Heat Transfer Basics February 7, 2007

Engineering Accreditation

Heat Transfer Basics ¢ CSUN has accredited programs in Civil,

Electrical, Manufacturing and
Larry Caretto Mechanical Engineering
Mechanical Engineering 375 - Nati.onal gccrediting agency reviews all
Heat Transfer engineering programs in us
 Fall 2007 reaccreditation visit requires
collection of student work

February 7, 2007 —Turn in all your notes, quizzes design
project and exams at end of semester

Callfornia e ety s YU €N get them back in late fall 2007
Northridge Northridge
Assessment Results Assessment Results Il
» 19 students completed assessment 3 got thermo problem correct
— 17 are OK or better with Excel skills -Q=Q/m= [c,dT for constant P
— 5 are OK or better with Matlab skills c ;);"’i'r‘]ht;‘;”i‘;‘;tticghq(zcv(;zt - Zztial credit)
« Course completion data: Math 280(14), g pf X g | P
ECE 240(12), ME 309(5), ME 370(9), Ry T
ME 390(4), ME 470(0), MSE 304(12) ¢ 3 got problem to find Ah for dh/dT =1 +

100/T from T =500 to T = 1000 (8 got

° 3 = x4 i

15 got Jx3dx = x4/4 + C (6 missed C) partial credit)
. ax)y — @ax T

14 gOt d(e ) e hz_h:‘[dh:'[[l_*_l-riode:[T+1()0|nT_|—.rr]2 :TZ—T1+100|H%

Califieni Seate University Califieni Seate University
Northridge Northridge

Outline Review Definitions
* Review last week Q is the total heat
; transfer with -

. . =24W

Heat generation energy units of J sy Q el
< General energy balance and geometry or Btu o
. S.implifi.ed cases: steady, one- " is the heat S

dimensional, no heat generation, transfer rate in A=6m?

constant thermal conductivity power units J/s =
« Analyze one dimensional cases W or Bu/hr 5 m/'l Figure 112

. .. - ~ from Cengel,

— Constant and variable thermal conductivity Heat flux: q = Q/A F/ Heat and

— Constant heat generation term ; Transfer
Califoeni Sease Uniyersit Califoenia Sease Universit . 24 W
I\-’Itr)rthridge ° I\-’Itr)rthridge q= % =i 4 W/m?
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Review Conduction Fourier Law Review Convection
: - Velocity Figure 1-32
e Qx=—koT/ox (1D: —kdT/dx) variation Voo . from Gengel,
« k is thermal conductivity of air . ® “;i*ss Transfer
(W/m.K or Btu/hr-ftZ-OF) h= hggt transfer
P ) coefficient . Temperature
—k depends on temperature; (W/m2-K) or Air variation
may be assumed constant for Btu/hr-ft2-°F flow of air
small temperature range Equation assumes
» For constant k direction of heat )
k(T T ) kA(T T ) transfer is from o conv
_ 112 Yy — AA — 1~ %2 solid to fluid & T
=—=—<2 or =gA=——"—%/ s
] Q=q C /
Califioeri Seate University Califioeri Seate University
Northridge ! Northridge ‘ Hot Block
Review Radiation Heat Generation
« Radiation from surface 1 to surface 2 * Various f e Chemical
. . reactions
Qradi»2 = A13120(T14 —T24) phenomena in
— B12is shape-emissivity factor solids can
— o, Stefan Boltzmann constant = 5.670x10-8 generate heat
W/m2.K# = 0.1714x10°8 Btu/hr-ft2.R* * Define ge, Nuclear
— T is the absolute temperature!!! as the heat —
— Black body is perfect radiator generated per
« Emissivity is fraction of black body emitted by unit volume
actual surface per unit time .
« Absorbtivity is incoming fraction absorbed Electric
Northridge ° Northridge e
e ge wires
Find é,., for a Wire with Current Find é,., for a Wire with Current
* The definition of égen is the heat * The definition of égen is the heat energy
generated per unit volume per unit time generated per unit volume per unit time
— Electrical resistance produces a heat — Electrical resistance produces an energy
dissipation of I2R = I2pL/A in watts where dissipation of I2R = I2pL/A in watts which is
« | is the current in amps energy per unit time
* pis the electrical resistivity (ohm-m) « Divide this by the wire volume, V = LA to get égen
« L is the length of the wire in m 12pL
 Ais cross sectional area of the wire, nr2, in m2 . | 2R A | 2p 3 2 | Zp
— Find an equation for €gen in terms of the Cen = T LA Y b= 2r
variables shown here )
PRS- u PRS- J = current density (A/n®) ,
Northridge Northridge
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Find e,., for a Wire with Current

