Chapter 4

Mass and energy conservation

The conservation equations are derived using two basic principles — the
conservation laws and the constitutive relations. The conservation laws are
based on the law of conservation of mass, which states that mass is conserved,
and the Newton’s law for the conservation of momentum, which states that
the rate of change of momentum is equal to the sum of the applied forces.
However, there is a complication when these are applied to flow systems,
because fluids are transported with the mean flow, and so it is necessary to
apply the conservation principles in a reference frame moving with the fluid.
Therefore, the time derivatives used in the conservation equations have to
be defined a little more carefully. So we will first consider the concept of
‘substantial derivatives’ before we proceed to deriving the conservation equa-
tions. Substantial derivatives will be illustrated using a position dependent
concentration field as an example.

4.1 Conservation equations in Cartesian co-
ordinates

4.1.1 Partial derivative

The partial time derivative of the concentration is the rate of change of
concentration at a fixed location in space. Fix the location of observation,
and determine the change in the concentration with time at this position. If
the concentration at the position x at time t is ¢(x,t) and the concentration
at position x at time t + At is ¢(x, t + At), the ‘partial derivative’ is writtten
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as

Jc . c(wy, @9, 23, t + At) — (21, To, T3, 1)
o~ A, At 4

4.1.2 Substantial derivative

Though the partial derivative is defined as the change in the value of the
concentration at a point in the fluid, this does not reflect the change in
the concentration in material volumes, because these material volumes are
convected with the flow. Therefore, the volume of fluid which was located at
(21,72, x3) at time ¢ would have moved to a new position (z1 + v1 At, xs +
VAL, x3 + v3At) at time ¢ + At. The substantial derivative determines the
change in concentration on material volumes that are moving with the fluid.
If the fluid is moving only in one direction, the substantial derivative is
defined as

Dc I c(xy + v A, xg + v AL, 23 + v3AL t + At) — ¢z, t)
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(4.2)

In a three dimensional flow, there are three components of the velocity field,
and the substantial derivative contains terms due to each of these three com-
ponents.

Dc  Oc N Oc N Oc N dc
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Dt Ot (4.3)

4.1.3 Conservation of mass

The mass conservation equation simply states that mass cannot be created
or destroyed. Therefore, for any volume of fluid,

(4.4)

Rate of mass | [ Rate of mass _ Rate of mass
accumulation /| | IN ouT

Consider the volume of fluid shown in figure 4.1. This volume has a total
volume AziAxsAxs, and it has six faces. The rate of mass in through
the face at x is (p1)1)|l,1 AxyAxsz, while the rate of mass out at z; + Az
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is (pv1)l,, e, AT2Axs. Similar expressions can be written for the rates of
mass flow through the other four faces. The total increase in mass for this
volume is (0p/0t)AxyAxsAxs. Therefore, the mass conservation equation
states that

0
AriAayAryt = AwaAas(por)l,, = (P00, san]

+Az1 Azs[(pv2)],, = (P02)]451 As]
= Az Axz[(pvs)]y, = (P03)] 451 Acs] (4.5)

Dividing by AziAx,Axs, and taking the limit as these approach zero, we

get
@ _ d(pv1) 4 I(pv2) 4 d(pvs)
ot 0xy 0xo Jx3
The above equation can often be written using the substantial derivative

dp ap dp dp Oovy  Ovg  Ous
9p _ 4
ot + <“1 o P, T ar, ) T TP\ow T om0y (4.7)

(4.6)

The left side of the above equation is the substantial derivative, while the
right side can be written as

Dp
— = ) 4.8
0 — (V) (1)
where the dot product has the usual connotation, and the operator V is
defined as 9 9 9
V:el——l—eg——i—eg— (49)

83:1 81'2 81'3
The above equation describes the change in density for a material element of
fluid which is moving along with the mean flow. A special case is when the
density does not change, so that (Dp/Dt) is identically zero. In this case,
the continuity equation reduces to

8@1 I 602 I 603
83:1 8x2 83:3

=0 (4.10)

This is just the symmetric part of the rate of deformation tensor. As we had
seen in the previous lecture, this symmetric part corresponds to volumetric
compression or expansion. Therefore, if this is zero, it implies that there is
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Figure 4.1: Control volume used for calculating mass and momentum bal-
ance.

no volumetric expansion or compression, and if mass is conserved then the
density has to be a constant. Fluids which obey this condition are called
‘incompressible’ fluids. Most fluids that we use in practical applications are
incompressible fluids; in fact all liquids can be considered incompressible for
practical purposes. Compressibility effects only become important in gases
when the speed of the gas approaches the speed of sound, 332 m/s.

