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ABSTRACT

In jet problems the conserved quantity plays a central role in the solution
process. The conserved quantities for laminar jets have been established either
from physical arguments or by integrating Prandtl’s momentum boundary
layer equation across the jet and using the boundary conditions and the
continuity equation. This method of deriving conserved quantities is not
entirely systematic and in problems such as the wall jet requires considerable

mathematical and physical insight.

A systematic way to derive the conserved quantities for jet flows using
conservation laws is presented in this dissertation. Two-dimensional, ra-
dial and axisymmetric flows are considered and conserved quantities for
liquid, free and wall jets for each type of flow are derived. The jet flows
are described by Prandtl’s momentum boundary layer equation and the
continuity equation. The stream function transforms Prandtl’s momentum
boundary layer equation and the continuity equation into a single third-
order partial differential equation for the stream function. The multiplier
approach is used to derive conserved vectors for the system as well as
for the third-order partial differential equation for the stream function for
each jet flow. The liquid jet, the free jet and the wall jet satisfy the same
partial differential equations but the boundary conditions for each jet are
different. The conserved vectors depend only on the partial differential
equations. The derivation of the conserved quantity depends on the boundary
conditions as well as on the differential equations. The boundary condi-
tions therefore determine which conserved vector is associated with which
jet. By integrating the corresponding conservation laws across the jet and
imposing the boundary conditions, conserved quantities are derived. This

approach gives a unified treatment to the derivation of conserved quantities for



jet flows and may lead to a new classification of jets through conserved vectors.

The conservation laws for second order scalar partial differential equations
and systems of partial differential equations which occur in fluid mechanics
are constructed using different approaches. The direct method, Noether’s
theorem, the characteristic method, the variational derivative method (mul-
tiplier approach) for arbitrary functions as well as on the solution space,
symmetry conditions on the conserved quantities, the direct construction
formula approach, the partial Noether approach and the Noether approach for
the equation and its adjoint are discussed and explained with the help of an
illustrative example. The conservation laws for the non-linear diffusion equa-
tion for the spreading of an axisymmetric thin liquid drop, the system of two
partial differential equations governing flow in the laminar two-dimensional
jet and the system of two partial differential equations governing flow in the

laminar radial jet are discussed via these approaches.

The group invariant solutions for the system of equations governing flow in
two-dimensional and radial free jets are derived. It is shown that the group

invariant solution and similarity solution are the same.

The similarity solution to Prandtl’s boundary layer equations for two-
dimensional and radial flows with vanishing or constant mainstream velocity
gives rise to a third-order ordinary differential equation which depends on a
parameter. For specific values of the parameter the symmetry solutions for
the third-order ordinary differential equation are constructed. The invariant

solutions of the third-order ordinary differential equation are also derived.
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Chapter 1

Introduction

1.1 Introduction

The notion of a conservation law plays a vital role in the study of differential
equations and their many applications. The mathematical idea of a conser-
vation law comes from the formulation of familiar physical laws such as the
balance laws for energy and momentum.

In jet problems the conserved quantity plays an important role in the so-
lution process and is used to determine the unknown exponent in the sim-
ilarity solution which cannot be obtained from the homogeneous boundary
conditions. The conserved quantities for laminar jets have been established
either from physical arguments or by integrating Prandtl’s momentum bound-
ary layer equation across the jet and using the boundary conditions and the
continuity equation. By this method, Schlichting (1933,1968) established the
conserved quantity for the two-dimensional free jet. The problem of the radial
free jet was first studied by Squire (1955). The conserved quantity for the
radial free jet was derived by integrating Prandtl’s momentum boundary layer
equation across the jet (see Squire 1955, Riley 1962b, Schwarz 1963). Glauert

(1956) established the conserved quantities for two-dimensional and radial wall



jets again by integrating the momentum boundary layer equation across the
jet. The conserved quantity for the two-dimensional liquid jet (Watson 1964)
and radial liquid jet (Riley 1962b, Watson 1964) was obtained from a physi-
cal argument based on conservation of volume flux in an incompressible fluid.
Goldstein (1938) established the conserved quantity for an axisymmetric free
jet by integrating the momentum equation across the jet. Later, Duck and
Bodonyi (1986) established the conserved quantity for an axisymmetric wall
jet by same procedure. This method of deriving conserved quantities is not
entirely systematic and difficult to apply in problems such as the wall jets.

In this work, we have established the conserved quantities for jet flows
by utilizing conservation laws. The multiplier approach is used to derive the
conservation laws for the system of equations for velocity components as well
as for the third-order partial differential equation for the stream function. By
integrating the corresponding conservation laws across the jet and imposing
the boundary conditions, conserved quantities are derived for liquid, free and
wall jets for two-dimensional, radial and axisymmetric flows.

The conservation laws for fluid mechanics problems are constructed with
the help of different approaches. There are nine approaches to construct
the conservation laws for partial differential equations. An elegant and con-
structive way of finding conservation laws is by means of Noether’s theorem
(Noether 1918) when a system of differential equations has a Lagrangian formu-
lation. Yet there are differential equations that do not have a Lagrangian, for
example scalar evolution differential equations. There are methods to obtain
conservation laws which do not rely on the knowledge of a Lagrangian func-
tion. The most elementary method is the direct method introduced by Laplace
(1798). The direct method has been successfully applied to obtain conserva-
tion laws for several well-known differential equations. The other methods for
obtaining conservation laws are recent or lesser known. The third approach,

introduced by Steudel in 1962, involves writing a conservation law in charac-



teristic form, where the characteristics are the multipliers of the differential
equations. In order to determine a conservation law in this approach one has
to also find the related characteristics. The fourth method, which is linked
to the third, involves the variational derivative. In this method, one com-
putes the characteristics and from these the associated conservation laws (see
proposition 5.49 in Olver 1993). Anco and Bluman (2002b) also used this
approach. In the fifth approach, the variational derivatives are computed on
the solution space of the differential equations. The characteristics obtained
by this approach sometimes correspond to an adjoint symmetry rather than
a conservation law. A computer algebra package has been developed by Wolf
(2002) for the four methods stated which do not rely on a Lagrangian. The
sixth approach introduced by Kara and Mahomed (2000) to derive a conser-
vation law is to add a symmetry condition to the direct method. The seventh
approach due to Anco and Bluman (2002a,b) provides formulae for finding
conservation laws for known characteristics. The local conservation laws for
the partial differential equations (single or system) expressed in a standard
Cauchy-Kovalevskaya form can be computed by direct construction formulae
(Anco and Bluman 2002b). The eighth and most recent approach, due to
Kara and Mahomed (2006), is the partial Noether approach. It works like the
Noether approach for the differential equations with or without a Lagrangian.
In the ninth approach, the partial differential equation together with the ad-
joint equation is considered as a system. The adjoint variational principle, in
general, was introduced by Atherton and Homsy (1975). Symmetry consider-
ations for such systems were recently incorporated by Ibragimov (2007). Then
the conservation laws are computed by a formula (Ibragimov 2007).

The group invariant solution for two-dimensional and radial free jets are
constructed. The Lie point symmetries are calculated for both cases. A sym-
metry is associated with the conserved vector that is used to establish the

conserved quantity for the jet and then this symmetry generates the group



invariant solution for the system governing the flow in the free jet. Moreover,
the symmetry and invariant solutions for the third-order ordinary differential

equation, which arises from Prandtl’s boundary layer equations, are derived.

1.2 Aims and objectives of thesis

There are three objectives of the thesis.

Firstly, to investigate a systematic way to derive the conserved quantities
for jet flows. In the literature conserved quantities are derived either from
physical arguments or by integrating the momentum balance equation across
the jet and using boundary conditions and the continuity equation. This is a
convenient method for simple jet flows but it is a difficult approach for more
complicated jets such as the wall jet. The derivation of the conserved quantities
for two-dimensional jet flows, radial jet flows and axisymmetric jet flows with
the help of conservation laws is presented in Chapters 3, 4, 5 respectively.

Secondly, to review and compare the different approaches for the construc-
tion of conservation laws for partial differential equations. This is done in
Chapters 6 and 7.

Thirdly, to derive the Lie point symmetries, group invariant solutions and
symmetry solutions of the differential equations arising from the boundary
layer approximations. In Chapter 8, a Lie symmetry analysis and the deriva-
tion of group invariant solutions for the system of partial differential equa-
tions for two-dimensional and radial jet flows are presented. Chapter 9 is
concerned with the symmetry solution of a third-order ordinary differential

equation which arises from Prandtl boundary layer equations.



1.3 Outline of thesis

A detail outline of the thesis is as follows.

In Chapter 2, the basic operators, definitions and the concept of a conservation

law are presented.

A systematic way to derive the conserved quantities for the two-dimensional
liquid jet, free jet and wall jet using conservation laws is presented in Chapter
3. The flow in the two-dimensional jet is described by Prandtl’s momentum
boundary layer equation and the continuity equation. The multiplier approach
is first applied to construct a basis of conserved vectors for the system. The
basis consists of two conserved vectors. By integrating the corresponding
conservation laws across the jet and imposing the boundary conditions,
conserved quantities are derived for the two-dimensional liquid and free jets.
The multiplier approach is then applied to construct a basis of conserved
vectors for the third-order partial differential equation for the stream func-
tion. The basis consists of two local conserved vectors one of which is a
non-local conserved vector for the system. The conserved quantities for the
two-dimensional free jet and the wall jet are derived from the corresponding
conservation laws and boundary conditions. Corresponding results are derived

for the radial liquid, free and wall jets in Chapter 4.

The results presented in Chapters 3 and 4 are published by Naz, Mason and
Mahomed 2008.

In Chapter 5, a systematic way to derive the conserved quantities for the
axisymmetric liquid jet, free jet and wall jet using conservation laws is

presented. The multiplier approach is used to construct a basis, which



consists of two conserved vectors, for the system of two partial differential
equations for the two velocity components. By integrating the corresponding
conservation laws across the jet and imposing the boundary conditions,
conserved quantities are derived for the axisymmetric liquid and free jet. The
multiplier approach applied to the third-order partial differential equation
for the stream function yields two local conserved vectors one of which is
a non-local conserved vector for the system. One of the conserved vectors
gives the conserved quantity for the axisymmetric free jet but the conserved
quantity for the wall jet cannot be obtained from the second conserved vector.
The conserved quantity for the axisymmetric wall jet is derived from a non-
local conserved vector of the third-order partial differential equation for the

stream function which is obtained by using the stream function as a multiplier.

In Chapter 6, the different approaches to construct conservation laws for
partial differential equations are discussed and are explained with the help of

an illustrative example.

In Chapter 7, the conservation laws for the non-linear diffusion equation for
the spreading of an axisymmetric thin liquid drop, the system of two partial
differential equations governing flow in a laminar two-dimensional jet and the
system of two partial differential equations governing flow in a laminar radial

jet are constructed using different approaches.

The results presented in Chapters 6 and 7 are published by Naz, Mahomed
and Mason 2008c.

Chapter 8 is concerned with the group invariant solution of radial and
two-dimensional free jets. The Lie point symmetries are calculated for both

cases and a symmetry is associated with the conserved vector that is used to



establish the conserved quantity for the jet. This associated symmetry is then
used to derive the group invariant solution for the system governing the flow

in the free jet.

The similarity solution to Prandtl’s boundary layer equations for two-
dimensional and radial flows with vanishing or constant mainstream velocity
gives rise to a third-order ordinary differential equation which depends on a
parameter o and its symmetry solutions are considered in Chapter 9. For
special values of a the third-order ordinary differential equation admits a
three-dimensional symmetry Lie algebra Ls. For solvable L3 the equation is
integrated by quadrature. For non-solvable L3 the equation reduces to the
Chazy equation. The Chazy equation is reduced to a first-order differential
equation in terms of differential invariants which is transformed to a Riccati
equation. In general the third-order ordinary differential equation admits a
two-dimensional symmetry Lie algebra Ls. For L, the differential equation
can only be reduced to a first-order equation. The invariant solutions of the

third-order ordinary differential equation are also derived.

The results presented in Chapter 9 are published by Naz, Mahomed and
Mason (2008a).

Finally, the conclusions are summarized in Chapter 10.



Chapter 2

Background and definitions

The purpose of this chapter is to introduce the basic concepts of Lie theory and
conservation laws for partial differential equations. The derivation of conserved
quantities using conservation laws for jet flows is considered in this thesis.
We first present the notation that will be used and recall basic definitions
and theorems which can be found in the literature cited. The summation

convention over repeated lower and upper indices is adopted.

2.1 Boundary layer theory

Prandtl in (1904) introduced the concept of a boundary layer in large
Reynolds number flows and he also showed how the Navier-Stokes equations
could be simplified to yield approximate solutions. There are many books on
boundary layer theory e.g. Schlichting (1968), Schlichting and Gersten (2000)
and Rosenhead (1963).

Definition 2.1. A boundary layer is a thin layer in which the effect of vis-

cosity is important no matter how high the Reynolds number may be.



The Reynold number Re is defined by

Re= UL 2.1)

14

where U is a characteristic velocity and L is a characteristic length associated
with the flow and v is the kinematic viscosity of the fluid. A boundary layer

exists if
VvV Re >> 1. (2.2)

A boundary layer does not necessarily need to be adjacent to a solid boundary.
A thin region of sharp change can exist away from a boundary such as along
the axis of a free jet. The boundary layer equations are applicable in the thin

region of sharp change.

2.2 Fundamental relations

Let ¢, i = 1,2,--- ,n, be n independent variables and v*, a = 1,2,---, N,
be N dependent variables. The collection of rth-order derivatives, r > 1,
is denoted by wu(y. Subscripts denote partial derivatives. The summation
convention is adopted in which there is summation over repeated upper and
lower indices. As usual A is the vector space of differential functions. The

basic operators defined in A are stated below.

Definition 2.2. The Fuler operator is defined by

) 0 d
== ~1*D;, Dy ——— a=1,2,---, N, 2.3
Sur o ;( J'Di Diga @ (23)
where
0 0 0
Di= — Ul U+, i=1,2,..m, 2.4
ox’ M ou® R ou? + ! " (2:4)



is the total derivative operator with respect to z’. Euler operator is also
denoted by Fya.
Definition 2.3. The Lie-Baicklund operator is

; 0
X — — 2.5
o +§:Zlh&%z (2.5)
where (. ; are defined by
¢ = Di(n™) — u§ Di(&),
iy = Dis<Cz‘of~~iS_1) - u?iynis_lDis (5j)a s> 1. (2.6)
The Lie-Backlund operator (2.5) in characteristic form is
X = 5—+W“i+D(Wa)i+DD(W“)i+ (2.7)
ou® ou$ oug; ’ '
where
We=n"—&u?, a=1,2,--- N, (2.8)

are the Lie characteristic functions.
Definition 2.4. The Noether operators associated with a Lie-Backlund op-
erator X are

. . )
NZ:§l+Wa +ZD“ zg Wa) 77::1727""’”7 (29)

s>1 1.71 “Js

where the Euler-Lagrange operator ¢/du is

0

Js
5>1 Qug, .,

i=1,2-,n a=12- N (2.10)

and similarly for the other Euler-Lagrange operators with respect to higher

order derivatives.
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2.3 Conservation laws

Consider a k'"-order system of differential equations of n independent and N

dependent variables
Ea(a:,u,u(l),u(g),...,u(k)) :0, o = 1,2,...N, (2.11)

which is assumed to be of maximal rank and locally solvable.

Definition 2.5. A conserved vector of (2.11) is an n-tuple T =
(TY,72,...,T"), T' € A, i = 1,2...n, such that

DT" =0 (2.12)

holds for all solutions of (2.11). Equation (2.12) is called a local conservation

law provided 7" are free of integral terms.

Definition 2.6. There are two kinds of trivial conservation laws for differ-

ential equations (2.11) (see Olver 1993).

The first kind of trivial conservation law is that in which the n-tuple T" =
(T',72,...,T") in (2.12) itself vanishes for all solutions of the system (2.11).

For example

T' = eucos (vVev) [v, — 1]

1
T? = csin (vev) [v, — u] + v/eucos (Vev) |exu — — UV — V|, (2.13)
u

forms a trivial conservation law of the first kind for the system
1
Vg = U, Uy = (—) +cru, c¢>0, (2.14)
u X

since T and T2 vanish for all solutions of the system.

11



In the second kind of triviality, the divergence expression (2.12) holds for arbi-
trary functions, not only for the solutions of system (2.11), or the divergence

(2.12) vanishes identically. For example

holds for any smooth function u = ¢(t, z) and thus yields a trivial conservation
law of the second kind.

We are interested in finding non-trivial conservation laws.

12



Chapter 3

Conservation laws and physical
conserved quantities for laminar

two-dimensional jets

3.1 Introduction

The conserved quantities are required in the solution of jet flow problems
because these problems have homogeneous boundary conditions. The un-
known exponent in the similarity solution cannot therefore be obtained from
the boundary conditions as it can, for instance, in Blasius flow past a flat
plate where the mainstream matching boundary condition is used. In jet flow
problems a further condition is required and this is provided by the conserved
quantity. The conserved quantity has physical significance for each jet. It is a
measure of the strength of the jet.

Schlichting (1933) established the conserved quantity for the two-
dimensional free jet by integrating Prandtl’s momentum boundary layer equa-
tion across the jet and using the boundary conditions and the continuity

equation. Glauert (1956) established the conserved quantity for the two-

13



dimensional wall jet by same method. The conserved quantity for the two-
dimensional liquid jet (Watson 1964) was obtained from the physical argument
that volume flux is constant in an incompressible fluid.

In this chapter, we present a new approach to the construction of the con-
served quantities for laminar jet flows by using the conservation laws for the
partial differential equations describing the jet flows. This new method is
more systematic than the existing method of integrating the momentum bal-
ance equation across the jet and for significant problems such as the wall jet
it is simpler than the derivation given by Glauert (1956). Two-dimensional
jets can be formulated either as a system of two partial differential equations
for the two velocity components or as a single third-order partial differential
equation for the stream function. Mason (2002) gave the elementary conserva-
tion law for the third-order partial differential equation for the stream function
for the two-dimensional jet. We will use the multiplier approach, introduced
by Steudel (1962) (see Olver 1993) and also invoked by Anco and Bluman
(2002a,b), to derive a basis of two conservation laws for both the system of
partial differential equations for the two velocity components and the third-
order partial differential equation for the stream function. We will then show
how the conservation laws can be used to construct conserved quantities for
two-dimensional liquid, free and wall jets.

An outline of the chapter is as follows. In Section 3.2, a basis of conservation
laws, for the system of partial differential equations for the velocity compo-
nents as well as for the partial differential equation for the stream function,
is derived for two-dimensional jets using the multiplier approach. In Section
3.3, the conserved quantity for the two-dimensional liquid, free and wall jet

are established. Finally, the conclusions are summarized in Section 3.4.

14



3.2 Conservation laws for two-dimensional
laminar jet flows

We will consider the two-dimensional liquid jet, free jet and wall jet.

A liquid jet is formed when a two-dimensional jet of liquid strikes a plane
boundary normally and spreads over it (Watson 1964). The x-axis is along
the boundary, the y-axis is perpendicular to the boundary and the boundary
is y = 0. There is no suction or blowing of fluid at the boundary. The fluid in
the jet is viscous and incompressible and the surrounding fluid is a gas. The
equation of the free surface is y = ¢(x).

A free jet is formed when fluid emerges from a long narrow orifice in a wall
into the same viscous and incompressible fluid at rest. The z-axis is along the
axis of symmetry of the jet, the y-axis is perpendicular to the jet in the plane
of the jet and the origin is at the orifice.

A wall jet is formed when a sluice gate separating two sections of a canal is
slightly raised (Glauert 1956). The flow of fluid into the part with lower water
level is a wall jet. The fluid in the jet is viscous and incompressible and is the
same as the surrounding fluid which is at rest far from the jet. The z-axis is
along the wall and the y-axis is perpendicular to the wall. There is no suction
or blowing of fluid at the wall.

The flow in a two-dimensional laminar jet is governed by Prandtl’s momen-

tum boundary layer equation

Uy, + VUy = Vi, (3.1)
and the continuity equation

Uy + vy = 0, (3.2)

where u(x,y) and v(x,y) are the velocity components in the 2 and y directions,
respectively and v is the kinematic viscosity of the fluid. Subscripts denote

partial derivatives.
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3.2.1 Stream function

The stream function plays an important part in the subsequent analysis

(Batchelor 1967). From (3.2), udy — vdx is a perfect differential, denoted
by d:

d = u(x,y)dy — v(x,y)de. (3.3)

The stream function ¥ (z,y) at any point P(z,y) is obtained by integrating
(3.3) from any reference point O, which we choose to be (z,,0), to the point

P along an arbitrary curve joining O and P. Thus

P

U(z,y) — (x,,0) = / u(z,y)dy — v(z,y)de. (3.4)

o

Physically the integral on the right hand side of (3.4) is the flux of volume
across the curve joining O and P and hence, since the fluid is incompressible,
the integral is independent of the choice of curve between O and P.

From (3.3), since = and y are independent variables,

U(Z’,y) = wya U(xay) = _¢x' (35)

Now, for the free jet, since the z-axis is an axis of symmetry, v(z,0) = 0. For
the liquid jet and the wall jet, since there is no suction or blowing at the solid

boundary, v(z,0) = 0. Thus for all three jets,

and therefore ¥ (x,0) = 1, where 1, is a constant. The stream function (3.4)
therefore contains an additive constant which from (3.5) does not contribute to

the velocity components. We specify this constant by choosing ¥, = 0. Hence

¥(z,0) =0, (3.7)
and (3.4) becomes
U(z,y) :/o u(x, y)dy —v(z,y)dr. (3:8)
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Integrating (3.8) with respect to y from y = 0 to y = oo along a straight
line with x kept fixed gives

P(x, 00) = /000 u(z,y)dy. (3.9)

We assume that u(x,y) tends to zero sufficiently rapidly as y tends to infinity
to ensure that the integral in (3.9) is convergent. Thus ¢ (x, c0) is finite.

We substitute (3.5) into (3.1) and (3.2). Then (3.2) is identically satisfied
and (3.1) yields the third-order partial differential equation

%%y - w:cwyy - wayy = 0. (310)

We will derive the conservation laws for the system (3.1)-(3.2) and also for the
third-order partial differential equation (3.10), using the multiplier approach
(Steudel 1962, Olver 1993, Anco and Bluman 2002a,b).

3.2.2 Conservation laws for system of equations by mul-

tiplier approach

Multipliers A; and A, for the system of equations (3.1) and (3.2) have the

property that
Ay (uu, + vu, — vuy,) + Ay (u, +v,) = DT+ D,T?, (3.11)

for all functions u(x,y) and v(z,y) where the total derivative operators D,

and D, from (2.4) are defined by

0 0 0 0
Dy = 2ty L = 0y gy AUy e, (3,12
* 8x+ux8u+vmav+um(9ux+vm(9vx+uxy8uy+ny8vy+ » (3.12)
0 0 0 0 0 0 0
D, = — 41—+, — ey, — e (3.1
"= 3y +u, 50 +v, 5 + Uy Juy + vy, a0, + Uy o + Uy a0 + (3.13)

The right hand side of (3.11) is a divergence expression and 7" and T? are the
components of the conserved vector T = (T, T?). We will consider multipli-

ers of the form Ay = Ay(x,y,u,v) and Ay = As(x,y,u,v). The determining
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equations for the multipliers A; and A, are
Ey, [A(uug + vuy — vuy,) + Ao(u, +v,)] =0, (3.14)

E, [A(uuy + vuy — vuyy) + Ao(uy +vy)] =0, (3.15)

where E, and E, are the standard Euler operators which annihilate divergence

expressions:
0 0 0 0 0 0
E,=—-D,—-D D? D.D D? —, (3.16
ou ou, — ?ou, T gy i o Ty Oy, , (3.16)
and
0 0 0 0 0 0
E,=—-D,——-D,—+D—+D,D D? —- . (317
ov v, Y Ov, Mt OVzy * o 2y Ovyy (8:17)
The expansion of (3.14) and (3.15) yields,
Ay (uuy + vuy, — vuy,) + Aoy (uy +vy) + Aqu,
—D,(Myu+ Ay) — Dy(Ayw) — vD2(Ar) =0 (3.18)
and
Ay (uuy + vuy — vuyy) + Aoy (uy + vy) + Ayuy, — Dy(Ag) = 0. (3.19)

Equations (3.18) and (3.19) have to be satisfied for all functions u(zx,y) and
v(x,y). The equations are separated by equating the coefficients of the partial

derivatives of u(z,y) and v(x,y). Now

D;(Al) = Uyy N1y + vyy A1, + lower derivative terms . (3.20)
Thus equating to zero the coefficients of u,, and v,, in (3.18) gives

Ay =0, Ay =0 (3.21)
and therefore Ay = Aj(z,y). When expanded, (3.18) and (3.19) reduce to

U:tA2v —|— Uy(Al — Agu) —|— UAlac —|— UAly + Agx —|— VAlyy = 0, (322)
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uxAQU + U,y(Al — A2u) — A2y =0. (323)

We separate (3.22) and (3.23) according to derivatives of u and v. From (3.23)
it follows that A, = 0 and Ag, = 0 and therefore Ay = Ay(z,u) and (3.23)

reduces to

Differentiating (3.24) by y gives Ay, = 0 and therefore A; = A(x). Equation
(3.24) becomes

Asy, = A(2) (3.25)
and therefore

Ay = uA(x) + B(z). (3.26)
Equation (3.22) reduces to

2u—+ — =0. (3.27)

Separating (3.27) according to powers of u gives A(x) = ¢ and B(x) = ¢

where ¢; and ¢y are constants. Thus
A = ¢y, Ay = 1 + cou. (3.28)
From (3.11) and (3.28),
co(uuy + vuy, — vuy,) + (cou + ¢1)(uy +vy) =

D, [czuz + clu] + D, [c2(uv — vuy) + 1], (3.29)

for arbitrary u(z,y) and v(z,y) and therefore when u(x,y) and v(x,y) are the

solutions of the system (3.1)-(3.2),

D, [cou® + cru] + Dy [ea(uv — vuy) + 0] = 0. (3.30)
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Any conserved vector for the system (3.1)-(3.2) with multipliers of the form
Ay = Ay (z,y,u,v) and Ay = Ag(z,y,u,v) is therefore a linear combination of

the two conserved vectors
T =u, T?=u, (3.31)

T =u? T =ww—vu,. (3.32)

The conserved vectors (3.31) and (3.32) therefore form a basis of conserved vec-
tors for the system (3.1)-(3.2) with multipliers of the form Ay = Ay (z,y, u,v)
and Ay = Ag(z,y, u,v).