* Apply the equation just found to find €,
for a copper wire (p = 1.72x10% ohm-m
at 20°C) with a diameter of 1 mm
(= 0.001 m) and a current of 10

amperes
. 1% 1% (10 APL72x10° ohm-m] 2.788x10° W
egen:?: m z” m 2A2-0hm: m®
[7 DZJ (7(0.001 m)z) Al LLL
4 4 w

Califieni Seate University
Northridge

February 7, 2007

Rectangular Energy Balance

Sorage :6T Q: +Az En ergy
AXAyAZpCpE o balance:
Volume element -\/‘- » y+4& 1 Stored
o, T energy =
d a‘ heat inflow
5 o AXAYAZ —7 — heat
- Q‘ w+ax outflow +
e heat
el generated
Q.—

NOI‘t]lridge Figure 2-21 from Cengel, Heat and Mass Transfer 14

oT =~ aq, oGy aqz 1
=— - - + €
Pee 50 ox oy oz

Stored — ‘ heat inflow — + heat

energy . heat outflow . generated
oT o8 . oT o,0T @ aT
pC P A Al kK—+ —k=—+—k—+ gen
ot ox ox oy oy oz oz
T ”'"""'_’I’_’ """ .
lL:Jses ] 6 =k %
horthridg.,é ouner Law 15

Energy Balance Dimensions

oT _ 0,87, 00T 00T

Poe%t “ax ox oy oy oz oz e

M E 9_ E
EM-O0T 3.7
E denotes energy units

o, 0T
— k — dimensions: 1 E @ _E

o0& 0O LTLG)L NER:

All terms have dimensions of energy
per unit volume per unittime

PCp E dimensions:

Califieni Seate University
Northridge

pC

Energy Balance Simplifications

or o, ,or o, ,0dr o ol
=—k—+_—K—+_—k—+¢
OX OX oy oy o0z oz

0 for steady heat transfer

oT 8k8T 8k8T 0 8T

AN AN A

Pe 5t “ax ox oy oy oz oz,

0 for no heat generation

California Seate Universit
Northridge

ME 375 — Heat Transfer

Energy Balance Simplifications

. 00T, LI
ppat ot oz

0 for one dimensional heat transfer

For constant thermal conductivity, k

oe. T o _ o°T 82T+62T e
Pt ox? oy oz e

18

California Seate Universit
Northridge
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Simplest Cases Cylindrical Coordinates
T, 0, 0T .
pCp gen or
ax ax PCp—- e
0 for steady f di | O forno heat
heat transfer gegtr ggﬁsflerrensmna generation r ﬂ + ii k ﬁ
; o r2op 0
gkd—T:—%—O = qX—C—Constant o oT o
dx dx dx L —k—+ égen
O C_—k?j—T jqxdx Gl = - jde 0z 0z
TO "\I{Iraa\issfer /_\» dQ _ q dA= —kﬂ rdd)dz
Romhwidge  Forconsantk G =K(To-TL)/L Romeidgs T e .
Steady 1-D Cylinder Cylindrical Shell
1d, dT A A—
LS O e a,
rar ar 0\~ k—2nrL =-2nLC
li K ﬂ For no heat generatlon dr
ror  or d dT daT Qo I
O=—kr— = ‘kr—f:C
20T, e < a
r 8(1) Cylindrical radlal heat transfer
0, 0T . o . 7 Qr In (rZJ J‘de
0z g Qr = qr = ~k52an =-2nLC 2TCL n T
R’I:I)'Hiirlialg.;,‘é T 21 R’I:I)'Hiirlialg.;,‘é Figure 2-50 from Gengel, Heat and Mass Transfer 22
O = -T
Cylindrical Shell Il ! ,n[rzj Sample Problem
o (r 27KL\ 1) | ation (k = 0.04 W/m-K) is to be
—_|n| 2 Ide added to a pipe with a 0.15 m diameter,
Figure 2- 3 2nL N a surface temperature of 120°C, and a
ﬁiﬁiﬁu For constant k heat loss per unit length of 25 W/m.

