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CHapter 1 — Checked by T. J. Sadowski

LA Compufa’n’on of Viscosities of Gases ar Low Densily

Two methoas of solution are given in the texd: the kanehc theory method based an
Eq. 1.4-18, and fhe wrresponding stults method baswd on Ag. [.3-i, The kincic iizany
method iy more acwrake, (claulabions by both meshods are summarized here.
Kirieric Thinry‘f‘}e)‘hod:

e - — e - - - -—— e ——

bCﬁnsk—unh fom Toble B-| w1/« &;& Fredicked viscosily ,éff?
Gas | Mo (A | emor) | = 2| qtena | pm veenpe S5
Q. |3v00| 3433, 3, 2.60 LOZ 0.02029
Na. 23.02 1 368 1 q1.5 320 l.o22 0. 01747
CH, | 16.04 3322| 137 214 L1149 0. 0109
_Corrusponding Staks Meshod:
Constonhy fom Table B- T b W e i‘ff;;cf;;i
Gas T (°K) | platm) | pe (cp) | = ’ﬂé"’ = ";;’ (Rg. 1.3-1) b Lep)
O, | 1544 | 427 0.02.50 130 0.020 0.82 0.072.08
Ni 126.2 315 0.0180 2.32. D.030 0.47 0.0175
i CH‘#_J i91.0 453 0.0159 (.64 0.02.2. 0.69 0- 010D

The observed vatues are: 0, (0.0203¢p), Ny (0.017S¢p) | CHy (0.0109 ¢p)y 03 grven
in lable |1-2.,

L.B Calauation of Viseosities of Gas Mixtures af Low Density

For the binary sywhem bang onsidercd
2 v

L SPedc.s P—L“Oe M

1 Hz_ €9 .4 Z-O”p

2. CClFy i2# 0 1210.9
According to Eq. 14-20 . @, =1, €1 =1, and

EN
-1 A
4 RO [Ty (884 b (1208 VVA 1T = 3954

- _LL
EJER JZ 120.9 21.016



| 120.9 "'/2.. 124 .0 Vor 2 olé . < Z
- . - 4+ -
2, {8 [‘ T 2o [' * ( 88.4-) ( :w.q) ] = 0.0920
Application of Eq. [4-19 than gives:
2= 2= A= = A+b = ‘}
Xp | 2x5%; | Zxpdy X1/ 2, X pa/ 2 Ko x| Ho,,xi0%
0.00 3.934 |.oco0 0.0 124.0 (124.0) 124.0
0.25 3.200 0.713 6.9 120. 3 7.1 (281
0.50 2.467 0.544 17-9 1i3. 6 131.5 131.9
075 1734 0.319 3%.2 Q7.2 135.5 1351
.00 {.000 0.09. £8.4 0.0 (884 3.4

1.C Estimaiion of V(su:)sily ofa Qas at High Density

(8) hom Tuble B-1 we find that T.= 126.2 *K
o7 g cmlsec™. Hence:
br= p/p. = (1000 +14.7)/(33.5)(147) = [.40
Tr=T/T. = (460 + 68 )/ (12.62)(1.8) = 2.32 }“From Ry.13-1, He= oY
Hence the predickd viscosity is M= Ko R = (1.03)(180x107¢) = |93 )(’0—4-9 oo see
() Fem Table LI-2 , ot 20°C (68°F) , o =1.76 %o~ % g cm™ scc™. Fom Ag. 13-2.
for the valics o‘, pPr Gnd Tr culculated above | }J# = .. Henw the predicied viswsity

ST PFPC = (L y(17s «107%) = 193 x107% g omlsec™!

b

pe= 335atm., and Hc= 180x

L.D Estmaton of Lrquid Vl’sc.osiiy

(a) quuh'on .5-10 may he uxd with valus of N) h, R form Table C-2, and

T (°x) 273.2 373.2

p (g cm™3) 0.49948 0.94584
V=M/p (cm?® g-moc™’) i8-02 (£.90

ijp (cal g™) at normal boiling pt.|  FO&9 49% 9
AU,y = M AUg, (cat g-moic™) 3,983 | 8,988 |
exp 0.408 AU, /RT 8.60x10% | 140 %o™
Nh/ T (g en? sec) 221x107% | 22wt

Pediced Yiscosing (g em™ sec™) 0.19 0.0297




(b) US(’, Eq 1,512 fOCS(’,’t: (Hca Tb = 375.1”&5)
At Z73.72.%% =221 xxo“4) exp (338)(373.2)/(273.2) = 4—.ox10“2'9cn1“;u;’
At 373.2°K o= (2a2x107%) exp (3.3) = 2.5 xio”> g om sec
Summary of resuits: o°cC, (oo'cC
Owvserved Viscosi iy Cepd [.7387 0. .82}
Predicted by Eq. 1.5-10 48.4 2.87
Prediciea by Eq, [.S-1 2% 4.0 .95

Both cyuahons gi/c pror predfthons. This i3 not” Surprising Inasmuch as the  empiivcal
foreauta (0 &ys. 1S et seq. donot hold for water | nor for most assouakd Sub-

Stanccs.

j.- E MOiG(.ulur VEiO(_iT\y and Mean Fee Path

From Eq. l.4 -1 the mean speed of aa molecule is

———

0T = SRT | _ J B (834 x107X273.2) - 4.25 %107 crm sec™
™M T (32.00)

From E.q .4 -3 the rmean free Pai’h is:
rT (82.057X273.2) Q3o

A= VamdtpN T VZ e (3x10-8)2 (1) (6.023% (038)  cm

¢

Henw the mean free PQ”‘! is (43 x \(56)/(3;( 1072) = 310 molecular diumeion
under these conditions. In the liquid state, on Hiu ofwr hand, the worrespond)sg
raHo would be of the ordar of Magnitude of or ewn lkss than, unihy.

1.F Compartson of e Uyehara-Wahon Chart with Kinetic Theony

(@) Combinaton of Eqs. 1. 4-1l and 18 grees .
Gc* NTh
BOL L 26 6q3x (07> .

YMT. g

In addition, fom Eq. 14-11 we know that T = 077 xT/c
The calaalubions for the kinebhic theldry ¥\o+ Aave summarrzed below:




KT/g T;_ LQJF* Ordinate — f R Fromm
o TaB L 2063 VT /O, | Fg. 13-
B2 g
0.3 0,23 2.785 0. 46) | —
0.4 0.308 2 492 .55 | —
0.5 0.295 2.257 0:735 —
0.8 0516 - 780 {78 : D. 215
1O 0. 770 I.587 l. 492 0. 342
1. & 1158 L 314 2,185 ©. 515
20 Led L s 2.82 ‘ 0. 69
3.0 2.3 | l.o3g 3 .90 0.4
5.0 385 | 0937 565 133
g0 606 | 0854 1776 | 88
(0.0 7.70 0.3y 3.00 2.6

As may be seen th the figure borh Ha kineBie theory plat and tha Uy:hara-—
Watsor rbhﬂ” predict essenially the same T beiahur daperdanceof Yixosily, as s seen
by ¥he Similar shapes of Hu hio curas.

(b) Using an atemge value for tha raho of Hhe ordimales of the Ao curves,

we gzt - -
Sha no : M 2 T. Ya
3 = &7 x (073
Wit
wihere },L (=1 q ol sec! , O L=l /io\ , andg 7: =] °K. Solving fur

!J\: fn rmicropones we aek:
he & 42 Yl
{) Estmation of o by Eq 41z g
e 2 42 M TR [oasr LB = 594 MRT T -
g, 1.3-2 gives o weffiuent of 6l but iy otherwise idantical.
Estmaiion of o bj Ea. l.4-13 gives:
He = 42 MA T [ 244 (Tp)" 17"

- T7.06 M'hA Pf%ﬂa TL”'/Q
Thiz should bz wmpawd oith Eq. 153 Cim Wi the na el wtHfruent is 7. 70, in
Yigwd °§ tha CPpro Airialt Naiim ol Eqsk L4, 12, 43 , U‘\;/zham and Wation's relations
arz o be preferned,
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1.G  Comparen ofthe Simpe Kinetic Theory with the Exatt Theoy for Rigfd Spheres

When Eq. 1.4-9 is written in terms of the unifs uscd in Eq. 1.4-1%,

and d. is assumed o be the same as 07 we get

_ 2 Jo T
PJ 3_"_3/2. d.%

2 < .3805 x 10~'® > Vo A MT

it

3w \ 6.023 x 0% (lo® 4. )*
- VMT
= [.813 x10™° —
-

Eq. .4 -1 reduws to Hhesame form as that above (b\/ sething ‘D‘F“ cqual to unihy)
but the numerical constant s 2.6693 % 107>, Hence the Simple  kinehe Buory Is
low by obout 32% for rigid spheres.

CHAPTER 2 = Checked by V. Shah

2.A Determination of Capillary Radius by Flow Measurements
Solve the Hogen- Poiseuille formula for R 1o get
R = 4l gula  _ j/BﬁLur A
T QAp T Ap
in whidh P = P/J’ and wo= p Q. USIr\g mks wnits we subshhuke into this
formula to get :

R = :,/8(4.03 x 107%)(0.5002,)(2.997 % 1073)
(3.1416 )(4.829 x 165)

- ﬁ.185 x|10°P = T.51 %0 m or 0.751 mm,

The Reynolds number for the system is: (mks unite Used here)

Re = Dp _ 2 (w )____ 2 (2.997 x107)

= R Kvp -f(7.5!2xlO"‘)(A.o‘sxtO_s)(O.qssz,
Xi0%)



Hence Re = 66.0
Poiseuille law.

>

and the flow s lamnar (H’\Bjush'f)a use of fre Hagen-

lnasmuchas L, = 0.035 DRe = 0.35 . , allouana for the
end effecks would wot change R by mor than a factor of:

s [l _
T = 0.998

2. B Volume Rak of Flow through an Annulus

We use Eq R.4—16 1 which

0.445

222 L 0.45
[

W o= (136.8 b, ft~' Hr")(‘—’“”' s

3¢co Sec
(fPo —fpt_) =

3.80x 107 b, £t gec!

(5:37 1b, n7)(3217 pourda lbf' ) (144 10" ft7) = 244 x 10"

poundals e
(L1 in) (5 ") = 0.0917 £
Thensubstitubon Into Eq. 2.4--16 gives:

4 .
Q _ 1o (244 %10% b £t s )(0.0917 ££) (0.163) 0. 108
8 (2.8 x10°* lbp ft™' see) (27 ft)

*F“:SSCC_"

R =

To verify that it was Pl"oPerh) use the laminar flow formulo. of Eq.24 —1b
we wmpuki’h Keynolds number:

= 2R (I"‘K)<Vz>f 2. Q A
Re m - ?(Ef: (7o)
(0.108)( 80.3) = (090
(0.09(7)(3.8 x107% )(|.45)

Zz
i

2.C Loss of Catslyst Particks n a Stack Gas

@) Rearrangement of Eq. 2.6-16 gives:

vy = Di(p-plg /18 p

in whith D is the sphere diameter. When vy ls larger than 1.0 ft sec”!
(verticaliy downward ) then the particke will not  go up the sfade, Hena we
~ant 10 nnd that valcol D for which v

P = [[O ft sec™’ This will be the
mucinvum diameler of partides that- can be Jost.



Using cgs uwits we get:

(4 ftsec®™)(12 » (2.5 cm ™) = 30.5 o sec”!

p = (0.045 |b,_ ft72)(454 g b )(12 % 2.54)72 (ft? cm™3)
= 7.2 x107* g cm3

Therefore:
Drox = 8 p iy - (183X 0.00026)(30.5)
(f)s“?)ﬂ ((.?_ *7.2x|o“*)(93|)
- 4/1.2! xxo"‘" = [dxI107* cm =

= ||O microns

(b) Eq Lbo—16 fs ofrocurxe valid oh\y for Re<O.1

ah’kough it moxy be
O{:plied o{)Prommaqu ul:‘h obout Re =4 .

For e Sysrem at hand
_ Dv (.1 x 107> Y 30.5 )(7.2 x10o~*
Re = —ig = ( X )( ,.,ﬁy_},v.. - Oq.ﬁ
P (0. 60026 )

in C}-taf;br © , Mmerhods are given for handlni_z, flow around sprues fe Ra > L

2.D  Flow of Falling Fim--~ Altcrnate Deriwations

(&) Set Up a Mmomentum balanc. as before and oblain the differential
equation:
dT,_

- X . 5)% Ccos [3
dx
which may be in'l'cgmfcd to give:
Tz = f’%i Cosfp  + Ci.

[Nasrmuth a3 No Mmomentum s ﬁuns{cncd ot £=8 , then at that F’qn:_
we have Ty, = O. This boundary condifion enables us to deftrmine Cy
1o be

Cy = -—fca,g cos 3
and henc the mopentum  Hux  distribubon st
Tre = —948 cosp [1 - (2/8)]

Noke Hhat the momentum flux is i the negahve X - direchon.



lnsertion of Newton’s 3w of viscosity Te, = —M (dv, /dx) int the
above expressian tren gives the differental cquation for the velecily Aistibuhon :

é\{-l_ = (ﬁ%_gu> 505@ ( 14 - ::r't_)
dx m 8
This first-order differential equation fs easily integroded +o give :
2 —
Ve = (f_ﬁ> wsp [ E _ L (3’5,)2
m R
the constant of infegration, G, | being zero betaus Vz=0 at T =0.

Now we nole that T and < are related thus:

<\ _ [ x

(83 =+ -(5)
where X is Hhe Coordinale used n 32.2. lf— Ha above relahon {ssubshrured into
+he velocily disthbuhon we get :

§\2 2
m (et (a5 n{i-2% e (3]
whidn, Upen simplification, becomes:

w o (BHer (2o (3]
whith is the same as Bq. 2.2-16.  This just illustales that the choite of Coordinak
System makes no differenae n Hhue final answer,
(b) Subshtution of Eq. 2.2—12 inb Eq. 2.2-83 gres for combant
2
d Vz = (gi’)wsﬁ
dx* B
lnk,gmh’on twice gives:

(%49*)“5(5 L 4+ Cx +Cy
Application of the boundary condihons

B.c. A At x=0 , dVz/dx=0
B».C 2 At x=8 | V, =O

gives two  simultanesus equations for o irbkegration wnstants Cy ond  Cy



O

|

(g /) (cos®) 0+ Cy
0 = (99/p) (cos B) - £8% + C48 +Co

whencc Ci =0 and CQ_ = Ji: (?%81/},\_) cosS (5. In serton of these valuss
into tha last expression for vz than grves finaly:

Vo= (998%/ %) (cosp) L[4 — (/8)7]
whith s the same as Eq. 22-16.

2.E Laminar Flowin a Narros Slit

A differential momertum balance leads to:
AdTuz (R-%D

dx L
Then, nserton of Newtons law gives
drv, _ _(%-%)
dxz P'L'
Two  Successive integrations then yield:
Vg = —(—%]:'-‘-lxz + Cx +C

2
Use cf the bO\,mdary wndihons that v, =0 at x= £ B +hen gives the values

0{: Cy and C, ;3 When these are msaried into the leot equa hon
distribution:
touNno v = (CPO'—PL).BJ-

‘ 2L [l B (%)IJ

Onee the velocity profiles are knowm we can get various derived quanh hes:
Th( Mo mentum f\ux distnbubon s

we get  for Huw velocrity

Tom e - BN
Tha average velocity is: Gy = ST Ve dxaz LB
[ (3 dxdz B L Ve dx
. BB

S -] 4

- (& ‘K)Bz/L’)}LL

10



(7, -P) B> 1L

Ih( MAWImMurm \/Gh)’cl'h* 1S VZ,may. =
PANE
Rato of avg. to max.velou hy - &S/ Yz rmaw = %—_
3
Vouame ratco} flow: Q - BW<V1\7 - %CR‘?\AB‘\N“

HL‘
The latter result (s Hua anaiog o§~ the Hagen-Foiseuille laes

2.F Interrelation of Slit and Annulus Formulas

Subshttuhonof k =1-€ into Eq. 24-16 gives:

QR = K(%.-iL)RA* (4 - 4 + 4¢e —(Ge> +4e3~€4>.1
N
(L-1 +2€ - €2)*

4

1 (BR-POIRY | 4e — 62 + 4e3
8pl 4e? - 4e 3+ e*
€ + L € 4+ 36‘3 +.e

il

When the Indicaked lona division s performed we then get:

Q= n (%-R)R? 1?{ 6/ + 4e3 - gt
Sl
i _4£ / 3€3~—%—€4+...

- +.3
Q W(RES}TLBRE {i 5 +1

[{f € €1 |, Hhan the Herm %é and higher terms  may he neglected.

or




2.G  Laminar Flow of a Fallfng Film on Outside of a CircuYer Tube 12

(&) We set up a momentum balance over a Yhin shell ofthickness Or:

{MoMeENTUM 1IN} —  {MOMENTUM OUT} + {ForE} = ©

(2KPL‘T"1) \r - (ZKY‘LT"’-)\ + D.TtLArch_ = O

r+Ar

Divide by 2L Ar and take the imit as Ar =0

- %(rrrl) -+ r.PC}' = 0O

Oubstituton of Newton's law into Hs equation gives:  (for constant L)

d [y die
+P‘dr(rdr = - f£9r
Two integrations then give:
Ve _f_’__}__ + C, dnr + C,
, ¢
Applicah'm of the boundary conditions :
B,C__ i: At r= R_-, Ve =0
B.c.. 2: At r=aR, dv,/dr=o
gwes the followirig two equations for C; and C,
RZ.
BC 1 0= - £%— +C, R+ G
G
BC2: 0= - £E2F G
2 o-R

Thase mox be solved for C; and C, , and the results subshhubd Mt b
expression for V2 Qbove ; hencg wWe finaily 3et:

Vz = ﬂ_Rf [.1. ~_(%>"+ 2_3‘1{0\‘ "F'{}

(b) The Volume rate of Flom (5

o a'K o
Q = j j tnTdrde = 2mkt v EdE o §- =
)

R 1



Subst tution of the vélocity profile info this integral gives:

=TC?R+ e 3 2
Q —13{1—5 (5 -8 + 247§ (5 ) dE

13

1
4 4 | S Ca
- ‘K.f%R £ _i 2 52 _ 4 2 4 1y
| 2[}& ( 2 4 + a‘[ 4?1: 2§{""§] .
4..
- mpa K (_1 v 4ar — 3% 4 4&‘"&»@)
P o

(©) \f we sct a=1+¢€ (thrc € Is small) a}n_d expand I powm 0-} €
we get:
4.
T R 16 - L
Q = Pg ( 5 €> + higher powen of 6>

or

4
Qe ZE£ERE

This Is in agreement with Eq.22-19 with W=27R | 8= ¢R, and
cos 3= 1.

2.H Non-Newhonfan Flow m a Tube

&) Combinahon of Eq. 2.H—1 and Eq. 2-3-12 gi\(cs:

m(- %) . @R

let s=4/n ; the:
—dVyz - (?°~?l‘ )8 rs
dr Am L

S S+1
"‘VZ. = (&-TLI_> [ r + C]
Qm L S+l1

\nkgmh‘on gives:

J

Tha bcundunj condition of Zero Velocity at Hwe wall allows one o evaluate C |

wWith He resait that ¢



s +|

Ve = ((Po;i_ZR>5 R [:L _ G{)SM] 14

The volure rate o} flow isHhan«

. 3
Q= 2T CPV?“B)S R | 1= [y r\ 4 [r
Wml SHU o (R) (72> (TE>
Hence , when the integration is performsd:
< Note that whn s=4 and
Q= T ('R,-- :PL) R R3 e ey this becormes the
2mlL s+3 Hagen- Poiseuille formula.

{b) For Hwe Ellis fluid the VQ\OCI'\NS drstnbubon I's:

= ERT [a-(a] + ¢ [ERE]E [

oL
and the volume rate of flow st

=

3L 21

These resulis may ke obfaired by the same process dewribed in (@),

Q= 7 (R-R)R", LT (R-POR |* R3¢
<+ 3

2.L Flow of o. Bihgham Fluid from a  Ciralar Tube

There will be flow only ff the greakest Yalue of +he momentum

f"“‘ Tz

exceeds thevalue of T, characterizing the Bmgham fluid. The grestest vala
of Ty oCoun at thewall and Is f%R/Z Huna,

(} PﬂR/O_ ' To f-}ul‘d will r\__cﬁ'_ -How

ll: P K /9\‘ > To f-lufd u__iB H.o )



2.3. Annular Flow with Inner Cylinder Moving Axially

A shell momentum balana leads to the diffrential equation
d dVe,
S(rg) =o

This has to be integrated with the boundary conditions
Pc 4 At r= kR . Ve = v
BC.2 : At r=- R, vy = 0

When the integration (s performed and the two ihitegration constants ar cvaluated  from
Hhe above two boundarny conditions, we get:

e _ W (r/R)

v In K
Then the volume rate of flow o found +o be:
2 jR d
= v, r dr
®\ T g

2RV (e (5) (B) 4(3)

- 2rR'V 1

el EE 1SN S SN 3 H
TRV [(l—m"') 2 L]
2. o (i

<

Q.K Non- Newtontan Film Flow

Accoroling to Puz for any fluid Ty, = pgx. When Hae rheological
equation for tha Dmgham fluid is inserted into this , weget:
dve.
Ty — Po

When his is ihkgmk,d we Sct:

v = -£8 2 ¢ Tox 4 C,
2,

o]

dx T £I%




At =8, v,=0 30 that A - 16

Subhuch’ns these last two equations gives :

e B[] - )] )

for tne seiouny distnbubion M therange x5  x & &,
n P "Plug flowo rcafon' (O % s % ) Is:

V2 = fﬁb[i—%ﬂ]l

Q:}-lo

The Velou'h]

(05 XS zo)
where T, = _pjxo is tha def\'n\'na e.ciuqh‘or\ for Xo-

Next, we get the mass rake of How ((with W =width of film , Q= voluru rate of flow):

I' = :%T' = 7 Jo Vz,d ~ ) Integntion by part
- [uet - [Te(a e
= o] x (- %) ax
= 8 Y = To
- [ L‘o x l: _P_o_ x T;*o ] dx
- 2 3 :
r 933’; [1-32(3) + +(®)]

Hence & would have +o be obtaiied from: ‘a.grruphfcal soluton , by
Plofh'n%




|7
CHAPTER 3 — Checked by V. D. Shah

3_/3( Torque Pequircd '1"0 ;rbu*r\ a Priction Bearing

In Eq. 3.5-13 is given an expression for calwlating the torque needed to
furn an outer rotating cylinder at an angular velocity Ly . For the problem
descnbed vi Preb. 2.A we need @ Similar formula for the torque need +o turn an
iNner rotaliwy cylinder at-an angular velodihy bi. £ should be obvious that

Hhe dwo expressions muik be Husame . [f it D nd one can casily Show that when

the 1nner cylmdar \$ rotaked at (L and Hw ouler held stationary, Hun tha  wvelocthy
distrbution 5 ¥ '
kR Qhg

© = T LR - ()

ond the “fbrq\;e is then:

J = @T\’KRL ><+TrSJ >(KR>
r=xR

or

T 4nl Qi R (L)

which is the same in form as Eq. 3.5-13

for the sifuahon described in Ploblem 3. A we cvaluate the vanous quantihes

needed :
] . u
K g l—h’:(r mdlui = _j—-'-_?—OO - - O.qqg 3 \(’L___ O-qu
outer radfus 4. o002 "
K 0.436 :
T-:K’—-> = s oou}- = 249 r—- These wnversion facton came from Table C.3-
H = 200 c¢p = (200672 X\o—"f) \b,. -F{;" sec™! = O.|3L¥-‘+ -ﬂ,vm v{—.t‘:"’ sec™t
= (200) 2.094 x107%) Ib{ sec ft7* = 4.8 xi0™ H? see ft~
. — 4 ’P..L“ g rodija - - o radian
&Lu = ('7-00 rpm )( 60 Sec )(Q‘“ 'r’e:‘.i'}mn) R WL 7&&3
. . L _L 2 - - _‘_._.
R = (:L ln) = (11) fe - Y Ft':.
L_ = FATY = .al- f{,

- - e e W o wes .



Hene the ’forque, s

() (418005 (255) (5 ) (299

= 0.32 lbf ft

And Hupower‘ is
P = J

(l

(0.32 1 #t) ( 22m sec™) (e b Fon s

= 0.012 hp

{n using the above formulae 1t has been hciHy assurmad Hhat the flow s Stable
and laminar. We must ‘Verify Hhat this s indeed so \Mj using Eq. 3.5-1% . Hena
we must chade do be sur Hhat:

}\L

Inserhing the values from this example we have:

(29 (0.q98) ( 75) ()

(0. 1344)
which is well below the cribecal hmit of 41.3.

3
(0.0c02) n g 07T

3.B®. The Cone-and- Plale Viscome}cr

Throughout this problem we recogmze that in the conieal st 8= ™a. and
that 51h @ can everywhet be set equal to unity +o 3 very good approximation; henc
the expressions for torgue, momerdum flux, and velodhy profile may be writhen as follows:

Fom Eq. 2.5-32: J & ZoR? Top

Rom Eq. 3.5 -23: “c;aqb,;. _P_C%(_\;g)

Frorm Eq. 3.5 -37: ¥ - o, (579
r

(Z-8
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When these +three relations are combined we get

J = ?3:11:1%3“&1 /(%*90

which is a very good approximahon for Vvery 'h'n.«y Cone angles. [This same
result is given by S.0ka w Vol IOL of Eirfch's "Rhedogy” (Academic Pess, [460)—
see pb. 62.]

For +he situation at hand

R= 10 cm
po= icOcp = | g9 cm™~' sec™
. 10 radians |  radians
= — = T -
AR IO radians mm co cee A v
-1;.2?._ el = 0.5 ° = :3—1;——.5 Yodians

Hence the ‘f‘orquc is:

\Y/\ - %‘— B (10)3 (i-) ( %} /_;lf; = 4. x \O4d7n—cm

3.C The Effect of Altitude on Air Pressure

If we assume a S*‘aﬁona:y afmosp”m —i.e._no wind currents — then Hhe equation of
mohon is:

%i = P% (Z is measured from level o{» Lonke SuPufor)
1 1} be assumed that Hhe ideal aas law is opplicable then
= M
s RT
Fom the given termperature dato. the femperature n °R. st
T(z) = 520 — (3xi07*)=
Thun the equation of motion moy be integrated:
b 421 142
jdp = J"‘P(} dz = ﬁ.ﬂlj dz
R A 5% — (3x1073)z

150 o

When the intgrabons are performed, we get:
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%(P/VSO) = (l\i{};)(zmtlo'3 -em' ?:Z : ((:::Z—z))((o?lt»zl)
- (M&) 3xno‘3) o [i - @X-42)

530 use seres
M J 3 x1073)( 1421) ) T (1-0) =
(_Ri) (3;:10‘3) (( ) x3

530 ~ (e
(ﬂ}_)( l42|>

Now msert the values %: - 32.19 £t sec T

e

I

M= 29 b, (lb-mole)™
R= 1545 ftip (lb-mole)™ CRY™
and obtan:

_P

- = 0.951
750

wWhence P: 712 mm Hs at z = 421 ft above Ladea S\Apv.n'of

3.D. Viswsity Deterrmination with a  Couette- Hatscheic Viscometer

Here it will be desirable to uw o, suffidenty high forque that aecuracy of
Viswslty determinahions is primarily limided by the error In measuring angular velocity.
A forque of I0* dyn-cm , corresponding o a torque uncertairity of 4 % , appears
reasonable., if this corresponds +o & Reynolds number in the stable lammmar range.

The Qngular velodhy Corresponding to this torque is:

Q. = I (1-xv) _ (1lo*)( 1 — 0.1 _ 4,58 manm
412 LRY 41 (079) (0.57)(4)(20.25)

The Reynolds number for this case is:

Re = \S).loR.f _ (4.58 )( 20.25)(1-23) . 208

P (0.57)

Acuordhls to Rg. 3.5-2 thisis well wiitthin Hu stable, laminar range, and thedfen
G. torque of io* dyne-em s acephable.

)



3.E  Useof Navier-Stokes Equa’rfons to Set-Up Simple Problems

Problem Start with equations Assumphons Reyults
given In:
(@) Flow of isa- Conbhnuiby: Table 3.4-1  (A) 2 .o dPve
thermal f‘l\m MOhon'. Tﬂbl&, 5_4_1 ot O= P" I)Z;. + ?3 CQSB
Vy=Vy =-O
(D,e,r) =
Vz‘—vz(x)
F: const.
= Co
g =g cosp
(b) TWO-PMK G)nh‘m[%; Table R Tl (A) "-a_ o d™v
F'O\AJ " oo Motan: T-ab(., 3Ay-1 2t = 0] = g:;%
ho R zontul Vx:\l\’ =0
i (D,E,F )
slit Vg = Vg () [in borh phases ]
P:conshvﬂ‘
_3'=o
(C) Axial an- Conh‘nul'h'j: Table 3.4~} (A) 2 -0
oular flow at {9 oV
Hohon: Table 3.4y-3 O = By5e _*
(D,€.F) Vo= tr=o rerAer
a szvz_(r)
p =corstant
?3. -0

——h

Note that in each of these cases the €quation of confinuity is amatomatially satished by
the assumphons in the 3% column.

3.F Velocity Distnibution In a Stormer Viscometer

Fom Table 3.4-3 (D, E,F)

)

e—wmporm{* of the £qua tion ©of mokion becomes:

0=

Ve

Sr( 852 (rve)

When this is ihteqrated we get(by "peehng off " the d o

= Ci"'"-gh

r

Qisur'nlns fhﬂ‘l" Jg 1\/9 (r)

dr

one ot a hrie ) :

and ‘/r-:\/l_ =0, thae
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When tha bwndand condihons
&At r=wk , Vg = R Lu

At r = R ’ \/e = 0
are used, C; and C; areevaluaied togrier
Vg = ﬂ E - X
(..‘... — k.) r R
.

or

We Posy new wie Bq.(D)of Table 34-6 to get the torgue as follows:

g

J = (2rkRL) - (+ 1) - =R)

r= RR

[area] [ forze per unit area] [leverarm]

)

r=x R

L (el (- w2 ()

Than useo} the velocihy dishibubon above gives:

J = 4—nL}.L-Q-L R* (”‘E})

l-k‘-

Whan this 1s soled for ()i and fserked mis Hu velodhy dishibubion we get »

(VB) _ T (J._ - J-)
r 4-1(}AL r R*

whidh Is the expression given in the text. Nobke that  Vg/r is the angqular veloahy dishibubion.

An alitrnattsolution may be effected by starting with Eq(B) of Tabl 3.4 -3
and integrahng once , gething I into the mMomentumn flux exprssion by opplicahon
of the boundary condihon at r=xr.
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3.G Eguation of Motion for an Incompressible. Fluid

e — " — e o -

(1) RArst compule the various denivatives of Hu components of T :

o) 9 IV

P ox ax T © = _H(%_‘_%%‘L’?
2y (Tyx) = -p5y (5 %52 = -p (R )
sr (T = —px(%+ ) 7 -k (TR 5T)

(‘i't) Then add the various wontlbuhbons
S T Fa Tt T = "“(%%*a’;ﬁ* %7—)
—\*%(Z‘Vf* %i” afi)
N B _

3

This collechon of derivahives (s
Just (V-V) and is zero for
a flurd of constart p.

3.H Veloity Distribution behween Two Rotating Cyhhdar

This problem Is set up exacHy as 3. F.  Thave iou‘h.' distribution is Vg = C,vr+ Cor™!
Qs before, butr now the constants C, and (; are determined from the boundany con-
dibons: .
At r= xR, Ve = xR.(Ls

[a.t' {hner wall ]

= RD‘O (_OJ: outer wall ]
Both ‘D‘i and Ly ar considued fo be Fosih\rc N tha ouniertiockss [ ¢ (Pouhvc B) direehon
Solubon for the constanty ynes:
C. = (eRO* hi — R* g
i

(«R)* -R*®
and henee , fnally:

kRS (Lbo- SLiy
(KZ)L‘__RA.

C, =

Ve = T T(‘r(.ﬂ_. —wrlly) - KLR%(ﬂ'o“ﬂa)}
R*(1-wt) °

r



-1 Changing the Form of the Equation of Moton

(b The equivalénce of Egs. 32-8 and 3.2-10 may easily be shown by showing that
their X5 Yr and Z-Components are the same. For the x- comporents this corresponds
1o d.amon>haﬁn5 the equivalence 0f Eqs. 3.2-5 and 32-9.