4.1.4 Diffusion equation for the concentration field

The diffusion equation for the concentration field, ¢, can be determined in a
manner similar to that for the density from equation 4.1. However, in this
case, the transport across the cubic faces takes place due to mean convection
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as well as due to the diffusion flux across the surfaces.

oc . .
A$1A$2A$3— = AI‘QAI‘g[(Cvl +]1)|$1 - (CU1 +]1)|$1+A$1]

ot
+Az1Azs[(cva + J2)l,, — (cv2 + J2)l,4 Aus)
= Az Azo[(cvs + js)l,, — (cv3 +3) |1y 4 nny)  (411)

Dividing throughout by Az AxsAxs, the equation for the concentration field
is

dc O(cvy) 8(cvg)+3(cvg) Jjp 072 073

— = — — — 4.12
ot 83:1 81'2 81'3 83:1 81'2 81'3 ( )
This equation can also be written as
0
Z V. (u)=-Vj (4.13)
ot
where the vector flux, j, is
J=J1e1+ joes + jzes (4.14)
The flux is expressed in terms of the concentration field as
oc oc oc
j=DVe=D — — — 4.15
j c <e1 oo T erg e 8:]53) (4.15)
Using this, the equation for the concentration field is
oc
En + V.(cu) = V.(DVc) (4.16)
If the diffusion coefficient is a constant, the equation for the concentration
field becomes 9
a—g + V.(cu) = DV?c (4.17)
where 5 5 5
V= 4.18
<8x% + 03 + 81’%) (4.18)

The concentration equation assumes a slightly different form if it is ex-
pressed in terms of the mass fraction instead of the concentration (mass per
unit volume) of the component in a solution. The concentration is related to
the mass fraction w by ¢ = pw, so the equation for the mass fraction is

I(pw)

5 + V.(pwv) = DV?(pw) (4.19)
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From this, if we subtract w times the mass conservation equation, we get

p (%—Z} + V.Vu;) = DV?(pw) (4.20)
or .
“Y_ pv?
P = DV*(pw) (4.21)

4.1.5 Energy conservation equation

The conservation equation for the energy density e, derived using procedures
similar to that for the concentration equation, is

0

a—j 4 V.(eu) = V.(KVT) (4.22)
where K is the thermal conductivity, and K'VT is the energy flux due to
temperature gradients. The energy density e is given by (pC,T), where T' is
the absolute temperature. With this, the energy equation becomes

I(pCyT)

I 4 V.(pC,T) = V.(KVT) (4.23)

From this, we can subtract C,T'x the mass conservation equation, to obtain

pC, (%—f + v.VT> = V.(KVT) (4.24)

4.2 Elements of vector calculus

The derivative of a function f(z) of one independent variable, shown in
figure 4.2 (a), at a point z is given by the ratio of the difference in the
abcissa, Af, and the variation in the ordinate, Ax.

@) _ oy B (4.25)

= —
dx Az—0 Azx

The integral of a function g(x) between two points, z; and zy, is the area
under the curve, as shown in figure 4.2 (b). The integral of the derivative of



4.2. ELEMENTS OF VECTOR CALCULUS 7

f
) o)

Af

@ (b)

Figure 4.2: Elements of calculus in one dimension.

the function is equal to the difference in the values of the function between
the end points.

[ @ = s - ) (4.20)

In the three dimensional coordinate system that has been used in this
chapter, we have encountered the ‘gradient’ operator

V= elaixl + egaixQ + egaix:3 (427)
and this operator has been used in two ways, i. e., the gradient acting on
a scalar which results in a vector, j = —DVe¢, as well as the dot product
between the gradient operator and a vector, resulting in a tensor, V.j. The
latter is called the ‘divergence of a vector’, divj. A third type of derivative,
the ‘curl of a vector’, curlA, is defined as

€1 €2 €3
curlA = | (0/0xy) (0/0x9) (0/0x3)
Ay A, As
0Ay,  0A; 0A;  0A; 0A1 0A,
= —_ = — —L1 242
“ <85L’3 8x2 ) T e <0x1 83:3> s <6$2 83:1 ) 8)

These differential operators are usually defined in terms of the underlying
coordinate system, in this case a Cartesian coordinate system. However,
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Figure 4.3: Control volume used in definition of gradient, divergence and
curl.

these operators can be defined without making reference to the underlying
coordinate system, just as a vector can be defined without making reference
to the underlying coordinate system, even though the components of a vector
do depend on the coordinate system. In a similar manner, integral relations
similar to 4.26 can be defined for these operators which are independent of
the underlying coordinate system. We shall briefly examine the definition
and physical interpration of these operators, as well as the integral relations
for each of them.

