University of Calgary
Department of Chemical & Petroleum Engineering

ENCH 501 Transport Phenomena
Final Examination, Fall 2016
Time: 12.00 to 3.00 pm Wednesday, December 21, 2016

Instructions: Attempt All Questions. Use of Electronic Calculators Allowed; no
other Electronic Device Allowed. Open Notes, Open Book Examination.

Question #1 (30 points)

A company in Sweden, Kihlbergs Steel AB, specializes in forging (shaping) large pieces of hot (yellow-white color) metals
recovered from furnaces into various configurations. A circular cylinder of steel may be progressively forged into a rod in a short
time. Hot metals are softer and more pliable, and thus require less force by mechanical presses to achieve desirable shapes
without creating fractures, stress lines or fault planes.

Consider a steel cylinder that is 50 cm in diameter and 1 m long retrieved from a furnace when it is
glowing yellow-white hot. Using mechanical arms, this is to be shaped into a cylindrical rod that has a
diameter of 20cm. The initial temperature of the steel is 1300°C and the shaping process is to be
completed by the time the temperature of the surface of the material dropped to 850°C (when the metal
appears red hot). The operation is carried out in an inert atmosphere of nitrogen at a constant temperature
of 26°C. Heat is lost from the metal by both convection and radiation, but both are combined in such a

way to indicate an effective convective heat transfer coefficient of 15 W/m? K around the rod being made.

During the forging, the area of the rod exposed to the ambient gas (A) is observed to approximately
follow the relationship

A =Ai+(Ar— A)(1 — exp(-M))

where A, is the initial surface area (including the ends), A¢ is the final surface area, the time constant (1/1)
equals 50s and t is time in seconds. Given the data below,

a) Estimate the maximum time available to complete the forging, based on the operating
temperature range.
b) What would the temperature of the rod being shaped be at 10s from the start?

State and justify your assumptions. The coefficient of volumetric expansion (or contraction) is assumed
negligible. Assume the metal surface, at any instant, is entirely exposed to the ambient gas.

Data: Properties of hot steel — p = 7,840 kg/m?; k=273 W/m K; and C, = 0.65 kJ/kg K
Question #2 (30 points)

Snow drifts result in the formation of intricate and interesting sculptures in fields and on or near highways, in the absence of
roadside barriers. They are typically formed by the wind moving and depositing snow flakes and small ice particles against
stationary objects. Drifts onto roads that sometimes pose dangers for motorists occur because the particle-laden wind flowing
across a road start to drop particles from the leading edge presented by the pavement, and such particles are then dragged
over the surface into the driving lanes. The particles, given the sizes, will be suspended In air at certain velocities. In the region
next to the pavement where the axial velocity (u) is smaller than required to drag the particles through air, the particles would



settle. A clear (particle-free zone) is usually observed near the road surface while above it, the air is dense with particles above.
The locus of the boundary of this clear zone is to be estimated.

Consider a cold (-23°C) wind blowing at a steady speed of 6 km/hr across a flat road that is raised at the
edges. The road (also at -23°C) is bare as any snow deposits are quickly swept off. The size of the “ice”
particles are such that an air speed of 2.5 km/hr is required to keep the particles in suspension.

a) Obtain a relationship for the boundary of the clear zone as a function of distance from the
leading edge. Show your analysis.

h) If the 3.2 m wide road is swept clean of snow, estimate the minimum shear stress required to
remove any snow deposited.

Data: Properties of air at -23°C — viscosity = 1.6 (10”°) Pa s; density = 1.412 kg/m?

Question #3 (10 points)

Cement kilns, bitumen extraction drums using hot water and caustic and certain industrial drying
equipment are large and long cylinders inclined at an angle (between 10 and 30°) to the horizon. Consider
one such cylinders. Material to be processed is fed at the higher end at a constant volumetric rate of Q
m?/s and the drum is rotated slowly at @ min™. The length of the drum is L, its diameter is D, the height of
the baffles attached to the inside wall of the drum is 8 and the angle of inclination of the cylinder to the
horizon is 0. The extent of mixing of the feed at the discharge end of the drum depends, in addition to the
foregoing parameters, on the “fluid” viscosity p, its density p and the acceleration of gravity g.

