g = —kVT = k(;aT ar kZZ)
Fourier’s Law Cartesian

= +
l&r ”(M) k&z

IT) o= e 9T
ko) T a=rey,

or\, a(,dT\ ._ oT

0T, ;10T T)

Fourier’s Law Cylindrical

Heat Diffusion Eq. Cartesian

140 oT 1 d
- - +77
ror <kr &r) 72 dp

Heat Diffusion Eq. Cylindrical

Newton’s Law of Cooling

9 = eE(T,) — aG = so(T* — T4,

Grad = y

Radiation exchange for enclosed grey body

h.=eo(T, + T, )T? + T2 . . . —
' ¢ : ) Convection coefficient for radiative exchange

1
U:
Riad Definition of overall heat transfer coefficient
V= G A0
oo Fin Efficiency
qr
8 fr—
7 hA,,0,

Fin Effectiveness

TABLE 3.3 One-dimensional, steady-state solutions to the heat
equation with no generation

Plane Wall Cylindrical Wall* Spherical Wall”
. d*T _ Ld{(| drT 1 d{( ,dT
Heat equation " 0 Far < dr) 0 S (r dr) 0
Temperature T ATY T+ AT In (r/ry) T, - AT[ 1 - (’”1/?):|
distribution st 88T 2 In (r,/ry) 1 — (ri/r,)
" AT kAT kAT
Heat flux (¢ k= _r=ar kAl
@ L r1n (ry/r)) F(1ry) = (1ry)]
AT 2wLk AT 4mk AT
Heat rate (q) k4 L In (ry/r)) (1/r) = (1/ry)
Thermal L In (ry/ry) (A/r) — (1ry)

resistance (R, o) kA 27Lk 4k



TABLE 3.4 Temperature distribution and heat loss for fins of uniform cross section

Tip Condition Temperature Fin Heat
Case (x=1L) Distribution 6/, Transfer Rate ¢;
A g;’;‘:f:fion heat cosh m(L — x) + (h/mk) sinh m(L — x) sinh mL + (h/mk) cosh mL
(L) — —kdbl e, cosh mL + (himk) sinh mL cosh mL + (h/mk) sinh mL
(3.75) 3.77)
B Adiabatic: cosh m(L — x)
d6ldx|.—, =0 coshmL M tanh mL
(3.80) (3.81)
C Prescribed temperature:
o) =6, (6,/6,) sinh mx + sinh m(L — x) (coshmL — 6,/6,)
sinh mL sinh mL
(3.82) (3.83)
D Infinite fin (L — ):
0(L) =0 o (3.84) M (3.85)
0=T-T, m? = hPIkA,
0,=600)=T,—T. M=Y\NhPkAS#,

Adiabatic tip with a corrected fin length L. = L + (#/2) (rectangular fin) and L. = L +(D/4) (pin fin).
6 =5.67 X 108 W/m?K*

_k

Riconv = 1/hA Thermal resistance of convection



Chapter 4

= SKAT, _
< =2 Shape Factor Definition

Chapter 5

1
Rt,cond(ZD) = §

Resistance for Shape Factor Problem

_ hAt
OZT_Tw:exp|:—<hAs>t:| £ = Bi-Fo

0, T~ T. pre pre Lumped-Capacitance Model Temperature Response
0 = (pVe), [1 - exp(— i)]
Heat lost (gained) at time t using LCM
| Rt,cond _ hiL = Bi
Ricone K Biot Number Definition
hL
Bi= 70 <0.1
Criterion for LCM Validity
_at
Fo = E

Fourier Number Definition

0% = 3, C, exp (—{2Fo) cos ({,x*)
n=1

X, = — 2
{ Tn ot Fo = atlL Infinite Plane Wall Exact Solution, 1 term for Fo > 0.2
T. h i T., h
f11t i f11 _ 4sing,
Lo "2, +sin(2¢,) - .
L L L C» values for Infinite Plane Wall Solution
=%
T Ir,0)=T;
T., h
TTT 9% = ic —2Fo)J %
Yo - n exp ( gn 0) O(gnr )
n=1 Fo = atlr?
Infinite Cylinder Exact Solution, 1 term for Fo > 0.2
::Q; J}(gn)
TG + I
C» values for Infinite Cylinder Solution
06 T-—T. at
*x X gF="7 = = f===Fo
YT 0, T,— T, L*