In this problem it was not difficult to construct the conserved vectors by
elementary manipulations once the multiplier has been determined. The con-
served vectors can also be derived systematically using (3.11) as the determin-
ing equation.

A more general result can be established. It can be shown that all multi-
pliers of the form Ay = Ay(x,y, u, v, uz,v,) and Ay = Ag(z,y, u, v, u,, v,) are

necessarily given by (3.28).

3.2.3 Conservation laws for two-dimensional laminar jet

flow in terms of stream function

A multiplier A for the partial differential equation (3.10) has the property that

A(wywwy — Yty — m/’yyy) = Dle + DyT27 (3‘33)

for all functions ¢(z,y) where D, and D, are defined by

0 0 0 0
Dy = oo+t w+wma%+¢zy8%+...7 (3.34)
0 0 0 (3.35)

Dy +¢yaw+¢yyaw +¢y$aw

are the total derivative operators. The right hand side of (3.33) is a diver-

gence expression and T and 72 are the components of a conserved vector
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T = (T*,T?%). Consider a multiplier of the form A = A(z,y, v, ., 1,). The

determining equation for the multiplier A is

Ey [A(mv Y, Vs Vg, wy)(¢y¢xy — Yythyy — mpyyy)] =0, (3-36)
where
) ) B B ) B
FE,=——-D,——D +D? +D,D +D? —-, (337
0= gy~ Pagy, ~Drgy, t Pagy, PPt Dy =y (337)

is the standard Euler operator which annihilates the divergence on the right

hand side of (3.33). Expansion of (3.36) yields
(ythay = Yathyy — viyyy) Ay — Da[(Pythay — Yoty — vibyyy) Ay, ]

=Dy [(Yythey — Yatbyy — Vibyyy) Ay, ] + Da(Abyy) — Dy (Athyy)
+DyDy(Atpy) — D2 (Aip,) + vDI(A) = 0. (3.38)
Now

D3(A) = YayyyNy, + yyyyAy, + lower derivative terms . (3.39)

Since (3.38) must be satisfied for all functions ¢(x,y) the coefficient of the
derivatives of ¢ (z,y) in (3.38) must vanish. The highest order derivative terms
in (3.38) are 2vAy, Vayy, and 20Ay 1by,,,. Equating their coefficients to zero

yields

Ay, =0, Ay, =0 (3.40)
and therefore

A =a(z,y,v). (3.41)
The substitution of (3.41) in (3.38) yields

(200 + 3vayy )y — 2aythay + 3vayythytyy + V%w«zﬂ/’f}

+(ays + 3”%@)% — Ay P2V + (Aay + 30y, )10y —Vrayy +vay,, = 0. (3.42)
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Equating to zero the coefficients of the second order derivatives 14y, ¥, and

Pythy, in (3.42) yields

ay =0, a; =0, agy =0. (3.43)
We finally obtain

A=ctay, (3.44)

where ¢35 and ¢4 are constants.

From (3.33) and (3.44)
(CS + C4¢)(¢y'¢xy - ¢xwyy - wayy) =D, [CS@Z}Z + 04@/)"405}

D, [es(—thy = Vi) + eal—tth, + SUE — vy (3.45)

for arbitrary functions ¢ (x,y). When ¢ (z,y) is a solution of the third-order
partial differential equation (3.10),

Dx [63¢Z + C4¢¢Z}

D, [es(—uthy — Vi) + al—uth, + SU2— vy, = 0. (3.46)

Thus any conserved vector of the third order partial differential equation (3.10)
with multipliers A = A(z,y,, 4, 1,) is a linear combination of the two con-

served vectors
T =42, T? = —pthy — iy, (3.47)

T' = gy, T = —dtbu, + S5 — vy, (3.48)

The conserved vectors (3.47) and (3.48) form a basis of conserved vectors
for the third order partial differential equation (3.10) for multipliers A =
A(z,y,v¢, Y5, 1,). The conserved vector (3.47) is equivalent to the conserved
vector (3.32) for the system (3.1)-(3.2) and it is the elementary conserved
vector for (3.10) (Mason 2002). The conserved vector (3.48) yields a local
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conservation law for the third-order partial differential equation (3.10) but a
non-local conservation law for the system (3.1)-(3.2).

The conserved vectors (3.47) and (3.48) were derived by elementary manip-
ulations once the multiplier (3.44) had been found. They can also be derived

systematically using (3.33) as the determining equation.

3.3 Conserved quantity for the two-
dimensional liquid, free and wall jet

In this section we will present a new method of driving the conserved quantity
for the two-dimensional liquid jet, free jet and wall jet. We will first consider
the conserved vectors (3.31) and (3.32) for the system (3.1)-(3.2) and derive the
conserved quantities for the two-dimensional liquid and free jets. We will then
consider the stream function formulation and give an alternative derivation of
the conserved quantity for the two-dimensional free jet and a new derivation
of the conserved quantity for the wall jet.

The conserved vectors (7%, T?) which have been derived depend on
u(z,y), v(z,y) or ¥(z,y) and can therefore be expressed in terms of x and y.
Thus

T (x,y) N OT*(x,y)

D, T'+ D,T? =
By Ox oy

(3.49)

where on the right hand side, 7" and T? are regarded as functions of z and y.
For a conserved vector the left hand side of (3.49) vanishes and (3.49) reduces
to

oT' (z,y) N oT*(x,y)

o T (3.50)

Equation (3.50) forms the basis of the derivation of conserved quantities.
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3.3.1 Conserved quantity for a two-dimensional liquid
jet
The conserved quantity for the two-dimensional liquid jet is obtained from the
conserved vector (3.31).
The boundary conditions for the two-dimensional liquid jet are that there

is no slip or suction and blowing at the lower boundary over which the liquid

is flowing and there is no shear stress along the free surface y = ¢(z):

y=0: ufe,0)=0, v(z,0) =0, (3.51)
y=0ox): uylz,ér)) =0. (3.52)
The y-component of the fluid velocity on the free surface y = ¢(z) is
D d
(. 6(2) = 2 [o(a)] = u(a. 6(x)) 20, (3.53)
where
D 0 0 0

is the material time derivative.
Integrate (3.50) with respect to y from y = 0 to y = ¢(z) keeping z fixed
during the integration. Then for the conserved vector (3.31)

@ [u(r,y)  Ov(z,y)
/0 { 5t oy dy = 0, (3.55)

which, on differentiating under the integration sign (Gillespie 1959), yields

d [ ds(x)

&) u@wdy—ul@é@) ==+ byl =o. (3.56)

Using (3.53) for v(x,¢(x)) and the boundary condition (3.51) for v(x,0) we

obtain
é(x)
/ u(z,y)dy = constant, independent of z. (3.57)
0
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Equation (3.57) states that the total volume flux is constant along the jet.
Thus

o(x)
F = / u(z,y)dy (3.58)
0

is the conserved quantity for the two-dimensional liquid jet (Watson 1964).

3.3.2 Conserved quantity for two-dimensional free jet

The conserved quantity for the two-dimensional free jet is obtained from the
conserved vector (3.32).

The boundary conditions for the two-dimensional free jet are
y=0: v(z,0)=0, uy(z,0) =0, (3.59)

y==4o00: wu(x,£o0)=0, uy(x,+o0)=0. (3.60)

Integrate (3.50) with respect to y from y = —oco to y = oo with x kept fixed

during the integration. For the conserved vector (3.32) we obtain

/Z [% [ y)] + a% [w(z, y)v(z,y) — vuy(z,y)]| dy =0,  (3.61)
which yields
% _OO Wz, y)dy + fu(z, y)o(e, y) — vy (z,9)] %, = 0. (3.62)

The second term in (3.62) vanishes due to the boundary conditions in (3.60)

and we obtain
2/ u*(z,y)dy = constant, independent of z. (3.63)
0

Equation (3.63), multiplied by the density of the fluid p, states that the total
momentum flux in the direction of the jet is constant along the jet. Thus the

conserved quantity for the two-dimensional free jet is

F = 2p/ u?(z,y)dy. (3.64)
0
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The definition (3.64) of F' is that used by Schlichting (1933).

The conserved quantity (3.64) can also be derived using the conserved
vector (3.47) for the third-order partial differential equation (3.10). We now
briefly outline the derivation.

In terms of the stream function the boundary conditions (3.59) and (3.60)
take the form

y=0: 1,(z,0) =0, ¢,(z,0) =0, (3.65)

y==200: Py(x,+00) =0, Py,(x,+o0) =0. (3.66)

Integrate (3.50) with respect to y from y = —oo to y = oo with x kept fixed
during the integration. For the conserved vector (3.47) this yields

| [aﬁ W3] + 5 (=l (o.0) — Vi (o)) | dy = 0. (36)

—00

which, on differentiating under the integral sign (Gillespie 1959), gives

% /: by (@, y)dy + [—tha (2, y)y (2, ) — vibyy (2, 9)] 7 = 0. (3.68)

Now v, (x, £00) = —v(z, £00) which we assume to be finite. The second term

in (3.68) is zero due to boundary conditions (3.66). Hence
i/oow?(x )dy = 0 (3.69)
dLU - Yy 73/ Z/ - :
which yields
2/ z/zz(x, y)dy = constant, independent of x. (3.70)
0

Equation (3.70) is equivalent to (3.63) and hence we obtain again the conserved

quantity F' given in (3.64).
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3.3.3 Conserved quantity for the two-dimensional wall
jet
For the two-dimensional wall jet with no suction or blowing of fluid at the wall

y = 0, the boundary conditions are
y=0: wu(z,0)=0, v(z,0) =0, (3.71)
y=o00: wu(zr,00)=0, uy(z,o00)=0. (3.72)
In terms of the stream function, we obtain the boundary conditions
y=0: ,(2,0)=0, ¥y(2,0) =0, (3.73)

Yy=00: wy(l', OO) =0, wyy@ja OO) =0. (374)

For the wall jet we integrate (3.50) with respect to y from y = 0 to y = o0
keeping z fixed during the integration. Then for the conserved vector (3.48),

el ARLCIL e
| (e y)y (o, y) + S0 y) vy (e y)| =0 (375)

But from (3.7), ¢(x,0) = 0 and ¢(x,00) and ,(x,00) are assumed to be

00
0

finite. Thus, imposing the boundary conditions (3.73) and (3.74), we obtain
d [ )
T Jo
and therefore
/ U(x, y)@bj(x, y)dy = constant, independent of z. (3.77)
0

In order to transform (3.77) to the form derived by Glauert (1956) integrate
(3.77) by parts. Using again ¢ (z,0) = 0 and the assumption that ¢ (x, c0) is

finite, we obtain

/000 U (,y) ey (2, y)dy = /OOO by(z,y) (/yoo z/z}(:c,y*)dy*) dy  (3.78)
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and hence

/ Yy, y) (/ V. (x,y*)dy*) dy = constant, independent of z. (3.79)
0 y

We obtain the conserved quantity for the two-dimensional wall jet,

F= / e w) ( / TR, y*)dy*) dy. (3.80)

Expressed in terms of the velocity component, u(z,y), (3.80) becomes

F= /Ooou(x,y) (/yoo uQ(x,y*)dy*)dy, (3.81)

which is the form derived by Glauert (1956). The constant pF was interpreted
by Glauert as the flux of exterior momentum flux. Also (3.77) is a simple
alternative form for the conserved quantity and is a local conserved quantity
for the third order partial differential equation (3.10) for the stream function.

The conserved vectors (3.31) and (3.32) for the system (3.1)-(3.2) gave the
conserved quantities (3.58) and (3.64) for the two-dimensional liquid jet and
free jet. We cannot obtain the conserved quantity for the two-dimensional wall
jet from the conservation laws of the system (3.1)-(3.2). The conserved vectors
(3.47) and (3.48) for the third-order partial differential equation (3.10) gave
the conserved quantities, (3.64) and (3.81), for the two-dimensional free jet and
wall jet. They do not generate the conserved quantity for the two-dimensional
liquid jet.

The results for two-dimensional jets are summarized in Table 3.1.

3.4 Conclusions

The conserved quantities for two-dimensional jets can be constructed with the
help of conservation laws. The procedure is more systematic than integrat-
ing Prandtl’s momentum boundary layer equation across the jet and using

the continuity equation. The liquid jet, the free jet and the wall jet satisfy
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the same partial differential equations but the boundary conditions for each
jet are different. The conserved vectors depend only on the partial differ-
ential equations. The derivation of the conserved quantity depends also on
the boundary conditions. The boundary conditions therefore determine which
conserved vector is associated with which jet. The multiplier approach gave a
basis of two local conserved vectors for the system of equations for the velocity
components for the two-dimensional jets. One of the conserved vectors gave
the conserved quantity for the two-dimensional liquid jet and other gave the
conserved quantity for the two-dimensional free jet. We cannot construct the
conserved quantity for the two-dimensional wall jet from the conserved vectors
for the system of equations for the velocity components. For the third-order
partial differential equation for the stream function two local conservation laws
were obtained, one of which is a non-local conservation law for the system of
equations for the velocity components. One of the local conserved vectors was
used to give an alternative derivation of the conserved quantity for the two-
dimensional free jet. The second conserved vector gave the conserved quantity
for the two-dimensional wall jet.

The new form, (3.77) , for the conserved quantity for the two-dimensional
wall jet was derived. This form is simpler than the expression (3.80) derived by
Glauert (1956) and may be easier to apply when solving the wall jet problem.
The derivation of the conserved quantities require the condition ¢ (z,0) = 0
to be satisfied. This condition is valid provided there is no suction or blowing
of fluid at the solid boundary. When there is suction or blowing, (3.77) is no
longer independent of z.

The results, summarized in Table 3.1, demonstrate a new way of looking
at the relation between the liquid jet, the free jet and the wall jet which could
lead to a new approach to the classification of jet flows through the conserved

vectors or their multipliers.

29



Jet Multipliers Conserved vector Conserved quantity

Velocity A =cy

Liquid jet A =0 T =u f0¢(x) u(x,y)dy
AQ =1 T2 =0

Free jet A =1 T = u? [ u(z,y)dy
Ay =u Tzzuv—uuy

Stream function A = c3+ ey

Free jet A=1 T =2 Joo iz, y)dy
= —thyihy — vy,
Wall jet A=1) T" = ) Iy~ (@, 9y (z,y)dy
T? = —ihihaap,

vy ) ([ 0 @)y ) dy

Table 3.1: Multipliers, conserved vectors and conserved quantities for two-

dimensional jets
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Chapter 4

Conservation laws and physical
conserved quantities for laminar

radial jets

4.1 Introduction

The problem of the radial free jet was first studied by Squire (1955) who used
the spherical polar coordinates. The conserved quantity for the radial free
jet was derived by integrating Prandtl’s momentum boundary layer equation
across the jet (Riley 1962b, Schwarz 1963). Glauert (1956) established the con-
served quantity for the radial wall jet by integrating the momentum boundary
layer equation across the jet. The conserved quantity for radial liquid jet (Riley
1962b, Watson 1964) was obtained from the physical argument that volume
flux is constant in an incompressible fluid.

In this chapter, we will construct the conserved quantities for laminar radial
jet flows by using the conservation laws for the partial differential equations
describing the jet flows. As in Chapter 3, we will use the multiplier approach
(Steudel 1962, Olver 1993, Anco and Bluman 2002a,b) to derive a basis of
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conservation laws for the system of partial differential equations for the two
velocity components as well as for the third-order partial differential equation
for the stream function. Then we will construct conserved quantities for the
radial liquid, free and wall jets using the conservation laws.

An outline of the chapter is as follows. In Section 4.2, the multiplier ap-
proach is used to derive a basis of conservation laws for the system of partial
differential equations for the velocity components and for the partial differen-
tial equation for the stream function. In Section 4.3, the conserved quantity
for the radial liquid, free and wall jet are constructed. Finally, the conclusions

are summarized in Section 4.4.

4.2 Conservation laws for radial laminar jet
flow

We now consider the radial liquid jet, free jet and wall jet.

The radial liquid jet is formed when a circular jet of liquid strikes a plane
boundary normally and spreads over it (Riley 1962b). The radial free jet
is formed when fluid emerges from a pair of parallel circular plates into the
surrounding fluid (Schwarz 1963). The radial wall jet is formed when a circular
jet of fluid falls into a partly full container and spreads out over the base
(Glauert 1956).

The fluid is viscous and incompressible and in the free jet and wall jet the
surrounding fluid consist of the same fluid as the jet and is at rest far from
the jet. In the liquid jet and wall jet there is no slip or suction and blowing
at the solid boundary. Cylindrical polar coordinates (x,6,y) are used. The
radial coordinate is z, the axis of symmetry is z = 0 and all quantities are
independent of #. The y-coordinate is along the axis of symmetry. For the

liquid jet and wall jet the solid boundary is ¥ = 0. The free jet is symmetrical
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about the plane y = 0. For the liquid jet the fee surface is y = ¢(x). The
notation is chosen to make easier comparison between the solutions for the
radial and two-dimensional jets.

The equations governing the flow in a radial jet are Prandtl’s momentum

boundary layer equation and the continuity equation:
Uy, + VUy = Vlyy, (4.1)

(zu), + (zv), =0, (4.2)

where u(z,y) and v(z, y) are the velocity components in the x and y directions.

4.2.1 Stream function

The stream function for a flow with an axis of symmetry is described by Batch-

elor (1967). From (4.2), zudy — zvdzx is a perfect differential, di:
d = zu(x,y)dy — zv(z,y)de. (4.3)

Consider an axial plane # = 6, and choose as reference point any point
O(z,,0,,0) on the line y = 0 in the axial plane. The stream function ¥ (x,y)
at any point P(z,6,,y) in the axial plane is obtained by integrating di along
any curve in the axial plane joining O and P:

P

W(z,y) —(x,,0) = / x [u(z,y)dy — v(z,y)dz] . (4.4)

o
The integral on the right hand side of (4.4), times 2, is the flux of fluid volume
across the surface formed by rotating an arbitrary curve joining O to P in the
axial plane about the axis of symmetry. The flux of fluid volume across the
closed surface formed by rotating any two different curves joining O to P in
the axial plane about the axis of symmetry is zero because the region inside
the closed surface is completely occupied by an incompressible fluid. Thus

Y (z,y) is independent of choice of path joining O to P.

33



Since = and y are independent variables, it follows from (4.3) that

u= l@/zy, v = —l¢x (4.5)
x x

But the radial free jet is symmetrical about the plane y = 0 and for the liquid
jet and wall jet there is no suction or blowing of fluid at the solid boundary
y = 0. Thus for all three jets, v(z,0) = 0 and therefore 1, (z,0) = 0. Thus

¥(x,0) = 1), where 1), is a constant which we choose to be zero. Thus

¥(z,0) =0, (4.6)

and (4.4) reduces to

P
wle) = [ alute.g)dy - vizp)ds] (4.7)
0
Integrating (4.7) with respect to y with x kept fixed from y = 0 to y = o0
gives

vle,00) = [ uleg)dy (1)

0

We assume that u(x,y) — 0 sufficiently rapidly as y — oo to ensure that the
integral in (4.8) exists. Thus ¢ (z, c0) is finite.
Equation (4.2) is identically satisfied while (4.1) becomes

1 1
_¢33 - wa%/y — Vihyyy = 0. (4.9)

xr2

1
- % wxy -
xT

We will derive a basis of conservation laws for the system (4.1)-(4.2) and also
for the third-order partial differential equation (4.9), using the multiplier ap-

proach.

4.2.2 Conservation laws for system of equations by mul-

tiplier approach
Multipliers A; and A, for the system (4.1)-(4.2) satisfy
Ay (w4 vuy, — vuy,) + Ag(u + 2u, + 2v,) = D, T + D, T? (4.10)
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for all functions u(x,y) and v(z,y) where the total derivative operators D,
and D, are defined by (3.12) and (3.13). The determining equations for the

multipliers of form Ay = Ay (z,y,u,v) and Ay = Ay(z,y,u,v) are
E, A (vuy + vuy — vuy,) + Ao(u + 2w, + 2v,)] =0, (4.11)

E, [A (uuy + vuy — vuy,) + Ao(u + 2u, + 2v,)] = 0, (4.12)

where E, and E, are standard Euler operators defined in equations (3.16)
and (3.17). The expansion of (4.11) and (4.12) results in the following two

equations,
Ay (wy + vuy, — vuy,) + Mgy (u + zuy + 2vy) + Ajug, + Ag

—D,(Ayu+ xAs) — Dy(Aw) — vDZ(Ay) = 0 (4.13)

and
Ay (wuy 4+ vuy — vuy,) + Aoy (u + zuy + zvy) + Auy, — Dy(xAs) = 0. (4.14)

Equations (4.13) and (4.14) have to be satisfied for all functions u(x,y) and
v(z,y), not only for the solutions of the system (4.1)-(4.2). Using D?(A;) from

(3.20) and then equating to zero the coefficients of u,, and vy, in (4.13) yields
A =0, App =0 (4.15)
and therefore A} = Ai(x,y). Equations (4.13) and (4.14) become
2 Ny + vy (A1 — Agy) + ul iy + A1y + 2oy — ulyy + VA, =0, (4.16)
Uy Aoy + Uy (A — xAg,) — A9y + uls, = 0. (4.17)
Equation (4.17), after separation gives
Ay = 0, (4.18)
A (z,y) — xAs, =0, (4.19)
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Agy = 0. (4.20)

It follows from (4.18) and (4.20) that Ay = As(z,u). Differentiating (4.19)
with respect to y gives Ay, = 0 and thus

Ay = A(x). (4.21)
Equation (4.19) reduces to

xhg, = A(x) (4.22)
which yields

Ay = %A@:) + B(x). (4.23)
Substituting Ay and Ay from (4.21) and (4.23) into (4.16) results in

Qu— + — = 0. (4.24)

Separating (4.24) according to powers of u gives A(z) = xcy and B(z) = ¢
and thus

A1 = Co, AQ =+ Col, (425)

where ¢; and ¢y are arbitrary constants.

The conserved vectors can be derived systematically using (4.10) as the
determining equation with multipliers (4.25). But it is not difficult to construct
the conserved vectors by elementary manipulations for this problem. From

(4.10) and (4.25), it follows that

Co(Utty, + VU, — VUuy,) + (¢ + cou)(u + 2uy + zvy)

= D, [e2(zu?) + c1(zu)] + Dy [ea(zuv — vauy) + e (zv)], (4.26)
for arbitrary functions u(z,y) and v(x,y). Therefore

D, [ea(zu®) + ci(zu)] 4+ Dy [ea(zuv — vauy) + ¢ (zv)] = 0, (4.27)
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whenever u(z,y) and v(z,y) are the solutions of the system (4.1)-(4.2). Any
conserved vector for the system of differential equations (4.1)-(4.2) is a linear

combination of the two conserved vectors
T' =au, T°=uxv, (4.28)

T =2u?, T? = zuv — vau,. (4.29)

The conserved vectors (4.28) and (4.29) therefore form a basis of conserved vec-
tors for the system (4.1)-(4.2) with multipliers of the form A; = Ay(z,y,u,v)
and Ay = As(x,y, u,v).