Identify the dimensionless groups that can be used to scale the drum from a pilot to the prototype scale.

Question #4 (30 points)

The lithium-ion battery has been reported to explode or spontaneously ignite as a result of overheating when it is either
discharged or charged too rapidly. The heat generated within the battery could cause gases (oxygen, carbon dioxide, methane and
others) to be produced, which if not vented adequately, become pressurized and cause the battery casing to expand or explode.
Accumulated heat can alternately start a fire when the temperature reaches about 500°C at any point within the battery. Thus the
control of heat production by the chemical reactions is dependent on the regulation of the flow of current within the battery. Li-
ion batteries have configurations that may be cylindrical or rectangular (prismatic). The typical prismatic form consists of layers
of LiCoOz2 and graphite sheets separated by a 24 um thick polymer spacer fenestrated with microchannels. The composite sheets
are rolled in a spiral from the core outwards and infused with an electrolyte (LiPFs) in a solvent such as ether. Charge and
discharge processes occur through the displacement of lithium ions between the anode (graphite) and the cathode (LiCoQ2).

The problem of heat generation and dissipation is to be studied using the integral method. A rectangular
battery the has a height 2H (z-direction), length 2L (x-direction) and width 2¢ (y-direction) is freely
suspended in air at a constant temperature Tq. The initial temperature of the battery is the same as the
ambient. At time t = 0, a rapid discharge of the battery was initiated. Heat was generated at a constant rate

of g+ per unit volume and the convective coefficient of heat transfer at all the surfaces of the battery was
very large. Assume the battery is homogeneous, that is the material inside is uniformly distributed.

Obtain a relationship for T(x, y, z, t) within the battery. Where in the battery will the temperature be
highest? Show your derivations and state any assumptions.

Hints: Identify the planes of symmetry and choose an origin. Heat flux through each exposed surface
may vary with the other two directions. For example, q«-1, at the surface is expected to vary with (y, z)
positions on that exposed surface. Hence heat rate through an area dy dz is qx-1.dydz. Heat loss rate
through the surface normal to the x-direction is hence given by [[ - dydz.

The problem is 3-D, unsteady, has a finite domain and the heat transfer coefficient h is infinite.



Euot 50 Frnel Examcnshse SShapen - Dee 20,2900

Q E" Léj'\\-a‘(‘ [

1

'—[—’l"\Q ca/t\m' r:‘\LV‘ () f\'\) b("i. 5/6\:1 ")f f{ ’\-G\‘X\) R VO A ’ 'TM
{;\(9'\* '5"\",2‘3 b s 2 5‘?&—9{8\'%« \"P FCo  freu {-:Q o caPac H‘\I

o ARl W Vaid. Thy csadhien v ARt

. o o — L\Lca,l,\w %.V’ at t=o
le. w ha P?iv'J v i e
2 S -
¢ = IO L = (=5 519635
- = =
Z}
2 oS —
ANEEET A W Dl = ’ﬂ(°‘5\(_ = “-)T (93495
o w2
- 15 (o1 - e TF Sk
' (=0 = w555 = o (comped
243 7 C‘QFCC\"’\T
o Aas .

Tha cswdyS) Vo lame L,; +C o= \dA,
Thes Blome v emrnafaat swl @ Ause o ons o yipa

O sndvo c*i’\-':s*lf\ . [tew ce
5, o 2
> (8= A - L:(D){ = GelS m
Ll L -,



The fme@ cvea of 1t  wvad
he - "“C"‘Q‘)(o{ b e25) = 2.9%9822 o*

Tha /QC‘VU\M\'WS‘A ’FG\/ haw ovea c.Q‘-cvm;(‘E‘S OITE AWwa 5
nNE X
A= Ayt (P*:f,r%‘;)<[,, Q- ) ) Lef NG AF*AL

e G_V\P-\f g-\f {ﬁ@?@u& = “”1\9- ’Yoa‘ k;