We be,ssr'\ by perfomnm"s the diffuenhahons of produds 1n Eq. 3.2-5:

—

2 A, O
Pat™ ¥ u"‘aé = — v & Ph +P""D§V¥‘\+'"

——— e e X

+ v % pvy + pvy 7.?;0‘35

(2]
+Vx 3, Pz + pV2 %Yf

L A A

where *** means Hu addihonal ferms whidh are common b both Equah'ons. Nok that
He ---- underlined rms are:

9. ) 2. - 2p
vx(axPVx'*ayF“J*asz’-)‘—' Vx( =

where the equabtion of-conhnuity has beer used toqet the mgnt side.  Note thar tha,
e Undarlined ferms are: '

0 _ . L . - D 2 .
<Pv*ax+PVJ’Qy +PV"3L>V" = P * TP s

where the definition of the cubstanhdl derivative has been Used.  Subststuhon o
thest expressions into Hu equation of mohon above gives:

DV
Dt

which is Eq- 329,

(11) Aldernatively one can use some of the Vector- 4cnsor formulacop fhe
Appendix A. We note that Eq- A.4-20 allows us b wnk (5‘1 wtting W equal to v

Wepvy 1= [pre Vy1 + y(V.py) and v equal tv py )
Then using Pt equation of-conbinuity we get:

= pluvel - 3 py + p
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Insertion of this result into Eq. 3.2-8 then gives Eq. 3.2-10,

d.J. The Equgﬁqn o(- Con*h'nujty in thhdn‘ca\ Codrdinals

(&) Consider a volume element fixed (r+or, ©+48,2+Ax,
\n space. 8s shown in the accompanying z‘“‘ )
diagram. The volumeof this element is o
o.{apm)(lh\q{dy equa\ b r A8 Ar Az ‘:,_,,t/” /A

1

The fak of 1ncrease of Mass within

‘H\Is volume Isgwcn VEry rx-qr\y bj‘ Agg i: A
U TS T ' Z
rA® Ar Az 3£ """ “‘x ] ‘L
ot N

The net rake of INput- of mass i5:
’/ 7
Pt Ar

6 +AB

| — ( Pv,.-rABAL)

r

(Pv,.. rABAL)

+ (FVQ * AY‘ALV)

; —(pve- Arbz) \

+(pVz+ rb8AL)| - (pv.- ribAy)

2 Z#Al

When the rate of increase of mass s equated 1o the net rate of input, we Hun have
A starement of the lowo of conservahion of mass. 13 not quike exad inasmuch as

one really should speuty an opproprale eV value for v and for P m Pu volume
elerunt  f now wedividaby ArA8b8s and leb Ar, A8, Az all go ho Zexo, Hun
tha abovt mMenhonw evron becorie Untmportant and  we get:

P % e~ eae (PVle - (PYe)pese
Ar 2o Ar AB—'uo- AB

+ i r (Pl - (P\I")IIJAL
Ae-o JAVA

This yields fnally; 3fer division by

or
£z = raetpro + ¥

3
2t >

(pve)]

5(F%e) + 3

Thi= B they, 2ame Eq. (k) nn Table 3.4 -1



(b) USIng the chain rule of partal differentiation:

e L, B, OR), ) 051

00

Dx

)z

oz

%r—_ [pv,.cose ——P\/B 5169]-0059

+ %B.[pvr s — pVg Slnej .(-i‘.i?) + 0

(o
0y

i
~~
2
«
it

(3%}
dr 6,

i

<

(

or. )
2

r

N ( DEiJ..’) 08\ ( d FY,

08 re o7 . T

\’D’Q': [px/r sinB 4 PV 0039] sin O

+§-é[p\/,.sme +P\/sco59]-(cose) + O

r

dz

When thee two expressions  are addzd’@nsfambu_ cancell a hon ocours

ond one obtains :

o . D ‘
ax () + 2 (pvy) =

4.0,
ry ar

(rpe) + 35 (PYe)

Insechon o]— this iInto Eq.(/\)o[— Tabla 3.4-] giies .Ec' (&,.

(<) T}mismo.xi be done easily by usn-'ag
Surmply Mgonomzhfcni ana
geom:,hn‘ux\ arguments as seen
at vha right.

A

N

"
éz.\

%

206

=0

/J‘L

~ .

Y
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3. K Radial Flon between Two Facallel Disks

(2} ( Equation of conhnuity: LQ(rv) =0
. Aot 2 /12 K
Equation of mofient  pve i = — 2 4 p 2 (13 (re)) 4p TX

FYDJ‘V\ the C,Oh“ﬁnuﬁ\/ aquahon it f‘D“OWS that Y‘Vr = ¢CZ.) 5 Hat s , sorne funch‘m
of z. Because of symmetry  we know that (ﬁ dees nat dapend on 8.

(b) Becowse of the result in (OQ He second ttrm on thae n\grﬁ-sfdao& the eguation
of meotion {s ld—mhca\k\/ 26ro0. And becoase V= Sb(l)/r we Mo e mrla
the equabon of motion thus:

fi' ('“') ——%ﬁ'”u' v d-*«
f¢1 __de . P aP

dr r dz*

or

() We now mkarn)-c. this cqu.a.,h‘on with ksp-zd-‘}n r to 3,*_._

FQSL(T r.?-)= bp +Q*Jm%)%m

(d) When Hu left side 1 small we geb:

e _ _Bp
dzx ~ nn
K" R
And \nk-%ruh'ng we gek:
A
-Q.}A In _’:
Nowy <f> musk be 2er0 ok z= +b and z=-b. Hence C4 musk be 2200
and
CQ_ - + ——h b"
l,.uln.l‘
So that ﬁna,l!y:

. P Ap b” z\>
Vr = r = QPrF%% [l - (—_S)]



(e) The. Volume Yake 0{— Flow {s giVen by 2.8

Q:—. 2,'th+br‘\/rdl

b
+|
_ Ap b
= an.=2k ——J l—Y*>)d
QP.{/Y\(G/":) '-I( )4z
- Ap b°
= Zre =F 2 [1-4]
QP'CH(H“\)
= 4 mbpb?
TR CWED

.0 Sy mmebty of the Tensor T

The moment of inerda of a rectangular body, of-daimensions Ax by Ay
and mass M with vcspcd’#o an axis through s  cenkr of eruﬂ‘h, and
P:‘rpendfudarfom surface /_&xb.j i%:

£l (ezer)

For Hu volume elarmunt undar cansideratiorly Newtont 2% laws of moHon ‘becomes:

Ax Bz - \é_g (t)"‘!tj N Tw\ymu) — Ay A= %(T"“’)"-*Tw)“b")
= p Ax by Az S (W)

where L0 1s the inshantanecous anqmarw‘@u}\i-

Duvide by AvbdybDz  and et AxbyAe go o 0. The Hem cortaining LL o
Claprly of hights order omd dvops out.  We are Hun @t with

I M. Air Entrammaent mo‘hDﬁrqnjnlg Tank.
As this syskem s foo complex o permit analytic trutment, we ust dimensional analysis.
We rnust establish operabing condihons se that the differental equations and boundarny

conditions dasibing the syskem arboth the same.  This means that Hu lage and




small tanks must be geometvically similar, and that the houde and '
Feynolds numbus must be equal.

Choose 1D (fark diamekr) as a charaderishc length, and (45 /wD™)
as the charaderishic veloahy, wheat Q is the volumetric flow rate out of Hha

+ank. Than - 2
Pe = 4Qp ; FBo= 1
TDP D g

Derncte quantihes assodakd with the lage and small fanks b\, subseriph Land §
chptdwt\\/ We excluda tha po'»s!b\llh‘ o{»aiknns Yhe grovitational fBld.  Than
the requiremant- o} equal Mndds and Foude numbenis:

Re (Q)(Ro) - (e 1236 ) (leo
o) L_ﬁ oo — 0) = ©.022]
Qs \ = (& %‘
B ( QL ) B 'DL)
[hen: from the above bvo shaterunts:
(%_\) = (00227 )% . 0.080
Consequantly: D, = (0.080)(6o f£r = 4.8 ft

QS = (0.080} St ( 800 SQ‘ mnT) = |46 3:\! rman Tl

Thercfore:
a. The model tank should be 4.8 H in dia meter
b. The drawoff tuke should be 0. 080 f in diameter, and 0.080 f high

C. The dvowof- hube should bt.PlauA 0-32 feet from theside of tha hank.

(€ In thistanke waler (s w thdrusn ot 1L.46 gal mm™!)  aix will be entairsd  whar Hha
liquid level (s (48 /69) of the level producing enbrariment In the large fank of
a withdrouwal rake of 8OO 3(1] rmin~!,
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4. A Time for Attainment of Steady State in Tube Flow

(@) Fom FAgure 4.1-3 the velocily will be within 10% of 1ty final value
when Pt/ R* = 0.45 . Hence:

t = (0.45)R*/V = (045)

(0.7 % 1072)%
(345x107%)

-2
- (0.39 X 10 Sec.

(b) For water P = 107° m> sec”!; hence:

-2
t = (0,45)(O°7 % 107%) = 02 sec
(10-%)

4. Velocity near a Moving Sphere
From Eq.4.2—13 for 8= x/2

0ss = - [1-3(%) - 4(%)]

where R/r <4, IF R &4 thin tha cubic ferm will be unimpor tant,
Then we gets o
3
0.0l = i(“F)
or 3
" = S——— = 75 —R.’
0.04 R

[Clearly the neglect of the cubic Tarm was justifioble ]
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4.D Comparison of Exact Result and Poundary-Layer Result 32,
for Flow Near Suddenty Moved Walll

For the exact sduton |, we simply look up the appropriate values of
the error funchon:

() O.7177
(b) 0©.480
(c) O.i57
Fom BEq. 4.4-10 we get for the boumdmy | syer sdu hion:
@) L- 3% (02) + 25 (02)3= | —0.212 + 0001 = 0.789
(&) 4 - %jl: (0.5) + q_ﬁ(os)3 | —0.530 +0.022 = 0.49Z
© 1 - 3';: L (o) + +L£ (o) = | —lo6l + 0177 = O.liC
Hena Hre percent error in He boundary—layer Hreatnant is:
@)+ 4.5% (b)Y + 2.5% () - 26%

4.E  Unsieady Pseudoplastc Flow near a Moving Wail

The partial diffcrenhal equah-cn to be solved is:

a x DV:‘ ,'L'L a‘x a V).'
\V\JG now QS,S«AI e (I )at <

Ix_ o
\2 (B(t)) ?S(T’)
Substitulk these "sSimilar Pmﬁles" into the on‘ginal diffaental equation and

(ricgrak. from m=0 to n=1

| ; ot Vnﬂ‘ | A NLALEEY")
L] s [ L) e
call this =B :ﬁ;[:(ﬁj call }m:- +A —
Thun s'S = A o
B I+n

or 5 :nm



When we take @(n) to be plm = | — grl “+ iqus ~NC {ind St

P =2/8 ana A= (3/2)™({/m). Henc:

A _ 8 /3\" | 'Tnnvn—' )
(“:6”7 = 3(z> w' Ty o

whence:

——

S = {‘8"(’35)% mounV ot P

3 r
descrbes how the boundoug lager thickmess aduanas with e .

4,F Use of the von Kdrmdn Momentum Balance

(a) Por flow pasta flat plate Vo 18 & constant and:

[ 2 4 (T vV
- T - =2 Ix . \_',.)5
F x‘j\g-o B Yoo dx o Veo (l V—o) 4

We assume the following similar  profiles:

‘_ (Vx > = C}(*I) where = _y/&m

Voo
Then: Lo o= Pdwx o opde
S 7 dy Fdn ™ 3
N T FUSTR L
Now we fet qS(‘r‘P = 20— iy
e = 2 - 2N and $(0) = 4

Jo#tmdran = [T (2 -4 (1=2y ¢ q2)dq = 31

Hence the boundqr\d lCAu‘w mMomentum balanu A1 res s

PVo 3 _ y* ds | oy
B 4 d.x 280
Ar
(3 _\}S_ _ 140 V
dx (3 Voo




lnkgmh“m than gives

i 24
s - [ 22

(b) The drag force on a plate with dimensions Wx L wetkd on bah sides
would be:

Q (~Tp, ],120 YWL

L pPV Ve ¢>(U)
!f_,__.___ i
2J S dx W

[137 /v«,' '/;.
3_;3 I)Wvoo SFo J
= 6pv W [E
= |.292 JPMLW"VSOI

ldcal Flow near a Stugration Point
() Complex potential is

4.3,

w e 22
Vo
= — (x+iy)*
= = (x*-y*) — 1 (2xy)
Hence the velodty potential and stream funchion are:
$(uy) = — (X=y*) Vo
W oy = = LxyVo
The curves of. '\P = C are shrtamlines:
i Cvo
y= -z

X

Hence for positive values of C we get hyperbolas 1A the second quadmnt as

Shown in lg 4G For negqhﬂ valuss of C we get hjp@r‘b(}b& in the fAiest quadmrd“
When C=0 we get the x-axis as a streamiine

. This sycambre may be repla . od
by a selid suriface.
(b) Th-avelociiy ompooertts arc: Vx = -—_g_% = + Lg%
Vy = *% = — ZVoy
(c) WX‘ = “’;f‘ = \6 Ahen X = £ 4 and y =

=4 Thatis, vo specihies Hu
"specot level” of the Flow net.



4.H |deal F!ov»I__qround a Sphere
(o) Fom EBq. 4. H-|

Ve = — _| oY
rzsing 46
= Voo R2 2
- - —/——+Zsnb Voo I : '
23 sinb w6 + 252 e 6 2 smn9 cos B
3
= - Voo -—-R-—- COSG -+ Vco 0039
r3
= 8 ( - R
/o COS ] =3 >
\/6 = + ~‘_..__ Q_‘!_)
rsinf or
Vs [R5 { V.
= sint@ <-—* — 22 g4 [ <)
2 rsnb ' r‘> z =" o rsnd (LP)
) R?
= - sin 6 (I + ~—~-->
x 2,_5
Then v, = Vo ws* 6 (l~5;3) + Voo s51n*0 <'1+fi’:.->
) _ lrs
When r — o0, the tcrms with r° 1n the dencrinator getamali and
VZ = Voo Cos™® + Voo SIN*8 = Vo
(b) At the surface r=R., from part (x) we gel:
Ve: ~ Vo sSme . (|+—£/ = “%/wS'ﬁe

(c) For idcal, trrotativnal flow:

P+ ‘::,P"’z = poo+~l—f\/.,:,‘

and hencg:

P-Po = %§Ve L'*{%)j = LIPS (““%*”."LQ}

4.1 _\/orfex Flow
(@) w= 1 ([72r) tnz =

=(I'/2x) 8 + i (IVer) (v

Hence 195 = - ([/anr)e
) (V= + (C/aa) tnr
an —_— e

o= sk =+ E

35
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(b) For o “free vortex" Vo = M/r [ from (0]
For oo “forced vortex” Vg = Qur [ fom Ex. 34-2]]
v " Forced Vorfex'
&

" Free Yo riex"

r—

CHAPTER & — Checked by T.J.Sadowski

5.A Pressure Drop Requited for Laminar-Turbulent Transition

At the transition point
Re = D4dp/m = 2.0 x10°

Now from o rearrangement of Poiseuille’s law , we aan get Ap /L inderms of the
R.wyno\ds number, thus:
4

= TRV
Epl
\SO\V\Y\S for the Pressure gmd\c‘nf; we_cdc\*:
Ap _ 8ud» . guw Dop o 4
T TR T e T PR
P ]

If we now Insert the crihcal valueof Ke given above, and the following
values for K, p, and Ki

= 0.183 potse ; = L32 qem™3 ;3 R = 02in.
M P 508 9
thin we qet*
- -
Ap = 4 (01%3) . (2.10x10”) . [(2.54)(:1)0.4504”0‘7
L (1.32)(0.21 x 2.54)

Dp. {
2k = 0.62 ps /H:



5.5 Velocdity Distribution in Turbuienf— Plpe F’od

37

o = ApR _ R :(0‘5) LN L -5
(> To= AR - R (_Le> 0:5) (1.0 5180) = 4.73 xlo
(b) For the sithuahon dexribed we ux the followmna values:
p = L0 g3 = 624 b ft3
o= 0.0l g em ™t see !
PV 0.0 cm*sec”t = el % ‘o._s’ 7t sec!
Hence: @73 %1075 Ibirt)(144 in* ft72) lbo, Ft
~ -(322)
«/to/g 624 b ft-3 lb Sec™
K/p .1 x 1075 ft* sec™!
= 5390 ft™!
And
N ro/F = 5.93 X107% £{ sec”
v
+ = — . * _
Thus vt = 5qs xioe ST = 5290 s

At the tube center , r=0 , s=R = 0.5 ft |, so that

Psb

st (5290)(0.5) = 2685
=R
Which enables is fo aet from Hg 5.3-1 the following value' for e maximum
Ve\och:
v*\ - 25.8
s=R
Conse wen —
1 " vt = 25.3 —_i s st = 5390 s
We are now In « posihon +to CQT;::'QR Hw following table
V/ Vmox vt (cale) st (th 5.3-1) s (ft) s (in) -
0.0 0.0 0.0 0.0 o
O.| 2.58 2.58 479 % 107" 0.0051S
0.2 5. 16 506 [.O%% 1073 0.01250
O-4- (0.372. IS.2 2.83 x1073 0.0340
o.17 18.00 (78 3.31x 07t 0.397
0.85 21.95 10 I.50 % 10" (.800
.0 I 25.8 2695 0.50 G -000




(C) See gmph on next page /—~ J'Léz}f‘ Qa rgzsfgabf:"?:;:bcr 38

(d) If we assume that <27/ Vi ,max = O.-83 then we can caloulake
an approximate value for the Rrynolds humber.

= 0.83 (593xI07* vfmx)

= 0-83 (593%107* )(25.8) = [.270 ftsec
Then the Rx\/no\ds. Number (s cshmaled fo be:
= DY : .
Re = {9z op _ (05)(1.210) 576 XIO4—
- (1.1 x(07%)

Hence the How is Certamunly turbuent

(e) The volume ratxe o} Fflon is obtained by inkgnmting the velodhy Pmﬁl:.
over the cross-scction,

Wy A0 Sg () By ) rdr

Vz, mou
z, mo nTR*™

= _2 z -
e A [ (e IR G- NI I

Va. i
+ 4 (-— r T
Vo )rzl-'i' J

That 4'57We evaluate the integmal using "Slmpson's Rute"  The ttrms in the
bracke t are @mputd helow

&2% l1.o00)( 0.0) = ©0.0c0
0.aqz)( 0.5) = |.af
(2)(0«5\77)E o) = qu: Therefore
A (0.965) 1.5) = 5.790 T !
(20(0-950)( 2.00 = 3.g00 O 2 R s os0
4)(0-933)(2.5> = q.aao % * e 3 .3 = O.
(2)(0.913) (3.0) = s5.418 s
(4”(0-8“1!) ( 3.5 = la.474 and
2)(0.865(4.0) = 6.920 |
@) (0.830) ( 45) = 14.9u0 {2y = (0-80)(S-93 x10™* }(i5Y)
(L) (0-784( Lo = T840
(4) (6-717)(55) = 1§14 = (113 £t sec!
P (O.ooo)(c.o) = 0.000 and
3= 86.284 Q = w(0.5)? (1.223)

= 04963 ft3 se”!
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5.C Average Flow Velocity in Turbulent Tube Flow HC

@ By [T /% max) T dr . (R L
Nz,max ) jR rdr - E’- J‘ (l B %) rdr
o o
| L
= 2 [0 (I-g) ™ & 4% where § = r/R-
_ | n
= 2 [ ™ (-g) aL where (= I-¥
o
L+ + 42 i
- n "
= a [ L T ]
J_ﬁ"f‘l -!,;L*f'l fo)
= n [(an+1) - (n+) ] . 2t
(m+ ) () (n+)( 2n+1)
() V2> 2w R
= wz — fl’l\, 5+ 8
Vz;m R Vl,max (o} 0.36 * 2 )rdr

Rv¥p

_ v W 2
= 9 Y = L. ot RYuf _ +) 4ot
vl max (RV* ) 0.36 > +3‘8>< . ° )
> P 0

~ 4 <+ RV
= 2 Va a )l -L_(RV*P>(.S+Q~\ s+~5+> 5_—}-:_‘9
Vl,m“ RV*F 0.6 P
st st
o3 \ 2 mS T
+ 33 (Rvnf>s* - 33 (%f)
L 6+=o
When the limits are insered , we get
<y - A (2’73 ey Rl!f_) - 0.38>
= - =
2, e Vz, man

Note that this result shows a dupendence on a Reynolds number ‘R\J*p/}», wheniaa
theresult 1n (@) showed no dependena of this sort.



5D Velocity Distribution ina Channel 4l
(@) The momerfum flux. distriloution 1 the chanmel Is:

Tyz = To ( /h)
where T, Is the wall shear stess. Hence acwording 1o tHie von Kdrmdn
Similanty hypoms{sz

(dvz/dj‘)4
(d"Vz_ /dyl)"
(b) Take the square root of both sides o gel:
% /dm)* <.
":ZL V*'{'T = (dv T]) where vy = ;—‘o 5 "’): _‘_y_,
(a2 /dn®) h
fet b= dU;/drl , so that

To - ()//h) = pK,

J\Zz_ \/* 4/—1_]- = % where P’?—‘ d.P/d'v]
— oo 4
°r J dp_ (%) - g 41
P P &
'T]
which gives:

MN(CLY _
Sething p = d¥%/dv we then gef a first order equation for
which can be intcgrated: _

_v_g)p_éﬂ_ U A

- |- %
'z, max .
Integration is easily performed Wy lething Vi = P5 one geh finally
Vz,mox = Va Y Y
M = — + -e‘Y\ 1_ - —_—
e / Ko h ( J_;>

() If the result m (b) s cxpanded 1n a Taylor’s series, We gel:

e B B (SR -4) 5] = B

Hence dv, /dyiy_o = (Vg /e)(1/2h) , Which shows that the velocity
distibution (mcorrcr_H-.,) has a rnon-zero slope at y::o.
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Chap’rcr 6 — Chccked by V.D. Shah

©.A FRessure Drop for Given Flow Ralk with Fittings

G -
Avemgc velocity = (V) = % = - Q‘Ex 10° em3sec ~ 4020 omsec”™
25/2)*
. D )
chnold; Nnumber = i*)l - (25)(4029(1-0) = Loos x o
. (o.01)

From Rg.6.2-1 for smooth pipes
The requived pressure drop is Hen:

(Po~pL) = 2- ]Lé P (V>1-F-

f = o.o0020

= 2(123400 4+ 4 (31)23) 4+ 2(15)(28)
2%

) (1:0) (‘401—0)"(0.0010)

= 3.7_‘:1 % 103 9 crn™) sec” * = 4,03% to® Psi

©.B. Pressure Drop Required for a Gwen Flow Rate with Elevation Change
The Qe\inolds number 1S

4 ;
Re = D<p . L (3.068 x 2.5¢4)> <%

}A
a . Chn i m3 "
_ (oetin X254 ) (18 < 3785 0w g5 BI)e 1 Z,)
(0.01005 g cm~' sec™!)
4
= |.84 %10

In Ag. 6.2-1 we find that for this Reynalds number )(- 0.0064 for smocth
+Hubes. Th!rcfore

Po-p, = ~p%(h h)+4— 2’9<V> -f

- (62-4' lb’“)(oqfﬂj_)(?ﬂ.!& £t )(50 H:)(Z %10 .EEL“: >

Poundal
| (95)(ny + 2(15)(3.008)
4-[ 3.068 J—L (62"4 3 )< 09922)

[(;g =\ oo0z228 22

2
gai .Ser.) (0 0064) (216 x10 + Paia )
X (é 062 /12)* /4 ft* poundal

= |5.2 4+ 0.04 = 5.2 psio-




©.C Flow Rate for a Given Pressure Drop +3

The quan'ﬁ‘h‘es nceded for the calkulabon are:
Po— PL = (O-ZSI Ibf Ih"* )(32.‘7 lbm + sect “"{’ )(14'4 i ft"l‘)

= |16 o3 lb, f! sec™

D = 05 ft. P= 624 b, ft33
L. = 1220 Y= .72 <o~ ¥ b, ft! sec™
Her\m_ ~—
Re yf = De [ (po=p)D
[ Q.L./o
(0.5)(62.4) (.16 x10*)(0.5) '

(672 x107*) 1V 2 (1320) (¢24)

= (4.64 x |o4)(5.92 X lo’"?‘) = 274 =107
A straight hnae

= 274 xms

Of slope =<  on the loglo -f: vs. logb Re plot- through f=1,

3
Re = Q’]hL x 10" inkersects the £ vs. Re curve at e = 3,6 % 10T Herce bhe
average Velodify is:

vy = Rep o (Beri0f) (672 xi07")

) _ = O. 5 ft sec™
Df’ (0.5 X624) r7e e
The volume ratke of flow is:
_ 2 3.142 )(0.5) ™
Q — ﬂf &y = ( ‘3‘(0 5) (0.775) = 0.As2 ft3 sec”’ =63 9o

min

©.D Motion of a Sphereirn a3 Liquid

(a) Foree of gravity on sphere is:
Fbra G{— buo\.{qnu’ fs-

%m vncé_:: (0.0500)(49%0.7) = 43.0 dynes

Fsm, = Zx(0.25)3(0400)(3807) = 57.8 dynes
Hence net upward force is:

Fmoy - Fgra! = 8.8 dyms

drog force In the downward direcon iy Fl:

thcc

= gadimj
(b) The frickion factor is defined by:

Fe = (@R ) fpvs )f



Then: f = i = 3 Fk 44‘
(TE2)(2ee) wDTp Vel

8 (8.8 dynes)

il

7 (0.500 em)* (0.900 g em™3) (0.500 cm sec)™

= 3)%8
(L, Sirxe f 398 is in the Sivkes's law region We can Write
4
338 = ——zéé

wherve Re€ = 0.06002Z . Hence

W= D Voo P (0.5)(0.5)( 0.90)

- = 374 q aom'sec = 370 cp.
p- (0.0602) - J -+
6.E Dmg Calculations when Sphere Diameter is Unknown
(Q) Methed A Plot f/Re. VvS. Re Since f/Qc does not contain D,
henw from this curve we can read off
the value of Re for oo calculable valae o
{{Re.
Methoa B

On the los—)os ploi'o{» {--.-.F(Qg)') P]oi' abo the curve -F: (%)E"‘a
whidh ; on the log-log plat, will be o e of slope+d . This

method avonds ary necessihy of preparing a separnk plot.

(b) RArst wlcalaue f/Ra:

i_ _ 4 iD‘ PSP'“-‘-'C - P M Vo = 30.5 c¢m e
Re = 3 v P | —-D“/coP- F = 7.2_xlo—43 em—3
fsph = |2 g um-3
- i g }L [P-\P"t’ﬂ- '_P > H - 2.6x% ‘0—4-3 un"sec.—‘
Svidp \ P

= 4 Q80 (xe x10%) (i-2)
R0.5)% (12 xj07*)%

los- log Plg*‘

We now draw almeof slope 1. through
Re=1 , f= 213 on FAg b-3-1. kintuneds
He £ vs Ra cure ot about 045




.. 4-5
Then we can gqet the partde diameter from the known Reynolds num bar:

= ' -4
D= Re P _ ©04as)( 2.6 x 16 = 112 microns
Voo © (30.5 X 7.2#10"%)

(c) When Yo s Increased by a factor of 1.0 then f/Re= 10"3. 278
and the plotting medun described callrer gives Re =7S. Herce:

(75)(7—-(.x|o"'~) _ 890 : -
- microns
(305 ) (1.2 x 10~ *) ‘

=

6.F Esctimation of Void Factonofa Padked Bed
The superficial Jelocity is:
. g I Cm3
(244 18 ) L mnyase Ly )
min ( o b“—)( b )( 1-2365 3 - I.S.‘}» Cm Sec”

(146 mm+)(2.54

(o)
a

Aa.crduhg to the Dlake- Kozerny eguabion:
e _ 150 L vo

(1-€)° Dy Ap

150 (0.565 q cm™! 5&:")(_73‘!‘ 2.54 cm)(1.53 Cm sec™)
O )t (158 x ©83947 dynes cm™%)

= 00,0555

Soldlng the above <quation for €, we findy € = O.50
(0.2 )3 )(1.287) |

the quantity  Dypvep 1+ _ - 099
pool-e (0.565) (1—-0.30)
and hence i+ was legifimare o uwe rhe E)lake-l(o.v.en/ equution (2w

Rjurt 4 -1).
6.G hicHon Fadtor for Flo~ around a Flat Plare
L. Yoo §°
Define K.—. “I.FV"“; 5 A = QWL = total wethd sifa gy e = ~;‘j—
Then & i> deh-wd as:




£ o 1328 APppLW2v3 323

() Lamimar flow:
WLf Vs -\/?R;

f - 0.2 fV;WL (L\V,,P/}Q—‘/s _ 0. 072

(b) Turbulent fiow:
WLpve 15/ Re

6.H Fricrion Factor for Laminar Slit Flow

46

For o slit of width W the quantities in Eq. ©.1-| are defined as follows:

F‘; = (Po"PL)'sz
K = Lot~

A = ZWL +4BL ~ 2WL
Re = 2Z2BLo>p/p

Herce :

Jf = (PO"‘PL.) 2BW
WLJO N=
From Problem 2E | since QU = 2BW (/7
(po—po) = 3 L@ 3l (2BW)
- < BW T 2 T paw
Combination of these last two resulls glves:

foot  _ o2
Bwp Re

Il Frdion FRactor for a Rotahng Disk

1
I _ o6lewy R4(,u‘ﬁf/_p)/" }
KAR 1 pRE O 2R R

(¢.) lorminar Flow: f

1}

(b) Taroalent Flow: )(_ _ _;Jd_‘

0.6l

A Re

0.073 p.NNR(p/ R*(Lp) " o.ona

-

A "i.PR"‘\.Q:’" 2R . R

=



.J Friction Factor for Turbulent Flow in Smooth Tubes 47

According 1o the logarithmic velocity distribution given in Eq. 5-3-12.
vt_ 2.5 {m st 4 5.5

V/Ve and st = svy,p/ . The average velocity is given by
w2 JKVrdr =~ R /i
- = — SV
TR, W % (- &) ()
Re
2
- = i_ _ V* / > 5—\{”;{
e, J ( Ry p/p d( = )
Re
= 2 » + .
RE,, K (25 e"\ S+ + 5.5)(! — %e—> ds™t
°© P
- 2 Ra, ]
= .é_é; 5.5 RQ* -~ —2‘: (S-S)R.c* + 2.5 (54-{,“51- *‘”$+> #*
2 | Ra
___2.5<_|i5+2-%5+ _ -?;)oﬁ

L

= .75 + 2.5 fm Re*

Henee {= 2 (w)

o — = L < ‘ e W
— = I 15
NE ONE Ve (25 0~ Re, + 175)

= 4.07 logm ?e\[F— — 0.60
The lutor sicp malkahg use of the fpilowing:

_ -R)V*P B 'D(J/J;\ J_\/l‘ _ v 1£I
—R‘Z%" < T 1@}“2’:'%_‘(?)‘:]2‘3%_\];



©.K FrictHion Factor for Power-Law Non-Newionian Flow 48

in Tubes N .
For tuhes we know from Eq. 6.1-4
JC" 1D (R-F
= T (=°

> p Lt
And fromn Problem 2.H:

Q = TCR.:' (v,) = "."_ 51

(RPUR R
2ml. S+3

When fe sewond relation s solved fo get (-:Po FL) m terom of  {¥7 and subshhuked
Imto the expression for §, we ge,t

J(_: (h.?- m.R%’(?)nﬂ)W

Lo n™
=5
= ™ )™ (3n+1) ™ 6
n L =n : —_— - - -
D e f n Re’
when ' tCall thes Ra
., e |
Keo = — —y
 (5+%)

The only adJanfugc to dehmnd Q(,.', i that the Freyalt tor + nhas the same
torm Qs the expression for § o~ Ne~nteadn Hiaids.

6.l Inadeyuany of Mean Hydraulic Raaius for Laminar Flow~

(a) For the annulus with radii R and K res pecH €y the mcan
hydraulic radids is:
< R U

N = :i T 1nR (l+v~) =zl
Thcr\ Eq 02 -l ~M j—: 16 /Re bcomes:
Po Po - le
L g Lo (e F;__@-m) 2&9_‘.};"94"»



Solving for ) we gc‘l’:: | 4.9

(Po-pL) R*
<V> = —x)?
oL L]

(b) At k=4 the brackeid quantity in 54.2,4_5 is

[(H«") - (l—‘K : J (4_

At = £, the bradkeied quanhty 1n the equathon for (Y, at Hu top
of this page is:

[(I-K}Lj = 0.25

Hence, the error In using rhe meun hyodraulic radius is

2.5-0. i
QZ'BT'%M = 047 or 47%

T = 125 —1L0o% = o7
obq

6.M Falling Sphere tin Newton's Law [Region

Newton's law of motion is for a sphere of fixed mass m

mdy _F
— dt
The foce F 1s made up of
Fé = gravitahonal forre = mg
F. = dray fore = (rR* )} Lev*)(044) = mg v

where ¢ (s a wonstunt dehned by the abo’e.  Tren Nentons sewond law of
motion becomes for the z-direchon:

—

dv  _ | — crvE)
" g ( J

inksmhon for V=0 ot t =0 then Yl‘elds-.
-t

v dJ
L(-—c’*v*— ) 9J dt
o

gt

or

I

-1
—cl: +‘anh cv



anrnd hence. g_:i_ =y = é tanh cg’c 50

Nore that as © = o0, donh cgt —= 1 . Hence the '“termmal velocity”
s byc. A Second Integration then gives (for ==0 ot t=o):

J‘zd , j"t .
&~ = = tanh t o
o c o an cg

or
caqt
z — g9

l J
+anh o\?)
=a g
= LI n cat
But mgc"- = O.Lu nzyf , So t+hat

¢ = 402z wR¥p/mg

-
= /70.7_2. TR* o

A R pond

ﬁﬁ-_)(o.zz) (-—é;)(é—“sy

Nok that +his solufion assumes thut the Parh‘df Is always In te Mewtons
(o~ reyion during its enhre trajedtory . We hore used the inihal (ondition
that v=0 ot £ =0 , whidh s cleary outside the Neaton$law region.
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CHapter. | — Checked by V.D. Shah

TA  Pressure Rise in a ‘5‘:“_"‘?”” Expmbfm
" According to Eq. 7.5-6

Pompr = PV (—'E—I) where B= %

We now compute B and v, thus:

B Y A T A A
8= 2= (3) 7 (5) = oo

al +3 sec™
Vp = @__ - (4'50 Sn_-s—w?\ )(O'OOZZZ gals mah"‘) 7 L cpem!
S — = 2.27 {4 sec
2 T (/8 ft)
Hence b,
PZ_PI = (63 Fts (2~2.7 scc.> (o 3l 4-4- lnl)(Sz.I’_ PcundaJs)
= 0.157 Fst
1.B Compressible Gas Flow in Cyhndrial Pipes
Pom Eq. 1.3-2
-~ PJ- "
E, = -] gdr = (2% 4
f
P
™M P;L P, P;
_ (I.Q87)(557.+)%2_
(28)
44 ((o 28)(0.7302X5.564) \* LN L
2 T(1/4)% g Z?‘ 12/ 322 773
4_l
= 26.4 -0.1 = 26.3 Btu I
Here we nave used R = [.387 Bra. = 0. 7302 ft¥atm
b mole °R b mole °R

nd A
a | lbf_ = dd L POunddb

| Btu T8 lbf tt



T7.C  |[ncompressible Flow 1n an Annulus.
() The mean hydraulic ruodius Is (see Eq. 62-14)

- D T (R —RM)
R = = = = 4(R,-R
h Z 2.1 (Ry+R) 2'( * ‘>
and the averuge flow velocity is
) Q RQ
Jy = = ———
s S T (R2-RY)

(11) The Reynolds number Is (see Eg 6.2-16)

Re = 4R e _ 2(Ri-ROQpe  2Qp
P 7 (RA-RY) 7t (R, 4R, L
T%B_C-nl 'o min ,
' (240 mm )( ‘gal >< e )(__E_j__g_ - 156 x |O4

B 7 (5 n)( 254 °~"‘~)(ooo: ;9;;4)

Hence flow s furbulent aqnd j' = 0.0047

(1il) From Egq. 7.4-0 we determire -—TKG;Q (mk of doirng work in foot-
boundals per second ) :

"‘PWQ = % (hz“hl)FQ + -‘z G‘f <\/>2 ”f%" f-

= - ML Qi)_ R
%(hl ht)f& +AEL(R"._2) \\Sf:\(R-R) f

tE (br-\ m
= (322 52.)(5 fe)(624 23)(240 Ti %o, 30 222 L ot

(240% 0.134 * éo)3(624> 20.3
e [(E)-3] 0 EEFD

5360 + ({4 = 5470 f poundals scc™ = 0O.31 hp

. (0.0047)

—
—

l(eep i mind that the mean hydraulic radius is an EPpiriLism. A recent
analysis of avallable experrmental data ( D.M.Meter and R.B.RBird, AIChE
Jourmal (1961)) shows that for annuli the mcan hydraulic radius grves
frichon factors which are Off by as muth as 15 or 20°%, In the furbulent
"63"‘:’16- Keepnmind funrther that R}, should rot be used for laminar

floww (see Problem 6.L).