It can be shown that all multipliers of the form Ay = Ay(x,y, u, v, ug, v,)

and Ay = Ao(x,y, u, v, uz, v,) are given by (4.25).

4.2.3 Conservation laws for radial laminar jet flow in

terms of stream function

A multiplier for (4.9) satisfies

1 1
—zp; — Ez/;xwyy — ywyyy> = D,T" + D,T?, (4.30)

1
A =y hpy —
(:cwyw Vo2
for all functions ¢(z,y), where D, and D, are defined by (3.34) and (3.35).
Consider a first order multiplier of the form A = A(z,y,, ¥, 1¢,). The deter-

mining equation for the multiplier A is

iwi N i%%y - wayy)l =0, (4.31)

1
Ed} |:A(:C, Y, ¥, Yo, wy) (5%%?, - 22
where E is defined in (3.37). Expansion of (4.31) gives

1 1
—wi - E¢x¢yy - V@Z)yyy) Ay

xr2

1
<_wy¢ry -
T
1 1 1
—D, [(Ewywwy - ?wi - Ewrwyy - V¢yyy) Awm}
1 1 5, 1
—D, |:(E¢y¢xy - :?2%, - Ewrwyy - wayy> Awy}
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4D, (lmpyy) D, K%% _ l%y) A} +D,D, (l/wy)
X x X x

1
—D; (Ewa> +vD;(A) = 0. (4.32)
Substituting D3(A) from (3.39) into (4.32) and the equating the coefficients of

highest order derivative terms, 2vAy_ Yy, and 2vAy 1y, to zero yields

Ay, =0, Awy =0 (4.33)
and thus
A= alr,y,0). (4.34)

The substitution of (4.34) in (4.32) results in

2 2 1
<;aw + 3”‘%@/) Yyy — anwmy + Bvagyhythy, — any¢r¢y

1 1 1
+I/a¢¢w¢2 + (5(11” + 3I/awwy) ZZJZ + (ﬁay + Eaxy + 3Vawyy) Q/Jy

1
—waayy + vay,, = 0. (4.35)

Equating to zero the coefficients of the second order derivatives v, 1, and

by, in (4.35) yields

ay =0, a; =0, agy =0, (4.36)
and we finally obtain

A =c3+ eu), (4.37)

where c¢3 and ¢4 are arbitrary constants. Thus from (4.30) and (4.37)

D, [cg (iw;) e (iwws)]

#0 |ea (=3, = v )+ er (=0t + 50— vy )| =0, (439)
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for all solutions ¢ (x,y) of (4.9). Hence any conserved vector for equation (4.9)

is a linear combination of the two conserved vectors

Th= g2 T = iy — vy (4.39)
T = Lyg2, 1= Lypy, + Lo - vpy (4.40)
oY TRV 9y vy '

The conserved vectors (4.39) and (4.40) therefore form a basis of conserved vec-
tors for (4.9) with multiplier of the form A = A(z,y, %, ¥4, ¥,). The conserved
vectors (4.29) and (4.39) are equivalent.

4.3 Conserved quantity for the radial liquid,
free and wall jet

In this section we will present a new method of driving the conserved quantity
for the radial liquid jet, free jet and wall jet using the conservation laws. The
conserved vectors (4.28) and (4.29) for the system (4.1)-(4.2) will be used
to establish the conserved quantities for the radial liquid and free jets. The
conserved vectors (4.39) and (4.40) for the stream function formulation will be
used to give an alternative derivation of the conserved quantity for the radial
free jet and a new derivation of the conserved quantity for the wall jet.

The conserved vectors (7", T?) derived here depend on u(x,y), v(z,y) or

Y(z,y) and therefore (3.50) holds for the radial case also.

4.3.1 Conserved quantity for the radial liquid jet
The conserved vector (4.28) gives the conserved quantity for the radial liquid
jet.

The boundary conditions (3.51) and (3.52) and expression (3.53) for
v(z,¢(x)) hold for the radial liquid jet. Integration of (3.50) with respect
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to y from y = 0 to y = ¢(x) keeping = constant for the conserved vector (4.28)

gives

é(z)
[ [ aten + ot an=o. (a.41)

Equation (4.41), on differentiating under integral sign Gillespie (1959), yields

o(z) .
% i zu(x,y)dy — zu (z, ¢(x)) dq;(x ) + [xv(:z:,y)]g(x) =0. (4.42)

Using (3.53) for v(z, ¢(z)) and the boundary condition (3.51) for v(z,0) we

obtain
#(x)
T / u(z,y)dy = constant, independent of x. (4.43)
0

Equation (4.43) states that the total volume flux per radian across the jet is

constant along the jet. Hence

b(z)
F = SL’/ u(z,y)dy (4.44)
0

is the conserved quantity for the radial liquid jet (Riley 1962b, Watson 1964).

4.3.2 Conserved quantity for the radial free jet

The conserved quantity for the radial free jet is derived from the conserved
vector (4.29) for the system (4.1)-(4.2). The boundary conditions (3.59) and
(3.60) apply for the radial free jet.
Integrating (3.50) with respect to y from y = —oo to y = oo keeping x
constant gives
<o 9 0

/OO {% [zu®(z,y)] + By [zu(z, y)v(z,y) — vouy(z,y)] | dy = 0. (4.45)
Integrating (4.45) and imposing the boundary conditions (3.59) and (3.60), we
obtain

d 9

e (a: /_Oou (m,y)dy) =0, (4.46)
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which yields
2x / u*(z,y)dy = constant, independent of z. (4.47)
0

Now p times equation (4.47) gives that the total momentum flux in the direc-
tion of the jet is constant along the jet. Thus the conserved quantity for the

radial free jet is

F = 2px/ u?(z,y)dy, (4.48)
0

in agreement with results established by Riley (1962b) and Schwarz (1963).
The conserved quantity (4.48) can also be constructed using the conserved
vector (4.39) for the third-order partial differential equation (4.9).
The boundary conditions (3.65) and (3.66) also apply for the radial free
jet. Integrate (3.50) with respect to y from y = —oc0 to y = oo with x kept

constant. For the conserved vector (4.39) this gives

01 a1
/w[%(;wi(m,y)) 5, (2= (@93, 9) = vy (@, y))ldy = 0, (4.49)
which gives
L L e gy + [ 2o gy y) — ()] =0, (450)
dv | o gV OYWT | TR YRS Y) T Ve Y) | =0 A

Imposing the boundary conditions (3.66) and the assumption ¢, (x,+o00) =

—xv(x, £00) is finite gives that the second term in (4.50) vanishes. Hence
2 [ .
- ¥, (,y)dy = constant, independent of . (4.51)
T Jo

Equation (4.51) and (4.47) are equivalent and hence we obtain again the con-
served quantity F' given in (4.48).

The conserved vectors (4.28) and (4.29) for the system (4.1)-(4.2) gave
the conserved quantities (4.44) and (4.48) for the radial liquid jet and free
jet. We cannot obtain the conserved quantity for the radial wall jet from the

conservation laws for the system (4.1)-(4.2). The conserved vector (4.39) for
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the third-order partial differential equation (4.9) for the stream function gave
the conserved quantity (4.48) for the radial free jet. The conserved quantity

for the radial wall jet is obtained from the remaining conserved vector (4.40).

4.3.3 Conserved quantity for radial wall jet

The conserved vector (4.40) is used to derive the conserved quantity for the
radial wall jet. The boundary conditions for the radial wall jet are (3.73) and
(3.74). Integrate (3.50) with respect to y from y = 0 to y = oo in an axial
plane keeping x fixed during the integration. This gives, for the conserved

vector (4.40),

T L, gy, y)ldy

dr J, =z
oo

+ |:_é¢($, y)wz(l’,y)’gby(l‘, y) + gd}z(‘x’y) - V@b(%y)%y(iﬁ,y) - 0 (452)

0
It follows from (4.52), by imposing the boundary conditions (3.73) and (3.74)

and the condition ¥ (x,0) = 0 from (4.6), that
1 o0
—/ U(x, y)Yi(x,y)dy = constant, independent of z. (4.53)
r Jo

Integrating (4.53) by parts, we obtain

e [Tt ([ ) (4.5

or expressed in terms of u(z,y),

F=2? /Ooo u(z, y) </yoo u?(x, y*)dy*)dy, (4.55)

which is the conserved quantity derived by Glauert (1956). The results for

radial jets are summarized in Table 4.1.

4.4 Conclusions

A basis of two local conserved vectors for the system of equations for the

velocity components for radial jets was obtained by the multiplier approach.
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The conserved quantities for the radial liquid jet and radial free jet were derived
from these two conserved vectors. The conserved quantity for the wall jet
cannot be obtained from the conserved vectors of the system of equations for
the velocity components. A basis of two local conservation laws was obtained
for the third-order partial differential equation for the stream function. One of
conservation laws for stream function formulation is a non-local conservation
law for the system of equations for the velocity components. These conserved
vectors were used to give an alternative derivation of the conserved quantity
for the free jet and a new form for the conserved quantity for the wall jet.
The new form (4.53) for the conserved quantity for the radial wall jet is
simpler than the expression (4.54) derived by Glauert (1956). The derivation
of the conserved quantities require the condition ¥ (x,0) = 0 to be satisfied
which is valid provided there is no suction or blowing of fluid at the solid
boundary. When there is suction or blowing, (4.53) is no longer independent

of z.
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Jet Multipliers Conserved vector Conserved quantity

Velocity A =

AQ =] + cu

Liquid jet A =0 T = zu x 0¢(x) u(x,y)dy
Ay=1 T? = zv

Free jet A=z T = zu? z [7 u?(z,y)dy
Ay =u T? = z(uv — vuy,)

Stream function A = c3+ ¢4

Free jet A=1 T = 1y2 27 wi(x,y)dy
T2 = _i"l}xd}y
Uy,
Wall jet A=1p T = Lyn)? 2 [ (@, y) ol (z, y)dy
T? = —1nhyt)y

0t — v ) () vk )y ) dy

Table 4.1: Multipliers, conserved vectors and conserved quantities for radial

jets
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Chapter 5

Physical conserved quantities
for the axisymmetric liquid, free

and wall jets

5.1 Introduction

Goldstein (1938) established the conserved quantity for an axisymmetric free
jet by integrating the momentum equation across the jet. Later, Duck and
Bodoyni (1986) established the conserved quantity for the axisymmetric wall
jet by the same procedure. The conserved quantity for the axisymmetric liquid
jet may be obtained from a physical argument based on conservation of volume
flux in an incompressible fluid.

The conserved quantity for an axisymmetric liquid jet is the volume flux.
Goldstein (1938) showed that the conserved quantity for the axisymmetric
free jet is the total momentum flux in the downstream direction. This flux
is constant along the jet. For the wall jet on an axisymmetric body, the
conservation integral involves a balance between the viscous and inertial forces

of the jet (see Duck and Bodoyni 1986). There is no physical interpretation of
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this conservation integral.

In this Chapter, we construct the conserved quantities for the axisymmetric
liquid, free and wall jets using the approach introduced in Naz, Mason and
Mahomed (2008) as described in Chapters 3 and 4. The conserved quantities
for the axisymmetric liquid, free and wall jets are derived using conservation
laws. Mason and Ruscic (2004) discussed the elementary conservation law
for the third-order partial differential equation for the stream function for an
axisymmetric free jet. These authors obtained that conservation law from
inspection of the momentum equation. To the best of our knowledge the
conservation laws for the system of equations for the velocity components
and the third-order partial differential equation for the stream function have
not been computed. We will construct the conservation laws for the system
of two partial differential equations for the velocity components as well as
for the third-order partial differential equation for the stream function for the
axisymmetric jets using the multiplier approach (see for example Steudel 1962,

Olver 1993, Anco and Bluman 2002a,b, Naz, Mahomed and Mason 2008c).

5.2 Conservation laws for system of equations
for axisymmetric jet flows

We consider the axisymmetric liquid jet, free jet and wall jet. An axisymmet-
ric free jet is formed when fluid emerges from a small circular orifice in a wall
into the surrounding fluid which is the same fluid as the jet (Goldstein 1938).
An axisymmetric wall jet and liquid jet on an axisymmetric body is formed
when an axisymmetric jet is incident on the surface of the body along the
axis of symmetry and spreads out over the surface. For the wall jet surround-
ing fluid is the same as the jet (Duck and Bodoyni 1986) but for the liquid

jet the surrounding fluid is a gas. There are several physical situations which
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could provide an axisymmetric wall jet on the surface of an axisymmetric body
(Duck and Bodoyni 1986). The collision between an axisymmetric radially di-
rected inward jet and a circular cylinder lying along the axis could produce an
axisymmetric wall jet. Also an axisymmetric jet directed towards an axisym-
metric body would produce an axisymmetric wall jet on the surface. We can
expect that sufficiently far downstream the conditions will be approximately
independent of the way the jet was formed.

The fluid of the jet is viscous and incompressible. There is no slip or
suction or blowing at the solid boundary for the axisymmetric liquid and wall
jets. Cylindrical polar coordinates (z,7,0) are used. The z—axis is along the
axis of the jet and all the fluid variables are independent of 8. For the free jet
the origin of the coordinate system is at the orifice. For the wall and liquid
jet on a circular cylinder the origin of the coordinate system is on the central
axis of the cylinder at the point where the jet has zero initial thickness.

Prandtl’s boundary layer equations governing the steady flow in the ax-
isymmetric liquid, free and wall jets, in the absence of a pressure gradient,

are
Uy
ut, + v, = V(U + —), (5.1)
r

(ru), + (rv), =0, (5.2)

where u(z,7) and v(z, ) are the velocity components in the z and r directions,

respectively and v is the kinematic viscosity of the fluid.

5.2.1 Stream function

The stream function for a flow with an axis of symmetry is described by Batch-

elor (1967). From (5.2), rudr — rudz is a perfect differential, di:

d = ru(z,r)dr —rv(z,r)dz. (5.3)
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Choose any point O(z,,0,,7,) as the reference point on the line r = r, in the
axial plane § = 0,. For the free jet r, = 0 and the line is the axis of symmetry.
For the wall and liquid jet r, = a where a is the radius of the cylinder and the
line is a generator of the cylinder on the surface. The stream function ¥ (z,r)
at any point P(z,0,,r) in the axial plane is obtained by integrating di> along
any curve in the axial plane joining O and P:

P

(2, 1) — V(20,70) = / r(u(z,r)dr —v(z,r)dz) . (5.4)
O
Equation (5.3) yields
1 1
U = ;Tbm V= —;wz (55)

The axisymmetric free jet is symmetrical about the axis r = 0 and for
the liquid jet and wall jet there is no suction or blowing of fluid at the solid
boundary of the cylinder r = r, = a. Thus for all three jets, v(z,7,) = 0 and
therefore v,(z,7,) = 0. Thus ¢(z,7,) = 1, where 1, is a constant which we
choose to be zero and (5.4) reduces to

P
P(z,r) = /o r(u(z,r)dr —v(z,r)dz), (5.6)

where r, = 0 for free jet and r, = a for liquid and wall jets. Integrating (5.6)

with respect to r with z kept fixed from r = r, to r = oo gives

P(z,00) = /00 ru(z, r)dr. (5.7)

We assume that u(z,r) — 0 sufficiently rapidly as r — oo to ensure that the
integral in (5.7) exists. Thus 9(z, co) is finite.

We substitute (5.5) into (5.1)-(5.2). Equation (5.2) is identically satisfied
while (5.1) gives rise to a third-order partial differential equation for the stream

function -
1 1 1 1 1
;wrwrz + ﬁwz¢r - ;¢zwrr - V(wrrr - ;¢rr + ﬁwr) = 0. (58)
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We derive a basis of conservation laws for the system (5.1)-(5.2) as well as for
the third-order partial differential equation (5.8), using the multiplier approach
(Steudel 1962, Olver 1993, Anco and Bluman 2002a,b, Naz, Mahomed and
Mason 2008c).

5.2.2 Conservation laws for system of equations for ve-

locity components

Multipliers A; and A, for all functions wu(z,r) and v(z,r), not only for the

solutions of (5.1)-(5.2), satisfy
A1 |uu, + vu, — (U + &)] + Ay [ru, + rv,. +v] = DT + D, T?, (5.9)
r

where D, and D,, defined by

0 0 0 0 0 0
D, = — — — — — — . 1
. az+uzau+vzav+uzzauz+vzzaZ+uzrauT+vzravr+ , (5.10)
0 0 0 0 0 0 0
D, = E—FUT%—FUT% +U7»7~a—ur+vrra—vr +U7nza—uz+vma—vz+"' s (5.11)

are the total derivative operators. The two determining equations for the
multipliers are obtained by applying the standard Euler operators E, and E,
o0 (5.9). The Euler operators E, and E, are defined by

9 B 9 9 B 9
E,=——-D,— — D.D D? — 12
W= gg ~Pegu ~Prgy tPeg T DD D = (512)
and
B 9 9 9 9 , 0
E”_%_Dz(?_vz_ "ov, *0v ZZ+DDT0UZT+DT8?JW_W’ (5.13)

Thus the determining equations for multipliers of the form A; = Ay(z, 7, u,v)

and Ay = Ay(z,7,u,v) are

E, [Al(uuz + VU — VU — el —) + Ag(ru, + ro, + v)} =0, (5.14)
r
v,
E, [Al(uuz + VU, — VU — )+ Ao (ru, + 1o, + v)] = 0. (5.15)
r
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After expansion, (5.14) and (5.15) become

VU,
r ) + A2u(ruz + Ty + U) - u<A1z +uzAlu +UZA1'U)

Ay (v, + vu, — vy, —

_T(AQZ + uzA2u + UZA2U) - Alvr - iAl - (U - z)(Alr + urAlu + vrAl'U)
r2 r

_V[urrAlu + UrrAlv + Dr(Alr) + urDr(Alu) + UTDT(A].’U)] = 07 (516)

v,
. )+ Aoy (ru, + 10, + )

Ay (v, + vu, — vy, —

_T(AQT + UTAQU + U,«Agv) + Alur = O, (517)

which must be satisfied for all functions u(z,7) and v(z,r). Equating the

coefficients of w,, and v,, in (5.16) to zero yields Ay, = 0, A;, = 0 and thus
Ay = Ay(z,7). Equations (5.16) and (5.17) reduce to

A
(A1 — 1Asy) Uy + 1TA2v, — A9y + 1 Ao, + uly, + V_21

,
+(0 = D)+ VAL, =0, (5.18)
Aoy, + (Ay — 1oy )u, + vAg, — rAg. = 0. (5.19)

Equation (5.19) separates into the equations

AQ/U = O, A27- = O, Al(Z,T) — TAQU = 0, (520)

which yield

AL =71A(2), Ay =uA(z) + B(z). (5.21)

Now, (5.21) reduces (5.18) to

Qu— + — = 0. (5.22)

Separating (5.22) according to powers of u, we obtain the multipliers

A = cor, Ay = ¢1 + cu, (5.23)

where ¢; and ¢y are constants.

50



Equation (5.9) together with (5.23) gives

Uy

" ) + (¢1 + cou) (ru, + rv, + v)

cgr<uuz + VU — VUpp —

=D, [ciru+ corv®] + D, [errv + cor(wv — v, (5.24)

for arbitrary u(z,r) and v(z,7). When u(z,r) and v(z,7) are the solutions of

the system of differential equations (5.1)-(5.2), then

D, [eyru + coru®] 4+ D, [errv + cor(uv — vu,)] = 0. (5.25)
Thus

T =ru, T?%=ro, (5.26)

T =ru?, T? =r(uw —vu,), (5.27)

form a basis of conserved vectors for the system (5.1)-(5.2) with multipliers of

the form Ay (z,7,u,v) and As(z, 7, u,v).

5.2.3 Conservation laws for axisymmetric laminar jet

flow in terms of stream function

A multiplier for the third-order partial differential equation (5.8) is a function

A satisfying

1 1 1 1 1
A _wTwrz + —2%% - _¢Zw”” - I/(wﬂ“?“ - _¢rr + _2¢r)

r r r r r
=D, T' + D,T?, (5.28)

for all functions ¥ (z,r). In (5.28), D, and D, are total derivative operators

defined by

0 0 0 0
D — PR e .2
2 _aerwz_az/;WZZ&werw”awTJr ; (5.29)
0 0 0 0
D, = E—%—@Dr%—FﬁJwa—%—i—?ﬂma—%-{—”- : (5.30)
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The determining equation for a multiplier of the form A = A(z,7,v,,,1,) is

1 1 1 v v
) lA(;wr¢rz + ﬁwzd}r - ;wzww - Vwrrr + ;djrr - ﬁwr)] = 07 (531)

where
0 0 0 0 0 0
E,=——-D,——D, D? D.D, D? .32
v =ag Pegg, Prag, TPy, PPy, gy, o 582)
is standard Euler operator. Expanding equation (5.31), we have
1 1 1 v v
A¢[_77/}r¢rz + _sz’ébr - _¢z¢rr - V¢rrr + _¢rr - _21/)7‘]
T r r r r
1 1 1 v v
_DZ[A¢Z(;¢T1/}TZ + ﬁ¢z¢7’ - ;¢z¢rr - V¢7‘r7’ + ;wrr - ﬁ¢r>]
1 1 1 v v
_Dr [Ai/h(;wrﬂvbrz + T_quzjzwr - ;wzd}w’ - Vwrr‘r + ;wrr - ﬁd}r)]
1 1 1 1 v
_DZ[A(T_QwT - _wrr)] - DT‘[A(_wz + ;wrz - ﬁA)]
+DD[AWHJY[P——%H+MﬂM=O (5.33)
Now
D3(A) = Yopr Ny, + Yrrrr Ay, + lower derivative terms . (5.34)

In equation (5.33) the highest order derivative terms are 2vAy .., and
2Ny, Yrprr which yield

Ay, =0, Ay =0, (5.35)
and (5.33) reduces to

2 2 2 1
—7M%+(VMﬁ A+wmowwﬁmwwwf;wwmr

v 1 1 1
+A gyt + (;Aw + ;sz + 3uA¢¢r> v+ (r—zAr - ;Arr) ¥,

2v 2v 2 1
+ <7Awr - T_2A1/) - ﬁAz + ;Azr + 3VA1/;7"T> wr
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—Z A+ LA 4 vy = 0. (5.36)
T T

Equating to zero the coefficients of the second order derivatives ., 1,1, and

Yy in (5.36) yields
2v 2
Ar = 0, Aww = O, 7/\1/, + ;Az + ?)VAwr = 0. (537)
Solving the system (5.37), we finally obtain
A=c3+cy (v —vz), (5.38)

where ¢35 and ¢4 are constants. The remainder of (5.36) is identically zero..

The substitution of multiplier A from (5.38) in (5.28) gives

1 1 1 1 1
[03 T (1/) - VZ)] |:;q/)r¢7"z + ﬁd}zwr - ;wz,lvbrr -V (wrr‘r - ;wrr + ﬁwr):|
- DZ |:C3 ( ) + Cq4— w (¢ - VZ):| + Dr |:CS <_%¢zwr - Wﬁm« + ;wr)

2

( ( L= i~ %wzwr) (v - vz)) ] , (5.39)
r).
)

for arbitrary ¢(z,r). Thus

ok

cr (ot + <;¢r — vt = L) (0= 3)) | =0, (5.40

holds when v(z, ) is a solution of third-order partial differential equation (5.8).

+ C4 - VZ):| + D’/‘ |:C3 (—%1/&% - V¢TT + ;1%)

For each arbitrary constant in (5.40) we obtain a conserved vector. Thus
1 Lo 1 v
T = ;1/}7«, T° = _;¢z¢r - V¢7"r + ;1/}7"7 (541)

1 v v 1
Tl — ;¢3(¢ —vz), T? = §¢f + (;wr — vty — ;¢z¢r) (v —vz), (5.42)
are the conserved vectors for the third-order partial differential equation (5.8)

with multipliers of the form A = A(z,r,v,1,,1,). We obtained two local

conservation laws for the third-order partial differential equation (5.8). The
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conserved vector (5.42) is a local conserved vector for the third-order partial
differential equation (5.8) but it is a non-local conserved vector for the system
(5.1)-(5.2).

