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1 Functions

Grad: Vf = % + g{ey+ Zfez
Laplace: V2f = axz + a
Log-mean: fi,(z) = [f(392) f(

2 Unsteady State Heat Transfer

. dfs | Oy | Of.
Div: V- f = 9= 4 Gy O

D]/ (f(z2)/ f (21))]

pCpt = kV?T =T (57) (V-0) +pd,  Bi= ’;

Semi-inf. slab: %—z =aV?T a= p%P ’1,1—; To _ 4 NOTTR h‘/ka)
Wall: (I)Q‘mzo = -k = \/%(Tl —1To) Q= 2(Ty - To)f\/%
3 Steady State Diffusion

Fick’s 1st Law: 4= = cDap®4

ny . = —cDag d:f =—Das d;;‘

! ’ c
@n,A,z = Na, +1‘A( n,A,z + Qn,B,Z) =MNa,. + %(QTL,A,Z +¢n,B,z)
——

convection

.diffusion
P4 =G

. — —_ [PA _ A
Ideal gas: cq = cra = [ = 5]

Cyl. shell balance: ¢ = ¢ + -7y In 7

3.1 Molecular Diffusion in Gases

Dap(pai—paz)

EMCD: q’n,A,z = RT(z2—21)
— DasP(pai—paz)

{(bn,B = 0} : ¢n7A7Z ~  RT(22—21)Pm,B

Dy = Mh = DTy 3Ot

SWZQ/ip w[0.5(F a+D B)]2naA

1.8583x 107 T2 /i, g

Chapman-Enskog: Dap = Po% QD as

PBi = P —pa,

0ap = 3(04 +0p)
Fuller: Dyp = 1.0x10~ 7175 +mB
Pl(XCva)3 +(Z UB) m
3.2 Molecular Diffusion in Liquids
: = <C>D (93 —x )
EMCD. @n,7A,Z - W
3 o1
1=

{)Dap(war—za2)

{(I)n,B,z = 0} : (I)n,A,z = (21—22)Tm. 5
Wilke-Chang: Dap = 1‘173X10_16T\/m

VO 6
Diffusion cell:

bp, A

énA_fdlffDAB(c <) IH%Z%D‘ABI?
Dap o< ;1 — DAB(TQ) = Dap(Th) 72522

3.3 Molecular Diffusion in Solids
Pgs(pai—paz)

P _ Dap(cai—caz) _
’I’L,A,Z Zo—21 (22A414E—3 m3 mOlil)(Zg—zl)
__pas 3 =
CA = B AaE3m mol ! [mol 4 mZ;,] Pgs = Dags

DPA1—PA2
22.414E-3 m> mol™!
¢DaB(ca1—caz)
7~'(Z2 —Zl)

Series: ®,, 4, =

Cipes)™

Porous: ®,, 4 =

4 Unsteady State Diffusion
4.1 Flux Equations
A through non-diffusing B, or non-dilute A: ®,, 4 (k') — ®,, a(k)

4.1.1 Gas EMCD or Dilute A

D, 4 = ki(car — caz) = kg(par — paz) = ky(yar — yas)
ke = ke RPT kcp};‘; = k', P = kapim,B

= kyYm,B = ky, = kcylm,BC = kGgYim,BP

4.1.2 Liquid EMCD or Dilute A
D, 4 = kl(ca1r — ca2) =k} (ca1 — caz) = k(a1 — Ta2)
kéc = ]{/LC = k‘L:clm’Bc = k/L% = k/z = kajl'lm,B
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4.2 Diffusion, Convection, and Reaction

ma = pa(Ua — (Um)) ny = ca(Ua — (Uy))
mA—prABVwA n;‘:chABVxA
@4 =ma+ pallm) D, 4 =1y +calVy)
6pA+v (PmA—RA 8C£4 +v'§"7A:7\ﬂ/A
acA +V CA<’Un> V-CDABV,TA: 7*,4
~—
convection diffusion reaction

{Ac, ADap = 0} : 254 + ¢4 (V- (7)) +
{Ap, ADsp =0} : 6524 + (U,) - Vea — DapVicy =7¥4

17”> -Vea — DABVQCA =7ra

EMCD: %4 = D pV?cy
4.3 Cases

; . _ =Dapcad A = A
Catalytic converter: 74 = £ A= el

4.3.1 At Catalyst Surface with Gas Reaction A — 2B

@,
Instantaneous: ®,, 4 = <PAZ In ;AL Slow: x42 = T
4.3.2 Atmospheric Dispersion
op (5]
2 _ 2Dy 2 _ 2D:x _ __1ha 2 -
Y Uy g, = T pA(xvyaZ) - ﬂﬁmo'yo'ze ?
—i2 =32 —h2
_ ma 202 202 ™a 202
pA(‘ra:%O) - ﬂ—ﬁmgygze =€ pA(:E 0 0) W?}to'yﬁze ?