Lan - o+ Cf/—w = Ovd it +- Peee on o
l 75 r

v

= = ~ P‘(tﬁ (T"TQ\> - cl [(HF}CP (T’T@BH}

P> i
wiRov e T,{ = r{"p,.,.._ P ::»)a YT PPN ar~ol s & el
LK\’\J{'\LQL e\",e (Y \’.)&v atuv.e o »C‘ Yte $kecf

r—

=

|

MO S &

51(7«7*3 i 3 _'-L LP”‘ " Af*([”e— >J T
j(::'_u ) VFQ(’
50 € T
S A‘h(’f’fﬁvv = /,S‘(Fv_f\_ =7 >AJC
(%00 o
G pot F ”mﬁk
(200 — 2 = , &
b who = zts fé( ’ AA/? 2
¢ =



&)

R

(5
o D e = - ( +
Lf'% }Lf- (o.!%ggf)(?fqajL%-%ggg?% o
2.0206328 ) #U‘th l C
I —
@ISR i
._-DJC)Qf.-
LY F|B42% = 3.989%22 + -— [o[.?,[(ptf(("e

Mo lectns" &M‘ ﬁ"ﬁ-‘”‘", € &= flo2a8 oot W2g

By el  @uel 2gvsv £ 2 194 g

Pl

T S e

1300 — ° - g b 15 (
U'\( B 5 563 (FFUD)

,-—___2(_9
__0102%'>

R s

(o 0o944) 2t 8320 %2 )

it

= OAD_DQ%\L}

1 1200 =26
——
(232441

\

+ 26

= [OS%'Q‘QQ



Dueshsn 2 ¢
e — =5
/// e e
—— "/ =
U A //— - = (9.64— Eo NI

l
N =2
Tlhe {O—UMH"‘\*‘N‘j la“dﬂ'fl T ("\3, V§ ch@/m\'md\ OV
J\/Cﬁ.Q (‘[\3‘{”‘9—’*—’}'\)‘-"\'\ toueoku e , T’}\.Q AT \ P LR |\V\ a’/g_a,_v, N
Seppehst (lrE ke 4
/'u &L\:'( - ",{_ [(gfcud__usu\d‘vj—j
A At =
\j =2
Tht camnehs homne ?aw s ,F{;ua QU 2
‘*-—J —_ D W= O

y = <6 =S

=)
3—}2
J
g eonme = ]?Tafpw'\,o.) ,Qj'
3
W = e f\"’bkj ¥ C\j?‘ A- 57{/':} : /eﬁ(~ o.2°

Soue fMrobe  Are csnAr e += 541"

ﬁﬁ- & _j- j — A j E C‘,(@"Z'
0 Q(g) 1(4) Py

2~

alchidute  FL wha e (~begy -8 spaahen o sSlve

to  crr |
;\)
T S = by ‘,__.J&)‘ pey. ¥



T "R’—Q—Q SV e Vﬂ-jstk"tj U\& = (VoRe) km/\/‘”

P Yt-e V,Q\D C\L\j l M C’"f‘ w) S ’C—l L] ‘?—\L\‘ 4—C-\L'-I —J/&.Q

P & Jp'LL_Q < Ll ﬁ.xs-)'j»ﬁﬁ S v a5 8 L(vw/ h~

e r{'\(‘a,j_,czc{-&/\j ,:,’Q R S/Q’?\J’J’Yf' &u%r“aﬂ»mc’uﬂ‘
|’D¢-’—x|’ h‘Lb'/) “ ':BAV’Q"‘ L’j

' 3
V\ -5 o o -
ol - %(%5’%ﬂ%9

.5 o
v —}:(%>7 é-“%%*'g/é = O ~) %3 — J/é/

By ekl  and 2xvae
5 5

0.2 SEREE Y
o2 | -—00890

OV — D 0l2 . -
22 o 5h coo8 v 0 0%556
0285 6| - 01020 |73+
0.5¢65| 0.000 194
% i \jP = 0.0% 55(0 6 \'\g A€ o L:D‘Mw:JGA/j'
- 1325 [YX
Ll