The multiplier approach gives only those multipliers which yield local con-
servation laws. We cannot obtain the multipliers for the non-local conserva-
tion laws using the multiplier approach. It is of interest to observe that we
can derive a non-local conservation law for the third-order partial differential
equation (5.8) by multiplying with . If we multiply equation (5.8) by 1, we

obtain

77Z} |:%¢T¢rz + Tlng¢r - %¢z¢r7’ -V <¢rr7" - %Qprr + %¢r):|

1 ? 1
= D. [—wwi - / wfdz] +D, wa - (5% — v — —wzwr) w], (5.43)

r r Jo 2 r r
for arbitrary functions ¢(z, 7). We chose the lower limit of the integral as z = 0
which is the origin of the z—coordinate. The choice specifies the arbitrary

function of r in the conserved vector. When (z,7) is a solution of partial

differential equation (5.8), we have
1 v [* v v 1
Dz[_w¢$ - _/ ¢3dz] + Dr[_¢3 + <_¢r - V¢rr - —Q/JZTPTW] = 07 (544)
T r Jo 2 T r
which yields
1 # 1
Th = gy -2 / Wiz, T = 292+ (51/» — vy, — —wm) ¥. (5.45)
r r Jo 2 r r

Thus we have obtained two local conserved vectors (5.41), (5.42) and one non-
local conserved vector (5.45) for the third-order partial differential equation

(5.8).

o4



5.3 Conserved quantities for axisymmetric lig-
uid, free and wall jets

In this section we derive the conserved quantities for the axisymmetric liquid
jet, free jet and wall jet by a new method. The conserved vectors (5.26) and
(5.27) for the system (5.1)-(5.2) give the conserved quantities for the axisym-
metric liquid and free jets. The conserved vectors for stream function equation
(5.8) are (5.41), (5.42) and (5.45). The conserved vector (5.41) is used to give
an alternative derivation of the conserved quantity for the axisymmetric free
jet and the conserved vector (5.45) gives a new derivation of the conserved
quantity for the wall jet. The conserved vector (5.42) may give the conserved
quantity for some other flow.

The conserved vectors (T, T?) depend on u(z,r), v(z,7) or ¥(z,r) and

can therefore be expressed in terms of z and r as follows:

o1 (z,r) N OT?(z,r)

D.T'+ D, T? = 5.46
* 0z or (5.46)
But for a conserved vector, D, 7" + D, T? = 0 and (5.46) becomes
oT? oT*
(Z7T) + (Z7r> — O (547)

0z or

Expression (5.47) is the basis of the derivation of conserved quantities for the

axisymmetric liquid jet, free jet and wall jet.

5.3.1 Conserved quantity for an axisymmetric liquid jet

The surface of the cylinder is » = a. There is no slip or suction and blowing
on the surface r = a. The boundary conditions for the axisymmetric liquid jet

therefore are
r=a: u(z,a)=0,v(za)=0, (5.48)

r=¢(z): u(z,¢9(z)) =0. (5.49)
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The r-component of the fluid velocity on the free surface r = ¢(z) is

oz 0(2)) = £ [6(:)] = ulz,0(z) 2, (5.50)
where

D 0 0 0

D= 5 + u(z, T)E + U(Z,T)E (5.51)

is the material time derivative. The conserved vector (5.26) gives the conserved
quantity for the axisymmetric liquid jet. Integrating (5.47) with respect to r
from r = a to r = ¢(z), keeping z fixed during the integration, gives for the

conserved vector (5.26)

#(2)
/ [% (ru(z,r)) + g(rv(z, r))| dr = 0. (5.52)

r

Applying the result for differentiating under an integral sign (Gillespie 1959)
to the first term in (5.52), we obtain

4(2) s
di; ru(z,r)dr — ¢(2)u(z, gb(z))%(z) - [rv(z,r)]f(z) = 0. (5.53)

Using (5.50) and the boundary condition (5.48) for v(z,a), we have

d #(2)

) ru(z,r)dr =0, (5.54)

which gives

#(2)
/ ru(z,r)dr = constant, independent of z. (5.55)
Therefore
é(2)
F :/ ru(z,r)dr (5.56)

is the conserved quantity for the axisymmetric liquid jet which gives the total

volume flux as constant along the jet.
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5.3.2 Conserved quantity for axisymmetric free jet

The boundary conditions for the axisymmetric free jet are
r=0:v(z0)=0, u.(z0) =0, (5.57)

r—oo:ru(z,r) =0, ru.(z,r)=0. (5.58)

The conserved vector (5.27) gives the conserved quantity for the axisymmetric
free jet. Integrating (5.47) with respect to r from r = 0 to r = 0o keeping z

fixed, we have for the conserved vector (5.27),

/OOO [%[ruQ(z,r)] + aﬁ[r(u(z,r)v(z,r) —vu,(z,7))]| dr =0,

-
which yields

d [e.9]

P ru?(z,r)dr + [r(u(z, r)v(z,r) — vu(z,7))]5 = 0. (5.59)

The boundary conditions (5.57) and (5.58) and the fact that v(z, c0) is finite
yield

/ ru?(z,r)dr = constant, independent of z. (5.60)
0
Thus the conserved quantity is
F= / ru?(z,r)dr. (5.61)
0

Goldstein (1938) used 27pF as the conserved quantity for the axisymmetric
free jet.

The conserved quantity (5.61) can also be constructed for the stream func-
tion formulation using the conserved vector (5.41). In terms of the stream

function the boundary conditions (5.57) and (5.58) take the following form:

r=0: —@bz(z r) =0, 9 ( (2, r)) =0, (5.62)

r=00: 1 (z,1) = ; ( (2, 7’)) =0. (5.63)
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The conserved quantity for the axisymmetric free jet is obtained by inte-

grating (5.47) with respect to r from r = 0 to r = oo keeping z fixed. Thus

diz 000 %zﬁf(z,r)dr
|0t ) = ) 4 L) OO 0. (564
We assume that v(r,00) = —2¢,(z,00) is finite. The boundary conditions
(5.62) and (5.63) finally yield
/OO %@/}f(z, r)dr = constant, independent of z, (5.65)
0

which is equivalent to (5.60) and hence we obtain the conserved quantity (5.61).
Thus the conserved quantity is the same if we use the stream function formu-
lation or the system of equations for the velocity components.

We observe that the conserved vector (5.41) which establishes the conserved
quantity for the stream function formulation is equivalent to the conserved

vector (5.27) for the system of equations.

5.3.3 Conserved quantity for axisymmetric wall jet

For an axisymmetric wall jet on a cylinder of radius a, the boundary conditions

are

r=a:u(za) =0, v(z,a) =0, (5.66)
reawu:m%) (5.67)

In terms of the stream function, we obtain
r=a:Y,(z,a) =0, ¥.(z,a) =0, (5.68)

rﬁwpmzoé) (5.69)

and the stream function is zero at r = a, that is 1(z,a) = 0. The local

conserved vector (5.42) obtained by the multiplier approach cannot give a
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conserved quantity for the axisymmetric wall jet because it is not compatible
with the boundary conditions. The non-local conserved vector (5.45) gives
the conserved quantity for the axisymmetric wall jet. Integrating (5.47) with
respect to r from r = a to r = oo keeping z as fixed and by considering the

conserved vector (5.45), we have

<01 z
[ e =2 [ nas e o+ (Do

o

() — %wz(z,rm(z, m)w(z, r)] 0. (5.70)

a

However ¢(z,a) = 0 and (2, 00) and 1,(z, 00) are assumed to be finite. The
second term in (5.70) vanishes due the to the boundary conditions (5.68) and
(5.69) and we obtain

d [~]1 ?

— {—@Z;(z, 2 (z,r) — z/ @Dz(z*,r)dz*] dr =0, (5.71)
dz J, I

r

which yields

[e.e] 1 z
/ {—w(z, )2 (2, r)—z/ wf(z*,r)dz*] dr = constant, independent of z.
a r ™ Jo
(5.72)

We obtain the conserved quantity for the axisymmetric wall jet

F= /aoo Ew(z,’r)wf(z,r) - ;/0 wf(z*,r)dz*} dr. (5.73)

Duck and Bodoyni (1986) established the conserved quantity (5.73) by inte-
grating the momentum equation and using the continuity equation and bound-
ary conditions.

The conserved vectors (5.26) and (5.27) for the system (5.1)-(5.2) give the
conserved quantities for the axisymmetric liquid jet and axisymmetric free jet
respectively. The conserved quantity for the axisymmetric wall jet cannot be
obtained even if we consider higher order multipliers because it is a nonlocal

conserved quantity for the system. It may be that some non-local conserved
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vector for the system (5.1)-(5.2) will give the conserved quantity for the ax-
isymmetric wall jet. Since the multiplier approach yields only local conserved
vectors an alternative method had to be used. We therefore considered the
stream function formulation. The conserved vector (5.41) for the third-order
partial differential equation (5.8) gives the conserved quantity for the free jet
and the conserved vector (5.45) gives the conserved quantity for the wall jet.

The results for the axisymmetric liquid, free and wall jets are summarized

in Table 5.1.

5.4 Conclusions

The multiplier approach gave two local conservation laws for the system of
equations for the velocity components. One of the conserved vectors gave the
conserved quantity for the axisymmetric liquid jet and the second conserved
vector gave the conserved quantity for the axisymmetric free jet.

For the third-order partial differential equation for the stream function two
local conserved vectors were obtained, one of which was the non-local conserved
vector for the system of equations for the velocity components. One of the local
conserved vectors for the third-order partial differential equation for the stream
function was used to give an alternative derivation of the conserved quantity for
the axisymmetric free jet but the other local conserved vector cannot be used
to derive the conserved quantity for the axisymmetric wall jet. The conserved
quantity for the axisymmetric wall jet was established with the help of a non-
local conserved vector for the third-order partial differential equation for the
stream function. That non-local conservation law for the third-order partial
differential equation for the stream function was not obtained by the multiplier
approach. The reason is that the multiplier approach only gives multipliers

for local conservation laws.
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Table 5.1: Multipliers, conserved vectors and conserved quantities for axisym-

metric jets

Jet Multipliers Conserved vector Conserved quantity
Velocity A = cor
A2 =1 + Ccu
Liquid jet Ay =0 T' =ru 0¢(Z) ru(z,r)dr
Ay =1 T? = rv
Free jet A =r T = ru? IS ru(z,r)dr
Ay =u T? = r(uww — vu,)
Stream A =c3
function +ey (Y —vz2)
Free jet A=1 T = %@DE
1% = —%%@Dr — Vi + }«qur fOOO %¢3(27 T)d?“
A=vp—v2 TV = Ly2(6 - v2)
T = Luy?
+(%V1/}r - Vwrr - %wzwr)
X (Y —vz)
Wall jet A =1 TV = gy — ¥ [ g2z JE1R(z, (2, 7)

T2 = 2

+ (%V¢T - Vwrr - %wz¢r) 77Z}

=% Jo Uiz, r)dz"]dr
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Chapter 6

Comparison of different
approaches for deriving

conservation

6.1 Introduction

The concept of a conservation law plays a vital role in the study of differential
equations and in many applications. The mathematical idea of a conservation
law comes from the formulation of familiar physical laws such as conservation
of energy and momentum. In jet problems the conserved quantity plays an
important role in the solution process and is used to determine the unknown
exponent in the similarity solution which cannot be obtained from the homoge-
neous boundary conditions. Previously, the conserved quantities for jets were
established either from physical arguments or by integrating Prandtl’s momen-
tum boundary layer equation across the jet and using the boundary conditions
and the continuity equation. This method of deriving conserved quantities is
not entirely systematic and difficult to apply in problems such as the wall jet.

We have shown in Chapters 3, 4 and 5 that the conserved quantities for jet
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flows can be established by utilizing the conservation laws.

An elegant and constructive way of finding conservation laws is by means
of Noether’s theorem (1918). This theorem roughly states that for Euler-
Lagrange differential equations, to each Noether symmetry associated with
the Lagrangian there corresponds a conservation law which can be determined
explicitly by a formula. The application of Noether’s theorem depends upon
the knowledge of a suitable Lagrangian. There have been several contributions
to the inverse problem in variational calculus, that is, to determine when
a system of differential equations has a Lagrangian formulation. Yet there
are differential equations that do not have a Lagrangian, for example, scalar
evolution differential equations. There are methods to obtain conservation
laws which do not rely on the knowledge of a Lagrangian function. The direct
method, characteristic method, variational derivative method (multiplier
approach) for arbitrary functions as well as on the solution space, symmetry
conditions on the conserved quantities, direct construction formula approach,
the partial Noether approach and Noether approach for the equation and its
adjoint are reviewed and explained with the help of an illustrative example

on the relaxation to a Maxwellian distribution.

The outline of this Chapter is as follows. In Section 6.2, a review of all
the approaches is given. In Section 6.3, each approach is used to construct the
conservation laws for a nonlinear field equation describing the relaxation to a

Maxwell distribution. Finally, concluding remarks are given in Section 6.4.
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6.2 Approaches to construct conservation
laws

In this section various approaches to construct local conservation laws are

discussed. We present nine approaches taken from the literature.

6.2.1 Direct Method

The Direct Method uses (2.12), subject to the system of differential equations
(2.11) being satisfied, as the determining equation for the conserved vectors,

i.e. we solve

DT" |g,—0=0 (6.1)

n

for the components T, T2,...,T". This approach was first used by Laplace

(1798) and gives all local conservation laws.

6.2.2 Noether’s approach

An elegant and constructive way of finding conservation laws is by means of

Noether’s theorem (Noether 1918).

Definition 1.7. If there exists a function L(x,u,uq), u), .., us)) € A, s <

k, such that (2.11) are equivalent to
oL
— =0 =12 ..,N 6.2
5ua Y « Y Y Y Y ( )

then L is called a Lagrangian of (2.11) and (6.2) are the corresponding

Euler-Lagrange differential equations.

Definition 1.8. A Lie-Backlund operator X is a Noether symmetry gen-

erator associated with a Lagrangian L of (6.2) if there exists a vector B =
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(B, B2, ..., B") such that
X(L)+ LDi(£") = Di(B'). (6.3)

Theorem 1.1. For each Noether symmetry generator X associated with a
given Lagrangian L corresponding to the Euler-Lagrange differential equations,

there corresponds a vector T = (T1,T?,...,T™) with T* defined by

T'=B'— N'L
S oL oL
- BZ - ZL - Wa— - DZ s Wa y 64

which is a conserved vector for the Euler-Lagrange differential equations (6.2).
In the Noether approach we find L(z,u, ..., ug—1)) and then (6.3) is used for
the determination of the Noether symmetries. Finally (6.4) yields the corre-
sponding Noether conserved vectors. The characteristics W of the Noether

symmetry generator are the characteristics of the conservation law.

6.2.3 Characteristic method

The conservation law is written in characteristic form (Steudel 1962 and see

also Olver 1993) as
DiT' = A°E, (6.5)

where A are the characteristics. The characteristics are the multipliers which

make the equation exact.

6.2.4 Variational derivative method

This approach, presented by Olver (1993), involves the variational derivative
of (6.5):

5 (0%
5 5(AE.) = 0. (6.6)
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Conditions (6.6) hold for arbitrary functions u(z!, 22, -+, 2™). All the multi-
pliers can be calculated with the help of (6.6) for which the equation can be

expressed as a local conservation law.

6.2.5 Variational derivative method on space of solu-

tions of the differential equation

In this approach the variational derivative of (6.5) is computed on the space

of solutions of the differential equation, i.e.

0
é,u—ﬁ(AaEa) |Ea:0: O (67)

Conditions (6.7) are less overdetermined than conditions (6.6) and the char-
acteristics computed by (6.7) may not correspond to a conservation law but

may correspond to adjoint symmetries (see e.g. Wolf 2002).

6.2.6 Symmetry and conservation law relation

The fundamental relation between the Lie-Backlund symmetry generator X
and the conserved vector T for a differential equation is governed by (Kara

and Mahomed 2006)
X(TY) + Dp(EMT" — Dp(eHNT* = 0. (6.8)

The joint conditions (6.8) together with (6.1) are used to find conserved vectors

T*. Here a symmetry condition is added to the direct method.

6.2.7 Direct construction method for conservation laws

Anco and Bluman (2002a), by utilizing the multipliers given in Olver (1993),
gave an algorithmic method for finding the local conservation laws for partial
differential equations expressed in a standard Cauchy-Kovalevskaya form. The

method does not require the use or existence of a variational principle. The
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following definitions and results are adopted from Anco and Bluman (2002a,b).

Definition 1.9. If system (2.11) is in solved form for a pure derivative of
the dependent variables u® with respect to an independent variable say ¢ and
all other derivatives (mixed derivatives) of u® are of lower order with respect

to t then the system (2.11) is in Cauchy-Kovalevskaya form.

Burgers’ equation
Up — Ugy — ULy = 0, (6.9)

admits two Cauchy-Kovalevskaya forms, u; = u,, + uu, with respect to ¢t and

Uzy = Uy + uu, with respect to x.

A system of partial differential equations with n + 1 independent variables

(t,z) = (t,z',--- ,2") and N dependent variables u = (u!,---  u’V) expressed

in first-order Cauchy-Kovalevskaya form with respect to ¢ has the following

form:

ou*

rn +9 (TZLU,U(Q?"' 7u(m)) ,oo=1,2--- N, (6.10)
where u(j) denotes the j™ partial derivatives of u. We can replace uf = —g°

in the conserved densities 7% and 7%, i = 1,2---n, on the solution space of
system (6.10). Therefore without loss of generality we can assume that the 7"
and T depend only on t,z,u and x derivatives of u. This is referred to as the

normal form of the conservation law:
DT (t, x s uy, -+ ) + DT (g, -+ ugy) = 0. (6.11)

It is shown by Anco and Bluman (2002b) that every nontrivial conservation
law in normal form (6.11) is uniquely characterized by a set of multipliers

A(t,,u, uqy, - -+, u@)) with no dependence on u; and differential consequences.
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Conservation law construction formula:  The conserved densities of any
nontrivial conservation law in normal form for the Cauchy-Kovalevskaya sys-

tem (6.10) for given multipliers A, are

1 1
Tt = [ (u® — @) A fuonldh + | Kt x)d), 6.12
)
0 0

1 1
T = a:l/ ATK (M, Ax)dX + / (Si [u — @, Auey]; glup]]
0 0

5" [u = gluw] = Mgl + (1= Vi luy]] ) (613
where
ufyy = Au® + (1 — A)a®, where ufy) = u®, ufy = a, (6.14)

AP[U()\)] =A, (t,x, Uy, Opti(n), - - ,6§u(k)) ,a,p=12--- N, (6.15)
gp[U(A)] =A, (t,x,u(,\), Opti(nys -+ ,8;”um) , (6.16)

K(t7 JZ) = [( ul(),\)t + gp[u(k)] )Ap[u()\)H A=0 (617)

m—1m—Il—1

SV, W;g] = Z Z D;, - D;,V?)

0g° )
D, - D, <Wa— , (6.18)
’ " auﬁir"ikjl“'jz
p—1 p—I1—1
VWAL =D (=1)H(Dyy - Dy V)
=0 k=0
O\
D, - D, <WO‘—°‘). (6.19)
’ " 8u’bp’il"'ikj1"'jl

If A, and ¢g“ are nonsingular at u* = 0 then choose u* = 0. If the system

(6.10) satisfies u* = u® = 0, then the K integral vanishes.
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6.2.8 Partial Noether approach

If the standard Lagrangian does not exist or is difficult to find, then we write
its partial Lagrangian and derive the conservation laws by the partial Noether
approach introduced by Kara and Mahomed (2006).

Definition 1.10. Suppose that the k*"-order differential system (2.11) can

be written as
E,=E)+E!=0. (6.20)

A function L = L(x,u,ugy, U, ..., u@), | < k is called a partial Lagrangian
of system (2.11) if system (2.11) can be expressed as §L/du® = f2E} provided
E}; # 0 for some 3. Here (ff) is an invertible matrix.

Definition 1.11. The operator X defined in (2.7) satisfying

oL

X(L)+ LD;(&") = Dy(B") + (n* — fju;ﬂﬁ,

i=1,2,-,n a=12-,N, (6.21)

is a partial Noether operator corresponding to the partial Lagrangian L.
Theorem 1.2. The conserved vector of the system (2.11) associated with
a partial Noether operator X corresponding to the partial Lagrangian L is
determined from (6.4). Here also W are the characteristics of the conservation
law.

We can also use the partial Noether approach for equations that have La-

grangian formulations.

6.2.9 Noether approach for a system and its adjoint

Definition 1.12. The system of adjoint equations to the system of k™ order
differential equations (2.11) are defined by Atherton and Homsy (1975)

E)(z,u,v,...,um,vw) =0, a=1,2,..N, (6.22)
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where

S(VPE
Bz, u,v, . Uy, v) = %, a=1,2,..N, v=uv(x) (6.23)
ua
and v = (v, 02 -+ vY) are new dependent variables.

Definition 1.13. Suppose system (2.11) admits the generator

.0 0
X = 5281:2 + ﬁa%. (624)

Then the adjoint system (6.22) admits the operator (Ibragimov 2007)

.0 0 9, .
Y = s i = — (0 0 Di(E)), (6.25)

which is an extension of (6.24) to the variable v* and \§ are obtained from
X(E,) = M Eg. (6.26)

Theorem 1.3. Every Lie point, Lie Backlund and non-local symmetry of
the system of k' order differential equations (2.11) yields a conservation law
for the system consisting of equations (2.11) and the adjoint equations (6.22).

The conserved vector components are

, - oL o
T"=¢L+W*— D, .., (W* , 6.27
EL+Wos+ ; e (W) g (6.27)
with Lagrangian given by
L =v"E\(z,u,...,um) (6.28)

and &', n® are the coefficient functions of the generator (6.24). The conserved
vectors obtained from (6.27) involve the arbitrary solutions v of the system of
adjoint equations (6.22) and hence one obtains an infinite number of conser-

vation laws for (2.11) by specifying v.
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6.3 Illustrative Example

To illustrate and compare all the approaches we derive using each approach
the conservation laws for a nonlinear field equation describing the relaxation

to a Maxwell distribution (Euler, Leach, Mahomed and Steeb 1988)
Uy + u? = 0. (6.29)

Direct method

Equation (6.1) with T (¢, x, u, u, uz) and T?(t, x, u, ug, u,) becomes
DT' + D, T? |y, 4u2—0= 0,
or
T 4+ Toue+To g+ Ty e+ T 4Tty + T g+ T Ut Juyy +uz—0= 0. (6.30)

Substitute ug, = —u? in (6.30). Splitting with respect to uy and u,, gives that
T! and T? are independent of u; and u,, respectively. The remaining terms of

equation (6.30) are
T} + Thiuy + T2 + Tiu, — w*(Th +T2) = 0. (6.31)

If we further restrict 7% and T2 to be

2 2
T' = af(t, x,u)% +b(t, ,u), T? = c(t, x, u)% +d(t,x,u), (6.32)
then (6.31) becomes
1 1 1 1
§cuufux + §auutui + §czuf + iatui + (by — cu®)uy
+(dy, — au*)u, + b + d, = 0. (6.33)

Splitting (6.33) according to the derivatives of u, we obtain
ugu? ¢, =0, (6.34)
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w? s a, =0, (6.35)
ul: ¢, =0, (6.36)
u?: a; =0, (6.37)
ug i by —cu =0, (6.38)
Uy :  dy —au® =0, (6.39)
remainder : by +d, = 0. (6.40)

The solution of equations (6.34)- (6.37) yields a = a(z) and ¢ = ¢(t). Thus
(6.38)- (6.39) give

1 1
b= gc(t)u?’ +e(t,x), d= ga(x)u?’ + f(t, x). (6.41)
Equation (6.40) together with (6.41) gives
a=—cx+c3, c=cit+cy, e+ fr =0, (6.42)
and therefore from equation (6.41)
1 3 1 3
b= g(clt + e)u’ +e(t,x), d= g(—clx + c3)u” + f(t, x). (6.43)
We can set e = f = 0 since they contribute to the trivial part of the conserva-

tion law. Substituting (6.42) and (6.43) into equation (6.32), we obtain three

conserved vectors

1 1 1 1
T = ——au + —tu?, T? = ~tu; — ~au®,
2 3 2 3
1 1
T = §u3, T? = §u§, (6.44)
T = %ui, T? = 1u?’