4.3.3 Diffusion-Adsorption in Capping Sediment Layer
* S} Defrt ( nr )2
Devh |1 4.2 3 (~1)ne” 0 (%) }

n=1

a=Effective cap thickness
‘I’n A= fr=Retardation factor
’ p* =Solubility limit

4.4 Coefficients for Various Geometries

Se= gy Re=2F Sh=p St=% e {2.0()
2 ’ Py
Jp = StScd = Keges = Sh,
ReSc3

Flow || flat plate: .Jp = aRe”Sc*
Gas, {Re < 15000} : @ = 0.664, b= 0.5, ¢ = 1/3
{15000 < Re < 300000} : @ = 0.036, b= —-0.2, ¢ =0
Lig., {600 < Re < 50000} : @ = 0.99, b= —0.5, ¢ =0

5 Evaporation

Q =UAAT = S)g Ag = Hg — fLS Stm. economy =
Total: F=L+V Solute: Fap = Lxp + Vyy
Fhp+SHg = Lhy, +V Hy+Shg Fhp+SAs = Lhy+VHy

Myap
Mstm

Single: hF = CA'p7F(TF — pr) hL = épL(TL — pr)
n —1
Mult: SSAT, =Ts — T,  ATj = ZAT nUi
i=1 iz 2 (U
-1
_ (Ro—Rp)A A
Ur = (hl + ZAAIIm h Ao;bo>
-1
_ (Ro—R1)A 1
Vo = (Alhl A, T fTo)
Ag—A
A m(ffoiI) Ai = 27T'Rl€
6 Drying
6.1 Humidity
my _ Pay _ g Ph __ 100H __ 100pq
H= Mg P—pq) T e Popy P T THS Hr= Pl
L 1 kg dat+H
Vi = 227234115T(mda1 m(l)lH ) PH = gv2+'

Cru =Cpa+CpanH Hy=Cu(T -Ty)+ HX\o

Water/air: H, = (1.005+ 1.88H)(T = To) + HXo  Xo(0°C) =2501.4 §

6.2 Batch Drying

Ls=Adps G =1ipn

Gasl|sfc, {318 < T <423},
{2450 < G < 29300} Vv {0.61 <

s TR

F< 7.6} h=0.0204G08
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Gas Lsfc, {3900 < G < 19500} v {0.9 < & < 4.6} : h = 1.17GO-37
H—H, T'psychro —
TfTW: == pAy(.T 7”losychro = Traaky
5y _ Lsd : _ h(T-Tw)
D=2 D, AA(.) = kytha(Hs — H) = ( — b
— Mya—ms too = Lsba—xa) _ _LsCa—xz)
X ms drying = 4B T Aky e (Hs—H)
Falling rate in capillary: ¢(x., X) = %l Xe
6.3 Continuous Drying
Moisture: GHy + Lsxl =GH; + LSXQ GdH = Lsdx
lose .
Heat: GHGQ + L3H5'1 = GHGl + LsHSQ +Q
gain
f[G =Cu(Te —To) + HXo
Hg = Cps(Ts — To) + xCp,L(Ts — Tp)
Countercurrent' Ls(xe — x2) = G(H, — Hy)
Hs— H,
teonst = li‘ A (k mdd) 1 In (H:—Hl)
-1
G L . | (Hs—H2)G Xe(Hs—Hs)
talling = 754 Fovi [ T, T XQ} In {XQ(HSS_H"Z)}

7 Countercurrent Multiple-Contact Gas-Liquid Separation
pa=Hzx, ya = 'z 4 H' =3t/ P

Total: LoVyy1 =Ly +Vi At Loxzo+ Lyyiyny1 = Lvzn Vi
n: Lo+ Vi1 =L + V1 A: Lowo + Vi 1Ynt1 = Loza Vi

s . L, Viyi— Loz s _
Op. line: Y11 = v T+ ly\§n+1°*° Eq. line: y, = #'z,,

YN+
ln[%(l f\bx)+fab5:|
Stripping: N = s

- L — — ;
Jabs = 77 Jan = VN m = slope of eq. line

In [M(l fslr)+fstr]

y1—mzg

n(fy")