4.2.1 Gradient

The gradient of a scalar, ®, at a point x, is determined by considering a small
volume AV, which is bounded by the surface S, as shown in figure 4.3. The
outward unit normal to the surface is n. The gradient is defined as

o
grad(®) = lim Js 2502

Jim S (4.29)

It is evident that the gradient is a vector, since it is proportional to the
integral of the unit normal and the scalar function ®.
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The value of the gradient in Cartesian coordinates is determined by con-
sidering a cubic volume Az AzyAxs about the point x = (1,2, r3), as
shown in figure 4.4. This volume has six faces, and the surface integral in
4.29 is the sum of the contributions due to these six faces. The directions of
the outward unit normals should be noted; the outward unit normal to the
face A at (z2 + Axy/2) is +ey, while the outward unit normal to the face B
at (xe — Axg/2) is —eq. Similarly, the outward unit normals to the faces at
(x14+ Az /2) and (x5 + Ax3/2) are e; and e respectively, while the outward
unit normals to the faces at (x; — Ax;/2) and (x5 — Axg/2) are —e; and —e;
respectively. With these, the surface integral in 4.29 becomes

/S dSnd

= elegAarg(@(xl -+ A[Bl/Q,.CEQ,.CEg) — q)(l'l — A$1/2,.CE2,.CE3))
+82A[E1A[B3(q)($1, To + A.TQ/Q, 1'3) — q)(.flfl, To — A[BQ/2, .Tg))
+e3AI’1AI’3(Cb(I‘1, T, T3 + AZE3/2) — <I>(x1, T2, T3 — AZE3/2)X430)

When this surface integral is divided by the volume Ax;AxsAzs, and the
limit Axy, Az, Axz — 0 is taken, we get the definition of the gradient,

0P 0P 0P
grad(®) = e — + eg— +e3—
81'3

= Vo (4.31)

The physical significance of the gradient is as follows. The variation in the
scalar ®, due to a small variation in the position vector Ax a point, can be
written as the dot product of the gradient of ® and the vector displacement.

O(x + Ax) — P(x)
0P 0P 0P

. 83:1 + AT 8x2 tany 83:3

0P 0P 0P
= (elel + egAZL‘Q + egAI'g). <e18—xl +e a + e3ax3>

= Ax.(V?) (4.32)
Two important results arise from the above relation.

1. The gradient provides the direction of maximum variation of the scalar
®. In equation 4.32, if we keep the magnitude of the displacement |Ax|
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Figure 4.4: Control volume used for calculating the gradient and divergence.
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Figure 4.5: The line integral of the gardient of a scalar over a path is equal
to the difference in the value of the gradient at the end points.

a constant, and vary the direction, then the dot product (Ax.V®) is
a maximum when Ax and V& are in the same direction. Thus, the
direction of the gradient is the direction of the maximum variation of
the function.

2. If the displacement Ax is perpendicular to V®, then there is no vari-
ation in the function ® due to the displacement. Thus, the gradient
vector is perpendicular to the surface of constant .

The variation in the scalar ® in equation 4.32 was defined for a differential
displacement Az. This can be used to obtain the variation in ® for two points
separated by a macroscopic distance, by connecting the two points by a path
and summing the variation in ® over the differential displacements x* along
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this path, as shown in figure 4.5.

d(xp) — P(x4) = ZAx“).Vcb

X

= [T axve (4.33)

XA
This is the equilvalent of the integral relation 4.26 for the gradient. A con-
sequence of this is that since the difference in ® between x4 and xp is inde-
pendent of the path used to reach xp from x4, the integral [ dx.V® is equal

for all paths between the two points x4 and xg. Another consequence is that
the integral of the gradient over a closed path is always equal to zero.

4.2.2 Divergence

The divergence of a vector is also defined by considering a small differential
volume AV shown in figure 4.3. The divergence is defined as

A
div(A) = lim Jsd5n.A

Jim S (4.34)

It is evident that the divergence of a vector is a scalar, since it in obtained by
taking the dot product of the vector and the unit normal to the surface. By a
construction similar to that used for deriving equation 4.30 using figure 4.4,
it can easily be inferred that the divergence in Cartesian coordinates is

. C0A, DAy DA
le(A) N 3x1 + 3x2 * 81'3

- V.A (4.35)

The divergence of a vector, literally, provides the divergence of the vector
from a point.