1.D Forceon a U-bend 1n o Fipe >3

The net force on the U-bend will be +he sum of the force oft the
tiuid and tre force of the surroundiriq atmosphere. The forte of Hhe fluid in
the x-direction is:

F= £O07SE P ()t Sy

S S + Pt paSa
[
yoS t
(Signs marked ~ith an arcom are +° bccause the exit control surface —
at plane "2"— (s orienikd N the -x-directon.) Inscriion of numerical

values givesz by .
F o= 2[(«)24 Fes)(3 R se)*

o (L#)*

+ {2L+ 1475 © (2.in)* - (32.2)
+ {19 + 147 ™ (2m)* - (32.2)

4
= [.29 x16 4+ 2.8] x1I0° = 4,10 xI0 poundals = (.27 x 10> )bf
Now to get the het force ,omit the two (4.7%s and get :
E\ct = (‘-2—91!04)+(|.b¢x10+) = 2.9]7< IO4-PoundaJ_s = 905 “’f—
7.E  Disintegration of Wood Chips
(7-) H’Dm Eq 1.4 -0 Tnking ")“ at the +OP O{ the é\xArrq 5u5Pen\)‘on and "2
at the outlet o the digestor:
[‘;11‘.<Vz.>1 -o|+[o-gh | + (PZ*P‘> =0
H ;
ence . = ’ ; .
&7 Jz i( P;P) +9h,}
_ ) b iInt . poundal
= |00 £ %X |44 — x 32.2 "———
‘/ 65 Ib,, Fi-3 322 r20R

— — |
= J15550 = 124 ft sec”!



d w= S o= (s B = S -
Ard w= PS5 (65 =25 Wovesk L5 )(§ F7) = 281010b sec! OF

To get the mital impact tore we apply Eqg. 7.2-3 between p\anc 2" and
Plane "3" (the impact plane) :
F =

Sec

I
Va Ny = (|24 )(28!0 Lbi"—)( EVS :wndal>> = 0900 IE;L
7.F Calculution oF Flow Rate

Eq. 7.4 -10 tor this systm is ( H = depthot liguid in tank.)
~gh, -

= 0O
or

+ (591 + T A4t 2u(hvrey),
2 (@5[‘.":\" L

L) B v (EY) Zea = g i)

For tie situubondescripced :

po= o.14 x o~ b ft7! sec
= o4 b, H™

L = (bne) tt
L. = ZI+h+]4 =504t
S(e.):= 05+ 2(0.7) =14
H+h =1z +2]+ 14 = 53t

Hence Z(b."fé_ xxé*)l 52 ¢

. “4' N A
v-le~ - e R(,L-f- + | b-76‘. x 1O N
5“ c 5. .2_— - ((C() Re =
(5 )24 2 ?—L) (b1
or:
) = (32.2)(53)
Re* + 3.8 x 1077 Kec = [.0s %10
Tridl and error so lution
Re + Re* + [« Fx 107°Re* 4+ Ref |
2. % Io° 0.CO5 ix10'° 2.5 % 16'°
1 x ic® ©.0C ¢4 0.4 % 10"° 0.6 < (0'®
15 x10°% ©0.002

0.0 x iC'° .4 1 »i10'°
Grqphiml inturpotation gies Re = 1..5 %x10°
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1N, knon~ing the Reynolds number we can get the averaye flo
Jelocity:
<J> = Ke x (L) — (|.23 x‘o‘")(?_.sg x (O—s) = 318 bt sec™!
Dp
Tne volume ruke o flow is:
al /rmin el
Q = (") 5 = (3'8 sec )( TC (g) 'Ftl')( 4‘4’9 %{3/;;:) = 1430 ;\é-;'r;‘

1.Q. Ejaluu‘h on o¥ Narions A\/cm%_s of Velocity from Pltuf Tubcq@cvvatt_

Usg of Srmpson's rule gives:

- _,
&2 = 0.84 —<—_\_—L)— = 0,74 ; = 0.6]
v = v3
OV Mo mMax
TH Ve(ouf‘_y AJcmgts m Turbulerﬁ Floas Y, ] _‘i
(aj For tre turbulent ‘elouty distrbution —\:,;;‘ = (l“" ﬁ)
NE NUYE: i R r.o< 2u [ R . .
CGoos e Jo (1= )7 rarae fo ), rdrd® “
J oyt - in R 2w (R - _‘/m_-”i—”""‘
{77 L jo rdr de 5 jo (i- %) 7 rdrde
N :
R R Pt
= CTNT
2 Sj l [{) Y‘Jr‘
5 ! ] . { .
q=1-5] 2 mh b R 2o TGy
T S P Iy P
L2 j,;('—.»)"fdsj 2 f! 1 ("7”]'
17
2 lg g C o
= —_“‘-“%”" 7'“ = |.0L oo Error 0L Tnen = 2%
4 a1 _ 1L~ 1O
l_ s ts_l
. - 3/ .
(b) S\MIl.‘U’"J 73 2 j : (‘ - ‘)dv]
S _ 2o LUt 0w ifmer 6oL



1.1 Mulhple Discharge into oo Common (onduit 56

(o As plane "I" we select Hx collection of cross-sechions of all +he small fukes
leading into +he big fube; plane "2" ts taken to b2 a blane far enough down the fube
that a distind Velocty profile has been estublished. O ver the syskem thus de fired we

maike three talances:
MASS BALANCE At sicady stale Wi =WL

- S
® p= o
MOP ENTUM BALANCE: At sikady stak with no exicrral forces:
P(v,’*? S - pLva'r S, t P51 —p.S. - F =0
The fore F of the fluid on the solid will consist of the
Viscous forces aching tangertially at the walls (wWhich we
neglect) and e normal forte p (5,-5)) acting in the
direciion oppasiic to the direchion of flo~. Hence:

P<V‘2> Si - {7 52+ bvS — paSa : b (S,-S51)=0

or V(DS = {Vi)S1 so that

The result may e rewrben by using the mass balane
and the definition of a set of- quantibes K9 dafined
in Eq. 7-1-3:

® (Parpr) = f<J‘>1§.B K‘(‘ “B K(:.,J

MECHANICAL. At skady-state the mecnanfcal ehergy kalana gives:
EMNERG Y BALANCE: év _ by —p. o i\/—‘z (vat)
F B n? (Va7
We Insert myo this the expression obtained from the
momenium balance for (pa-P1)3 thercby we obtain:
2 (l) : &) (3)°
& E,; = Ly - 1;3 +p*(2 Ka ~£L,
K K|(3) K,{”

The equatons rmarked with @ are e results of applying the macroscope balances.

(b The calcalation of treic,? has been descnived in He solution to Probiem T.H.
() hor (5:0 (f'?- for discharg € into a very lanje tank ) the Kinehic €nerdyy of the entenng
Stream s complekely dissipated , Yegardessof e o v requme 10t small tube. For
laminar How In smatt tubes and highly furculent How in the 1a-ge tupe , Ond Jith
BPe2i, wehar K."’- A& ormd K, (23 sothat the L 1 the exprrsslonfw Ev Is J/



, 5
7.J Evaiuation of \/eLoqw-Ax/eraqis for Lamihar Flov of Non-MNevitenion /
Fluids in Circular Tubes

The method is the same as in Foblem T.HL | we set

(@)
Yz _ ‘ St YY)
Yo m (R) = 1-5

wher 5= i/n,) ard per‘.:orm the same intcgratons as ITH, By g»‘mmple,

o L=t g ag
Vo jo' £4%
- 2 31 (‘_“3559-;_*_,5;%1’*5'*2-&;‘ 53,3%5)%&%,
3(sr1) >
(s+3)(s+2) 35 +5)
S A (e PR ¥ S ]
an” jo, £d% S+3
Hence:  qus> a(s+3)™  3(3n+D)?
Loy - (s+2)(35+5) B (‘32H+;)(5n+3‘)

The expression for the <{v3)/ <+7* Is obtamied similarly

(b) For tixBingham fluid:
wry = K(1-%g + 3 &%)
W= AKA(FE - CE e LE e fEl -5 )

{13 = 3(_4_’_._ 34 7 T e 1 yS 4 o4
oK 340 50 15 §° + IS §o - 3 ga + 12 °n
R 4 4 Th A
<% T8 -5 ,_4,)

In which  E_ =2 ara K= Tt
!



7.K  Friction Losses in Non- Newtonran Fiow

(@) Fom the solution to Provlerm 2.H -

v = (R=-P.) s R r \S+i
. = F < | — --)

ny = | FomRIR | R
ZmL B S+3

Di\ndm‘g gives:
%

$+3 _L sk |
<—ll—>:: (S+|‘X‘~<R> > WM&‘:-‘R

(by E, = = {(T:vv)aV

. R -
PN Al (" gy ar,
J_r( jg JO " dr g—;‘* (;‘;- rdrd«
_ ) | R d"z. N+
2 rml Jo (‘ ;,) rdr
_ 2mmb )y o [ L\ ™ .
n-li ($+é> j (E ) é dg
R 0
_ 2omb Sa (3+_L )n’
Rn~! n
v E, = <o F (Bvaluare F from Probiem g x)

= (N7 S pLT. ZTtRL.’J(‘

il

V2 s 2p 0t L 2anrRL -

< N+

— Adrml {4y

R™

5&
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InVentory Reservations in @ Qas Reservoir

59

(o) qu)ma\x = A+B
(Wz')m;ri = A-DB
An AW
, Wt =
adam = [ (A wmt)dt/jo Con ot dt = A
(k) A mass balance ofar a 24- hour Ptzn“:d gives
24 dm _ - M4 24
JO a9t dt =0 = Jo W, ai Jo ~, dt = 24 v —-HA
wWhence  w = A
(¢j m =

t
ot = Tno + ~SO (‘N|+‘~z>&t

It

e+ J’o’t (A~ A—Boos wt)dk

= e — Bt
Ll

(d) The minimum reser oir c_apav(i\, which vv{”perm(‘i' Smdy optrulffm
fs Just the diffrine pbehueen the Masumum

and Minitmum valdes of
m :
ot
- (- B By _ 1B
fv = (mo )= (me- w) B
: _ 2B _  (2)(2000) _ 5. 5
v Pw (o.044) 2w /24) 3.47 % 10" fx

(e) Add aHﬂrﬁt—dw‘ suppo +o e amount found abo re:

V= 2B 4 ?_:lA_ = (;’).47)(!05—) < G2) (5,009

pw P (©.044)
= (347%10°) + (218 % 10%

(8.53 x 10°)  ft?
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CrarTER 8 - Checked by T.J. SadowsKi

8 A Prediction of Thermal Conductivities of Gases at
Low Denslt_y.

aA. For 3rqon we may write  from Table B-1: M= 39.944¢,
G =3. 418 A ,and €/5x=124°K. Then at {00°C :
KT1/¢ = 37316 /124 = 3.009 ; f,.=1038

Substitution of the ghove values into E%.8.3~13 gives:

K=14.9894 = 10‘*{373\15/34q+4‘,/(,3.4.m)?‘<1.03a)
= 502.x10°7 cal sact cm™! o

For NO “substritntion inte the EucKen. formula 95‘1.'8'3“15’

qiveS'-

k= (7.15 + §5-1.967)(1929x107),/30.01
2 6 19.x 1077 cal sec! cnv! K™

This calculation checks the measwred valwe exactiy.
Fow CH,%:

k= (8.55 + ¥-1.987)(1116x1077)/16.04
= 768 1077 cal szc™t emt ow ™
The experimental value s 6.67 higher. Such a discrep-
ancy is ol unuswal for polyatomic wmolecules.

8.8 Computation of the Prandtl Number for
Gases at Low Density

Prandil Muwber
Gas a. From Eq.8.3-13 b. From observed properties
He O. 667 0. 6497
Axr O. 667 0. g71
H, ©.735 o.721
Air . 737 O.740
co, 0. 782 o.789
H,0 O. 764 i.003




6l

8.C Prediction of the Thermal Conductivity
of a Dense @Gas.

d. The critical properties of methane are: T = 1441.0 K,
Pc= 458 atm , and K¢ = 158 x 107% 3l sec' emt oY,

. 's 127 _
For the conditions of the problem : T, = A6O ¥ 1270

P = lig.‘\-___ 2.41. From Fia. B.2-4 we find Ki.= O.77. Hence:

45.8
K= K, K.

n

077158 < 10°¢
1.22 210°% cal sec' em' o
244 x107°?% Btu hv' ftt o
These calculated results are 4 7,

N

above the observed value.

b. we first Compute the viscasity
from Ert 1.4-418:

KT/e = 326 /437 =2.38 5 LL,.=1.110

of medhane 3t 127 °F (326K

2

-5(16.043(326)
= 2.6693 x10O
r (3.822)*(1.110)
= 11491 210" g sec' em’

\NaZe vnegxl use the EucKen e%uaiion, E%‘ A8.3-15 to

Ca’.::.u\lat;q
the thearmal conduckivit y at

\.ow ?»—cssu.v-s? 2

- 1194 « 107"
K= (8.86+ 2.484) e oA

= 842 ﬂiO—7 cal sec! em! o™’
This valwe is o be uv.aed as Ko in de‘\'ermir\ing the thermal
conducdivily 3t 110.4 atm
we Fiad \(t 1. 4. Hence:

K=%¥K =(1.4)(842 x1077) ]
= 1180 %107 cal sec! em! °K ‘

= 0.028 Bra W' OELT cF 7]
N aote that this veswlt

ob sevved value.

fvann Fi; B.2-2. Frem %this F"Jvhﬂ

is im vepry 300& daresr enk witty A=
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8D Prediction of the Thermal Conductivity of a

Gas Mixture.

Pata Fovr ks problem ave sumimavited in the Yable imwmediaxely
below-
Camponent M r‘-xlD", k x107, Mole
3 sec! e cal sec!eom™ "K—\ Lvactian
A (HN 2.01% 846 4250 0.80
2 (c0,) |44.010 1495 383 ©.20
Tasertion of thase data iate E%. 8.3-18 ( or E%\ 14—7_0) jfv(‘sn
¢, = @ = 1.0
il 21
~1/2 12 A/
5 - [1 2.046 {l*_(gqe> (44.010) 4’]
12 ‘roio 14»'1{5 2.016
= 2.47 )
-3 /4 1/
A 44.010 4a5\*( 2.016 V¥
L+ Aroto] Ty,
Vs 2.016 8qae F4.010
= 0.189

Substitution of Hiese calecwlated @11

k

(0.80)(4250x40 '

int o E%\ B.3-17 qives:
) . (0.2.0)(383x40°7)

i

2630 %1077
2850 x 1077

"

cal

(0.8 (L.0) +¢(0.20)(2.47)

(0.80)0.1892) + (0.2.0)(1.0)

+248 x 10°7

-1 ~1

-1 QK

S ec cm

B.E Prediction of the Thermal Conductivity of a3 Puve

Liqu id.

First we COmFu.‘\r.Q

VW e
By

now asvbatituke this
assuw\.‘ntl Cre Q.

W R

(2b/2p)¢ =

valuwe

10"

pLF (aplaﬂﬂ = (ca138)(38)

2.648 » lO mesqa bay cm 9 -\

2 1L.648 2 A0 cm?* sec*

SR (8?/3?'),. into E% 8.4 -4,
cbtain

i

Hius

v 2 Af(lLor(2. 648 x40

')1 = ﬁ_,éZ’?xiOS cwn sec !
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We next wse Eq_. B.4-3 to obtain the thavmal
27
k = 2.80 (Np/m)*"?

condwact i~ 1"{*y 3

a3
2.80 [(“"Ozi;l‘;zxc‘-“‘"’a)] «(A.3805¢16'")(1. 627 x10°)

]

2.80 (10.33x10'*)(1.3805 x 10" "*)(1.627 x 10>)
6.5¢ »10* ery sec” cm' °K™

1

=4.55 x 107 7% <al " em™!

-t
gec Cm™ o

= 0.375 Btrw hw' prt ep”!

8.F Calculation of Molecular Diameters
Tvan5port Properti.es.
a. We M;y reuw v e Ez~i.4~‘q Yo obtain:

\” !
d= (2/3 Y (MxT/N 73)”*
On suwubstition of 'nu.mevical values into this
we get ,wsing ¢.g.s. units:

fvom

equation

d= (2/3x2270 «10°7)¥* (22344e x1.3805 10 roo

l/4-
©.023 % {3 x ¢ 3 )

= 2.95x10%cm = 2.95 A

b. Qeavvangeme‘nt of ECL.8.3-12 gives :
d=VI/K' (k3T N/M3)"*
In terms of €.4.5. Lnits we may then write:

- 43 L3
. 300 #» 6,029 x1{i0o
d=Vi/17ey (263110 ~ =
/ 39.944 « 73 )

= 4188 10 %cm = {1.88 A

Note that ithis resuwlt 14 chsiderably loweyr than that oblained
from S04 viscosity in part A. Note also that K is ex pressad
in terms 5% evjs rather- than calories n rnaling this calevladion.

C. Equatien 1 4-18 may be rcavranjeal te qive:
o = (2.6693%3x 1o‘s/r« ..C).Q""(MT)"“

Substituting numerical valves as abave we qabwith WV /k =241
Lo Q2= 2404



o4

- \/a /e
- 2. 66683 %410 5 . _ °
<= (u?o”Q-us..m-fQ (33.94 4 <300 = 3.415 A
Equation 8. 3-13 gives:
- (1.9891 x1o~% Y2 300 ‘e o
¢ (421*10‘7x1.10¢;~) (3q.q4~4 = 3.425 A

d. Both values of o aqree Ciose(y wWitth the value ef 3.4148 2\
qiven in Table B-4. T his shows that the Chapman ~Enskog
theory can be wsed ko predictk K from measurewments of
) whereas the simple Kinehz Ywesvry cannst,

Crarter 9 - Checked by V.D. Shah

9. A Heat Loss from anInswlated Pipe,

We rmaKe vse of the notakisnm in F;S.CLG:*Z_ When the walf
*‘emPEa—atu.ref 2ve Knawn (i.C-To and T'-3) s E%. A.-29 way
be ;im?ln"(ﬁ.‘cd to qive:

Qe - 217 (T, -Ta)
L

M%) | Inlrn/n) o Inlra/h)
Y\Ol kg_a_ Kl?

The r for this ?vnblem By
Vo = 2.067/2 1.03"
Fp= 1.03+015= A.418"
¥, = 148 +2.0 = 348"
Fa = 348 +2.0 = 548"

Substitution of numerical Vvabaer indtsa e aalsove Lovmu\a }\vesz

]

Qo _ 2W(250°F -qo0°F)
L 2.303 | 122a(118/1.03) | (04(348/1.18), 104(518/3.18)
2 6.1 0.35 oc.o3
- 320 T
2. 30 oc.o59 O. 434 0.2412
3[ 2 6.1 A * 5693

]

1005 J(2.703)(8.26)
53 Btuw hS' (pev foot of PP R)

3



&5
9B Heat Loss from = Qectanqu!asf Finm.

From Eq. 4.7-14 we may write.

Q= 2wiLh(Tu-T3)-7M
whevre M is given by Ecl.fi."l—lé 25

M= tanh (W 2/ kBY?/ (A3 /ckB) "

For tha conditiens of this pPrablew

(hLz/kB\)‘/g_ :‘filo)fo.of-‘.:) - 2'1/’75;1
(LO) (c.oa/12)

wW/e reay thhen wribkts:
Q= (2.00{4.0)(c.2)Y(L20)(i50)Lanh (2+vF ) J2+v 3

= 2080 Brw hv'

9.C Maximwrm Tempera“tu_rc itrn a8 Lubricant.

We bagin by multiplying both sides of EBq. A.4-11 by
(Ty-T). We thea set (T,-T,) eqval to zeve Lo obtain:

T-T, = & r:f" (/b)Y [1-esb))

The maximum temperatuse occurs ak /LY *L/7Z | anb

Vo= LR, \w/e way thevrefora wrike:
- i 2.2
-To = (T RY/ W)

%{ﬁoqw)gzﬁ- ﬂ7‘108/6027' { 5 06)
(0.0055;( 4 18« 10’?)

Tmli

H

= 92¢C
158 +9x4.8 = 174 °F

Hence Tmax:
thisg ;ys’cem (s

The Reyvnolds number for

Re = Roflp/px = (5§.061(0.027)(7?7908=0.103)(1.22)
(0.9273)

= 4150
This is below the crvitiea |
Abouwt Q0SS ; Nence the flow (T lavminav =

in the 2bove calculnztisnms |

Reyno\ds number ot
S assuwmad

—— A mmee e

H.L.'DV:,éeﬂ,§v.,sF.'D.\"iuvna3kzn, and K. B akzwan,
Pover (Maw Yorx) - -- 2. 20 5

——

&
"Hydrodynamies'
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2.0 Current- carrying Capacily of a Wire,

Frorm 4t he tewmperatare Prng(\e SKetbtched
At the left (bt 13 clear the magiwmwem tewm-
Ferabuumn ‘n the plastie (3 Th | tlLe -\ytmp,,,,.,

>

atuve at the copper ~plastic (nkerface. There.
{ow/ for the coanditions o8 s Problem, the
\am.{nui current (3 vemcwned L\iamn Ty = 200°F,

W e bgain the solubion ol tkig ?wublgm lay
Jgkorm\nnr\c} the vate of heat losy pear [oot
6L wira Qo vres Ponding to a Ty o f 200 *c .

Fv onn E%. Q. -1 the rrte o%F Weakl \ozs

— e e . - o — ——

1

Distance .
1S 8

_ ln(c.04/0.02) A
= 217 (iOO)/f S .26 +(’.§.o¢0/12)1.5_}

= 200w /(5.5 + 433] = 4.53 Btw hl 1t

= 0.0435 watts cwm!

We next equate the heat loss to the heat qenerated by
Lcssqpatmn of electvwread Snergy

Q/L. = L*R/L
“w W syea

R = (ﬂ\ﬂ:‘ ke)-l T wire vesistancea per wnit \ev\-;ﬁ!—-.

L = tetal Qurrent carvied by e wiva,
Solving Low C_UY‘VEV\t we Yhen qde_f:

L= Viaso) Ry
The maximunm 2lloweble corvaenk (¢ then oblalr. ed
L)o fb_bs+i+w'\~u“n-, hume_"‘ﬁft?—l values ‘nte EtWwis Q'Lu'a.'t“l'oh:

\/oL
Lonax = (0.0435 watts o.w\“‘/z.-z;-xlo”"' olhvns ew(“)

= 418 7 2wp eves

9.E Free-convection Velocity.

v 2 v E% 4.9-15 wt may Wi de

4\,1):1’1;_3—_:?‘5 ("\ MN)dm = BabaT/4a8
~1
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Fov the conditions of twig Problgm:

P=AL/T = (L/3323°KK)

C;Afa\—’ay bevwavio- 233umed)
v = 0.192 cwt =1

sec

(0.008°K™')(980 cm 5e<2)(0.3 emP (20 " K)
(481(0.492 cmrsect)

= 2.3 cwm sec”!

9.F Evaporati.on Loss frem an Oxyqen Tank

a. A therymal eneavay balsanee on a shell of thicKness Ar
gives:

—+ﬂ(\»‘k£)k * 4—n(\—‘-k_°\"‘)

Hehcg

A (krff) -0

And -
wheve Cy i35 a cannstant of '\n*ejvabion. I~ W on'-(e_-»\
we vyay write

W(T) = ko[t +(—Lk") '%"_—fr‘.'o)
whevrea Ko

i3 the YXlLe thermmal cand \-kc-\n'v{'&\( ak T,
kﬂ is dLe e v vl c_cw&vc*(v{{»l

vedoveed tewmperatuve
C.V\‘*\. ‘E.(

2w d
2t gy . We now dafine a
S = ('T‘—To)/(—rt-——l—.,). O w~+ dA/Clev —

eiuz{ﬂ'on ™V ay thea bve re—avrauﬁad t o %ive!
by -k,

Ko (To-TH [L+(222)e | d® = cpar/im
TWis e*ﬂp\»e‘S(oh may be iv\&esvatu o ive:

ko (T-TO[L+ (VR ] ® = -2 v,

M/® nNow waskea ¢Use ofF e Beu\v\da\n/ coandtEians
At r= v, , ®=0
At = ¥, . @ =4

Hence:

O:*%¥C1

(L/72)(Ty~To N kg + K)= - E‘Fa_ v C,
1



08

E‘.ivw.;’h&‘%:(nas Qg__ b&xrutgn k‘»\c«;e “\:\Mu &“’EU'&.kfuws‘.

Ci= 5 (T -TOK v ) /(& -4

Ya,
R S YRRy Moo u wvite Forr e Weaf - Xvz2isRer y=bew ot
Y= v,
- dT
Q.= — 4Tt} K. v = - 4 Oy
e
T‘L\em

G, = — 4 1r ('T}—T;)( K-—--—-—--—x-; K*)/(%_g + %\)

Thiy vesult slaws Hoatl the vse of 2w =e bovnetce wieaw
therwal  con »iuc«i-n.n%? i JeskSied (% Pevrval Revidiged vy by

Varies Wmearly wo¥a Yewvperatore,

o

Thae desived heak Llew 13 jn e wminvs-r» DLlvechkan
&»"\é }"s.t...'aﬂtf" e_%va.l ‘(‘u

~Q. T 4 (i83) (0. 061}(4-137ﬂ10-31
(5 - (=
3 2542:5.2.

= 282 ceal se !

Hence the =ov aporat;or\ ra bt e (s

282 cal se<™ /1636 cal gua-mal”
= 0.172 gqm-mel s=Ct o 148 Kg he!

g@ Altevrnate Mazilhoda o0 Se*ctn'ncb U tw e Heated - wirs

Problew,
a. Heat Produced wikxhin cylindesr = T+l Se
Heabt ealering eylindew = O
Hee b ltavf‘f\% ey linder = e W .
Substibubian into a hea=at balawce qrves:

LLSQ:Q Qn\?’g‘”ga
Oy
U= F ST

b. Swbstibtution oF Fourier's law ints Eqﬁ A2-6 qives,

FU!«* constant thevmal Cov\iut‘\‘\\l\‘\y s



d AT x|
B A
Ihteﬂ‘v—e_“ciah Pavice Wi r—*z.s?-:e-_i* o w32
Skt
T= -2 4 C,y +cC
4k i i
TV\C +\&Iu '-\*C‘:

H""c’““ﬁ"* use

r2atlow &o‘ﬂ?—!xaw,_‘:r

ot i L SYPOYINRETN P

™ oy bm @mynlaagbted

oy Comditrans
AR v =2 | T = Rinlte

At rv= R , VU o T,
A?P\(Ca'{‘u'on o Q* tvar = > ouvn :la\»;,
Ez_} A.2-4 3.

Qe A bianms 2ade 4a

9. H Heat Conduction frem a Spher= to a Staqnent Fluid.

Q. The differential €egquation i¢ tluae 2Bmrie 2y thal =avcuead
' Prob. 4. F. Fovr constmnt Tha rram) *:cw-}..ua$i'«wi€-7 this
b@cowmes 1

C.

d dT N _
Hr*H)=o0

I~% Qtj‘ra‘h{of\ twilem v b v—e:,-?qec,t te ¥*r Qives:

- C
T~"‘—;§'—‘§'Cg~

The bouv\wka.v-?

cawdl Yfomns = IRl

At v a R T= TR
Ar » - oo T = Tes
Therelore e +mmf-eyat varm distei bubian

.
o
a3 ?

Te~Tew F
The heat flux 2t the wall is thew -
q = -k 8T = a4k (..M
r dv =
=R o R

M/ new Compara this

expressisn wi 't Mle wban's
O—\F COO\"V\ﬂ-‘

P

qh‘r_‘_? = h (Ta"Tm)

which deBines h. E‘l“‘"‘"*““'ﬁ tHhimae \last 4.0 2xD RS {ems
e 3&4‘::



h= k/R
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oy
hD _
k-2
wkarc D

'3 t\2 diamater of e S?ke_v-<.

S.1

Heat Conduction in 8 Nuclesr Fuel-rod Agsembly
W ithin the fuel

elewvient the differential e

%u\—‘l‘(ov\ s
Sim/lavr +a -+ual Ae_v‘lo?@-l in ble 4axt Rovw the
Fying wive. Hence we write

cuvrvent ~car ~
{mmecl\'n_‘hc-;(T
and the ﬂlven keet- Souvkrc =

, Bor covmstant K¢
~Ke .%:dé:(r ﬂ) Sv\o {i - b( ) ]

T\r\( cl -(‘-\’e_\—-e.v\{:_\a.l Q%uatlah “go\- tkz C\QJJir\j (- l\mn(‘.h
bu t Ccsm'tanns Nne Sscuvea +term :
d T
kc k cL)—-("' Q )
T“\CSQ ‘Ewo

second-order diffevertral eLv\.Hens- ave o La
Solved with the 2id o0 +rese

bou.vxd..ew ¢ A\ ktowng 3

B.c.i: At w=-o Te '3 Rialke
B.c.2: AL v-= R‘: T‘ = 1o
B.c. 3

T At ""Qg_ )*—k (.nz)
-k( )= h (Te-T)
of He 2bove diffeveant al eLAt*‘.‘ons qives:
Te = S“ Rc [(Rc - %(é})«} t Fy b + Fy |

TQ'—“ Ci L«k + Cz_
Ayp\icai-ian

B.c.4: AL r= R,

Ih’tQSh%tl an

of the boun&as-y cornditions

then qives, 2 Fte.
Considevable M&W:Pulaiian
Swe Ry 2 o\
TeoTem z-\:-ig_fi“(‘%ﬁ I- %1-(&) ]}
+ SWOR

2_}-; b)(R h-.+gm%?)

The desived answear 3 obtained ‘Fv-im e Qre»“’(ov\ Ly QQ'H\L"Y‘ D
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0.dJd Heat Conduction in an Annuwlus.
da.

A heat bDalance an a shell of Thickness

Aw ﬁ‘weqz
2w v L — 2vtel = O
- cb',y- 1").»4»45»-

Hence :

Lrqy=0
The‘r\, {—kwomak use of Fourvievs lau w ma_r Wwite

T - . dT

f;C-Kv-j-;)—o 3 krgo = Cy
We now write RKE®) wheve & = CT-TLI/A(T, -T ) jwst as
in Prob. 4. F to obtain:
or

(Te-To) ko * T (ki-kD @] ® = Cybmr +C,
The bou.ndav-y cond i tiong Lo, this Preblem ave
At v =V, @ = O

At Y = Y‘L

@@ = A
We Mmay +hen

WV\.‘*Q',
O = Ci L..\Y‘, + C'L

1

E‘(T’\"To)(ko*‘kg) = CL L\Y‘i + Qq_
const ant C; is then:

Cyr= (L/2(T;-T W ko + KO/ ¥y /T,

Rence the heat —trvarmsfer rate ak

T he

= Y, 153
Qo = ‘2‘“V°\— KOS:T'\ = "ZTTLCL
r="r
C(L/2) (Ko + K N Ta-T1)
=( L
SR e TN
b. We beqin by deRining €, the wall Yhickness, for +hin
a wl\i b
o ' ? Y_..'.L_. = 1+ £
Yo Y.
We e exprand LYy / V) in a Taylev sevies *a obtain:
€ € \*
ey )= A (AxF) = {3.: *%_‘(T;;) v oo
I{l WwWe& considev

21l tervmy but tlue Ri-st neﬁ\ia‘i\.le,wo\ 3@.t'.
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2
Thig jvst says - heat Fflow = areg x avevaqe rherwal
Conduchivity ¥ fem?eva&_uuc av adtent,

Qo = 2ar ?OL( K-..___-——"*k")(—rae“-r&)

39K Heat Genevation tn a Non-Newtonian Flwid.

