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ME 225 HEAT TRANSFER

Spring 2011
Instructor: Dr. Koylu
Office: 290A Toomey
Contact: Phone: 341-6601; E-mail: koyluu@mst.edu
Office Hours: TW: 13:00-14:00; Other times: open door or by appointment
Schedule: TTh 9:30-10:45, 254 Toomey
Background. Differential Equations, Thermodynamics (Fluid Mechanics +)
Textbook: “Introduction to Heat Transfer” by Incropera et al., 5™ Edition, Wiley

Suggested Reading: Any heat transfer book, e.g., “Heat Transfer” by Cengel, McGraw-Hill

Objective: To introduce students to the fundamentals of conduction, convection and
radiation heat transfer, and to provide the necessary theoretical/practical
tools to tackle real engineering applications involving energy systems

Work: Chapters Covered Tentative Date’ Weight
Test 1 1,2,3,5 02/15/11 25%
Test 2 6,7,8 03/24/11 25%
Test 3 All 05/06/11 25%
8 Problem Sets All Weekly 10%
2 Projects To be announced 15%

General Outline:

Book Chapter Subject
1 General Introduction

2 Introduction to Conduction

3 One-Dimensional Steady-State Conduction
5 Transient Conduction

6 Introduction to Convection

7 Forced Convection - External Flows

8 Forced Convection - Internal Flows
11 Heat Exchangers

12 Radiation: Processes and Properties
13 Radiation Exchange between Surfaces

"It is the student’s responsibility to follow the most up-to-date announcements for all tests.
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Course Policies

Grades: The grades will be treated on a relative basis, that is, the average score of the entire
class, X, and the standard deviation, o, will determine the final outcome. For a typical class, this
approximately corresponds to a “B” for X < Grade < X+, and a “C” for X—o < Grade < X at the
end of the semester. Any further positive or negative deviations from the mean will result in an
“A” or a “D”, respectively. A 60% cut-off may be enforced for a passing grade when applicable.
The instructor reserves minor discretion over grades for some critical cases.

Exams: There will be three tests, which will be related to the material covered in the
lectures/textbook, problems solved in the class, and homework/project assignments. Students are
allowed to bring the textbook, their own class notes, handouts, and assignments to each test.
Because all exams are required, an unexcused absence will result in a zero for that exam.
Therefore, a student, who cannot attend an exam because of illness or emergency, must contact
the instructor and receive permission before the exam. After the test, only a last minute real
emergency will be considered as a possible excused absence for which the student will be
expected to notify the instructor about the situation as soon as possible. In any case, necessary
official paperwork must be supplied to prove the emergency. The instructor has the final
authority to determine whether a student will be given a make-up exam. Finally, academic
dishonesty is a serious offense and will be treated accordingly.

Assignments: A total of eight homework assignments will be given on a regular basis. A problem
set will be usually due in one week at the end of a class period after it is assigned. Solutions to
homework will be e-mailed to students after due dates. It is extremely important that you first
attempt to solve the problems on your own, and, if unsuccessful, contact the instructor with your
specific questions. Group work is also encouraged. Late assignments are not accepted.

Projects: There will be two projects related to the practical and design aspects of heat transfer
(details to be given during the semester). For each project, two students will team up to prepare a
professional report. Projects are not to be discussed with other students/groups. Similar to
assignments, late submissions of projects are strictly unacceptable.

Attendance: A regular attendance is expected from students to be successful in this course
although it is not directly counted toward students’ final grades.

Expected Performance: Attend class regularly, participate in discussion and ask questions in the
- class, solve homework problems on a regular basis, submit assignments and projects on time,
and not miss an exam.