@ T MedA Uonatna gQrvaj sV df\n.;:_/ gVl 5 Z\{f‘_o_,.\ oozl

T N i b
2 Zmted | w L
U, - Y /e = ebr ™/s
~5>
- l(ﬁ(\o ) Pe = ' <
/;’ oy g3 ) v 33i(e)
s i [



L]

\f



Q wesghon %

0
Q - Z\
L “\\\f

QI/A){D)S);UO/L/%)DW'(?
Uwits o P‘a-? \ \ \ ‘ L
| s s e e o n
3
s
L

T hove Cve 2 B N PN X

(o Al et 3N Lk%g C'o\f:w\ PS’ oo 52 olbgdana |,

Thad  axan be Ao (-Jj 4+ o &clc«’w;kam R A2esven

o ooy SR r&\‘a\'d \.LJ v (a‘j W\%(LQQ"\%

)
Tt I P VIR o= C‘O'vdm Pg Sy A

6' ) 'D/L g | % e 3£~nm’w\'c

oA L2 .
= _é%_g ) f____ S - Uo/ e— PINPNRNS Or



Ap;f

G vantirn 4
. PAants < f s +Crnrrvsd @
o e 7] b Ao y RV VY :;1 e wd: s
; | - 4 sectovs. TTha Gt,«-\ﬂl»[—-,.,_k & o Le
H \:: N ‘(‘Ii// Q Aard on SNE ety an sy o
(2,5:5) | | jho  sheotel

2%: Thas B a = -0 «A,.wﬁﬁmaﬂt.‘ e te mv{g_m
w @ Paike Aowment s Thu oz fRuecy b v,
Fow @ A+ savdufS Rxpsmed bo oy awt onaun fevna o
A o, |
T ensvay el e Tht SEder - t+Re conbg) Slure
\v_sln b l

\N\/rz‘ (r 2080 a2y = gfj"w"f*l-;,uh 4 Preccuns
3*L£H

D\w{"rmut' sy Eou @

o 4
j S C((.,k f',\\JAFC" y j A Az T
L I :
?;Qd'—;m. ¢ T9 gt
2 L 7
el
I,
Ny=o m=co -

{
o A A-r-e A_CC A WA~ ‘ﬂ—'%‘ S '\‘/Q—-‘Vm L
WX

S g S PCF<T’TJ34’“"jAE‘T

J.t_’ 2za Y=9 P , -



e trr\’k'ﬂ@«fc-’a Q’M"’g("] "Q('A)»n"’f\":-\‘f\ v

2T ) Y 0
= o2k + 5
sy . . D
" - Z }f,
y g
——3 “{f (T-TYamagde |+ g5 e = o
Jd Dt [ Zyn Te
—ha Ce—ma\N‘{‘g‘Y\S‘ VR
— o A =
. = g_%”o = L = Lol
e D ‘?QT — o
:5 5 y = { (= Ta
~— -
7 = O _:? - 9 - (= (2

Lk = Tt . @ )L (W) T
) (e T

Natd —

oVl .

—— — . 7_‘: 3 ‘r’r“% |
S 24 (LN HD)

B & Z\—‘r ( L‘l’%zv(g‘llj@) k
:gZ’ )};\4

<L ute bedo ACe  Nnfe CO\,“Q FENCE S

S5 LRI - s AR s T

9 L2
K ) o 27 =t

s 3+ LA - O
72



2.2
syt 2ar o P 15 (ol
—f{{H+LZH +QL?F"&-§?_<
9
At
: . o Lll-‘f?_ .Esz)
o0 /b e &k (Q li__i—_—-—- +
A HE
= A+ —l-; 4+ J—Lv
- sa (B
awd € 5 o3 9 ¥
g e LUK
S’Wb:j‘e-cf- ""‘:‘ e C..N\g)\l;h,.w' V(Q) —
Pk .
—_— =i =] f - g
= (67 - <)
AN
Il [



4-4

(1 - ,@"ﬁ{ﬂv
(@ The a{op«rw«'mar,z_ 2 o P atw~t [WMPIQ »
Ty = o+ (EO(ENDEE) -

£ (17

O The bt fepshos Gt (9,95

oo

Tl M

—



