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Chapter 1 Solutions

Problems

Find the mass flow rate of a fluid at a constant density of 1.2 kg/m?
passing through a surface whose area is 1 m? and whose normal is 71 =
‘/Lm (; +2]+ 31%). The velocity of the flow is: V=2+ 37 + Ok m/s.

Solution: The mass passing through a surface is defined as:

Mpass = # oV - ldA
A

We can plug our numbers in:

Mpass = S@pr - fidA
A
= 956 1.2k—g3 (2 +3])mys - (L (i+27+ 3k)) dA
A m \/ﬁ

k 1
- 5@5 1.2-5 2+ 6+ 0) ——m/sdA
A m

V14
1 m?
k
ke 8,
sm? \14 |,
9.6
= ——Kkg/s
V14

Approximate how long will it take, in minutes, to fill up a bathtub with
dimensions of 1.3 m x 0.6 m x 0.4 m if water is coming out of a 40 mm
diameter faucet at a speed of 1.2 m/s. Assume the density of water is
1000 kg/m?>.
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Solution: This is a basic mass conservation problem. In words, we have:

the change . .
time rate of time rate of
of mass of water

. mass of water mass of water
in the bathtub = ] - .

in a given entering the leaving the

ivi
& bathtub bathtub

unit of time

There is no mass coming out, which leaves us with:

the change .
time rate of
of mass of water
. mass of water
in the bathtub = .
. . entering the
in a given

. . bathtub
unit of time

So, the change of the mass in a given unit of time in the tub is just
equal to the mass flow rate into the tube:

N simplifies to
My, = ﬁpv -HdA —— pVA
A

It simplifies to pVA because p and V are constant and can be pulled
out of the area integral. In addition, it is assumed that the velocity and
the normal are in the same direction. Plugging in numbers:

i = pVA = (1000) (1.2) (20.042) — 0.302kg/s
Thus the tube fills at a rate of 0.302 kg/s. The total mass of water that

the tube (mass;y,;) can hold is the volume of the tub multiplied by the
density of water:

massype = (1000) (1.3 X 0.6 X 0.4) = 312kg
The length of times to fill is:

massiar __312kg
iy 0.302kg/s

time = = 1033 s = 17 minutes
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The divergence of the velocity vector in spherical coordinates can be
written as:

L, 19(Pv) 1 g 1oV,
V.V=— g ' )
V== "rm@ae O S5 Fe

where V,, Vy, and V; are the velocity coordinates in the r—, 6—, and ¢—
direction, respectively. Determine if a flow with the following flow field
velocity is incompressible:

V.,=-Ucos(@)|1- 3R + i
T 2r 273
Vo =Usin(0)|1 3R_E

0= 4r 473

Vq):O

where R and U are constants (note, R is not the gas constant in this prob-
lem).

Solution: This one is simple enough. We just have to plug in the V,,
Vineta» and V, expression into the divergence of velocity equation given
for spherical coordinates and see if it is equal to zero, since the diver-
gence of velocity is zero for an incompressible flow. The easiest term in
the velocity divergence term is the last one since V, is zero:

1 Vi 1 00 _
rsind d¢  rsinfdp

The next term we will look is the first term of the velocity divergence.
Before we do anything, let’s break out the derivative using the product
rule:

10(Pv:) 1 L,ev, 1. ar

R e L +ﬁV’ o (product rule)
— 5 (L.1)
ov, 2
= + -V,
or r

We can insert V, into Equation 1.1 to get:
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1 G(err) _ v, 2

R +_
r2  Or o r "

0 3R R? 2 3R R®
“Gplveol-5e ) Sl 35

——UcosH(( 3R 3—RS))—UCOSH((g 3R+R%))
2,2 2r4 ror2
——Ucosﬁ(z—i—lR3)

2r2 24

Now onto the second term. We can do the same thing for the second
term as we did for the first term. That is, we can expand out the derivative
using the product rule:

Q.a

1 1 .0V 1 dsin6
rsiné % (Vosin (6)) = sin @ sinf 5o 00 * rsing 00
‘h/—’ SN——

=1 =cos ¢

So now we can plug in Vj into the above equation to get:

1 190Vy  cos@
V 0)=—-——+ V
rsin (0) 60( osin(9) = r 00  rsing °

1 0 usinoli 3R R® cos @
sin —
r 06 4r 43 rsin 6

1 3R R? U 3R R®
—UcosH(l - — = —)+ —cosG(l - — = —)
r r

Usinol1 3R R®
sin -— -
4r  4r3

4r 43 4r 473
U cosd 2 3R R
=Ucosl|- - — - —
roorr  2rt

(1.2)

As you can see, Equation 1.3 and 1.2 are negatives of each other.

Therefore, adding them up gives us zero and, hence, constitutes an in-
compressible flow.
An incompressible fluid with density p = 1000 kg/m? travels through
a channel with a rectangular cross-section of dimensions 25 mm by 30
mm. The average velocity of the flow in this portion of the channel is
1 m/s. If the flow is at a steady state, what will the velocity be if the
rectangular cross-section increases to 50 mm by 50 mm? Start from the
integral form of the continuity equation.
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Solution: Starting from the integral form of the continuity equation we

have:
ap NN
— + (’ ’;pV-ndA:O
ffj:v ot A

The slow is at steady state, so the time derivative goes away and we are

left with:
995 oV - itdA =0
A

We essentially have two sections (areas) that have flow: an inlet and
an exit. So, we can break up the area integral into two pieces:

ff p?-ﬁdA+ff oV -itdA =0
inlet outlet

We are going to assume the density and the velocity do not change
with the cross-sectional area. In addition, we will assume the inlet nor-
mal is —7 and the outlet normal is 7, giving us:

= ~ = ~
Pinlet Vinlet . _lAin/et + Poutlet Voutlet : leutlet =0

If the velocity is only in the x—direction, then we have:

- pinletuinletAinlet + PoutletUoutler * iAourlet =0
— UinierAinter + UoutterAoutler = 0

solve for Upyrter Ainlet
_—

Uoutlet = Uinlet
A
outlet

Plugging in numbers leads to:

(30)(25)
*(50)(50)

Air in a pipe with a diameter of 10 cm starts out at a temperature of 700
K and pressure of 4 X 10° Pa. The initial flow velocity is 10 meters per
second. If the pipe diameter contracts to 5 cm with the air speeding up to
115 m/s and the temperature decreases to 500 K, what is the pressure af-
ter the contraction? You can assume the molecular weight of air is 28.97
kg/kmol and a steady state. Start from the integral form of the conti-
nuity equation.

0.3m/s

Uoutlet = lm/
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Solution: This one is very similar to the previous problem except now
we are no longer assuming a constant density. We are still going to start
with the intgral form of the continuity equation:

ap -
it - AdA =
fffvat+9§§pV id, 0

Again, like last time, we are going to assume steady state:

ﬁpv-ﬁdAzo
A

We have an inlet and an exit section, leaving us with:

ff p?-ﬁdA+ff oV - itdA =0
inlet outlet

We are going to assume the inlet surface has a normal of —7 and the
outlet surface has a normal of 7. In addition, we are going to assume the
velocity is only in the x—direction, giving us:

A

pinletuinleti : (_l) Ainlet + pomletuoutleti : (l) Aoutlet =0

leads to
) _p[nletuinletAinlet +pnutletuoutletA0utlet =0

Solve for the density at the exit:

_ pinletuinletAinlet
Poutlet = —A
UoutletAoutlet

(1.3)

_r
USCP=rT  Dinlet UinlerAinler

RTinlet uourletA outlet

Next, utilize the fact that (for an ideal gas), p = pRT and plug in R”%”;’f
for poune: in Equation 1.3 to get:

Poutlet _ Pinlet uinletAinlet
RTouier  RTinter UoutterAoutler
—————

=Poutlet

Solve for p,user to get:
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Toutlet Uinlet Ainlet

Poutlet = Pinlet
Tinlet Uoutlet Auurlel

500K 10m/s (10 cm)?

= 99378Pa

=4x 10°Pa

1.6  The velocity profile of flow in a pipe in the z—direction (V) is given by:

V. = ApRz(l—r—z)

4ul R2
where r is the radial component (in cylindrical coordinates), R in this
case is the radius of the pipe, L is the length of the pipe, Ap is con-
sidered to be a pressure difference between the entrance and exit of the
pipe, and u is something called the dynamic viscosity. Obtain an expres-
sion for the mass flow rate through the pipe.

Solution: The mass flow is given by:

The velocity in the z—direction is given and it is assumed that the normals
of the surface areas of the flow passing through the pipe is also in the
z—direction. Therefore, we can replace the dot product of the velocity
with the normal with just the velocity in the z—direction:

n'1=ffszdA
A

We are now dealing with cylindrical coordinates. If you recall, the
area, dA in cylindrical coordinates will just be given by rdrd6, therefore

we now have:
m= ffszrdrdG
A

We can replace V, with the expression given in the problem:

ApR2 P2
= 1 - —||rdrd6
= Lo (S (- )
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We can pull out the constant p% from the problem and integrate over
r from O to R and integrate over 8 from 0 to 2 to get:

w8 o] =

2 R
=pApR 27rf l—r— rdr
4,UL 0 Ie2

A RZ R
=p P 27r (r—— dr
4/1L 0
:pApRz 2_1
4ul 4R/,
A R2
At
4uL

Therefore, after the algebra:

ApR*n
8uL

m=p

1.7  If the velocity profile of flow in a channel is given by: u = %y, what
is the mass flow rate through the channel per length into the page if the
height of the channel is H?