i . Variables for transient solutions with spatial effects



0 _ sin ¢

= = 1 9*
Qo e ° = pc(T,— T,
, 0o = pelT; 4 Total Heat Transfer for Infinite Plane Wall
U X, B
Chapter 6 L0 S =5 x10° 624) g=hA(T,—T.) (6.12)
_ hA h
L = ; - CXP(— VA""C ) (7183) Nu, = ]"Cx
Chapter7 ° PYRetfp Re,, =5x 10°
Vmax = vV Vmax =__°r V 72 .
Sy—D 2(Sp, — D) [m(%’)} <ST2D)

S,=$
(aligned tubes) (staggered tubes, if

ATlm -

_(TS_Tt)_(Ts_To)

=k
In
S — 1

TABLE 7.7 Summary of convection heat transfer correlations for external flow™

wDNh
pVN7Src,

exp(—

_ C
) q' = NwDAT,) ™ pilf2

b

Correlation Geometry Conditions®

8 =5xRe, ' (7.19) Flat plate Laminar, T}

C;, = 0.664 Re; ' (7.20) Flat plate Laminar, local, T}

Nu, = 0.332 Re!” pr'”? (7.23) Flat plate Laminar, local, T;, Pr = 0.6

8,=86Pr '3 (7.24) Flat plate Laminar, T}

C;,=1.328Re;'? (7.29) Flat plate Laminar, average, T}

Nu, = 0.664 Re'”? pr'? (7.30) Flat plate Laminar, average, Ty, Pr = 0.6

Nu, = 0.564 Pe!” (7.32) Flat plate Laminar, local, T;, Pr < 0.05, Pe, = 100
C;, = 0.0592 Re; '® (7.34) Flat plate Turbulent, local, Ty, Re, =< 10°

8 =0.37xRe,'® (7.35) Flat plate Turbulent, T}, Re, < 10°




TABLE 7.7 (Continued)

Correlation Geometry Conditions®
Nu, = 0.0296 Re?® Pr'” (7.36) Flat plate Turbulent, local, Ty, Re, = 10°,
0.6 =Pr=060
C;, = 0.074 Re;'” — 1742 Re; ' (7.40) Flat plate Mixed, average, Ty, Re,. = 5 X 10°,
Re; = 10°
Nu, = (0.037 Re}® — 871)Pr'” (7.38) Flat plate Mixed, average, Ty, Re,. = 5 X 10°,
Re;, = 10% 0.6 = Pr = 60
Nu;, = C Rej Pr'” (7.52) Cylinder Average, Ty, 0.4 < Re;, = 4 X 10°,
(Table 7.2) Pr=0.7
Nuy, = C Rej Pr'(PriPr)" (7.53) Cylinder Average, T.., 1 = Re,, = 10°,
(Table 7.4) 0.7 = Pr =500
Nup = 0.3 + [0.62 Repy” Pr'” Cylinder Average, Tj, Re,, Pr= 0.2
X [1+ (0.4/Pr)*3~ 1M
X [1 + (Rep/282,000)"%1*° (7.54)
Nup =2+ (0.4 Re}? Sphere Average, T.., 3.5 = Re;, = 7.6 X 10%,
+ 0.06 Rey’)Pr* 0.71 = Pr=380,1.0 = (u/pg) = 3.2
X (plp,)™ (7.56)
Nu, =2+ 0.6 Re)* Pr'”? (7.57) Falling drop Average, T,
Nup, = C,C, Rep} ux PP3(PriPry)" (7.58), (7.59) Tube bank Average, T, 10 = Re,, = 2 X 10°,
(Tables 7.5, 7.6) 0.7 = Pr=500
Single round nozzle (7.71) Impinging jet Average, Ty, 2000 = Re = 4 X 10°,
2=(HID)=12,25=(r/ID)="1.5
Single slot nozzle (7.75) Impinging jet Average, T;, 3000 = Re = 9 X 10,
2=HW)=10,4=x/W)=20
Array of round nozzles (7.73) Impinging jet Average, T,, 2000 = Re = 10°,
2=(HID)=12,0.004 = A, =0.04
Array of slot nozzles (7.77) Impinging jet Average, Ty, 1500 = Re = 4 X 10%,
2=(H/W)=280,0008=A,=254,,
gjy = &, = 2.06 Rep"" (7.81) Packed bed Average, T, 90 =< Re;, = 4000,
of spheres? Pr(or Sc) = 0.7

“Correlations in this table pertain to isothermal surfaces: for special cases involving an unheated starting length or a uniform surface heat flux,

see Section 7.2.4 or 7.2.5.