The integral theorem for the divergence operator, called the ‘divergence
theorem’, states that for a vector field A, the following equality applies for
any volume V' which has a bounding surface .5,

/V dVV.A = /S dSn.A (4.36)

where n is the outward unit normal to the surface. Note that equation 4.36
relates the volume integral of the divergence of the vector field to the integral
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of n.A over the surface. Therefore, in order to evaluate the integral of the
divergence of A over a volume, it is not necessary to know the value of A
throughout the volume, but it is sufficient to know the value of A on the
surface bounding the volume.

The divergence theorem can be proved as follows. Consider the volume
V' shown in figure 4.6. This volume is sub-divided into a large number of
differential elements, AV AV® . AV®™_ For each of these differential
elements, the divergence theorem states that

AVOV A = [, dSn.A (4.37)

where S is the surface bounding volume V®. The integral over the volume
V' can expressed as the sum over the differential elements,

N N
/ WY.A= AVOVA=Y /S L dSnA (4.38)
v i=1"5"

i=1

Let us examine, more closely, the surface integral on the right side of equation
4.38 for two adjacent volumes, AV® and AV, These two volumes have
a common surface, S, in figure ??7. When the surface integral on the right
side of 4.38 is determined over these two volumes, the value of the vector
A is identical on the common surface, but the outward unit normal to the
surface n for the volumes AV® and AV are opposite to each other on
this surface. Thus the surface integrals on the common surface for the two
adjacent volumes are equal in magnitude and opposite in sign, and these
cancel when the summation is carried out in equation 4.38. In a similar
manner, the surface integrals over all surfaces that separate two adjacent
volumes cancel, and we are left with the surface integral on the bounding
surface S for the volume V,

/V dVV.A = /S dSn.A (4.39)

This proves the divergence theorem.

4.2.3 Curl

The curl of a vector at a point x is defined by considering a small differential
volume AV about this point, as shown in figure 4.3. The curl of the vector
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Figure 4.6: Divergence theorem.
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is defined as
Jsn x A

AV
Since the cross product of the unit normal and the vector A is a vector,
the curl operating on a vector results in a vector. The curl of a vector in
Cartesian coordinates can be determined using the same construction used
for evaluating the gradient (figure 4.4). The surface integral on the left side
of equation 4.40 is

curlA = (4.40)

/dSnxA
S

= A$2A$3el X (A(xl + AZEl/Q, X9, Ig) — A(ZEl — AZEl/Q, X, 1'3))
+A.T1A.T3€2 X (A(.Tl, o + A.T2/2, .Tg) — A(.Tl, To — A.TQ/Q, 1'3))
+AZE1AZE3€3 X (A(ZEl, To, T3 + A$3/2) — A(ZEl, XTo, T3 — Al'g/mlll)

/dSnxA

= AxyAxszes X (Ax(x1 + Awy /2,29, 23) — Ag(x1 — Ax1/2, 29, 23))
—AxyAxzey X (As(x) + Axy/2, 29, x3) — Az(21 — Az /2, 29, 23))
+Az1Axge; X (Az(xy, 29 + Axg/2,x3) — Az(1, 19 — Ao /2, 23))
—Az;Azzes X (Ay(z1, my + Axy /2, x3) — Ay (21, 0 — Ao /2, 23))
+Az1Axses X (Ar(xy, 22, 23 + Axz/2) — Ai(x1, 9, 3 — Ax3/2))
—Ax1Axze; X (Ax(xy, 29, x5 + Axs/2) — Ag(2, e, 3 — Axg /R H2)

The above equation is simplified by converting the difference equation to a
differential equation in the limit (Az; — 0,Azy — 0, Azz — 0), and then
divided by (Ax;AzyAxs), to provide

04y 0,

83:1 81'2

0As  0A; 0A,  0A3

1(A) = - - =

cut ( ) (01]52 81'3) te <0x3 83:1> tes
- VxA (4.43)

The curl of a vector field provides the extent of circulation in the vector
field.

The integral theorem for the curl of the vector, called the ‘Stokes theo-
rem’, relates the integral of n.V x A over a surface S to the integral of A
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Figure 4.7: Configuration used for the definition of the curl (a), and the
construction used for deriving the Stokes theorem (b).



4.2. ELEMENTS OF VECTOR CALCULUS 17
over the closed perimeter of the surface C, as shown in figure 4.7(a).
/ dSn.V x A = f dx. A (4.44)
S c

where C'is a closed loop which is the perimeter of S, and dx is the differential
vector displacement on this closed loop.

