Physical Transport Phenomena 2
Reexamination
02-07-2013

Please use the provided paper sheets to write down the solutions of the problems. Write your
name and student ID number on o first page and enumerate all subsequent pages. Do not
forget to hand in your paperwork after the examination.

Problem 1

Velocity field is given by
= (%)
y(t—1)

a. Is the flow compressible or incompressible?
b. Find the streamline that pass point (1, 1) at time ¢.
c. Find the trajectory that pass point (1, 1) at ¢ = 1.

Problem 2

Water enters a pipe system shown in Figure through the section 1 and leaves through the
sections 2, 3 and 4. The pressures at the sections 1 and 4 are 1Bar and 2 Bar, respectively.
The diameter of the pipes is 20 cm. The velocity at the section 1 is 20m/s. The pressures in
the sections 2 and 3 are the same. Water can be considered incompressible with the density
p=1x10%kg/m®. Viscous dissipation and gravitational forces are negligible. The velocity
profiles in all cross-sections can be considered uniform.
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a. Find the velocity in the section 4.
b. Find the pressure in the section 2.

c. Find the forces acting by fluid on the pipe system in the z and y directions.

Problem 3

The mass flux J[kg/s] of metal molecules from a buffer gas on a spherical particle depends
upon its radius Ry, the diffusion coeflicient D and the difference Apy between densities of
the metal molecules on the particle and in the buffer gas.

a. How many nondimensional groups in this problem?

b. Using the dimensional analysis find a functional dependence of the mass flux upon
other parameters.

¢. Assuming that the densities of the metal molecules at the surface of the particle and
in the buffer gas are p* and po, respectively, find the density of metal molecules in the
buffer gas as a function of the distance R from the particle center.

- Problem 4

The fluid with density p, viscosity x4, heat conductivity A and heat capacity C,, flows around a
body. In the boundary layer, the fluid velocity and temperature profiles can be approximated

by 3
uly) = Un (1 _ @%ﬁ)
T(y) =To + (T — To) (1 - (yf‘%)a)

where y is the axis orthogonal to the surface of the body and the rest of the coefficients are
constants.

a. Obtain an expression for the friction coefficient C; as a function of the mentioned
above constants and the fluid properties.

b. Obtain an expression for the heat transport coefficient k as a function of the mentioned
above constants, and the fluid properties.

c. Using the integral measure, find the thickness of the velocity boundary layer.




v= ’D’(fa t) (2 2)
. di"(s,tfo)
i d‘l)(t,fo) (23)
T dt
Dc  Oc dc dc dc
E—a-ku%%—va—y—l-w& (24)
Dec 8¢ ,, o '
i o T (- V)e (2.5)
Dec  dc Oc
Dt~ 8t ' o (2:6)
do_dy _de (2.7)
U v w
dz  dy dz
a ta Y (2:8)
Qz/ﬁ-ﬁ’dS (2.9)
g
™= /pﬁ'ﬁdS (2.10)
g
_Q
= = A1
V=3 (2.11)
F = /pgm')'-'r'idS (2.12)
s




—

fm

=—(50+§xf*+(zx (ﬁxy")+2§’2x6’)

fv = pg
fV:peE+jX§

Fe= [ fsdS
S

T11 T2 713
= |T21 Taz Tas
731 T32 T33

Pgag = Pabs — Patm

pfm—Vp=0

pfm—p2—Vp=0
where @ = @y + 3 x 7+ € x (¢ x 7)

(3.1)

(3.2)

(3.8)

(3.9)
(3.10)

(3.11)

(3.12)

(4.1)

(42)