Mass
Transfer

~ - What thickness of insulation, 3, is
i7" required if the temperature of the outer
insulation surface is 40°C?

Q _2nk(T,-T,) s

L
n

=0
B leen : 25\
T-T < / T, = 120°C and T, = 40°C ?_ el
In[rzj Se”?e"d = (0.15m) /2 =0.075 m and k
Northridge N B = Northridge Fmd' 0Trh -

Transfe

ME 375 — Heat Transfer 4



Heat Transfer Basics

Sample Problem Solution

* Given: T, =120°C, T, =40°C, r, =
0.075m, k = OO4W/mKaner/L 25W/m

Qr - LT — In 2 =2 le T
b In| 2 g &
2nkL \n L
0.04W 120°C - 40°C 0.804 0.804
=21 e BW =0804 = r,=ne =(0.075m)e

m
=0.1676m = &=r,-1=0.1676 m-0.075m=0.0926 m

25

Califieni Seate University
Northridge
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Spherical Coordinates

Filure 2-3 ! > 1 ikSin eﬁ'i'
o r“sino oo 00
Feata 1 o . T

Mass
Transfer

———5——K—+€yen
r?sin00p o9

) 26
Northridge

Steady 1-D Sphere

oT 10, ,0T
pCp p = O = —25 kr ar egen
10,207
2 or —kr al‘ For no heat generation
1 oT 0.9 29T
Zanpo oyt T
r<sin® 0o
0 kﬂ+egen w29l _c
r? sin 6 0 dr
horthrudg.,e 2z

Spherical Shell

Q =0,A= —kz—T4nr =—4nC

nQ fdr Qr 1 1

— === kdT
475-! 2 4n rn '[

1

r

For constant k
dT S 4rk(T, - T,) _ T
w?=-=Cc @71 1 ( 11 j

dr —-
et I n 4k r
Northridge ®

Steady, 1-D, Constant k, €gen =0

e Rectangular
kA(Tl_TZ) ~ Tl_TZ
== £/ = - £
Q L Q R

= R:L
kA
* Cylindrical shell
ZﬂkL(Tl—Tz)_Tl—TZ —~ R= |n(l’2/r1)
In(r,/r;) R 2mkL
» Spherical shell
0= 4nk(l,-T,) _ T -T, . Rr_Yn-Yn
]/I’l —l/l’2 R 4ﬂ:k

x'_.’hfm-_. Seate Lniversit 29
Northridge

ME 375 — Heat Transfer

Steady, 1-D, Variable k, €gen =0

T : T
; A . Q 1
« Rectangular Q:_*Ide q:f:_fj'de
L i A L i
* Cylindrical shell
o2 Tf ' on Tfk -
|” (ro/1) r2/r1)
» Spherical shell T
. A 2
Q= kdT
Vﬁ VQT

30

California Seate Universit
Northridge




Heat Transfer Basics

Average Thermal Conductivity

« All the equations on the previous chart
had an integral of thermal conductivity
that is in the general form of an average

e Ify =y(x) then y,,, the 1 X,
average value ofy  Yag=y=7— -= Iydx
between x, and x,, is T

» Applied .to_ thermal o k- 1 —Tjgde
conductivity, this ag =K T T J

1

general result is
I\orthrldg.,e

1-D, Rectangular Heat Generation

20 S0, T + .
b x ox
0 for steady 0 for one dlmen3|onal
heat transfer heat transfer
d, dT T
—k—+€é,;n=0 = = I €, X +
dx dx 9" g G

~ [T =[] egentte+ i fix+

33

February 7, 2007

Steady, 1-D, Variable K, €gen =0
Ide -:Qz_k(TL—To)