Feedback: The instructor can provide feedback about your performance in this course and
specifically what you need to do to improve it only per your request. He also would appreciate
your feedback about how the course material and presentation could be further improved. Please
see him confidentially for any suggestions/concerns you may have related to the course.
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Example Problems:

Flat Plates
Constant (Tinf-Ts) Re increase, find q ratio
Boundary layer thickness, local
Velocity(inf) and T(inf) given
Convection & solar absorptivity, irradiation
Cooling time with changed fluid

Tubes

Circular
Constant Ts, find Tso
Annular, find L to cool
Cross flow, tube conduction
Pump Power
Pump power
Air outside, fluid inside

Noncircular
Constant Ts, thin wall, find Tsi, Tso
Constant q”, find Ts, Toutlet

Arbitrary surfaces
Velocity profile given, find average Nu
Temp profile given, find average h

Pin fin
Diameter doubles, find new g
Diameter doubles, inf long, find new q

Couette flow
Surface 1: Constant Ts, Surface 2: no HT
Both Surfaces constant Ts. Find Tmax

Drag coefficient
Cooling spheres

Summer 2010 #3 p3
HW 7.2

HW 7.11

HW 7.20

Spring 2010 #3 p7

Spring 2010 #4 p8
HW 8.93

HW 8.50

HW 8.31

Fall 2008 #1 p12
example p11

Summer 2011 #1 p4
HW 8.74

Summer 2010 #1 p1
Spring2011 #1 p9

HW 7.45

Summer 2010 #2 p6
Spring 2010 #2 p10

HW 7.73



Exam 3 Help Index

Chapter 11:

oL 2008, B 1 KL QOJ\"”)&“‘“}*“‘{ oen G
@ Overall U with fouling: 11.2

D) Shellands'l;ube HX: 11.22 o\sp 2008 13 Ps @

)

ocC PY
() Concentric Tube: 11.18
() cross-flow HX 11.34

©) Condensing steam 11.35

Chapter 12
(LD Gy as a function ofF and alpha 12.46 @D shp fomAion <, hes =k
@ G with angle of approach, Q received by lens  12.47 L2 ¢dx;

@ Absorptivity, f(lambda) and Emissive power 12.51

(1% Transmitted through car window 2008, #2
(15) Earth’s radiation from sun Example 12.20
Q9 Find alpha from G,,s/G (step function) 2008 #2

find detector incident radiation

Chapter 13:
@ View factors, all sorts 13.1
. Net radiation to Al in enclosed surface 13.19 d
7ot dot in cylinder fi
@Jllet radiation of close paralleﬁlmplates 13.41
rwles  Radiation shield, flat plates Ex 13.56
(22) Radiation shield, q balance w/convection 13.62
@ Long oven view factors 2005 #3
@ Net HT between two enclosed surfaces A #3,ii

-side in semicircle
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PROBLIEM 3145

KNOWN: Dimensions and base temperature o aluminum fins of rectangular profile. Ambient air
conditions,

FIND: i Finetheiency and effectiveness, ib) Rate of heat tanster per unit lengtl o tube.

SCHENMATIC:
—

! L =15 mm*‘i
T, = 200°C —t — 1]

L t=4mm
N = 125! —
Aluminum fing

T.=209C Alr
h'= 40 Wim2K w; 0

- ——-

ry = 26mm # =

ASSUMPTIONS: (1) Steadv-state conditions. 125 One-dimensional iadial conduction m lins, (33
Comstant properties, (4 Neghaible adiation, ¢33 Negligible base contact resistance. 16) Uinilerm
convection coellicient

PROPERTIES: Fudie A4-£0 Alumimuny, pure i1 = 406 K ko 240 WK

ANALYSIS: fa) The Fin parameters 1or use with Figure 3 19 are

Ire = 1/2 S4Gmm - 2mn = 00420 [ 1/3 S153mm 2mm = G017 m
N o ) 52
’_l-,/‘rl = 0042 m/r:; U251y = | 68 Ap = Lols=0017m-0oidm =68 10 " m-
: \142 3 . 5 it
‘(h/k.\l,] (0o 7my -:;\\'/m‘ -K/H-ii\\/nr}(z 6810 T mT SIRN
The B eMiciency s pes G857 From Ly 380,
Py 2 2
A s = AN PP = 2l s a7,
Jp =23 T 401\\/m (un.l )— (DH25)7 im™ 180 O = 30W <

