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1 Coordinate Systems and Vector Math
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x=psinfcosp p= /224 y2 + 22
(r,9,2) < (p,0,0) y=psinfsing O =cos™* 2

1 z

2z =pcosf ¢ = sgu(y) cos™
€, = sin 0 cos ¢pé, + sin §sin ¢é,, + cos Oé,

€9 = cos B cos ¢pé, + cos B sin pé, — sinOé,
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(7’,9,2)<:>(p,9,¢) Z:pCOSgb G:tanflﬂ
0 2w

Open cylinder: dAg = Rdfdz — As = [ [ R dfdz = 2w R(
00

27w

Sphere: dAg = R?sin0dfd¢ — As = [ [ R?sinfdfd¢ = An R?
00

U W = v1wy + vews + vyws = |U]|W] cos d

TX W= (’U2w3 — U3W2)i — (’U1’LU3 — ’L)37.U1)j+ (’Ulwg — ’Ugwl)k

|0 x @| = |V]|||sin 0]

= —1 50 ~ 7 - o= i

LU0 =cos () 0= Uy =V

2 Equations and Laws

Torricelli: 7 = /2gh
— Ov;

Newton’s Law of Viscosity: 7;; = (‘%J + a;i )

Fourier’s Law of Heat Conduction: ®¢ = —kVT

_ Qa

A
Newtonian Constitutive: 7 = [Vu—i— (VU)T)
Continuity: 3p+v Vp = p(V - 7)

(micro m)
Navier-Stokes: , (92 . 5. V) = VP + uV25 + i
Gen. e(qr;lici)ofgotlon: 0 (%* +¥-V§) =-VP+V-T+pj
fnerey.p (%—’f 47 vE) = V.o —V(PH)+V (1 7)+Q
Thermal enerey:  pCp (% + - VT) = kV2T +77: Vi + Q
Hagen-Poiseuille: V = w
%

3 Fluid Mechanics
V=A,(0) =2 (o) = p1Ag1(01) = p2Aca(a)
N T e
3.1 Force Losses

_ (D)pSZ _ % _AP _ _ 2F _ (D)
Re= =7 f=T5wr = s F=0g

fsmooth lam = 16/Re fsmonth, wh = 0.079Re_0'252
af Fﬁning = Kf%

Fstralght pipe — 4fg 2 P

sovang (%) sk ()

_ 4A, 7o Fy T AP
P = Perimeter Hi g H = pg
o1, /2
Fy = 5p(0)°A;Cqy
. __ 2Vhoay (Pooty—P)g = 2Vhody (Pbody —P) g
Drop: Cy = AL Uoo =\ a0
3.2 Quantities of Interest

’fLE<’rL1, nog, TL3> o=—-Pl+T
m=(T-7)Ap 4L =(U-n)A,p¥
L Ty
V={(7- v)|sfcdS {Thow) = T dady

} |§fc
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3.3 Macroscopic Balance

9P+ % (LpAcos(®?0) = (=P AR); + Fronmia + med

~1, turbulent

—0.75, laminar cost) =n;-v; U = (v, v2, v3)

4 Heat Transfer

Conduction: Q* = k;c(ig k(TlAi;Tﬁ k=% 1;?{?

1-D: TWZ Ca+Cy T =—FInr+Cy
Generalised: Q = Zgj\’ R, =% =7 = IR’
Convection: \QI\ = h|(Touk — Twan)|
Nu_hé/ PI"E% GI"E% E/G{Q’,(s,f}
/B - ﬁlm Tﬁlm = TbulkgTwa”

4.1 Heat Exchangers

Q = UAATlme Qwater = mCPAT Qsleam = mAvapI;[

_ (Tout, shett —Tin, tube ) = (Tin, shett = Tout.tube) _ ATkjge s —ATige B
Aﬂm - Tou[ shell — Lin, tube - e Tide AS <
Tin, shell — oul tube 1 ATige B

_ (Ro—Ri1) A -

Ur= ( + kaAm + tho
—1

_ (Ro—Ri)Ao | 1

Vo = (Alhl + e An e
_ _Ao—A R )