Solution: Assume that the velocity is only in the x—direction and that
the normal is also in the x—direction. Also, assume the density is con-
stant. Therefore:

ffp‘7~ﬁdA=pffudA
A A
H

—pf udy

—ydy

H

U.H

V| = p% (per width into the board)

m|Q %

21—

1.8 Given the following velocity vector: V= Cycos(5x)i + Dsin(5x)y?],
what do C and D need to be in order for this vector field to be considered
incompressible flow?
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Solution: Take the divergence of velocity:

V.V= % (Cycos (5x)) + %(D sin (5x)y?)
= —5Cysin (5x) + 2Dysin (5x)

In order for the flow to be incompressible, the above expression must
equal zero. Thus:

—5Cysin (5x) + 2Dysin (5x) =0
2
. C==D
5
1.9 The flux of a quantity given by the vector, f = 5xyi + 10y + Ok, passes
through a cube with dimensions (in x—, y—, and z— directions) of 2 x 1
x 1 (assume the cube “starts” at the origin). Find the value of the area
integral, 5@4 f-itdA.

Solution: The geometry for this problem is simple enough:

The first thing to notice in this problem is that the flux is two-dimensional
since the f vector does not have a component in the z—direction. There-
fore, the front and back faces (i.e. the z—faces) will not be utilized). With
this in mind, we can break out the area integral into the following four
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separate integrals corresponding to the left, right, bottom, and top faces,

ie.
ghiman= [ 7(aas [[ F-(aa
e [f 7 e [ 7Gas

Plugging in the expression for the flux vector and taking the dot products,

we get:
#f-ﬁdAsz —5xydA+ff 5xydA
A left right
+ff —10ydA+ff 10ydA
bottom top

Now we need to perform these integrals. The limits of the integration
depend on which face you are at. For example, the left face lies on the
x = 0 place with y— and z—varying. Therefore, the left face needs to be
integrated with respect to y and z. The right face is at the x = 2 plane with
y and z varying, so the right face needs to be integrated over y and z. The
top and bottom faces (which are located at y = 1 and y = 0, respectively)
need to be integrated over the x and z coordinates. Thus:

1 pl 1l
g ([ [ somel_ (][50
A 0o Jo =0 0o Jo
12 12
+ ( f f —lOydxdz) + ( f f lOydxdz)
0o Jo =0 o Jo

Notice that, once the integrals are evaluated, the values of x or y need
to be set to match whether the surface is the left (x = 0), right (x = 2),
bottom (y = 0), or the top (y = 1) surface.

Evaluating the integrals leads to:

z=1
z—O)

S 1
#f-ﬁdA = (—5x—y2
1 2
=0 =5

x=2 |z=1 x=2
) + (lny
z=0 y:O

Z
=0 =20

x=2

y=1

y=1
Z
y=0

+ (Sx— y?
x=0

+ (—Iny

x=0 x=0
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Adding them up thus equals 25!
1.10 Sketch the velocity vector given by: V=- sin(y)i + sin(x) .

Solution: We are asked to plot this velocity vector on an x and y grid.
This essentially means calculating the # and v values at different x and
y points and plotting the u and v as a vector on an xy grid. The u values
are just obtained by calculating — sin(y) with the y— plugged in and the v
values are calculated via sin(x) with the x— plugged in. This is done for
some x and y values below:

x y u=-sin(y) v=sin(x)
0 o0 0 0

1 0 0 0.84

1 1 -0.84 0.84

0 1 -0.84 0

-1 -1 0.84 -0.84
-1 0 0 -0.84

0 -1 0.84 0

2 0 0 0.909
2 2 -0.909 0.909

The values of u and v are made into a “vector” and plotted at the
different x and y points. This can all be done relatively easy in either a
Matlab or Python script. An example Matlab script is given below along
with the corresponding plot:

clc

clear

X = [-2%pi:0.5:2%pi]; %sets up an x-axis

y = [-2%pi:0.5:2%pi]; %sets up a y-axis

[x,y] = meshgrid(x,y); %takes the axis info and makes a grid
%0f x and y values

u = -sin(y); %calculates the u velocity

v = sin(x); %calculates the v velocity

quiver(x,y,u,v) %draws the velocity vectors on the grid

xlabel (’x-axis’)

ylabel(’y-axis’)

title(’velocity vector plot’)
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velocity vector plot

X-axis
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Problems

Given an initial temperature distribution of 7'(x) = sin(x), create a table
similar to Table 2.1 for times of 0s,0.5s, 1s,and 1.5 s when u = 1 m/s.
Plot the final temperature distribution at # = 1.5 s.

Solution: The table is filled out below and the figure at t = 1.5 s is
given on the next page.

x(m) | T (celsius) T (celsius) T (celsius) T (celsius)
(@r=0) (@r=0.55) (@r=15) (@t=1.55)
(T=T(x,0)) | (T=T(x-u*0.5,0)) | (T=T(x-u*1,0)) | (T=T(x-u*1.5,0))

0 0 -0.48 -0.84 -0.99
1.0 0.84 0.48 0 -0.48
2.0 0.909 0.99 0.84 0.48
3.0 0.141 0.6 0.909 0.99
4.0 -0.76 -0.35 0.141 0.6
5.0 -0.96 -0.98 -0.76 -0.35
6.0 -0.28 -0.7 -0.96 -0.98

16
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1
05} s
—~ Advected
o ol at 1 m/s |
\g‘/ H
0.5 s
-1 ! ! ! ! !
0 1 2 3 4 5 6

x (m)

Notice that the sine plot is just shifted to the right by 1.5%1 in the
x—direction.
Explain why the characteristic curves for the advection equation are par-
allel when the velocity is a constant value.

Solution: The reason why the characteristic curves are parallel for con-
stant velocity is because the characteristic curves provide a way for de-
termining how fast the fluid elements are advecting via the inverse of
the slope of the r — x curve. Since the velocity of the fluid elements are
the same throughout, the various characteristic curves must also have the
same slope.

Given an initial x—velocity distribution of:

1 x<05
u(x,0)=<2x 05<x<1
2 x>1

Does a shock form when the inviscid Burgers’ equation is applied to this
initial velocity field? Why or why not? Plot the characteristic curves.

Solution: In order to determine if a shock forms, we can plot the charac-
teristic curves and see if they overlap. The characteristic curves are just
the ¢ vs. x curves of various fluid elements as they travel. The velocity of
the fluid elements do not change since the inviscid Burgers’ equation, in
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Lagrangian form, is just % = 0. Therefore, we can pick a few points on
our initial velocity distribution, call them fluid elements, and track their
position in time via characteristic curves. If the curves overlap, then a
shock is considered to have developed since there is an “overtaking” of
one fluid element going past another. The initial points (i.e. initial fluid
elements) we will pick will be (you can pick whichever points you would
like):

x = 0, which has a velocity of u = 1 (Fluid element 1)

x = 0.5, which has a velocity of u = 1 (Fluid element 2)

x = 0.75, which has a velocity of u = 1.5 (Fluid element 3)
x = 1, which has a velocity of u = 2 (Fluid element 4)

x = 1.5, which has a velocity of u = 2 (Fluid element 5)

We can plot the characteristic curves (the  vs x curves) with the slopes
being the inverse of velocity, giving us:

3 I I 7
. 7/
—— Fluid element 1 ,/ L
. / s
---- Fluid element 2 S .
. 7/ 7
----- Fluid element 3 | i
. /7 s
) R Fluid Element 4 |/ P N
Fluid element 5 L 7
) R e
- // /_/ e
/ 7 //
7/ . .
7/ 4 -
/ 7 '
1 - // /'/ /// |
/ e -7
/7 R P
/ , -
/ , '
7 . s
A
’ e .
4 s -
7/ ’ s
S
// L P
0 i | | |
0 1 2 3 4 5
X

Notice that the characteristic curves appear to be diverging from each
other...hence no shock will form as time passes. This is called rarefrac-
tion.

Find an expression for the material derivative of temperature if the tem-
perature is given by the following equation 7' = e~*(sin(2x) + cos(y)) and
if the velocity vector is: V=i+ 2].
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Solution: The material derivative of the temperature in Cartesian co-
ordinates is given by:

DT _oT oT T aT
D o Max ey T e

There does not appear to be a z—coordinate, so the z—will go away. The
local time derivative of the temperature is given by:

%—f = a%(e”(sin@x) +cos(y))) = —e(sin(2x) + cos(y))  (2.1)

The x—derivative is:
or o
dx  Ox

The y—derivative is:

(e-’(sin(zx) + Cos(y))) = 2¢™" cos(2x) (2.2)

ar _ 9
dy 9y

The material derivative can now easily be obtained:

(e7(sin(2x) + cos(y))) = —e sin(y) (2.3)

pr_or  or or o
Dt dt Ox Oy 0z
——

=0

= —e '(sin(2x) + cos(y)) +u e 'cos(2x) +v| —e ' sin(y)

from Equation 2.1 from Equation 2.2 from Equation 2.3

Plug in 1 for # and 2 for v to get:

DT .
o —e7'(sin(2x) + cos(y)) + 2e cos(2x) — 2e~" sin(y)

For the temperature equation used in Problem 2.4, what is the advec-
tive transport term of temperature if the velocity field is given by V=

2xyi—y*jwhenx=2,y=1,and 7 = 1?