From Eq. 2R the Tinellectveness 1s

x RIIRAY
P i _ - : I1ua <
hAc L 40 ‘.\‘/nr K 2rionzim){0oodm)ISa ©

(bp The rate al heat transler per unit length is
‘»]’l = \\]I i |l[| \Iln_lxll )H"l
g =125 50w m 4:1\\'/m" K 1255 0004 H{ 27 2 00023 m) -~ 180 ¢
*I! = {6250 Sr._%]\\'/m =2 (.82 k\\'/m <

CONMMENTS: Note the domimant contribution made by the fins to the total heat Uanslor

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in
courses for which the textbook has been adopted. Any other lepraducnon or translation of this work beyond that permitted by Sections 107 or 108 of the 1976
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PROBLEM 2.23

KNOWN: Temperature distribution in a one-dimensional wall with prescribed thickness and thermal
conductivity.

FIND: (a) The heat generation rate, ¢, in the wall, (b) Heat fluxes at the wall faces and relation to qg.

SCHEMATIC:
—I(x)=8+bx? 7(°C) , ,
ol a=200°C PT ?V\) 9"
R oC 9)((0) I 9 | 9)(([‘)
F>x  |L=50mm b=-2000 /77’2 : |

_‘\/"'w""-\|

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat flow, (3) Constant
properties.

ANALYSIS: (a) The appropriate form of the heat equation for steady-state, one-dimensional
conditions with constant properties is Eq. 2.19 re-written as

.. d FdT}
= —
dx | dx

Substituting the prescribed temperature distribution,

o —(atbx? )J = k- [2bx] = 20k
dx | dx dx

q:-z(-2000°c/m2 )x 50 W/m-K=2.0x10° W/mS, <
(b) The heat fluxes at the wall faces can be evaluated from Fourier’s law,
()= |
X
Using the temperature distribution T(x) to evaluate the gradient, find
qy (x)=-k di[a&bxz] = —2kbx.
X

The fluxes at x = 0 and x = L are then
qx (0)=0 <

q%(L)= —2kbL=-2><SOW/m-K(-2000°C/m2)x0.050m

q% (L) =10,000 W/m?, <
COMMENTS: From an overall energy balance on the wall, it follows that, for a unit area,
Ein —Eout +Eg =0 dx (0)_ql>’( (L)+qL:0
ax (L)—a% (0) 10,000 W/m? -0
L 0.050m

=2.0x10° W/m°.

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976
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PROBLEM 2.25

KNOWN: Analytical expression for the steady-state temperature distribution of a plane wall
experiencing uniform volumetric heat generation q while convection occurs at both of its surfaces.

FIND: (a) Sketch the temperature distribution, T(x), and identify significant physical features, (b)
Determine ¢, (c) Determine the surface heat fluxes, q (L) and qy (+L); how are these fluxes
related to the generation rate; (d) Calculate the convection coefficients at the surfaces x =L and x =
+L, (e) Obtain an expression for the heat flux distribution, qi (x); explain significant features of the
distribution; (f) If the source of heat generation is suddenly deactivated (q = 0), what is the rate of

change of energy stored at this instant; (g) Determine the temperature that the wall will reach
eventually with q = 0; determine the energy that must be removed by the fluid per unit area of the wall

to reach this state.

SCHEMATIC:
T=a+bx+cx? a = 82.0°C, x(m)
Fluid a, k=5Wm-K b =-210°C/m
Te = 20°C, hy p = 2600 kg/m3 c = - 2x104 °C/m?2
cp = 800 J/kg-K
T(+L)
-L > x +L =20 mm

ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform volumetric heat generation, (3) Constant
properties.