Noether’s approach
A Lagrangian for equation (6.29) satisfying the FEuler-Lagrange equation
OL/6u =0, is

3
Uty U
- 6.45

L=-—
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We now show how the Noether point symmetries for the Lagrangian (6.45)

can be constructed. From (2.5) upto first-order derivatives and (2.6)

X = rltau) 0+ (L) o () o
+G(t, v, u,u u)ijtg(txuu u)i (6.46)
t775t7xaut x77at7xaux7 .
where
G =Dm—u Dy —ug D&, G = Don— uy Dy — up DE,
0 0 0 0
D, = It +Uta +uttau +Utx8—ux+"'7 (6.47)
D—g—i—ua—i—u a+u 8+
T 637 xa ta;a s TT 8U,$
The Noether symmetry determining equation is, by (6.3),
XL+ L(Dyt + D,¢) = D,B' + D, B, (6.48)

where B! = BY(t,z,u) and B% = B?(t,z,u) are the gauge terms.
The Noether operators corresponding to L, given by (6.45), are determined
using (6.48) which becomes

Uu
77U’2 - _x[nt + Ny — TyUy — 7—uut gtux guuxut]

2
Ut 9
_E[nx + Nully — Tolly — Tyl — Eptly — ]
Uty | 0 1 1 2 2
+(= + =) [ + T + & + Euug) = B} + Biug + B2 + Blu,. (6.49)

2 3
We split equation (6.49) with respect to derivatives of u and after simplifica-

tion, we obtain

ugu? 1, =0, (6.50)
wu? s &, =0, (6.51)
Uptly © My = 0, (6.52)
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ul: 1, =0, (6.53)

u?: & =0, (6.54)

u? n
D —7,— = =nB! .

w: "B, (6.55)
u’ it

L Lo Mg 6.56

; ) uw u? 1 2
remainder :  nu” + Efx + 3T= B; + B;. (6.57)

The solution of equations (6.50)- (6.54) yields
T:A(t)> 5:3(‘7;)7 n:C(xat)' (658)
Equations (6.55) and (6.56), with the help of equation (6.58), give
1 1 2 1
B' = —5uc + D(t,x), B* = —juc + E(t, z). (6.59)

Equation (6.57) becomes

1 ,(dA dB
3 dt dx

—u + —) +u*C +uCy — D, — E, =0, (6.60)
which results in
A=ct+cy, B=—-cx+c3, C=0, D;+ E, =0, (6.61)

where ¢;, ¢o and ¢3 are constants. From equations (6.58) and (6.61), we con-

clude that
T=ct+ey, E=—cix+c3, n=0, B' = D(x,t), B> = E(z,t). (6.62)

We can set D = E = 0 as they contribute to the trivial part of the conservation

law. The three Noether operators, in extended form, are

0 0 0 0

Xlzta—l'%—uta—w—‘ruma—ux, (61:1)
=2 (6=1) (6.63)
2 atu Co = .
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The first-order Noether conserved vector is T = (T, T?), where, by (6.4),

OL

T'=B'—7L— (n — Tu; — fux)a—ut, (6.64)
oL
T?=B*— &L — (n— Tup — Eug) —, (6.65)
Ouy
which together with (6.62) yield
3 2
T' = —(eit + CQ)U_ — (—azr+ c;;)ﬁ,
3 2
3 2
T? = —(—c1o + 03)% — (1t + 02)%. (6.66)

The three conserved vectors obtained from (6.66) are equivalent to (6.44).
Characteristic method
If we use this approach on (6.29) with A and T* having at most first order

derivatives, we find
T +Tyu+ Ty uu+ Ty wy+To A+ Toue+ T g+ T U = Auge+u?). (6.67)
Equating the coefficients of uy,, we obtain
AN=T2+T, . (6.68)

Splitting with respect to uy and u,, yields T and T2 independent of u, and
u,, respectively, and equation (6.67) together with (6.68) reduces to (6.31). If
we assume the quadratic solution ansatz as we did for (6.31), then we obtain
precisely the conserved vectors (6.44). Moreover, (6.68) furnishes us with the
multipliers so that (6.29) has conserved form.

Variational derivative method

If we use this approach on (6.29) with A = A(¢, x, u, u,, us), we have

By At 2, u, ug, up) (U +u?)] =0, (6.69)
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where from (2.3)

4 D 4 Di+D2i+DtDz 0 + D? 4

Eu = a5 - LUz z
au K 8Ut 8U33 ¢ 8Utt 8um 8U$$

— .-, (6.70)

is the Euler operator with respect to u. Equation (6.69) has to be satisfied
for all functions u(t,x) and not only the solutions of equation (6.29). The

expansion of equation (6.69) results in
Au(uge +u®) = Dy[Ay, (uge +u?)]
—D,[Ay, (ute + u®)] + DDy (A) 4 2ul = 0, (6.71)
which yields
Usp Uit Ny, + U [We Ny, — U Ny + Ay ] 4 et [Ua Ay — WP Ay + Ay
— 2 Ny, — 2t (U Ay, — Nu) + Upts Ay + U (Ay — U A, — 2uly,)
g (Ar — 0 Ay, — 2uly,) + (A — Ay — Mg,) + 2ul + Ay, = 0. (6.72)

Equation (6.72) is separated according to the second-order derivatives of u

which yields the following system of determining equations for the multipliers:

Uyt © Ny, =0, (6.73)
Uy U, — U Ay, + Mg, = 0, (6.74)
Ut UpNyy, — WAy, + Ay, = 0, (6.75)
Upr © Ay, — Ay =0, (6.76)
remainder Uy Ayy + (Mg — U Ay, — 2ul,)

g (Ayy — U A, — 2uly,) + 0 (Ay — Mgy, — Mg, ) +2ul + Ay = 0. (6.77)

Equations (6.73) and (6.76) give

Ay, = Atz uy), (6.78)
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which together with (6.75) results in

A =uwA(t) + B(t, z,uy). (6.79)
Substitution of (6.79) into (6.74) yields

B, — u?Bu.u. =0, (6.80)
which gives B = u,C(x) + D(t,z) and therefore

A =uA(t) + u,C(x) + D(t, ). (6.81)
Equation (6.77), after using (6.81), takes the following form:

.2 (dA ac

—+ %> —2uD — Dy, = 0. (6.82)

The solution of (6.82) is

A= dlt —+ dQ, C= —dliL' -+ d3, D= O, (683)
and thus

A multiplier A for the partial differential equation (6.29) has the property that
A(ugy +u?) = DT + D, T, (6.85)

for all functions wu(t,x). It is not difficult to construct the conserved vectors

by elementary manipulations for the multipliers (6.84) and thus we have
1 1
{(dlt + dg)Ut + (—dlﬂf + dg)Ux] [Um + U2] = Dt[§<—d1l’+ dg)Ui + g(dlt‘i‘ dQ)Us]

1 1
+Dz[§(d1t + do)u? + 5(—d1x + ds)u?], (6.86)

which holds for arbitrary functions u (¢, z). When w(t, x) is a solution of equa-
tion (6.29), then the left hand side of (6.86) vanishes and we obtain the con-

served vectors (6.44). The conserved vectors can also be derived systematically
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using (6.85) as the determining equation with A given by (6.84). Assuming

that 7" and 7?2 are of first order, we have
[(dit + do)uy + (—dix + ds)ug)[we + u?]

=T} + Tyus + Ty u + Ty wee + T + Tty + Ty g + Totty,  (6.87)

which yields finally the conserved vectors (6.44). The variational derivative
approach is also sometimes known as the multiplier approach.

Variational derivative method on space of solutions of the differential equa-
tion

For equation (6.29), condition (6.7) results in
B A, 2, u, ug, up) (e + 12)] |uyy4uz—o0= 0. (6.88)
Expansion of equation (6.88) and replacing u;, by —u? gives
Uit Myuy + Uz [Ut My, — U Ny, + Ny ] + st [Ua Ny, — U Ny, + My
F gty Ny + U (Mg — U A, — 20y,) + g (Ayy — PNy, — 2ul,,)

Fut Ny, — U (Ay + Ay, + Mg, ) + 2uA + Ay = 0. (6.89)

Splitting equation (6.89) with respect to second order derivatives of u and
solving the resulting system, we obtain the following system of determining

equations for the multipliers:

Ugzx Ut - Autuw = O; (690)
Uy U, — U A, + Mg, = 0, (6.91)
Uyt UpNyy, — U Ay, + Agu, = 0, (6.92)

remainder : gty Ay + 1y (Aue — U2 Ay, — 20N, ) g (A — U2 Ay, — 22U,

Fut Ay, — U (Ay + Ay, + Mg, ) + 2uA + Ay = 0. (6.93)
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Equations (6.90) and (6.92) give

A =uA(t) + B(t,x,u, uy). (6.94)
Substitution of (6.94) into (6.91) yields

By, — U Bu,u, + Buu, =0, (6.95)
which yields

B =u,C(z)+ D(t, z,u). (6.96)

Now, using A = u;A(t) + u,C(x) + D(t, z,u), equation (6.93) reduces to

dA dC
Uty Doy + s Dy + Uy Doy — 12 (Du + s + %> +2uD+ Dy, =0, (6.97)
which yields
A= dlt + dg, C = (d4 — dl):c + dg, D= d4u, (698)

where dy, do, d3 and d4 are constants. Therefore
A= (dlt + dg)ut -+ [(d4 — dl)l‘ + dg]ua; + ud4. (699)

The multipliers corresponding to the constants dy, d, ds are the same as
obtained in the previous case and give the conserved vectors (6.44). The
multiplier corresponding to dy is xu, + u and there exists no T and T? such

that
(g + u) (U + u?) = DT + D T2 (6.100)

This means that the multiplier xu, + u does not correspond to a conserved
vector; it may correspond to an adjoint symmetry.

Symmetry and conservation law relation
The Lie-point symmetry determining equations by the computer package Yalie

by Diaz are
Tu =0, 7, =0, (6.101)
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& =0, & =0, (6.102)

Nuw = 0, New = 0, Nou = 0, (6.103)

WP (s + & — 1) + 2un + e = 0. (6.104)
Equations (6.101)-(6.104) result in

T = klt + kz, 6 = kg - (lﬁ + k4).ﬁL’, n = k4u, (6105)

where ki, ko, k3 and k4 are constants. The Lie point symmetry generators of

equation (6.29) in prolonged form are

0 0 0
X = [klt + kQ]a + [k?g — (kfl + k4)x]% + /{Z4U%
Ty — bl 4 20 + R (6.106)
4 1 t@ut 4 1%8%- .

We construct a conserved vector T' = (T, T?) which has associated with it the

following symmetry generator (in extended form) obtained from (6.106) with

kl;éOandkg:k’g:h:O,

0 0 0 0
X=t——o— —w— " 6.107
o Tor “ou "o, (6.207)
Expansion of (6.1) results in equation (6.31) and
T' =Tt z,u,uy), T? = T2(t, 2, u,uy). (6.108)

Instead of restricting 7' and T2 to satisfy (6.32), we use condition (6.8) with

equation (6.31). The symmetry condition (6.8) results in the following two

equations
X(TY +T'D,(&) — T*D,(7) = 0, (6.109)
X(T?) +T?Dy(1) — T'Dy(€) = 0, (6.110)

which yield
XT'—T'=0, XT? +T* =0, (6.111)
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where X is given in (6.107). The solution of equation (6.111) yields

T =tf(a,a,B), T* = zg(a,,7), (6.112)

where a = zt, « = u, [ = zu,, and 7 = tu;. The substitution of (6.112) into
(6.31) results in

f—i—agjuyg—f —aa2£+ + 8_Z —aan—ijL gz 0, (6.113)
which gives

f_—§—2+3,g:;—;—%3. (6.114)
Hence we obtain

le—x;ﬁ” +§, T2:§—%“3. (6.115)

The other two conserved vectors can be obtained in the same manner.
The second aspect of this approach is that we can associate a symmetry
with a known conserved vector. For the conserved vector T* = fu?, T? = Ju?,

the symmetry condition (6.8) with X given in (6.106) gives
[2ky — k1| T' =0, [2ky — ky|T? = 0, (6.116)

which is satisfied only if k4/k; = 1/2. Thus, taking ke = k3 = 0 and ky/k; =
1/2, we have

0 3 0 1 6

as the symmetry associated with the conserved vector T = %uB, T? = %uf .
Direct construction method for conservation laws

Anco and Bluman (2002a) considered the Klein-Gordon equation wu, —

g(u) = 0 in one of the examples and derived the expression for the

conserved density T"(z,u,uqy, -+ ,uq) for given multipliers of the form

Az, w,uy, - up), p=2q—1, as
1
T = / (s — i) A+ (1 — )i, (6.118)
0
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where Alu] = Az, u,unqy, - ,up)) and @ = 4(z) is any function chosen such
that Afa] and g(u) are non-singular. In particular, o = 0 if A[0] and g(0) are
non-singular (see Anco and Bluman 2002a).

For our case g(u) = —u® The only first order multiplier of the form
A(z,u,u,) for (6.29) calculated with the help of (6.6) is A(x,u,u,) = u, and
then the conserved vector T (z, u,u,) can be found using the formula (6.118).

Now A[0] and ¢(0) are non-singular and therefore we can choose 4 = 0. Thus

from (6.118) we have
1 w2
T = ui/ A\ = 790 (6.119)
0

Equation (6.5), with 7" given in (6.119) and T?(z, u, u,), gives

2
D, (%) + D, T? = uy (g + u2), (6.120)
which yields

u3

T2 = —. 6.121
5 (6.121)

If we replace x with ¢, (6.118) yields the conserved vector

1
T = gu?’. (6.122)

The third conservation law cannot be obtained by this approach.
Partial Noether approach

Consider the partial Lagrangian

1
I — —iutux (6.123)

so that equation (6.29) becomes

5L,
— = —u". 124
= —u (6.124)

The partial Noether symmetry determining equation is, by (6.21),

6L
XWL 4+ L(Dyr + D) = DB + D, B? + (n — Tuy — {ux)é—. (6.125)
u
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Equation (6.125) for L = —Juu, gives

Uy

2W+mm—nm—nﬁ—§%—@ww

u
—§W+m%—mm—mmw—&%—&@

Yitl [T+ Ty +Ee+Euus] = B§+B}Lut+Bg+Bzux—uz[n—Tut—ﬁum], (6.126)

2
where B! = BY(t,z,u) and B? = B%(t,z,u) are the gauge terms. Separating

equation (6.126) with respect to derivatives of u, we obtain

ugu?: 7, =0, (6.127)
wu? s &, =0, (6.128)
ugy : My =0, (6.129)
2 7 =0, (6.130)
2 6=, (6.131)
(T —77—230 = B! +u’T, (6.132)
Uy —% = B2 1 2, (6.133)
remainder : B} + B2 —nu® = 0. (6.134)

The solution of equations (6.127)- (6.131) yields
T=A(t), £ = B(z), n = C(x,t). (6.135)

Equations (6.132) and (6.133) give

1 1
B! — —§u3A(t)—§ucx+D(t,x), B? = —guSB(x)——ucmLE(t,x). (6.136)

Equation (6.134), after substitution of (6.136), takes the following form
1, <dA B
_l’_

37 \dt ' dr

3 ) +u*C — D, — E, =0, (6.137)

which results in
A=cit+cy, B=—-cx+c, C=0, D;+ E, =0, (6.138)
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where ¢, ¢ and c3 are constants. Therefore

T=cit+c, {=—cix+c3 n=0,
3 3

Bl = —%(Clt +¢3) + D(t,x), B*> = —%(_Clx +e3) + E(t, ),

D+ E, =0. (6.139)

We choose D = E = 0 since they contribute to the trivial part of the conserved
vector. We obtain three partial Noether operators which are the same as the
Noether operators (6.63) since the partial Euler-Lagrange equations (6.124)
are independent of derivatives. The gauge terms for the Noether and partial
Noether operators are different.

The first order partial Noether conserved vector T' = (T, T?) can be de-
rived from (6.64) and (6.65) together with (6.139). We obtain the conserved
vectors (6.44).

Conservation theorem
Consider now the conservation theorem given by Ibragimov (2007). The ad-

joint equation for (6.29) is

E*(t,z,u,v, - ,v,) = E, [v(um + u2)] =0, v=u0(t,x), (6.140)
which yields

Uz + 2uv = 0. (6.141)

Now, consider equation (6.29) and the adjoint equation (6.141) as a system.

The Lagrangian for the system is, from (6.28),

L = v(ug + u?), (6.142)
that is
E,=u,+u’>=0, E, = v, + 2uv = 0. (6.143)
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The conserved vectors of the system of equations (6.29) and (6.141), associated

with a symmetry, can be obtained from (6.27) as follows:

[ (2) 0 (1)

Ouy Ouy Oy
+Dt(W)§TLtt + D (W) aii’ (6.144)
T2 LW [gi D (%) D, (aii)]
D) ai[,; + Dy(W) aii’ (6.145)
where
W =1 — Tus — Eug. (6.146)

The Lie point symmetries for (6.29) are given by (6.106). We consider the
symmetry X; = 0/0t. Equation (6.25) reveals that Y] coincides with X;. The
Lie characteristic function is W = —u; and the conserved vector from (6.144)

and (6.145) is
T = uv + wvg, T? = vy — ugv. (6.147)

The conserved vector (6.147) involves solutions v of the adjoint equation
(6.141) and hence gives an infinite number of conservation laws. Next, we
consider the symmetry Xy = 9/0z. Equation (6.25) reveals that Y5 also coin-
cides with X5. For this case, we have, 7 = 0, ¢ = 1 and the Lie characteristic

function is W = —u,. The conserved vector from (6.144) and (6.145) is
T = uyvy — gy, T? = w?v + uyvy. (6.148)

The conserved vector (6.148) involves solutions v of the adjoint equation
(6.141) and hence yields an infinite number of conservation laws. Similarly
one can use the other symmetries contained in (6.106). However, one requires

the solution of the adjoint equation to work out the conservation law.
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6.4 Concluding remarks

The conservation laws for single partial differential equations or systems of
partial differential equations that arise in fluid mechanics were computed us-
ing different approaches. Firstly, we explained all the approaches with the help
of an example. The Noether approach is simple and is a systematic way to
construct conservation laws for partial differential equations that posses a stan-
dard Lagrangian and corresponding Noether symmetries. We constructed the
Noether point symmetries and the Noether conserved vectors for a partial dif-
ferential equation. The partial Noether approach is as effective as the Noether
approach for differential equations with or without standard Lagrangians. In
particular, for second order partial differential equations (single or system)
which arise in fluid mechanics and for which the standard Lagrangian does
not exist conservation laws can be constructed with the partial Noether ap-
proach. We also commentated on the direct method as well as its use with a
symmetry condition for systems without a standard Lagrangian. Furthermore,
we looked at some other approaches which do not rely upon the knowledge of
a Lagrangian, for example, the characteristic method, variational derivative
method for arbitrary functions as well as for the solution space, direct con-
struction formulae and the Noether approach for the equation and its adjoint.
The simplest and most effective way to compute characteristics (multipliers)
is by taking the variational derivative of D;T% = A®E, for arbitrary functions,

not only for solutions.
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Chapter 7

Application of different
approaches for deriving
conservation laws in fluid

mechanics problems

7.1 Introduction

In this Chapter the different approaches to construct conservation laws are
applied to selected equations in fluid mechanics. The approaches are compared.
The equations considered are, the non-linear diffusion equation for the radial
spreading of an axisymmetric thin liquid drop, the system of partial differential
equations for the two-dimensional jet flows and the system of partial differential
equations for the radial laminar jet flows.

The outline of this Chapter is as follows. In Section 7.2, the conservation
laws for the non-linear diffusion equation describing the spreading of an ax-
isymmetric thin liquid drop are derived using the different approaches. The

conservation laws for the system of partial differential equations for the two-
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dimensional and radial laminar jet flows are constructed using the different
approaches in Sections 7.3 and 7.4 respectively. A discussion and the conclud-

ing remarks are given in Section 7.5.

7.2 Non-linear diffusion equation for an ax-
isymmetric thin liquid drop

The non-linear diffusion equation governing the gravity-driven spreading of an
axisymmetric liquid drop on a fixed horizontal plane (Momoniat, Mason and
Mahomed 2001) is

h3h,
3r

B hyy
— h?h2 — — =0 (7.1)

hy —

Direct method:
We apply the direct method to (7.1). Note that we can use (7.1) to replace h;

by h and derivatives of h with respect to r. We assume T* to be first order in

the r derivative: T% = T(t,r, h, h,). Now, from (6.1),

DT+ D,T? |(7.1)= 0, (7.2)
and replacement of h,,. using (7.1) gives

T} + Tithe + Ty hey + T2 + Ti2h,

3 hh
2 T
T3 5l — =

— h?h2) = 0. (7.3)

Separation by hy,. and hy in (7.3) yields

3
T, =0, T, + ET;_ =0, (7.4)

and (7.3) reduces to

3. hh
1 2 2 2 T —
T, +1; +Thhr+Thrﬁ[— 5~ hh
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The solution of equations (7.4) is

h3

T' = A(t,r,h), T? = —ghrAh + B(t,r, h), (7.6)
and equation (7.5) becomes

1, b3 B

2 Ay + by [ Any — 5= An = Bi) = A = B, = 0. (7.7)

Separating equation (7.7) with respect to derivatives of h, we have

h?" . Ahh = O, (78)
h? h3

et A — A, — B, =0, 7.9
3oy (7.9

remainder : Ay + B, = 0. (7.10)

Equation (7.8) yields
A(t,r,h) = hC(t,r) + D(t,r). (7.11)

Substitution of (7.11) into (7.9) results in

h3 C
By =5 (C =) =0, (7.12)

and thus we have
4

Bt,rh) = (e,

15 C)+E(t,7"). (7.13)

r

Substituting (7.11) and (7.13) into (7.10) gives rise to

h* c, C
— -+ — D+ E, =0. .14
12 <Crr , + 7’2> —+ hOt + Dy + Loy 0 (7 )

Splitting equation (7.14) with respect to powers of h gives

Rt Crr—g—i—%zo,

rooor
h:Cy =0, (7.15)
remainder :  D; + E,. = 0.
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Solving the system of equations (7.15), we obtain
C=cr+crnr, D;+ E, =0, (7.16)

and we set D = E = 0 as they contribute to the trivial part of the conservation

law. Equations (7.11) and (7.13), together with (7.16), give
A(t,r,h) = (e1r + corInr)h, B(t,r,h) = %h4, (7.17)
and then using in equation (7.6), we obtain two conserved vectors

1
T' = (c1r + corlnr)h, T? = —5(017’ + corInr)h,h? + %h4. (7.18)

Characteristic approach:
If we employ the characteristic approach on (7.1) with T, 7% and A functions
of t,r, h and h,, we obtain (by (6.5))

T, + Tphe + Ty hiy + T2 + T hy + TF by

h3h h3h
= Al — —— — B®hZ — —]. 7.19
[ t 3 T 3 ] ( )
Equating the coefficients of h,, in equation (7.19) yields the characteristic
3 o

The substitution of the characteristic from equation (7.20) into the remaining

part of equation (7.19) gives rise to equation (7.3). The solution of equation

(7.3) was discussed before. We obtain the conserved vectors (7.18).
Variational derivative method:

If we use this approach on (7.1) with A(t,r, h, h,), we have

h3h, h3h,,

Ey |A(t,r,h, k) | By — —R*h: - —")| =0, (7.21)
3r 3

where F), is the Euler operator with respect to A and can be computed from

(2.3). Equation (7.21) has to be satisfied for all functions h(¢,r) and not only

the solutions of equation (7.1). The expansion of equation (7.21) results in

h3h h3h h3h h3h
Ay | hy — T—h%f——” — D, |Ap, | he — T—h%f——”
3r 3 3r 3
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2
—A (h for + 2hh? + thW) — Dy(A)
T

3
+D, [A (;L— + QthT)} — D? (%Afﬁ) =0. (7.22)
T

After expansion, the coefficient of h,.; in (7.22) gives A;, = 0 and (7.22) reduces

to

h3h, h3hy, h2h,
Ay (ht - — h%h? — T) —A ( —+ 2hh? + h2hw> — Ay — hyAy,

h? h3  h%h,
+(Ar 4+ hyAp) (§ + 2h2hr> +A (—3— +

72 r

+ 4hh? + 2h2hw> —2hh*A

3

h
- [Arr + 20, Aypy + B Ay + B2AR,] = 0. (7.23)

The coefficient of h,.,. in (7.23) gives A, = 0 and thus

—h2h A—202R, (A +hAy)

A= A(r,t). (7.24)

Equation (7.23) becomes

h3

1 1
7 | A= A+ AL+ A=0 (7.25)

which yields A = ¢;7 4 corInr and therefore
A=cir+corinr. (7.26)

A multiplier A for the partial differential equation (7.1) satisfies

h3h h3h
A <ht — —" — h*h? — 3”") = D/T" + D, T? (7.27)

3r

for all functions A(t,r). For the multipliers (7.26), we have

h3h h3h
[c17 + cor In 7] <ht - STT — h*h? — TTT) = Dy[(c1r + corInr)h]
1
+Dr[—§(617" + corInr)h,h? + f—;h‘l], (7.28)

which holds for arbitrary functions h(t,r). When h(t,r) is a solution of equa-
tion (7.1), then the left hand side of (7.28) vanishes and we obtain the conserved
vectors (7.18).
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Partial Lagrangian approach:

A Lagrangian for (7.1) does not exist. However, we can write a partial La-

grangian. A partial Lagrangian L = h*h?/6 reduces equation (7.1) to

@__h+Mm+MM
sh ' 3r 2

The partial Noether symmetry determining equation is, by (6.21),

XL+ L(Dyt + D,&) = D,B*(t,r,h) + D, B*(t,r, h)

oL
—Thy — hr o1 0
+(n Ty 6 )(Sh
which yields
h?h? h3hr
5 TT] + T[Ur + nhhr - Trht - 7—hhrht - grhr - ghh?ﬂ)]
hB 2
+(;h+mm+@+&mpdﬁ+ﬂm+m+Bﬁr
h3h,  h2h?
= The = Ehy][=hy + = 4 =L

Separation by h? and h;h, in (7.31) yields

and equation (7.31) reduces to
Wn: - Wh,
2 173
Wh, B0
3r 2

[, + mnhy) = B + Byhy + B2 + Bjh,

+n[—h + .