Since equation 4.44 for the definition of a curl involves the integral over
a closed surface, whereas the Stokes theorem 4.40 relates the integral over
an open surface to the integral over a line, the proof of 4.44 is a little more
circuitous than the divergence theorem. Consider the open surface shown
in figure 4.7(a), and construct a closed cube which straddles this surface, as
shown in figure 4.7(b). The differential area element on the open surface
S is denoted by dS, while the differential area element on the closed cube
is denoted by do. The normal to the surface S is denoted by n, while the
normal to the surface of the cube is denoted by N. From the definition of
the curl of a vector A, applied to this cube,

AVI(V x A) = / don.N x A (4.45)

The right side of the above equation 4.45 contains the triple product, n.N x A
which can also be written as A.n x N,

AVn.(V x A) = / doAn x N (4.46)

On the top an bottom surfaces of the cube, the unit vectors n and N are
in the same or opposite directions, and so the cross product of these two is
equal to zero. Therefore, the right side of 4.46 only involves the integral over
the sides of the cube.

AVN(V x A) = /,d doA.n x N
s1aes

- / . doAt (4.47)
sides

where t is the unit vector in the along the curve which is the intersection
of the cube and the surface S. The volume AV = hAS, where AS is the
differential area which is the projection of the cube onto the surface S, and
h is the height of the cube. Similarly, do = hdx, where dx is the differential
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displacement along the curve made by the intersection of the cube and the
surface S. With these substitutions, equation 4.47 reduces to

hASNH.(Vx A) = h¢. drAt (4.48)

sides

or

ASn.(V x A) = j{dx At

- ]{ dx A (4.49)

where dx is the vector displacement along the curve made by the intersection
of the cube and the surface S.

Equation 4.49 applies for a differential area element on the surface S. The
Stokes theorem for the entire surface can be obtained by dividing the surface
into differential area elements AS;, adding the contributions to n.(V x A)
over all these area elements, as shown in figure 4.7(a).

/dSn.V xA = S ASN(V x A)
- j{c dx A (4.50)

where the curve C; is the perimeter of the surface element AS;. The right
side of equation 4.50 can be simplified as follows. Consider two adjacent
area elements AS; and AS;,1, as shown in figure 4.7(a). While calculating
the integral over the perimenters of these two differential area elements, it
is observed that the tangent to the surface along their common periment is
opposite in direction for the two area elements, if the tangent is directed in
the anticlockwise direction. Therefore, the contribution to the line integral
for these two adjacent area elements cancel, and result in zero contribution.
A similar result is obtained for all line elements that are in between two
adjacent area elements, and the right side of equation 4.50 only contains
contributions from the perimeter of the entire surface S,

/dsn.v x A = 7§Cdx A (4.51)
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4.3 Conservation equation in spherical coor-
dinates

In the spherical coordinate system, a point is represented by three coordi-
nates, the distance from the origin r, the azimuthal angle 6 that the position
vetor makes with the z3 coordinate, and the meridional angle ¢ that the pro-
jection of the position vector in the x1 — x5 plane makes with the x; axis, as
shown in figure 4.8. The coordinate r is always positive, since it is defined as
the distance from the center, and surfaces of constant r are spherical surfaces.
The angle 6 varies from 0 < 6 < 7, where § = 0 corresponds to a point on
the +x3 axis, while § = 7 corresponds to a point on the —z3 axis. Surfaces
of constant 6 are conical surfaces with subtended angle 26. The meridional
angle ¢ varies from 0 to 27, since the projection made by the position vector
on the x; — x5 plane can rotate over an angle of 2. The surfaces of constant
¢ are planes perpendicular to the 1 — x5 plane bounded by the x5 axis. The
coordinates z1, x5 and x3 can be expressed in terms of (r,0, ¢) as

xy = rsin(0)cos (@)
xro = rsin(0)sin (¢)
r3 = rcos(h) (4.52)

Conversely, (r, 6, ¢) are expressed in terms of (1, xs,3) as

ro= (2} + a3+ 23)"?
2 2
tan () = F1ET)
T3
tan (¢) = -2 (4.53)
T

In order to obtain conservation equations in a spherical coordinate system,
it is first necessary to consider a the appropriate differential volume in the
spherical coordinate system. This differential volume, shown in figure 4.9,
is bounded by surfaces of constant radius at r» and r + Ar, surfaces at 6
and 6 + A6 along the azimuthal coordinate, and surfaces at ¢ and ¢ + A¢
along the meridional coordinate. The width of the control volume along
the radial direction is Ar, the width along the azimuthal direction is rAf
because the radius is r and the subtended angle is Af, and the width along
the meridional direction is r sin () A¢, because the radius (distance from the
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Figure 4.8: Spherical coordinate system.
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xg axis) is rsin (f) and the subtended angle is A¢. In order to obtain the
concentration equation, we consider the change in the total mass of the solute
over a time At, which is given by

(c(r,0,0,t + At) — c(rf, ¢, 1)) (Ar)(rAf)(rsin (6)Agp) (4.54)