ANALYSIS: (a) Using the analytical expression in the Workspace of IHT, the temperature
distribution appears as shown below. The significant features include (1) parabolic shape, (2)
maximum does not occur at the mid-plane, T(-5.25 mm) = 83.3°C, (3) the gradient at the x=+L
surface is greater than at x = -L. Find also that T(-L) = 78.2°C and T(+L) = 69.8°C for use in part (d).

Temperature distribution

90

85 —

80

Temperature, T(x) (C)

75

x-coordinate, x (mm)

(b) Substituting the temperature distribution expression into the appropriate form of the heat diffusion
equation,E q. 2.19, the rate of volumetric heat generation can be determined.

A7aT +d_9 where T(x)=a+bx+cx2
dx\dx ) k
d q

—X(O+b+2cx)+E:(0+2c)+%= 0
Continued .....

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976
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PROBLEM 2.25 (Cont.)
q:-zck=-2(—2><104°C/m2)5W/m-K=2><105W/m3 <

(¢) The heat fluxes at the two boundaries can be determined using Fourier’s law and the temperature
distribution expression.
dT

dx (X):‘kg~ where T(x)=a+bx+cx
X

2

qx (-L)=-k[0+b+2cx] _ | =—[b-2cL]k
qx (-L) = —[—210°C/m—2(—2>< 104°C/m2)0.020m]xSW/m-K =2950W/m? <
qy (+L) = —(b+2cL)k = +5050 W /m? <

From an overall energy balance on the wall as shown in the sketch below, Ej, —Eg + Egen =0,

?
+qx (-L)—q% (+L)+24L=0 or —2950W/m?—5050 W /m> +8000 W /m? =0

where 2L =2x2x10° W/m> x0.020 m = 8000 W /m?, so the equality is satisfied

é;en =2qL  TEL) ~up : | T(+L)
Qeonv, |1 9x(-L) ax(+L) 1py Aconv,r
—Pp I — —p || —>
1§l
i

Ax(-L) ax(+L) ‘ i
e ool il T b

Part (c) Overall energy balance Part (d) Surface energy balances

(d) The convection coefficients, hj and hy, for the left- and right-hand boundaries (x = -L and x=+L,
respectively), can be determined from the convection heat fluxes that are equal to the conduction
fluxes at the boundaries. See the surface energy balances in the sketch above. See also part (a) result
for T(-L) and T(+L).

qgonv,.é =qx (_L)
hi[To—T(-L)]=h[20~-782]K =-2950 W/m?  h;=51W/m?-K <
qgonv,r =qyx (+L)
hy [ T(+L)~Too | = h; [69.8~ 20]K = +5050 W/ m? hy =101W/m?.K <

(e) The expression for the heat flux distribution can be obtained from Fourier’s law with the
temperature distribution

qx (X)=—kd—T=—k[0+b+2cx]
dx
T (x):—5W/m~K[—210°C/m+2(—2><104°C/m2)}x:1050+ 2x10°x <

Continued .....

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976
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PROBLEM 2.25 (Cont.)
The distribution is linear with the x-coordinate. The maximum temperature will occur at the location

where qy (Xmax) =0,

1050 W /m?

_ - : =-525x10"2m =-5.25mm <
2x10° W/m

Xmax =

(f) If the source of the heat generation is suddenly deactivated so that q = 0, the appropriate form of
the heat diffusion equation for the ensuing transient conduction is
22 ey
ox \ Ox P 5t

At the instant this occurs, the temperature distribution is still T(x) =a + bx + cx”. The right-hand term
represents the rate of energy storage per unit volume,

Eg =k§‘[0+b+2CX]:k[0+20]=5W/m-K><2(—2><104°C/m2)=~2><105 W/m? <
X

(g) With no heat generation, the wall will eventually (t — ) come to equilibrium with the fluid,

T(x,0) = T, = 20°C. To determine the energy that must be removed from the wall to reach this state,
apply the conservation of energy requirement over an interval basis, Eq. 1.11b. The “initial” state is

that corresponding to the steady-state temperature distribution, Tj, and the “final” state has Tr=20°C.

