
Salgado & Sandham (2007) 37.8 0.417 0.09
Kulkarni & Agarwal (2007) 37.68 0.4505 0.104
Xie & Lin (2009a) 37.6829 0.459 0.103
Xie et al. (2009d) 37.64 0.469 0.119
present 37.89 0.45 0.1028



50 Copyright © 2010 Tech Science Press CMES, vol.67, no.1, pp.39-53, 2010

  1

  2

  3

30

210

60

240

90

270

120

300

150

330

180 0

  1

  2

  3

30

210

60

240

90

270

120

300

150

330

180 0

  1

  2

  3

30

210

60

240

90

270

120

300

150

330

180 0

 
a                        b                        c 

 Figure 6: Stream functions for various Reynolds number of the n =1,k =0.45 mode.
The angular orientation is arbitrary. a) Re=50; b) Re=100; c) Re=200.

for unbounded domains, it is necessary to assume the asymptotic behavior of the
approximated functions for large r, and the outer boundary condition is truncated at
a large enough value in the present study. The numerical simulation was performed
by a Fourier-Chebyshev Petrov-Galerkin spectral. The critical Reynolds number
is also computed and shown to be in good agreement with those reported in the
literature. The method is validated against the results with previous work. And the
coherent structure of round jet is also presented.

Acknowledgement: This work is supported by the National Natural Science
Foundation of China (Grant No. 50806023) and the National Natural Science Foun-
dation of China (Grant No. 50721005). The authors would like to thank the valu-
able discussions and suggestions from Dr. F.B. Bao in Zhejiang University on the
development of present work.

Reference

Batchelor G. K.; Gill A. E. (1962): Analysis of the stability of axisymmetric jets.
Journal of Fluid Mechanics, 14: 529-551.

Biau, D.; Bottaro, A. (2009): An optimal path to transition in a duct. Philosophical
Transactions of the Royal Society A, 367: 529-544.

Bierbrauer, F.; Zhu, S. P. (2007): A Solenoidal Initial Condition for the Numer-
ical Solution of the Navier-Stokes Equations for Two-Phase Incompressible Flow.
CMES: Computer Modeling in Engineering & Sciences, 19: 1-22.

Chan T.L.; Xie M.L.; Cheung C.S. (2009): An efficient Petrov-Galerkin Cheby-
shev spectral method coupled with the Taylor-series expansion method of moments



Viscous Linear Instability of an Incompressible Round Jet 51

for solving the coherent structures effect on particle coagulation in the exhaust pipe.
CMES: Computer Modeling in Engineering and Sciences, 51(3): 191-212.

Cohen, J.; Philip, J.; Ben-Dov, G. (2009): Aspects of linear and nonlinear insta-
bilities leading to transition in pipe and channel flows. Philosophical Transactions
of the Royal Society A, 367: 509-527.

Drazin, P. G.; Reid, W. H. (2004): Hydrodynamic Stability. Cambridge, Cam-
bridge University Press, 2nd Ed.

Fornberg, B. (1995): A pseudospectral approach for polar and spherical geome-
tries. SIAM Journal of Science Computation, 16: 1071-1081.

Huang W.; Sloan D. M. (1993): Pole condition for singular problems: the pseudo
spectral approximation, Journal of Computational Physics, 107: 254–261.

Kulkarni T. M. (2007): Agarwal A. Viscous linear instability of an incompressible
round jet. ISVR Report No. 317.

Lessen M.; Singh P.J. (1973): The stability of axisymmetric free shear layers.
Journal of Fluid Mechanics, 60: 433-457.

Lewis, H. R.; Bellan P. M. (1990): Physical constraints on the coefficients of
Fourier expansions in cylindrical coordinates. Journal of Mathematical Physics,
31(11): 2592-2596.

Lin, H.; Atluri, S. N. (2000): Meshless Local Petrov-Galerkin (MLPG) Method
for Convection-Diffusion Problems. CMES: Computer Modeling in Engineering &
Sciences, 1: 45-60.

Lin, H.; Atluri, S. N. (2001): The Meshless Local Petrov-Galerkin (MLPG) method
for solving incompressible Navier-Stokes Equations. CMES: Computer Modeling
in Engineering & Sciences, 2: 117-142.