Q. Fov the Octwald - de. \/Jaele ( power - law) Fluwd:
dx
Ln tHais ?voblew\ dv;/dx is poesitive so that

Ty, = - (dvy Zde)”

xz
and hence
Av Nt
Sy = -T dve _ m (T
v 2 Jo - ( )

b, The velocity profile wiay be dedermined Lrowm =
eclju'm’c(ow o vmotion., Thas

dTer /dz =0 ; S5 (dvyrdx)" =

Thevefove:
(ﬂ‘\" /AK)“ = CS." 3 A\Ia /7dx. = CL
Int eg\—at\'na_g weidta msper_t Yo N we bgt:

V11= CA‘K » Ctz_

Determination of Ya cownstant:s aives :

Vi %
Av4 b
just 3as for the Nawtonian case. Then the voluwmehic
We ak o}tn&vation yvata (s
_ ~7 il
SV - m(’g—)

C. The ana(o«3 of Ex.q.‘(—-—a iS

T = -/ (V7)1 (x%2) + C,x/Kk + C,
and the av\a\o‘3 R Ez“q.‘c*iﬂ )

T™—To _ 4 x %
Tl - 2 4 LB, (5)[L-CB))

where  Bv, = wmV™"/wb" (T, -T
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9.LL Calculation of Insulation Thickness for a Furnace
Wall.

The minimuwm wall thicknmess will occw when T = ZOOOQF.
Thenrn in Hhe \»Qsiuv\ "OAL" He thicKness must be

Xy~ T, = (%ﬁf‘)(—ro‘-ri)/%o
= (‘t.%ﬁi&)(soo)/Sooo = 0.39 {t

For the \"Qma\n\v\j two v-e_ﬁ'\e-ns :

Ty - 2000~ 4100C
Q.= -1 5 Booo =
- ZLi-Ts  Ly-Fa (22-%g) | Asas
w 13 t(o.q4\.?) 2 6.4
K°'1 Kavg 2

11‘112 0-513 Q’t

9.M Radial Temperature Gradients in a8 Chemical Reactor.

2. The bahavior of His syskem can ba described by the
‘ol\owinj Al {Ler ential Qt\au:};an ard boundavy condibions:

1d ., dT -
kesevar(r3T) + 5, =0

B.C.i: A'L ".-‘.Rc b T=T°
B.c2: Ak r= R, ,4T/dwr =0
b. T~ terms of He rvedwced vaviables ¥uis clzscv-:ta&.'cn NE S

d_(gdo _
t R GEE) =-4
B.c.d: At £=4A ® -0

8.c.2: At ¥ 1\ d®/dg =0
C. Ihfbe]»z&{“J Ywice Witk raspect ke § we Qgh:

9 < - .g?. * Ci Q’“’\E -+~ Cz

A—P?\{ca_‘t(ov\ of the boundary comnditians Qives s
Cl = 2 2

Hewnce - ® =41 - § + Q‘RM‘E

d. The reduced +empevature of the oukew wall ic simply:
@)= 4 -~ + 2.0



9.N

wheve a =
te M?Qvatu.v-q_ is

Ir\ terms

Then

(8

i

il
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R, /Ro. The veolume-averagqe reduced

a8 v 228 ) gdwd0
[T gdgde

a.

(he*-Leteg -4,
-~ ol
(3™,

2
= —b@1) 2 (EmT) e

of +{hea a\--‘«y‘nal vaviables we may wvike:

- i. +R 2
S<R2 /4 Kogr g (s )*‘ (22 R)’" Re
. For the stated comditions:

o < 0.50/0.45 = 414
t
e (o ) s B iz
= 53,600 Btuw h-' ‘r‘t*q

A

4 (0.73)

= Q00 - e3[0.02] = 899 °F

The temPer;&upg diffevence betureceen inner and swtes

walls

wouw \d

be four *imes as ghca_t‘.

Heat Transfer to a Non-Newtontan Fluid.

For tube flow wa may writ e tLe Aavnaleq of E%. 1.2-% as:

The

I = PoTre +<Pt*—t

(DvrQSfov\m\.lns velsocity d\s*—vn\ou.'\:cor\ s

» = (PR 1-(5 )] + (BLRE )[4 -(F =]
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Where Tp s e wall shear stvess, This €xprassion

mMay e writlen in dimmensionless Lovem @S :

K -
e/ Ven = gy (- B+ 27 (L -2

where! Vi, = (‘Pogfg/'Z) + <7°j Rt S+i)/csﬁi3
£ = r/R
K= @,(s+i)/2¢ 3t

This velociiy disdvibution 1e +then substitubted (ntoe
E% QLE-9 in P!acq ot the Poizseuwilla distvibuticon wused &,
SectQA. 2. An exac.t!v ah21030w£ Aevﬁlopmam‘t ,A.Q—C&\‘&hfu]
Oh\y in the fovrm oF Vi(\r') tewn yields e J"'QWPQ‘*Q&\"’Q
distvs bution -

o efe - B - 5% -E5)-<J}

6= (T-Ta) k/Rq'i T reduced teampevatucrae in
B iler Fluwid.

= (K *i)/("e'[%"(* isz:sta]}
Pe- = Pe?Rme/k = Pe'clek nuwmber

wheve

& = Z/R = »ecl\gced distance alom} 'L*uke YY1 S.
7K v sx i
C, =
2 Fea * R(s) +K Fi(")][ 4 " 2C(s+2)

s+ 114038343652 +a4 63 + 19
16(s+5)(s+3)?

E(s) =

F () = st 410882 +5665s™ +42365 + 774
96(51—3)1(5-':-5)(5 ~7)

Not e that +his solubion, like Hiat (n §°L9, is only erack
' n 4\ e limct of V&\—y la—"‘jt —4-
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CHarter 10 - Checked by R.H. Weaver

10.A Temperature in a Friction Bearing.

Wwe stavt by multiplying both numervrator and deneminator
of Eq. {0.5-15 vy

w'/ N, Thewn, remembering that N s very
lﬁ"'qe far the conditions of Hiis problewm, we may wrike:
€ - [Q.K’ﬁm\a: \ra
max (-4

EannAiﬂa Low in a Tayloyr sevies we obtain

-4 ~ay*

SR RS Sl s "-;—3;1\]
max (e~ 1)

o/ & may now evalanate ¢Lis

ex pression for the qiven conditians
= 474.002 = 0.998:

T*‘“‘) 2 .
YT ] 0.999

we heK’L ma\f:P\y 61‘10‘5‘14‘ bx (TL"TK) S

_ [2(0.396)(4 + 22322
Eoar”

qe® 3
a
- _ TR e v i i
Tma% TK "[ "% (1_—-%.");)[(1“ g:.‘)—t—-é-m(t" ;—‘)]
PR 5 aaa - -3
= T - i:xio“ [— 2.004x {0 "-»;'.c:’°°i-4-.01ax\o ]
= 0184 p.0*RY/k
Fov the conditians of this problewm:
= 2 q sec cwn ")
N = 400 %2 /60 = 41S vad sec”
R = 2.54 cw
k = 4 xi10~% cal sect ewm' ec’!
Te= 200 °C
e wnay then wrik e
1.54)* -
Teax = 200 + 0.484] 9—:“::;_‘_ Yy saxic® ]
T 200 ¥ 24 .8

225°cC
Note that a conversion Lactoar

was incladad o 4vantfornma
C2lovies to

dyne- centimekavs,

10.8 Viscosity Variation and Velocity Gradients in a
Non-isothermeal Film,




T1

4. WwWe b?ﬁin bj de&gvminﬂ e {empﬁya\‘_mvﬁ At wWhick the
discvreparcy betweer the two vmethods 2% calew\ation
Ls 3helt¢$t. To do thiq we deline 3 fractional disera—
CaAnecy as . -

I Sl o
A= =
ta
WwWhere
r:‘: ‘«/(‘Lo 2as calawlaxed o m Ect lO‘S‘iQa-)
congideved a8 Corvect Lor owur thaev\t

PLI.-P°$€$.
r\*&r M/Po =S calcuwlated fvom EZ' lo0.5-19.

We may wse Eq.4.5-12 to write A a3

A= exP{ [-“-%—Fo (To‘T;)%]~(%o(To“Tg)%‘_\} -1

We next eliminate X wikth Hie ard oF EL' 10.5-418"

A= enp(~RLCF)-(5=0% -4
\,vggPec'L te T awd sat

\w€ now diflevent iate A with

the devivative ezual to evo:
éA - - é i T™Te ._L.-l _E TS T-T,
3T - 9= T '1‘-""( ‘?“)" T ""F{ To{?‘)‘(?fn—}

The tewmperature of vmaximurm discrepncy (3 then

—T—((::ﬁ—ﬁ-\

b. The data needed to obtain the desived solubkion Jre:
‘-&(.BO"C) = 0O0.357 cp.
t« (400°)= ©.284 cp.
= qQo°cC

Ty=V23132-353 °K = 363°K =
The ‘tgmr’cvatug ef maAaximu m drsc\-tpar\cj thus oceurs

very nearly at x =T 0.95 mm. Then wsing 5‘1- 10.5-1494 we
Calewlqgte +t\e viscosity heve to bae:
(ao°c) = (0.357x0.284)"" = 0.349 ap.

Twe ocbservad viscosity ok wate,., 2k Qo= ©.9147%7 wp.

The maximuwm eln'scv-ep&nc\'gr in B oawnd JV‘/dX dve

‘heaw b o+ CLU'L\ +o

.00
100222 =0.037,



10.C T’rahspivation Cooling.

3. Daline (T-T /(T -Ty) as @ in the absence of meass
trangfer and 3as @Y in the presence of mass transfew

1Yw, =0
C - ®° = (Lo0O/yv) - 0.200 e o .
- 4. 000 - 0.200 W e L4 tn VYVICryrons o
e than Q\nd N
_!:." 1400 2Cc 0 300 40 O So0
o
.@i—.: \kh\'\*f 0‘?75 0-1667 0-0615 gevo

) wi= 40" % q sec

Ro = 10/ (4)1(a1)( 643 c40"5) = 2.25 x 410’ seac
T 2 2.5 wmicrons
—~ 32.5/r
® = (e - 0.231)/( 0.722 - 0.9%81)
wWe +hen F(v\é

X ¢ 00 200 300 &o00 500
@ :| unir, o0.40s o186 0.070 Zevo

&/®7| wait, ©0.93 o.829 ©.89 —

b @g= (32.5/5001(0.8/0.2)= ©.260

0.26
€ < 4 - 1237-1.000 - 1-0.875 = 0.425

ioD Free Convection from = Vertical Surflace.

Fov th@ comnditions of kwis preblem the averaqe tewparatoa

i 410°F ov 5?0°R.
q = 980 e/ sS®CE

p= 425" x10-2 4 awm? (vt T <5370°R)
= 4.95 » 1i0~* 9 s2e” qwa! (a% A4o0-¢)
= 0456 cwmt sec™!

K= @.%7 x 4075 cel em! gee? ap” Cat A lo*F)
é}- O.24 cal 3"‘ ag™t tak A40-)

P = A/7T = 3.40 x A0 2 °K (at T =530°R)
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AT = 80°F -4.4 4 °C

H=z 30 em
Pr

3l

(0.24)(1L 35 x40 %)/(6.37<x10°°) = ©.135

Gr = (A80Y(30)3(3.4a0x10"3)(44.4)/(0.456)"

=1.64 rni0®

(G Ps—)‘/dr = 4.05 3101

By khe Lovent formula:

Q =(0.548)50)(a.37x1 0 ) (44 4)(105)

= 8.44 cal sec”

Accon A\‘V\ﬂ t o Schmidt and BecKmann

QA= 844 (.5\7/54%8) = 7. 68 cal gec!

LOE Velocity Temperatnre,and Pressure, Changes in a
Shock Wave.

a. v, =

2T R, = 2V 1.4 (530)(4545)(32.46)/(29)

= 2250 £t sec”

b. (1) Velocity: SettingB=4100 (n Eq.40.5-69 we Find

. a 2
F=a=FF *ixaa = 0.375

V,= 0.315 x 2250 = 844 Lt se

(2) Tempevratuve:

Lu>= 253 x10° gt /sec™ 10
Co.Tu=(0.242)(530)(778)(32.46)= 3.22 ) fr™ sec™
L + & To = 575 x40% % sec™

CopTew = (515 -0.75e)x40“ = 5.%32 x 10" £ sa™

T,= (5.2a/2.22)(530) = 888 °R

(3) Pressure: The ve‘ac;h 3v£&\'€\at well dowinstSreaw o\ T\ e
Shack will ba v\eslith\'bla. w“we vyay thewm weitan



4o
PoVoVao * o = PoVe +e
P -to= (5.07-190¥x10"1(29)/(1545)(530)(32.4¢)

= 3.98 at w.
Poo ™ 4.48 atm

C. M) 2. yprorspa = O0.45 ot sec\
RTo= 1125 /A/14 = A50 £% sec' = 2.axd0* -1

= Cwvw Sec

.= (45 x40 (D WT/8 )/ (2.9x10™%)

T Q175 « 40" % cm
o=z 0.375

p=Ca/8)(2.4)/ /(e 142 =143
@) gcpr= L ((4-FV(g-a)) /2pca-00] + e

) x-x, = {[(a.715 x40

=(5.45+ 10" c""”*{(qa' <F

T hise V-el‘at(oa:\-n'r 19 s\iowwn cal—ﬁ.fk(c'a,”y P F:.’-J.LO,S-"
d. .y ab= (6, -&)IAT = (o.24 - 1287 )(888-530)

1-&
Cgf-o0)

=+ 64.4 Btw b

(2) AK=—-3 (5.07-0.11)x 10° p&*

LS

sec 2za 2. 18%10‘ ?tx sec
= ~-87 Btw b,

10.F Adiabatic Fvictionless COMPv-eSSt:.on of an Jdeal Gas.

For t\e cu\r\c\u'-h'ov\c

a 4 Al
P; = paVa

ofF (s Preblavm we wiay write:

We rewvite bW ex Psession with e aid of *ua rdeal-aes
law to gek:

T?_ = TL (01 /\:"1_)0-4-
= (aeosd00)(40)™"

= 4406°R ov A46°F
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a.

b.

gl
Use of the Enerqy Equation to Set Up Pvoblems,

Stavt with E¢. B. of Table 40.2-2. Discavd =ll of left sideo?f
equation becanse of vrestriction tw steady skaka , and discard
2\l Tevwars co,\*;:’nini veloeidier o+ viscous skvexsesr ovthe vighkt
side. Discavd *ervw s cow’taininx 1TLe °~ ‘l% on av-au.hd; o
Problem sywamabkwy. E‘uatiov\ B ten bewwrmas:

d
O = - ""F dv ("1\-)
Now verewbe- thal elec e =\ Ceargy wWas Nut camnaldeved

T -ler\‘v{n-3 E‘b'B' ThLhevreforea 23dd a Seuwvcea LMo v S'a to H—
gkt side to qet:

d
C = - -%_— ;—:(Vt\.) & SQ
Since ET.‘B desevibes vakbe of t_kr.nje g ewe.yy ot At pe-

™

bnilt veluwwe SQ is 4he vabe oF ”Pr-oéu¢+c¢)\..

- -3 -1
Srevsy pev woMe b vo(u.w.e, e.x. e al & wns sec ',

a2 A @

BQ::'\-\ new wit\ Bg. ¢ ef Tabla 10.2-2 3vd wvwakKa simplificalionr

1V\zlo30v~r v Nosge jwtt descvipad. A\;\‘h 2dd B BSowrae
tevm Ao oo tain:

?
o=-tir(r07) v,

Ve 3. “\-kv\'LQv owme Nneeds \"\\-o-m-\_’v(‘u a3 . LAV Y 'X-Q.QQ\AQ...:.Q o{'
t\e Seuvie *CVva e ¥ ) 23 34‘\12.\—\ HE §‘\3

The d@sived veawlt {3 oblained e\.twec.%\y Kwo v E%‘A L
Table 10.2-2 on the 2ssumplions of steady strtak=z no

motion, 3nd neqiipible heat flew in e Y- and 2-dir-
ecktions.

.Beqin witxhn Eg. A of Table 10.2-2, For 3 Stzad;-staka 3staben-

Ary sSystem with mno heat Hew (v Y2 y-direckiowm *\ir er-
L at {ovy bCcowmes:
- T T

O=+r( G b‘b")
Next inteqgrate this expression acress Pe half-widky
B of e %Ki B

LT v
(o +kJ C QT . T )A\c

o

R d =+

Assuwe ,yusk as way done "

9.1, twat (d*T/dar) is
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independent of x sa that:

QT - 2*T
k), s " BI=

(W\\y is 3'\"/;;15\‘::0 2evoel ) The leldt giae of Aw:s ‘E'Lu'lt{ou\
s just the suvizce hert Slux .

Thhen .

P
whreh g e desived wrelation.

10.H Viscows Heating n Larminay S1t Flow,
Erom E%.A of Table A0.2-3 we vaay write:

= é_.a__t dva %
C =W dx? *T"c E)
It waay readily b2 shown that kha velealty prefile g

Ya T Viax ‘. 1- (%18)1]
ard thevefore +nat

(dva /d2) = v = (4x/ B

tan B
T ha e Aeray e%uaﬁ\-ﬁv\ ts ke

(2T/d2*) = — G vyan 2/ k BY
T’r\e. owen dav’ conditiony ave :

A*— R, = B ) T = To
AJL ’x:“g 3 T': T°
Sokvin% *he Snevqy e‘l‘ul’tiow with e sa baounwdaiy conditions

w2 $ind: N
T-To= FIP Vmaw /I[L - (e/BY*)

10.1 \Velocity Distribution ‘n a Non-isothermal Film.

®
1) At x=$§ V:gg[ $ ]?. 1+%ﬁ_1+%% =0
TR U g e (Ps/Ma) (Pg/te
- r
0*%Lﬁ+[1+0}(*§"«}’.{]}
(frs7Pe)®

(2\ At 2=

2
Oav /D¢ = 921 & ’}
/2% T T (Fs /o)
=0
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(3) For l"‘-s"rn

v, - 725:.{[1;6:3__ 1.+a:]/ '&

where @ = LLu(Rs716)
y = »/$§

3

Us{nj \ Hapit“’-‘ll‘s‘ rule +touice we abltain:

-ay

-0y -
v = P‘as Do G - yte -ae t—ouj"e j
T~ o.—»o 2

= (a. )

whicl s tke desived relation.

10.J Transpiration Cooaling in a Planar System.

AsSu\-n{n1 iJcal--) 25 beWavieor and ;1nbv;n¢5 presiv.ve c_!m’aw-jcs'
we way wvike:
4T J*T dT _ 4T
PC? Ydoy =k ag- > dg Yo 44

wher e A
" Y.= k/pCpvy = o constant , as shoewn by the equation

of continuwity.
\af @ wvisw \'v\’tccj\r!.te e abovae AiZKavanti=al Qﬂ‘u“l.t;ov\ L) ﬁet’l

T = Aexp(id/Y,) + B
wheve A awa B ave constants of inkeaqvration. YWe nex t
wse tue qiven boundavy conditiows e evaluabte tL\Lese
comitants, We may Hen wwite:

T-Te ¥ _1
T:_—To - eL/Yo_ &

The vate of weat removal may be calculantad 'F-v-.m
Fouvieys \mw

4T
"1 = *"Kd-j

“/Ys

= +&pvy (i-T) /(e -1

by

9=o

where o= L/Y,.
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10.K Use of Tvar\sp\rati.on te Reduce Heat Losses.

LY wWitthhouwt -t»-anspivation:
.Ld*r

Qh T -~ 41T K |
Iﬂk-ﬂg\—-it\n-‘ over tha shall . lcknesy we aeb:

Qv = Y4k (1;_1-1)/(};_1-;)
= 41w (0.02)(30+362)/( 4 i 4‘

~Q. T 0 Btu h
(2) Witk transpivatianm:

Frem Eq.10.5-3¢:

(Ro/m RI( L~
Q= 4w R (T-T N /(€ ~-1)

Frowma @ thvqy balawee

A
-G~ W A= 4ckAR,/C,
W e mevy Covmbine thease o e.xl:s—csSio\ﬂS avd 2 a v muwg e e
vesuld e o bitain

_ wR rankX (‘T-T‘«JE
TR T @I\ TEZ )L«[ — E‘\‘i]

(o su)( 4no..?1.;2 xCim)L <'3<!qiz'(;>.2’z)+ 1]

= 9.5 Btu h."!

1OL.. F\-—ic_’t\’or\‘tss Procasses in an Ldadeal G@aas,

D . s\kbgﬁ'ﬂhm‘:\'ns 6 - ?C//T Loy a.,, s 2 wray write ¢
PCe (¥ UT)I=RUAT - $(Toy )+t = (g VT)

\ast t®vvn of +his
Twe €xpression may be wzavwa\man with e aid o} the

tdeal-g 25 law Ao qlive:
(PrTI(-VT) = ¢ (g-Tipre))
= p(F v - %ﬁX'VP’)

(v VP - —;(QV- pv.) — ?(V-xﬁ))

"
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For @ steady-state system (P.p¥ 1O by the @equation
of continwity, Then:

f_F(x-VT‘) = (;QV:?) +1>('~7-:gﬂ

Subsutmtams ™ls €xPpression inks the fivit ol Yz above

equations we achimvae Y2 Jdessved resu\t,

b. Pev"’ovmhmr e ndicated operation we abtaina

P E?V To

S R R e A R

We wnow divide both sides of His equation by 9€*VT‘°/'D
*o ebtatned the desived expression:

(VTR = g VT - B ()

c. ve= W (apsae), = (0, /7c,) RT/A

NET &, -8/,
VE,T -1
MR-V v = (¥-1)Ma

n

n

d- ECEV‘l/E.’-‘:

J0.M Dimensional Analysis of Fovced-convection Heat
Transfer in an Agqitated Tank,

1f e same Reynolds number, D Np /i , (2 wred {n the

twe tanks thwewn -T*('t*,‘x"a*"i*) wrr L b AN E SB® 1k

facli. Thies 12 becauwse the Prawdtl nuv bey and Hoe

mital and Boundavy condirrows Bye a.t-.‘\row\a.\fc_a\ly T
Ca e 1w emcl\ tav.K .

Comstancy of Reynoldgs nuwwber vaguir-es Anal ta ~ate

o vedxzation W of tLe impellev (n e small tank ba Toun-
Hwmes thak in the lavgevr. Under

P as® covnadibions *fa‘\?&v~
atuvres

at e~y paiy o{ covvesponding pPosibtions will be
Crval at the savua reducad e +t¥= N,
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jo.N Ejudva.lence of Different Forms of the Eh!v;j E‘Q‘uatiov\,

A Heve we gstarl with the expwession
PDO/Dt ~(V-q) -3 (V-x)= CT: V)

Since ‘@\ Ui?\/ we may wrike:

But
DR . 4D + D
Dt TP 6‘3"‘ p‘ ﬁft'
. 2 D3 . _ .
< 335 B3R e - P

Frowm the etu—a:\:icn\ of continu: l~_7 't cam be seen +habt bhe

T underVinegd Fermy above S Fu Bave, Thevelove o

PR (rrp) = '%i-c v B (Zev)

Cornbn'v\\'nj Hals w230l with ¥Fe second ot the abeve

ézua.tionf gives s owr QAesived elation .

b. Heve we must shew +hat:
o~ 'D-r _ Pa) . Pl .DCQ
PCrDE = CPCeT) + (V- pC Ty - pT 57

= pCy 2L + T 3 eCe)

VP (T Tx) TE-TpE)
T 2 "D—is—?

'DC?

‘.——- ——~—-—“""—--‘

+T 3 e Cy + r(v Vgc,) T S5
The fevrm underlined with dasties {3 just pc"DT‘/'Di
@and can thes be cancelled aqainst the left gide o ¢
*we Qzul.t(t)n. Tke lrQw\l\-nl‘nY {_Qym, ™y be rqw-iﬁ(n*&;’cvq_-
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D s — S a—— S D — o——— — —

+C?T‘[ §.2-+- v Vp) + ?(V v\]

The term u.\méeo-hv\cal w:h\s Jls‘ker c:\n<gls witth +we
\("{ Si1d¢ o F e e_tuzkxon, and e tervuas e dev- \ined
with dats suvi: e 2 evo by He gtuaﬁn‘or\ oF contlinuity,

CHuaPTeER L1 - Checked by V.D. Shah

11.A Unsteady-state Veat Conduction in an Iron Sphere.

3. a=k/ply = 30/(a36)(0.12) = ©0.574 £t he
b, The center temperabture (s Yo be 12B°F 5 hence:
Tete—~To _ 128 -70
Ti-Toe  270-70 _
Thewn,according +eo Fiq.11.4-3, o«t/RY = 0.1, ana:
t= 0.4 R
= (0.4)(4/724)/¢90.574) = 3.02 x40~ % hrs

= 4.4 sec
c. olyt, /Ry* = ol t, /R,™

= 0.29

dy = ol Cryg/ty) =0.574A/2)
= 0287 et wno!
d. 2T/at= o i 2 (v223T)

11.B® Cowparison of the Twe Slab Selutions for Short Times,

Accchin3 4o Fid_\‘il.i'-i , at at/p*T0.04 and y/b < 0.9,

o

'Q-To
where y is distance Lfrem Fhue mid-plane, Next we ws e
Fig. 44-1, which can be intevpreted ar (T-TRd/(T-Tod vs.

= 0.4
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Y/ Vaxt where 4y = b-y is distance Fromwm the wall. we

™may Yhern Lwerike s

' _A@-0 . _
Yaat 2Cat/en™” 172

Then fvom Fiq. 4.1-1,

T-To - 0.48
T-Ta

Hence the use of thies soclution introduces an erroev of

Abouwtt $ow Pev cent. Swaller evvrors occur at swallev
a

values of ot /b .

{11.C DBonding with Thermoplastic Adhesive.

The reduced centar 3%t the tivve of \oo-\diha i

Tetr — To _ Ae0-20 -
T‘. - Te 220 -0
Twis ccocurg vewry V\CQV" at o('t/bt = 0.6 . HQV\CQ

_ a _ (0. w)(o.7M)*
= 060w/ = 4.2 x 4073

0.70

= 85 s@e

11D Quenchinag of a Steel Billet,

Thermal diffusiviAy of 4-e billet o

o= k/Cop = (25X 4.1365x1077)/(7.7X 0.42)

= 0414 em®* gsec™!
The vedwuced titme (or Fousrier nun Her) v2 YtYhen:

AL/ = (0.A443)(5x60)/(6x2.54)"

= 0.144
Fvonu F‘.‘ﬁ. 11 414-2 the vredwuced center-{ine ‘\-cmfcratu-v-e
18 ¢
O0.34= (T-To)/(Ty-~-13)
T hen:

0.31(4000-200) 4200
4.48°F

T

"
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11.E Temge»—att&re in 8 Slab with Heat Prodwuction.

Aa. From paqe 430 of Cervsliaw and Jaecqer w= may wrike:

oo n - LT T
g 4- 1) *
K(Tb:o) - %[1 _.r)ll - =, e 9{)3- cos(n+d) ™ - e }
Qo

P. The maximum Centerviine ta_m?zv\*mht {s appreacthad =t

1AF

C.

Vva \QVﬂe T a2vnwd s

Tomax = To + Ro bt/2 k

Acc.o»d.'.,,\.3 e e yr*p- on pagq=e 434 ofF Cavsiaw and
Jatsgv Q0 7. of% He -\-Qm?tv—lhwr& v ge occ tar3
whan T = i.C

Hea‘\:iv\ﬁ of 2 Semi-infinite Slab: Constant \wall Flwx.

E\. 141¢4-2 becomes

dT/3t = of d*T /34>
Ow di¥fterenktiation with respact to y and wn ol plication by
kweae qet:
B 3 2
k—g-ssti=ak—;—5% ; g%‘zd‘%'-%‘?
Here wse Nas been made of the «elakiown q1=~k'§;_
WwW/e now defime a dinmensionlass heat flux Q= Q.:)/'to and
reuwrite owvr diffeventianl Qﬂ'—\&&l‘bn as
2R - o al@:
ot 9 J*
This is to be solved with tle (nixial Ind boundavry
Conditians:
At 1= 0 Q ro
At Yroco @ < 9
At 39 =-0 Q<=4
“We wmay then write, by 2nalagqy wikh Ex. L4.4-4:

R = Q472 = erfc [ 4 A/ aax )

e rmust new inkeqrakte oviece more with respect Yo y
to ebtain the temparature distvibuikien:



Y 50
TTo=- 32 [T errfavane] ay
0

Y A4t

=-1K-9\/4-utoi erfep dp

+ (9, kW axt terfclylaxt)

11.G Dimensional Analysis of the Heat -cenduction
Equation.

In FQCfanag\a» co-~-ordinatezs the heak-conduction e-!‘u\t\'@vs
S

27T _ 2T T 2+ T

On introduction of tue veduced VvVaviahles and muldr-
Plication by L/« (Ty-Ta) we aqet:

3® _ 2'Q® , ’® ,3'®

=1 2 /™ AM 2&™
The initial and boundavry conditions wmay alsa be given
in terms af the reduced vaviables

I.C- At r=0 @=0 over V*(g"ﬂl{\
B.c.: Ax T2 O ®=1 over 3%(w,m,4)

Heve V* avnad S * rapresevwt the C(dimmewsianless) SPace

oceupind by the selid and its (dimenstonlers) surfaca
respectively. Fer any given g2alid V* and S* Wi\l cantain
Oh\y pwve nuvrvm b ers.

11.H Time-table for Roasktine Tuvrkey,

For @ siven shape the waight of +ue duvrkaey

w = C ¢ g
whave Q (s - censiant , ¢ T*.a VOl‘mg-l.\:Q.v-&JQ JQV\si‘ky/
3nd L seme chavadteristie lergqth. Hence we may
write 4he veduced e as

T=xt/7L? = C’O(’t/(W(p)2,3
/73

where ¢ = ¢
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We now }ewtalvely 2ssmvea 4ne foll °ovv ing

(L)Y A\l fuvrKays have +he Sawme Physical Prapaviias
2% ¢ovre$?ond{v\a§ Po’nn‘l-s) Ay wall as

e STwrw
shape, ivrespective of site.

(L) Dikferent tu-Keys ave coaked %o Yhe Sawme
degvraec when WBv e ducad Yampevratus =
distvibutions mve aqual.

(3 Reduced iniktial and boeuwndary conditions do
net vavy with tuvrkKey sizre,

I2 ¥tese a32s6.mPpltions ave justifield we al owld

e¥pP®ReY CookKing Fivme o Vary with tne dwo - thirds

Pewar o % ‘\L\»Ken( we_(ﬁ\aﬁ. T b s aApp e ta

be ti.e
caze
Av eraqge Avavaae X ave
. 2/3

mass, wavq tiwme, t5.q (WwWavq)

8 lb, 180 min 4-5.0

13 247 4 4.8

24.5 3855 4 6.0

Ty oy be seen that 4{Le Ci3u«-t: im e X\Wivd

Coluwmn are hthvKﬁ.bly neay +to etu%‘ va\tg’éwinﬁ
the wide we(yh't Lmd e vyEwmgeT [ Ane 3;'*%
data--- nrot %o speak of ne 2nzalythecal problac
involve d 3w q_g?ey:mgm\ el detav minationm o e
“ewnd Po:‘v\t“c-c- th e cooK.‘nﬂ pPrecass,

11.1

Mean Tempevrature in 2 Slab.

The desired 2aswev 2 obtained “hrou..ﬁjk muldipls ~
Cation of @eac\h +ev i e E‘i‘ 14.4-34 &y (A/bdYy

Aand Yhhaewn fh#tﬁ\—s*int\ €2ach davve Lv o 3= o 4w

Y= b. (What is the physical S igniticauce ot fir pracessi]



92
CHAPTER L2- Checked by V.D. Shah

12.A Temperature Profile in Turbulent Tube Flow.

a. s "

SV, P/t = (R Wk pen™ i /p p/n
(L/2VT )-S5V (Dewvr o /pHITF
b, T« 964, Ve (T-T)/9, = 96”—;—, tox¥ (T-Tad /q.

= (Devrp/w)CE, 1 /KICR /2™ (R (F-T) /D)
c. 14} [k(F-TI/Dq.) = T/ Re P (4/2)'"

$£: 0.079 Re '™ 2 2510 %
[k (F-Ta)rq,D)

T*Y(4.414) Lo™)cLo¥)(s5x10™)
2.828 T ¥vei0”"

() d-F = SY T/ RedT
= 4T eY <1077
5= L - 5scestx40””
(3) Since Fiq. 12.3-2 g9ives T ar afunction of s¥ fov
vavigaus P. i¥ cavw be used 4y calculat e Y e derr-ed

ralahon wWsinmg +he expressions

leveloped {wm i) and ¢V

lustt 2pove. Sawne rgpv-c.;-u\-’ta#\'ve G.F?\-oy-{mhf:e value:s
ave

lagq st 0.4 .5 {.0 4.0

leg T* 0.4 0.4 0.5 .5

Tk (T-TQ) /g, D]v 40 2.4 1.4 8.9 8.9

/R 0.92993| 0.8°A98%L | 0.94%9A44 0.4 4

128 ASymPto'Lfc. Ex?wess\'ons Rov qu~m'\)(4'r\ﬁ Tempe\ra’t_u:f_
at Vev-y Hiqh Prandbtl Number.

W e b'ﬁiﬂ by wv;%\'v‘\ﬁ Eq- 12.3-222 fov s*¥=oco:
oo

+ dst
T (e0) = j

RN 2 - LT S
(=] -Py*l Y\‘.S~ (i 1*’“ 3 + \
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wWe wse thLis e‘[uh{‘(on beyand (Xs wnormal ranqe ot ocst 26
becauwse ak h‘\jk P TY(2e) s very vnearly equz| 4o TH0) .
(v\/\m‘,?) Ne-s\ec-‘:-\'nj ‘L e Wiagher +evems of H.o Taylor Seres
as :uﬁﬁectel we obtain:

o0 4s Md . L
T S s A =
‘-(OO\ =g - @ — » o_.: 4o
i 4 _+4 a+st* n* R-n
o Fr NS 1)

vapormfnﬁ e ‘ndrcated ‘nteqratisn wa obtain:

T'eo) = & . 1T
D nt 2/ o

T *(e0) = -rr'P»?M'/(n 2{)

CHaAPTER 13 -~ Checked by V.D. Shah

13.A Avevegqe Heat-transfer Coefficients,

The total weat-tvansfev vate (s:

Q"" WC—* (Tbl—TbL) '
= (10,000%(0.&)(200-400) = 600,000 Wku h-
The total inside surlace avez of the tubes i

A=TDOL , = m(100-2x0.065(3003/42 = G8.4 ¢

The variows Yempervatuve dilfevences bebtweesn tlLe wate,
2n~d the o/l Bve

(To-Te)y, = 243 -400 = 443 °F

L}

o - Tple = (443 44332 = G3°F

(- Wy = (13-a3/ (3 - 46.2°F
Substitution inte the delining eqvrtions fov Yhese h't qives.

hy =0600,000)/¢(£843(1143) = 78 PRtw hw' £ op -

hWo = (600,000) /(68.4)C 63) = 4314

kn_\:' (oo, 000l /(8.4 (4 6.2) =40
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1413. B8 Heat Transfer

2. Re

‘n Laminar Tube

Devrp/ v = & w /DR = (4A3(LooV(4722)(1.42) 10
A0S

b. pv— - 6? r*\/K

F!ow.