We’ve used T, as the reference condition for the energy terms.

Ef, —Egut = AEg =Ef —E{ with Ef, =0.
# +L
out =Cp I—L (T, — T ) dx

+L

L
Eut = p¢p ELL [a+bx+cx2—Tw}dx=pcp [ax+bx2/2+cx3/3—wa} .

dut = PCp [2aL +0+2c%/3- 2TOOL}
but = 2600kg/m? ><800J/kg-K[2><82°C><O.O2Om+2(—2><104°C/m2)
(0.020m)’ /3 —2(20°C)0.020m]

"= 4.94%10°J/m? <

out =

COMMENTS: (1) In part (a), note that the temperature gradient is larger at x = + L than at x
=- L. This is consistent with the results of part (¢) in which the conduction heat fluxes are

evaluated.

Continued .....
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PROBLEM 2.46
KNOWN: Plane wall, initially at a uniform temperature, is suddenly exposed to convective heating.

FIND: (a) Differential equation and initial and boundary conditions which may be used to find the
temperature distribution, T(x,t); (b) Sketch T(x,t) for these conditions: initial (t < 0), steady-state, t —
oo, and two intermediate times; (c) Sketch heat fluxes as a function of time for surface locations; (d)

Expression for total energy transferred to wall per unit volume (J/m3).

SCHEMATIC:
T(x0)=1Ti

‘“—ll Too, h To>Ti

Ei

ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) No internal heat

generation.
ANALYSIS: (a) For one-dimensional conduction with constant properties, the heat equation has the
form,
PT 10T
ﬂxz a ot
Initial, t<0: T(x,0)=T, uniform
and the Boundaries: x=0 JT/d x)g=0 adiabatic

conditions are: x=L  -kdT/ox), = h[T(L,t) _Too] convection

(b) The temperature distributions are shown on the sketch.

—9teady-state,

o "~ Tx,00)
T(x1)
T: E"-Inifia/, 1,0)

O VA 7

Note that the gradient at x = 0 is always zero, since this boundary is adiabatic. Note also that the
gradient at x = LL decreases with time.

(c) The heat flux, qy (X,t), as a function of time, is shown on the sketch for the surfaces x = 0 and x
=L.

Continued .....
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PROBLEM 2.46 (Cont.)

-9; (X, f) n

i 9 X (L) f)

0 o ;-9; (va)
7

For the surface at x =0, q (0, t) =0 since it is adiabatic. Atx =L andt=0, qy (L,O) isa

maximum (in magnitude)

q% (L,0)|=h|T (L.0) - T,|

where T(L,0) = T;. The temperature difference, and hence the flux, decreases with time.

(d) The total energy transferred to the wall may be expressed as

Dividing both sides by AgL, the energy transferred per unit volume is

e L) T

COMMENTS: Note that the heat flux at x = L is into the wall and is hence in the negative x
direction.
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PROBLEM 3.2

KNOWN: Temperatures and convection coefficients associated with air at the inner and outer surfaces
of a rear window.

FIND: (a) Inner and outer window surface temperatures, T; and Ts,, and (b) Ts; and T, as a function of
the outside air temperature T.,, and for selected values of outer convection coefficient, h,.

SCHEMATIC:
Glass . lo 0 Tso Ts ;

wmoo M ool o
= Il

ho = 65 W/m2e K

7C—>°,i =400°C

= 2
L =0.004m— | hi= 30 Wim? oK

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Negligible radiation
effects,( 4) Constant properties.
PROPERTIES: Table A-3, Glass (300 K): k=1.4 W/m-K.

