0.0 General

0.1E and Q

Ein = Eour

Est = mcAT = pcVAT

q = mcpAT = pVAc, AT
q = Gcond T conv T qrad

0.2 Fourier’s Law

" daT daT AT
9cond = _ka; qcond = _kAE = - kAE
0.3 Newton’s Law
= h(Tsurf — Too); Geonv = hA(Tsurt — Too)

”
Gconv

0.4 Stefan-Boltzman Law
Qrng = % = eoTd — aG = eoA(Té e — T2);

Gabs = QG; Gaps = aGA
1.0 Conduction

1.1.0 Fourier’s Law
1.1.1 Cartesian

§" = —kVT k("aT+"aT+1€aT)
= = Lax J ay 0z
o kBT I aT I aT
W=-koyy Gy=ckg  @=chky
1.1.2 Cylindrical
Y 0./ DS UL/
= = (r6r+ r0r+ Bz)
. or L, _ kor ., T
= 6= "759 1=277"%;
1.1.3 Spherical
= KT K aT 1 BT . 1 9T
- = (r +¢r ar b rsinf)af))
S/ ST R U
TR T 7T 10T T iSineae
1.2.0 HDE

1.2.1 Cartesian

a (kar)+ a <k6T) a (kar) J = o aT

ox\"ax) Yoy \fay) Yo \Kaz) 19 =Pl

k = const

BZT 9*T 9*T g 10T
— ot =

axz ay? az2 k aot

where @ = — (thermal diffusivity)
pCp

1.2.2 Cylindrical

1a(k AEN kaT) ) kBT)+ o or
ror Tar) r26¢( E) ( az) TI=P0 g
1.2.3 Spherical

Lo .00, 1 0 (k aT

rzar( T 67“) r2sin? 0 d¢ d))

+—=— ! (k 96 + C or
Zsing g \* 510 69) 9=rCg;

1.3.0 1D Steady Conduction/Electrical Analog

T. R L R 1

cond = 7 conv = 7

A A
Riga = 7—
Rosce e h.A

hy = €0 (Ts + Tsurr) (Tsz + Tszurr)
R

T

R Z R; OR — 1 ! —+
EQ ™ REQ &
TA "
Rt,c = ;Rt,c = Rt,cA
qX
1.3.1 Plane Wall
d2
HDE: — =0
dx? X
Temperature Distribution: T = T; — (T; — TZ)Z
T, —T.
Heat Flux: g/ = k— I 2
kA
Heat Rate: q,, = T(Tl —T,)
L

Thermal Resistance: Ry cong = A
Electric Analog: V = IR & AT = qR,

1.3.2 Cylindrical Wall
1d/ dT
HDE:— (r —) =0

rdr\ dr
T ture Distribution: T = T, + (T T)ln(r/m
emperature Distribution: T = —T)————~
P R TTCVES)
i k(T, —Ty)
Heat Flux = m
2nLk(T, — T,)
Heat Rate: g, = —————
eat Rate: qr rin(ry/m)
. In(r, /1)
Thermal Resistance: Ry cong = “omlk
k

Critical Insulation Thickness: r¢.j = 7

1.3.3 Spherical Wall

HDE: 1d sz -0
zdr(r dr)_

-1 /T
Temperature Distribution: T = T; — (T; — Tz) —_—
—11/72
. k(T —Tp)
Heat Flux: §, = 77—~
r2[(1/r) — (1/7)]
4tk (T, — T)

Heat Rate: g, = m

1/r) = 1/ry)

4mk
2k

"

Thermal Resistance: R cong =

Critical Insulation Thickness: r¢.j =

1.4 Conduction with g
2 .
For Cartesian, HDE: Iz ‘z =0

Integrating Twice: — Z'lkx + Cyx + C, (can't use elec. analog)