—p1=—pg(z — z1) (4.3)

p(h) = Patm + pgh (4.4)
pp = pre” Fr(a—=) (4.5)
Fe / (—pi)dS
s (4.6)
My = /Fx (—pit) dS
S
[f;p X F’] = M, (4.7)
Jy=—pgV (4.8)
5
i/ sZpav= [ 2 dV+/ $(R, 0@ 7dS  (5.1)
dt Sy V() ot
— _X —
4 (X, 1) dV = (%, 4) dv + d(X, )7 -7dS  (5.2)
dt Jv, v O 55)
A s@pave [ 2D [ kot (53)
dt v, v OF 5e(t)
d — d = = I T
< R, )dv == [ X av+ [ X, @ —F)RdS (5.4)
dt Jv, dt Sy 5u(t)
6
4 pdV =0 (6.1)
dt Vi (@) .
i/ pdV—l—/ p(@—0%) . 7dS =0 (6.2)
dt Jy, Se(t)
((iitM(V) My — Moy (6.3)
4 podV = #dS + / pfmdV (6.4)
dt Jv, S7(2) V()

3




d }
—/ p’D’dV-{—/ o0 [0 - ) - 7] dS———/ %ﬁ,dSJr/ PV
dt Jy,@ X0 S (t) Ve(t)

(6.5)
dP(V,) 1 2, "
dt = Rn — Lout + ZFea:t (66)
#=—pl+# (6.7)
4 7 x podV = 7 X f;ds+/ X pfmdV  (6.8)
dt Jv, () S5(t) Vi (t)

d . L
< / 7x 7 dV + / 7 o [(«7—?) ﬁ] ds = / 7x fs dS+ / X pfon AV
dt Sy Se(t) Se(t) AU

(6.9)
d = 2, 2 o - ‘
aH(‘/C) = H’m - Hout + Z Me:z:t (610)
d —
— / 0 (e ) / (—pit + #'7) - ¥dS
de Vi (t) Ss(t) (6.11)

—

+ | of wdv-— J~ﬁdS+/ gy dV
Vi) $5) Vi)

— e+ —v°) dV + e+ —v 7—v°) 71| dS
dt Jy” < 2 st 2 [( ) ]

= (—pit + 7'7) - 'D'dS—I—/ pf AV —
Vel(t)

Se(t) Se(t)

d
dt

d/ ( 1 2 > / ( 1 2 ) — _2 —
— e+—=v'+4+U)dV + e+ =v4+U g—9°%) 11| dS
de V.:(t)p 2 Sc(t)p 2 [( ) ]

d

=/ (—pRi + #'7) - 7dS — q-7 S+/ gy dV
Se(t) Set) o(t)

E(V) Em - Eout + Wewt + Qm (613)

(6.14)
d/ 1 2 / 1 2 — —2 —
—_— —~p*dV + —p* | (¥ —v°%) - 7t| dS
&t Sy "2 s 2 @9
:/ (—pfi + 7'7) - ﬁdS—l—/ pfm-UdV+/ pV - 7dV — ¢, dV
Se(t) 2(2) Ve(t) V()
(6.15)




out

L (@7 v 0) e [ o (3004 0) [0- ) 7
— -+ U ) dV + -+ U g—v°) 77| dS

%Em(v;) = Bl — E™C L Wy + Wogp — D, (6.16)

(6.17)
=/ (—pﬁ—}—'f"ﬁ)-ﬁ'ds—!—/ pﬁ-'ﬁ’dV— ¢, dV
So(t) Ve(?) Ve(t)
Lei?iu—c, (6.18)
2 P
d
o pedV+/ pe [ - ) 7] as
Ve(t) Se(t) (6.19)
=—/ p‘~7'-17d5'+ ¢y dV — (j’-ﬁdS—I—/ gy dV
So(t) Ve(t) Se(t) Valt)
d . . . .
"(ﬂEmt(‘/c) = Ezzt - E;Zg - Wemp + Dy + Qi’n (620)
Znup Ya=1
p= Z" (6.21)
pa=pYa
an Xa=1
= N e 6.22
Cc = ZA:I CA ( )
CpA = CXA
PA = MACA (6.23)
p= Znesp pA= Znew Mycy = czn”p MaX4s=cM (6.24)
pA caMy XaMy  XaMy
Y. =52 = - 6.25
A p esp CBMB Z esp XBMB M ( )
MY, Ya/Ma
X4= 6.26
A MA Z’ﬂesp Y /MB ( )
q A”’i PATA nesp 1,
7= SASLPANA Ny i (6.27)
v = ZA cala _ =3 Xaila (6.28)

