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L%d’( /, (arb7 (a.qormlr) lgyoton o

9, (X—X> =—O\(T(><>-T> - JJ(T[X> dT') = Guadratic eq,ucu[.

{

So}umq odr @uao(m%c equa'}'ron above

p,O'H'tnﬁ our resuH

o : k=0+bT
Tl- .

-+ X

X X2

VGY\/ useQA“ Solu‘lwo&’\ since mcmy MQJremcxls )’ch a *l'lﬂerma‘
C‘onduc‘]‘l\/nly -Lempem-’ure Jepenclenre 'H')G\-IL can Ee well
G PProx II’Y)O\'LeJ wn#\ linear 1Lemperth€ dep@ncim‘l‘ pmwme
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CondumL:on ’l%r Genem/ Shap%’ /An easier %meac%)
V=0 (no C‘OY\\JeC'l‘IOYD T“' ~diection
S+6Q::1\/ S’fa'kf ” =3, }( Cc»’)s*‘/'(.lrnZ U Alm]

. Usz-direckion
,Deﬁne an omu’)oﬁona! coordnn&—k ryswl&m U, u,, us

T (4 |Y‘€C‘{'\or\ S)

9" = -k 2L (g =-kTT S, S S
| (‘CnsjrhS) o
&-—/4@ =—/c/4/u, ’,‘.’ s, = h,du,
/Qeamnjmwémno/ 1/77%?;43\74}2? (assum;@ s, =du, (ji _hs jtt -
du, - _ —
62 A/t{/) - /O/T “ - =T Note, we'll come
W R o Hhis lader
~ T Omcl reconmle
o/u, R
A(u)
du, _ YN
Alu) -
Le double cAé’cé OL/r /or&v;ous soludrons ur7[7é be s sure
DSbbi U, = 4/&4,) Carmzam[
:/c\é SL(AV/\du/, de -—L—
DCylinder: U = r, du, A/u, -Alr) =2zTrd
/n /fz/r,

. .
%0//— l{, 277/’:2 27[{4/ - Tk
@phere i U =r,d¢,=ar, Als) ~A6) - v

P b SR - */’f)
P hrllﬁffz i '7}’ g | ¥ A @
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Example ™4 |

TIhsulated
T=T(0), £ = fhicknes ko Py

Nowtc, more comoo,ex since %ecuL ﬂ’ux
is also a -Q.mc%on o-p r since
}'\eonL mouu ~)Jnrou3J'\ #’16 hfSiOf} closer
o the cemler %aﬂoms easier Jjnom

'H’:e Oulsicla (Lower l@ne-ﬁh ancJ
%erma' res'nsvtance)

J;—&dired'ion |
, U Ing our nemf 'y%rm ,a—,—ioni U= ,d \,-—-'o] ] Fﬁr mc‘.‘e\!
- 5 ’ | A(A(u§=£3f ] e‘{@m\in&‘re&
Ja - -l M) L = -l 3L
T | arT
-"‘LLZJV“%" =—k£'Fdf§5
Jda - [-ue g
Tt
Q- -kt 5| E = ld5 (1)
| o _ klin (%) ;
Q= -l (&/”)55 =Z( Z?e( ,, ){AT
Vi AB K |

B [(,Z/H (rz/r,) = Thermol res)s-)'ance of the arc

Lets chech dhe bounds of our solufion Jo see 1€ 1 makes
serse: Whet if 1 = (=1 -0
[G

’n(—%—) = In G%Q =,nv(“‘i>=\n e

z
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S
|+?— ] é‘
= I n = > , Since 7 < t
[HYSL'%_‘% pe
- S Ca

(/{Si n& senes ex{pa nsion

= — ﬁ _Z(j (—X)
/n(H-x) X == +5 + NETEE

Se pluﬁa'mg bock 'Jmlo our resistance calcu\&-hon:

=28 . 200 o 4S - A (Areo)
Wen(tr) LS aan L (leghh)

L—}Aa = Worhs /i/Ie ac/fzarrn./

Geneml Or”-l'loqonaz CoorA?naJre S\/S';LcmL (pure COncluc"-ion>

Deﬁnin\a u,,Uuz, Us (3 coordinade dimensions

dgl 21’\|du; ‘7 l’h:l ) du|=d><
ds,_ = hldua § For eXQmpfe = (ortesion hy, = | | duL=d
dSs 21"3&”3 hs=1, O,LJ5=AZ,

We con qcnemliac Hﬂe -Qo”owmgi

KN4

" [ .aT
9" = kg &M.I




/\/enao/ M;'&'ﬁavrb

Q) jj@ ds, ds; jf L)L du, du,
Jr@‘: é?u,f b o/uzolus‘/

Gk
N The most wcehilld gerers!
A ks gy du, | = The most usetul] 2
@r)aff £ ) form yﬂu N Jeorn. \?m "
b ok il T e
eTs Cnec | o , om rodia oherice.
O Rodial Wf e i examples = dial £ sphericl
U= ds, =(Ndr = h, =]
U,=© dSZ" roe = h,=r
Uy = & 583—055 = hs =|

