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Problem 1.1: Solution

Write the mass, momentum and energy conservation equations for an incompressible, constant
property and Newtonian fluid, for the following systems:

a) Downward flow in a vertical pipe mass (continuity)
letV = (u,v,w)

5 u: r-component
v: B-component

N | or w: z-component

3/ T3 (oru) + 22 K(pv) + 5 (pw) = 0
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Momentum (Navier-Stokes):
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One may use physical argument and conclude that for axi-symmetric flow v=0 everywhere.
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b)

energy:
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Downward flow in the above vertical pipe, where the hydrodynamic entrance effects have all

disappeared (assume fully developed flow = 3—: =0)

Mass:
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Note that one may argue that for axi—symmetrlc flow v=0.

Momentum:
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(All the terms in this equation will vanish, leading to % = 0, which implies that P does not

depend on 6.)
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The only terms that are finite in this equation are:
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After neglecting terms that are zero, we get:
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c) Repeat part b assuming axi-symmetric flow and assuming the hydrodynamic and thermal
entrance effects have all disappeared.

Mass:
1 6( ) =0
——@u)=0->u=
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Momentum:
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Note that in these equations u = 0, v = 0 everywhere. Terms involving u and v all disappear.
Energy:
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Notes:
1. In axi-symmetric flow all 8-dependent terms must be dropped.

2. Inthe last equation the term g—z must follow the forthcoming Eq. (4.2.22) for thermally

developed assumption to hold. Also, fully-developed and thermally-developed flows imply
steady-state, therefore time-dependent terms should also disappear. However, in practice
slow transients (quasi-steady state) flows can behave approximately like fully-developed
and thermally-developed flows.
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Problem 1.3 2nd Ed.. Consider the flow passage shown in the figure. The flow passage has a semi-
circular cross-section, and its axis makes an angle of inclination equal to y with respect to the horizontal
plane. The curved surface of the flow passage is at a constant temperature T, and the flat part of the
flow passage surface is adiabatic. An incompressible, constant-property fluid flows through the flow
passage. Using polar cylindrical coordinates, write the complete momentum and energy conservation
equations, along with boundary conditions representing the surface of the flow channel.

Hint: Start from the equations in Appendices B and C.

Adiabatic

Solution:

Equations of Motion for i = constant
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Boundary Conditions:

u,=0;u,=0;u, =0 atr=R,
u,=0;u,=0;u,=0ar =0
u, =0u,=0,u,=0atd=r

Equations of Motion for constant properties
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Boundary Conditions:

Boundary Conditions:

T=T, atr=R,
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Problem 1.4 2nd Ed.. Consider the flow of an incompressible and constant-property fluid
parallel to an infinitely large flat surface. The flow field is two-dimensional. At wall suction of
fluid takes place at a uniform rate such that the fluid has a velocity equal to vs at y=0 . The
surface temperature is uniform at T,. Far from the surface the fluid has a velocity of U, and a
temperature of T..

1. Prove that for all parameters to be independent of x we must have v=constant=v;
everywhere.

2. Simplify and solve the momentum equation in x direction, and derive an expression for
the velocity profile u(y).

3. Assuming that viscous dissipation is negligible, simplify and solve the energy equation
and derive an expression for the temperature profile.

4. Assume that the fluid is atmospheric air, and
v, =0.005m/s;T, =300K;7T, =320 K

Find the distance from the wall where u/U_ =0.99 and (T—TS )/(TOO —TS) =0.99
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Problem 1.7

The Navier-Stokes equation for an inviscid flow is:

—

DU ~
IOE:—VP'F F;;ody (1)

The left side of this equation can be recast as:

DU oU 1 . .

“— =p|—+V|=U* |-Ux(VxU 2
P Dt p{ ot (2 j ( )} 2)
Therefore:

pB—lZ+VGU2H=pﬁ><(V><(7)—VP+pg (3)

For irrotational flow, VxU =0. Furthermore, for irrotational flow a velocity potential ¢ can be
defined so that,
U=V¢ (4)

Combining Egs. (3) and (4), and integrating between two arbitrary points i and j, gives:

o 1,7
p[a—‘f+§U2] =P-P-pg(z,-z) )
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Problem 1.9: Solution

a) lg Ty Us

> —>

Assume incompressible, constant-property fluid, and assume the plate is infinitely large.

The x-momentum equation will them be, assuming laminar flow and negligible viscous
dissipation:

ou ou ou dp 0%u
§+ua+v5——a+vﬁ (1)

By virtue of being infinitely large, no x-dependent terms will occur. Also, v = 0, because finite
v will not be consistent with the infinitely large plate assumption. We end up with:

ou 0%u

%= Vo @)
u=Uyaty=0
u—>0asy— o

The solution to this p.d.e. is

Y —erf(n)
NS erf(n

U (3)
Where the error function is defined as:
2 _
erf(z) = ;foze 2% 4z (4)
du dudn

Ts = H@b:o = .ud_nalyzo

- _ 2 ,-n? T o/
- :uUO \/Ee |7]=0 2Vt - MW (5)

The physical problem can thus be simplified as a fluid layer with thickness of v/mvt, with linear
velocity profile.



b)

Teo
q’s
M

T y

For heat diffusion in a stagnant fluid, we have

oT 2T
%oy
Define 8 =T — T, then
00 _ 0%
ot dy?
At y=0,0=T;

aty - 0,0 -0

The solution will be

T-Toy _
Te—Teo

The wall heat flux will be found by writing,

(6)

(7)

- T,

1—erf(n’),n === (8)

2Vat

oo 4 dody
qs= dy |y=0 - dT)’ dy |7]’=0
2 12 1 Ts—T.
_ _ /| ' L s 1o
- +k(TS Too)\/ﬁe |1] =0 2Jat Jrat (9)

It is as if at any time t we deal with quasi-steady conduction through a slab with a thickness of

Vmat.