. Rectangular

A L
 Cylindrical sheII To
. f ;__ZnIZ(TZ—Tl)
r2/r1 In(r /1)
e Spherical shell
pherical she T 4k (T, - Tl)
0= j kdT = —
]/rl ]/rz Yn-1r,

The formulas are the sarTfe as those for

constant Kk if a suitable average is used
Northridge

Califieni Seate University
I\-'orthrlidge

1-D, Rectangular, Heat Generation

~ [ kT =[|[ i+ C, jix+ C,

* How do we find C; and C,?
— Have to match boundary conditions (at x =
0 and x = L) given in a particular problem

« Can specify temperature at 0, L, or both
« Can specify 0 =—kdT/dx at O or L, but not both
« Can specify —kdT/dx = h(T - T,)) at O, L, or both
« Can specify combinations of above conditions

— Look at constant k and €, here

34

Califieni Seate University
I\-'orthrlidge

1-D, Rectangular, Heat Generation

 For constant k and é - We can integrate
the previous equatlon two times

j kdT=—-KT ergmdx+ qux+ G = ﬂegenx+ q]dx+ (3

—|<T=j[egenx+q]dx+c2 _5 +qX+02

» How do we get C, and C, if we know T
=Toatx=0and T=T_ atx=1L?

35

California Seate Universit
Northridge

1-D, Rectangular, Heat Generation

* For T =T, at x = 0 we must have

80"
—KTy = e; +C0+C, = -kT,=C,

e For T =T, atx =L we must have

&X’ &l
—kT = 5 ——+Cx+C, = —KI = +CL+C,
e I? KT,-T,) &l
_kT —_gn + _ = —_\0 L/_ g~
L 2 0 C:l L 2
Northeidge &

ME 375 — Heat Transfer




Heat Transfer Basics

1-D, Rectangular, Heat Generation

 Substitute C, and C, into general solution

T=T.— égenXZ + egenXL _ (TO _TL )X
0 ok 2k L

r..[l.r.u- a1 Seate University 37
Northridge

February 7, 2007

1-D, Rectangular, Heat Generation

» Write last equation in terms of dimen-
sionless temperature ratio and x/L

T-T, x &.X(L-X x LUe, x( x]

T-T, L 2k(T,-T,) L 2T -T,)LU L

« Define dimensionless H Lzégen

heat generation h k(T -To)

T-Tp _x_HXx X=X 1_5 1-X
T-Ty L 2LU L) L 2 L

38

Califieni Seate University
Northridge

Plot of (T - To)/(T, - To) for Heat Generation in a Slab

2
18
" // \
% 14 / \\ —
§ 12 :Hi.Dl
2 —H=2
% 08 —H=5
éo.s // H=10
= 2.
04 / L egen —
" H=
0.2 / k(TL —To)—
, L
o 0. 0.2 03 0. 05 0.6 0.7 08 09
n
r_.rhrm- 1 ate Lniversity 39
Northridge

1-D, Rectangular, Heat Generation

» Compute the heat flux from the boxed
temperature equation on chart 34

. 2 .
ro, G Gl (=T )¢

2k 2k L
o7 G Gl (T,-T))
dx 2k 2k L
o= S KT
Califieni Seate University 2 L
Northridge a0

Verify Heat Balance
* (Heatin at x = 0) + (Heat generated) =
(Heatoutatx =L)  Qy_g+Egen =Qu

— Look at a slab with thickness, L, and cross
sectional area, A, giving a volume LA

4= €genl2X-L) N k(To-To)
2 L
. 2 enlA - : .
Qo0 =Uy0A= ege; + kA(TOL 1) Egen = LA€gen
. > enlA _
QL =Gk A= ege; + kA(TOL T

California Seate Universit
Northridge

ME 375 — Heat Transfer

Whatif T, =T, =Tg
T:To—égenxz +égenXL (TO _TL)X

2k 2k L
L) KTy T,)
2 L
* Setting T, =T, = Tg in general

equations above gives

egenx2 . Eger¥L  &gel2x-L)

q=

T=Ty-
B ok 2k 2

Califonia Seae Lniversit 42
Northridge
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Slab With Heat Generation