Solution: The advection transport term is considered the spatial terms
in the material derivative (i.e. everything but the local time derivative).
In the previous example, the x—derivative of temperature was:
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or
— =2e " cos(2x)
ox
and the y—derivative was:
oT
— = —e'sin(y)
dy

The u—velocity is given by 2xy and the v—velocity is given by —y?.
For x =2,y =1, and ¢ = 1, the advection term becomes:

uZ—Z + V((;_Z: =2xy (2e" cos(2x)) —y? (—e" sin(y))
=2(2)(1) (27 cos(2-2)) + 12 (¢ sin(1))

=-1.614

Given the velocity field vector: V= y (A cos(2f) + Bsin(31)) 1 + 6xyt)
my/s, what is the acceleration of the fluid at x = 0.5 mand y = 0.5 m at
time, t = 1s?

Solution: Another material derivative question. In order to find the accel-
eration, the material derivative of velocity needs to be calculated. Again,
it appears there is only an x—velocity and a y—velocity in our velocity
vector:

u =y (Acos(2t) + Bsin(3t)) m/s

and

v = 6xyt m/s

The material derivative of the velocity vector is given by (Equation
2.13 without the z—component):

Du Ou Ou Ou
Dr o TUG TV
Dy v v adv
Dr 5 + u;{ + V@

The local time derivative is calculated to be:
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Y (2 (y(Acos(2e) + Bsin(30)) (v (~2Asin(2r) + 3B cos(31)

% % (6xy1) 6xy
(2.4)
The x—derivative term of advection:
ugt £ (v (A cos(21) + Bsin(31)))
= (y (A cos(2¢) + Bsin(31)))
ugs y 7 (6y1)
(2.5)
0
6yt (y (A cos(2f) + Bsin(3r)))
The y—derivative term of advection is:
v?,—;t gy (v (A cos(21) + Bsin(31)))
= 6xyt
vg—; N % (6xyr1)
(2.6)

6xyt (A cos(2t) + Bsin(3¢))

36x%yt

Adding up Equations 2.5, 2.6, and 2.4, we get the following expression
for the material derivative of velocity:
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Du\  (0u  ou o
Dt o U TVg
Dy v av v
Di o +MEC +v6_y

plug in values

vy (—2Asin(2¢) + 3B cos(3?)) + 0 + 6xyt (A cos(2¢) + Bsin(3r) )

6xy + 6yt (v (A cos(2f) + Bsin(31))) + 36x>y?

0.5(=2Asin(2) + 3Bcos(3)) + 0 + 6(0.5)(0.5)(1) (A cos(2) + Bsin(3))

6(0.5)(0.5) + 6(0.5)(1) ((0.5) (A cos(2) + Bsin(3))) + 36(0.5)%(0.5)(1)?

—A(0.909) + 1.5B(~0.98999) + 1.5A(=0.416) + 1.5B(0.1411)

1.5+ 1.5A(-0.416) + 1.5B(0.1411) + 4.5

-1.533A - 1.2733B -2.81

_—
ifA=land B=1

6 —0.624A + 0.21165B 5.59

The Lagrangian and non-conservation form of the continuity equation
can be obtained by applying mass conservation to a moving fluid el-
ement, which states that the mass of a moving fluid element does not
change in time. Mathematically, this can be written as:

Al
< dV =0
FTNAN

Using the ideas from Section 2.4, where we applied a time derivative
to the momentum of a moving fluid element, derive the Lagrangian form
of the mass continuity equation as well as the non-conservation form of
the continuity equation.

Solution: We can sneak in the time derivative into the volume integral
of p and utilizing the product rule:
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i )L erv= 1L o
< AV = per
dt fV(t)p vy Dt
Dp D V)
= —dV +
ffL(r)(D’ P Dt

Recalling the the material derivative of volume is given by:

2.7)

We can plug in the equation above for the material derivative of the in-
finitesimal volume into Equation 2.7 to get:

i L= [, (v o8 -vav)
— dV = —dV +pV - VdV
dt ’V(t)p vy \ Dt o
-fff (@+ ¥ V)av
wo\Dr P
=0

Since the integral needs to equal zero for continuity and since the volume
is completely arbitrary (meaning that the limits of the volume integral
could be anything), then the integrand must also be zero, therefore:

Dp =
LoV =0
Dt

Which is the Lagrangian form of the continuity equation. We can also
expand the material derivative out into the non-conservation form of the
continuity equation:

@+\7-€p+p6"—/)=0

ot

Suppose the density of a fluid element is given by the expression: p =
e~ 0005t 4 1Tt travels with a velocity of 2 m/s in the x—direction. What is
the value of the material derivative after it has gone 60 meters?

Solution: The density of a fluid element as it moves changes in time
given the expression in the problem. Assuming the starting time is = 0
s, the time when the fluid element has gone 60 meters is (60 meters)/(2
meters per second) = 30 seconds. Thus, the material derivative at 30 sec-
onds is nothing but:
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D

2P 0.005¢70905:30 = () 004kg/s

Dt

2.9 What is the summation force vector on a cube fluid element that is

1 meter by 1 meter by 1 meter in size if the density is 1 kg/m’® and
V =2x +4yj?

Solution: The force balance on a fluid element is given by:

DV .
f f f o2V = sp

Since the velocity given contains spatial coordinates, the material deriva-
tive of velocity should be calculated in an Eulerian description. Thus:

-

DV oV
—_— = — 4
Dt t

The velocity vector given does not appear to be a function of time,
therefore the system must be in a steady state. Thus, only the advective
term needs to be calculated:

-V

<u

UG +ve  (2x-2+4y-0) (4x

uft+vgr) \2x-0+4y-4) 16y

Integrating over volume, we get:

DV !
o |
fffvmp Dt o Jo

1 [ 4x
f Je dxdydz
0 16y
11

1
1

252 Dol (2 kg mys
_p =
8y lxlzl 8 kg m/s
0 lolo

The summation of forces equals the above expression.
2.10 The gradient of a scalar function, f, is defined as:

> A0f AOf LOf
Vf_10x+]ay+kaz



Problems
Show that (V- V) f = V - (V)

Solution: Given how V f is defined above, V. (naZla f) is just:

V- (91) = i +vj i) (15 35 2L
_of L o8, of
_u6x+v6y+wc')z

This is the same as (\7 . 6) f operating on f, observe:

(v.ﬁ)f=((u;+v;+w/z).(;%+;j_y+W§Z))f

25
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Problems

Find the stress vector acting on a surface if the stress tensor is:

L (5 -3 10
T=|-3 2 4
10 4 7

L

and the normal of the surface is given by: 7 = 7

~ 1 2 ~
l+%]+0k.

Solution: The stress vector can be obtained by simply doing a matrix

multiplication of T with 2. Before we do that, we should check to en-

sure 7 is a unit normal, i.e. : ||i]] = Vi-# = \/Li + % = 1. Check.

Now let’s perform the matrix multiplication to find the stress vector (i.e.
traction vector), 7:

i 5 _3 2
5 3 10(w) | v Vi

_ L3 4+ 2| _|_-L
=13 2 4ll5l1="wtulT v
10 4 14

104 70 vV V2

Do you spot any potential issue with the stress tensor below?

. 5x  4x 10z
T = -3y 2xy 4x
2z 4y Txyz

26
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Solution: Yes, the stress tensor is not symmetric. In general, the stress
tensor should be symmetric due to the conservation of angular momen-
tum. We illustrated in the book that not having a symmetric tensor can
lead to an imbalance of forces (and hence torque) on an infinitesimal
fluid element. Since an infinitesimal fluid element cannot resist motion
at all (since there is no moment of inertia), the imbalance of torque would
cause the fluid element to infinitely accelerate.

3.3 Astress tensor (in pascals) of a flow is given by:

L [5x -3y 10z
T = -3y S5y 4x
10z 4x 5z

What is the acceleration of a fluid particle with density of 1.2’%3 (as-
suming no body force)?

Solution: Here we must use Cauchy’s first law of motion:

The acceleration of the fluid element is just the material derivative of
velocity of the fluid element, thus:

DV 15 3
acceleration= — = -V - T
Dt p

Therefore, the acceleration of the fluid element in this case is:

| 5x -3y 10z

acceleration = 12 (% a% a%) -3y Sy 4x
’ 10z 4x 5z
1

(5—3+10 0+5+0 0+0+5)

—_

2
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The acceleration is then (written in column vector form):

10
acceleration = |4.17 | m/s?
4.17

3.4 If the velocity field of a given flow is given by:

V = Acos(x)i + Bsin(y)] + C tan()k

Determine an expression for the total force (per volume) acting on the
fluid at a given (x, y, z) point.

Solution: This is another Cauchy first law problem. Again, Cauchy’s
first law is:

The right-hand side is the total force (per volume). Thus, if we found
an expression for the left-hand side by finding the material derivative of
the velocity and multiplied by density, we would have an expression for
the total force.