(7.29)

(7.30)

(7.31)

(7.32)

(7.33)

Separating equation (7.33) according to derivatives of h, we obtain the follow-

ing determining equations:

h?: nn =0,
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remainder : B} + B2 = 0. (7.37)

Equation (7.34) gives
n=At,r). (7.38)

Equation (7.35) and (7.36) with n = A(t,r) yield

B' = hA(t,r) + f(t,r), B? = % <AT - %A) +g(t,r). (7.39)

Substituting (7.39) in (7.37) results in

h4

1 1
n Syt _ 4
> (AW “Art TQA) +hA A+ fi+ g, =0, (7.40)

which gives
A=cir+crlnr, fi +g, =0, (7.41)

where ¢; and ¢y are constants. We set f = g = 0 as they contribute to the
trivial part of the conservation law. We obtain the following partial Noether

operators and gauge terms:

X = (ar+ @rlnr)(,%,

B' = h(eir + cornr), B* = %h4. (7.42)

The partial Noether conserved vectors by (6.4) are

L

T =B'"—7L— (n—T1h, — ghr)a—, (7.43)
Ohy

T?=B*—¢L— (n—7hy — 5}@%, (7.44)

which together with (7.42) yields the conserved vectors (7.18).
Symmetry condition:

The Lie point symmetries for (7.1) are (Momoniat, Mason and Mahomed 2001)

%, Xy =D g0y, 30,0 (7.45)

X1= ot 201 20 " on
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The symmetry condition (6.8) yields following two equations
X(TY) + T'D,(€) — T*D,(r) = 0, (7.46)
X(T?) + T2D,(r) — T'D,(€) = 0. (7.47)

We now construct conserved vectors for equation (7.1) by the joint conditions
of the direct method and symmetry condition. The direct method on equation
(7.1) gives rise to equations (7.4) and (7.5). Instead of solving these equa-
tions directly we add the symmetry conditions. From equations (7.46) and
(7.47) the conserved vectors T'(t,r, h,h,) and T?(t,r, h, h,) associated with
the symmetry generator X; will satisfy X;(7") = X;(T?) = 0 and we deduce
that

T} =0, T} =0. (7.48)

Equations (7.4) and (7.48) give
h3

T' = A(r,h), T = - he Ay + B(r, 1), (7.49)

and equation (7.5) reduces to

h3 h?

1
§h$h3Ahh + hr[gAh,, — AN - By] — B, = 0. (7.50)

Separating equation (7.50) with respect to derivatives of h, we have

h? : Ahh = O, (751)
h3 h?

h.: —Ap——A,—B,=0, 7.52
3 A = 304k h (7.52)

remainder : B, = 0. (7.53)

Equations (7.51) and (7.53) give
A=hC(r)+ D(r), B= B(h). (7.54)

Equation (7.52), after using (7.54), becomes

dB h?® [dC 1
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Differentiating (7.55) with respect to r, we have
?C  1dC 1

dr?2 7 dr +7“_2

C=o0, (7.56)
which yields
C(r)=cr+crinr (7.57)
and thus A = (¢;7+ corlnr)h+ D(r). Equation (7.55), with C'in (7.57), gives
B(h) = %h‘* + . (7.58)

We can choose ¢ = D(r) = 0. Thus from (7.49), we obtain the conserved
vectors (7.18).

Direct construction formula:
We will use formulae (6.12) and (6.13) together with equations (6.14)-(6.19)

to derive conserved densities for (7.1). Equation (7.1) can be rewritten as

he + g(ryhy by, by ) =0, (7.59)
where
h3h h3h
h,hy, hyy) = ——— — K22 — —~, 7.60
g(r7 ) ) ) 37a T 3 ( )

which is in Cauchy-Kovalevskaya form with respect to t. We have two inde-
pendent variables ¢t and z and one dependent variable h. The multiplier of
the form A(¢,r, h,h,), calculated by the characteristic approach, is given in
(7.26). Now at h = 0, the multiplier A = ¢;7 + corlnr and ¢ are non-singular.
Therefore we can choose i = 0 and hence hpyy = Ah. Also h =0, h =0 sat-
isfies (7.59) and therefore the K integrals in (6.12) and (6.13) vanish. Hence
integrals (6.12) and (6.13) for our case reduce to

T = / 1 hAThoy]dA = / B AL A ) (7.61)
and
™ :/0 (S" [ Al glh]] + S7 [y gl — Aglh): Alhgy]]) dA. (7.62)
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Since g involves upto second-order derivatives with respect to r it follows that
m = 2 and the multiplier is of first-order, p = 1. Equations (6.18) and (6.19)

reduce to

STV.W g| = Zi(_l)k (Djy -+ D, V) Dy, --- Dj, (W_ah dg )

1=0 k=0 LSRN I
B dg Jdg dg
= VWahT - VD, Wahrr> + D, (V) (Wah” : (7.63)
A
ST[V,W; Al =VIWV 0 : (7.64)
Oh,
Equation (7.61), with A = ¢17 + corInr from (7.26), yields
1
T' = (c17 + corln r)h/ d\ = (e17 + corlnr)h, (7.65)
0

which agrees with (7.18) for 7' . From (7.63), we obtain

S" [h, Alh; glh]] = S [h, A[AR]; g[AR]]

B dg dg dg
= hADR] 555 = D, <A[)\h]a(>\hw)) Y, <A[)\h]a(>\hw)) . (7.66)
Equation (7.66) gives

S” [h, Alhyy]; g[hn]] = —g)\gh?’hr[clr + corlnr] + 63—2)\3h4, (7.67)

where we have used

Alhpy] = AAR] = 17 + corIn,

h3h, h3h,,
olhs) = glan] = 3t | 0 gz P (769
Equation (7.64) yields
S” [h, glhin] = Aglh]; Al ]]
0
= h (g[hp]) — Aglh]) BV (crr + corlnr) = 0. (7.69)
Equation (7.62) with (7.67) and (7.69) gives
2 4.3 €24 L
T = _§h hyleir + corInr] + Eh ACdA, (7.70)
0

which yields 7% in (7.18).
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7.3 System of equations for the two-
dimensional laminar jet

The boundary layer equations governing the flow in the two-dimensional

laminar jet are (3.1) and (3.2).

Partial Lagrangian approach:
We will derive the conserved vectors for the system of equations (3.1) and (3.2)
by the partial Lagrangian approach. The partial Lagrangian

1
w; — —l/uz, where v = wy(z,y) (7.71)

1
L =-w’
2°Y 9

for the system of equations (3.1) and (3.2) reduces the system to
oL oL

— = Uly + Wyly, Sw

5 = Uy. (7.72)

In equation (7.72), §/dw from (2.3) is given by

0 0 0 0 0 0 0
— =—-D,—-D D? D,D D? —
ow  Ow Ow,, Y ow, e OWayy + Y 0wy, Ty 0wy,

. (7.73)

and ¢/0u is defined in (3.16). The total derivative operators D, and D, are
defined by

3—i—u 2—I—w i—i—u i—f—w i—l—u i%—w i-i— (7.74)
or  “ou  Tow Tou, Tow, You, ow, T

0 0 0 0 0 0 0
D, = By —f—uya +wya —i—uyya —l—wyya +uy$8u —i—wymaT-i—

The partial Noether symmetry determining equation is (by (6.21))

D, =

.. (7.75)

XU+ L(D.£" + D, = D, Bz, y,u,w) + DyB*(z,y,u,w)

oL
ow’
where & = &(z,y,u,w), n* = n%(z,y,u,w) and B* = B'(z,y,u,w). The

4]
' = € — €)oo+ (1 — € — ) (7.76)

operator X! is given by (invoke (2.5) upto first-order derivatives together
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with (2.6))

o .0
T TG

B,
S . (7.77)

ow,

0 0 0 0 0
o9 29 19 209 2
¢ 8x+£ 8y+77 8u+n 8w+<x8ux+<x

where

Co = Dan' —up Dot — uyDE%, () = Dyn' — ug Dy — uy D%,

¢ = Do’ —weDo&' —wyDy€?, () = Dyn® — weDy&' — wy, D& (7.78)
Equation (7.76) with L given by (7.71) yields

wy [0y + vy + wy, — wa(§, + uy€y +wyEy) — wy (&) + gkl + wyEL)]

—VUy [77; + uy/r]’llj + wynqlu — Uy (@ + uyg’i + wyleu) - uy(fz + nyg + wyfﬁ;)]
w_y2 RN S| 1 1 2 2 2
= B, + u. B, + w,B,, + B} + u,B; + w, B,
1 1 2 2 1 2

+(n' = uxt — uy &%) (uuy + wyuy) + (0 — W€ — wyE?uy. (7.79)
Separation by u2 and u,w, gives

£&'=0,8=0, (7.80)
and equation (7.79) reduces to

Wy [7732; + uyni + w?ﬂ]?y] — Vly [77; + Uyni + wymlu]

= B, +u.B, +w, B}, + B} + u, B, +w, B}, 4+ ' (uug +wyuy) +1n’u,. (7.81)

Separation of (7.81) by derivatives of u and w gives rise to the following overde-

termined system of equations:

ul s m, =0, (7.82)
wy o me =0, (7.83)
Wyt T = Uy =1 (7.84)
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uy . un'+n*+ B =0, (7.85)

w,: B =0, (7.86)

u, :  —vn, = B, (7.87)

wy o ;= B, (7.88)

1: B,+B;=0. (7.89)
Equations (7.82), (7.83) and (7.86) yield

nt=n'(z,y,w), n° =1’ (z,y,u), B' = B'(z,y,u). (7.90)

Differentiation of (7.85) with respect to w yields i} = 0 and then from equa-
tions (7.84)-(7.85), we obtain

n' = A(x,y), n* = uA(z,y) + B(z,y), B' = —u’A—uB+C(xz,y). (7.91)
Substitution of (7.91) into equations (7.87)-(7.88) gives
A, =0, B> =wB, + D(z,y). (7.92)
Using equations (7.91) and (7.92) in (7.89) results in
u?A, +uB, —wB,, — C, — D, =0, (7.93)
which gives
A=c, B=cy+c, Co+D,=0. (7.94)
Therefore
&=0,8=0,n"=c, n*=cru+cy+cs,
B' = —cju® — coyu—csu+C(z,y), B* = cow+ D(x,y),Cp+ D, = 0. (7.95)

We can set C' = D = 0 as they contribute to the trivial part of the conservation
law. The components of the first-order partial Noether conserved vector are,
by (6.4),

oL
Oou,

oL
ow,’

T'=B'—¢'L—(n' — &'u, — Euy) — (" = 'w, — Ewy) (7.96)
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oL oL
T2 = B L (= = ) 50— (0~ e~ Cw) O (797
which together with (7.95) and v = w, give the conserved vectors (3.31) and

(3.32) and

T =yu, T%=qyv— /vdy. (7.98)

The non-local conserved vector (7.98) is obtained due to v = w, and the reason
for defining v = w,, is to make the system of equations (3.1) and (3.2) a second-
order system so that we can apply the partial Noether approach. It is of interest
to observe that the conserved vector (7.98) was not obtained in Chapter 2 by
the multiplier approach. It is a non-local conserved vector and the variational
derivative approach gives multipliers only for local conserved vectors. The
conserved vector (7.98) can be obtained by the variational derivative approach
by defining v = w,.
Variational derivative approach on solution space:

The conserved vectors for the system of equations (3.1) and (3.2) are derived
by the variational derivative method on solution space. The determining equa-

tions for multipliers of the form A; = A;(z,y,u,v) and Ay = As(z,y,u,v) are
Eu[A (uug + vuy — vug,) + Ao(ug +vy)] |3.1), 3.2= 0, (7.99)

Ey[A (uug + vuy — viugy) + Ao(ug + vy)] |3.1), 3.20= 0, (7.100)

where E, and E, are the standard Euler operators defined in (3.16) and (3.17).
The expansion of equations (7.99) and (7.100) gives rise to the following two

equations,
(2uuy + 2vuy) Ay + ul iy + v Ay + Aoy + ug Aoy + v,A9,
—ug Ny + VA — vug Ay, v [Alyy + 2uy Ay — 2uz Ay

+U§A1W — 2ug Uy N1y — UgyN1y + uiAMy} =0 (7.101)
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and
UxAgv + uy(Al - Agu) - Agy =0. (7102)

Equations (7.101) and (7.102) have to be satisfied for all functions u(z,y) and

v(z,y). Separating equation (7.102) with respect to derivatives of u, we obtain
A = Au(z,u), Ay = A(z,u), (7.103)
and equation (7.101) reduces to
VU2 Ay + 20Uy Ay + 20ty Ay + Ay, + Ay = 0. (7.104)

Separation of equation (7.104) results in

uf/ b Ay =0,
wy A =0, (7.105)
remainder :  uA., + A, =0,

which finally yields
Al = Au = dQ, A2 =A= dl + dgu. (7106)

Notice that the multipliers in (7.106) are the same as the multipliers in (3.28)

obtained by the variational derivative approach for arbitrary functions.

7.4 System of equations for the radial laminar
jet

The boundary layer equations governing the flow in the radial laminar jet are

(4.1) and (4.2).
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Partial Lagrangian approach:
We derive the conservation laws for the system of two partial differential equa-
tions (4.1) and (4.2) by the partial Lagrangian method of Kara and Mahomed
(2006). A partial Lagrangian for the system of equations (4.1) and (4.2) is

1 1
L= 5:1:103 — 5”“12/7 v =wy(x,y). (7.107)

The reason for defining v = wy(x,y) is to make the system of equations (4.1)
and (4.2) a second-order system so that we can apply the partial Noether

approach. The system of equations (4.1) and (4.2) can therefore be written as

oL

= (7.108)
50 =u+ TUy. .

)
ow

= Uy + Wylly,
The partial Noether symmetry determining equation is, by (6.21),
XWUL + L(D,£" + D&%

oL oL
= DB+ Dy B+ (' — €y — €u,) T+ (1 — €, — €w,) 5, (7.109)

where & = &(z,y,u,w), n* = n*(z,y,u,w) and B* = B'(z,y,u,w). The
operator X! is given by (7.76).
Equation (7.109) with L given by (7.107) yields

zwy (02 4wyl + wynh, — we (& + uyy + wy€y,) — wy (& + uy&l +wyEl)]
— vty (1, + Uy + Wyt — Ue (& + wyls + wys) — uy (& + uyél + wyEl) |
+%§1w§ + % (zw) —vul) [& + wal) + woly, + & + uy €l + wy&l )
= B, + u, B, + w, B}, + B. + u,B: + w, B,
+ (0" — e — uy &%) (wuy + wyuy) + (7° — we€" — wy€?) (u+ zuy). (7.110)

Separation of (7.110) by u2 and u,w, gives

=0, =0, (7.111)
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and equation (7.110) becomes
W, [775 + uyni + wyni] — Vil [77; + uyni + wymﬂ = B! +u, B} +w,B.,

+B5 + uy B2 + wy B2 + ' (wu, + wyuy) + 17 (u+ zu,) . (7.112)

Separation by derivatives of w and w results in the following overdetermined

system of equations:

ul: =0, (7.113)
w2 =0, (7.114)
wyuy Tt — Ny =1t (7.115)
uy . unt +an*+ Bl =0, (7.116)
w,: BL =0, (7.117)
Uy —Vﬁ; = B2, (7.118)
Wy 3777; = B2, (7.119)
1: By+ B} +uy’ =0. (7.120)

From equations (7.113), (7.114) and (7.117), we conclude that

N =n'(z,y,w), n* =n(z,y,u), B = B'(z,y,u). (7.121)
Equations (7.115) and (7.116) yield

n' = Az, y), n* = %A(w,y)—i—B(m,y), B' = —w*A—urB+C(z,y). (7.122)

Making use of (7.122) in equations (7.118)-(7.119), we obtain

A, =0, B> =wxzB, + D(z,y). (7.123)
Substitution of (7.122) and (7.123) into (7.120) gives

u? (Ax - %) + uxB, — wB,, — C, — D, = 0. (7.124)
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Splitting equation (7.124) according to powers of u and w, we obtain
A=zxci, B=cy+cs, C,+D, =0, (7.125)
and thus
=0, =0,n" =zc1, N* = cru+ ey + s,

B' = —cjou® — coryu — czzu + C(w, y),
B? = corw + D(z,y), Cy + D, = 0. (7.126)

We can set C' = D = 0 as they only contribute to the trivial part of the
conservation law.

The components of the first-order partial Noether conserved vector are
given by (7.96) and (7.97). Equation (7.126) and v = w,, yield the conserved
vectors (4.28), (4.29) and

T) = wyu, T3 = vyv — x/vdy. (7.127)

In Chapter 3, the conservation laws for the system of equations (4.1) and (4.2)
were constructed by the multiplier approach. The conserved vector (7.127)
was not obtained by the multiplier approach because it is a non-local con-
served vector and the multiplier approach gives multipliers for local conserved
vectors. The conserved vector (7.127) can be obtained by the multiplier
approach by defining v = w,(z,y) and then computing the conservation laws

for the system of equations for the velocity components.

7.5 Discussion and concluding remarks

In this section we highlight the complications and functionality of each ap-

proach and make some conclusions.
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The most elementary method is the direct method which was first used in
1798 to derive conservation laws. This method involves a single partial differ-
ential equation possessing derivatives of T* with respect to variables (x%, uF)
which is the determining equation for the conserved vectors. Sometimes it is
quite straightforward to solve this determining equation. But for some prob-
lems the determining equation for conserved vectors is difficult to solve and
certain assumptions are made in order to obtain solutions as we did in our il-
lustrative example. Noether in 1918 gave an elegant approach for the construc-
tion of conserved vectors for partial differential equations possessing standard
Lagrangians. The limitation of this approach is that we can only construct
conservation laws for differential equations having standard Lagrangians and
also the corresponding Noether symmetries.

In 1962 Stuedel introduced the idea of writing the conservation law in
characteristic form. The characteristics are obtained by solving D;T% = A“E,,
and substitution of these characteristics which involve derivatives of T* yields
the same determining equations as are obtained in the direct method. Later,
Olver discovered that the characteristics can be obtained by computing the
variational derivative of D;T* = A*E,, for arbitrary u(z1,- -+ ,z;), not only for

the solutions of E, = 0. The characteristics obtained here are explicitly in

k

~) and each characteristic corresponds to a conserved vector.

terms of (2%, u
The conserved vectors can either be obtained by elementary manipulations or
by considering D;T% = A*E, as determining equation for the conserved vec-
tors. Furthermore, it is simpler and more systematic to derive conservation
laws with the help of characteristics written explicitly in terms of (27, u¥ ) than
with characteristics involving derivatives of T% as computed in the first case.
The final form of the characteristics is the same for both methods. The charac-
teristics are also obtained by taking the variational derivative of D;T% = A®E,,

on the solution space. The system of determining equations for the character-

istics is less than the previous case. The number of characteristics obtained
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here may be less than, equal to or more than for the variational derivative
approach for arbitrary functions. The characteristic obtained sometimes may
not be associated with a conservation law but to an adjoint symmetry. These
points are illustrated in the examples which were considered. In the example
on a nonlinear field equation describing the relaxation to a Maxwellian distri-
bution more characteristics were obtained but the extra characteristic belong
to an adjoint symmetry. For the laminar two-dimensional jet flow the number
of characteristics calculated for arbitrary functions and on the solution space
was the same.

There is a fundamental relation between symmetries and conservation laws,
both for the Euler-Lagrange equations and general equations without La-
grangians. The conservation laws can be computed with the joint conditions
of the direct method and symmetry. The difficulties of solving the determining
equations obtained by the direct method are resolved by imposing the sym-
metries conditions. The second aspect of the symmetry conditions is that we
can associate a symmetry with a known conserved vector. This symmetry is
important in the derivation of group invariant solutions, for example, for jet
flows and thin fluid films.

The time component of a conserved vector, for non-variational evolution
equations, non-linear evolution partial differential equations that possesses ex-
tra conservation laws and for integrable partial differential equations, can be
computed directly by Bluman’s direct construction formulae for given charac-
teristics (multipliers). However, it is still necessary to solve D;,T* = A®E,, for
the spatial component of the conserved vector. Also all local conservation laws
for partial differential equations (single or system) which can be expressed in a
standard Cauchy-Kovalevskaya form can be computed by direct construction
formulae. The formulae which correspond to the spatial coordinate are compli-
cated and difficult to apply. These formulae are restricted to partial differential

equations which can be expressed in a standard Cauchy-Kovalevskaya form.
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The Noether approach for the system and its adjoint gives the conservation
laws for the system and its adjoint. To obtain the conserved vectors for the
system, one has to compute the solution of the adjoint equation. It is often
quite difficult to derive the solution of the adjoint equation.

The failure of the Noether approach for non-variational problems motivated
the idea of the partial Noether approach. This approach considers the sym-
metries of the partial Lagrangian. Their corresponding conserved vectors are
determined by a formula. The partial Noether approach works in the same way
as the Noether approach for differential equations with or without standard
Lagrangians. This method is also applicable to scalar evolution differential

equations.
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Chapter 8

Group invariants solution for
two-dimensional and radial free

jets

8.1 Introduction

Schlichting (1933) was the first to apply laminar boundary layer theory
to the two-dimensional free jet. He solved the boundary value problem
by transforming the system of two partial differential equations in terms
of velocity components to a single third-order partial differential equation
in terms of the stream function. A similarity solution was derived. The
third-order partial differential equation was transformed to a third-order
ordinary differential equation in the similarity variable which was solved
numerically. Later, Bickley (1937) solved the third-order ordinary differential
equation analytically. The standard procedure for solving the boundary
value problems of laminar jets is discussed in the texts by Rosenhead (1963),
Schlichting (1968), Schlichting and Gersten (2000). A similarity solution is

derived assuming a certain form for the stream function. Later, Mason (2002)
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solved the third-order partial differential equation for the stream function
for the two-dimensional free jet, using a linear combination of Lie point
symmetries and showed that the similarity solution derived by Schlichting
(1933) and Bickley (1937) is a group invariant solution. The problem of
the radial jet was first introduced by Squire (1955). The similarity solution
for the radial free jet was derived by Riley 1962a and Schwarz (1963). The
group invariant solution for the system of equations in terms of the velocity
components for both the two-dimensional and radial free jet has not been

derived.

The Lie point symmetries are calculated for two-dimensional and radial free
jets and then using the approach introduced by Kara and Mahomed (2000),
we find the symmetry associated with the conserved vector which is used to
establish the conserved quantity. This symmetry yields the group invariant
solution for the system of equations for the free jets.

An outline of the Chapter is as follows. In Section 8.2, the Lie point
symmetries and the group invariant solution for the system of equations for
the two-dimensional free jet are derived. In Section 8.3, we derive the Lie point
symmetries and the group invariant solution for the radial free jet. In Section
8.4, the group invariant solution for the radial and two-dimensional free jets

are compared. Finally, in Section 8.5 the conclusions are summarized.