"When the heat and mass transfer analogy is applicable, the corresponding mass transfer correlations may be obtained by replacing Nu and Pr

by Sh and Sc, respectively.

“The temperature listed under “Conditions™ is the temperature at which properties should be evaluated.
“For tube banks and packed beds, properties are evaluated at the average fluid temperature, T = (T; + T,)/2.

a=k/pc,



TABLE 8.4 Summary of convection correlations for flow in a circular tube®"*

Correlation Conditions
f= 64/Rep (8.19) Laminar, fully developed
Nuy = 4.36 (8.53) Laminar, fully developed, uniform ¢y
Nup = 3.66 (8.55) Laminar, fully developed, uniform 7,
— 0.0668 Gz, (8.57) Laminar, thermal entry (or combined entry with
Nup =366+ == o on 2P Pr = 5), uniform T,,Gz,, = (D/x) Rep, Pr
3.66 (8.58) Laminar, combined entry, Pr = 0.1, uniform 7,

+ 0.0499 Gz, tanh(Gz,"
~7 _ tanh(2.264 Gz + 1.7 Gz ptan(Gzp ) Gz, = (D/x) Rep, Pr

u =
b tanh(2.432 Pr'’® Gz, /%)

1 /D 751 (8.20)°  Turbulent, fully developed

——=—201log| = +—

Vr 37 Re,Vf

f=1(0.790 In Re,, — 1.64)~> (8.21)°  Turbulent, fully developed, smooth walls,
3000 < Re,, < 5 X 10°

Nup = 0.023 Re}> Pr" (8.60)’  Turbulent, fully developed, 0.6 < Pr < 160,
Re;, =10,000,(L/D)=10,n =04 for T, > T,
andn =03for 7, < T,

I 0.14
Nup = 0.027 Re}® Pr'3| — (8.61)Y  Turbulent, fully developed, 0.7 < Pr < 16,700,
s Re;, = 10,000, L/D =10
(f18)(Rep, — 1000) Pr J
Nup = ey (8.62) Turbulent, fully developed, 0.5 < Pr =< 2000,
1+ 12.7(f18)"“(Pr" — 1) 3000 < Re,, < 5 X 10°%,(L/D) = 10

Nup = 4.82 + 0.0185(Rep Pr)*%?’ (8.64)  Liquid metals, turbulent, fully developed, uniform
q/,3.6 X 10° < Rep, =905 X 10°,3 X 107° =
Pr=5X10"2%10% < Re, Pr < 10*

Nup = 5.0 + 0.025(Rep Pr)°® (8.65) Liquid metals, turbulent, fully developed,

uniform 7§, Rep, Pr = 100

“The mass transfer correlations may be obtained by replacing Nu;, and Pr by Shj, and Sc, respectively.

”Properties in Equations 8.53, 8.55, 8.60, 8.61, 8.62, 8.64, and 8.65 are based on 7,,; properties in Equations 8.19, 8.20, and 8.21 are based on
T, = (T, + T,)/2; properties in Equations 8.57 and 8.58 are based on T,= (T, + T,,0)/2.

“Equation 8.20 pertains to smooth or rough tubes. Equation 8.21 pertains to smooth tubes. L

“As a first approximation, Equations 8.60, 8.61, or 8.62 may be used to evaluate the average Nusselt number Nu,, over the entire tube length,
if (L/D) = 10. The properties should then be evaluated at the average of the mean temperature, T, = (T, + T,.,)/2.