The material derivative of velocity can be written in Cartesian coordi-
nates (in an Eulerian description) as:

u u Ou u
o TUs TV TWy

.
DV

— = 2l P
Dt it X y Z

ow
dy

ow ow ow
or + Uz +v + W(')_Z

In our example, u = A cos(x), v = Bsin(y), w = Ctan(z). In addition,
the velocity field appears to be at a steady state, so the time derivatives
go away. We can start crossing off terms in the material derivative:
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0 0
A cos(x) 24 4 Bsin(y) XD+ C tan(z) 2452
DV A(Bsi ’ A(Bsin(y)) a(Bsi
_—= SINKY . si(y SI
Dt Acos(x)=="> + B sm(y)a—y} + Ctan(z)=—=;

0 0
Acos(x) XC2ED 4 Bsin(y) 2E 220+ Ctan(2) HC Gz

This leads to the following expression for the force per volume after
the derivatives have been taken:

—A2? cos(x) sin(x)

-

DV
force per volume = pE =p| B?sin(y) cos(y)

C? tan(z) sec?(z)

3.5 For the velocity field given in Problem 3.4, if there are no body forces
and if the dynamic viscosity is considered a constant, find an expression
for the pressure gradient (given A = 1, B = 1, and C = 0). Be sure to
check if this flow is incompressible or not. Is this flow at a steady state?

Solution: For A = 1, B = 1, C = 0, the force per volume (given
from the previous problem) is:

— cos(x) sin(x)

DV
force per volume = pE =p| sin(y)cos(y) (3.1

0
Since there is no time variation in the velocity field, given by: V=

cos(x)i + sin(y) J, the problem is at a steady state. We should also deter-
mine if incompressible:

(6—‘1 %) (CS:((;C))) = —sin(x) + cos(y) # 0 (3.2)

Thus, the flow is not an incompressible flow. Now we need to find the
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pressure gradient. If we assume the compressible Navier-Stokes equa-
tions in Lagrangian form with no body force and a constant viscosity,
we have:

o2V G- 28 (3 V) (30 4 (99))

Solving for the pressure gradient gives us:

We already obtained p%—‘f from Equation 3.1. We can now find an
expression for %,uﬁ (6 . \7) From Equation 3.39, we have:

o(5-7)
ox
2 5/ o _ 2 5(6‘7)
(V) =575
o(5-7)
0z

We can plug our velocity divergence from Equation 3.2 into the above
equation to get:

—cos(x)
2 (2 o 2 .
Zuv (V- V)= 2| —sinG) (3.3)
0

Next up we need to calculate the /Vﬁ . (6\7 + (6\7)T) term. To calculate

this term, we need to first find the velocity gradient. The velocity gradient
is just determined by the following expression:

Ox ox Ox
v _ | a aw
Vv = dy dy dy
Au dv ow

0z 0z bz
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Plugging in our velocity field of V = cos(x)i + sin(y)] leads to:

— sin(x) 0 0
VW= o cos(y) 0
0 0 0

—sin(x) 0 0 — sin(x) 0 0
IV (V7)) =] o cosy)  ol+| 0 cos(y) 0
0 0 0 0 0 0

-2 sin(x) 0 0

= 0 2 cos(y) 0

0 0 0

The diffusive transport term then becomes:

—2 sin(x) 0 0
W (7 (99) ) =u(s & )| o 2c05() 0
0 0 0

=u (—2 cos(x) —2sin(y) 0)
(3.4)

Putting together Equations 3.1, 3.3, and 3.4 (written as a column vec-
tor) leads to the following for the pressure gradient:
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= DV 2 2 /2 2 - 2 - 2
Vp=—|pp + 1Y (V- V) - u - (vv N (VV)T))
—cos(x) sin(x) —cos(x) -2 cos(x)

=—|p| sin(y)cos(y) +§u —sin(y) | — p| =2 sin(y)

0 0 0

3.6 Determine the Newtonian stress tensor if the pressure is given by 10x
pascals and a velocity field of V =2x sin(2y)i + xcos(2y); m/s at loca-
tion x = 1 m, y = 2 m. Assume a dynamic viscosity of 107 Pa-s.

Solution: The Newtonian stress tensor is given by:

u(G+ %) —p=3u(V-V)+ 2y (G + %)

du aw av ow 2 SR V4 ow
n(g+5) n(E+ %) —p=3u (V- V)+ 2
The velocity field has no z—component, so we can just write the stress
tensor in two-dimensions:

T=pl'~ (9 V) T+ u (97 +(99) ) =
—p=2u(V-V)+2ul n(GE+5)
n(G+5) —p=5u(V-V)+2uf;

The pressure term is simple:

B I:»’_ —10x 0
PE=\ o _10x

-10 0
(%" ) (5)

Next we need to find the divergence of velocity:
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2xsin(2y)
V-V=(% %) = 25sin(2y) — 2xsin(2y)
xcos(2y)

Now that we have the divergence of velocity, we can find —%y (6 . \7) I
at x = 1 m, y = 2 m and a dynamic viscosity of 10~ Pa via:

-
3

- 2u(F V)]

—3p (2sin(2y) — 2xsin(2y)) 0
0 —2u (2sin(2y) — 2xsin(2y)) ) x=ly=2p=10"
—2107* (2 sin(4) — 2sin(4)) 0
0 -2107* (2 sin(4) — 2 sin(4))
0 0
0 0

(3.6)

Next up is the u (ﬁ\_/} + (617)) term, The velocity gradient in 2D is:

u v A(2x sin(2y)) d(x cos(2y))
s Ox ox Ox Ox
VvV = =
ou ov 0(2xsin(2y)) d(x cos(2y))
dy dy dy dy
2 sin(2y) cos(2y)
4xcos(2y) —2xsin(2y)

. . . 2 N
Using the velocity gradient above, the u (VV + (VV) ) turns out to be:
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u(97+ (99
2 sin(2y) cos(2y) 2 sin(2y) 4x cos(2y)
= Iu =+
4x cos(2y) —2xsin(2y) cos(2y) —2xsin(2y)
4 sin(2y) 4xcos(2y) + cos(2y)
=H
cos(2y) + 4x cos(2y) —4x sin(2y) x=1y=2,u=10"
4sin(4) 5cos(4) -3.027 -3.27
5cos(4) —4sin(4) -3.27 3.027

3.7

Adding up Equations 3.5, 3.6, and 3.7, the stress tensor becomes:

0 0) (-3027  327) a0 sy

T={0o -0t =\ 2327 —6973

(—10 0 )
= +
0 0 -3.27 3.027

What is the pressure, in pascals, a person experiences when they have
dived 5 meters below the water surface? Assume atmospheric pressure
is 103 pascals.

Solution: This problem deals with hydrostatic pressure. The equation
of which is just:

p = plg,ldepth + pam

Plugging in the numbers from the problem gives us (assume water
density is 1000 kg/m? and the gravitational acceleration is 9.8 m/s’:

p = plgyldepth + pay, = 1000 % 9.8 5 + 10° = 149000Pa

Estimate the shear stress (i.e. viscous force) on a surface defined by 77 = i
where the velocity distribution is given by:
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uzﬁy

v=w=0

where U is a velocity parameter and H is a length scale parameter.

Solution: The shear stress comes from the u (6\7 + (6‘7)T) term in the
stress tensor, which is given by:

2 w(Eef) e )
sl R) ok w(EeR)
p(Br ) w(E+%) ol

0 ﬂ% 0

=)

0 0
The shear stress vector (T0qr) can be written as:

0 u¥ 01

Foar = (97 + (7)) i = | o oflo]=xZ;

SIS

0 0 0J\0

The shear stress on the 77 = i surface is ,u% in the y—direction.

isu
3.9 Show that (V V) =V. (6 ) in two dimensional Cartesian coordinates.

Solution: The V - V operator in 2D Cartesian coordindates is given by:

Applying this operator to V=u+ v] yields:
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(V- 9)7 =u + v (i +v])

ox Oy

ou N ou N v N v\
=lu—+v—|i+|u— +v—

0x v@y ox Oy J

The V- (ﬁ \7) is calculating the dot product of velocity with the velocity
gradient. This is given by:

o
7 (O o o ou ou o v
V-(VV):(u v) Z("a_x +Vay ”a_x+va_y)
o
ady ady

The above result, while written as a row vector, yields the same result
as when we calculated (‘7 . ﬁ) V. Thus, the calculation order turns out to
not matter in this instance.

Please explain, in your own words, why an equation of state is not nec-
essarily needed for an incompressible flow.

Solution: The reason for not needing an equation of state for an in-
compressible flow is simply because the incompressible Navier-Stokes
equations are closed by including the divergence-free velocity condition.
Thus, no thermodynamics is needed to be able to solve for the flow field
of an incompressible flow under usual circumstances. Even more to the
point, often incompressible flows assume a constant density throughout
the flow.
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4.1 Chapter 4 Solutions
Problems
FindA® Bif A=3i+5j—10kand B=51-2j k.

Solution: Matrix multiply the column vector form of A with the row
vector form of B:

3 15 -6 -3
A9B=| 5 (5 -2 —1): 25 -10 -5
~10 50 20 10

Determine ﬁ p\7 ®V -iidA foral cmx 1 cm x 1 cm Cartesian element
if V = 5+/x i m/s and the density is 1000 kg/m?>.