8.2 Two-dimensional free jet

The flow in a two-dimensional free jet is governed by equations (3.1) and (3.2).
The boundary conditions for the two-dimensional free jet are (3.59) and (3.60)

and conserved quantity is given in (3.64).
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8.2.1 Lie point symmetries for two-dimensional jet

The system of equations (3.1) and (3.2) is of the form
F(u, v, ug, Uy, uyy,) =0,

G(x,u, uy,vy) =0, (8.1)

where
F = uuy + vuy — vuy,,

G =uy + v, (8.2)

The Lie point symmetry generator

0 0 0 0
X = fl(ma Y, u, U)—+€2($, Y, u, U)_‘H?l(% Y, u, U)_‘le(% Y, u, U)_ (83)

Ox dy ou ov’
of the system (3.1)-(3.2) is derived by solving
X¥F |(p=o, c=0)= 0,
x2g |(F=0. G=0)= 0, (8.4)
where
0 0 0 0 0 0 0 0
P S S I B | 2 ¢ a0 | 9O
£8x+£ 8y+n8u+n8v+<‘r8u$+<‘ravx+<y6uy Y ov,
0 0 0 0 0 0
1 2 1 2 1 2 8.5
+C:L‘a: auxw N C:m avx:p N ny auxy * ny aUmy " ny auyy " v 8vyy’ ( )
is the second prolongation of the operator X with
Gt = Di(n") — uyDy(£°), (8.6)
i = Di(GY) — uiD;(€°), (8.7)

and the total derivative operators Dy = D, and D, = D, are given in equation
(3.12) and (3.13). The system (8.4) is separated according to the derivatives of

u and v and an overdetermined system of partial differential equations for the
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unknown coefficients ¢!, €2, n! and 7n? is obtained. Alternatively this system

can also be obtained from the computer package Yalie by Diaz. The Yalie

package yields the following determining equations:

My = 0, My, = 0,

vny = iy, + um, =0,

N+ 2u€) — ué, =0,

0+ vgy = 2vmy, + vy, —ugy =0,
m +n, =0,

M= +& =& =0,

o~ & =0.

Equations (8.8)- (8.10) gives
&= Ax), € = B(z,y), n' = uC(z,y) + D(z,y).
Substitution of (8.17) into (8.12)- (8.13) yields
C(z,y) = A — 2B, D(z,y) =0, n* = —vB, — 5vB,, + uB,.
From (8.14), we have
B(z,y) = yE(x) + k(z), A'(z) = E(z) + cs.
Equations (8.15) and (8.16) are satisfied. Equation (8.11) gives
E(z) = ¢.
Therefore
A(z) = (c1 + c2)x 4+ ¢3, B(x,y) = cry + k(x), Clz,y) = ¢y — ¢y,
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(8.14)
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(8.18)

(8.19)

(8.20)
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where ¢, ¢o and c3 are constants and k(z) is an arbitrary function. Hence
&= (e1+er)rtes, € = cy+k(r), n' = (ca—c1)u, n* = —cyv+uk’(z). (8.22)

The Lie point symmetry generator for system (3.1)-(3.2) is
0

X =[(c1 4+ )z + c3] 2 : [ery + k(2)] o (2 —a)ug,

ox dy

+[—e1v + uk (z)] % (8.23)

The conserved vector (3.32) was used to derive the conserved quantity for
the two-dimensional free jet. The Lie point symmetry associated with the
conserved vector (3.32) can be deduced using the condition (6.8) and that
symmetry will give the group invariant solution for the two-dimensional free

jet. Tt is found that (8.23) is associated with (3.32) provided ¢, = ¢, that is,

provided

3
X = {—clx + c3

0 0 cu 0
2

gy Hlew + b o = e+ uk ()] o (829

The Lie point symmetry (8.24) generates the group invariant solution for the

two-dimensional free jet.

8.2.2 Group invariant solution for two-dimensional free
jet

Schlichting (1933) derived the numerical solution, Bickley (1937) found the
analytical solution and Mason (2002) established the group invariant solution
for the two-dimensional free jet. In these papers the third-order partial differ-
ential equation (3.10) for the stream function was solved. We will construct
the group invariant solution for the two-dimensional free jet by directly solving
the system (3.1)-(3.2).

Now, u = U(x,y) and v = V(x,y) is the group invariant solution of the

system of equations (3.1) and (3.2) if
X(u—=U(x,y)) lu=u= 0, (8.25)
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X(v—=V(2,9)) lo=v=0, (8.26)
where X is given by (8.24). Equation (8.25) can be rewritten as

3 U
<§c1x + 03> Us+ (ay + k(z) Uy = —017, (8.27)

Equation (8.27) is quasi-linear first order partial differential equation for
U(z,y). Two independent solutions of the differential equations of the char-

acteristic curves are

Y
5 — K(x) = ay, (8.28)
(x + 373)2/3
Ul + 2315 — g (8.29)
301 2, .
where

K(z) 2 /x (de (8.30)

3 T+ 32)5/3

and a; and ay are constants. The general solution of equation (8.27) is ay =

g(ay) and for u = U(x,y) is of the form

263

u=(z+2)y"g(y), x= % ~ K(a). (8.31)

301 v+ Ty

The conserved quantity (3.64) becomes
J = 2p/oo g (x)dx, (8.32)
—K(z)
and is independent of x provided K (z) is a constant. We choose the constant
to be zero and therefore y = 0 corresponds to y = 0. To make K = 0 we
choose k(z) = 0. We choose ¢3 = 0 to ensure that the singularity u(z,0) = co

occurs at the orifice x = 0. Therefore equation (8.31) reduces to

_1 Yy
u=1x"3g(x), x = PYER (8.33)

Now, equation (8.26) yields
3
SaVe by, = -, (8.34)
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and the solution of (8.34) for v = V(x,y) is
v =2 3h(x). (8.35)

The boundary conditions (3.59) and (3.60) on wu(z,y) and v(z,y) give the
following boundary conditions on g(x) and h(x):

h0)=0, L(0)=0, g(£oc)=0. (8.36)
The conserved quantity (8.32) becomes
J = 2,0/ g*dy. (8.37)
0

Substitution of (8.33) and (8.35) in equations (3.1) and (3.2) yields

d*qg 2 dg 1
“va—h) 2 +Z02=0 8.38
de2+<3xg )dx+3g (8.38)
and
2 dg 1 dh
- A g 8.39
BXdX + 39 dx ( )

Notice that equation (8.39) can be rewritten as

dh 2 ,d

o3 a(gxm), (8.40)

which on integrating from 0 to x and using the boundary conditions (8.36)

yields

2 1 [x
h(x) = z9x — —/ gdx. (8.41)
3 3 /o

Substitution of (8.41) in (8.38) gives rise to the third order ordinary differential

equation
a3 f 1 d df
——+——(f—=1]=0 8.42
dx? + 3vdy (fdx> ’ ( )
where
X
fFx) = / gdx. (8.43)
0
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The boundary conditions (8.36) and conserved quantity (8.37), in terms of
f(x) becomes

d? d
ro)=0. GLo=0. Lo -0 (8.44)
and
00 df 2
= — | dy. .
J 2p/0 (dX> X (8.45)

For completeness we outline briefly the solution of the boundary value problem

(8.42)-(8.44). Integrating (8.42) with respect to x, we obtain

d*f 1 df
I e A A4
dx?  3v° dyx v (8.46)

where ¢; is a constant. The boundary conditions (8.44) at y = 0 yield ¢; =0
only if

= 0. (8.47)

We choose ¢; = 0 and check at the end that the solution obtained satisfies
(8.47). Integration of (8.46) results in a variable separable differential equation

which yields

f(x) = atanh (%x} (8.48)

where « is a constant. Substitution of (8.48) in (8.45) yields « in terms of J

as
AN
= == . 4
) <2p> (8.49)
Substitution of equation (8.48) in (8.41) and (8.43) gives
()_O‘_2 h2<ﬁ > (8.50)
9\X) = GVSQC GVX 5 .
a’y a o a
100 = e () — i (2 e
(X) = 5, sech”( x| — 5 tanh ( = x (8.51)



Substitution of (8.50) and (8.51) in (8.33) and (8.35) yields

2
u= x_l/?’g—ysech2 (%X» (8.52)
v=ax"23 2 (ax sech? <gx> — 1tanh <gx> (8.53)

3\ 6v 6v 3 6v ’ '
where
1/3
Y 9vJ
X =7 and «a= (E) : (8.54)

where J is the given constant which describes strength of the jet. These results
are in agreement with those of Mason (2002) and Bickley (1937). The Lie point

symmetry that generates the group invariant solution is

3z 0 0 u 0 0

2 %“’ay 20u ' ou

(8.55)

Finally, we observe that (8.48) satisfies the condition (8.47).

8.3 Radial free jet

The flow in a radial free jet is governed by equations (4.1) and (4.2). The
boundary conditions for the radial free jet are (3.59) and (3.60). The conserved
quantity for the radial free jet is given in equation (4.48).

8.3.1 Lie point symmetries for radial jet

The Yalie package by Diaz yields the following determining equations for the
system (4.1)-(4.2):

& =0,& =0, & =0, (8.56)
& =0,& =0, (8.57)
nt=0,n., =0, (8.58)
vn; — un;y +unl =0, (8.59)
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n'+2u; —ué, =0, (8.60)

I 0E] = 20l + VG, —uEl =0, (8.61)
0’ e+ ) — = €'+l =0, (8.62)
i, — an, + o€y — 28, =0, (8.63)
e(n: — €)= 0. (8.64)

Equations (8.56)- (8.58) and (8.60)- (8.61) result in
¢ = A(x), € = B(z,y), ' =u(A'-2B,), n* = —vB,—5vB,,+uB,. (8.65)
Equations (8.63) and (8.64) are identically satisfied by (8.65). Equations (8.59)

and (8.62) finally yield

A(z) = e + 2, B(z,y) = (2 _ 2

= B, 5 cg) Y+ k(z), (8.66)

where ¢, ¢ and c¢3 are constants and k(z) is an arbitrary function. Thus

1 C2 .o (€1  Co
f —Cll’—i—P, —(E—F—i—c?,)y—kk(x),
3
Nt = —2cqu, P = — (% - % + c3) v+ C;ij +uk/(2). (8.67)

The Lie point symmetry generator for the system (4.1)-(4.2) is

X = (et 2) - (5 - ey b)) 5 - 2eauy

2 g3 x4 o’

We want to determine the symmetry associated with the conserved vector

(4.29) which gave the conserved quantity for radial free jet. Kara and Ma-
homed (2000) showed that the symmetries associated with a known conserved
vector can be determined by using (6.8). Equation (6.8) after substitution of
(4.29) and (8.68) yields

T'(c; — 2¢3) =0, T?(c; — 2¢3) = 0, (8.69)
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which is satisfied if and only if ¢; = 2¢3. Thus

. Co 8 Co 8 8
X = (clx + ?)% + [(Cl — ;)y -+ k(l‘)]a—y — clu%
Co 3couy 0
+[—(c1 — E)U T T uk:/(x)]% (8.70)

is the Lie point symmetry generator associated with the conserved vector given
in (4.29).
The Lie point symmetry associated with the conserved vector which gives

the conserved quantity for the radial free jet gives the group invariant solution.

8.3.2 Group invariant solution for system of equations

for radial free jet

By introducing a stream function of the form (4.5) the system of equations
(4.1) and (4.2) is transformed to the third-order partial differential equation
(4.9). Riley (1962a) and Schwarz (1963) derived the similarity solution for the
third-order partial differential equation (4.9) for the stream function . We
will derive the group invariant solution directly for the system of equations
(4.1) and (4.2) governing the flow in a radial free jet.

Now, u = U(x,y) and v = V(x,y) are group invariant solutions of the

system of equations (4.1) and (4.2) if

X(u—=U(z,y)) lu=v=10, (8.71)
and

X(v=V(z,y)) lo=v=0, (8.72)
where the operator X is given in equation (8.70). Equation (8.71) yields

(clx + %) U, + [(cl - %) y+ k:(x)} U, =—qU. (8.73)
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Two independent solutions of the differential equations of the characteristic

curves for quasi-linear first order partial differential equation (8.73), are

ry

5~ K@) = a, (8.74)
(v +2)
‘ 1/3
U (xi’v 1 0_2) = ay, (8.75)
1

where

C1

1 [ 3k

K(z) = — / Lx)wgdx (8.76)
S o)

and a; and as are constants. The general solution of equation (8.73) for u =

U(z,y) is of the form

~1/3
c ry
u= (x " f) 900, x=— K@), (8.77)
| (+2)
Cc1

The conserved quantity, given by equation (4.48), becomes

o0

J=2p / g2 (x)dx, (8.78)

—K(z)
and is independent of = provided K (x) is a constant. We choose the constant
to be zero and to make K = 0 we choose k(z) = 0. Now, since K =0, x =0
corresponds to y = 0. The radial free jet has infinite fluid velocity at the
orifice. We therefore choose ¢a = 0 to ensure that u(z,0) = oo at the orifice

x = 0. Therefore equation (8.77) reduces to

1 y
1 _Y 8.79
u=—g(x), x=" (8.79)
Now equation (8.72) gives
oV, +yVy ==V (8.80)
The general solution of equation (8.80) for v = V(z,vy) is
1
v=—h(x). (8.81)
T
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The boundary conditions (3.59), (3.60) yield the boundary conditions (8.36)
on g(x) and h(x). Also, since K = 0, (8.78) reduces to (8.37). Substitution
of equations (8.79) and (8.81) in the system of equations (4.1) and (4.2) gives

rise to
d*g dg
A Pl 2 _ .82
VdX2+(xg )dx+g 0 (8.82)
and
dg dh

Integrating (8.83) from 0 to x and using the boundary condition h(0) = 0
yields

h(x) = f'x—f, (8.84)

where

flx) = /Oxg(x)dx- (8.85)

Substitution of (8.84) and (8.85) in (8.82) yields the third-order ordinary dif-

ferential equation

Bfo1d (LA
i) = 550

and we obtain boundary conditions (8.44) and conserved quantity (8.45). The
solution of equation (8.86) subject to (8.44) is

f(x) = artanh (%x) (8.87)

where « is a constant and is determined in terms of J as

1/3
o= <32L[;]) | (8.88)

Substitution of equation (8.87) in (8.84) and (8.85) gives
2

g(x) = a—sechQ(%x>7 (8.89)
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2

h(x) = %sech2<%x> — atanh (%X>7 (8.90)

which together with (8.79) and (8.81) yields

1a? a
_ - hQ(— ) 91
u=—o-sech™( —x ), (8.91)

afay o[ a
v x[stec 21/)( an 2VX (8.92)

where
/3

Y 3vJ\!
_ Y and a= (2 8.93
=2 ad = (30 (5.93)

where J is the given constant which describes strength of the jet. These results
agree with those of Riley (1962a) and Schwarz (1963). The Lie point symmetry

which generates the solution is from (8.70) with ¢; = 0 and k(z) = 0,

0 0 0 0
X=r—+y— —u——v—. .94
e +y8y “ou v (8.94)

8.4 Comparison between two-dimensional and
radial free jets

The comparison between two-dimensional and radial free jets is presented in
Table 8.1.

Table 8.1 shows that Prandtl’s momentum boundary layer equation for the
two free jets is the same. However, the continuity equation is different. For
both cases the Lie point symmetry that generates the group invariant solution
is a scaling symmetry. The symmetries can be related through a similarity
parameter b. The value of the similarity parameter for the two-dimensional
free jet given by Schlichting (1933) is b = 2/3 and Schwarz (1963) gives b = 1

for the radial free jet.
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The Lie point symmetry that generates the group invariant solution can be

expressed as

X = x% +by— — cu— — bv— (8.95)

where ¢ = 1 — b for the two-dimensional free jet and ¢ = 2 — b for the radial
free jet. For b = 2/3, ¢ = 1/3 we obtain the Lie point symmetry for the
two-dimensional free jet and b = 1, ¢ = 1 gives the Lie point symmetry for the
radial free jet. The x and y components of the velocity for the free jets can be

written as

where b = 2/3, ¢ = 1/3, v — 3v gives the velocity components for the two-
dimensional free jet and b = 1, ¢ = 1 gives the velocity components for the
two-dimensional free jet. The same similarity parameters which connect the
two-dimensional and radial jet flows in the similarity solution connect the two

flows in the group invariant solution.

8.5 Conclusions

The Lie point symmetry generator for the system of two partial differential
equations governing flow in the two-dimensional jet was derived. The Lie
point symmetry associated with the conserved vector which gave the conserved
quantity for the two-dimensional free jet generated the group invariant solu-
tion. For the radial free jet, we computed the Lie point symmetry generator
for the system of two partial differential equations for the velocity components.
Then the group invariant solution was constructed for the radial free jet using
the symmetry associated with the conserved vector that was used to derive

the conserved quantity for the radial free jet.
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Radial free jet

Two-dimensional free jet

System of
partial
differential equations

Associated symmetry

Velocity components

Uy + VUy = Vg,

(zu), + (zv), =0

— 0 9 _,0 _ 90
X_x8x+y8y Uz, Vs

Uy + VUy = Vg,

Uy + vy =0

Table 8.1: Comparison of two-dimensional with radial free jets

The similarity parameter introduced by Schlichting (1933) and Schwarz

(1963) to connect the two-dimensional and radial similarity solutions for the

free jet also connects the Lie point symmetries which generate the group invari-

ant solutions for the velocity components for the two-dimensional and radial

free jet.

123



Chapter 9

Symmetry solutions of a
third-order ordinary differential
equation which arises from
Prandtl boundary layer

equations

9.1 Introduction

Prandtl (1904) introduced the concept of a boundary layer in large Reynolds
number flows and he also showed how the Navier-Stokes equation could be
simplified to yield approximate solutions. The similarity solution of Prandtl’s
boundary layer equation for the stream function for steady two-dimensional
and radial flows with vanishing or constant mainstream velocity yields the
third-order ordinary differential equation

&y 2y dy\*
— +By—=+C (= =0 9.1
s Ve T (dw) ’ (9:1)
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where

1 —a two-dimensional
B = , C=2a—1, (9.2)

2 —a radial

and « is a constant determined from further conditions. Equation (9.1) arises
in the study of steady flows produced by free jets, wall jets and liquid jets
(two-dimensional or radial), the flow past a stretching plate and Blasius flow.
The numerical solution for a free two-dimensional jet for which o = 2/3 was
obtained by Schlichting (1933) and later an analytic solution was derived by
Bickley (1937). Schwarz in (1963) obtained the solution for the free radial
jet for which o = 1. The solutions for two-dimensional and radial wall jets
for which o = 3/4 (two-dimensional) and o = 5/4 (radial) were obtained in
parametric form by Glauert (1956). Riley (1962a,b) derived the solution for a
radial liquid jet for which a = 2. Later, two-dimensional flow past a stretching
plate with o = 0 was discussed by Crane (1970).

The purpose of this work is to obtain reductions and solutions of the third-
order differential equations which arise from Prandtl boundary layer equations
for two-dimensional and radial flows with vanishing or constant mainstream
velocity using Lie symmetry methods of reduction. The invariant solutions are
also derived.

The Lie point symmetry generators of (9.1) for general values of o are
X, =0/0x, Xs=1x0/0x— yd/dy. (9.3)

For special values of o three Lie point symmetry generators exist and the
third-order ordinary differential equation is solved by the Lie approach as de-
scribed, for example, by Ibragimov and Nucci (1994), Mahomed (2008) and
Olver (1993). For B = 0 the third-order ordinary differential equation (9.1)
describes radial and two-dimensional liquid jets and admits a solvable Lie al-

gebra. We solve the equation by the Lie approach (Ibragimov and Nucci 1994,
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Mahomed 2008, Olver 1993). For a = —1 (two-dimensional) and o = —4 (ra-
dial), the third-order ordinary differential equation (9.1) admits a non-solvable
Lie algebra and can be reduced to the Chazy equation (Chazy 1909, 1910, 1911,
Clarkson and Olver 1996). Clarkson and Olver (1996) expressed the general
solution of the Chazy equation as the ratio of two solutions of a hypergeomet-
ric equation. We reduce the Chazy equation by the Lie approach using the
semi-canonical variables of Ibragimov and Nucci (1994). Another approach is

given by Adam and Mahomed (2002).

9.2 Mathematical formulation

Prandtl’s boundary layer equation for the stream function for an incompress-
ible, steady two-dimensional flow with uniform or vanishing mainstream ve-

locity is (Rosenhead 1963)

Vyay — Yathyy = Pyyy, (9.4)

where v is the kinematic viscosity. Using the classical Lie method of infinites-
imal transformations (Olver 1993) the similarity solution for (9.4) is found to

be

a,y) =2 F(x), x = = (9.5)

The substitution of (9.5) in (9.4) yields a third-order ordinary differential equa-
tion in F(x):
dF d*F

V_+(1_a)Fd_X2

I~ +(20—1) (‘;—F)Z 0. (9.6)

X
The variable xy = y/x® is the similarity variable.
For radial flow, Prandtl’s boundary layer equation for uniform or vanishing

mainstream velocity is (Glauert 1956)

1 1 1
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The similarity solution of (9.7) derived using the Lie method is

W(r,2) = > F(x), X = —, (9.8)

which reduces (9.7) to

d*F d*F dF\?
—+2-a)F=—+2a—-1)({—=—]) =0. :
de3 ( @) e (2a ) ( X) 0 (9.9)

Equations (9.6) and (9.9) can be combined to give the following third-order

ordinary differential equation:

d3F A2 F dF\?
24y BF— 40 Z=) =0 9.10
Ve * dx? - (dx> ’ (9.10)

where B and C' are defined in terms of a by (9.2) . The transformation
(x, F) — (z,vy) reduces (9.10) to (9.1).
9.3 Lie point symmetry generators

Equation (9.1) can be written as

E(y,y,y".y") =0, (9.11)
where
d*y d*y dy\?
E = E—FBZJ@—FC(%) . (9.12)

The Lie point symmetry generators X = & a% + 778%, are obtained from the

determining equation (Bluman and Kumei 1989)
XBIE |g_g=0, (9.13)

where X3 is the third-order prolongation given by

0 0 0 0 0
D Ay S A 14
683: + ﬁay +G By + (2 By + (3 By (9.14)

127



with

G=Dm)—yD(E), G=DG)-y"DE), &=D(()—-y"D(E), (9.15)

and

0 0 0 0
D - /_ //_ ///_' 1
ox tY y Ty oy’ Ty oy" (9.16)

Equation (9.13) is separated according to derivatives of y and thus the de-
termining equations for Lie point symmetry generators are obtained. The
determining equations for the Lie point symmetry generator can also be de-
rived directly by the computer package Yaliie by Diaz. The solution depends
whether B = 0 or B # 0. The determining equations for Lie point symmetry
generators X = & a% + 7)8%, for third-order ordinary differential equation (9.1)

obtained by the YalLie package by Diaz are

& =0, (9.17)
Nyy = 0, (9.18)
Bn + By&s + 3nsy — 38 = 0, (9.19)
Cny + C& =0, (9.20)
201N, 4 BY(2Nay — &ea) + 3Neay — Exaw = 0, (9.21)
Bynes + Newa = 0. (9.22)

Equations (9.17) and (9.18) imply

£ = f(x),n=yg(x) + h(z). (9.23)

The solution of equations (9.19)-(9.22) depends whether B = 0 or B # 0.
Case I: B=10

For this case, « = 1, C' = 1 for two-dimensional flow and o = 2, C' = 3 for
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radial flow. Since C' # 0 for both flows, (9.20) gives g(z) = —f'(x) and then
(9.19) yields

f"(x) = 0. (9.24)

Hence, we obtain

f(@) =ci+ e, gla) = —cs, (9.25)
and thus
£ =c1+ o, n=—coy + h(x). (9.26)

Equation (9.21) together with (9.26) gives h'(x) = 0 and therefore
h(z) = cs. (9.27)

Equation (9.22) is identically satisfied. We obtain

E=c1+ e, n=—cy+cs. (9.28)
Thus

X =(c —i—cx)g—i-(—c +c3)— (9.29)

=G 25 2Y 3 By’ :

where ¢, ¢ and c3 are arbitrary constants.
Case I: B#0
Substitution of (9.23) in (9.19) yields

Bylg(x) + f'(z)] + Bh(x) + 3¢'(x) — 3f"(x) = 0. (9.30)
Equation (9.30) after separation gives

6

g(x) = =f'(2), h(z) = Zf"(2) (9.31)

and hence
!/ 6 I
£= 1), n=—yf + 5 1"(@) (9:32)



Equation (9.20) is identically satisfied. From (9.21) and (9.22) we conclude
(2C +3B)f"(x) =0, (9.33)

f///(l‘) = 0. (934)

The solution of equations (9.33) and (9.34) depends whether 2C' + 3B = 0 or
2C43B # 0. But 2C+3B = a+1 for two-dimensional flow and 2C+3B = a+4
for the radial flow. When 2C' 4 3B # 0, then a« # —1, B # 2 for two-
dimensional flow and o # —4, B # 6 for the radial flow. Thus equations
(9.33) and (9.34) give

flz) =c1+ e (9.35)

and therefore

=+ ar, n=—cy. (9.36)
For the case 2C' + 3B = 0, we have « = —1, B = 2, C = —3 for two-
dimensional flow and « = —4, B = 6, ' = —9 for radial flow. Equations

(9.33) and (9.34) for this case yield

f(z) = c; + cow + c32?, (9.37)
and thus
, 12
£ =c1+cor+ c3x®, = —[2c3x 4 o]y + 7o (9.38)

The Lie point symmetries and Lie algebra for both flows are summarized

in Table 9.1.
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Two-dimensional

Radial flow Lie point symmetries

for both flows

Lie algebra

B=0
a=1
B=2
a=—1
B#0,a#1
B#2 a+# -1

B=0 X =2Z

0622 XQ—%
Xy = 75, —y3,

B=6 X =2Z
a=—4 ngxa%—ya%

X3:x2%+(173—23:y)%

B#0,a#2 X =£

B #6,a# —4 Xg—xa%—ya%

[Xl,XQ] - O
[X17X3] = Xl
[X27X3] = _X2
(X1, Xo] =X
[Xl,Xg] — 2X2
(X5, X3] = X,
[leXZ] = Xl

Table 9.1: Lie point symmetries for B =0 and B # 0
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9.4 Symmetry solutions

9.4.1 Case I: B =0 (two-dimensional and radial )

For this case, « = 1, C' = 1 for two-dimensional flow and a = 2, C' = 3 for
radial flow. Using the transformation y — 2Y in (9.1), we obtain

dY dy'\’

— 43— =0. 9.39

dx3 * (dx) (9:39)
Equation (9.39) applies for both radial and two-dimensional liquid jets (Riley
1962a,b). Using y — %Y in the Lie point symmetries for this case in Table 9.1,

we obtain

0 c o 0 0
Xl—%, X2_§6_Y’ Xg—fL'%—Ya—Y (940)

The commutators of the Lie point symmetry generators in (9.40) are
[XlaXQ] =0, [X17X3] = X, [Xz,Xs] = —Xo. (9-41)

Thus (9.39) admits a solvable Lie algebra L3 and can be solved by the Lie
approach as outlined, for example, by Ibragimov and Nucci (1994), Mahomed
(2008) and Olver (1993).