U —mV _ -1
Absorption: N = Jow = 757 = fabs

8 Continuous Humidification Process
@LC\YP LdTL — Qla! + Qsens

9 = — sk APN(Hs — Hos)d Len = hG A(Tow — Te)dhi
@LprLdT{‘ = @CidHy = (hLAA)d/’l(TL — Tint)
Heat: (I)G(Hyg — Hyl) = @LCRL(TLQ — TLl)A A
~ 3 . . _ _®.Cp1 Hyw—Hy _  —hpA
(I>G ~ 2(I)G,m1n (I)G,mm — Aﬁy/ATL Tow—TL ThdakgAP
Ay df
. . _ P _ L)
Film: A = hg Af 7Hy,im_yﬁy hg = qukg;lp
yl
_ _ Hy? i _
Overall : f = ﬁGHf T hg = %

H, = H, oneq. line at temp. 7" from op. line

9 Adsorption Process: A adsorbs B

q = pbetue O = Hgotae K, n, gy = emp. constants
Isotherms:
Linear: ¢ = KC K[—}m73
-4 B kgatlAsolrbe{nl
Freundlich: ¢ = KC% n= Rt K[=]varies
- Kgadsorb kg
Lanemuir: ¢ = 20CB — adsorbate Kl=]2&
g q K+Cg qO[ ] kgsolid [ ]m3
Batch: grma + CB}FVF =qrma + CB,fVF
9.1 Fixed Bed Adsorption Columns
oo tbl‘eakpoinl
tr=[(1—=&)dt  tuabie = (1—&)at
0 0
J capacity — s ﬁbreakpoint = tumh]c fir
c dq(C - ac feate]
ot + (1 - (b)pp qa(t L= 71}‘ 0z + Da 022
_dz __9C/ot _
dt — T 8C/oz — ¢>+(17¢>)ppq(0)
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10 Membrane Separation
10.1 Liquid Permeation Membrane

K=&t m: membrane, f: film
o
P, 4 = ke(cr —crem) = Z2E(cimt — Comt) = kea(Co,pm — C2)
’
&, 4= 0= p — DK

AT T P k) L Smem

10.2 Gas Permeation Membrane
PA1—PA2 Dass

Pna = EL + fon 4 BT P6 = Hamsmmo
10.2.1 Complete Mixing Model
. . . . . . v
Vo=Vr+Vp Voyo = Vryr + Vpyp 9:7’;
Vp,a v Pgs,a
Ves _ Vp(l—yp) _ Pas.s
Ao = A = w1 = yr) = (1 —yp)]
a° = Fos.a r=1o yp  _ __a’lyr—ryp]

— Pgs.B — B 1-yp (A—yr)—r(1-yp)

_ —=b+vb2—4ac
Yyp = 2a
Y0, YR, @, T known:

— _ © — _ o l YR o _ = _aOyR
a=1—-«a =-1+a°+ -+ % 1) c= =%
Yo, 0, a°, r known:

=0+r—rf—a°0—a°r+a°rd
b=1—-0—yo—r+r0+a°04+a°r—a’°rf+a’y c=—ayy

_ Yo—ty _ Yyo—yr(1-0) _ 0Voy
YrR = 0= 9P yp = ] Amem— PGS, A oLE

Smem (LHYR—TLYP)
B ] o yo[l4r(a®—1)(1—yo)]
{9 = 1} * YR,min = . a®(1—yo)+yo :

10.3 Reverse Osmosis Membrane: A dissolves B

RT DA {(Crem) V.
IT= TL[{/A PSIV,A: A<RT> =
_ Pa.a _ Duem, 5K} 1 — CB mem
P6 A= 5mem D6 B = ﬁ)B KB = C4B
b
®,, 4 = Ps 4(AP — AII) Al S 9
P, ACB:
@5 = D5 5(Cp1 — Cp2) = —"5 2
oo =1_Cp2 _ _BAP-AI)  p P, a _ _Psa
reject = Cp1 ~ 1+B(AP—-AI) T Duem,BK5Ca2 = D5 pCa2
11 Mechanical Separation
11.1 Constant Pressure Filtration
kypt(1—¢)2 A2 A
Carman-Kozeny: £fate — L (¢3 ) A ki =417 A, =532
P
- K B Kp= focs__ {i} B= Ak {i}
PVt" P = T2(-AP) | b A-AP) |3
_ ki(1-¢)A? t _ KpV 2 —1
K
tgen = PQ
L AV _ 1 } .1 — Vaaw
Leaf: (7). = wovirp  Plate-frame: leaf  fyq = g
11.2 Centrifugation
_ 7 _ 27r1\7,
F= md, = mRw? 2wf?‘ w= =
- w?B2r(py—p)
{Re < 1}: Uy = IET
: w? B2 (pp—p)
_ pc\Fp _ 2 _ p2 _ Vv
Ve = wmimpmymrmy YV = e (B2 — RY)  tr= g
Vi _ Vs 1:small scale n= Y 2 [mhvowm (R2—R3)]
T 3. 2:process scale — 2gIn[2R2/(R1+R2)]
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