The total input of solute into the volume through the surface at r is given
by

((cvy + 4r)(rAG)(rsin (0)Ag))|,. (4.55)
while the output of solute through the surface at (r + Ar) is
((cvr + 32 (r0)(rsin (6)A6), ., (1.56)

The net accumulation of solute due to the flow through these two surfaces is
given by

((cvr + Jr) (rA0) (rsin (0)A))|, — ((cvr + jr) (rA0) (r sin (0)Ad))[, A,

(AB)(sin (§)Ap)Ar (-%(ﬁ(cvr + y}))) (4.57)

Similar expressions can be obtained for the net accumulation of solute through
the surfaces at 6 and 6 + A6,

((cvg + Jo) (Ar)(rsin (0) Ap))[y — ((cvp + Jo) (Ar)(rsin (0)A¢))|s ag

(Ar)(rAg)(A6) <—%(sin (0)(cvg —l—je))) (4.58)

and through the surfaces at ¢ and ¢ + Ag,
((cvg + J )(Ar)(rAf))|, — ((cvs + Jp) (Ar)(rA0))], A,

(Ar)(rA6) (Ag) (—a%m +j¢>) (450)

Equating the rate of accumulation of mass to the sum of the Input — Output,
and dividing by the volume (Ar)(rAf)(rsin (#)A¢), the equation for the
concentration field is
de 10

- = 2 y _
ot r2or (r(evrtjr))

. sirll 0 % (sin (0)(cvg+Jo))— Wl(ﬁ) % (cvp+ie)
(4.60)
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This equation can be expressed in the form of the diffusion equation 4.13
using the definition of the divergence operator V in spherical coordinates,

vA-L902)

2 Or

1

2 L oa,
rsin (0) 00

rsin (0) 0¢

(sin (0)Ag) +

(4.61)

The components of the fluxes in the three directions are related to the
variation of the concentration with position, which in the spherical coordinate
system is given by

oc

. —_pY°

J or

. 1 0c

0= r 00

1 dc
o = —D———+— 4.62
J¢ rsin (0) 0¢ (462)

When this is inserted into the conservation equation 4.13, we obtain
oc 9

o + nabla.(cv) = DV-c (4.63)

where the Laplacian is defined as

»_ (10,0 1 0.9l 1 9
V= <r2 or or " 72sim (0) 00 sin (9) 20 " r2sin (6)? 0¢? (4.64)

4.4 Vector calculus in spherical coordinates

In the previous section, we have obtained the gradient and divergence op-
erators in spherical coordinates by carrying out a shell balance for the con-
centration field. A systemmatic procedure for deriving these operators is
derived in the present section, and this procedure can be used for deriving
these operators in other orthogonal coordinate systems as well.

4.4.1 Unit vectors

First, it is necessary to derive expressions for the unit vectors in the coor-
dinate system under consideration, and relate these to the unit vectors in
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b X3

A

Figure 4.9: Differential volume for deriving conservation equation in spherical
coordinate system.
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the Cartesian coordinate system. The unit vector e, provides the direction
of variation of r, and is perpendicular to surfaces of constant r. From the
physical significance of the gradient operator, it can be inferred that the unit
vector e, is along the direction Vr. However, since it is a unit vector with
magnitude 1,

e = ‘gi‘ (4.65)
Using r = (22 + 22 + 22)'/2 (equation 4.53), the gradient of r is
Vr = elﬁ + 92ﬁ + egﬂ
0x 0o 0xs
_ e N eyTs €sTo (4.66)

(2% + 23 +23)'?  (2f + 23 + 23)"? (2] + 23 + 23)1/?

From the above equation, the magnitude of the gradient is given by |Vr| = 1,
and therefore the unit vector e, is

e €279 €29
e =
(2% + 23 + 23)'? (2 + 25 + 25)'/? (aF + 23 + 23)'/2
= sin (0) cos (¢)e; + sin (0) sin (¢)eq + cos (0)e; (4.67)

The 6 coordinate is given by tan (6) = ((2? 4+ 22)'/2/x3). The unit vector
in the 6 direction is in the direction or V6, since it is perpendicular to surfaces
of constant . However, it is most convenient to calculate the unit vector in
the 6 direction from V(tan (0)), since surfaces of constant 6 are also surfaces

of constant tan (6). The gradient of tan (#) is given by
€171 (SHYD)

Vtan () = — e3(2? + 22)/22%(4.68
an( ) $3($%+$%)1/2 + $3($%+ZE%)1/2 e3(x1 +x2) xB( )

and |V tan (0) is

2 2 2 2\ 1/2
x T i+
|V tan (60)] = < 2 12 2 2 22 5 T lt 2)
(xl + 372)% (zf + $2)$3 T3
(x] 4 23 4 23)"/?
_ - (4.69)
I3
Therefore, the unit vector in the 6 direction is
€171X3 €993 e3($% + 1'3)1/2

€y =

= cos (0) cos (¢)e; + cos (0) sin (¢)es — sin (0)e;

+ —
(@f + 23)V/2 (2t + 23 + 23)'/? (21 + 23)' 2 (2} + 23 + 23)2 (af + 2 + 23)'/?