&QL‘,L sulDS‘lTI'M‘IWY)j 2_1?"’0 our: 'i%rmu‘o\‘l'lon

Q ——kQTjo —mde&a =—LL&de2frJ6
el AT A2

'Q ]ff ’”mdedz

= —Fc &, T / O,r B/r/
,[}”fda de ; ) /n/ ) =I€CY/

We see #fme #16 @rmalism worlts Tr\/ ]—:L nlgr s*,okeh’m].
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E(cxmp le #5} El[ipseh (Foc'\ |~oco\4éc172c é\ﬁ)qr.\)

Minor 7 (%2
1;_ A\/ (Axrl\s)r‘

RN T
R

, L/{| = }Z L\, = unhnown \/e'!' (we w'\” SOIVC 400,, ‘_].)
Ue=T le_ = unltnown L/c.]— _
(/1‘3 = %I }’13 = |

HFS‘,' we neec) 'l'o so\ue ‘%r‘ ,’\,ﬁ ,f)z_ WQ con U some nice
'!vu\'gg A i(:JCV\*]‘hLiCS f 'Por e\l‘npses"
Rule *1: Coordinale Trans%rmo&ioﬂ ?
b —a2=c2 = X=CCostZCOS(§m ; A;CCUSA'Z,
| \ =coshysin® 5 o =¢ sin})iz,

1 = so 'éz-a2=C?‘(Wf are OK {)

Somc }Acn‘l’#ics wc'” neeJ aré

A 7
+ &
C05[4¢7/ - £ 7
\ T -e L

- o ly
S 4 s 9’—”/ - b, = C (koY wcosnsn’ )
= X‘l + \/\j = Z 2 . ) //2. A)=Z)2
| (Coordinale ) /dT“ ( =h, = C(coshnsin®P +sin Z/Zcosz,'@ ]
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_,77)/'5 ma/cej our [ies a /o-/ easier

K _ 'Zlo/iﬁ _ ",
s O[T‘[LJQPJ% 77‘&11_

| We Ztnouu —Hflajr : O\ZE = Cosh ,+ sinh "
: 64' -I-C-m—{_ 6'7-/_6"2/
VA 2

o g -(B22)
- | So our m/u#an éecomesf | Q ) AT 77[{ L | /2 . In /ﬂcﬂs—) g
~ "" I (22%) Thil

| ,,,/\/07[6, #his soludion s exvlreme/y useil] since it can be 7('/590/77”4377
solve +the 4//ow}n3 cases S

_—_@m/

—

Vs : Soot- Weld;
____Casc , 0007[_ ¢ mﬁ -We neg Iecl— Jhis res'»&'ﬁme; But becouse

-
R spresk ina resistonce here is

\ e —
/% % Ia high, safe approximecton.
| M bz=,/c12+cz

1 zaﬂﬁ
usin3 the obove resistance pujrs an ypper bound én our“ |

heot Honsfer Q E\/ Tassum‘mj ay’inolricaxl streou:ana. |

% L
k[ =K =%z

= Ke = )*?{%-tb) > ox/bicr

Thl

NCoge 2

AN

[e/—b--bl T , Brolien Aown into Zres»sv'ﬂnces
(Yood cxppro(lme:?v'on. @
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%@\/O/\/CO/ E///pso}o/ b (MOQ'Or axis\) , O (M‘mor O\x‘\s), 2C QQOiS’lnnCC
" B

~
v-

" a7
e Ty
dh = zrx b, Y

g [y Sk ST oy
Q = -z2rlccoshy % J’W;OS T Jffj"
o

= —ZTFL(.CCOSI’I :&% L

(0

|
2rhe ,(

°

~ T

1 v .
| j/fdrt :__L—J__@_JVL__ el A -et
lcc J, |

R:Z—ﬂ' e'L+6"7- T,_IA.C A

/e _ | emo’}\

The Jo 0T+ |

rl = Q

K = 7T£(C [h”"(eﬂa ’T;T] D we linou Hhos @;/,,(%ié)

n, _ o+b

(£ - gk [t (22) -7 | ST Y @
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So 'nC we alapL/ our SO‘U‘l'iOVl 40 o Semi—‘wﬁniie bocly ’

.ll’\pﬂﬂ'l‘\'ﬁ

O\ —P oo

b-—-&oo

[

L AT ey

A
A G ey ar arad

=\

R =

Th e

%Qn—'?;> =£-—

[_ft,_ﬂ: _
2 4 4 C

¢ I
_, [o+b _r %7 y
[“”'(T) ) eﬂ

j', £
fﬂl

\I\J\'\en NASA was worl,«}ng wijrh- —H\is pm“cm n -“qe 50S ancj
GO'SI —qu\/ used an Q‘opmximc\‘!ﬁon usinﬁ sf)ﬂeri(a‘ rcs'IS’I'ancc.