Solution: First thing first, let’s determine Ve V:

54 25x 0 0
VeV=| 0 [(5vx 0 0)=f0 0 0
0 0 0 0
Thus:
25000x 0 0
oVeV=l 0 0 0
0 00

Next, instead of using the form given in the problem, we can use the
divergence theorem to get:

37
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fhovevan= [[[ 9-(pvev)av
A Vv

Performing the divergence gives:

25000x 0 0
V-eVeV)=(Z2 £ £)| 0o 0 0|=(2500 0 0)
0 00

Thus, the integral, f f f(v V. (p\7 ® \7) dV becomes (written in column
vector form):

25000
fffV~(p\7®\7)d"V=fff 0 |dv
v Vv 0
001 m (25000

.01 m 0.01 m
f f f 0 |dxdydz
x=0 y=0 z=0 0

25000 (0.01) (0.01) (0.01)
= 0
0

0.025
=| 0 [kgm/s®
0

4.3  Consider incompressible flow between two parallel plates a distance, H,
apart. If the bottom plate moves with a velocity of Up and the top is fixed,
find an expression of the velocity profile assuming there is no pressure

gradient.

Solution: We will make the following assumptions: steady state, one-
dimensional flow, no gravity, and no pressure difference. The continuity

equation is:

6_M+@_0
dx Ay

Setting v = 0 leads us to:



Problems 39

ou

T
Next we look the Navier-Stokes equations. We can start with the incom-
pressible Navier-Stokes equations in the x—direction:

R g%ﬁz_”
P\ x@y_ﬁx'uxzay2

After our assumptions we are left with:

B d*u

=0
This is the governing equation for Couette flow. The general solution to
this equation is:

u=C1y+C2

where C; and C, are constants of integration. In order to find values for
Cj and C,, boundary conditions need to be applied. The no-slip boundary
condition for u is utilized at the top and bottom plates. Recall that the no-
slip boundary condition implies that the velocity of the fluid is the same
as the velocity of the adjacent solid surface. Thus, in mathematical form,
the boundary conditions are:

aty=0, u=Upg

aty=H, u=90
Applying the first boundary condition (i.e. aty = 0, u = Up) to our

general solution, we get:

Ug =C10+C2
C2 = UB

Next apply the second boundary condition (i.e. at y = H,u = 0) to our
general solution, i.e.:
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0=C1H+ UB
_UB

.'.C1=
H

The solution for the x-velocity profile is now obtained by plugging in
the expressions for C; and C; into the general solution:

—Us
=B 4U
HETg YT

Find an expression for the shear stress on the bottom and top plates from
Problem 4.3.

Solution: We can obtain the shear stress on the top and bottom plates by
recognizing that the shear term of the stress tensor is given by u (6‘7 + (6\7)' ),
i.e.: term in the stress tensor, which is given by:

2 (B+%) w3
W) lu e m) s ()
p(g+2) w3+ 2ule
0 —ugE 0
=|-u 0 0
0 0 0

Therefore, the shear stress (i.e. the stress vector, T,0q-) on the bottom
(given by normal, 7, = — jcan be written as:

N > o EENA TN » \
T shear,bottom = /J(VV + <VV) )"’lb = _ﬂ% 0 oll-1|= #ﬁl
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Likewise, the shear stress at the top is given by:

0 —u4e0)(0

2 = 2 = U i

‘?shear,mp = /J(VV + (VV)T)VTt = —H% 0 ofl1|= —/JFBZ
0 0 0)\0

Consider incompressible flow between two parallel plates a distance,
H = 0.5 cm, apart. The top plate is moving with a velocity to the right of
1 m/s. There is also a constant pressure gradient that is resisting the flow
in the x—direction with a magnitude of 2 pascals per meter. The dynam-
ics viscosity of the fluid is 2x107> Pa - s. Determine the velocity at the
midpoint of the parallel plates.

Solution: Like before, we will make the following assumptions: incom-
pressible flow, steady state, one-dimensional flow, and no gravity. The
continuity equation is (after setting v = 0):

ou
= -0
ox

The incompressible Navier-Stokes equations in the x—direction is:

Plbe ™Y dx V(?y_ ox " Hlge 0y?

After our assumptions we are left with:

ap d*u

0=-2P 42
x -Hldy2

This is the governing equation for Couette flow. The general solution to
this equation is:

0
u= ——py2+C1y+C2
X

where C; and C, are constants of integration. In order to find values
for Cy and C,, boundary conditions need to be applied. The boundary
conditions are:
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aty=0, u=0

aty=H, u=Ur

Applying the first boundary condition (i.e. aty = 0, u = 0) to our
general solution, we get:

1

0=
2u 0x

C2 =0

0>+C,0+C,

Next apply the second boundary condition (i.e. aty = H,u = Ur) to
our general solution, i.e.:

1dp,,
Ur=—"LH+CH
r 2u 0x !
U Ldp
YT H T 2uox

Thus the solution for the x-velocity profile is:

Lo (U Liny),

"= 2u ny H Z 0x
To find the value of the velocity at the midpoint, we plug iny = % to
get:
1 asz UT 1 6p ) UT 1 (9[7 )
mi int = =~ - T —-—-H|=|=—--—H
tmidpoint = 3 ' 9% 4 (2 41 Ox 2 8uox

Plugging in 2 = 2 Pa/m, y = 2x1075Pa - s, and Up = 1 m/s, we get:

1 1 H?
UT 817112) — E _ m/S

Umidpoint = (7 - @a W

If H = 0.005 meters (or 0.5 centimeters), then:

Umidpoint = 0.1875 m/s
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In your own words, describe the various forms of the Navier-Stokes
equations discussed in this book and how they were obtained.

Solution: A quick discussion of this is on the video podcasts.
Show that the conservation form and the non-conservation form of the
Navier-Stokes equations are equivalent. You may use Cartesian coordi-

nates.

Solution: The non-conservation form of the Navier-Stokes equations is:

<|

(5 + 797 = -9 (3u( )+ - (u(¥7+ (7)) 2

The conservation form of the Navier-Stokes equations is:

a(gtv) +9- (V@ V) =~V F (34 V) 9 (437 4 u(3) ) 02

As you can tell, the main difference between the two versions is the
left-hand side. Thus, we need to show that:

AR /1 117
p(a—‘/+v-vv)= <§t)+V'(p ® V)

The easiest way to show this equivalency is by using Cartesian coor-
dinates. For example, recall that pV eV equals:

puu  puy  puw
p\7 ®V= pvu pvy - pvw
wiu pwy  pww

Taking the divergence we have:
puu  puv - puw
V- (pV® V) = ((% 2 (%) pvu - pyv  pyw
Wit pwv  pww

This leads to (in column vector form):
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Bt 1 2, e
V. (pv ® ‘7) _ a(gzv) + 6(5;/\/) + a(fj?v)
By i, S
Adding the time derivative:
55;;, a(gzu) + ﬁ(g;u) + a(lgzm)
6(;‘7) LY. (p\7 ® ‘—/») _ % + a(giv) + ﬁ(g;v) + {-)(;g;zv)
A

We can take the result from above (for simplicity, let’s just take the
x—direction) and expand it out via product rule:

d(pu) 0O(puu) O(pvu) 0 (pwu)
o T Tox TTa "o

0 0 0 0 0 0 0
=p—u+u—p+pu—u+u (pu)+pv—u+u (pv)+pw—u+u (ow)

ot ot ox ox ay ay 0z 0z
—_—— ——
o) _ 9pu) d(pvu) _ O(pwu)
Toot T ox R T oz

group terms _ ou ou ou u Hp 0 (pu) 0 (pv) (pW)
‘p(at U ey +W61)+u(8t o T e

non-conservative form =0 from continuity

tu— +v—+

_ [Ou ou ou ou
Plar T Ve T

Thus, the conservation and the non-conservation forms of the equations
are equivalent. The same procedure can be done for the other directions.
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Problems

5.1 Evaluate the viscous dissipation term at an (x,y) location of (1,5) me-
ters with a dynamic viscosity of 1073 Pa - s if velocity field is given by:
V = 2ycos(2x)i + y* sin(2x) ] m/s.

Solution: The viscous dissipation term is given by:
(9 V) (V4 (7)) 90
3

. . U - - - o\t - -
For an incompressible flow, it is just u (VV + (VV) ) Vv
Let’s first see if the flow is incompressible by calculating the diver-
gence of velocity (with u = 2y cos(2x), v = y? sin(2x), and w = 0:

R ou N v . ow
T ox Oy Oz
_ 9@ycos@) 907 sin2x)
a Ox ay

= —4ysin(2x) + 2y sin(2x) = -2y sin(2x)

S o2
Therefore, the —%p (V . V) portion is:

2 o o2 2 8
3K (V-V) = ~3H(-2y sin(2x))? = —gﬂyz sin?(2x)
Plugging in the numbers for the problem yields:

45
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—§/1y2 sin®(2x) = _8 (107 (5)* (0.909)*) = 0,055 (5.1)
3 3 m3s

Next up we need to calculate u (617) + (ﬁV)T) : VV. This is essentially a

2D scenario, so the velocity gradient is:

w
o ax (_4y sin2x)  y? cos(2x))

<L
<t
1l

ou a - 2cos(2x)  2ysin(2x)
ady dy

The VV + (ﬁ?)l portion turns out to be:

S5 reont  [—4ysin2x)  y?cos(2x)) | (—4ysin(2x) 2 cos(2x)
VW (V) = ( 2cos(2x) 2y sin(2x)) ( Y cos(2x) 2y sin(2x))
B —8ysin(2x) y? cos(2x) + 2 cos(2x)
~ \2cos(2x) + y* cos(2x) 4y sin(2x)

Next we calculate the (6‘7 + (6\7)T) :VV:
(V7 +(¥7) ) : ¥7

[~4ysin(2x)  y? cos(2x)

B —8ysin(2x) y? cos(2x) + 2 cos(2x)
h "\ 2cos(2x)  2ysin(2x)

2 cos(2x) + y? cos(2x) 4y sin(2x)

=64y? sin®(2x) + y* cos?(2x) + 2y* cos?(2x)
+ 4 cos?(2x) + 2y* cos>(2x) + 16y? sin?(2x)
=1322.9 + 108.234 + 8.658 + 0.693 + 8.659 + 330.729 = 1779.87
Multiplying this result by mu gives 1.77987 and adding to Equation

5.1 leads to the value for the viscous dissipation: 1.72 m%s
5.2 Calculate the power (per volume) if the stress tensor is:

L (10x S5y 6x
T=|5 2y 25y
6x 25y 3z
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with a velocity vector is V =1+2j-2kandno body force.