Consider the subalgebra L, =< X;, X5 > which spans an Abelian ideal.

Invariants of X5 are obtained as follows:

de  3dYy _dY' dy”

- 9.42
0 C 0 0’ (9.42)
which gives
dv
= =Y, —=Y"=w. 9.43
Equation (9.39) in the new variables u and v becomes
d*v )
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Now, X; in the new variables transforms to

. ) B, B
X, = leu% + XP]UC,)—U + le]wa—w, (9.45)

and thus we have

- 0

The generator X is the symmetry of equation (9.44). The invariants of X,

are
o> (9.47)
which yields
s=v=Y t=w=Y", (9.48)

and forms a basis of differential invariants of the subalgebra L, =< X1, X5 >.
Equation (9.44) reduces to the following first-order ordinary differential equa-
tion:

dt  3s?
T % ~0. (9.49)

Now, X3 — Xg and

o v, 9 e, 0
Xy = X5+ X[t (9.50)
where
2] 2_ i_ / 0 . " 9
X = o - Yo -2y By (9.51)
From (9.50), we obtain
- 0 0
X3 = —25— — 3t— 9.52
3 “os ot (9.52)

which is the symmetry of reduced equation (9.49). The Invariant of Xj is the
solution of characteristic equation

ds_dt

2 _ 9.53
2s 3t ( )
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which gives

T = (9.54)

32

Equation (9.49) is in variables separable form, we can either solve it directly

or solve by using the invariant 7" of X3. The solution of (9.49) is

N

t=[2(c —5%)]7, (9.55)
which can be expressed in the original variables as

Y = [2(e; — Y] (9.56)
Equation (9.56) gives
=24y, YV =5, (9.57)

/ ds

To solve the left hand side of equation (9.57), introduce ¢; — s* = 2. Then

R Y v

2 12 3 z
== g\/EXQFl[Eag;za_L
3¢y €1
2 o 123, &
- — 82 xoFy[=. =21 — =], 9.58
305(01 %)% Xy 1[2,3,2, Cl] (9.58)

Equation (9.57) together with (9.58) gives

3
L8

| =2z + ¢, (9.59)

where o F is the Hypergeometric function of first kind and ¢y, ¢o are arbitrary
constants.
For both the radial and two-dimensional liquid jets the boundary conditions

Y(0)=0, Y'(0)=0, Y"(1)=0 (9.60)
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and it is also required that Y'(1) = 1. The conditions Y'(1) = 1 and Y"(1) =0
on (9.56) give ¢; = 1. Using Y (0) = 0 and Y'(0) = s = 0 in (9.59), we obtain

123
Cy = —— 2F1[§, g, 5, 1] (961)

—_

Y

1] — (1= %2 o1

Wil
N | o

5 ;1 — 33]), (9.62)

which can be used to tabulate the values of x for given values of the parameter
s =Y'. The scaled velocity profiles for radial and two-dimensional liquid jets
are the same and are shown in Figure 7.1. Figure 7.1 agrees with the velocity
profile of a radial jet given by Riley (1962a,b).

v
1
0.8

0.6

0.2 0.4 0.6 0.8 1

Figure 9.1: The velocity function Y'(z) for two-dimensional and radial liquid

jets

9.4.2 Case II: B =2,a = —1 (two-dimensional), B = 6, =
—4 (radial)

Then C' = —3B/2 and with this value of C' the transformation y — —2Y/B
reduces (9.1) to

BY % dy \?
—9Y — | = .
= T3 3 ( - ) 0, (9.63)

135



which is the Chazy equation (Chazy 1909, 1910, 1911, Clarkson and Olver
1996). Using y — —2Y/B in the Lie point symmetries for this case in Table 9.1,

we obtain

. D ) L0 0
Xi=om Xo=ao- =Yoo, Xg=a'a —2B3+2Y)50, (9.64)

which are the Lie point symmetries of the Chazy equation (Chazy 1909, 1910,
1911, Clarkson and Olver 1996). The commutators of the Lie point symmetry

generators in (9.64) are
[X1, Xo] = Xu, [ X0, Xa] =2X5, [ X5, X = X5, (9.65)

Thus (9.63) possesses a non-solvable Lie symmetry algebra L3 and, therefore,
cannot be solved by the Lie approach (Olver 1993, Ibragimov and Nucci 1994,
Mahomed 2008).

Consider the subalgebra L, =< X7, X5 >. The invariants of X, are

dv
=Y, v=Y' p=Y"=0v—. 9.66
u=Y, v=Y p=y’ =2 (9.66)
Equation (9.63) in (u,v) space takes the following form:
d*v A dv
— — | —2u— +3v=0. 9.67
Y * (du) Ydu o (9:67)
The generator X» — X, in variables u and v becomes
- 0 0 0
Xy= —u— — 202 —3p (9.68)

ou ov dp
and is the symmetry generator of the reduced equation (9.67). The invariants

of X, are
s=vu =YY ? t=vul=Y"Y? (9.69)

and form a basis of differential invariants of the subalgebra L, =< X7, X5 >.
Equation (9.67) transforms to the following first-order ordinary differential
equation in terms of (s,1):

dt  (3s —2)t + 3s*
i ST (9.70)
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The non-local generator X3 admitted by equation (9.70) in the space (s,t) is
(Ibragimov and Nucci 1994)

0 0
X3 =Y '[-2(1—65)=— +6(3t — s)=]. 9.71
5= YU [=2(1 = 65) 2 + 6(3t — 5) ] (971
By solving the first-order linear partial differential equation
ow ow
1—-6s)— —33t—s5)— =0 9.72
(1-65)22 33t — ) =0, (9.72)
we obtain a new variable
149(t —
w= 120 (973)
(1 —6s)2
which transforms the generator (9.71) to its semi-canonical form
» 9
Xs=Y " (1—-6s)— (9.74)

ds’
We want to express equation (9.70) in variables s and w. Solve equation (9.73)
for t. This gives

t= % [w(1—6s)% +9s — 1}, (9.75)

which on differentiation with respect to s yields

NI

d 9 dt
ad = [— + w(1 — 6s)

o A b - 1} . (9.76)

But from (9.70), with ¢ given by (9.75), we have

dt 275 4+ (35 — 2)(9s — 1) +w(3s — 2)(1 — 65)2

a _ : 9.77
ds 1852 — 9s + 1 — w(l — 6s)2 (6-77)
which simplifies to
dt 2 —9s+w(3s —2)(1 —6s)7 (9.78)

ds 1—3s —w(l — 6s)2
Substitution of (9.78) in (9.76) gives

d 2 — —2)(1 — 6s)2
dw 9 3 9s + w(3s — 2)( 165)2 (1 — 6s)
ds  (1—6s)2 1 —3s—w(l—6s)2

=
|
[—
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9(w?* — 1)

- : . (9.79)
(1 —6s)2(—143s)+ (1 —6s)w
Thus, we have expressed equation (9.70) in (s, w) space and therefore
ds (1—68)%(—14—38)4-(1—68)10. (9.80)

dw 9(w? — 1)
By the Vessiot-Guldberg-Lie theorem (Ibragimov and Nucci 1992, 1994), the

generators

Ay = s(1 —63)%%, Ay =(1 —63)5%, As = (1 —6s) 0

B2 (9.81)

form a three-dimensional Lie algebra. To convert equation (9.80) to a Riccati

equation, consider

_ 1 _ 1 - 1

A = —§A2, Ay = —§A37 Az =20 - §A2’ (9.82)
and define ¢

¢ = (1-6s)2, (9.83)

where ¢ satisfies

1 do

S(1=6s)— =—o. (9.84)
From (9.83)

5= é(1 — ¢%). (9.85)

Differentiating (9.85) with respect to w, we obtain
_ 1,99 (9.86)

which together with (9.80) yields

dp 1
dw — 6(w? —1)

w 1

3w =10 T S = 1)

¢ — (9.87)
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Thus, we have transformed equation (9.80) to a Riccati equation (9.87) in the

variables (w, ¢). The substitution

u= exp[—é(/ ¢ dw)], (9.88)

w? —1
reduces the Riccati equation (9.87) to a second order linear differential equa-
tion:

d*u n Tw  du 1 "
dw? = 3(w?—1)dw 36(w?—1)32

= 0. (9.89)

The solution of (9.89), using the computer program Mathematica, is

Y o Plg,w] + 026;2[%,10]7 (9.90)
(= 1%

where P[%,w] and Q[3, w] are Legendre functions of first and second kind.

Thus, the reduction of the Chazy equation, from (9.85) with s = Y'Y 2 is

, 6y
V= o (9.91)

where w in the original variables is

Y3 _ / "
e Y V" (9.92)
(Y2 - 6Y")2

and ¢ is given by

[8w<clp[%7w] + C2Q[%7w]) B 7(01P[%7w] + C2Q[%vw])
e1P[g, w] + c2Q[5, w] '

¢ = (9.93)

To obtain the reduction of (9.1) in (z,y) variables with B = 2,C' = —3 (two-
dimensional) B = 6,C = —9 (radial) replace Y — %By. For (z,Y) — (x, —ij)

the reduction of (9.10) can be recovered.
The approach used here is due to Ibragimov and Nucci (1994) and is differ-
ent from those of Clarkson and Olver (1996) and Adam and Mahomed (2002).
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9.4.3 Caselll: B# 0, B # 2 (two-dimensional), B # 0, B #
6 (radial)

From Table 9.1, for this case we have only two generators. Using the transfor-

mation y — £V in (9.1), we obtain

&Y BV CdY :
dx3 dz?> B

— ] =0. 9.94
T (9.94)
The Lie point symmetry generators transform to

Xo=0r——-Y—. (9.95)

The invariants of X; are

dv Y”
u=Y, v=Y, =y =W (9.96)

which reduce (9.94) to the second-order ordinary differential equation

d*v dv\” dv C
The generator
0 0 0

in (u,v) coordinates is a Lie point symmetry of the reduced equation (9.97).

The invariants of the generator X, are

=2 oo qdv
s=vu °, t=u w=u —,
du

(9.99)

which reduce the second-order ordinary differential equation (9.97) to the first-
order differential equation

dt P +t+st+Ss

ds  s(2s—1) (5-100)

There are several subcases depending on the value of the ratio C'/B.
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For C/B = 0, a = 1/2 with B = 1/2 (two-dimensional) and B = 3/2
(radial), equation (9.94) reduces to

&Y LY
Y =0, (9.101)

which is the Blasius equation (Bluman and Kumei 1989). Equation (9.101)

in terms of invariants reduces to the following first-order ordinary differential

equation:
dt  t?+t+st
— == 9.102
ds  s(2s—1t) ( )
For C/B = —1, a = 0 for two-dimensional flows and o« = —1 for radial flows.

Using appropriate boundary conditions, Crane (1970) derived an exact solution
for a two-dimensional stretching plate with o = 0. For C/B = —1 (9.94) in
terms of differential invariants becomes

dt  t?4t+st—s
ds  s(2s—1t)

(9.103)

It is of interest to observe that for C/B = 1 and C/B = 2, the second-order
equation (9.97) obtained by using the invariants of X; becomes exact. The
second reduction is not needed to obtain a solution.

For C/B =1, a = 2/3 for two-dimensional flows and o = 1 for radial flows.

Equation (9.97) can be integrated immediately with respect to u to give

dv c1
— =—u+ —, 9.104
du v ( )
where ¢; is a constant. Integrating (9.104) again with respect to u and ex-
pressing the result in terms of the original variables gives the Riccati equation
2

Y/ = —7 + 1T + Co, (9105)

where ¢y is a constant. For a free two-dimensional jet (Schlichting 1933 and

Bickley 1937) the conserved quantity gives a = 2/3 and for the free radial jet
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(Squire 1955) the conserved quantity gives @ = 1. In both cases the boundary

conditions are
Y (0) =0, Y”(O) =0, Y’(ioo) =0. (9.106)

Imposing the boundary condition Y’'(d+00) = 0 gives

1
=0, cy= 5Y2(oo), (9.107)

and (9.105) reduces to

Y =2 (Y*(o0) - Y?). (9.108)

DN | —

The solution may be completed for the free two-dimensional jet as described

by Bickley (1937) and for the free radial jet as described by Squire (1955).
For C/B = 2, a = 3/4 for two-dimensional flows and o = 5/4 for radial

flows. By first multiplying (9.97) by u, (9.97) can be integrated with respect

to u to give
—— — v =—u+ —, (9.109)

where c3 is a constant. Multiplying (9.109) by the integrating factor u='/2,
integrating again with respect to u and expressing the result in the original

variables gives

/ 2y ‘ -3/2 1/2
Y = —T—l- C3 Y d£C+C4 Y s (9110)

where ¢4 is a constant. Using a conserved quantity, Glauert (1956) showed
that for a two-dimensional wall jet & = 3/4 and for a radial wall jet a = 5/4.

The boundary conditions in both cases are
Y(0)=0, Y'(0) =0, Y'(c0) =0. (9.111)

Now for a wall jet the stress at the wall is non-zero and finite and therefore
Y"(0) is non-zero and finite. Since Y (0) = 0 and Y'(0) = 0 it follows that

1
Y(x) ~ §Y”(O)x2 as z — 0. (9.112)
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Hence

S| cz3 1
y1/2 3
C3 / / Wdl’ ~ _W57 asz — 0. (9113)

Imposing on (9.110) the boundary condition at x = 0 therefore gives ¢35 = 0
and imposing Y'(oc0) = 0 yields

= %Y?’/Q(oo). (9.114)

Equation (9.110) reduces to

9 f
Y= SV RV (o0) = VPR, (9.115)

The solution for two-dimensional and radial wall jets may be completed as

described by Glauert (1956).

9.5 Invariant solutions

9.5.1 Case I: B =0 (two-dimensional and radial)

From Table 9.1 the generator X of the invariant solution, for y — 3Y/C, is

e )
X = (e + o) 5 + (% ~Yes) 5. (9.116)

where ¢, ¢o and c3 are constants. The invariant solution will depend only on
the ratio of the constants. The invariant solution is obtained by solving the

following characteristic equation

d dY
T - , (9.117)
C1 + C3% % —Yes
which yields
1. C k
v 2C | 9.118
3 [ 3 (1 + 03x)] ( )
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provided ¢3 # 0, where k is the constant of integration. To obtain k, (9.118)
is substituted into (9.39). This gives k = 0 and k = 2¢2. For k = 0, we obtain

the constant solution Y = ¢,C/3c3. The invariant solution for k = 2¢3 is

. C Co 263

e e
3cs (1 +cs7)

(9.119)

After using y — 3Y/C, the invariant solutions for two-dimensional and radial
flows can be obtained from (9.119) by taking C' = 1 and C' = 3, respectively.

The trivial constant solution is obtained for c3 = 0.

9.5.2 Case II: B =2, a0 = —1 (two-dimensional), B = 6,a =
—4 (radial)
In Section 9.4, we saw that (9.1) reduces to the Chazy equation (9.63). From

(9.64), the generator X of the invariant solution is

0 0
X = (a1 +crx+ 0351;2)% — (Y +2¢3(3+ xY))a—Y, (9.120)

where ¢;, ¢ and c3 are constants. The characteristic equation is

dx ay

= — 9.121
c1 + cow + cya? Y +2c3(3+2Y)’ ( )
which yields
E_
v — Ocsz (9.122)

c1 + cox + cga?
By substituting (9.122) into (9.63) it is found that the constant of integration

k satisfies

(c3 — 4cres) (k? 4 6key + 36¢,c3) = 0. (9.123)
Thus either ¢3 — 4cyc3 = 0 and k is arbitrary or ¢3 — 4cic3 # 0 and

k = 3[—cy + (2 — 4cie3)Y?). (9.124)
If ¢2 — 4cie3 < 0, k is complex and the invariant solution does not exist.
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9.5.3 Caselll: B# 0, B # 2 (two-dimensional), B # 0, B #

6 (radial)
From Table 9.1, for all real values of o, except @« = 1 and a = —1 for two-
dimensional flow and o = 2 and o = —4 for radial flow, the generator X of

the invariant solution of (9.1) is

0

0
X = + — — CY—, 9.125
(1 ng>8m Cany ( )
where ¢; and ¢, are constants. The non-trivial invariant solution is
6
= (9.126)

Y= 2B+ O)er +ean)
where 2B + C' does not depend on « and is 1 for two-dimensional flow and 3
for radial flow. Thus for Blasius flow we obtain the invariant solution

602
= 12
Y= ot o) (9.127)

9.6 Conclusions

For o = 1 (two-dimensional) o = 2 (radial), equation (9.1) admits three inde-
pendent Lie point symmetries generating a solvable Lie algebra. We therefore
solved (9.1) by the Lie approach and obtained the scaled velocity profile for
two-dimensional and radial jets. For a« = —1 (two-dimensional) a = —4 (ra-
dial), equation (9.1) has three independent Lie point symmetries generating
a non-solvable Lie algebra. The Chazy equation was recovered and its reduc-
tion was obtained using the semi-canonical variables of Ibragimov and Nucci
(1994).

For the values of a which correspond to two-dimensional and radial (free
or wall) jets, we have given an alternative method of solution which is more
systematic. Equation (9.1) has two independent Lie point symmetries. The
equation can be integrated because the second-order differential equations ob-

tained using the invariants of X, are exact and the boundary conditions give
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the constants of integration special values. For all other real values of «, the
differential invariants of X; and X5 can be used to reduce the third-order
ordinary differential equation to a first-order ordinary differential equation.
We have also derived the invariant solutions of equation (9.1) which give
singular solutions of the third-order ordinary differential equation. Particu-
larly, for the Chazy equation and Blasius equation the invariant solutions have

been obtained.
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Chapter 10

Conclusions

10.1 New method for derivation of conserved
quantities for jet flows

A systematic way to derive the conserved quantities for jet flows using conser-
vation laws is presented in this thesis. In jet problems the conserved quantity
plays an important part in the derivation of the solution. The conserved quan-
tities for laminar jets were established either from physical arguments or by
integrating Prandtl’s momentum boundary layer equation across the jet and
using the boundary conditions and the continuity equation. We discussed
three types of flows, namely, two-dimensional, radial and axisymmetric. The
conserved quantities for liquid, free and wall jets, for two-dimensional, radial
and axisymmetric flows, were derived. The flow in jets was governed by a sys-
tem of two partial differential equations for the velocity components or by a
third-order partial differential equation for the stream function. The conserved
vectors for the system as well as for the third-order partial differential equation
for the stream function for each jet flow were constructed by utilizing the mul-
tiplier approach. The liquid jet, the free jet and the wall jet satisfy the same

partial differential equations but the boundary conditions for each jet are dif-
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ferent. The conserved vectors depend only on the partial differential equations
whereas the derivation of the conserved quantity depends also on the boundary
conditions. By integrating the corresponding conservation laws across the jet
and imposing the boundary conditions, conserved quantities were derived for
liquid, free and wall jets for each type of flow. This approach gives a unified
treatment to the derivation of conserved quantities for jet flows and may lead
to a new classification of jets through conserved vectors or multipliers.

For the two-dimensional and radial flows, the multiplier approach gave two
conserved vectors for the system of equations for the velocity components. One
was used to derive the conserved quantity for the liquid jet and other for the
free jet for both flows. The conserved quantity for the wall jet was not obtained
from the conserved vectors for the system. The multiplier approach applied to
the third-order partial differential equation for the stream function yielded two
conserved vectors. The first conserved vector was used to give an alternative
derivation of the conserved quantity for the free jet and the second conserved
vector gave the conserved quantity for the wall jet, for both two-dimensional
and radial jets. A new form of the conserved quantity for the wall jet was
obtained which was simpler than the one obtained by Glauert (1956).

For the axisymmetric flow, the multiplier approach gave two local conser-
vation laws for the system of equations for the velocity components. One of
the conserved vectors gave the conserved quantity for an axisymmetric liquid
jet and second conserved vector gave the conserved quantity for the axisym-
metric free jet. For the third-order partial differential equation for the stream
function two local conserved vectors were obtained, one of which was a non-
local conserved vector for the system of equations for the velocity components.
One of local conserved vectors for the third-order partial differential equa-
tion for the stream function was used to give an alternative derivation of the
conserved quantity for an axisymmetric free jet but the other local conserved

vector cannot be used to derive the conserved quantity for the axisymmetric
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wall jet. The conserved quantity for an axisymmetric wall jet was established
with the help of a non-local conserved vector for the third-order partial differ-
ential equation for the stream function. That non-local conservation law for
the third-order partial differential equation for stream function was not ob-
tained by the multiplier approach. The reason is that the multiplier approach
only gives multipliers for local conservation laws.

The conservation laws for two-dimensional, radial and axisymmetric jet
flows are new. The conserved quantities for liquid, free and wall jets for all
three type of flows are the same as in the literature but now they are derived
by a new method using conservation laws. Moreover, new simple forms for the

conserved quantities for the two-dimensional and radial wall jets are obtained.

10.2 Comparison of approaches for derivation
of conservation laws

The conservation laws for second order scalar partial differential equations and
systems of partial differential equations which occur in fluid mechanics were
constructed using different approaches. There are nine different approaches
to construct conservation laws for partial differential equations. We have dis-
cussed and explained each approach with the help of an illustrative example
which describes the relaxation to a Maxwellian distribution. The conservation
laws for the non-linear diffusion equation for the spreading of an axisymmetric
thin liquid drop, for the system of two partial differential equations governing
the flow in the laminar two-dimensional jet and for the system of two partial
differential equations governing the flow in the laminar radial jet were also
discussed to highlight the advantages and disadvantages of each approach.
The Noether approach is simple and is a systematic way to construct conser-

vation laws for partial differential equations that have a standard Lagrangian
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and corresponding Noether symmetries. The partial Noether approach works
in the same way as the Noether approach for differential equations with or
without standard Lagrangians. We also commented on the direct method as
well as its use with a symmetry condition for systems without a standard La-
grangian. Furthermore, we looked at some other approaches which do not rely
upon the knowledge of a Lagrangian. In characteristic method conserved vec-
tor can be expressed as D;T* = A®E,,. There are three ways to construct the
characteristics (multipliers). Firstly, by expanding directly D;T% = A*E,,. Sec-
ondly, taking variational derivative of D;T% = A*E, on solution space. The
simplest and most effective way is the third way to compute characteristics
(multipliers) which is by taking the variational derivative of D;T" = A“E,, for

arbitrary functions, not only for solutions.

10.3 Symmetry and group invariant solutions

We have derived the group invariant solutions for the system of equations
governing flow in two-dimensional and radial free jets. It is shown that the
group invariant solution and the similarity solution derived by other authors
are the same.

The similarity solution to Prandtl’s boundary layer equations for two-
dimensional and radial flows with vanishing or constant mainstream velocity
gives rise to a third-order ordinary differential equation which depends on one
parameter. For specific values of the parameter the symmetry solutions for the
third-order ordinary differential equation were constructed. These results are
new and may lead to further studies. The invariant solutions of the third-order

ordinary differential equation were also derived.
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