In this case, assuming that viscous dissipation is negligible, the governing equation and solutions

will be exactly as before.
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Problem 1.12

The thermal energy equation is:

Dh DP
—=V (kVT)+—+ ud 1
’ODt ( ) Dt H )

Also, from thermodynamics, for a pure substance

h=h(T,P)

IR E

Therefore

dhz(a—hJ dn(a_”j dP=CdT + V_T(ﬂj ip
T ), P ), o ),

Equation (1) can then be cast as

DT T(dp\ DP
=2 L =4V (kVT)+ ud
" Dt p(aTl Dr (kKVT)+ 4
pv=1
ol L
@) _|\») :_1(8_pj
aT ), oT p>\oT ),

P
dlnp _dlnpadp T :Z(a_pj
olnT  dp IT dInT p\dT

Because pv =1, then we get

DT dv ) DP
c, 2= or| 2| EL v (kvT) 4+ ud 2
pC, p(aTlDt (kVT)+ud (2)

Also, since



of L
(&j _ (_;J :_L(a_pj
aT ), oT p>\aT ),

P

Equation (2) can then be case as,

DT T(dp\ DP
C,—=—|—=| —+V-(kVT)+ud 3
" Dt p(E)TjP Dt (KVT)+u® ()

Furthermore,

dlnp _dlnpdp dT _z(a_pj @
olnT  dp OT dInT p\dT

Comparing Eq. (4) with the first term on the right hand side of Eq. (3), the problem has been solved.



Problem 1.13: Solution

oy _ d . . q ' A
a) VeyOgen = gfffvcv psAV + Ygxit MiSi — Xinlet MSj — Vevy o~ XN, T

N4= Number of boundary areas through which heat transfer takes place

b) Use the divergence theorem to write, for a control volume,

'UACVps(l_]) . ﬁ)dA = 'UJVCVV- (pﬁs)dV

>0, IV =1/
ff 1 dA:M V-(q—>dV
Acy r Vev r

Substituting in the differential equation, and taking the limit of V., = 0, one gets

I a - q)” q
Ogen = a(ps) +V- (PUS) +V- <T> _T
This equation can be rewritten as:
117 ap — os g’ g
Tgen =S[E”'(P”)]+P[E+”'VS]+V'<?>‘7

The first term on the right side vanishes because of the mass conservation principle. We then
get:

Ds "\ q
s — a7 e[ =)= 2
Ten =P T ( T ) T
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"Problem 1.16"

P=1.e5

T=300

M_L=18

M_CO2=44

m_CO2_L=25e-6

M_air=29

"Get mole fraction of CO2 in water"

X_C02_L=(m_C0O2_L/M_CO2)*M_L

"Air and water are at equilibrium. Therefore Henry's laww will determine the CO2 concentration in air.”
"From Appendix I:"

C_He=1710e5

"Now:"

X_CO2_L*C_He=X_C02_G*P
m_C02_G=(X_C02_G*M_C02)/((X_C0O2_G*M_C02)+(1-X_CO2_G)*M_air)

Problem 1.16

P = 100000
T = 300
M, = 18
Mcoz = 44

Moozt = 0.000025
Mair = 29

Get mole fraction of CO2 in water

Mcoz,L
Xcogt = ——— - M,
Mcoz

Air and water are at equilibrium. Therefore Henry's laww will determine the CO2 concentration in air.

From Appendix I:

Che = 1.71x10%

Now:
Xcozl * Che = Xcoza * P
Moons Xcoza * Mcoz
’ Xcoza * Mcoz + [1 — Xcoza ] ° Mar
SOLUTION
Unit Settings: SI K Pa J mass deg
CHe = 1.710E+08 Mair = 29 Mcoz = 44
mcozG = 0.0263 mcoz.L = 0.000025 ML =18

P =100000 T =300 Xcozc =0.01749
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XcozL = 0.00001023

No unit problems were detected.
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"Problem 1.20"

P=1.e5

T=320

M L=18

M_CI=35.46

m_CIl_L=50e-6

grad_m=100 "[1/m]"

"From Appendix J, at 298 K"

D_Cl_298=1.25e-9

mu_298=viscosity(water, P=P, T=298)

"To estimate D_CI at 320 and 400 K temperatures, we cna use teh correlation of Wilke and Chang (1955), Eq. (1.5.24),
whereby

D_12 is proportional to mT/mu:"

mu_320=viscosity(water, P=P, T=320)

"For a temperature of 400 K, atmospheric pressure would result in boiling. Therefore, the pressure must be larger. The
effect of pressure on liquid water properties will be

small, however. Let us assume a pressure significantly larger than the saturation pressure of water at 400 K. Assume a
pressure of 3 bars."

P_400=3e5

mu_400=viscosity(water, P=P_400, T=400)

D_CI_320/D_CI_298=(320/mu_320)/(298/mu_298)

D_CI_400/D_CI_298=(400/mu_400)/(298/mu_298)

"Now calculate the diffusive mass fluxes."

m_DD_320=D_CI_320*grad_m "[kg/m_2. s]"

m_DD_400=D_CI_400*grad_m "[kg/m_2. s]"

SOLUTION

Unit Settings: SI K Pa J mass deg

Dci298 = 1.250E-09 Dci320 = 2.078E-09
Dcl400 = 6.856E-09 gradm =100

n298 = 0.0008936 u320 = 0.0005773
n4o0 = 0.0002187 Mci = 35.46

mciL = 0.00005 mpbp,320 = 2.078E-07
mpbD,400 = 6.856E-07 ML =18

P =100000 P4oo = 300000

T =320

3 potential unit problems were detected.
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