Solution: The power (per volume) without body forces can be written
as:

Wz_ﬁ.(v.f)

The velocity dotted with the stress tensor leads to:

R 10x 5y 6x
V-T=(1 2 -2)|5y 2 25
6x 25y 3z

= (10x+10y - 12x 5y+4y—50y 6x+ 50y — 62)

= (-2x+10y —4ly 6x+ 50y 62)

The power per volume is therefore:

. A N, B . . .
W= i+ jo— + k|- ((=2x+ 10y) 7 + —41y] + (6x + 50y - 62) k)
ox "oy 0z
tt
= —(-2-41-6) = 49752
m

5.3 Does the follow expression satisfy the Laplace equation?

sin(zrx) sinh(7ry)
sinh(zrL)

You may assume Ty, T, and L are constants.

T=Ty+T,

Solution: The Laplace equation is:

o oo T T 8T
VT =V-VT=—+—+-—2=0
ox2  9y? 9z

Taking the derivative of T with respect to x gives:

oT __ cos(rx) sinh(ry)
ax ! sinh(zrL)
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Taking the derivative with respect to x again gives:

0T _ sin(rrx) sinh(mry) ,

ax2 ' sinh(zL)
Taking the derivative of T with respect to y gives (the derivative of
hyperbolic sine is hyperbolic cosine):

6_T _ . sin(zrx) cosh(rry)
dy ! sinh(7rL)

The second derivative is (the derivative of hyperbolic cosine is hyper-
bolic sine):

(92_T _ .. sin(zx) sinh(y)
ayr ' sinh(rL)

which is the negative of the second derivative with respect to x. Thus,
addding them up leads to zero and this solution for temperature is a so-
lution to Laplace’s equation.

Consider a 2D flow whose velocity vector is given by V =-10xi + 10y
m/s and whose temperature is 7 = 50093 sin(2x) cosh(5y) kelvin. The
fluid has a thermal conductivity of 0.6 W , a density of 1000 kg/m?, and
a specific heat of 4180 . What is the value of the heat generation at a
time of 10 seconds and (x, y) coordinates of (1, 1) meters?

Solution: Let’s first check to see if the flow in incompressible or not:

V=

<L

I—+ j— + k—

K0 A0 0
ox ady 0z

) (~10xi +10y]) = =10+ 10 =0

Yes, the flow is incompressible. So, we need to use the 2D incompress-
ible energy equation:

(9T, T aT\_ (&T  &T
per 6t Ox ay] “\oxz  9y?

ou ou Ov v\
here @ = —+ — 2 —
where “( (6) +(ay+ax) ’ (ay)]

With u = —10x and v = 10y, the viscous dissipation becomes:

)+(D+qgen
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ou\ (ou v\ v\’
o=ul2(5) (5 5) *2(5)]

5.2
=y(2(—10)2+(0+0)2+2(10)2) (52)
= 400u
The x— and y—derivatives of T are:
T
g— = 100e~%9% cos(2x) cosh(5y)
X
= 1003 cos(2) cosh(5) (5.3)
= 5467 kelvin/m
and
T
‘;— = 250e"%%% sin(2x) sinh(5y)
y
— 250¢73 sin(2) sinh(5) (5.4)
= 12496 kelvin/m
The second-order derivatives are:
o*T
—— = —200¢%%% sin(2x) cosh(5y)
0x2
= ~200¢"93 sin(2) cosh(5) (5-3)
= -9997.9 kelvin/m?
and
ar
o 1250e~%% sin(2.x) cosh(5y)
= 125073 sin(2) cosh(5) (5.6)
= 62487 kelvin/m?
The time derivative is:
T
(?97 = —0.03 (50) e % sin(2x) cosh(5y)
= —1.5¢7%%sin(2) cosh(5) (.7)

= —75 kelvin/s

Putting it all together yields:
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8T+ 6T+ oT k62T+32T D

Cp\ 5 TUS- TV | =K\ 52 T 52 en
Per\ o Ox Oy ox2  0y? 4
leads to

——(1000)(4180) (=75 + (=10)(5467) + (10)(12496)) = 0.6 (=9997.9 + 62487) + 400 + gen
Ggen = 2.9e¢11 — 400u watts per meter cubed

5.5 Find the steady state temperature in the middle of a 10 cm bar whose
sides in the y— and z—directions can be ignored and the temperature of
the right (at x = 10 cm) is fixed at 0 degrees Celsius and the flux on the
left is 1 W/m?. The thermal conductivity is 0.6 %

Solution: The temperature distribution for this problem can be obtained
by simply solving the following equation:

T
=0
0x?

This is just the equation for diffusion in one dimension at steady state.
Simple enough. The general solution for this problem is just a straight
line:

T=Cix+C,

We now need to apply boundary conditions:

atx=0, ¢’ -7 =1 watt per meter squared
atx=10cm, T =0°C

Applying the first boundary condition (at x = 10 cm, T = 0°C) leads

to:

0=C;0.1+C, (notice we switched to using meters)
-Gy =-0.1C

Applying the next boundary condition (i.e. at x = 0, ¢”-# = 1 watt per meter squared)
yields (with 77 = —1 since it is considered the left face):
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2 ' 6T4+6TA,+BTA A kﬁT

. = — —1 [ — =] = —-k—

q 0x ay / 0z ox

leads to _ kCl -1 Ez
1 1 °C
Cl=——=—-—=-1.6T—
Y m
The temperature in the middle of the bar (i.e. at x = 5 cm or x = 0.05

m) leads to:

1 -1
T =-—(0. -0.1—|=0. °
0.6(005)+( 0 0.6) 0.0833°C
5.6 Does the following function for temperature satisfy the heat equation
when there is no heat generation (e is thermal diffusivity):

272
T=Ty+Tyexp " at sin(g)sin(g)
L? L L
You may assume L, T, and T, are also constant.
Solution: The heat equation is given by (in 2D):

oT &*T . T
Y B
ot ox2  0y?

The time derivative of the given temperature function is:
or T —2na . —27rza't sin (nx) i (ﬂy)
= =T, X - =

ot )P\ L)L

The second derivative of 7' with respect to x is:

T =T, i ex _anat sin(ﬂx)sin(ﬂy)
a2 o\ )P\ Tz L L
The second derivative of 7' with respect to y is:

aZT—T i ex _anat sin(nx)sin(ny)
oy 2 )P\ T L L
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Adding the second derivative with respect to x with the second deriva-
tive with respect to y and multiplying with « gives:

0T N o*T T —n? . —27r20/t s'n(ﬂx)sin(ﬂy)
al—+——=]|=a —|ex in|— —
o2 ' By "\ 2 )P\ T2 L L
Upon inspection, the above equation is equal to the time derivative.
Hence, this equation satisfies the heat equation.

Consider a system of water with a pinch of salt centered in the mid-
dle. If we were to model the “stirring” of the system of water using the
advection equation, what would the result be? What would we need to
do in order to more accurately model the physical reality of the situation?

Solution: If the pinch of salt was very small so that the velocity at the dif-
ferent parts of the salt would be essentially the same, then the salt would
stay relatively the same shape and size and just move with the stirring of
the water. If the pinch of salt was somewhat big to begin with, then the
various areas of the salt pinch might experience differing velocities, and
hence cause the salt to get stretched. Either way, the salt will just move
with the velocity vectors of the flow but will not spread out and diffuse
into the water like you would expect. In order to more accurately model
the situation, a diffusion term would need to be added. In other words,
the convection-diffusion equation should be used.

Consider incompressible flow between two parallel plates. The flow is
driven by the bottom plate moving to the right with a velocity of 100
m/s. The viscosity of the fluid is given by 0.001 Pa - s and the thermal
conductivity is 0.6 % If both the bottom and the top temperatures are
fixed at 0°C, what is the maximum temperature of the flow? You may
assume the flow is in a steady-state and is only in the x—direction. In
addition, you may ignore any pressure gradient as well as any heat gen-
eration. How is the maximum temperature of the flow different than the
plate temperatures? What accounts for the difference?

Solution: This problem starts out like the other cases between two plates.
In particular, the continuity equation simplifies to:

du

T

And the Navier-Stokes equations (in the x—direction) simplifies to:
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d*u _

dy?