Am = Tn(Ag/AD A; =21R;{

—1
1 (1 1 (Ro—R)A Al A

Fouling: Uy = (E + T + ZAAII", -+ Aoho T thd,o)

Cunin = min{(nC), (1MCp)c}  Conax = max{(1Cp)u, (RCr)c)

1 ol (1-Emn )] 1%[ o2 (1+cmin )]
14 guin

€co =
_ C..: Cco
C [CU-A (17C’mm):|
1 — Zmin | Cmin max max
max

Q = €Crnin(TH,shell - TC,tube)
4.2 Radiation

€counter =

AQ — Qabsorbed EQ — annil(cd BlaCkbOdyZ 14()7 EQ — 1
. Qincidem Qemilled,blackbody
Qemmw = 5QUT4 Qabs net — AEQ ﬂfca(Tsfc Tbulk)
= 5.676E—8 — =
hrad = W anv+rad - (hcnv + hrad)A( sfc — Tbulk)
Q1A—>2 = ET%TE? N heat shields: —QlA_’z = ﬁggll_:rf)

5 Fluid Mechanics Cases
Hydrostatic column: P, = Pt + pgh
U-manometer: Py — P° = (pg — pa) ghia + (pB — pa) ghin

— 2
Sphere creep: Fy = 6mRuvye  Uoo = 4(pb°dylgﬁ)g g9 Re= %ﬁ
Sphere drop: Cy = %%Qg Too = \/W

5.1 Poiseuille Flow of Newtonian Fluid in Tube (Figure 1)

P(Z):@Z_‘_PO TTZ(T):%WT

U ¢+ Py—P,)R? 12

A= (0. 0, lwsRerIR( (212

~ 27 (R o drdd -, 0 on

<”Z>:‘}2wf(}f%ﬁ Foan = [y [37 7| _ Rdfd=
0 0

= [Z7 [R5 rdrdd = TR (T.)

5.2 Newtonian Fluid Flow Down Inclined Plane (Figure 2)

g={(gsinf, 0, gcosb) v=(0, 0, )
— cos 0 — b5, dzd
w) = 02— a?)  (5) = Ll

f f ﬁz dl’dy — W/)L</Uz> ﬁz,wall - fo fO TIZ’z:ﬁdde
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6 Heat Transfer Cases

Across rect. slab: T = %aj + T T >T,
Across slab between bulk fluids, Newton’s Law of Cooling B.C.:

Qo — _ Ty —Tio T
A T I b8z, T b1 > The
A amtE e
1
T — Tbl . (1Tbl —AThQ)% (?bl 75‘32)?
H-‘y—fk‘r"t‘ﬁ ﬁ""TT:E
Qe _Ti-Tok  T-T _ 72
Cyl. shell: =& = mio r T-Ti  jpko

Annulus, Newton’s Law of Cooling B.C. (i:igure 3):

Qr Th1 —Tho 1 T
=< = B - b1 > Tho
A ;LOIRO +% In T?JF ;LIIRI (T)
R k
(To1 —Th2)(In 52+ )
T =Ty + B = h'ISRO
g TIn B+ 7w
oRo 1 15|

T-Te ] ()2
QR2(4k)—1 R
Very large h: use Fourier’s Law

Wire with generation:

7 Heat Transfer Correlations

7.1 Forced Convection

Q = (hAAN(T) = (R AZ[(Twan — Tourcin) + (Twan — Tourkout)]
Lam., ¢ pipe, {Re < 2100, RePrZ > 100}:

1/3 0.14
(Nu) = 12 _ 1 86 (Repr%) (m)
Mwall

Trb., smooth pipe, {Re > 6000, 0.7 < Pr < 16000, ¢/ > 60}:

0.1
Nujy = 242 — 0.027Re"*pr/? (L)

3.52¢°°8

/®/0.2 s
Trb., water, pipe, {4 < T < 105°C} : i = 1429(1+0-0146T>;7¢»2
Organic liquid: Ay, = 423275

Around sphere, {1 < Re < 7E4,0.6 < Pr < 400} : Nu = 2+0.6Re2Pr3

Trb., air (1 atm), pipe: him =

7.2 Immersed Body

Flow | plate, {Re < 3E5 A Pr > 0.7}: Nu = 0.664Re"°Pr'/3
Flow | plate, {Re > 3E5 A Pr > 0.7}: Nu = 0.0366Re"-*Pr'/*
Flow L cyl, {Pr > 0.6} : Nu = CRe"Pr/?