“For tubes of noncircular cross section, Re,, = D,u,,/v, D, = 4A4,./P, and u,, = m/pA.. Results for fully developed laminar flow are provided in
Table 8.1. For turbulent flow, Equation 8.60 may be used as a first approximation.



_hD _ 4m . —(dpldx)D
ReDE o o= (8]) NMD—T ReD—H Ef
Chapter 8 K v M puty,/2
ATuiTsiTm,oi PL + _
ReD,c =~ 2300 (82) AT, = L—T, = exp _%h T, = constant (8.41b)
To— T,y
AT, _ 2= exp<— _1 > (8.45b)
ATI T. — Tm,i mele

(XL) ~0.05Re, Pr (xf”") =10
D lam D turb

— 3
G = BT~ TL

1({dp 1 p _1
Chapter 9 v Ra = GrPr P\oT), PRT?> T (ideal gas)
Gr \"* 41* Gr, \"4 12
e

1/2 1/4
(0.609 + 1221 Pr'= + 1.238 Pr)"™ |3minar vertical plate

(9.26)

general vertical constant T plate. For g”=c¢

— 0.387 Ra}'® 2
Nu; =10.825 +
[1 + (0.492/Pr)°113%

_ 0.387 Ra}y® 2
Nup =10.60 + e Rap =< 10" (9.34)
[1+ (0.559/Pr)™"*%
long horizontal cylinder

— 0.589 Ra}y’
Nup, =2+ o

= (9.35)
9/1614/9
[1 + (0.469/Pr)"""] sphere

a=k/pc,




g/ =h(T,— T =hAT, 7 HF lhfg[

g = p) |2 _GuATe )
2 Cs,fhfg Pl";l

(nucleate pool boiling) Chp 10
— hy. D g(pr — phy D’ |14
” (Tg(p - pv) 1/4 Nun = conv C|:
Gmax — Chfgpvl:;z P v Vvkv(Ts - Tsat)
’ (critical heat flux), (film pool boiling)
VA~ U.A~ Updy = (hd), " (A T @ ), (ahd, NTU =24
[AT, - AT,] [AT, - AT,] -
q=vAL"2" U _paar,, q=UAL"2" U _panT,, .,
ST o
In| —2 In| —2
AT AT,
Ch(Thi - Th 0) CC(TL‘,() - (‘,i)
g=-1 gzc.(T‘,—T’A) CTCo(Ti—T..)
Gmax mind Thi Lol g M e Chapter 11
TABLE 11.4 Heat Exchanger NTU Relations
Flow Arrangement Relation
Concentric tube
Parallel fl Ny = -l ed+ 6l 11.28b
arallel flow = 1+—C, (11.28b)
Counterflow NTU = | ln< el ) €.<1)
C—1 "\eC,—1 '
NTU = 1f (€. =1 (11.29b)
Shell-and-tube
One shell pass (NTU), = — (1 + C2)? 1n<E - }) (11.30b)
(2,4, .. .tube passes) E+
=2/81*(1+C,) (11.300)
(1+cyH” '
n Shell passes Use Equations 11.30b and 11.30c with
(2n,4n, . . . tube passes) — 1 \1im
F—1 eC.—1
81=F—C‘ F=< 1 > NTU = n(NTU), (11.31b,c,d)
Cross-flow (single pass)
C,. (mixed), C,;, (unmixed) NTU = — ln|:1 + (ci> In(1 — ac,)} (11.33b)
Chin (mixed), C,,, (unmixed) NTU = — <CL> In[C,In(1 — &) + 1] (11.34b)
All exchangers (C, = 0) NTU = — In(1 — &) (11.35b)
f ax(A, DE) (A, T) dr
* 0
E= f E,(\)dA &) =
0 E\N) =7l ) E=l, EfT) Chp 12
A \ [a, ()G, (Adz
f E,,dA f E,,dA AT E _ G %
F Eo _Jo :f /\,bd()\T) a=G_
=0 oT* o of?

f E)\,b d)\
0

j‘GA (A)dA



TABLE 5.1 Coefficients used in the one-term approximation to the series
solutions for transient one-dimensional conduction