ANALYSIS: (a) The heat flux may be obtained from Egs. 3.11 and 3.12,

Too,i_Too,o B 40 C—(—IO C)
1 L 1 1 0.004 m 1

— =+ — + -
ho k hi  esw/m2.k 14W/m-K 30w/m?.K

"no__

~ 50°C
(0.0154+0.0029+0.0333) m? - K/W

"

q =969 W/m?.

Hence, with q" = h; (Too,i ~=Tew,0 ) , the inner surface temperature is

n 2
.. 969W
=T j — o = 40 c-——/m

=77° <
5 5 7.7 C
i 30W/ m”-K

T,

S,i

Similarly for the outer surface temperature with q" = h,, (Ts,o - TOO,O) find

" 2
.. 969W .
Tyo =T+~ =10 c+—#;n=4.9 C <
ho 65W/m?.K

(b) Using the same analysis, Ts; and T;, have been computed and plotted as a function of the outside air
temperature, T.,,, for outer convection coefficients of h, = 2, 65, and 100 W/m*K. As expected, T; and
T;, are linear with changes in the outside air temperature. The difference between Ts; and T, increases
with increasing convection coefficient, since the heat flux through the window likewise increases. This
difference is larger at lower outside air temperatures for the same reason. Note that with h, =2 W/m*K,
T - Ts o, 1s too small to show on the plot.

Continued .....
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PROBLEDM 313
KNOWN: Composite wall of a house with prescribed conveetion processes at inner il
outer surfiaces.
FIND: ) Expression tor thermal resistanee ol house wall, Ry (b Towal heat loss, i (<}
Effect on heat loss due to increase in outside heat transfer convection coetfticient, hyy: and ()
Contralling resistance tor heat loss [rom house.
SCHEMATIC:

Plaster board, k/’/-/‘—iberg/ass blanket(28kg/m3), ki

A=350m2 - \/,—-——-.D/ywood siding, kg

hi=30W/[mz-K T T IRNG .
7; =ZO°C/77:f‘ 4 [ S 'R ?/10=60W/m1-l<, T,=-15°C

Lprzamm —"-’**LA:IO%MH— Ls =207nm

ASSUMPTIONS: (1) One-dimensional conduction. (2} Steady-state conditions. (3)
Negligible contact resistance.

PROPERTIES: Tubic 4-2 [T (T 1 Ty) 2=(20 15) € 2-2.5°C = 300K |: Fiberglss

17 Wik,

ANALYSIS: () The expression for the total thermal resistance of the hause wall fellows
from Fg. 3008,
[ .
R | p Lk : Loy I | <

st | . - - - B
NiA - KpA kA kKA higA
(b The total heat Toss threugh the house wall is
4 AT R =1 T ) Rygy
Substituting numerical values. find
I (.01m : 0.10m

R 2 e 2 - e e ot . e 2
Wi I\‘\)Dl‘un‘ 017Woin- K : 330m= OUARW/ - K< 350m~
0.02m

; 4 = =
I2Wom- K« 380m= 60Wm~- K~ 350m~ i

. o g = ] 3 g

Riot l".:‘: ploN 72 47600 4 .f'(}l[x]“ CUOCOW =830 CW

The heat loss is then.

= 20-(-15) T O3 1107 “CW=421 KW, %

i B ; 5 5 == P -
¢y 11 hy changes from 640 to 300 Wm™- Ko Ry = ['hyA changes from 4.76 < 107 7C/W 10 6,93

w107 PCW. This reduces Ry 1o 826 < 107 2CAW which 1s a 0.6% decrease and henee a
(L.6%a Inerease 1 .

(dy From the expression for Ry in part (by, note that the msulation resistance, Ly kAL 18
TA2A830 = Ut of the total resistance. Henee. this material layer controls the resistance of the
wall, From part () nofe that a 3-fold decrease in the outer convection resistance due to an
inerease i the wind velocity has aonegligible effect on the heat loss,
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