1]

= (0.4A)1(1.42)/(0.0825)
= 844
. ¥vorm Fla 13.2-1 2% L/ID=240"

(T\,z“"'bo

) () (RSP

0. 0028
Now fo. ConS‘E a~t T
(rbL"Tbi) - Tbi)
&To "Tg))_,“ TBL
Then for this pProblem:
B (22220 = (0.0028)C360)(8.44) T(1.0) =0 60
Ton
To-Twt _ Q.46
—-T-ro-:':\,'::; = e = A/0.524
Insertion oFf Tu=245°F awd Tgy ™ AO0O°F gqives
Ty = 215 - 0.524(215-400) = 455 °F

13.C EFRfect of Flow Rake on Exit Temperastuve Qrom 3
Heat Exchangqer.

. Fvonw e solwtrion

DF Pv'ﬂb-ig_‘B - @ Q\V\& MNak Re= 4.075 w avxé
- ak
To--rb-; o. “131\(
———— - - oA
To- Tptr e."v( 5" oo'lBY)

whave w 13

Ovdinake
T e

raXe of f\ow (v pounar T ev hawvy mawd Y /¢ e

ok ¥ S- A2.2-14 akt e Prevailing Reyvnolds nuwmbear
ocutletr EewPevtier i1y YNew

T2 2 Tea v (To-Ty1d (A - @ 2217
b. Twe Yotal heat flow '{-kvamq\-\ e YTulbe wall = e oil 1% 3\.\/»&"
bg-‘

~
Q= w C‘Q (Tbl—ni)
C‘a‘c\«\ations ’ebv a. awd \; Are s U wvirm v Led bt‘ow
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w Re Y 1- € 1M (R2-Ta),°F | Tu,°F Q,Btw hy"
100 1015 0.0028 o. 416 543 155 3300
200 2450 0.o0i185 | ©.348 40.0 140 4 380
400 4300 C.0036 | 0.5658 65.0 165 V5,500
800 8GoDO 0.0040| 0. 073 6q.4 169 33, coo
A600 27,200 c.003"7 08574 5.0 166 &%, coo
3,200 | 34,400 | ©.0033 | a0.574 L 4 164 148,002

13D Local Heat-transfer Coeflficient for Tuvrbulent Favead
Convection in 2 Tube,

T he physveal Properties of (nterest at .- 80°F mawi

To—.- 160 °F ave:
AL
C* = 4.00 Brw \b_' gt

Mo T 276 Vo Wy ogx
Moo= 0269 Vb he' g

"

Koz 0.24%3 Btw w! gt op-t

The Reynolds and Prandtl wmuwmbars ave:

Re=(4v«/wﬂ)h%§(4N1SOOO>/ﬂ(1/12)027Q)= 44,500
Pr=(Gp/K) (1.00)(2.76)/(0.343) = 8.05

At this Reynolds nuwber we wmay wrike

hioc P v1/3
T, T 000345 Re, Pv

, Browm F:’a. 1i8.2-4:
) Q.\<%
(Fb/t“a\ \

.2473

= 625 Btw hi"! g%t eg -t

Thwe \ocal vadial heat Rlux -t L e eipe wall vs YThaw

Vo), o™ P (Tu-Ta) = (025)e0-160)
:—6.25 x 10" Brw W g2
13E Hewst Transfer Svom Cowaewsihj Vapovs,

8. T he steavn satuvration f_evn?!vatu\ve i's 212 °F , and Lhe
LI P, \'emetv—r{;&v—e N Y (L) A0+ 2142) = 201°F. T we
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F°\\°\~n’n, Physical prapevties apply (see Ex 43 6-1):

Agvay = Q70 Biw lb;‘ at 212°F (Swb-couling of condewsate
1S Mslec{el.>
K,;‘—‘ 0. 343 Bt he"! P e\
pe = ©0.1 \b_ £t7
Be= ©-738 lb. W' £t
The 2 bseisca of F(q-i?.(n—-i thew g -

ke 27382 (T4-Tl L (03931604 3 (4 1741078 ) 2 (22) (1.0)
vy ab o (0.13)% (A10)

= 1e8
This falls v * e lawminarv veqion ofF Xle Fiquve ; € x kv ap olatio
ef e \Awivar tnwe witL = s\epe oY 3/4 (s ee Et.is.u-s)
1{ve$:
T/pe 170 (04e8)* = as

The Waadk £tvanrfear vake, weqlecking sub-cooling , V5

la
Q= DT 8¥H 5, = wlA/12)(AS x 0.738) (A1 0)

A sivilar vesult cowld have beew obiarived Frowmm Ect.’lf!-(a‘f

b Cow\?lv—isov\ of Elc. 12.6-% and 5 ak cowmstank T, and Ty

°)x've.s ) fov lavmiwar conndensate flow:

Qwor.  0.125 (%)“Af

Qver - 0.9473
Hewce (F YMie Ybe were hopitontal He Weat trvewsPer vate

VwWow \d bc:
V4 -t
Q, . = Baoo (0.725/06943)(L2) = 42,000 Bt« h~
The value of T‘/HQ‘ is ecleanly less Leve MHaw Sov kle vevtical

tube ;] hewece \2uiinav Ll i3 20 he Qx‘aef_te.l.

13.F Forced-convection Heat Transfer Frow awn Isolated SFLQ_::«

FD\- t‘f\(f ¢L0w $y9":e\'\‘\ E!- 13?-1 [-X™ F-.'j' 1_'39—2_ may v e 'A-’CJ.O
T he Pkyg;ca\ Prcpevt{cg at { abt v 3wd T = i{("r‘c+‘l‘w)= ‘LGOF

s pe= PMV/RT= 00654 b, {77



3.6

a7
pe= O.0490 lb,_ £t ' = 436 <407F \  fr'sec

A -1

Cy= 0.241 Bto [ °fF"

k,= 0.046Ga Btw he' gt opg !

The \?Cyno\df 'a\'\A P\v—‘ancl £t nuwbers ave

Re = (4/42)(1001( 0. 0654)/(4. 36 x4 0% )
7.92 < 10%

P- = (0.2447(0.0490) /(0. 04&9) = ©.70
Substbrtion o f Hese valuwes {wnto EQ~L?-?~’1 QS(V'CS'.

Nug= 2.0+ 0.60 (3.9 x10""*(p.10)*'3

= 408

.04 b 1

ho = Lo8( ST )= 24.9 Betw W' Rt eF”
The heat loss Troem tha spheve is:
Q=(21.9)C ™A /42)2 (200 -100) = 4. 8 BEw h!

= 3.25 cal sec™!
Tha Weat loss by vadiation is abaowkt Yzo a2y wwel 2wnd
Caw sa?ctr be v.e%\ec__-k-cd.

Free-convection Heat Loss Cvom & Tesolaked kaewe.

For T“We comnditions of thwig ?VD\O\!\M the *Theyipnal eXPAIN =
Sion coeflicient Q= i/TF is (A/640°R). Oa v
Pk\jsfczl PyoFevtic.s Ava bELe sav.@ @S v pvob‘iB.F.(Note
thek Lov the corvelations of §12.5 B and P ave eval-
waked 2t Tr,yvrather ¥Yhaw T s in Chap.io, Rov calew-
\‘t“hﬁ Gr.) We may thenw wrvite Frow Et'i?‘5~2'= 1/
i3 ! /4 AR
Nw, = 2.0+ 0_6((9—1) (0.0654) (37_.1)(1/610')(100)) (o)
(L 3x40-9)2
= 2.0 +0.6 (44.3)
= 107
Since GVU*P..U’<ZDD *his expwession |9 a.\p?h'c_z'o\e.

0.04 6™ - -
hbu: 10.7 W") = 247 BVBLw \q»—i Le~= o1

The hWeat loss s

Q=241 r/144)(200-100) = 4-.14 Btw h"!
= ©0.332 c2l seec™!



AWlowance Lov radiatbion inave ases
‘OS;
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e caledated Waeat
by 2bowt 50, (T e

sphere 2cks 23 2 black body,
13.H L;m{k\'nos Local Nusgselt Nuw bey, Lo Laminawv P;Pe

Flow with Constawt Wall Flux.

e may write

hioe™ A/ (Ty-T) = K/ RO, - B,
where ® \

is the veduced “:Qm?avztkvm irvfvoduced in

PA.B. Then +he local Nuwiselt nuwwmdoew it

Nu‘lor_ = h 'D/K
<

o = 2/( ® - ®,)

Next we write

®(5,£) - @, <)

= ®- ®,
s -4 g -Et+X¥Ve e 7/24
4 & v4d —A/4 -n/24
= 3/4 - + EY/A
T he reduced 4+Lhevwmal drivineg Parce is Hen
@ -, j(u; g+ €74 (4- g™ ){di/f(i gY) edg
I1(3/4 ol + Va4 )( L~ a).w/j“ci D d ot
= (‘2‘”?{*%*}5 n. n.]/('li)
= 11 /24
Then
Nw L. = 27011724 ) = 4.8 /41 .
13. T Local Ovev-2ll Reat-tvansSer Coelficients
We fivst estirmiate 2 sSYeavm -2 \vn co @08 ciwe bt 23Sning
A Weakt Llux OofF Sovma reasonalkle gt de, usinmg Bq {3 -1
k3 p.tal. \'3
b= o.°v54.( + Pe 9
r‘; Aqvafa'
As = ¥(y,h Tvial we Btz Lw-a Q7L =
foot ;

2500 Bb. W' per
ol PiPe. Physical prepertier ave assunmed to be e
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as in prob.ig-E. T hen

. > % 0. T 8 173
h= O.a54 [g 3431 (6o.) (4 47 x10%)
(0.138)(q70)(2500)

= 4610 Btw he ' T °F_l

W e Now Kse E\«is tvial valwa o-c hh 'k:. catcu\aEc awn overall
heat -t ranmsfPer coe flicient

:cqo»&.tw‘ *o Eo& 131—q bR

1 __ 42 _| 42 .(4/08n | 1.2
DU, U 1ei0 2x218 ognxido
U, =

149 Btw hir T e

2

14a(fHF1(63) = 2460 Btw h!

This s close e@nouqh that ouw tvial value of W wmay be
?cc.v:pi«:&.
Tc AQLQVM;V\(

tve Rmrcwaf\*vc Avo? Acvro s
M"Y W‘r;*-(

e o\ we

Uo ATQ:\ = »‘oﬂ ATQ(I
\.:‘-\Q.ve

AT, ia He ovavall #gw?gva*—mvc deep and 4T,
¢ Tle "'tw?evl*.\&vc &\ro? (~ e o \.The-

AT, /AT, = AQQ/420 =078.5
T hewn "rem?era&wve at the inney Pipe swvface s

150°F +(0.185)(3>°F = 449.5 °F

13.J T he Hot-wire Anemometer.

a C\‘q. L3.3-14 v\l be wsed. T he Phy sical properties
{V\kVCSh atk ‘?“ 1 atw

of
2nd T = A(70+e00) = BBS°F ave:

P, = 0.04aa lb, £

ke™ 90594 lb_ WPt T 4.64 x1077 lb, Ft'sec!
. 25 calcmlated fvom Eq. 4.4-28)

Cypq= 0242 Brw VW' <~

Frow E‘ 8.3-l, P.= 0.74
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The Qc\,v\o\éc nuauwmmber s

Re = (0.04/12)C1000(0.0424 )/ /(1.64 % to“) =254
Fvom :\ﬁ‘l-?? A ij- 0.035 and

W = (0.035)(0.048aX0.242)(3.6x40%) (.74~ %3
: {86 Btw hv"' £t o -t
Tthe WWeak \loss is H.en:

Q= W nDL(T -TL)

(486 (0. 04/12)(0.5/42)CGoo-20)= 1015 Btw W !

.45 watts

b. As velecit, incvraases Frenmn 4doo t=- 1Doo & sec! ‘i“ dvops
frovwe ©0.035 te z2bout 0.012. Thew

Q(Llooo)/Qlloo) = Zoo;‘;' (10) = 3.43

Th e ?v-e&\'c_kc.i value ts J1o0 ov abo&’b =416, K(nﬁs" relay oy
's  teve fovre wnot very veliable i~ {3 Vg e ok Re. T\we
Const 2t C repwe Sewlts ~eabt less =2t wevo velocity | Yok (s

"

n

‘Fb"‘ stezdy, heat cenwd—ckion to in‘}-\‘»\(¥el7 \aiq e \U\.QSCC\;'&
;\.«.v-vow\n&cnﬁ F\uwd. S'vce rmno ste.a-lr—-,‘-.m*:g Salictten o {~
his btype exists Fevr B (wHinitely leny, ey linvder, C it
&cye»«’ e the valtto 0% wive levgth W Aiaweter.

13. K Extension o Dimenscon al Av\aly s{sS.
3. Accor-\\m‘ ke Eq.AA.B-73

= glenv‘&v\ftmﬁr;] vdv d e/[mf p;a{(\-\ vdvde

In Yevwms of reduced varisblar Hais equakion way be wivt Hew 2

- 2vp V2 LIPS

wi~ Vo Ta-:X SV*T*\f*AH’Ae f IV’*V*JY*CIB

= \uo T :
T T o ©9 ° °
= Tor ( Re, R, Br,yL/D)

Tor-T; To-T

b b4 - vy ° & T;——Tu = A - Tb (Re v B, weD)

T, - Tua To-T To~"T\

b. Ea\ 13.2-472" We ey Wl e Ihi\ojow,\r *ro E-‘.i'!-'z.—"-

2 1
L‘a__= T\'DL[(T°~T\,\\ f{ro Tb'l.\—x

wheve I 4 Xre iv\tejvzl i Eot.‘l?.l-l. T We an’a\aﬁ o




1G1
E‘l' 12.2-3 s Hen:
Nuw o = 'DT.'*/(i"'T\,f)WL

Since Tb:- .Lg?cvwl: only wpen RQ’R.I—BV-, and L/7/D Me«
Sh-ﬂa)c;!:-e_é FurmeRonal velatiown (¢ Vvalid.

Sitvniliv W\M.‘Pmt."l"ov\" sC Xla ®rpratsions Qov— \AL“ awd \\M

y(e\&s:
Nug « (PI% /20 )W (4/T0F 1 /Ca- 9D
Nw PY (’DI*/ZTTL)/—‘-\;:: (}J\-;‘_“~ evalwabel Ak = L/D)

13L Relation between hg . 2nd Ny .

8- To obtain H.e v-\'1\.‘t $ide ofF E'l‘ {<.bL-1: stm?l7 qul‘tt e
reake of heat Evamste~ Tovwqh He wall in seckion d3 with
o “ -t tv : Wrowmael
the vake of 943 ot everqy L) 'H-u/: flwid in pass ng ¥ 1

H\\'s {\'C‘th'ﬁ\-\ section. Ass e ?CQ Conak awnk A \r\‘ﬁ\fc{'
bot - kivaekve e"‘""‘j7 c..kax"-er Ard \neak conductigw Inm *‘k’q

direction of LHow. (See e le Qivnirion of T\_, Ez. Q.8 -2
Ez. AB.\—-2 is obYaitned \vy 2 simple I.V\)ee-’»'n_‘t\‘cn.

b. A‘SQ:“ CYVa.'\‘c rekte o Leat Avawsfer wildi vate « F
ﬁv\g,v-ﬁ7 ﬁQ-iV\. Fov +\-\Q \enq{-k | a‘?‘ +\-\Q ?i?e 5

Q= wly (T -Ttod) = Q\%A To-Tu )

woz (MO (V)

A= MmDL
Tt tew go\\oy\vs ™t

cval) Q> ( W - T ) = Li,
The desived amswer Fhen Pollows directly by swbsdibtag
e ALoeve ‘ft?v"-,siOh tvi- 51-13.L~'L 2awd -Ln’vf-l&n’ e
resw\¥F by L.

l?M Heak Loss LY Free Cenveckion fraews = p\'?t.

\/a

Nw, = 0.525(G+ R

W,/ = (kL/K131/~ (v /Tﬂ-wtm— (611/5?..)1/*(("‘1. /\“43‘/4-



1O2
AX the aownditions of X:s Probleawm -
r\ < C. O 2AG c.ta.
K2 00113 Biw ho'! £4~" o7 -
(3= /50 er-!
C; 0.242 Biw Wb eF""
Then, sing subscripts 4 &2 fPov e Previcws and present conlibions, ey,

we.cd-f.,cl-y: ©.0ds 34/ eSO ., 0.4 14 , 0.0c24G 14
"UL /hu. = . 6413 ssSo0 © . 2La 2 0.04ro0

\/.
(118 «0Q9a5 < 4431 /14.147) = 0ao'*

1

©.A15§

Thus Ave Reak Xv2wster vate o T\\‘j\s*\y imeversed. Nobe +hw24t
(T 1Y had beenw aatstamed Fhatr K and v varled widk e
y-,_._?owe_\, o <, ‘ac.c.ovl\'v-\j L $l’\~\?\\'Q\'eJ Krm e tre
Xcovies o% C,\\afs- E =2wa ‘.L, Hanw B\rordr e charge
wowldl Lhave beew Pvu:d\'c‘\c.l..

CharTer 14 - Checked by V.D Shah

14.A Aspproximation of a Black Body by » Hole in @ Sphevre.
AccuvaL\'nﬂ o Eft’ \ A, -4

“_ e - e(i-ed
e+ ii-o) °v o'ci~-e)

Heve © « 0.57 ana €= 0.9 Then

£

e

]

(0.572(0.04)/(0.92)(0.4-2) = 0.0 734

(avea of hole)/ (avrea of sphare)= R/ 4w (3)F
T he v3dinws 0fF e Lole must hen Le:

R=vVe¢ = 6/00434 = 0.5 in.

ﬁ.4‘B Egviq'\thj 0'?* a GO\QV EY’\CX;V\Q-

Avea of mivrroy = 254 $4&
Solary constant = 428 Bt W' gt
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Enev_ﬁy fV\PM.'t to device is-

(A-28V¢(2571)(3.43 x40~ %)

Efficiency =

= 4A3.2 he
= 2 /43.2 = 45.2 %7

{4ac K2adiant Heating Reauivrermenbt,

T e \nca.{: hcd"ulv-en.i
‘ot-'rwc“ K=

e e S o-? e \mzx{’:-'cxr‘a_\av?eu— AL s

o‘\:\-\c.v- s;u-?zc.es. %{yaca
"o ?e.v-hvxw{' A‘a\—a =2 Swio?lie,J %»- \‘*_;‘ Qs{—{ma—+:’om ; J'-L.g
Convective heat travsTer will be hm3{80¥‘@-‘- Tt cav. b=

fisov a2amd eack e‘g e

@r ~

Peeted & be a?fv-eci'-‘-ble,\-\owava—r‘-
We wiribke for Hie tbtal heat- trarsPer vate:

Rqeat =« A,u,,.\, (Til\::\. - Twav ™) zZ %
Floov +o cailing: F, = O 4-9
Floar +e lavae wall: F, = F3 = 0.47
Floor Yo swall wall: Foa=Fv = 0.0175%

TF = 049 +2«x04"1 + 2 » 6.015 = O0.O%

Now , 'a.(-‘rtvna.-'c.a'\;r, we wmay consider ‘e F\oov
CDW‘P\J&‘{QJ Surrowmde 4 b)/ black

"\“o b'?
ievw ZFK =1i.0oo.

'Cu.wowndi»\ar:.W'& om0 ws
Awn @accuv—loked o vor

=R 2L has
—h,\e-.c, resuw bed Lo Coﬂt\c\er{nﬁ eac\. =% iia

cold
S ‘?2 s Sg?avhkt ‘7. T e v

®R,.1- 1112 450 ( 0.535 F— 0.450?) = 34, 800 B

L"t‘—D Steaéyv—s'\'a":c Tﬁmgev—a¥v\v~e o = Roof.

A Sstume Yne anale of hrcdence of e suwn's

2&5:’ E«\ur—’rt e»«cvj7 ;v\?w“x k’}’ yadizaYi own
loss b7 Convection:

ya243 s b=
-¥-° rate o‘; e

A- 420-co521.5° = M (T 0 ~Tan) + s € T

Lol 2 3"

3. Aoc) (43200232041 2 (Traos - 568) » 1AV (4.00)(

Tr ot ) 2

\ O



1c4

8’}, tvial Aand @vrror *We vool *emFava,l:-L«v‘& ve fowomd to
e 2abowk LS A o A 68S"F .

Tronc
b, (0.2)(4-320)(0.A%04) = 2 (T ..z - 560) + H-’?i?-‘?(O-O'ﬁ(rmf}
Again wEing Tvial and Zrvoy e roeoed “Pﬂmrtv—mi*u.a--g iz &od

Yoo be abont AR oy 1S0C °F.

5__4«.5 F\)ac\.i‘éation Errewrs in Ttm‘P?.v::’rwv-uf Mezsuvravments |

ASsumma +he -&\\e_wmo;amplq ‘o 22X ma = ey E@Ay '
\a.wsig blacic Stavrv dvendivgs , and c«\u"a..iwg 4Aie nek vadiakow
V233 with t%= conveckive TPt s

a a-
e (T, -T. 1= (T -T.)
For bthe comditions of iz Proklam

(0.8)A712 W 0AL® - 016" = 50(T, - 260

Ty = AO°R + (To5/50) = AT4. 4 °R
= 5S4 A°F
There s Thus 2 (41 °F é(sgwpanr—7 betwaen Tha calcwlznbed
\\Q,s mfeya{'wv—& avrd Al e "t-\-s.a_v-moc.OW\)\-* Ha.d.iv\ss.

14 F Meau Temperaturve for Effective Emissivily.

‘?y e 2ssamphtion of line=zv variabion of Cemissividy Witk
')f*:xmve.v'a.%-mv-e— g

e - o6 x b7
whewne ©. 2ad b owee corskrantks., Than

91‘ e° = \9(—‘-&.__—-‘—9) Y - e®

5 b (T -T2
(€y-e=)T," = b(r.-TOHm*
(&, ~€“YT % = b (L-T?)T.*

Bt (@- )T = @ -e-"T.*
And tevre fove

The Aesipad AT ®= U3 M O gbk‘l\'wel l:,-.vy Ma_w:an-qtmau:i‘.,

14 G FKadiation 2¢voss 2an Annwluws,

\nl 2 Proceed by go\\owfv\a‘ hae WNistery a% = Sinqlm Primay
vy amitted dvowm the Jnner ey livder Caves A4 However
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b@ga\rc w2 C2h do tiis we we=id bo Know e Loachisa of By

!’D\;’.a\.—n ‘:‘V"am = e swelbace d-f»~er_.+\7 {W\P\'n-\\"n-] sw e c‘\"{x'z’:v. Q{f‘-&t—}y

e fozohiow ¢ = =y bean Ersov *he (v Suw Face di\r@,o{'iy
ih“?fmwfwj D e oswter s Face s “—‘-'\-\*}7' S = B R

S vCace C2rvot "Sees Yself Thhe Bvachkiow

PV b @
o0& = b,
}vr;w e o wters sw-Faee |'me'-«3;"~4<5 div-*i’ﬁ-{'i\( B -
Strface i5:

.
YW .

Bre s3m (R, /R Ire 5o (4D

¥=‘ Qos f—}é@//l! Cos B 4&
° =)
= T‘E‘i /Q-g = Ag‘ A
wi he-e tle Fubsept A walewrs ke e (mw®v s3uvRace wu d
2 b tHoe Ou-ter cne. This rmasuwllt (3 obltaived \by Covsidamo-img
Yoz vigw which Ay difPavenhal elewment oF e oubker sivfoew

has ofd e tver sw~Face.

M2 Be® vaow m @ ?Og;h-ﬂ‘" t. Lotllow the

towwse o a Priwmiey
beam emitted Lo —+he ivinagy suwlaces

M) T e ake of vadinkiow JTvrom Ay foward A g (3
. A
<4 Aa_""T‘L
oL Anis e.24 Aue TV s absovbed divectly,  anid bhe
V@ atnder, (4-2) €, A, = T}7 | is vefleded, i part dimecty
*’\2 A‘L B d Taa ?'&vk tu Aai_.

2) The § 2eondvy b A a4 Pevikion o b dhe Prirnase.y b s

V'ﬂgl‘ﬂt&ei b%LK ~{:—n Su.v—?'i&c’.-‘{ "3, (ba%‘H A\ 'rs@c.i-i_y :auci. wig % YR L
4 s
&
(1-8d-e) e,y s Ay, (divect rellection)
+ ‘?{1--‘:1.\(1-?,_\’2;6;;4&.‘_&% Crelection via A-i\)
= (e AT F-eNA-e) +(A-81 -2 = gea, T, -
HWewe of v 4o rakio of t+Hher (ndemwsidy o: A\ = T s ey o By
bezw. 4o YHat 0 Ao P mary baart, T lhhe amowai PRy
R AP sﬁ“f.‘aﬂﬁém\ry Leawv rla‘vec.*c\y =2hsorbed 135
€ e, s A, Ty ot

The pewm2iuder (s sre Slectbed o e

Sace m  Weay =S 0 tha

Pyviviavy boaw.

(3) The S g Ve oL e reviavy bamas IS cyearly
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Pis*AtT‘"aL'l
The Bwounmt 6 F Hijs beaw whieh s 2absevrbaad Jdivactly C=x-
ey e, o A, T o™

(n) WwWe wmay rnow gtwﬁvuh"t? Fre 2have Aava\a?mM{- i o
\a/y."l'-&, for e L I vellection o f . ov iy Tmzl beaw.,
twah e armount abseylbezd 5

€4 2, o AaT; ot ™!

(ZZ)Y Tue *oral Bwiownt o e 0 vyq il be vy 2b3sovbad =
P S o0F e Brmownts dosovbed .va(vu)- c2cl e Clectionm.

ncv\

Q

oo 4.

E N 1 - e:ethﬂTi
= @i Aaa Ty Z‘O( T (4 —e)
t=o

i»2

A d

Ry * e e, Ay (T4.TM) /(A -a2)
whawz OL = (Ay /A CA-e3(A-e) + (4-25V1-e)

T kis re sult may be e3s f\?r ve~arv—ahjfaf to give Htne desih-ed

NS W eV,

ia-H Mu\’t{ple Radistion Shields.

Fov =2 System of n fray plrter we way wwite:
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A 4
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1% ™y be noke J +hat Ve exfawss-'o\n s :lose.ly ’av\'aloﬁou.l'
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——1—- = -——1 + 1’——- + _1..._ + - - 4
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ot oA
b 3 Y:\.-li"'i

For n denhcal glhheets we may wilre:
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Qh '—”—Qg_/(?\—i\
Where Q. (s Ha rake
T vt R3~ R, /2 in
la.s-1.
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z/5 2nmd becorveae ‘Fovs;'{'ivt a2y
275 Appro2ches Wity .

CHAPTER 15 - Checked by R.H.\Wesver
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a. W C’i’c Falny

15.A Rakes of Heat Transfer in 3 Douwble-pipe Evchanaer
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c = WHC:};‘ 5T
(5000 L oo -

©0) = CAC, DUDB. 60200 -A o)

Ter= ©0+4120 = 4RO°F
@, = (S, 00001L0Y1(1LB80 ~£0) - 600, 0oo Biw W &
Ay, = Q. /U, (T -T,
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(@oo,000Y/(200)(284Y = Ao-3.7 L&~
-~ - So¥zo) 13,000
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A, = oG, 000/ A 930 = 424.1 F&T
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= 47290 b ho
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-
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~—
-
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A5. B Aé!a%atm Flow of Natwral Gas {rn a Pipeline
U, =RTL/ M, =
= 3.55 £t7 "
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[ o peoen)|™ AT Tenoam /o
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W e may Y E-Rv-Bng < Wiy et wation Te qel)
% ‘Lv
Ce /20 = (9, /%, >{Ei “”":3 1er U «»1}
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. Set w, ow W QTV"&.\ o gero.
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15 H Limiting Discharqe Rates for Ventwri Meters,
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w T 249.

P =

Sa

b, sec”
(L9/352)(49)(4A2 /§5%2) =

‘ R LS
(mmﬂoﬂ/{\/rz'i ¥.67 <40°> -[¥‘ - !r’“””’;\

. Y
wo s Soe (PSR ”'/(2 RT, /Xy g)(1-v

(i;%‘—))

0107 b, p:7?

4

0.4 58/‘/-&‘_(.#'3 - rl.‘\ls‘

Firmarn Aridd oo calced mbtCovmsg L oa "S‘.

v ’_!-4-3 V(.'}«S‘ CA3_ s J}_l-&»)_‘rl.'\n’ﬁ S
1.0 io 1.0 o (o) oD
©o.q o.8601L o.2347 ©.0255% 0.454% ©.29
0. R o. 7111 0.687 C.0% % c. 212 .48
.7 6. boO 0.5472% 0.058 C. 244 0. 650
O. & 0.4 3A% c.41i6 0.06 9 0.26Y% 0. (20
0.5 0.3 0 ©.3206 .05 c.25%5 O. 620
o.o o. 1o o.720%8 oc.0672 0.4} .63
0.3 01186 | 0.4265 ©.0S2 ©.228 .69
©.2 ©.40006 0.06Co ©.034 6 .48 o.«%0
0.4 .03 0.0 4% o.ol1a ©. {34 1.1482
o o o o () o0
0.53 o0.4c73 0.3377 ©.066 ©c.258 0.6 12
r of

iimeaw S
i
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C\’\&\oter 1Q3 - C"\QCKQC& \Dy T J— So\dowsk

G. A ,Pk‘e,d'lc—ﬁov\ o—p Mas s _D‘\;{:us'\vﬁ_y for o Gas Pori v

at Low DgnsiTy
Eqwoa"\cm 164 -1 ay Ve used P"’E‘,('\_minq,rj col c eclations Follows:
= (104 + 45247)/1.8 = 2313 °K
) | \
L — _ a ]
<MF\+ Ma> ((6.04- ~ 30409 0.0956 See Table B-|
\ _ 2 oud
= L (322U +441R) = 4.(20 A
o /EC = VO3 7)(120) = (77.5% 6.4 - S, 16
xT _ 22'\3 Nt
€asw \ 1S
= LIS + Tall >3-

Substituation of nuwmmerical values inte Eq.