5




d
4 / padV = / G dV (6.29)
dt Jv, . Vealt)

d .
—/ ,OAdV+/ PA[(U_—Z)"’L] ds
dt Sy, Se(t)

(6.30)
Se(t) Vealt)
d : . -
0 pm 16 (6.31)
Ja = pa(Ba — ) (6.32)
Vi= (i —7) =24 (6.33)
pa
i/ cAdV+/ CA[(U—;)%)-'FL’] ds
dt Jy.e Se(t) (6.34)
_ _/ e (34— 9) - dS+/ oy dv
Se(t) Vea(t)
i/ cAdV+/ ca [(ﬁ—?)-ﬁ] ds
At Jv.(o 2(0) (6.35)
:_/ s [(ﬁA—W).ﬁ] dS+/ oy dv
Se(t) Vea(t)
d dV+/ (7= o) - 9]dS = 0 (6.36)
dt Jv, EXO)
du
Téy = Md—y (7'1)
ov;  0Ov; Oy,
ro_ ? ~ 3 —_F5..
Tij =H (am] + 611)1) + Ac’)xk(s“ (72)
1
y==" 7.3
p (7.3)
du|™ " du
I _ —_— —
=w|pl & (7.4)




T > 18,
T < 7,

§=—kVT
ja=—pDasVYa

pDap =
AR Gy
A M VY4

CDABﬁXA

Sy

L

I

m_
My
=m

j,A = "‘CDAB&XA

D= éNmpva)\

k
P

)

::D
MC pPLAA

Opvi)  0pviv;) _ _ Op

bt
9(p?)

ascj 8&:1 ij

ot
d(pvi)

opvwvy) _

ot

6£Ej

+V - (p90) = —Vp+V -7 + pfm

Op 0%,
90 + H g2 + pfm,

(7.5)

(7.6)

(7.7)
(7.8)

(7.9)

(7.10)

(7.11)

(7.12)

(7.13)

(8.1)
(8.2)

(8.3)
(8.4)

(8.5)




a 1 = 1 = ~ =

8 1, o 1, 0 d :
g (391 0) g, (o (4374 0) ) = 8 G~ v

(8.9)
(8.10)

91 ,\ 8 /1 ,\ 8 ou;
a (§pvz) -+ 6_517‘7_ (—2-,0Uj’l)i> Y (TZJ'UJL) +pa ¢'u + 'Uzpfmz (811)

%(%mﬁ) e <1pv2ﬁ) =V -G +pV Ty +pf T (812)

2
0 - S S = L
7(Pe) +V - (pel) = —pV - T+ ¢, =V -7+ ¢ (8.13)
0 0 ov; 0q; .
5P + g (oev) = —pg gy = 5+ (8.14)
oT BT 81) 0T
pcva—l-pcvvja —P5 = —I—gbv—l—ka ® + ¢y (8.15)
oT oT orr
ey + pcv'uja = ¢y + kB 2 + ¢y (8.16)
oT BT o2 T
Plrar + Pcp"’ja = ¢y + ka 2 + du (8.17)
0 . (9 S
a(ﬂh)JrV (phv) = —+v Vp+ ¢y —V -7+, (8.18)
7] 8 Op 0g;
ot (ph) + (thy) Bt +v Ja + ¢y — 6—% + 4y (8.19)
b ] O (kTN G ¢ T \?*
5%+ ach(pS”J) o5 ("T‘%) “TTT T (a_) (8.20)
a — -
EZ(pYA) +V. (pYA'l)) ==V js+ws (8.21)
0 0 o ,. .
5;(PYa) + EE(PYA’W) =~ (as) +a (8.22)
0 0 0 ,. .
52 Pa) + 5 (pavi) = =5~ (ja;) + ba (8.23)

8




BYA BYA 82YA d)A

; =D —

ot "Yom  Come T s
BCA 3CA ach d)A
ot 6wz 8:cz-2 M A

9
Re = % Reynolds number
Fp
Cp =+
P 1024
Fp =3nuUD
24
Cp= Te
10
¢ = ¢o¢'
9% _ $0¢
ottty o
9% _ $0¢
Oz lg oz’
0 _ o o¢'
Fria I and e ~1
S = Ul—(; Strouhal number
oto
op =
W9 (it) =0
Fuy = —Aﬁg Euler number
)
Re = p o:olo Reynolds number
V2 i
Fr=-Froude number