(4.70)
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The ¢ coordinate can be expressed in terms of the coordinates in the
Cartesian coordinate system using tan (¢) = (z2/x1). The unit vector in the
¢ direction is perpendicular to surfaces of constant tan (¢), and are along the
direction of V tan (¢), which is given by

€1l €2

Vtan(¢) = ——5 +— (4.71)

Ty T

The magnitude of this gradient is

) 1/2
|V tan (¢) = (x_i“—%)

Ty 1
2 2\1/2
_ o) 7 (4.72)
Ty
Therefore, the unit vector in the ¢ direction is given by
€179 €271
€ = —73 2\1/2 1/2
(i +23)'/2 (21 +a3)"/
= —sin(¢)e; + cos(¢)eq (4.73)

It is easily verified that the three unit vectors, (e,, ey, es) are orthogonal to
each other.

The unit vectors in the Cartesian coordinate system can be expressed in
terms of those in the spherical coordinate system using the relation

e; = (er.e.)e.+ (er.ep)ep + (er.ep)ey
sin (0) cos (¢)e, + cos (8) cos (¢p)ey — sin (¢)ey

e = (esr.e.)e, + (er.€p)ep+ (e2.€)ey
= sin (#)sin (¢)e, + cos (#) sin (¢)eg + cos (¢)ey
e; = (es.e.)e, + (es.ep)ep+ (es.es)ey

= cos(f)e, —sin (0)ey (4.74)

4.4.2 Derivatives of unit vectors

The unit vectors in a spherical coordinate system depend on position, unlike
the Cartesian coordinate system where the unit vectors are independent of
position. The variation in the unit vectors with position can be calculated as
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follows. A differential displacement in the spherical coordinate system can
be expressed as

dx = dre, +rdfey+ rsin (0)doe,
= h,dre, + hodfeg + hydoe, (4.75)

where h, = 1,hy = r and hy = rsin () are called the ‘scale factors’ for
the spherical coordinate system. Scale factors are necessary in the case of
spherial coordinates, because the coordinates 6 and ¢ do not have units of
length. This is in contrast to the Cartesian coordinate system, where all
three coordinates have units of length. The derivative of the displacement
with respect to r and 6 are, respectively,

ox
E = hrer (476)
0
a—z — hgey (4.77)

If we take the second derivative of x with respect to r and ¢, we get two
expressions, the first by taking the derivative of equation 4.76 with 6, and
the second by taking the derivative of 4.77 with respect to r.

0 0x oh, de,
00x  Ohg deg

Since the value of the second derivative does not depend on the order of
differentiation, the right sides of equation 4.78 and equation 4.79 are equal.
However, on the right sides of 4.78 and 4.79, e, and ey are perpendicular to
each other. Therefore, the equality is satisfied only if

Oey e, Oh,

v = T = 4.
or he 00 (4.80)
8er B €y 8h9 B

The remaining derivatives of the unit vectors with the coordinates can be
evaluated in a similar manner.
de, €. 0h,
or  hy 0

0 (4.82)
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de, e, Ohgy .
= 2% _ 4.

9 h o sin (0)e, (4.83)
8e¢ €y th

= 27T = 4.84
06 hy O 0 (4.84)
8e9 . €y 8h¢ .
96~ hy 00 cos (0)ey (4.85)

The ‘diagonal’ derivatives, of the type (de,/dr), can be evaluated using the
substitution e, = ey x ey,

de,  Oey dey

dr arxe¢+e0><0r_0

deo _ 08 o e, x P

d@ = 86 e, e¢ 89 = —€,

= G xertex Gl = sn(e —cos(les (450

4.4.3 Divergence, curl and Laplacian
The gradient operator in spherical coordinates is given by

v _ era+egg+e¢2

heOr " hgd0 ' hy 0
. 0 €y 0 €y 0
- “or * r 00 * rsin (0) 0¢ (4.87)

The divergence of a vector A, in spherical coordinates, contains contributions
not only due to the variation of the components of A, but also due to the
variation of the unit vectors with position.