164 -1 gives:
30 A =Y
’BAB: 0.00\3533 \/T (MP\+ Me) — 0.00\%5%3 J(BI%) (0.6356)
2 ,
P “as QD,AB (1) (#.120)"(1.125)
Or Do = 0.16C *sec !

rn secC

6. B PrecLiQTioh 0'; MO-‘»& Diguslvtfy aX Low DcnsxTy
fyvormi Critical '?mpe_wt(es
(@) We Aeeigv‘ajt_ me thane as

-y and. @thane as "B“ ard obtain the
critical Pv«ope_‘v‘tfe_s Lroimn Table B-[. Then
/ v
(Perrem) ' ® = (453 x 482) > = 13.02
1 S
(Tea T o = (“““775/1(’5"9-“‘) R
A e L Va — —+ )‘,’\. = 0.3d97
(MA Ms} 16.04 30.077 -
NTen Tew = J1ao7 x 205.4 = R4ALD
- ¥ A IS
(~ /v Tew > = (2132 /2412) = 1.607]
Substitution of tiese qLLOJ\'\' Tles inTo Eq. (6.35-)\ 3lvqs <
—_— O
e = (\h‘

. i
nce.) (Pentee) ™ (Tea™ea) (o W)

27145 x 10" % (1 co7) (130X ac 1) (0. 2092)
1

BAB‘: 0. 1712 cw™ sec™!
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(») uC\v\3 Eqs. L& -l,13 Eqs. 16.4-15,16, and  the same oritical
PY‘O?Q"‘TIQS wie, -R—\V\A :
E-A/K Q171 % (0.7

= 1471 °¥
€x /R = 0777 *3054

Op = 144 (m01/453) "2 = 392 A
= 135 °k Tm =244 (3054-/432) "> =4.52 &
Eap /3T =VMAT X235 = 186°K Tap = 5 (.92 +43520) = 422 A
Thewn }(T/GAB': 2123/186 = 1.¢% and |, Lyvom Table -2, “Q‘B AB—;\.\AS.
SubsTitution of ruwmerical values i Eq. (6.4 -13 gives ’
N = J@ 1) (0.0a56) N
AB = - = 0156 <™ sec
(1D(422) (1.145)
IQC Cov‘v-e_'::\'\on o& MO\SS —Dl{"{:uS\vdy ;C)V‘ TQW\?QY‘OJTWV‘Q
a’t LQW - ’Densdi
E Tionw 165 -
(C\.) QU0 HIVEeS LS00 18273
ba l = 8 \ ( ) ' — 26 2 -1
S AB . cwi Sec
ABl ook 223°K \ 11>
(b) Equation 164 -1l gqives

1200 2/
AB\ = BA%\ (~————-
1ISQ0°K 295 ° K
<D

21D
16.4-~13% gives

> /[
¥o < T /&Lb,m
‘L&\KS Tables -1

Equattion

It

V1S

-\
o - Ssec

as A, 6'1 we “;l“\cl.'.
€ag/x< =Y 9a7.0 x 190

125.%°K (see Eq. 1C4-16)
- x<T/€pn LLB, ne

2AA D 2A.16 1.o47

t Sgo it.og Q.1 3A- (Vivmear lH'tQhP.‘&.T\um)

Then 1sSgo >/ 1.q4.7
= O.\ — —_— = 2 4 A -1

Methed .(c) (S = best qc)ht!_me.v\’t
245 cua? sec”'

sSsec
walh  the

o\ysg,r-\ttcl value Gg‘
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1D Prediction of MG.SS —D’\g{usiv'\\'i for o Gas Mixtlure
ot Hig‘n 'Densf(j

(o) ’P'“Q‘.‘M.“""*—")’ cadculations Hor use of Fig. 163-1 Hollow:
pe = (050 x 12.a) + (050X >3.5) P = 40/532 = 015
= 53,71 atwm
T& = (050 x 304.2) + (0.50 X 126.1) T, =asv.2/us5.a= .34

= XIS ALK

o
Fig. \6.3‘\ %n}es P'BAB/<F’ F\B) = 0.9 , anck Table [6.2-2
qive s (P AB)O = O.1SR. Theretore

_ P’BAB A Ay
Dpg = Bae) . S _(o.\sg)(o.ga)(‘q_c))
o °BAE> = 0.0023 o™ gec’

() Equmﬁom 6. 4-13 way be used to predict (Pﬁp‘s)o_ With the
aid of Tables B-l ocud -0 we findo-

Tap = —(3"1“\6 +3.6%1) Eana/¥ =\Jlmoxai.s = 1319 °K
=3 3358 A (See Eq. 16.4-15) (See Eq. 164--16)
1o N= Y ! - T =1%%2L/121Q = 2.1%5
( ™Ma Ma> = a0y | 2g.02 r1/€pe
= 0.0584 ‘Q'.b,rxe.: .04

Subslitutiorn of numeavical values inlte Eq. 6.4-13 gives

B ) =c.0oissys Y(218:2)?(0.0534)
(e he) = 0.001353 (2.%28)"(1.043)

Rapl&r_'wxs (Pff,\gy’ i part (cx) \':xJ this wvalue 3'\\/4:5

= 0.143 cwm> cec’

(6 E Estimation of Mass D’&’(usivﬁj Lor a B\nary
Liquid MixtTure

The dato. needed for use of Eq. 165-9 are:

Vg =2.6 (B is water ) VA—- Mg, /f’A = ©0.05/04a37 \
MB 1.02 = 4.\ cwm> 9- ~yole
(A =122 cp. T = 12,8 +113.L = 295.7 O

Substituliann of nuwmerical values wlo Eq. 16.5-Q gives:
B 7 axic® (2.6%x18.02)7* (285.7) ©
AB T

= 9. x\0 * sec
Ga)(esd1)° =

\
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6. Corvrection of Mass Diffusivity for Temperaliurs
for o B'\.hﬂ..‘r-y L'\qw'\d MixTuwure

E_c\u_oﬁ'iovx 16 5 -9 e s

T
L o -
AR RAL
{'hom which 3—'31 - \
Did :Q.’l% *® \0*5>
AB | a2 5 o A3 2 \o. ’1%4-

= 6.1 % (o™= cwm ™

16_@;’ Corv—ec't\on o§ Mcxss ’D\{‘Fwsxvd’_y ‘Q-ar Temraavm’fuw't
Tor o PDense Gas Mixture

Figure 163~ gqives the pressure dependence of BOpp oX
conslant tewmperature Sinece the 'tamtsewad:uura depodence

ot ’&AB s Phﬁdlc._t.&.blg_ at low pressures, we calculate Lvor

p., 1, to pl)Tz_ along the following Eath:

P, Pa, T2
o, ¥, ¥ o, Ty
This gives o o
N _ \ (pLas) (P‘BAB>T1 S A P,
B
AB1Ip,, Ta P PhAB QO Bt\s} (P AB) P, T P”-

The .|V\‘\1'-1Q_\ asd ‘F\V\q,l psewo{o - V‘Qti u.CiC’\ cownd \T;OMS are -
(2000 /14,71)

Pr = P
{ Fra (o%x45%) (0.2 x 432) =724
T = (asa5 +~104) /1. — 1.4

(0.3 x 190 71) + (0. x 305.4)

459 1 1.3
Tyq = ( 1 D/ =1.64

(0.3 x 190.71) + (0.2 »n 205 &)

Froen F-l'g. (6.3~ we qet pb’AB/(PB'AE,)O = O3 ol =, T, awnd

-

o-%4 O;t P‘LJT:-
(o) Accordlhg to Eq, (.6.3"[)

(LD

(P&AB)oTl (45“.’1 -+ 77 g)

e = 22T
(p DAB)Tl

A5 + (a4
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Comb\n\vvj the pressure and ‘tem evaluure corrections, we olkTtain

Daplp, T, = @107 *) (a) (- n—o(o sa)(Z20e

2.000
= 1.a x 10”2
('p) F‘r‘am APPQ_V\CL\X

CI’Y\ Sec

B and Eqs. 164 -15,16 we Lind
€an /X = V137 x230 =

= \717.5° K
+
X = FEAT Y (q65 0 = 1124 ot T,
Cam R X \777.5 b,AB
KTl A4S 1\ |
= = 1. ATs = 1.0 T
€a e X 1I77.s ‘O“.B,Ae, 80 ot 13
Then froua E.q, 164 -1 we Se,’t
> 3/
(e BA8>T1 (@san+1) " (a4
(P 8ms).‘. l.ogo (45 7+ 104)> ">
This 19 almost deuTical wthh, *he teommperature covvection
fournd 1w port (). Hewce we agea ablainm
— -3 -\
I6.H Relations Amang the Fluxes in a Binary System
() Frorm the AQefinitions of J and. j
A 8 2
&l;.A T de T 5. (va=-X) ~ Py (xg—2D
But Ffrom Eq16.\ -\ Y. = P.Yn * FPal e
avnd. Frevm Table (6.1-1 f = Pa * FPq
Hemee,  j ~3 _=(Paxa~faxe) ~ (Farfady = px -FX
andl ; i = O .
1atie ED.
() Bj d&“:ih'\'tion) A:].;A:: CA(Y—-A-X\.) = (YA'A’-XV*)-“CA(X;\*-/\VJ\»)
— = <a _ x*
~JA -~ E—(MA +A:£B) —;A"'XA(;A 5}
Bu:(') frorm K :\ = —J
~ B ~ A

-lernce

Sube.tftuC\'\\As i 2T E-Y Qbovc w&
k.




WA
() Tn a b‘\no.wy wmixTure qccov-divva to Eqs. H awd M of Table
‘60\—\) ‘*AMR

w,. —

A

Taling the total Aifferential of bathh sides wve 9&'?:
[xAMA+(‘ *A)MB]M dx ‘“’(AMA(MA B)Cl*&

[XAMA - (\—XA)MB]

MA Mg AKA ¢
2
E%AMA A (\"XA)MB]

cl.wA =

6.1 Equivcx\ence of Various \:orms ot F'\cK’s \_QW

() We will show that Equation D s equivalent to all
the others.
(A) onrnd (€) are equivalentl, since N —w, (0 AT a) = N
(B) and (D) are equuvm\e_n't) since /r\\jAA—- A(t:{!\ MB) = g\":
R 4 .
_,(C)‘- Frorm Table 16.‘—3, ,\:}:A = —:%—B;YAA ="‘:4Ma i\
Froar Table \6.\‘\) dx, = M d oo
MAMB
With these substitutions, Eq (D) Ibecormes <
MM
M ey M g,
Ma™Me XA TTAB M Mg A
And since CM——‘P (see Eq. G ,Tm\c\a \6\‘\\) wie qet:
;;~A = “F'UAB Ve, c)

Hence Equation P s equivalent te A omd C,
(TP): No procf required .

(E): Substilution of  dey = —ATBdx = S MM dx,
inta the vesult of (C) qives: ™ L
] a
AaTT ]cS‘ MaMg Dpp Vxa (€)
he S
(F): Substitution o+ dxA"—' f:‘_ MAMBAODA
inte Eq. D g wes o \
* _ _( £ Bpg Voo (F)
NJV_A c MAMB j AB A
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(E) The definitions of l: oand X

a are fivat insevted iwn
Eq. D +ta qet :
*\ _ bV
c¥a" X )“‘ xAC‘B‘ABVXA
The on%&pondlng resu lt far speociles B 's:
IRV \
S A A )“"“;‘B*‘-Dp\gvxe

_ \
Subltreaction of the second equation from the First
3\\/&35:

S AEIA &) = "QCD‘ABVXA>[“;:‘A +.;:—B
= —-(C, BAB VXA) XB-‘F XA}

= - ,8’ a
Hence C(\,fﬂ -Y. = ~STAD Ux
a e,) XAXB A
(b) Fist tnterchange the lahkels A and B Equatien 16.2-1:
~ B BA
From Eq. 16.1-4, 9:;"—_--;,:‘

Mihithh thegse substitulions 1m»m the £ -t equattion we St't.'-

"EA& = - cDga -9xa)
Compo,r‘ssor\ wivthn Eq_ 6.2\ shows that ﬂAB =BBA-

16.T D@_Terminai_foﬂ of Collision Tarameters from Digus.\\/ﬁj Dada
(o) The trunsformed dato. are as Lollows:

T, °K 7243 400 00 RQ0 | \00c \3dq
EY -1\ ki 9 265 |{24% | 240
(T2 3%‘)1\0 332 | 293

\5Q0
233 237

These data wervre plated on \ogo.r\“(‘hnmc Qvroaph pPapey
and. then SUUENLV‘IMPOSQCQ QN oo \ogo.“x\""\mu:_ P\o‘t‘ of the

fwneTion Sl‘.b AR Yersus }(T/Qms , oblatmed frov Toable B-Z
The resu\\f\ua) curve ~ £t

Campo..v‘lscv\ ot
3 Ve s

\s showrvn R the

adjoining 3\g-ca.rah .
CQV‘V‘QS\‘JOHd\HS abscissae

avri the Tweo

€ap /3 = T/ (xT/epn) = 165710 = 165°K

[7'0—‘-5
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Compmvison of c-ar-v*es\oomdina Qrclimq’fes) and use of Eq.
‘6-4-\3) gives

—1 2
T2/% Bpg _ P Cas _ _z.asxw?
QB AB 0.00185%3 \’ —h‘? e ﬁ‘— 1.0
> A 1=
Here P =1 afm and Vit Mgt = JA—;-.Q\ *1£f\7 = 02377,
Hewnce 4 -\\'/2
S —_—[(2_35 x 10 4)(0.0012583)(0.2242) (1) 1
(=]
=362 A

Othev sels of values will give mnearly as qoad o fit;
a few such sets fallow :

€ap /XK 2 160 170 \80

2

Tam, A 3.63 | 360 | 3.57

The dato al 1300°K awnd 1500°  were ormiTle in the texT

because they appear to be out of line 3 at any vate,
they cannoct e filted.  very well oy the theory Lor a
Lennard - Jornes polential, .

(b)) Fram Table B-1 and Eqs. 16.4-15,1G  one gels the
follo wing pre dicted values:
€ra K= \/ 7.0 X 190 = 136 °K
Tap = 3 (3.617+3396) = 331 R

The behavior predicted with these consTants is shown
by the broken line i the attached figure. The predicted
values of Bpg are sysTematically low but the devialions
ore Lless tham 6 percenl.
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C"‘“Fte‘" {7 - Checlkked by R.H Weoaver

\7.A ch_'t& of EVQPoraIifxn

Let A = chloropicrin and B = air ; then Eq. 17.2-15a gives:
A Sy e N e R
Az (z2-2,) oy (n.14) _1;%‘)

= o3 x (0" ° g -mole cm ™ ® sec!

Fin&_\ly , the evaparatlion rate in % / hr \g,
5 (\ 63 %10 - ‘3-"\6(2_ % 3600 &E)an,?,q )(’\Z 22 ‘L>
N Z MA c.vv\':*sec S — el . Ty

=139 x (0™% g /hr

7. Evror in Ca_[c.w\q:\‘ina A\Dsoré‘(ion Rate
From Eq \7.5 -\77

'WA = K CAQ‘(&AB

where K is a collection of Khnwn quoant ties,
Then the differeantial ofFf 'W‘

AN = ?'W-A)
d A 2Cao ACAO ™ (

dBas

EEera=
ond for swall but  Linite ervors AcCpg and Q‘BAESJ the
errar in  rp is

. W Caqg
A, = K dpg OCho + —8S AH
A Ald,m C
Division ‘o, fW‘A thew 3‘\\'&5 s
A"ﬁr,\ - ACAO - v ABAB
Hernce the rmoximunm percentage ervor in absarption rate ic
A\
<1oo 4 ‘\) = 5%, +~ 5§ (\a%) = 1oz
r“rA Molx
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17.C KoXe of Absarption wn a Falling Film

The absorplisn rale s agwven by Eq. 1.517, which wnay

be reweiTlen 1 X=ewms ok the averane
by wusing +the vesults of § 2.2:

o Oag {v,7
7‘4; = ZWRLCAQ\/ “_AS z

The so\a\‘blll‘rj ooy be convevted To wvnolar wunits axnd
expressad as C.A\\G6 g -moles /liteyr = 0.6 <o > g -moles cm 2
Tha.m) Yia <qs uwrits 5

Mo = 2w (1LY nex07)

¥l velwmaity

6 (1.26 xto~3(1117)
w (13.0)

= 7.5 % TN 5-M0\Q$ sec”"
Hance, mu;\*‘fgljima by 2600 sec /hr, we oet

"WA':-O.?.TB %-mmles Ayt

The R&yno\&s nwmber fovr the fily is of the ovdev of ENV

heance w'xppliv\ﬁ will accuuy. Vhis shauld net atfect the
volwu.e ot f'é\"A vevry e,

‘7D Di-ﬂ:u_sicv\ Mﬁt\‘\o& “‘:cr- SQ?&V‘Q_‘t.\V\i HQ\\LLM {rowx.
Malurel Gag

A differential wmass balamnce gives , for steady state,

d -
gr(hNHaJ\")mQ
Insertion of Eq. 177.0-1 with N =0 ond %, <<l

N, He 3\\/2‘5,
for~ canstant &igwsiv'\'ty: J
&V‘ d_r
Ih‘taav‘ﬂii”\j turice we 3&1’.:
S He = Kl D v K'l_
T he bou_m&mwj cowvd itisns ovre -
Che = Cue,y at w=T,
CHe = O at » =R,
Evaluation of W, ard K, from thest boeusdary semditiowns gives:
CHe . D ’R.z. /}-

=

SHe,1 S R, /R,
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&CH c
Then NHQ,Y‘ =" bHa “Pur AL - M BH‘ Py =
W-HQ— Z(NHE. Y)ZTT%‘“L Lov R, <r <,
= 27Tl EH&—T’;;V— Cue,
2R /R,

This result cosn be derived withouwt %'\Md\ns
i'T one Livs '\V\"‘\‘.‘zﬁvaﬁ% the Aitfterential

"-NHQ.,Y‘ = K,
SubsTituTion of Eq. \71.Q -\

the (lav-o{-i(e.s

wiass balance:

as before Qives:

dc
SHe _
4— r bH@."?_y'r- ar = ¥,
S b "R
Tntegration fg\st p) Dl »
- — ' a . T‘E
- BHQ -Pyr (Crie,a cHt,ﬁ-} Wy L w= °F NHQ,%“Q“«-‘}
Frori whickh wa o_galin g)eft - ' ‘
- CHe 4
Npe,w = o

I 7.E Diffusion Tkroug\r\ o S’\cujmm't Filma —A\'\tgrnc\.‘te D@-ivodion
From \"1.()—\J

whan NB.L=O)

AKA
Naz = —eDpa = + wa Mo
or

cban A X p
(VW =%p) d=

NF\‘L: -

Intagmﬁon '{‘MM 2, ta 'ZQ_ 9'\\18‘5 ‘Fo\r- concla -t NA‘I. arch CBAB

jzz Napdz = Np, (za-2) = —Cﬁasf A dxa
Xa, (=%a)
Mpp (Za=Z2) = + <Bpag JIA(\-—XA)\ e

H B- .’\\
L A o —
ne Na, = Ah(ﬂ:ﬁ
(21_—7.‘) \ — %
Qv
cdas %
Ny, = ) a2

2z (zo-2Z1) Xaa
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\7.F Diffusion Tkr‘oua\f\ o Sta,gvxw‘t Liquid Film

(&) The wvvass bolonce leads to the d i fferential e qquotion

o
B drc, _
A A== = O

C.A’: C‘l +CQ_

Applicattion of +the boundary canditions qives

(bd In't&gro.ﬂ'ioh gives

<A~ “As  _ | - =
(c) The wmass Flux ok A o@nx)w\ﬂe‘rt i the fFilma will
N, = - BAQ " frecwma 77,0 - ‘For’)
Az Ci'z— ( K <<\
= & CAO -CA$

\7.G _Di'{‘gusiovx ‘LPOM o -Dv*oplQ't inte oo Quiescent Gas
(0~) A - shell rmass balarce on A ojives *
4 v NA\__L_ — ‘*‘TIP"LNAV.\ =0

- 4+ A
This vesult is carrect For- Linlte av
are c.on.s‘ta.v\'t, and.

, hence oth terms

r2 Np. = Constant = my™ Npwg , say.
(b) Fron Eq. ‘7.0-“ with NB =Q,
Av —

(\——-XA) A
Commbining  with the wvesult of (=) we qat:

- N =T ———
B Avl (l=-%pn) dr
() Integration then 3iVes , for  conslanl b'AB ,
Y| A
2™ NA\”lj \,.:. =~ c‘bAﬁf _dxa
r. X (‘" l\)
Al
fram  which ‘B
cAR T ‘*3'2_
Ari (va- 1) "\B‘.L



(A) Tn the lLimit as v /v —» 00 | the reswlt of (<)

a Radc Ly ‘Y Pa1
Inserting +this expression  inta  +the A€ inition ot k
we 5&t H — NA‘-i _ NA‘I‘l
P
(Pa1 "Paz) (Pea-Pei1)
= CbAB JA(PBZ_/Pel)
- -
1 (FPe2 - Po1)
= C&AB . 1
(B72) (FPe=)i..
= 2cBna/D
(P B)JL-\_

7.1 Diffucion with Co:ta.\y't'\c. _Po\_mev*'\Zo:tioh

() For every n vmoles of A caoanverted there u.J(H
be one vwole of AL \o'r-'aolu.ce& Thevrefare

“Napz = n N, 2
There fore Eq. 170-1 becomes -
Npz = “C“BA An i_:_ “""A(Nkz‘""ﬁ'NAz)
Selving for Nl\-a. we oel:
NP‘z_ cﬁ;\A" dXA
L —xpa (1= %) 4=

—
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(B2 Imteg‘f‘a«T‘\'\s 'thﬁ \QST QXPV‘QSS\OY\ we 3212 (sxnce. N is canstaon)

o
Azf dz =“C‘Bm\ f =

xpo 'V Xal-%)
or
Ny s =+ SOhan g 1 ,
(V- = %pa0 (1-R)
ondl ‘F'\V\q.uy
NA — n c 'BAAH 0 i

z (w=1) L= Xag(&2Y)




l7I E‘g‘?‘icf'\uaness

Foctors Hor Thin Disks 5%
A shell balance giveg (on the assumption thal the calalysl s
o cavft'\ﬂuu.\fv\)‘- AN p- ™
A=z - A

X\a5e_v-'t'n*\3 the

expression fov

N o.»«cx.\ogaus te Eq. V7.6-4, an~R
ASSUIMiNg an vreversible Sivrst - ordgv— Y‘cht_"{\QR_, we Sszt
.C_L_ ( ch) — —-k a. C’A
d =
for  constanmtt &y, this Yecomes
Ach
ﬁA Adz> it A
This vmay be solved  with tue bouwndary conAiTions  that Ca=Cas
= i 2
ot = =b ° 2f Ca _ cosh Az
hav »
W e 7\ :\[Ki'a/ﬁA
The reaction rate iwn yoles Sunit time  For  the diskK of thickness b
35 't!ﬂa)ﬂ: 2 A
—_ 2 «
[H 1= 2 R [Nazlaow =2wrRY| -8, 422
= ?.TYQQ-ﬁA Cas K tanh 7\5
For wn Aisks

ot thickness b/ the

S5 c\\:ove

resuwlt becomes
[ M) = n (2w R, cpe ™ (o 25D
NOW

o, ) = mler R Beah [ 22+ ])
n*:«mlr\k-‘\ \ r\( ™ ACAs
= ZTTRlﬁA CA57\ b
= Q_WQ'LBA C‘AB K‘ X
" Ra
=27 R K, a cuq
e Ml
A n-soo \WAM\
tanh Ab
Ne

b

ZVR‘:.'BACAS?\ tanh Ab
2.1 R‘LB'A CAS 7\lb
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Chapter 18 - Checked by V. D Shah ‘

1B8.A Dehumidification of Air
Let A = H,0 and B= air, to

gas composition at the jntevrface

corvespond to Ex. 1B.5-1 The
is estiwmaled to ‘e -
X o = PH,_QJ Vo w \SO"F — 9\T7 osia
| = 14770 sl
The average a5 trwpevature in the Ll
or 291.5 °K. The avavrage
ave :

= Q.01 2\

L5 é (so+8a) = LGF
9as Fmp%v't'\tg evalua ted_ ot X g = LO

B‘A@ = 0.244G CM'L Sgc,—-! Lrom Eq , 6. 21
< = p/QT = 413 % 10™° S~mo\e5 cm™ =
|74 = 59 %x 1077 cal cm~"'sec™ %' frowm Eq. 2.3 -5

T“\Q mean heak ch_\oc\c.'\"('j q{o ‘he, 't‘"cx.h&“tt“‘r‘t&

~

vo.pay is (se=2 Praouiem %,B)
CF‘A = ¥,92 COJ 3~W\0\Q“\ °K~‘

With the oid ofF Eq. 18.5-5 we gz2t:

Naz Con © _(NAz = ><CBAB 5;—)\) - <&ﬂ\ \-x,\g)( cDas CP#)
[ Cb’p\g < | — X
\— Q.0\BO ((4—,\39&\O_S)(O.’IL‘%—CQ(%_GQ)
(JL&

\—ag. ot 5.9 % \Q“‘S

= (- g,qog,g}(u;-o) = — O,Q0%4&

It

SubsTiTution in Ec{ IB.A-1 then gives-
@) =(Na= C pA/k)‘é 0.00%4 _ Q.00%4
l"e‘xp[(NkchA/K>3} | — T OO \—[\—o.oowwL(omvﬂ
= i — \ 004.':;_—*. o
‘_\—-—1—(ooo'24-)+--- ‘
2

From Eq. 12.5-9 we sez thatt this s  te

ro-tia q; the haat
conduction rates with omd without  wess

transker; cleavly the
distirction Dbetween +the twa vYoltes

s u_y\'tm?or’tm-—«'t M tae PYQSQ"\—‘V.
Pholo!#.M.
(B) From the definitions on p- 566 we oot

(d)) ey Iy

Ax S = HA3A1+ HBSB“L

(e

. — 4t

CLn C{ - K 1;_

for the present problew. Assweaming  ideal gas barhavier and  wsing



the veferece  states  selected v Ex. 15.5-1,

126
- we qet
<HALZ.=0) =<H[\\T=T°> =<

(FBlzzo) = (HB‘T‘:TQ) =9

and  siuce  the counductive heat Flux

)
42
c,T(?)

z

ok 2Z=93a

1S vion-2evo, we gzt
) - °
2=o

s due so\e.lj ta the chaice ot
im  atselfd  tnmdicade that dittusian
easily abtain
EA ard Hg +to
air at 2B2°F,

This vesult
&DQS V\O-t

vc(tﬂra"\c& S-ta:tas) ond
is u,v‘\'\m_?cv‘tou«‘t
muckh  lexger  values of q(&) by rekerring
Wiare  remmate  states , eq ., liquid wale~ and gasecus
Nete tlaat q;c) Y (q <A)‘1 - c‘(ck)\zm’) ove
‘\nag_?e_vwlv-\’t' ot the

clhoice ot vetevenuce

here.
OY\E. [X=S=N

states (see Eqs. 1%.5~2,7)

I8. B Thermal D(H‘ms\on
() Fram Tabkle 18.4 -\

conditions

we see that for

rwust

Pos?'tive k‘\" ancl +*he

SL\oro\) we

des'\av\odz Hy as cqmpcnzv\'t A .
Thew Eq. 18.5-\G give s
T ©GQ
Xa~ XAy = —K. Jb«_:‘_—‘ = — 0al6b L«m = — 0.0\%83
Thus there is a

higher concantyvation ok A

ot T, 5 the vnele  fraction ditfarence

(H) in  the bualb

‘Pt_ivxg Q. 0lR%3B.
(b)) Frowm Eq. 3G~ 6 (CN -3 54’1 the

vecommended., wmemn ‘ttw\?gv-mjmw_:
- T‘n':,j Ta _ (n00)(600) oo _ 230 °
T T, “4-Q0 200
18.C u\t\f‘o\cent\"'\g\kg'\hfb of Proteine

Settiﬂg XBﬁXBO i Eq. 18.5-18 od "tod(ihf) the ‘/Va power  own baoth
sides, we get

% v z
—-—é - P_“APK :E‘- Ma— MA %JL }
Aaa

Vg =T
— —_— )
HQ..\r'L MA = 45)6005%‘;{,;\/A = MA/(MA/\IA) = 4‘5)000/‘34’ =3$,5%13?::°‘2
Mp./VUs = 1.LOO 9 <
A, = 50,000 X 130.665 = 4905 X109 om™ sec™
R =

.24 X 1051 ¥ em® sec™ a-mo\e-‘ St
T =7T7%°F = 29477 °K
=z [’—"] cm



Subst TuXionn in the above equation qives: [371

4,903 ®1a') 2 -2 7
*a  _ % 1.00) - 45 ooo\}( = o E
Xpo 2*?{[(3”’581 ) ’ @24 xe)(a D

A samawhat vhove ot i ratae LARPrEssian
'\V\C.(l&d:\na the variation of K -
Eq. 18.5-1%  in e Q\'\-\.\V‘th W 3Q.t

coavv Yae obtaiwned by
T&k;.hcb the ‘/\73 Pow e ok

S )T
*A _(\—%a)\"‘ e [ YA Mg —Mp | 207
Xao \=Xao exp Ne s 2 =T S /T

. . . \ - a 2
This differs $vawm thue pv-zct.d\\w.c) salution by the <factor Aol

) Pos]'\‘\\’e 4 the +\wa

the conditiang owen.

18D Electrode Palarization

Saluliens agrze within o0a3 pevean~t €ov

Frowm Eq. (8.5-26 we aqet-:

4 B+, (ex D) 103 1wi10~% - _

Imo\% - ™y ava, - 4—( )( ) - 4-x\03 9 th..
L o.\ mtsadt

wheve cxa_wb = l%i1a™% g +the avavage calionn coencauntration i

g~2qts. wnr™. Mualtiplication by  the Foaradaey caustarnt gives

-~ a -2 abs-couvlanmbs
I = (4 o %) a.cc2 xia = 3 %L % lQ
o ( w\ )( ) sec
= 336 X \a0 E oomMmpeTes v -

{8 . € ES{ective B'\r\o\*‘y DPiffusivities 1n o Mu\T'\comPonEv{t

Gaseous Mixcture

We assuwme that the Potl 1m quastion g

sa viear the catalyst
savr{face that tha vrass

fluxes are delermined entively by the
yeoction rate within  the calalysX. Then Ffromi The veaction

stoichiometlry (Eq.18.E-1) we can express 'tlxq_e fluxes as Sellaws:

Na=-2Ny Ny =My 5 We=0 Z N;=3n

When these gubsttuXions ave woda in Eaq. 8.4 -22, Nl can ba
foctared. out

of every term, [eaving avnly scalar quantities, Tha
resu\ts are:

L [*_‘;‘1 Dk Sl S T Sl Sl R TR IR PRt
(3P < S, -3 x, cb,\ cb.q. <B|3 c B
_ _lo® o =+ 93%0-3{01dd oag5+o.g , _09S
1-3(0.1) Ad-, A \.Q S ©. 2\ 1
G Z
= 9 [ O 4 00207 + 4.0769 +0.oaxo] — 8.!1956 =10
C.bim =_921  sia® = .63 xi10"%

S—MQ\Q 2% SQC_:—\
Q0SS 6



|

Y

=5 —_ v [3"."7‘2—*311—3*2_’_3%3—("‘)3(1 BXy — O
1 B3R cﬁm_ c_b-,_q_ Qb’lg c Ba,q.
_ __\e% 3(01H-0%0 L. 3(05) + 0% 3(c.es)
3 -3(0.9) A g A 2.9, 41,3
e Qa 2
= o E—o.o:u:}é.é, 4+~ O 4+ 044589 -+ 0.60363]—;0' 1335
Q.6 O,QK\G'—C'
-
c‘“’&ln\ — 8. » \o ={ A3.% %~mo(e ! sec™!
Q.90 'DN% %S * i o"fo
! _ ! X T Xa —Ra—DX3 —Ra - (O%z -4
C Iz m -l -3 (00s) 3 s e Ba, cDaz c By
10© [T —a.10 —a. - - -
_ 9.10 405 -4:30 3(c.05) ~ 0 Q.0S%
-t\S .95 0.7 545
-0.1\3\9¢
= 1o © ~-0.076AL ~ 0.045%1 + O — O.QG‘:\\“I] = Es —
s —115 X107 @
-
C_-BE’M — Z.'5 %10 = {77\ %@ S—ano\e e sec™!
- O3\ %
| . \ O —%a O —~3Ra O~ (—DXa QA — (DD X4
_ \q @ -0.05 —3(c0as) a.0S o
T a-3@ o 6.2\ 41,3 545
I
= 27 [ _ocoo%05 0.00363 + 0.009 \“1:] = Z2.0°oB)
—0.\ S —Q.\§ nig~ G
-6
A -
C'b.q,m: ©:'5=10 = 60 %X \Q © 3~\mo\e e’ sec”!

O.QA0ASN



Setting U Diffusion Problams

18.F 129
?‘ro‘o\e.m Sta..’r"’t'\"‘g A‘SSLLM\P’C;OV‘S Raswlts
Equaticons
V7.0 Rodial Table \8.'7_~2) /3t =0
diffausian ‘thv-ou.g‘n Eq, | 6, Bgez cavnsT. o< B =Y (Y_'BCA>
a tubs wall = —;c ) T Al - B
PREIASY-N
RA_’:‘
17.E Diffusion Table 162-l, | N5 =0 N, <Bas dx g
"C\nwous\\ o Eq. B % p =><A(z) RN =y
[\ “c\\
sTognan® T | rele Ba-1, |3d/a¢t =
Eg. A Nawx = Nay=0 Naz = consten
Ra =
177 Diffusion Table 182-2, | @/3t=0
hyat §S) = covrnst a
Thraugh o Eq. A £,5n2 o =L, ol a
;‘ta,%nmm't \\qu.\ci X 3=
- Ca=C,a(z) -
il A A
'Rh"'o
17G Diffusion Toble lB.’l—‘J 3/3¢ =0 a N
Fv-a v dvrapla Eq. C Nag =NP\<§‘:‘O s NA“__ = COoOVsLamMm
o plet
inte a quiescant Ra =9 B
Qoo Tolble 16.2-1,| Ng =0 Moo = oRe d=a
Eq. a = Xa(r) T N
1 7.4 Di‘({q,\.s"c?ﬂ T@bgg (é A~ t, NA - ::-;—‘ NA-?_ r‘lA - — C_@A% d"’“?«
with catalytic 9. - - () z \= %allmn-') &=
Po\ymerl‘zoﬂ_(on A
Tabie 18.20-\ /3% = “ .
Eq. A Ny =May=0 N, = constan®
RA_’:
\7. \ Tabl - 2 =0
1T Selid able 1821 | 3/3t=0 per res
Aissoluﬁﬁcn imto EC\ A Prdat It Z A A
o -5&“\&3 Lilvm ca=<p Cy,2) by
22C <<B§"-_C:: ar far gymall SIR
Sz 3
Vs =Vj =9 o B(k _ _E_’:S__Q
Ra =0 Y 5% AB 3y
177, ‘Dif{u.s'!on_ Tca.‘c‘e, \8.2~-72 é/gt =Q
frowmm a pPownt Eq. B Val aBAB =const. '31C

SAUNYCL wva A
mav'\hb STvRa

V. =Vge = Q
CA - CACY'JZ)
‘RA'-‘-.

{ 73cA
z‘a-z 'r?iw-‘ ‘gr

’31

A]




ig. F (cov\'t'& D

i 0
Staxting Ass umplions Results
Problem Ec\wa_'t'\ons v
\7.L Gas absore- |yelocit See solution
tn e go"\\\v‘ﬂ PVEO:‘\'-’ 5-1 tao Problem 3.t
Ll with chamical
re o cliow Com‘t‘\hu.'\"j R/t =0 dca - '}:_S_A W™
ok A: Lo bAB’—" cons, Yz 33 T ‘&A’a et Y, €a
Table 18272, Ve =Vy = O or, fov very swall
Eq. A CAT‘CA()‘"JI) values of «x
%< _tc > a
—-—-_} 5, << 'STQ—'E Acy R ~ e
y Ymax 37 T a8 3 x™ VA
18.G A\t%rnc{te FOY‘W‘D& the E_qwcction ok Covx‘tf\nu\’\tj
(@) The defmition of Vi.a woy be reaorvored as follows:
Q‘A:FAXAA:’DA\L\+fA(\LA‘:{~):PAL+AA
Insev—tiv«f} this  iwa Eq, \RN-G6 we get:

Na =
D;V’ld.\hg Eq
“(’GV‘ &’AA we
Far a  gwall

the

BCA
2t

(V-CA\Ji) = %Po.:te_ a4
\/e\ocfty v*

2P,

(b) The definition of N

A~ A

CaMa = Ca X

13.1 -G \oy M cond

3%“;:

volume

=(Rojt ot vicrease of

VT\&)/

-+ Cp (YAA

element
‘(‘cuouu\nj s':g»«'x{icoqﬂca .