1.5.0 Extended Surfaces and Fins

Le=L+ ¢
TR
Infinitely Long Fin (Table 3.4)

qs = / hPkA6,

Case A: Convective Tip

dT|
Tt 44{ =h(T,-T.) T T =0
P P \-‘_/ %

Ty 2 Ty

,, e

Case C: Known T @ Tip

Case B: Adiabatic Tip
T

Case D: Infinite Tp

P o e
= ™

1.5.1 Annular Fins
General Fin Equation

62T+<1dAC)6T (lhdA)(T T.)=0

0x2  \A. dx/ox \Ac.k dx T

Annular Fin:

d*T 1dT 2h d*0 1de6

i - av 2% 2y =

dr? +rdr (T o) = 0= dr? +rdr © =0
2 h

™S

0(r) = C1ly(mr) + C,Ky(mr)
1
Rer= hAgm;

1.5.2 Fin Arrays

Single Fin
= qr :Qﬁn_qzﬁ_

" Grige  hA®," " Rf
o = qr N 9b( 1 ) Rh

fin = ——

" Gnot  Re\RAyB,)  Re

Fin Array
Mgy = — B = qzﬂqu_ PR
aray qa,ideal hAaBb ’ f R o a Ano a

-1
Rarray REQ = Rbase + th + (Rfms + Runfms)
AT
q =5
aray Rarray

1.6.0 Transient Conduction
1.6.1 Lumped Capacitance

Tia=Toa _ L/KA _ Recona _hL_
Toz—Tw  1/hA  Recomy kK

for soheres 5 < ME AV

or spheres, bl = k 3,’(.45

Bi < 0.1, the error for lumped capacitance method is small

B_<<1_6_T—T [ (hAs>t]
LR T o, P ve

) at
0" = exp(—Bi - Fo); Fo = 2

No g, Gcony << rag, N0 heat flux:

[Tsurr + T
" |
Tsurr - Tsurr =T

T T,
+2 (tan‘1 ( ) —tan~?t ( - ))]
Tsurr Tsurr

NO Graq; just g, geonv, and flux:

_lansurr+Ti|

_ pVe [
" 4Age0T3

a_hAs'b_qélAs"'g" T-—Te

pvc’ pVe ' Ti—Tye
T-T, b/a
Ti_Tw=exp(—at)+T T [1 —exp(—at)]

1.6.2.0 Transient Conduction w/ Spatial Temp. Variation:

= Z Cy exp(—¢3Fo) cos({nx™)
" X C = 4sin{,
L’ 20, + sin(2gy)

where: x* =
L

and {, tan ¢, = Bi

if Fo > 0.2 only need 1st term of the infinite series
Semi-Infinite Solid

1.6.2.1 Plane Wall Fo >0.2:

g 0T 0~
“8" " T,-T,
Q sin{y
<oy
Qo o

4sin{;

€ =0 tang, = Bi
1T 0 Fein(agy’ ARG =B

1.6.2.2 Cylindrical Geometries Fo > 0.2:

T —

9*:T
65 =
Q
Qo
Cn

T —
=1-

T, ' 1,
26
°/1(<1)

1) _
TG

Too
To = Cy exp(={£F0) Jo({1r™)
Tot—Tw , T

1.6.2.3 Spherical Geometries Fo > 0.2:

1

0* = C, exp(—{%Fo) [—* sin((ir*)]
Gr

Tor—Too r

05 =

Q

= 11—
Qo

T—Tw | 1o

*
)

36,
= *sin(¢,) -

1-{,cotd, =Bi

1.6.3.0 Semi-Infinite Solid

1.6.3.1 Case 1
T(0,t) =T,
PO T () a0 =
-1, O \ava) BT
1.6.3.2 Case 2
' =qo
o (a2
245 (%)
T(X, f) - Tl = Texp@ -
1.6.3.3 Case 3
kaT [T, T(0,t)]
5l e =70
T(x, t)
——— =erfc ( )
To — Ti 2\/_

- [exp <_

¢y cos(¢y)]

—X

hx
k

2Vat

"

Qo X

Surface Convection

e erfc

= C; exp(—{?Fo) cos({;x*)

k(Ts — Ty)

Constant Surface Temperature

Constant Surface Heat Flux

=)




2.0 Convection
2.1 External Flows (T7.2,7.3,7.4,7.7)

Local Convective Heat Transfer Coefficient

aT
Km0
(Ts—Teo)

aT
kiG] =R =T =>h=

Total convective heat transfer from a surface:

0= [ (1= T)da, = 1~ 1) [ haag
A As

Avg. convective heat transfer from, h:

q = hAy(Ts — To) = (Ts — To) f hdAg = h =Ai f hdAg
S
As As
Flow over a heated, flat plate:
e = Uk _pVD
v u
e Re < 5x 10°%: Laminar
e Re > 3 x 10°: Fully Turbulent

Boundary Layer Equations

M ou + v 0
ass: xtay =
ou v a%u
Momentum: p (ua + UE) = #W
aT  aT a*T
Energy:u—+v—=a-—

dox dy ay?
Laminar Boundary Layer Solution for a Heated Flat Plate

Blasius solution:
5x

Rey
Local shear stress at wall:

— Pl
Tg = ”ay o = 0.332u,, —

Local friction coefficient:

%= StPr¥/* =g =0664Re? St= L
7puz pucy
_ v momentum diffusivity (a.k.a. kinematic viscosity)
Pr = a thermal diffusivity

For laminar flow over a flat plate:

—k(t/Y)|,= U\ /2
h = w — 0.332kPr1/3 (_)
Ts —Tw Ve

5x

Rey

For flat plate (laminar flow) with fixed plate temperature
boundary condition:

5
EtzPrl/3 §=

hx
Nu=--= 0.332Pr'/3Rel/2
For flat plate (laminar flow) with fixed uniform heat flux:

hx
Nu == 0.453Pr1/3Re1/2} (valid for Pr > 0.6)

How to calculate average h over a plate?

—_ hL  2h,,L
Nu=7: =L

= 2Nu,_; = 2Nu,,

Film Temperature

T, T, Tg+T, .
T—S > 10R T—S & 1; Ty = %; When Ty or T, are not specified;
w w

1. Guess Ty, 2. Evaluate property data, 3. Solve. 4. Calculate new

Ttim and compare with previous guess, 5. Repeat until
Ttim and solution data converges.

Non-dimensionalized Solutions

_ kfoT"
T Lay*

_hL_oT
kT oy

;
y=0 y=0

Heated Flat Plate Solutions

Laminar flow only:

Nu, = 0.332Re,1(/2Pr1/3} (valid for Pr > 0.6)
_ 03387Rel?pr'/?

" [1 + (0.0468/Pr)2/3]1/4

(valid for Peclet Number = 100)
(where Peclet Number = Pe = Re, Pr)

Nu,

Fully turbulent boundary layer:
5 = 0.37xRe; "/
5 =6

Nu, = StRe,Pr = 0.0296Ref/513r1/3}
(valid for 0.6 < Pr < 60)

Mixed laminar and turbulent boundary layer:
Nu,, = [0.664Re}/” +0.037(Re}’* — Re}/)|Pri/?

If transition to turbulent BL is at: Re, . = 5 X 10°

Nu, = (0.037Re;’* — 871)Pri/
id for. 06 < Pr < 60
Vvalldor: 5 105 < Re,, < 108

2.2 Forced Convection in Internal Pipe Flow
umeanD pumeanD
u
Hydrodynamic entry length:

XED hydro
—_— ~ 0.05RepPr
( D )lam °

Nu = f(Re,, Pr)

Rep =

Velocity Field in Laminar Pipe Flow

1 ¢dp r?
u(r) = E(E) VOZ [1 - ﬁ]
0

7§ dp

Umean = _B_HE
u(r r?
o) =2[1__Z]
Umean o

Mixing Cup Temperature (incompressible, circular tube, c =
const)
2 (T
Tm=—= f uTrdr
UmTy Jo
Forced Convection in Laminar Pipe Flow for laminar, fully-
developed pipe flow:

hD
Nup = IR 4.36 (q¢ = constant)

hD
Nup = T: 3.66 (Ts = constant)
Heat Transfer in Entry Regions (Laminar)

Laminar thermal entry length:

XFD,therm
—_— ~ 0.05RepPr
( D )lam b

Fully developed velocity and thermal boundary layers:

_,_ x/D
B RepPr

If Rep = 2 300,x/D = 80.5 for air; x/D = 500 for water

Graetz Number = Gz > 0.05

Combined Laminar Entry Length (both velocity and thermal B.L.

developing)
(valid for: Ts = const)
0.48 < Pr< 16 700
0.0044 < (u/pg) < 9.75

o Re,Pr 1/3 014
N, = 106 (S22 (1)
P L/D B

Thermal Entry Length (or unheated starting length)

0.0668(D/L)RepPr

Nup = 3.66 +
g 1+ 0.04[(D/L)Re,Pr]2/3

(valid for Ts = const)

Flow in Circular Tubes

4m
(Rep)inlet/outlet = v incompressible, steady, A = const

Dittus-Boelter Equation
n = 0.4 for heating Ts > Ty,)

— 4/5p.n
Nup = 0.023Re;, "Pr n = 0.3 for cooling Ty < Tp,)

where: {

lid for: 0.7 <Pr <160 Rep = 10 000
vanator 1 /p =10 Ts — Ty, is moderate
Sider Tate (larger temp variations)
0.14
Nup = 0.027Re’/*pr1/3 (L)
Hsurf
lid for: 0.7 <Pr<16700 Rep = 10 000
validior: 1 /p > 10 large variations in T

15 at surface temp; other properties at T,

Transitionally Turbulent Flows:

(f/8)RepPr
T 1.07 +12.7(F/8)/2(Pr2/3 — 1)
f=1(0.790InRep, — 1.64)"2 3000 S Rep S5 % 10°
in general 10 < (x/D)gp < 60

Nup

Turbulent Hydraulic Diameter

44
Dy ETC

Energy Balance in Internal Flows

dqcony = qs' Pdx = mcpd Ty

dT,, qi'P P
-= =—h(Ts—T,
dx ~ mcp  mcp (Ts = Tm)
Constant Heat Flux

q'P
Tmo = Tmi + ms_cpx

Constant Surface Temp

AT, Ts— Tin(x) Px _

My T M) oep (— 22 5)
mep

AT; ~ Ts— T
_ AT, — AT;
qs = hA AT y; ATy = AT, (Ts = const)
l’lA—Ti
AT, Tn—T, UAg 1
AT T,—1, P (_ m_cp> =exp (_ mchm)

= hAAT = ATim Rior = !
qs s=24LM Riot tot U As

2.3 Natural Convection

Grashof Number (ratio of buoyancy to viscous forces):

gB(Ts — To)L®  gPATL?
= =

Gr
v2 v2

Rayleigh Number:

gBATL? (v) gBATL?
vZ \a va

Transition to turbulence: Ra ~ 10°

Ra = GrPr =

h

— L
Nu, = TCRa;_l

2.4.0 Heat Exchangers (T11.3,11.4)

U D, — D;
Rep)y = m,h(; 1)
1_1,1
U hy h

q = Cl(T)o — (Tl = Cul(Th)i — (Th)o]
AT, — AT,
q= AT = UAAT y; UA=
In 72
AT,
ATy = (T); — (T
arallel flow: { ! ! ol
P YT, = (e - (T
ATy = (Tn)i — (T,
AT, = (Tw)o — (T

Rtot

counter flow: {

2.4.1 Heat Exchanger Effectiveness - NTU Method

actual heat transfer

"~ max. possible heat transfer

q Cl(T)i = (Th)o] — Cel(T)o = (T

;Cmin = (Mcp)min

Conin[ ()i — (T~
q= gqm_ax = ngin[(Th)i - (Tc)i]
e=f (@,NTU);

max

Gmax

UA
(number of transfer units)NTU = -
min
3.0 Radiation
hc
c=Ae=hv=>— -l
sz&

h=6.626 x 10724 s
a=1-p

Net energy exchange between surfaces:

aij = [Ai(Ep)iFy; — [4(Ep)j]Fj;  AiFij = AjF

J
aij = AiFy[(Ep)i — (Bp)j] = AiFyo (T = T}')

Net exchange from i in multi-surface system:

N
qi = Z AiFyo (T = T}")
=

Crninl(Th)i — (T)i]

Ji