Plane Wall Infinite Cylinde Sphere
e G &

Bi’ (rad) C, (rad) C, (rad) C,

0.01 0.0998 1.0017 0.1412 1.0025 0.1730 1.0030
0.02 0.1410 1.0033 0.1995 1.0050 0.2445 1.0060
0.03 0.1723 1.0049 0.2440 1.0075 02991 1.0090
0.04 0.1987 1.0066 02814 1.0099 0.3450 1.0120
0.05 02218 1.0082 03143 1.0124 0.3854 1.0149
0.06 0.2425 1.0098 0.3438 1.0148 04217 1.0179
0.07 0.2615 1.0114 0.3709 1.0173 04551 1.0209
0.08 0.2791 1.0130 0.3960 1.0197 0.4860 1.0239
0.09 0.2956 1.0145 04195 1.0222 0.5150 1.0268
0.10 03111 1.0161 04417 1.0246 0.5423 1.0298
0.15 0.3779 1.0237 0.5376 1.0365 0.6609 1.0445
0.20 04328 1.0311 0.6170 1.0483 0.7593 1.0592
0.25 0.4801 1.0382 0.6856 1.0598 0.8447 1.0737
0.30 0.5218 1.0450 0.7465 1.0712 0.9208 1.0880
04 0.5932 1.0580 08516 1.0932 1.0528 1.1164

TABLE 12.2 Blackbody Radiation Functions

AT Iy, To T 5,A, T)
(um - K) Fy» (pm-K-sr)™! L, Ay T)

200 0.000000 0375034 X 102 0.000000 Bessel Functions Of the First Kind

400 0.000000 0.490335 X 10713 0.000000

600 0.000000 0.104046 X 10~ 0000014 x Jox) Ji(x)

800 0.000016 0.991126 X 1077 0001372
1,000 0.000321 0.118505 X 10~ 0.016406 00 1.0000 0.0000
1200 0.002134 0523927 X 10~ 0072534 0.1 0.9975 0.0499
1,400 0.007790 0.134411 X 10~ 0.186082 02 0.9900 0.0995
1,600 0019718 0.249130 0.344904 03 0.9776 0.1483
1,800 0.039341 0.375568 0.519949 04 0.9604 0.1960
2,000 0.066728 0.493432 0.683123
2,200 0.100888 0.589649 X 10~ 0.816329
2,400 0.140256 0.658866 0912155 05 0.9385 02423
2,600 0.183120 0.701292 0.970891 0.6 0.9120 0.2867
2,800 0.227897 0.720239 0.997123 07 0.8812 0.3290
2,898 0.250108 0.722318 X 107 1.000000 0.8 0.8463 0.3688
3,000 0273232 0.720254 X 10~ 0.997143 09 0.8075 0.4059
3200 0318102 0.705974 0.977373
3400 0361735 0.681544 0.943551
3,600 0.403607 0.650396 0.900429 10 0.7652 0.4400
3,800 0443382 0.615225 X 107 0.851737 1.1 0.7196 0.4709
4000 0.480877 0.578064 0.800291 12 0.6711 0.4983
4,200 0.516014 0.540394 0.748139 13 0.6201 0.5220
4,400 0.548796 0.503253 0.696720 14 0.5669 05419
4,600 0.579280 0467343 0.647004
4,800 0.607559 0.433109 0.599610
5,000 0633747 0.400813 0.554898 15 05118 0.5579
5200 0.658970 0.370580 X 10~ 0.513043 1.6 0.4554 0.5699
5400 0.680360 0.342445 0.474092 17 0.3980 05778
5,600 0.701046 0.316376 0.438002 18 0.3400 05815
5,800 0720158 0.292301 0.404671
6,000 0737818 0270121 0.373965 1.9 02818 05812
6,200 0.754140 0.249723 X 10~ 0.345724
6400 0769234 0.230985 0.319783 20 0.2239 0.5767
6,600 0.783199 0213786 0.295973 21 0.1666 0.5683
7000 oss0 o1 0254050 22 0.1104 05360
7.200 0819217 0.170256 X 10~ 0.235708 23 0.0555 05399
7,400 0829527 0.158073 0.218842 24 0.0025 05202
7,600 0.839102 0.146891 0.203360
7.800 0.848005 0.136621 0.189143

8,000 0.856288 0.127185 0.176079