The general solution of the velocity profile is:

u=C1y+C2

We now need to apply the following velocity boundary conditions:

aty=0, u=Ug
aty=H, u=0

Applying the first boundary condition leads to:

Ug :C|O+C2
C2 = UB

The next velocity boundary condition is:

0=C1H+ UB
-U
C] = TB

Thus, the velocity profile is:

—Us
=B 4U
HETg YT

Next, we need to find the temperature profile. The temperature pro-
file is obtained from the energy equation. Making the assumption that
the flow is only in the x—direction, steady state, the derivative of tem-
perature with respect to x is zero, there is no heat generation, and an
incompressible flow, we have:

&ET du\’
0=k— +pul—
dy* ”(dy)

Solving for the general solution for temperature, with ‘;—;f = _—gB we

get:

2

U
T:—%(ﬁ) y2+C3y+C4
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We now need to apply the following velocity boundary conditions:

aty=0, T=0
aty=H, T=0

Applying the first boundary condition leads to:

U 2
oz—%(ﬁ) 0%+ C30 + C4

C4 =0

The next temperature boundary condition is:

2
0=—5(@) H* + C3H
K \H
u UB)2
LG =H(Z) H
G k(H

The temperature profile is thus:

U\ Up\?
SO
k\ H k\H
The maximum temperature of the flow is located at the point where
the derivative of the temperature with y is zero, thus:

2
LTI ST

dy k\ H k\H
leads to H
—_— sy = E

Thus, the maximum occurs (as expected) at y = H/2. Plugging in y =
H/2 into the temperature equation leads to:

H UB)2 Koo Hopn
Tmaxz__ = =~ = -
k( 2 ) toUs= 5 Us

Plugging in values gives:
u - 0001 _, o
Thax = —Uz = —=100 = 4.16°C
4k B 4(0.6)

The maximum temperature is greater than the sides of the wall because
viscous dissipation (i.e. frictional heating due to shearing) has increased
the flow temperature.
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5.9 Inyour own words, what is the definition of a boundary layer?

Solution: There is a short discussion on boundary layers in the video
podcasts.
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Problems

A metal block, whose dimensions in the x—, y—, and z—directions are
respectively L x H x W, is in a steady state with each of its sides all held
fixed at various temperatures. If L is much smaller than both H and W,
show, by scaling, that the governing equation for this problem is simply
the conduction term in the x—direction is equal to zero.

Solution: The first step in this problem is to simplify and write down
the governing equation. This problem deals with steady state conduction,
thus the governing equation is:

&*T . T . *T
ax2 0y 92
The second step is to introduce scaled variables into the equation. The
scaling we will use is the following:

T — Tpifs . X -y Z
= X = -, y * =, 7k = —
T, L H w
where the * superscript indicates the non-dimensional version of the vari-
able in question, Tgis, and T are general shift and scale factors, respec-

tively, for the temperature.

9*

We can introduce this scaling into the governing equation to get:

T, 0% T, d*9* T, d*0"

—_——t =t == =
LZ C()X*z H2 ay*Z W2 BZ*Z

Step 3 would just be to divide out by a dimensional coefficient in front

56
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of one of the terms. Typically, the largest term is the one that is advised
to be divided out. In this case, since L is less than both H and W, we can
divide out by % to get:

820 L? 9*er  L* 9o

—t—=—t+—=—=— =
Ox*2 H? ay*z w2 az*z
We now have a non-dimensional equation.
In the fourth step we can simplify this equation by recognizing that
5—22 and v’;/—z, is really small and can thus be ignored, i.e.:

Po
Ox*2

This is the simplified scaled equation, which is just the conduction
term in x equals zero.

Step 1: Simplify the problem and equations (and boundary/initial con-
ditions) as much as possible.

Step 2: Introduce scaled (i.e. non-dimensional) variables and plug
them into the simplified equations and conditions.

Step 3: Divide the whole equation by a dimensional “coefficient.” This
dimensional coeflicient is usually determined to be a coefficient in front
of one of the terms in the equation. If there are multiple terms in the
equation and each one has a coeflicient in front, it is usually advised to
divide by the biggest coefficient.

Step 4: Make any additional simplifications with the new scaled vari-
ables if necessary.

Step 5: Set any characteristic scale factors not previously defined such
that the coefficient terms are of order one (this is the hardest part and will
be explained as we go). Note, this may not show up in all problems.

Step 6: Solve the resulting equation if applicable.

Scale the one dimensional heat equation with the heat generation term
included. Write the non-dimensional heat equation in terms of Fourier
number (Fo), a non-dimensional time parameter defined as:

at
Fo = E

where « is the thermal diffusivity and L is the length scale.

Solution: The one-dimensional heat equation is (first step):
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OT T dgen
— =a—+
ot x> pc,

Introducing scaled variables (second step):

_ T - Tshift X _t Z

*

T, YT 7 W

*

where T'qq. and 7.4 and the temperature and time characteristic scales,
respectively. Their values (or expression) has not yet been defined and
may change depending on the specifics of the problem. In addition, we
are not going to scale the density, specific heat, and heat generation term
as we will just assume those to be a constant. With the scaled variables,
the heat equation becomes:

T, 00* T 0%0"  qgen
—_—— = a— + —
ty Ot L?0x2  pcy

We now need to divide out by a dimensional coefficient (third step).
The term we need to divide out by is not as obvious because 7 and
t; have still not been defined. At this point, we will just pick a term to
divide out by and so we will just divide out by the ?

0" ts 629* 1y Qgen

— =a—= +
o ~ Y12 ox2 T, pcp

We have a scaled equation. Now the question is can we make any simpli-
fications (step 4) and/or define any characteristics scale not previously
defined (step 5)? The answer is yes. For one thing, we have not defined
a characteristic time scale. To do so, we will set the coefficient in front
of the diffusion term to be one, thus:

ts gives us
d—=1—>1t=—
12

We now have a scale factor for time.
Introducing this scale factor for time into our scaled equation we get:

06* ~ 629* . LZ (:Igen
o oxr  aT; pe,

We can simplify further by setting the last term to one such that:
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L_zw - gives us 7= qugen
=

aT, pcy apc,

Introducing the temperature scale into the scaled equation gives us:

" 0%
o ox?

We have one more thing to do. We still need to put this equation in
terms of an often used non-dimensional parameter, the Fourier number.
If we plug the time scale, ¢, expresssion that we obtained earlier into the
scaling the time, notice that we get:

.ttt at

' =—=—=

t, L2 L2
a

Comparing non-dimensional time, ¢, to the Fourier number, we notice
that they are the same thing. In fact, the Fourier number is nothing but
a non-dimensional time parameter for conduction problems. So, we can
replace the non-dimensional time with Fourier number (Fo) in our final
expression to get:

a9 0% .
dFo  dx*?
Note, depending on the problem, it may have been more fruitful to use

different scale factors for either temperature or time. However, with such
little information, the scaling done here was the easiest.

Consider a conduction problem similar to the one given in Figure 5.5, ex-
cept the boundary condition of the right side (at x = L) is no longer held
at a fixed temperature and is instead in contact with a fluid at temperature
T. The boundary condition on the right side is given by a convection
boundary condition, i.e.:

3’ i =h(T-Ts)

where A is a parameter known as the heat transfer coefficient. Obtain an
expression for the non-dimensional steady state temperature in terms of
a non-dimensional parameter known as the Biot number (Bi), given by:

i — hL
Bi = T



60

Chapter 6 Solutions

Solution: The first thing to do is to write down the simplified governing
equation and boundary conditions:

da*T
— =0

— = 6.1)

Notice the boundary condition on the right side (i.e. at x = L) contains
a heat flux. The heat flux vector dotted with the normal on the right side
(i.e. = 1 becomes:

N 6T+6T+6T A k@T
N =-k|l— — — 1= -k—
ox dy 0z Ox
Thus, the boundary conditions become (the partial is replaced by an
ordinary derivative):

atx=0, T = Tleft

T 6.2)
atx =1, —kd— =h(T-Tw)
dx

We now want to introduced scaled variables for temperature and x
(step 2):

Notice that we are shifting by T, instead of T}, y,. We could have shifted
by Ti.s:, however, as you will see, shifting by T, will make the right
boundary condition a little easier to handle. Shifting by T}, would make
the left boundary condition a little easier. So, you will need to make a
decision. In addition, the characteristic scale factor for temperature, 7',
will be determined later.

Introducing the scaling into the governing equation yields:

T, d*o*

12dx?