Liu, C.S.; Atluri, S. N. (2008): A novel time integration method for solving a
large system of non-linear algebraic equations. CMES: Computer Modeling in En-
gineering & Sciences, 31: 71-83.

Liu, C.S.; Atluri, S. N. (2009): A highly accurate technique for interpolations
using very high-order polynomials, and its applications to some ill-posed linear
problems. CMES: Computer Modeling in Engineering & Sciences, 43: 253-276.

Lopez, J. M.; Marques F.; Shen J. (2002): An Efficient Spectral projection
method for the Navier–Stokes equations in cylindrical geometries. Journal of Com-
putational Physics, 176: 384–401.

Matsushima T.; Marcus P. S. (1997): A Spectral Method for Unbounded Do-
mains. Journal of Computational Physics, 137: 321-345.

Meseguer, A.; Trefethen, L. N. (2003): Linearized pipe flow to Reynolds number



52 Copyright © 2010 Tech Science Press CMES, vol.67, no.1, pp.39-53, 2010

107. Journal of Computational Physics, 186: 178–197.

Mohammadi, M. H. (2008): Stabilized Meshless Local Petrov-Galerkin(MLPG)
Method for Incompressible Viscous Fluid Flows. CMES: Computer Modeling in
Engineering & Sciences, 29: 75–94.

Mohseni, K.; Colonius, T. (2000): Numerical Treatment of Polar Coordinate Sin-
gularities, Journal of Computational Physics, 157: 787–795.

Morris, P. J. (1976): The spatial viscous instability of axisymmetric jet. Journal
of Fluid Mechanics, 77: 511-529.

Orsini, P.; Power, H.; Morvan, H. (2008): Improving Volume Element Methods
by Meshless Radial Basis Function Techniques. CMES: Computer Modeling in
Engineering & Sciences, 23: 187–208.

Priymak, V. G.; Miyazakiy, T. (1998): Accurate Navier–Stokes Investigation of
Transitional and Turbulent Flows in a Circular Pipe. Journal of Computational
Physics, 142: 370–411.

Salgado, A. D.; Sandham, N. D. (2007): Viscous instability of a compressible
round jet. ISVR Report No. AFM-07/1.

Schmid, P.J.; Henningson, D. S. (2000): Stability and transition in shear flows.
New York, Springer Verlag.

Sellountos, E. J.; Sequeira, A.; Polyzos, D. (2009): Elastic transient analysis with
MLPG(LBIE) method and local RBFs. CMES: Computer Modeling in Engineering
& Sciences, 41: 215–242.

Shan, Y. Y.; Shu, C.; Lu, Z. L. (2008): Application of Local MQ-DQ Method to
Solve 3D Incompressible Viscous Flows with Curved Boundary. CMES: Computer
Modeling in Engineering & Sciences, 25: 99–114.

van Doorne, C. W.; Westerweel, J. (2009): The flow structure of a puff. Philo-
sophical Transactions of the Royal Society A, 367: 489-507.

Xie, M. L.; Chan, T. L.; Zhang, Y. D.; Zhou H. C. (2008): Numerical analysis of
nonlinear stability of two phase flow in the Blasius boundary layer. International
Journal of Nonlinear Sciences and Numerical Simulation, 9: 423-434.

Xie, M. L.; Lin, J. Z. (2009a): An efficient numerical solution for linear stability
of circular jet: a combination of Petrov Galerkin spectral method and exponential
coordinate transformation based on Fornberg’s treatment. International Journal for
numerical method in fluids, 61, 780-795.

Xie, M. L.; Lin, J. Z.; Zhou, H. C. (2009b): The effect of nonlinear interaction
between gas and particle velocities on the hydrodynamic stability in the Blasius
boundary layer. International Journal of Non-Linear Mechanics, 44: 106-114.



Viscous Linear Instability of an Incompressible Round Jet 53

Xie, M. L.; Lin, J. Z.; Zhou, H. C. (2009c): Temporal stability of a particle-laden
Blasius boundary layer. Modern Physics Letter B, 23: 203-216.

Xie M. L.; Zhou H. C.; Chan T. L. (2009d): An improved Petrov Galerkin spec-
tral collocation solution for linear stability of circular jet. CMES: Computer Mod-
eling in Engineering and Sciences, 46: 271-289.