&0 e 0 e 3) (Ave, + Ageg + Agey)  (4.88)

VA:<E§+E% b 50

The contribution to the divergence which is proportional to (0/0r) can be
evaluated as follows,

2 8(Arer + A9e9 + A¢e¢)

h, or

e 0A, Oe, 0Ay ey 0A, Oe,
- hr'<"a Argy Fergy T g teog Ao 489)

r or
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The last two terms on the right side of 4.89 are simplified using the consider-
ation that the unit vectors e,, ey and ey are orthogonal to each other, and the
derivatives of the unit vectors are orthogonal to the unit vectors themselves.
Therefore, the only non-zero contributions to the right side of equation 4.89
are

e, 0(A.e, + Agep + Aysey)

h_r or
e 0A, ey Oey,
N h/(er or +A98r +A¢87">

_ O (o0 Oy e Ol
~ o\ or “he 06 " P hy 06

1 9A, | AgOh, Ay Oh,

1 £.90
T O Ty 00 Ty 00 (4.90)

Similar relations can be derived for the derivatives with respect to 6 and ¢,
and the final result for the divergence is

iaAT +i%+i%
hr or hg hg h¢ {M)
+&ahr+ﬂahr+é%+&%
ho 99 hy 96 | hy Or | hy 06
Adhe Ay h

V.A =

h, Or ~ hg 00
B 1 O(Ahghy) N 0(Aphyhy)  O(Aghyhy)
N hrh9h¢ or oL, 891)
1 0(r*A,) 1 O(sin (6)Ap) 1 04,
= — 4.91
r2  Or * 7sin (0) 06 + rsin (0) 0¢ (4.91)

The Laplacian is the dot product of two gradient operators, which is
obtained by substituting A, = (1/h,)(0/0r), Ag = (1/hy)(0/00) and A, =
(1/hg)(0/0¢) in equation 4.91,

V: = V.V
_ L (ke d O hshe D D heho O
~ hyhghg \Or h, Or 99 hy 00  Op hy O
10 ,0 1 9 5] 1 0?

Sl S WA ) S S V')
r2or or +7‘2 sin (0) 06 S (9)80 +r251n (0)* 9¢? (4.92)
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The curl of a vector in spherical coordinates can be evaluated in a sim-
ilar fashion. We do not provide the details here, since the calculation is
algebraically tedious, but just provide the final result.

1 hrer hgeg h¢e¢
VxA = ——|(0/0r) (9/98) (9/00)
ri%6e hrAT thg h¢A¢

e, (8(A¢ sin (0)) 8A9> Lo ( 1 0A, 3(7“A¢)>

7 sin (6) 06 0o r \sin () 0¢ or
€y 8(7“A9) 8Ar
+7< ar ae) (4.93)

Problems:

1. Derive an expression for V2¢ and V x A in terms of the coordinates
T4, Ty and z. and the scale factors h,, h, and h. for a curvilinear coor-
dinate system.

2. The cylindrical coordinate system consists of the coordinates (r, ¢, z),
where 7 is the distance from the z axis, and ¢ is the angle made by the
position projection of the position vector on the x — y plane with the
x axis, as shown in figure 2. For this coordinate system,

(a) Determine the coordinates (z,vy,z) in terms of (r,¢,z), and the
coordinates (7, ¢, z) in terms of (z,y, z). How are the unit vectors
(e, €4, €,) related to (e,,e,,e,).

(b) Write down the conservation equation for the concentration field
for the appropriate differential volume in cylindrical coordinates.
What is the divergence operator V. in this coordinate system?

(c) Express the flux in terms of the gradient of concentration in the
cylindrical coordinate system. What is the Laplacian operator V2
in this coordinate system?

(d) Solve the differential equation for the concentration in cylindrical
coordinates using the separation of variables, in a manner similar
to that for spherical coordinate system in class.

3. Consider a two - dimensional coordinate system given by:

x = cosh (§) cos (n) y = sinh (&) sin (n) (4.94)



30 CHAPTER 4. MASS AND ENERGY CONSERVATION

Y4

X

Figure 4.10: Cylindrical coordinate system.

where
cosh (§) = p ) —i—2exp (=€) sinh (§) = D (¢) —26Xp =)
(4.95)
and
dcosh (§) . Jsinh (§)
e sinh (§) o cosh (£) (4.96)

(a) Derive an expression for e; and e, in terms of e,, e,, £ and 7.
Note: In order to determine the unit vectors, it is not necessary
to invert the expressions in equation 4.94 to determine { = &(x, y)

and 7 = n(z,y).
(b) Is the coordinate system an orthogonal one?

(c) Determine the scale factors he and h,,.