-y ™)

)(vI)Q

Y, the

be similal

Sw)%’ti’tw'tiwa

Tervis

wales o% A

(12.6-1)

reorvanged. to qive-

= QAV*—%J‘
AN A

Wi @xpress ign

(8.6 -2)

\B8.G-2A hoave

in the Q\EMQ\«"Z)/SV

efflux of A due T the wmolar avevage /%V

(v 3_ ) (RC\TQ ok Q&Q\ux ok A from the clement by dl{{mslov\}/i,\!

(RO:\Q O’Q vod uction o+ A
chemical wveactTion

The tevvs L Eq 1%.G - have

exc_ep"t thatl +the qw‘tlt(es ok A are

the refterence velocily is v rather

°~"‘°-‘°9°“\5

W the Q\emew't> /%\/

signikicance
M ves s unitts  ond

than v &,
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18 . H Simplification of the Multicompoment Mass Flux

Expressions for Use M o Bivary Systerm

For o \D'\nour-:, mixture Eqs. \8.4-12,12 give:
DAAC DPgg =0 , DAB=DBA
I qdo('\'t'iov\) Toble 6.41-3 Sives J

A*:.-!;B=O' Inser'('wui these vrelations
in Eq. 184-8 we aet:

= This s the
- (%) e o RBG A {t - i =B
=— = - Mag™ D XA AV -~ . W\
vami \\es Su‘l(t_
c™ >
M&\'('\w\a the same substitwtions v BEq. I 84-9 we ge™ -
(pd . (P < Va \
c™ A \
LT e[ ]
Th the same way Eq. 184-10 becomes
. (o) CY) c ™~ Paxa *PaTa
) =) = = MagMy D xa™ ( - A ans
a —_
= 4+ ST MM Dag %a | (PAY )TN ~fa8n fale
P RT Mﬁ
_ <™ el fa —
=+ S%T Ma MeDas*a L 7= (3a - Ze)
ond. Eq. 184 -1\ 3?\/&5 ciihe.ctfy
= -, vl T
~ A
Adding these flux expressions as indicated in Eq. 18.4-7, we get -
. — . {x) (e . 8o G
J =
. __c*® 2 2 GA) Va |
2T PRT My Mg Dag *a EETSIEEN T,PvXA - \Ma P ve

- f
—):T"B(?AAQEB)
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181 Pressure Diffusion

(@) MultiplicaTion of Eq.185-17 by Vg gives:

= A % —_ —

Ve X: = — Vg %?(MA ‘*f’VA)olz
T_v(tavm\noqng'\n3 the labels A and & gives:

—_ dx J— . —

Va 52 = 2 VA 22 (Me —pVe)de

me't‘r~o~.c_t'\\’\c_>> the second equalion from the fFivrst ) we qet

o Jdx 7 Ax ol = =
Vo, &2a Y 228 . dal M _V, —M™M,V d=
B Twx v, =7 (MaVa A B)

Let %ag ondl Xpg e the compasilions all 2=0, ocond assume

that T, VA omd. Vg are '\n&epe_mci‘aht ok =

5 Thewv '\V\T'E.ﬂV‘CL—
tion cyves

— MaVa — v,
VE‘BJ A dXA —VAJ éf_)ig = & A A® % dz
bl = RT L
Ba )
and. for consTant o o We 9eT: . _
= XA — xg _. ™MeVa- MaVe =
Vg da o Va L o0 —— T

T1‘<i*\3 the exPonQV\"Ud_\ oJ; bath  sides gives -

% . _—
XAG) a.c = exp [(VAMe"VBMA)

(b) The exact expression for Fao &

2z

%‘1\‘ = K2 v
5m\c>5t'tTmTin3 this v the Fivst

z——:'Q\«Y‘) wse. gQ'C:
z - L a 2
d= =f Q5 (mdv) = L o> .
f, sad= =, QT C4) = 5T (RI-r7)
wiheve 'R‘ i the distance AHvom the axis ofF vratalion

Tegral of )Y  and 5e_tf.in3

whewn = = O. Subst.\_tu:‘-.\"'\a thig Qx\mwtss’\ov\ inte the vasult
of (@) in r:\\u.cg o4 ¥z wWe c")e_‘t’.
Y2 v,
Ka, ) B/ Xao A _ —
—_— — V™M -V M
oV Ye! =3 QXPK,( ATTB B ZRT 3]

() If %, s very swall, then Xg =Xgg and VB::VB' With these
simplitications Eq. 185 -3 becowmes:

A Ve

2)"® = exr [Faro Ve ™) 2




or LT (Yﬁm —-M>“‘"‘
o [(Ta e -wu0) 25

Ih most wltracentrifuge opplications the pavtial
difter by several aorders of mogwitude. The simplifizalion

madae were s then wvalid anly for exceedingly dilute solutions

i£ A 1y the hlo)k—me\ecw\mv-inghi Qom‘pcne)\‘t. (See soluwtion ta
Problem \8.C),

‘83 Mebl‘\'\ty

From Eq 184-14a we q2tT
~ *®

*

FE = Ya~X  _ (Xa-XT)RT

~m A -

ym
A DAB
Lnsertisn of the dalta. in cg.5. awvils oives:
’%" - (\.O < sec_"‘)(‘b."b\‘% 1071 dyvne cwm q-wole™ °1")(2ar.21°K)
A

(\O°s ;ml sec."')
243 x10'® dynes /g- equivalent

N

Now
1 k% forece = (\03 9% m°-5$><q%o~c’c:5 (A gat SQC._:L> = QI%Q_,(':G:E? ésy\nﬂs
Heuwnce 1S
T o= 23RO = 2.52 %106 kg ferce
A 0.9R6665 10 @

Chapter |9 - Checked \oy T.J. Sadowsk:

(S A Eostimation of Point Concentration in B\no.*ry

Diffusional Evaporation

Accov-ok'\mcs to Eq. 191-16 arnd Table A\~

X L= erd (0.50-0.66) Il —ert (-o06) {+evri ong e
Tl + et 066 Tl 4+ evd 066 \ -erf 066 (.65
= O.I\5

Hawce

xa = X %, = (0115)(075) = 0.54

This  agrees dosely with the rvesult estimaXed from Fig. \AA-L,

malayvr veoluvnes



19.8 Rate of EvaporaTlion of

T\f\& Vo\wme

rn-Octane [4"4‘

of vapor A produced in time T

V., = WS, Nadat/T
Acqoh&\hﬁ toa the ideal %CLS
e Va

A RT
the vrass ofF A

[

(a1 =1)

the viiass ofF this vaypor s

\law

W\P\::

Hewnce e_vqioo\ﬂacteck 1o :

T T Sl N EE TES
rRT 1T
gcku;\\l‘D\"'\tLVY\ ayd.

Ass uunr\'\vub wtevrfacial

ideal gas belhoviovr, we
ge,t

Ph,vo_p. \Q.4-5
—_— = 0.\ XS
e 760

Froav  Talla al-1 ) thewn , W) = {006,
Pas ey

—

*ao

be calculated as i Example 64 -\:

Tap = (7451 +368) =5566 A € a/x =y320 %415 =171.1 °K
\ { \ \

A e~ = - = 0.04442 KT/GAE = 2@3. 2L /i71.\ =714
My Mg L4L 2301 Q. = 1.\>7
b}AB — -
\[(1%.1)3’(0.04443)
bma = 0.001353%>

0.0558 cw™ sec™!

(1)(5.566)" (1.137)

Withh these nuvmevical values we gQ't'-

M = (\\4.11_)(\ _aa Q) YQr-aa)(o.0v375)

(4-)(0.055%)(214.5 x> 690)

(82.06)(292.2) T
=pa1 x1075)Y U6 =671 %107 Fg. = 67T wna.

19.C Bound.our'y-‘_&yer‘ Results for B'\nou‘y Diffusional

Eva‘oo o Lionm

By oassumption | f=1-28 ~2 &2 -&%
Hence £= 2 +eg*-4g”
ond £ = -2 . Furthevrmmore,
° (fraz Z(m-gresst-18®) - 3

S\A\tjs-titkk-tion % a Eq, 14.2—-10 thewn gives:

N = \KL‘ F48)(-f )W

dry .y 2 (V=% p0)

J
—_
2|
‘,‘:i
3
</
/



C\ﬂo.\oter 20 - Checked Ey T. J. Sadowski
20.A Determination of Eclcly D'\Husmty

(o) From Eq \7.K-2L we ael ofter multiplicalion by s,
91 v
Sc = A _ a _
s R s ]
Tam A

qu.uub “he natuwral \oaqru’ﬂxm ok baoathh sides we ge'[:

_Q.»\ 5C =] _l/"\. __,_A__.___ — Va — )
A -t T %A (5 z
B pl %)
41 AD 2 bAG
)

Since A, v
b

should be linear with slope (=ve /2 BA(;) b

45

(L) The quanltdy s-z 15 a svmall da{ference of {arge nNumbers
hence the ‘-u\low\nj do_vq_lopmem‘f lead s to s\w{)le_r calculations -

$ v s*—z* - L R
8-z = >"—"— = T - =
_— S+ Z S 42

5 *QJ L_ . az

For the data of F‘S_'ZO.A, the QPP\"OXIVV\Q:(\O\'\ g+72 = 22
1S gaed To Fouw sigrificantt 413\&.\"&5_ The calculations of

SQA/C and. -2 avre gumvmanrized below.

° and. 'BAB ave considevred \v-\&Q,?QV\cLQV\T ok ‘::osl't‘\ovh

this equalion predicts that o plat of il SC,  VErsUs (s~2)

Data from Fig. 20N oy = —c. s
<+ S -+ 2. A7C
/R <a’/c r1=(‘l.(olg\) s=\z > = o0as\(g) | znas e
0.00 0.0105 0.00 W2 .50 O.%000 1.18
0.06 0.0(03 a.a 0.00094 16
Q.07 Q.0t4a0 0.23 g.Qa 13 LA
0.13 0.0087 093 IA.S0 o.co44a 0as |
0.14 0.0082 114 0.005 sax |
0.20 0.0069 2.3 0.0103 0%
0.2\ 0.0064- 2.56 1a.s\ aqQii 4 a1
0.6 ag.00s0 3932 0.0t714 29.S6
0.7 0.00A-% 4.13 0.018% 0.54
033 0.Q034 632 0.01%3 0.2
Q.24 Q.9033 61 0.030 037
0.45 0.aqi4- 1 1.76 a.ss 0.4572 0.16

The rest of the calculations

are shovwn on the O.d.'lc\v\'«ns F‘o't.
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Chapter 21 - Checked by G F Kuether

21.A  Prediction of Mass Transfer Coefficients
n C\osecl. C\f\cxnne\s

With the axdl of Table (.{-\ , Appendix C and the ideal gos  louw
we get: M = C.0\%4 Cep. = 0.04-44 (b, £t~ hv™!

c = \O/RT = 5.1\ %10 > |b-wmoles £~ 3

P =c M = 0.14% o,., £+72

Hpg =0 130K B3LIS0 = 0.504 £ L

RA- __ 0.04.44-

= 0.5]%

= , dimensiouless

P Bae (0.143)(0.504)

() The Reynolds vnumber Fov this system is:
DG . 4w (4XsT70)

e T D W (e/1)(0.0444)

Equation 2LIL.A-\  ig +herefore applicable, and

a.
kx loe = G.0AD C’&AB (DC’ o _il: ) A
> P'b'me

=q.00 x10%

(s.ux10"3?)(0.504) ,

CYAED)
=1.2A> lo-vmoles hv ! ‘Qt~1

= 0.01> \\30‘7 »\Q ) CO 79@)

(b)Y For pacKed beds ok spheres the shape Facktor WV oie uni by,
The Pijxo\ds viumber  heve 1g (see €a. '3 &4 -8):

Re = S0 = = =10 = (.20 x10%
ape S () (100)(0.0aa)(1.0)
From Table 21.2-1 and Eq. 13.4-3 we getb:
Jp =, = 0.6\ (Re)™ "y~ =(°-6\)(‘%°°)-o'41(l-0°) = Q.03 L

Gy &Q{inl'ﬁcn) Lo this Llow sysTerm the chavracteviatic
velocity s Gq /Pb , hance

‘ Kx,tac Mb e /2
Jp = s 3
Go P&AB
Qi&rwwﬁami\/\t ard subsTtulion of nuwmevicol volues gives:
‘l/
kx,\cg, = ( 3 (6.0131)(\570) ‘ )
%M Pﬁaa (w/hed(2AdaT) \0.1013
Qv |
l&x lac — .G \b - weleg vt -C“K_L based. aw ?a_»-‘mc(t
)

surfa.ce
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2B Calculationn of Gas C.Qmpos'(ﬁo\r\ Lram ’\Dsyc\-\vomqt\"\c Datal

The solulion g oblaimed Fram Eqgqs. LLA-35 and 37. Here
T

¢ = 5 (8 +120) =105°F ond the wole

Lrvoclion of watevr is
swmall, hence the AF£ilim Propgwtres LHiewmm Ex.21.22-2 G be used:-
C,g =693 Bt

e ocee ,  Scg =05% | P =074
Far water at <R0°F

2

Pavap = 262 wmmHy  end AW, a0 = 13,370 Brw/lo-mole
Frova Eq. 21.%-37 we get
Xao = Pa,vap /ro = 2@ /%00 = 0.0212%
Substitutlieon n Eq. ALAL-35 Wwes:
32 /3
Xas Xaeo - Cpf ( Sc)
(TOO .‘T0>(‘_ XAO) AWA Vo 'P\A
0.Q22A% — X . o. S‘&
s = ( =314 x|a*
(120 —va)(1~-0.022%) 1,270 \0.74

Frava whickh the wviole fLvaction
oiv glveam s Laound ta be-

Xpoo = 0.032% —0.0152L = A.Q\V76

ol waatev 1w the o..(:(:roo\.c\n'\na

Z\C C&\cm\m'tion of A'\\f‘
Fixed DBed

A energy alarce on the solids cawtained v unit volwme of
the packed bed gives, far cuslanl solids temperalture,
QA =“W'(m)AH

A A ,Vop
ond evalua tion of QA o A "7‘:'5‘('“) i tevms of lacal transter
e rhicdients gives (Qowx?ou*a Eq. 21.2-21)-
X Ao —RAabw — \f\‘°L
(T -To ) - Xac) Koree AW var
F\*em E_q. 3 4 . 4(' oQ‘\dL To.blﬁ’_ 1. 1 (

\tm?e.v*o:t_wv‘e_ ‘Co\r- —Dvy\ns i oo

we 9geT.
/3,
_Miee (‘P > — x,(och (SC)
P\QQ Go
1"\5&?‘t|“\3 this result albave we th(co\mpo.rq Cq. 2V~ 25) -
Lxﬂo_‘ KAb) _ CF’b Sc_ )1/3
(e -Ta) (1= %Xao) AHA vap \ Pr
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T\\e §ol\ow\v\3 viumevrical deta MQ...j the be (viserted-
T =6a°F

AS T (1. \)(\4-‘70 ps.&)
XA =0

AHA wap T 1 9,0%0 Btw / lb-male

CF’“‘ = (.9 Btuw \b-wmele™ °F

= 0.0159  Kvawm Eq. W.2A-27

-

S, = ©.5%

The (ast thvree ?r‘oPaV‘tias ore wnot vary sensitive to 'te_w\ev.v-a.tuu‘e_;
we have used the valuesg from Ex . AL 2Z-1 i which Te = \as9F,

So\viv\a Lov ‘ﬂ,\e_ 905 sTreoum ’tzm?qraitu\.v-f; we qel:

_ as ~Xak\ AR, a 2
T\o" a -+ Q \—- Xaa )( 2 P)(PV)

Sc 4
=¢o 4+ (99s9- o)(m ozo 0.74. /3
| —a.0159 AR 0.5%
=60 + S = (12.° ¢ “‘S Qivaes o corveeled T %

R F, and fav precise mcv-\< a

recalcmloTiom wWawld v advis el
2_\.D RCC(Q_ o‘; Db})'\vxs o‘F GV‘&HMO_Y‘ SQ\\&S i a. &\‘Lefis B:A

The vote of watevr vewaval in moles hv' £4°> Lt po-ciced bed
is, from Eq 2 A=V

aNpg = (k*‘mf)@)(xp\o XAk
(V= Xpo)

Here we hove set Npgg = O ond. assumed. o sumall wescs transfer
vate. (o estimate k

Eq. 12.4 -4

*x,lec  wWe use the wass -Transfer analeg of

jD = K“J“’Q Mb (SC>1/3= kx,\ac_ Mb (S )1
Ga £ P Vg ¢
o
Tv ovder To delevrmine ip we LT coalewlate the Rtyv\o(ds namber:
RQ = L = ﬁ_\?_\/?__
AW A gt

Hevre

a =130 Ft° T = 5 (60+ 1) = R¢°F = 309
No= 1S £t sec Mg =0.0862cp =1L25Lw1T S lb,, " sed
\\f‘ = 0.9%L fvrow Table 3.4 -1 P = P/QT‘O = Q0.0764 e, {.L~3
Hewce
Q.076 l
Re = (00764)(15)

DS I
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Tl‘\en 'choM EC‘ |’54“‘3 MJ\ Tmb({ 1|"l~l)

1y T dp = 9.8l Re™ %! W (since Re >50)
= (0.6D(sa2) % (036) = o.oz32
Frame the dl"(-'\‘u\‘.t‘\or\ at 3p e then %Qt:
kox i = ;)Pf_?.if (gc)_l/'} (0.02821)0.0764)(13) )z
ot M % = (0.5%)
B A% a7

= 27 xilo~ > lbowmaele sec”™ ' fe~
= 1.8 ib-wmale Wt {-t—:‘

The vate ok Qva\pov'o.-\‘..\cn s then ‘couu—ui te be :

7. \Ro)(0.0159 - -
AN = (12250 )( 5 = A2 lb-wmales k' St 2
(1~0.0154)

The soome rvesalt can be ablained by ol calewlaXion based
an  Tthe heaaX tremsfter wote (see Eq. 2AL2-29).

218 Eva\{)ovehticm QI; a qug\j Fa\l'\ha Dv—aP

The proparties of thwe oauiv- waker systewm al 14 altwm , an estimated

Tg eof QO“F) and. %Xy = 0.0  wmole fraction watar vaper are:
€. = p /T{T4_ = 4. 06 X la™% \\s-
Pe = Mg g = LI X o= > o) cm~3

My = 0.01%4 <p = .34 = 1a~% 9 cwm~' sec-!
Tos = 3% cal g-mole™ ST

S54a\1.3%4
E’a‘g -"\rnm E—K. ALN-2A and E-q \6. 21

@%&xr = o137

s = Q. 0%
~ -B'AB)L

The dewsities of the dvep (at 66°F) eond sarreunding aiv (ot \00°F)

a2 -

PSPL\ = 0.9 x on" (we comsider the dvap = vigid g¢phere)

= (.\a x 1o~ > w2
£ oo E OFPuSQlL to

(Q.) A awmeutunt baloance ou the chc?l i the divectian ,[ 3va~vit_\)’c-j'\vgs
the &o\lowimb vesu lt under ?sdeq ~$ltto~cij .ebote coanditions-
O = F‘L)bu.ogo.u't -+ FzJ d\-qa Y Mt Sz a
= a. 3 Sy B 4 -
fm ?“R ¥y * R (EP;VQ)'{' -+ fSP\\ ?WR ( 'b}
We wse P, To cow\?u.tﬁ the busyanT force because the pressure
SYo.,t:iie_vtt) which results i the bwajmb\‘t -co\fce, is SGVQ"“"Q"L b‘J Poo.
We use P in cavapuling F-z,dvng = f (see Tiq. \33-1V), this



Il
chaice is avrbitrary and las Lttle effect heve. Hewmce

Voo = \[4D(P5Fa Py

s 'th aiv VQ\QC‘\‘(j V'Q‘o:iin 'tq

3}?‘ £ the spheve, at v = Go
Heve £ may  be vgawdz& a.s a. tunclien ol the unkunawn
queantily Re = Dves Pe g ., ©Or, wore cownvewniently  a
furicTion of the Knowwn Quantity (compare Ex.G6.2-7 and
ReNE = 224 . [4D(psen-r> Prewtem .85
Mg EVA

_ (a. (1% x1e” 3)\/4 (a) (0.2a3% - 0. 00 114D (qR0.7T)

.84 = 1074 3 (it xla~2)
=(0.623) V1.1l x (65 = 2L12.S

P[o“§h5 the qu&a.'t'tol« ReVE = 2126 an F‘\o).C:.’L-\ e

Stt a. E.tv-o;'\a\‘\'t. lima Q* s\oPe_ —1 \N\r\'u:.\ﬂ mTerszcts the
curve T=4(Re) at TRe = 250 Hewnce

- Ke tAg _ A5Q \

Ve = = 390 cwm sec”
D Pg a.63R
(k) Frawm Eq. 13.3-1 and s vass-tvansder arnalag we qet (see
alse Eqs. 21 L-24 and 25):
\¥} ‘3
i;:E = 2AL.0 + O.6C (150) 1(0.73‘0 = (0.56
3
i '/
kem® 2.0 +060(25Q) *(0.609%)'* = g oza
(C. B’AB);
b _ 1956 g _ \as6 CPSC> = 6.0D  cal gomale” 9
| S SV, 10.Q3 (Cb'AB);‘: 1GQA3 N\ P £ ov -

Bt Wb-wmole ' °F
SubsTilulion iw Eq. Al 2-31 gives, if AHA,VC&P is  evalualed ot

eQ°¥F |
Ao T ° = _e0> _ 216 x @7F o
(lea =T )(1-Xac) 19,0%0
Srom  which . (’5,\6 K\Q-Q'XlOQ—TQ)

w
Ao | +(Gilex e )(1ea -T,)

Equalion 2.2-27 gives o second
ornd. T, Since PA,V"“F is

v2 lation between X ao

a.  Khrawn L unction of the
Temparature, A tabuwine  trial- and - evvror solution o0f these

Two St Ltameows equaliens 1s conveurient -



X aa)
Bssusmed Ta ( o

|52
(xko)—;_
from (100 =~ Tq) = PAa,vap /P
(/¥ a) g.0lASsS 0.0\ 74
5o 0.0156 o.ov !
54 0.0143 a.0140
The last twial 3'\\425 S\&-Q*C'\c.'\«!.utl‘j clos e Q_av-v.tw\‘?.‘“\'t batween
*po), oA (%< aoda , M view ef  the wncertadinties of +the
VOY oS cavrve\lations arnd pv-opev‘ties mvolved. Hewce <he
droplet ’tgw\‘:qv-oiu."e. TQ 15 raunded oft ta S4°F.
(Q> An tk"\stc.cu:lyssta:t{_ vass Yalace o the drayp 3'\ves.:
I 4 2 ) _ ()
Z—‘t(—émﬁ QA th' —_ \—W-A
Ccmb‘\'«‘\"‘\-g ‘t\'\is
Q:— - AYCP

w\'tla\ Eq l\-,)\“'lQ wW e cae_,t., ‘;-ov-
Q‘; Pwre A with

Qvaparation
canstont CLQ-V\SK'\:, .
K - R amo
4wRYc AR K, WD _Zhe
A)\Lq‘ d\t h' S sl \ — \‘AQ
ond. since R:'D/’J_J
AL dR 4D - A K g Y po = ¥ae
dt d.—t CA)\;q- (e XAO
Frowa Paw‘ts 0 omd (B) we L£ind
Ky = lO.03 cPnedy _ (10.03)(4.oc,xLo‘s)(oasq)
™ . —
(0. )
= \.06%10"3
Ca,liq. = 0498 /15,00
Hevce

g-wmole sed'ew ™
= 0.0554 qg-~.wmole 2
AD (2)(Loex16™3) (0.0142 - 0)
At —  (a0s554)

-4 -\
= * \Q
(\ _.0_6\4-'3) S.55 v Sec
Z\F Eiﬁgct of RodiaTickn oun P&jt"\womttv“\ﬁ Meosurewments
(o) An Qneraqgy boalamce on w't area
fov s‘tQO\Aj state -

od the A\v-sj bulb aives,
4.
v g %
A\

a
db 'db “&ast }
We consider hevre thatt
the twa

hdal ordl h, \ ore
<her maomeXerg s

a
W (Too—=Taw) +~ T3, s
fromi  which

ymeos values faov
vothewv +t\Uasa powt valuwes
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() An ruergy balance ot wil crea of  the wel bulk gives,

(<D

fow steady sTate asd small viass transfer vote-
o <. «ao
\"wb(Tao ~Twb) + U@-wb—rs —ewblwe ) — NMAHA,VaF”O

In whickh Npg s o avevage value ov thae wel buib,
T‘f\u.s L\

Nopo = —-———-———Wb (Too ~Twhk) + — [‘a. T: - e, TW:?X

a'dp ,vap AW, ,vap

Combintng the vesult of () with Eq. AL2-3Q aives:

Xao ~ X aco . Wow (Teo —Twk)

- T W AT =1 “ 4
\ falf X<t kxm AHA,V&F - '\'_"—‘Nb{‘a-wb—rs - ew‘aTw\o]

We ’g.\" sT detearvmine Voo ‘;v-ovv\ the result ok @), R&S u..yv\'\u\g
T{_ = |4Q°F oavrourmcl tha d\\"\_., buwlbo 5, Wwe 31"(.
Pg = 00663 \b, Lx-3
Hy = Q.09 cp = ©.04%3 b, §t~" he"!
EP{_-: o224\ Bt b °F
('P"‘).g.- o 14 trom Eq. V. 3-16

_ DV g (o\/\q_) 15 %x3600)(0.0663
Re = 2¥=F ¢ ) - e

ths (0.ca32)

Frama Fig. 124 - iy =9.92235 ; hewce
. ~ -l
Wy = 34 PsCes Vo (’D\,.)

-\

a/
=(0.0225)(0.0663)(0.24 V(15 x360d)(074Y
=221 Btu ket T2 o )
SubstiTuXrion irh tha wesult of (@D <3'\veg .
&
T = \&0 o+ 217172 (eoo ez S'm) ]
13—1 [aYe]
= 140 « (ot (eaz) E\:L‘\G -0z ]
A
= l40.6 °F

Hewce. the assuwed T{, for the Arj bulb was SOL*'\S“"o-(fQ"‘g.
For the wat-bulb thavimometer the Filw \:)V‘QVQV""-'\QS qiven in
Ex. 20V~ ave <till jqo& because TQ is the sasme and Too

is o\«lmj S(\qk'ﬂj Aifferent. Tkus - RS, un Lts
Re = L0188 xas5a)(15 x3o43)(| 2 X (a~2)
(tLat x 1o =4 )

= (020

Jy = Q.Q1 75
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(c.ov18)(traxio~®)(o.24)(15 x3a.a)(074)

= 2L 64 K102 cal sec”' cwm™ > o
= 1.5 Btuw he! -2 o

me E‘&. 0.2 -2 o e, caﬂ._t. Y\AQ = O.C72A] and Lvaw Eq,l\.'l—BA—)
Mo _ _Cea Sc.) % (AR (os& /3
KXMAHA)V%? AﬁA,V&P Pr 13,900 o114

]

hwb

= 3 {4 » o™ %
Insav-'t’umj these numerical valuaes in the +first Q,qmcx.’ﬁov\
ok (&) ogives: (1406 -T10)
QOA4ATT —¥Kpeo

o oaa ::(’:5.\4-% o™ q’) (o 7 \1){( quO) (°q3>k530>}

1. (Lo X

0.024 T ~Xaso - (5.\4. x\o-q.){-,g_é, +3,4} = 0.0
a6 32

= 0.0247 — (0.a7153)(0.0232)

= 0.00721\ ve., O.0Q23% v EBEx. AN~
The simplitied wmethod. of Ex. AL 2A-2A s rnoticealkly in
errav woadoe v +the conditions stated. lhere.

X ace

216 Transfer of A anvd B acress a Fluid-Fluid
1v\‘t_Q_v~';cx.ce.

(o) Fov- Qcmyo.c'tmass we vrmoKe the substitutions NAAO“J‘M /OLA

ete s  then from Egq. AL \-l we get:

P

Naga — "‘AQ(NAJ,Q + Ngio)

kx
NA%Q ~ Y no (NF\30 * NB%")
\( = Yo jP~\o
Y
Combin(na these Qquu:z_’tlov\s oordl V\q‘t'u«.3 ‘\att, NAAO:——NA‘BOJ
NB.LO :"‘NB,%OJ we gt
yap-Yan __Kx  MNago ~Yao(Mage * Nayo)
%Al = XA0 Ky NAgo — xac(Nago + Nggqoa)

k (___:‘__5_2——— -
— Nae + Naao Ao

Nao
Ky (2 N - =
NAO“" NSG Ao




155

im which Nae - Npgo _ Naso
(b)) \We Livst YR oL vasag @ the Jdefintion of Ky te %@_"t .

)

Nago ”YAQ<NA30 +Ng40)
1/(y
Ass‘«_w\‘u\a interftorcial Qquk\l“bv'\uuﬂ\ as i =& AND ) we wrte

Jae " Jaw T (yl\a-yF\o) + (Yao —\Jp‘bs
= w)(xAb—on) -+ (75\6—7{\\93

—

Yae  aw

IV\SQ"“tiV\s the (LQ'('.\V\.\-t.\OHS Q'&- K’ s ‘rﬂ,’. aan d k) » vy 2 Ca‘%.:t
NA30 - jAQ(NAo)O - N&gﬁ} NMQ - xM(NA.aQ*NBaQ)
— — Y"\y
-~ NA‘ho ‘VAQ(Nl\gO*NBSQ)
ky

, We wan rewrile tthis 1w the

1< NAgo * N390 is Now-zevro

nzater FLavrm

Nao 3_ 9 Nao 3 “ Noao
NF\0+ NE’ he - v Mag +~ Nea Ao NAQ"' Nag jAo
: = 'y “+
7 k'ﬂ k)

() If N;\%o ="N(3.50J the last favm n (L) s lndelerminate,
the geneval solution i (k) reducey o
\ _ ™y 1
=, K Ky
2.1.H 1n“tev—o\epeno{ence of Moacs Transder Coefficients v a

Muu.k‘t't(pmpowcn't Sjs'tem

n SMVV\Q.T.RQV\ 0{- E_q. 1\.%_4 'g\r—ow—\ =\ tToe L=mwv Slves,:
Z‘ Mo~ Z ‘LO)_Z‘— NJO = Z hx'\.)\oc O
[y (P~} 3=\ L=t
Ow =

\a)
hild [
Zﬁ k“'*;-;hc B 'LZ\ h ;.Zi 20

wWhich verifies Egq. AW -1,



IeY<)

From Eq_ ANB-T7 setling Xio~Riaw =LK, we gel
AXL h_x.b,‘QQAXL
. <
[¥ d=l NJO
Suwimation of this aqualion dvam U=\ 1a L=mn, oand use
of Eq. AW -1, a\ves -
— = Q
= R > N,
3=
which verifiea Eq. 21, H -7,
From E_q. 2A1.8-10 e 30.1_:
¢LM ‘Qm.)\oc = Z— NJO
J—\
Since the h'\ghTJ«eu«i_ < de i1g Q_,\gu._r\j ‘\nclo_\at.\ndevft of .

Eq_ ALH-2 tallaws d.iwec_‘t'l_y.

2

(b) Frowi Tawble PR T we 3(1 the gouow'\v\s checlk values
to compare with the oloave itdertitieg:
= b,
p— A2\
Z‘ Vl % L \OQ - Z. %L.J‘Oc —h‘- AX
L=t V= (R
= 3.5¢ (2 ‘\%Z)(o 069 - 0.\0Q)
+7.66 (;’::%)(Q“l%% Q. %OO}
+ 430 (2333 )(0Qaa- Q.a50)
+15.5 (2222 (0051 ~0.050)
= —a.\l% — 0.0 + 0,190 +0,0\06
= — 0.00aQa7
4'2 oKL 0.064 — 0,100 O1%R - 9800  0.092-0.050 _ O.05\ - 00506
3 b o
=0 ‘R—Lm — O\ — 0.0% 6 - 0.9%% — Q.02 %
= o677 + oala — o0.429 — 0.036
= a.o\G
‘bum h—xL = 9. 440 4o species 1
O. 444 Lo species 2
Q.44 Hfar species 3
.43 far  species &
All a4 +hese checks are within the expated vouwndotf
evrravr, Eq_l&a:t'\on ALH-3 o CLLk'\‘om-a.T'\ccxllj Lk led here ; buX
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Moy provide a. rmore imnfarmative check (n prablems where
the. wmass transfer roles are unkrngwwn.

2L\ 1L 'D’\‘Q'(&slom-can’twolle& Combu&_&'tiotﬂ W oo F'\KQJ\ BQ&\

(@) The *fluxes of the various species (1l the oms at the
extevrnal suvrdace of a  catalyst particde are:

N = N (o~ Mggm’t‘\ve quuou—\‘t'ﬁuj 5 See welow)
N N = O

= Q
Negts ™ &
NC.O'L "" - T—Z\.N:Lo

4

Nyo =— 3. Mo
5 “a
Z Mio =~ T3 Nao

The waxivium Poss'\bltivno\ss Llux ot Q4 occwrs when

'tke. MO‘Q {%Mtic-—\ O‘L O:t 'tL\Q. auvtev pOJ*_t'\ClQ_ SLL\“{M@_ is,
zeva. Uwnder +these canditiovs Eq. ALR-T

3'\\:1&

% —_

10 1b Q — a.a\o — a.a\0

'R — = = —— = 0.0Q\&7
A Ni4a ™N — G
- X io
iN-O 10 F A N\ S
5 (‘\1N103

This smatll value of Ryw justifies the negleet of  +the

wass ~transfer correcTion 8, thes problom. Hence we set

Y Laal
"ixt,loc = kRxi loc . ad Eq. 2123-4 bewmes:

- -8 - |
Nga 0 & Nio) = Rw(,tee O%Xg

O . Rxilee (R0 =*a1) “
(NA.O) = a =°h%1,\oc 1b

The negaltive value ot N10 TMdicates *xhat this Kloex s
dirgcted oul of  the gas phese.