Tn - T| - 'I'R Manlpulatlons Both boundary temperatures = Tg
« Setting g = 0 and solving for x gives - 2
location of maximum temperature >2r e H=
—Recall that g = —kdT/dx so dT/dx =0 if =0 2 / —n=
— Find that x = L/2 for maximgm temperature o 18 —H=1
Tmax égenl‘ F e} T —H=2
:1+ — =
TB 8kTB 14} / \ _::io
« Dimensionless temperature results 2t
A 12
T L X X T_T X X 10 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
= :1+ egen T 1_7 and B = 47 - . . . Dimn;ionles; Distan.ce ></L. . .
Tg 2kTg L L Thax—TB L L ’
California Seate University r_.rhrm- a1 Seate University 4
Northridge  see derivation slides at end of lecture Northridge ’
Other Geometries Solid Cylinder
 Can find similar results with heat gene- ¢ A solid cylinder with radius, R, constant
ration for solid cylinders and spheres, heat generation and constant k, has a
spherical shells and cylindrical shells maximum temperature at its center
— Same general approach, but different €gen R?
results for each type of geometry Tinax — Tsurface = 4K
— See printed notes to get results for various .
geon?etries g » Chart6 egamplg had heat generation of
« Temperature, heat flow, maximum temperature, 2.788x10° W/m? for a 0.001 m diameter
conditions for maximum temperature copper wire with a current of 10 A.
_— y What IS Trax — Tsurface TOF this wire?
Northeidge & Northeidge &
Solution Additional Charts
e Take k =403 W/m-K at 20°C * The results shown in chart 37 are
p . . . .
. R 2.788)&30 W(0.0005 mp? derived in the following slldes. _
T -7 et _ m —0.0004K — These charts show the algebraic details for
max surface 2403W .
4k 2205V the following results
m-K * Location of the maximum temperature
« Can combine equations for T, and €gep, + Value of the maximum temperature
. 2 2 2 » Dimensionless forms of the temperature
T T €genR . 11 equation
max ~ 'surface = gen— 2 T 24 . .
4k ? R * Additional version of the Tz, = Tourace
T T ) equation is also presented
Califioeni Sease Universt - f ) Califioeni Sease Universt
Northridge mex . TSrec® T 4kR? o Northridge ®

ME 375 — Heat Transfer
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Chart 37 Manipulation Details Chart 37 Manipulation Details Il
« Start with basic result from chart 36 e Set dT/dx = 0 in chart 36 equation
; ] 2x—-L
T=T, _eGenX2+egenXL koT q= Lﬂ( b =0 = XTmax:L
B oK oK X 2 2
o _ * Substitute this x value into T equation to
* Divide by Tz and multiply terms on left get the maximum temperature
by L/L or L?/L2 then rearrange to get
s 22 ¢ T )1, Sgent X Egenl”
T, &l &l | &ul’x( X Tnax _ )1, Sen [ j _q, Soen
T 2k L 1_E T | 2m LU0 T e
B B B B Xt
Northridge “ Northridge %

Chart 37 Manipulation Details Il

More on Tmr—n( _ Tcnrfar‘p
» Compare T/Tgand T, /Tg equatlons « Last equation 12p
. 2 Tiax — Teurface = Y
T Egenl” X X T egen X on chart 41 4kR
—=1+ —(1l-——| = —-1= XX ] )
T 2kTg L\ L T 2kTB L » Weidemann-Franz Law (approximate) for
: 2 7 2/ L= = -8 . 2
oo ) Egenl §egen|— (T 9 metals: L = pk/T = 2.45x10-% ohm-W/K
T. + KT, = e T — L is called the Lorentz constant
B B LeKlg; B .
e — Experimental data agree to better than 10%
_ -8 )
T g Tmax 4 ( _j L T-Ts :4X( _X) 2.45x10° ohm-W | o
Tg Tg LU L Tmax—Tg LU L T LI2T K2
Califoeni Seate University e ?{rilace 4k2 RZ - 4k2 R2
Northridge o Northridge %
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