Introducing the scaling into boundary conditions yields:
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at Lx" = 0, TAG* + Ty = Tleft
S~— ——— '

T

T, do*
at Lx* =L, —k—

=h|T0" + Too —Te
— L dx* ———
X ~— =T
—kdr

dx

The governing equation and boundary conditions still are not non-
dimensional. To do that we need to divide out by a dimensional coeffi-

cient (step 3). For the governing equation, this is easy, we just divide out
by % to get:

d*e
dx*Z

Likewise, the boundary conditions are also not yet non-dimensional.
We can first consider the boundary condition at x = 0 (or Lx* = 0):

at Lx* =0, T0" + Too = Tiess
~———

———

dg;’/i‘}f subtract by T and divide by T

Tieri — Teo

—-x"=0, 6= Jlept ” T
T

———

=1

If we set the boundary condition on the right to 1, we get an expression
now for the characteristic scale scale, namely:

T, = Tlefz —Tw

Scaling the next boundary condition looks like this :

T, do*
at Lx* =L, —k— =h(T0" +Te — Tw)
N—— L dx*
divide
by L divide out by —kZ* and subtract out the T, on the right
. d6° WL
—x =1, =— — 6
dx* k
——
=Bi

Thus the scaled boundary conditions are:
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atx" =0, =1
daor
dx*
Notice that we introduced a new parameter, the Biot number (Bi).
Solving our scaled governing equation (step 6) leads to the general
solution of:

atx" =1, = —Bif"

6" = Clx* +C,

Applying our first scaled boundary condition (i.e. at x = 0, 6* = 1)
to our scaled general solution leads to:

1=C0+C,
.'.C2=]

Applying the next boundary condition gives us:

a4 Big*
= —Bi
dx* x*=1 x*=1
—C| = —Bi(Cll + 1 ]
——
=C,
—-Bi
C =
'T 1+ Bi

So our final expression for the non-dimensional temperature is:

_ -Bi

T 1+Bi

6.4  The book provided the boundary layer equations in scaled form. Rescale
the boundary layer equations in dimensional form.

o] *

+1

Solution: The scaled boundary layer equations are:
Continuity for an incompressible flow past a flat plate:
ou* N o
ox* Ay
x—momentum for a steady incompressible flow past a flat plate
(with a constant free stream velocity):
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o' O*u

%
*614 s«

Yo TV dy* Oy

y—momentum for a steady incompressible flow past a flat plate:

%

dp
ay*

To rescale, all that we have to do is reintroduce the expressions for the
scaled variables into the equations:

* u * v * p x* X * y
u =—-—, Vo= —, = —, = —, = =
Us v, P T, x 7T
where:
o0Us uX
Vi= —=, po=pUs 6= |7+
X Ps=p U

ou 8v_

—)a—x-l-a—y—o

The Navier-Stokes in x—becomes:
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{0 JR G B v

M
Uso o(X
oz

N—
%‘%
8
Q
—
=
SN—

divide out by Ulz‘ ou
—_— Y u—

+Vc')u 3 Uw6? 0%u
dx dy X 9y

uX
introduce 8 Ou ou Us (ono ) a2u
——ﬁ = —-———— —

withv=u/p  Ou + ou (921/!
—_— U V— = y—ro
ox Oy 0y?

The momentum equation in y— is simply:

=0
o(3)
0
e a—p :O
dy

6.5 Scale Cauchy’s momentum equation.

Solution: The Cauchy momentum equation (i.e. Cauchy’s first law) is:

N

6‘7 - 25 =3
p(—+V-VV)=V- +p3

ot
Introduce the following scaled variables (we will assume density is a
constant):

- l»ﬁ_’% g
v oa_T g
T

4
V* = —, t* = —, V* = S
Us L

~

©
—_

—
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where U, is a velocity scale (we will just assume is known), go is a
gravity scale, 7, is a time scale to be determined, and o is a stress scale
to be determined. Plugging this scaling into Cauchy’s equation leads to:

Uoo 6‘7* U2 > o 0’5 — Z’,
+ —=V*".V'V'|= =V -T" +pgog”
P( . or L J I PEOE
We can pull out the = term from the parentheses on the left-hand side
to get:

O-.S‘ o 3* %
LT
I PEOE

U2 (U V" o oo
= + VO .VV =
L (ISL or ]

We can divide out by p = to get:

UV L g e = T o g4 S0l
t,L Ot pUoco? U?

We can now set the first term on the left to be one (making ¢, = ULM)
and the first term on the right to be one (making oy = pU?2). In addition,
the gravity term coefficient (g”2 ) is just the inverse of the Froude number
squared. Thus, the scaled Cauchy equation is:

A T S = -
e +V.VV=Vv".T +ﬁg

Note that there are other ways of generally scaling Cauchy’s equation
and the exact scaling will depend on the problem at hand. For instance,
some may scale the stress tensor with a general known pressure scale, p,
and also include a scaling for density of p* = pﬁo, where py is a known
density scale, leading to a Cauchy first law equation of:

ovr L L . 1o 2 1 g
+V*V*V:ﬂ_v* *+_g_
ar poU% p* Fr? p*

The

5 0” 132 is often given the name, Euler number, Eu, thus:

av*
+V
or*

5T+

)

"O |O°i

1
Fr?

.O*
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Consider Couette flow between two plates a distance of 2 millimeters
apart whose top plate moves with a velocity of 1 m/s and the bottom
plate is held fixed. The temperature of both plates are held fixed at zero
degrees Celsius. The thermal conductivity is 0.6 % and the dynamic
viscosity is 107 Pa-s. Find a value for the non-dimensional temperature
in the middle in the flow. Unscale the result and obtain a value for the
temperature in the middle of the flow in Celsius.

Solution: The first step is to write down the x—momentum and energy
equations for this problem, which was obtained in Chapter 5:

d2

d_yI: =0 (x—momentum)
dZ—T - K a’_u ’ (energy)

a2 - k\dy &y

There is no y-momentum equation for this problem because we are
going to assume only a one-dimensional flow.
The boundary conditions are:

aty=0, u=0 and T =Tg (0°C)
aty=H 2mm), u=Ur (1m/s) and T =T7r (0°C)

For the next step, we can introduce non-dimensional variables:

y u . T'-Tg
Y= u
H

=—, 0=
UT Ts

Notice that we are not defined the temperature scale as 77 — Tp. The
reason for not doing so is that, for this particular problem, it would result
in dividing by zero. Plugging these scaled variables into our simplified
governing equations give:

UT 6214*
H? 9y
T, %0 pU7 (ou
H? 9y~ _W(ay*

=0 (x—momentum)

2
) (energy)

When we plug the scaled variables into the boundary conditions we
get:
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at Hy* =0, Uru* =0 and T0" +Tp =Ty
at Hy* = H, UTM* = UT and TYQ* + TB = TT

Our third step is to properly scale the equations by dividing out by a
coeflicient in front of one of the terms. In the case of the x—momentum
equation, the only coefficient is the % In the case of the temperature
equation, there are two terms. The term on the left (the diffusion term)

has a coefficient of }TT; in front of it and the term on the right (the viscous

S . Uz S g
dissipation term) has the coefficient ‘;75 We will divide out by % Thus,
dividing out the x—momentum equation by % and the energy by %

yields the following result for the scaled governing equations:

d’u*

— =0 (scaled x—momentum)
dy*

o pU (dw\:

7 = —'IZ TST (dz*) (scaled energy)

The boundary conditions from Equation also need to be scaled by di-
viding out by a coefficient. Since the temperatures at both the top and the
bottom are zero, the scaled temperature at the top and bottom will also
be zero. The scaled velocity at the top will be 1 and the scaled velocity
at the bottom will be zero. Thus:

aty"=0, u"=0 and 6°=0
aty"=1, =1 and 6°=0
Note now that we can find an expression for T (step 5) by setting the

coefficient in front of the viscous dissipation term on the right hand side
of the energy equation to be zero, i.e.:

uU3 _ | Jmolies I - uU7

kT, k
Thus, our new energy equation is:
e (du\

dy*2 dy*

So, the final scaled equations and boundary conditions we are to solve
are:
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ou*
W =0 (scaled x—momentum)
0% our\’
07 (au* ) (scaled energy)
y y

With boundary conditions:
aty"=0: =0 and 6" =0
aty*=1: u"=1 and 6°=0

We can now solve this problem (step 6). The x—momentum has a
general solution that is linear. That is:

ut = Cly* +C,
where C; and C, are the unknowns. Applying the boundary conditions

for u* leads to:

aty" =0, =0 - 0=C0+C,

.'.C2=0
aty"' =1, =1 - 1=C(1+0
.'.C1=1

So the final x—velocity profile is just a line given by:

u =y

Next up is the energy equation. The energy equation requires the deriva-
tive of the x—velocity with respect to y, which is nothing but 1. Thus, the
general solution to the energy equation is:

d29* du* 2 solve " 1 " s

=1
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Applying the boundary conditions for the energy equation leads to:

1
aty* =0, =0 — 0= —502+c30+c4
C4 =0
1
aty'=1, =0 — 0= —512+C31
1
S Cy = E
So, our final energy equation is (with constants C3 and Cy included):
1 1

9*:__ *2+_ %
2 T

The non-dimensional temperature in the middle of the flow is obtained
by setting y* = 1/2 to get:

PR r AR R
midpoint — 212 22 - 8
The unscaled temperature in the middle of the flow is obtained simply
by multiplying by the temperature scale, i.e.:

1uU7 11073 (1)

Tmidpoint = gfnidpoianS = g & = 3 0.6 = OOOOZOC

6.7 Consider flow past a flat plate. At what point downstream from the lead-
ing edge does the boundary layer double in size compared to the size of
the boundary layer at x = 1 meter? You may assume the Reynolds num-
ber never reaches 10°, which is the transition to turbulence.

Solution: The boundary layer thickness is given by:

X
OpL =95
BL Re.
Which just equals:
X vX
dpL =5 =5,/—
- UoX Us

Thus the expression for the boundary layer thickness when x = X = 1 m
is given by:
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v
(SBLZS U—w

The distance downstream when the boundary layer thickness is twice
as thick can be obtained by:

Solving for X yields:

X = 4 meters