() Eq'«ﬂ-ting the vate of heat liberation per unit particle

suvrdace by the chemical reaction ta the rate of
cord.uctive heat \ass tao the ao.s

Ay’ = NgAH, = W (-

N = Ve —T)
10 K]
A H1

plhoase;, wae gt

(o) of
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(<) Comb’\n'\nj the results of (@) and (b) aqives

QTO-‘T\D>M°\% = —AHi K‘Ki)\oc

Aiw
h\ec
Using  the oonnalagy 3 W= "\’D , we qet
. , - N3
_"Eﬁxi,Lon - 2p Cla <S<>“’L/ _ \ S 1m
— = T -L/3 = —_
\“Leg In PbCPQ(" (P"").;. Cpe T g
L .
Hence — AHQ Pw />
(To -‘Tb>m ax | = <, Kaw
C‘ob C’ﬂ.r-'\ &

(d~3 Numerical sulstitution 3'\\'425
LB

—100,0d4aQ
(T:’ —Tb)vvukx = - . Q 3 (0 G\>

T.S54
=2l = A0 °F
Ta,wax = 1000 + 220 = \L20 °F

Z2\.J  Catalyst Tém\:&vm“tw\"e W oo Mw\.‘timw\{mnewl R eacion

A evnaevroy walance ow Wt area ot cactalysT surfece

0 At{a = V\o (Tb"To>

StVQS‘ :

The L{,hccrhet—tﬁ& heat tramsfer c_oﬁjv";(c.les\t, W s e given
by Eq. 3.4-4, with nww}&.‘r'\c.a.l voluwes Frowr Ex. WNK-\ :
. -
W = 3 C G Cp‘r-> >

= (o m)(\\ = /1a, 43)((0003(0 co)
I£ W in uszd  foarx W7, Alken

1% % Blw W {ar o)

n

" o.1a1{(-SV,600 »\
(Tb“‘T<-> = Do &Ha ¢ DAt >= —\7¥°F
- —s.%
= —149 °K
Hence. Te = 500 + |00 = 600 °K.

A mave delinitive omswer can be obtoimed by delarsining
A'\:(3 eXT LO0Q°K  and  corvectina the heat tvansier coefficie~t

fovr vnass 'tV‘&v\&"c-Q_"". .
(aBa oX 60a°K ) = -52,2%1 cal g-msle
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<b - E‘ NJOEP:‘ (- o.v&:?)(%S.’L'l)—» (— Q.Mf)('!_QQO) -+ (0-\“’?‘—7)(4-9(05)
nn ——

W 5% ST oo
Here +he EJP] avre ‘boen evoaluated. at 650 K. The covvrection
foctar e’r‘ is e stimated fvomm Eeoq. AN.S—-4%:
a - ey _ — o.0l2% — 1.q064
T @ T _—o0.0t2%
e (=8 —

Thauw e seocond ogproximation Te the catalyst Tawmperature
(s: (vu-To) = Naq AHA _ (@ (=52,20\ ®x1.2) o lwioe

e .h (.eeea) (15 .%)

= —-101°K

’rc = S00 + \0\ = 6O\ %

T"“S s ‘t&\e Tewm F-v.'ra_.'tucf‘e G'Q- the
catalysT parti cles ;3 higher
the pon-ticles.

21.K Film

exlerior suvrfoce of the

‘t.v;w\pgra:tu.ve; watll vaunx\i insid e

T%eovj for S\Q‘nev—es

We caonsider a sphere of vadius = s
of ~thickKwness & for heat 't.ho.vxs{gv_, &M&&o“ 't‘n\ckuess.
ditfusion. The —Fo\{cw\»\a bowsndary

at =R T =T,

3

sug_v‘voux.v\rlq& by a Ll
gl\B Lfovr
Coandl tisneg oxre assusnad:

a X =R S+ R T =T
Xa = Xpo . et
Naw /Ngy= Nag /Neo

WUsing Eq. 18.2-12, with e

\"ER*SAE‘) \'\A"‘\’*r\co

G:Q':P =0 asnd ¥ - hgs\ﬁc_'\&.d) we qget-

) S - S 2 )_ | -
(v-2) = Gv(rrer)=0
WUsing Eq. LB.1-10, wwith Nig =Ny = andl R; =0, we get:
— V. A =
(v-n,.) = T; ;‘ (r*Na)=0
(V NB> r‘x. dr‘ (r-'LNg\-) o
Intaawf—{t\on oA \-st ok Eqs \%ar G osd b2~ '.1 gives
e = TN, HA+Y‘ Ne,,,.HB ——v—“—k’-i: lC
rENR= Y"'LNF\W’“A“‘““‘“NC‘BY‘K‘*\ — v*c Bag a—é‘* = Co
Y“Q'Ngv_ = C3
from which ~ o~ o~ ~ a7 \\Y _
e, \; e t\\Ar(HA‘HAOB +‘r~'LNav~(Na“HBo> ‘("‘lh \ =

Q
Ay E % w>=Ng, (xp—% o) - (r2cd a‘*’*) ‘v'—' @)
2 NAY.\Q = r av (A= pa) + ar (X~ %A S



~ |0
get ~ ~ 47T 2
(T‘TVD[ C.CpA C':,CFB] — vk 5= ar = R Ko
dCKA a.
5Q?thtion af vaviavles gwd '\v\’tegwo:t'\ovx al\ves:

T AT -
[ CEmartm]es .~ 2
Ta x4 '

j dxp f“ dr

Zno [C..L-’r C-_::_](XA—'Y\AQB—'R:L jF\f - = \-"-c_&AB
n wlaich twoe Q't 'th bok&“&&v‘j
constant ', cﬁp\g CPA ond. CPS e Se"t_ -

tond Mians Nave ooy usaed. For

[clc?,\*-c.,c?(;_\(T To) ~R V¢ (caCen~ C'_}CPB] _
Uo
U A
[ca +c3](x,\~l¢\o3 -R" 3 pq Co + Ch (_LﬁL)
| ~R>3% B <Ban AT
TRearranging and evaluating C, asd Cq in terms of the
rmass Lluxes ot =R, we g<t-
N (T-Ta)(Nac Cen *+ NgeleB) NMC‘,R-\-NMCPB( )
¥o © R
Xa—R Naas + Ngag N
1 — ( A AQB( ) = Q_T\? NAO * Ba (R-—- —
< dap

NAQ Rl XAQ (NAQ + NBQ)

in P‘mct ot Eqs. W.S-290 ord AL
AFPtj“\m) these equations ot =R+ S and usineg the boundary

Conditionig -theve we v.aqt . .
= exp "v\ - R+b6..

Yo
4 - (kao—%am ) Nag + NB(Q . Nao+ Naa (‘l" )
Naa ~ *ae (Nao + Nao) v < Bas R+ 8pm

2)1.5-2A3 and '14' Tsnse\-‘t\mb \ocal 1ransfer coelficiants

. place of Eqs.
woe Cth NAO CPA -+ Ngg CPB Nkozpk"" NQOCPB l j
1 « o = €xp RaSsy
(ac h
N +~ N 1\ + Naa
AQ 8q - Ao D
1 = Qxp [ 8o (R R+ SAB,B]

*
h‘&,\oc



el

Naog and. Ngg oappreach =zevo, these equations
yield. the ‘Fo\(oua'\ua ex?vessioms for the
i

\ =
.= w(R-E)
A Al )
RX,LQ; CbAB <R R+%.a

I.v\sg\—i'\\«s “these veswlts (v

Ir\ the ULiwt as

Tl thickwnesses-

tha solutions fov the Sluxes orven earlier

odl AsSumiug ST and SkB '\v-\dg?lnclo.vxt ot wvrass transfer raote

L T "~ ~ ~ ”~
- 3% (To —T”)CNAQCPR +~ N@ao CPB) Npalea+ Ngoglpa
1 +~ L = exra - —
%Q loa
w =% a0co ~ ~ N
1+~ ad 2 = eQxp A ac]
ALY \Q%,\ot
NAQ*NQQ

ond  these vesults are identical wrtlh CEqs. ALS -3F ancd 36,

na Hlows past the gphere (Voo =0
a~d ve = V4 =0) these $oldlliaus are exoct ond the Lilwms
extand. to v =00 | € thevre 18 flow past the sphere then
the profiles of T amd %g

ara AigstTovted. and these saglutions
avre owly osppv'cx'\wtok‘tﬂ -

I~ thae special case o4

Extensiomn ok thwe £ilm theory To calcdwlate draqg forces on spheres

would  inveolve imany difficalties ; in partituwlar the velscity

cowld. wot be *reated ag o dunctien of

v alawve (Qsp@gim\\y
when  there 15 flaw saparaXiown).

2LL Film Tkeowy Lor Cy\'\nder‘s

We covnsider o cy\'\uole‘r of radius R and wdumate Length,
placed either parallel av perpendicular 1o
streom which s otherwise uvwoundead,. | he cylinder is asguwmed.
to be suwvrvaunded \93 a *ilmi of +thickness 5+ for heat
‘t_v—mv\.sge_‘r) ornd a Fitln of  t\lickuness Sam tor Adilfusion. The
bou\.v\d.cu—-y Cannditions ot TPrablenmg 2Al.K oare used ( vete  however,
t\\t d‘L‘\"(t*QucQ i 'ﬂ'\Q MQQ_"\\\-\a Q“' A\ ou~d R)

Franm Eqs. 2. 310U amdl R.1-10, we oaboTain (fav
Q)'\& % H '=TE: = 0):

*\he oppva ckch'u\g

radially - directad fluxes



Noya
Iv\teg\ra_'taavx) cuaot use ol Eqr, .G -6 amd lG:;.Q.‘Q, aives

d.x
rNavw-= v Np, %y -+ ~Neay Xn "‘V‘CBF\B Z;_-A = C,_
"‘NB\'— =Ca
£vouwe whick — - . AT -
th\r = rNaAL(Ha-Wio) + »Na (Kg-Heo) —(‘f‘h*; \ =0
R

i [, = M Ceaad < o aia et B =

5Qtt““3 ‘;'\ ac” ?(AO = C pPA (T ‘To) ad EB "?{,BQ = ’E:Pe’ (T"To) ( 'FOV‘"
O.SSKM?-t‘lO“S see § 2l S) we gc_t T

(T—To)(-clfc\:?p\ + ngpB] — v g —“—:Rﬂﬁ..o
Q"A"*MDL Ca. -+ c—_;,j —-Y“C_B'P\sd =RI

Ih‘\ia\"o\t'\o“, and. use of the bownrdary conditions on T asd

®p ot the surfoace v =R, gives:
v-

ST AT 'J dr
AP X_Q’-EPA - C3CPB](T"T0) “'Rqra = k‘r\
JXP\ &ﬁa\ J‘r dr
{c + Cx)(*a—%no) —RTJ, R ~cDpa
Fov Qons’tmw’t h; QB‘(\B) Cpp\ aodl CPB we  thaw 3Qt:
N1 { (caCenrcs (_:_PB](T -To) ~Rgo. } = CaCen + CBEPB -
~Rapq €3 R
Lar. { (cr+rcal(xa—*a0) ~Q32‘o } € +Caq D =
—RIX < dag ®

Qeo.‘r-v-o\y\t}'\v\.a as~d Q_VO\\\.AQ':t.‘\hg “the couvstants v tavms ot NAQ oond,

Ne,g’ we get-

(v To)[ NAQCPF\ + N@gq CPB] KRNAQEPA+RNBOEPB ,,]
exp do

1 — = S
a. R R
4 - (,a-*ad)( Nao ~+ Nao) — G‘*F‘{ Nao+ Nao hi]
Nas = ®aa(Nag + Neo) < Bae =

in ploca of E.C\S. A0S~ 20 and AL APP‘ICQ:t;OV\ o} these qucg.’t;ov\s
at ¥R + &  and insertiam ot  the boundary couditions then qgives:



N l6 5
T, = Tag W MpagC Nag C e e
1 - ( oo)( Ao-PA *+ Nao CPB> _ QXFK\NMC?A-*NB‘OCPERJ_*R*&;J
% D
4 + me“*‘\xD(NF\O + NBO) (NRO *
= ex
Npo — Xae{Nao + Neo) v

W place of Eqs. 21L.S-U3 ood 24, T nserting the (ocal %t anster
ceeftficients deftined . Eqs. 20L.5- 26 and 277, we gel:

1 - NagCea + Nag Cpe :QxP{NAQCPk*‘NBoCPBQ "\?‘-&-ﬁ,ﬂ

\"Loc_ h ‘Q
N
A - Ao +. Ngo — e%?& Nas + Nmo R R+Sag
kx,\Oe. CbAa R
In the W as Nag axd Nagg appreoch zero, these aqualions
vield -the ";Q\‘\OUJ;\'\a Q‘APV‘QSSicnS ";QY“ +hs Lilimi  thickuesses:
AL R, Rk,
hLoc_ R TQ
R+ 3
1 _ = ) AB
hK,LOQ QBA@ Q

'Iv\sgv-'tihg these results v the abova  golutions Lor the Lluxas
asdl cnsswmlnﬁ ST Y | SAB ‘\»\Ao_?v_v\&e.n't ot vwnass transfer

Yata | we 3cft.-,

P

(To -TooB(NAoCPR* NBGC93> NAQEPA’*‘NMCPB
1 - = exp
%—o h\_eg
K — R a00 ™~ +~ N
14 =+ Ac — Q"\P[ Ao Bo]
ke
x,loc

NAO
) -
NAO + NBO

ond. these vesults are identical with Eqs. 2.S5-25 and 26,
These soluliows avre presumed. ta PbPa wiare occurate far
parallel flow than  Lor parprdicwlar Llous. Note that

"t‘ne. na- Flaw  saluRXiav  herve 5 abtoine d b‘j 59_1\'\‘,\5 &4 < &F\E': = o0 |
1> Ariviall @ the fluxes yvariswh. Fav spheves there s o

rove 'n\’tev-asf\'\tb solulion with vy =0 (see Solulien L. W),
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C\'\o_(atev- 22 — Checked by R.H. Weower

QIA EK(’:&V\S\o\« c" a chs M\Kt&"Q A VQV‘B S\ou.) RQ&Q"..\QV\

Rate
We Lirgt CQMPvC\Q the 3°~slcow\Po;\"tzov\ fram Eqs A.S-27 throug 40
K . (“ch)("co) - K co ___( Aco ‘)1' - v = 0.5 Vi
*® (XHQ‘)(\‘CO‘L) 7\851_ aS-Keca R ca \+VK
Heve VK = ta—5/2)_ = 0.%4\ , hence %cq = Xyu,0 =(-°'\i2‘%f‘—)=0-11&
. \
a *wu,= Ko, =05~ %eg =072
Then 3 xM, = 0223 (Ar.01) > % Cer = 0.22% (7232)
=1 +0.2.2% (\$.02) L= +o0.2.2% (A.361)
+~o 27w (2.016) +ro1n(2.016)
+ o. U722 (44.01) +0.21 (4400
= 2A.>.0\ = 9,554 _Sa\
a -wole ° KK evas
Substdutiawn v Eq.22.5-35 gives :y = A554 %4140 x\a’ a-wmeale Sk
P R/‘Z %, Ce: ) (1937/2.554)
T, =T (— (ooo)(———-—) = Q2 0°K
- t . = S -
Substitulion 1n Eq. 22.5-326 Qives:
R/T. % c?) . =i Cp
. k z P . L -P
v.:“-.—.'),T[ (= 2 (n T‘)zxw\

— A
— 2 riel emTsed
a2 2.a\

*, M,
Aq.SS4A % 4 \BA0 ® \o"
= ifl (1900 -92.0)

Vo = ‘{1‘7.%1&\0‘ =S AT % 10% cwm sec! \7126 $+ sec™!
The Ve.\oc‘\.'ty at  scumnd at ex\ U tewm

evrature is (see €q.10.L-4):
Ver =\ YR/ ™ =\] Ce RTa \/ 1854 (12sDA20)
-R ™ a % 107

% 4 \34
SS5A4-13%1 L300
=s[4—1.o 210% = . 4% x10% e sed' = 2126 £t sed’
i thevefore
Pa 8 equal T the

The velocty v,

subsonic, omd. the ossumplion <hat

axbilet Pvressure s covvrect .



ZZB HQ.\S\'\t O‘F a. PQQKQA\—T-QWQY‘ AbSOY‘er‘ IQ)S

() The data for calculation of thwe ceg\ru.‘tn\s line oxe:
__ ©.003

Yar = (Cosa = 000100 g = BT = 0000 Ky = ioagem T 000
H = 20(1—-0.003) = 1994 lb-wmoles he™!
WG = - 35:%5‘60 (\-QSX %)(\—0.0\0} = —S56.°%2 \b-wmolea v

An ovevrall cycloherane balance ow the Towew aives (see Eq.22.5-\7)

Lo = X‘A\ - (WG /'WL)(YA'L"YA\\

coo30t — (-563/1aa4a)(0.00010-0.0a100) = 0.02.29
com viaw be platled as a

—-—
—

The cperarting line (see Eq. 11.5—\%)
s'tho;\s\-\‘t \ime fvarn YA\, XA\ ta \rF\'l,XA‘J.- This tine s shawn in

the Q\cﬂjo'\v\‘.v\a 3*0.?\\.
(b) Accov-&'ma o Ramu&'t's laws ard. the assuwmplion of 1utevfacial

equilibriuwm, Yoo = P‘;V"'P a0 =(7———————-;:QL;(\.QS) Yag = OUSle wpg
Coordivates Com‘auC\ed. 4vor xXis Qqu\og'\ion orye as HKallows
YAO Yaa Xao X no
= _Yao - _Yao = _Xaa
{ ~Yao a.18\6 l-Xpaa
o o o o
0.00\ 0.000999 | 0.00659 0.00663
6.002 0.001996| 0.01™\6 0.01334
a.0a4a 0.0939%4{ 0.0262% | 0.0264349
0.006 0.0059¢4{ ©0.03933 | 0.044094
d.QQ¢ 0.407A37 | 0.Q85A34 | 0.055273
a.aiQ 0.6094301 | 0.06520 | 0.06LA¥G

(C) From Eq. X2.5-2\ (for dilute solutions) we aet

Ya —Yao _'___CE_".}\=_ 922 _ _ 5.02a2s
KXo —Fae Wy o \4,2 )

Frawia «his equalion amdl the o.cijo\hiv\j plot > the terminal

interface cawmpasitions are estimated ta be-

", AQ Kaao
Top (17D 0.00093 0.006l

Pattom (27) 0.409430 0.0646




(d) Frawa Eq AL.S-24 the

\(‘

required. tower

loo

hWeight 1

7= - e (Mo AT o (-se®) [2.=¢2 $1
5(“, Q) (\(A"\fao) (2.0a)(1a . 2) . '
Al
The calculafXian ot the '\htijrd 13 Swimmarized below .
A
- —_— Cormtrilbuwtiang
YA KAQ“XA (Bvom 3\'-@.?\\) ~Nn-Yae om 1-_; wltiaw
- b f\{n«x dCa
0.0225 (X o-Rno) Ya. Ya-Yno
0.001 0.00313 (calc'd ) 14 200
Q.ecl a.QagHs 6,%a0
0.00% Q.Qaqq 4,500
0004 0.Qi134 3,320
ooos 0.a016% 21640 297 by
’ ’ ! Simepsons
Q.006 g.0204 2,130 rule
6.0Q7 0.0244Q \,950
0.0} a.e2.117 \,;aQaqa
0.009 ca3ie 1,499 .4 by te
Q.Q\Q | 0.0357 ,2a4 } trap. rule
Totol = 31\

() From parl (d) we 3&2_'\:: (YA —YAc)l: 0.021.S (0-0‘33\3) = 0.Qa80Q7Q4
(YA'—YAQ) = 0.0215 (0-0’55'7) = 0.000%03
a

Hece ( R ) __ 0.800%e3 —0.00007104 0.0007T33
\(A AS/p T \ 0.00003 = 9 0.\ -
0.9agQ 704
Eq. 2245 -5 %‘\ves
Z — “‘WV(;. \(P\"L“\(P\\ . (“SQ%)
S(wkya) (Wac-Yn)y  (Qe0)(14a]) (-0.00e301)
= 60 +t,

0.9Qa 39}

T‘\e LoV
(0.00\0. ~0.00100)
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wuve: Very Fast Reaction Rate
(o) The Levmperature dependence of

22C E_xr:cvns'\on ok a Gas Mixt

<\,
H unda v Qq.ug'\l'-br\kkm
carnditione s CQVV\PLCth aR Lollowss .

STToRa 150° \0oa® K
Vi 0. 676 0. 154, 9.%4-\
¥y = Reay = 0.S/(\+ViK) o.293 0135 o772
Xea = ““H.-LO = 0.5 —Rpn, 0.202 oS O LR
W, = 6340+ 127 (T-200) €240 670\ 1e6
Heo,=—%3242+12335 (T-00) -$3,242 | 32,572 | 334
H,., =-16,636 +7932(7T-%00) -16,636 | —16,1%7 | —15,243
‘gﬂla =-49,37% +.161 (T-100) -49,378 | -4%,335 | -4%,392
~ A o
H = 2 =(H; cal g-mole™ -36,152 | —-35,63\ | -35,013
:‘ v -1 ~ T
AH /AT, cal g-male” 1242 1306

The Propcsed expression (dt\/&T CLV9= 124.40 s clearly adequate.
() Frawm Eq. 12.5—44) which holds Kov canslanmt 'Z.‘Y\-‘M;)

we gel T, . La’T D .. o - O
Hoa <, 2409 1.5 065
—-0.96%S
T, = \gao e = 9377
() To be cansisTenl with (L) we

das netl wlerpolala Lovw T\—LJ
bult s2% ~

H,-H,= 12,40 (437-1a90) = 13| ca) g-mele™
He ~ N~ 131) (41040 v 19)
neR H, -H, = H, el ( ) )(4' = \‘4’2\"\0‘-\ evas
5. M, (20\) 5
. - = 1.420% 1% cv ™ sec®
Suestituliav wwn Eq 115“1q 3\\;25‘-

Vo = \/1(‘:‘.“\:‘1) :\I '1*\.4—10%\0':\ = 533 x1a® ey 5Q6‘
1748 £t sec!

)



le2
22D ’D.\E,?osn__\ of am WUnsteble Waste Maetariald

We consider Livst the period. O &£ T £ ode]) during whidh ke tonk
iz fillad . A walor ‘walamez awn sprciee A tm the tesk thew gives
do . - ()
T Maqtet = Wa, “Maq W +TRa e
= QCpg —O =+ O (k. McaQt)

= Q Chac "‘\‘V.l"‘ M,l,\;ta‘t.
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we get: M atat t
f AP a stet - f at
[ QQAQ —_ k{:” MA)’\Q”t Q
oy c - K e fyn
- JVKKQ - : AYeT - ¢
\Q\ QA <ao
(3
av _ Q<cae -R, Y
i Lo tet T — (\ -2
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SQtt-.‘“j WA,‘LQ‘L = QX Tp , we 3Q't: .
D TR
<a  _ l—e™ ! (-g-_ < )
CAQ k.“"t Gl ‘

amd the cnceatvalion ot the (ustawt the tank bezawes Lull

(he,vr'i. dn_v\aM 2.5 C..;\-&) is 9\‘!{!#\ ‘Qj M

—_ g MV
Sat \ - e =

cp\o - Ck“\‘T/Q)
A wvaalor Ibalawmce own =N aftar the o= 15 Litlad 3'\\19;5'-

%E.:C.(CAV) = QCAQ"‘QCA «~ Q - \a““c,\\?'

QO &ﬁ 11V
~J a = — (G + Rk C
dea = Geao — ( SN
Im‘ttgm'tiv\a > witth the initial condion that Sa™ Cat a’l
't:V/Q‘, we gel- “a ~7 dcy +
f - = dt
Caz /G

o ~7 Qepe ~[Q+ RV )y ~J
Q@+ RV Q a0 ~ (@ +RMV)Cas

- st - e[ ER)( )

ci\% - Caro
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ZZE_ I_v-v-e_ve.\r‘sl\:\l F‘LV‘&'(*Ov-clu- Qqa& igvi W o ContTinuous

Reactor

A boJouﬂcz awv syo_c'\es A W the veactor Sivesz

A - - - (>
a'{WA,tot = Wa, ~ WM WVA + R tet

for Tt >0 +the *erms in this equalion become:

“3:% (V) = voo\:;: — Qecpg — Qea — O = kM) V

I_V\tl3\f‘0:t.\0"\ Q‘¥- 't\’\.\$ e qual 'ov\) wo it the ‘Ut\'\t‘LQ_( Qﬁhdi‘tlov\
that cCca =< <pao at Tt =0, qives (compore Problem 22.D):

SCA Y, ACA /(-td
= t
QQAQ ‘—(Q'*‘h:“ \J)CA

CAO Q

Frowmi which we 39_"t e
Q) C Q <ao0 Q-+
(C“‘- A~ R :\‘?v> - (C‘“’ A RV QKPK:Q—{F— );’}
L ' .
\‘Q\\lv
€A _ __© N )ex Y: Qx> ’t]
aa Q*RNY ~ (- S ) e ( ~7 )

ZZ.F E‘H-eative f»\vev*o.ge .D\'"\V.l\f\a Fov-cos W a, Gas A\osoh\:er

(°~) T\'\Q assumplions at a STUvralght eqm\\'\b\-‘uum \ine and. o straiaht
opﬂvm'tlha line S.LVQ‘.

Qr

Ype= . Xa ~ b, D
Ya = ma R a+aq ()
Hewee (YA“YAQ3=(M a—M) R 4 b,-b,
= (222 ) (Ya-ba) ~loa-b))
= C,Yp ~ C, (3)
where .= V:-:‘:——E—‘ ad C.,L: bl—b“‘ b—,._C‘ . Q.e.D,

() Assmm\v\3 imterfacial qul\ibwluvvx ord. us‘u«S Eq. (V) we 31.1..:
Yao = v, Kpo * o, +)

A'SSum‘w\B (\Qx& /K,&) = constanl amd \..\3'\»'\3 Eq. 2.5-2\ ( for
Ailute so\un.'tiows) we qet:

Ya-Yaa ma (X~ Xno) , =)

where via = — Wya /Rya.
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‘;NM whick
Ya(lm 22 = Yao (- 22) v v o222 o
ou~d_ (\_. _V_:g 1S b -
e =TT EEY Tatmy Lol ®
Hence (\— —\T"?’ ™M b, by
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(-2 3) (- =
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- e Taa > '\
Z T T S0
v YA\ C3YA+C4
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7 - — wi (Xaa=Yan) o (OYa-Yao),
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(I‘F C3=O) thew Ya—-Yag is

coamstanmt ocodl the vegult here
fallocws by

divect imteqg vation ok Eq. '11.5"4-_) Se,tt'\hs
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W@(YA:L_ ) as~dl rRarvramging , we oet :
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ke ) S
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acC N (k <L) oy’ e !
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takenm over tn the present problem by the same



3 Ao g 8
B ‘

s

s T THE

Shycagicy

4
3

o~
"oae

«

% =/df

o O
oo

27

X -
[

i

e

C

-

mTSe

The

e

Ling

264

(™

N

L -30bn
\

Pron 1O
Eq._ OQ -5

244
5342

n
(G

0

Ik

L

<Yy
ok

i

.A;.

)

R

a
E)

vt fo

ey

¥y

b S SR

50 L;.;

. DELQ

P

rresd

s

4 Faie
[ B2 350

£
L&

u

-y g

-

S
e

0Q

L

Di Luporzos L

x
i

L ahy

1
$

¢
&1
v
.
o

VR
_ P G
i,,b5.

- e 1
1 0 — '
IR AVNE:

FaN



B ———-—-1.

i

e

]

e
i

et prgorrecthy Shuves:

——

(7 F 36

077 el

reneet

Taw+- ';h!‘uld °‘~‘4‘a<~:

o —n r————

f‘{_;‘}w_ = (;f':‘;'}i
-r_%’_ i’lg‘?ﬁ\} R ?i?. z
ary v/ ¥ s

e



	Chapter 1
	class 1
	1.A
	1.B
	1.C
	1.D
	1.E

	class 2
	1.F
	1.G

	class 3
	1.H
	1.I
	1.J

	class 4

	Chapter 2
	class 1
	2.A
	2.B
	2.C

	class 2
	2.D
	2.E
	2.F
	2.G
	2.H
	2.I
	2.J
	2.K

	class 3
	2.L
	2.M
	2.N
	2.S
	2.T

	class 4
	2.O
	2.P
	2.Q
	2.R


	Chapter 3
	class 1
	3.A
	3.B
	3.C

	class 2
	3.D
	3.E
	3.F
	3.G
	3.H
	3.I
	3.J
	3.K
	3.L
	3.M

	class 3
	3.N
	3.O
	3.P
	3.Q
	3.R

	class 4
	3.S
	3.T
	3.U
	3.V
	3.W
	3.X
	3.Y


	Chapter 4
	class 1
	4.A
	4.B
	4.C
	4.D

	class 2
	4.E
	4.F
	4.G
	4.H
	4.I

	class 3
	4.J
	4.K

	class 4
	4.L
	4.M
	4.N


	Chapter 5
	class 1
	5.A
	5.B

	class 2
	5.C
	5.D

	class 3
	5.E
	5.F
	5.G
	5.H

	class 4

	Chapter 6
	class 1
	6.A
	6.B
	6.C
	6.D
	6.E
	6.F

	class 2
	6.G
	6.H
	6.I
	6.J
	6.K
	6.L
	6.M

	class 3
	6.N
	6.O
	6.Q

	class 4
	6.P
	6.R


	Chapter 7
	class 1
	7.A
	7.B
	7.C
	7.D
	7.E
	7.F
	7.G

	class 2
	7.H
	7.I
	7.J
	7.S
	7.T

	class 3
	7.K
	7.L
	7.M
	7.N
	7.O

	class 4
	7.P
	7.Q
	7.R


	Chapter 8
	class 1
	8.A
	8.B
	8.C
	8.D
	8.E

	class 2
	8.F

	class 3
	class 4

	Chapter 9
	class 1
	9.A
	9.B
	9.C
	9.D
	9.E

	class 2
	9.F
	9.G
	9.H
	9.I
	9.J
	9.K
	9.L
	9.M
	9.N

	class 3
	9.O
	9.P

	class 4
	9.Q
	9.R


	Chapter 10
	class 1
	10.A
	10.B
	10.C
	10.D
	10.E
	10.F

	class 2
	10.G
	10.H
	10.I
	10.J
	10.K
	10.L
	10.M
	10.N

	class 3
	10.O
	10.P
	10.Q
	10.R

	class 4
	10.S
	10.T


	Chapter 11
	class 1
	11.A
	11.B
	11.C
	11.D

	class 2
	11.E
	11.F
	11.G
	11.H
	11.I

	class 3
	11.J
	11.K
	11.L
	11.M

	class 4
	11.N
	11.O


	Chapter 12
	class 1
	12.A

	class 2
	12.B

	class 3
	12.C

	class 4

	Chapter 13
	class 1
	13.A
	13.B
	13.C
	13.D
	13.E
	13.F
	13.G

	class 2
	13.H
	13.I
	13.J
	13.K
	13.L
	13.M

	class 3
	13.N
	13.O
	13.P

	class 4

	Chapter 14
	class 1
	14.A
	14.B
	14.C
	14.D
	14.E

	class 2
	14.F
	14.G
	14.H
	14.I

	class 3
	14.J
	14.K

	class 4
	14.L


	Chapter 15
	class 1
	15.A
	15.B
	15.C
	15.D

	class 2
	15.E
	15.F
	15.G
	15.H
	15.I

	class 3
	15.J
	15.K
	15.L
	15.M

	class 4
	15.N
	15.O
	15.P


	Chapter 16
	class 1
	16.A
	16.B
	16.C
	16.D
	16.E
	16.F
	16.G

	class 2
	16.H
	16.I

	class 3
	16.J
	16.K

	class 4

	Chapter 17
	class 1
	17.A
	17.B
	17.C
	17.D

	class 2
	17.E
	17.F
	17.G
	17.H
	17.I

	class 3
	17.J
	17.K

	class 4
	17.L
	17.M


	Chapter 18
	class 1
	18.A
	18.B
	18.C
	18.D
	18.E

	class 2
	18.F
	18.G
	18.H
	18.I
	18.J

	class 3
	18.K
	18.L
	18.M
	18.N
	18.O
	18.P
	18.Q

	class 4
	18.R
	18.S


	Chapter 19
	class 1
	19.A
	19.B

	class 2
	19.C

	class 3
	19.D
	19.E
	19.F
	19.G

	class 4
	19.H
	19.I
	19.J
	19.K
	19.L


	Chapter 20
	class 1
	20.A

	class 2
	class 3
	20.B

	class 4

	Chapter 21
	class 1
	21.A
	21.B
	21.C
	21.D

	class 2
	21.E
	21.F
	21.G
	21.H
	21.I
	21.J
	21.K
	21.L

	class 3
	21.M
	21.N

	class 4

	Chapter 22
	class 1
	22.A
	22.B

	class 2
	22.C
	22.D
	22.E
	22.F
	22.G

	class 3
	22.H
	22.I
	22.J

	class 4
	22.K
	22.L
	22.M
	22.N
	22.O


	Corrigienda