Re m C

1—4 0.330 0.989
4 — 40 0.385 0911
40 — 4 x 103 0.466 0.683
4%x10%—4x10* 0.618 0.193
4% 10* — 2.5 x 10° 0.805 0.0266

7.3 Natural Convection

1 plane/cyl: Nu= 4£ = o(GrPr)™

Geometry GrPr a m
< 107 136 0.2
1 plane/cyl., {A < 1m} 10* — 10° 0.59 0.25
> 10° 0.13 173

<107° 049 0
107° —107%  0.71 0.04

—3

coutr<ozm PR 10D
10* — 10° 0.53 0.25

> 10° 0.13 1/3

5 7

<> plate, Theated / Lcooled 9 ><10107__2 ;xlolom 8?: ()1'/235
<> plate, Lheated / Tcooled 10° — 10" 0.58 0.2
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7.3.1 Simplified Natural Convection

Geometry GrPr h (T[=]K, £[=]m)
Air at I atm
10* — 10° 1.37(AT /)05
1 1.
T plane, cy > 10° 1.24(AT)/3
o vl 10° — 107 1.32(AT/2)"%
v > 10° 1.24(AT)V/?
10° =2 x 10" 1.32(AT/0)"%
++ plate, Theated / Lcooled 2% 107 —3x 10 1.52(AT)/3
< plate, Lheated / Tcooled 3 x 10° —10'°  0.59(AT/¢)%-25
Water at 294 K
1 plane, cyl. 10* — 10° 127(AT/£)%-2
Organic liquids at 294 K
1 plane, cyl. 10* — 10° 59(AT /)02
7.3.2 Enclosed Spaces
Geometry GrsPr Nus
< 2000 1.0
.25
Tplates, gas, {€/6 <3} §x10° —2 x 10° %
< Pr 1/3
2% 10° — 2 x 107 e
. < 1000 1.0
plates, liquid .
t 1000 — 107 Lt L
7x 10° =3 x 10° 0.21(GrsPr)"?
< plates, gas, {T" T
plates, gas. {T.. > T} > 3% 10° 0.061(GrsPr)!/?

< plates, gas, {TL > Tt} 1.5x10° —1 x 10°  0.069(GrsPr)"/?Pr-07

7.4 Boiling and Condensation

Boiling, ¢+, {2 < 16kW m™2} : h = 1043(AT[K])"/?
Boiling, <, {16 < & < 240kWm™?} : h = 5.56(AT[K])?
Boiling, J, {% < 3kWm~2} : h = 537(AT[K])/"
Boiling, §, {3 < £ < 63kWm™?} : h = 7.95(AT[K])?
Boiling, forced convection: h = 2.55(AT[K])3e"Pal/1551

k) o) ()= P1) 9(Avap H+0.4C p () AT)
2w AT

Boiling, film, <+ tube: h = 0.62 {

. _ 4m <1800:turbulent  p/ __ w2 (tube)
Cnd., film, bottom of { sfc.: Re = wﬁ) < bent g7 — 7 2 (b
. 370.25
Cnd., film, lam., ] tube: Nu = 1.13 [ 2000 =20)9 8w H (T
Coee ’ ’ nako AT

1
2 3\ 3
Cnd., film, trb., { tube: Nu = 0.0077 (‘“2—?) Re’*

(U]

. . _ P(l)(P(I)*p(V))gAmp].}gg]0.25
Cnd., film, lam., outside N stacked <+ cyl.: Nu = 0.725 [ ot

8 Figures
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