B glo

(8.24)

(8.25)

(10.1)

(10.2)

(10.3)
(10.4)

(10.5)

(10.6)




opv’

! /—-*/—’/ . ! ! A//
STV - (79) =~ Bl + =V - () + o T,
!
Cp = 1+ Drag coefficient
2PV
Pe = %ﬂ—l—q Peclet number
0
» 2
FEec¢ = Re HoYo 0 Eckert number

POCpOATolo - cpoATy

// //_} 11 1 N2 Ec /
T = — =
Sp th'+pc -V Pekv T+Re¢”

volo
D 49
waolo
PAoVo

Pejyr = Peclet II number

Day = Damkohler I number

810A 1] — 1 S —') «
Sat’ +V )— PCIIV ja+ Dapwy

Jaolo
Nuy, = Sh= ——-
" D g0pa0

Pr = E = Ho%0 Prandtl number
Re ko

Perr _ Mo
Re  poDao
Pery ko
Pe  pocpoD a0
Ma = %o Mach number

Co

Mass Nusselt or Sherwood number

Sec = Schmidt number

Le =

Lewis number

10

(10.7)

(10.8)

(10.9)

(10.10)

(10.11)

(10.12)

(10.13)
(10.14)
(10.15)
(10.16)

(10.17)

(10.18)




11

12

K= ) AKdA
dF
a - TpVoo
i
K, i
Gf = @(Re)

(11.1)

(11.2)

(11.3)

(11.4)

(11.5)

(11.6)

(11.7)

(12.1)

(12.2)

(12.3)

(12.4)




= 0 (12.5)
12 '
1
K = 5V (12.6)
. P1— D2 2 _ .2
U = L (R? —r%) (12.7)
i 4Voo,u 8u  16p 16
C y ~pVZ = = 12.8
oIz & /3° " VRV D Rep (128)
Apx € L U?
oy =2 (12.10)
4
Ap* U2
hy = = Kg— 12.11
=g =Koy (12.11)
D Kg
Cr=7 (12.12)
aQ
T = h(Th —Tio) (12.13)
Q = h(Th — To)A (12.14)
St = Ve, Stanton number (12.15)
St = - — 4(Re, Pe) (12.16)
~ pVe, ’ '
hl
Nu = T Nusselt number (12.17)
Nu = ¢(Re, Pr) Forced convection (12.18)
3
Gr = B‘(]'B/LA# Grashof number (12.19)
2 3 3
Ra = GrPr =22 9PATL =P gpATL Rayleigh number  (12.20)
uk Lo
Nu = §(Pr,Gr) = ¢"(Pr, Ra) Natural convection (12.21)

12




Q= h(Ty—To)A = Nu%fro —Tho)A (12.22)
dJa

Ja= 31 = hm(pao — paco) (12.23)
J4 = hmn(pao — Pace) A (12.24)

dJ
i = P (Yao = Ya) (12.25)

dJp
—(ﬁ ES hc(CAg —_ CAoo) = hx(XAg — XAoo) (12.26)
Sh = Nuy, = Tl Sherwood number (12.27)
Dup

Nu,, = Sh = @ (Re, Pe;; = ¢"(Re, Sc) Forced convection (12.28)

Ap I3
Grp, = %’lﬂ Concentration Grashof number (12.29)
Nty = Sh = ¢ (Grm,Sc) Natural convection (12.30)
W (£ (Plao — £ (pA00") = hir (Do — Plao) (12.31)
B0 = Nu=sh (12.32)
—@Of = NuPr=s 0.6 < Pr < 60
1%26 1 (12.33)
—-Cp=Shse™ 0.6 < Se < 6000
3
Sh = Nu <§f) _ NuLed {06 < Pr <60 (12.34)
Pr 0.5 < Sc < 6000

13