. {
m—ﬁn'rl'é Knppmx = H

2
L& nofe, divide

-3)

by 2

, r, —&e° not 4 since
7777 7 777 7 Y‘\ > C }’I&/{l'sooher‘ﬂ.
| A=A
- ~s0% off)
Kogpro e (Fs0%
gﬂ'ﬂ‘" = 4—;;—5 < gﬂpprox

ENO OF LECTURE 5
Com'.ooshtc W&H pmlo‘ems

-+ Q,,

Sy sS S Ll Ll L L

K, ® k| -

@
A A A A A A A A A g g
fo— L | sl Ly = Loy ————sb— Ly}

T, 1

ho

There are Awo WS +o C\nQZ\/ZC 7%[5 /Omé/em /éo#ﬁivi@ o/:#gwm[

ariswers,



DParallel Appmach

Nenod M, \/j leovic

N
2QP s K3
to [# T R
K = + LZ
- o A
g, = b,
“ L(, 3 L‘A3

A

= +
C.l/l{\ + Lz/[()_'i‘ La/[q_

Qs
—p

g - A

&S_‘\_A__e_i —[}l‘ml/(op#\is woy

Peal Life: T uill vory here

AT A
f— i e

Hest Flow Lines

e L,
- - & (e + whram

ad
LY
mﬁA,) ‘ﬂ

T+ s qlwo75 '{'Yut ‘H’)a’\":
Iﬂ en m(f
AdFos

| ZgANOW}nB

) N ad n'oqu‘l’iC. surfﬁaces :
'lnﬂ(x?nivlﬁ. conductorce :

l@p £ Qeear £ Qg
LDLower‘ Round L—s Upper Bound

eshmate eshmade,

RT, Q&
Re, Qt

&)
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EXQmpfe #g | ¢ L >

vy, /7 //_/’/////
[

q

7777 //
d | d
IR = X = L] o2
AT Assumm r!j o 10 ronl;'t’,m
Q £ —-I——L—CIX— Tn reall L/, 20 anc’ ﬁcldec‘ reS\S‘{Unce
T j 7 will come nto p'o«y due Yo fonaer‘pl"h

The Nievé opproach : ,ZT:._/_/A 4 ~ Li‘
sT s -, Kdx =K e
A= JA(X)JX °

YT T Y AN A

Bu--, 'nts '\mporjran+ —rlo no4—e —Hycri— ; Asidei
- L ol 1-0 solukion
- ( AX > , J dX , heat Llow lin
C \LA ><> ( A(X) TMT &
N ——~ = 755 “
A ri Hnme“’ic Har monic Qem
Mea n con Cuvved hest «flou/
[ [E s ;) Lt €.
ee{l>‘ A() = ( f’A(X>J> Tl// Z ST TL
AT

L |
Qﬁea_l- l_ de L L('fz QA(X>C1X

), A6
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) Examp‘e#ﬂ
b
N ¢ (Ll L LLLLSLL &’ = lnea+ ‘I’mns@r mjre— per
T unt 'enS—H'l info boord
Tk L) T2 or poper.
?///T///////m B X
ol BT
dQ —_ LLCIY ﬁ(\/) ff@&l l’,eoJL '\Lh:\ns@r,
Q') = z{ATJ% = V)O't‘C‘ &) Z(’) Since In F&"J;L/) [’vea'{‘
o W‘B Y—t, can Slorfad /a"'ero\H/V qncJ ‘}D\Ltf
K < T (j T(\/_)> #}e pa#; ov[) least resis neeé.,
7) N OA ’ Iq This s no‘l’ (‘ons')cxerecj here.
[he Nieve roach ! €. ‘ )
o / “ PP Solq"'ionl ///'\//F/Ijee/cl‘/-p'o» Imes (1 O)
”é z = —V:]— ,Z(\/)(JY T‘ __E__ TZ
= —=—

o= | aedy eal Life:

, ° w v\ \
Q= chaTdﬂv)dr) a—

| ngm Jhis we can soy Jhodt -

, / ‘Uéi_ - / W -")/W@ '\IE’J ?A/rffdy
all 7; (fo Z(Y)) = W£ZKY)JY Ai?-)lnr:eﬁc G:nea\n_?_

Harmonic mean.
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@uasi - 10 KOna/ucvéon . Fing

AsSum,o%ons; l) p, A - conctont (per}mijrer ond Area of Fin)
2) No heat generfion

3) The  heat fronster i 10

\th% Aoe§ c\gs(,‘mpi'}on 3) mean? No 4@mdsem4ure \/O\rioaLiOY)
g in the \/'Cjirecwlion.

1 P
ﬁT %LJMW%/, hA-C% -0 (Adiabekc)
i Sy (odher 8.C.'S)

yd h
So }qow do we %uan—n['iﬂg 7%5 %@myocm%ure Varimlion in #re_

7

- dimensi
\/ mens. ‘f’:mw -’—e,mp@ﬂa‘hlrﬁ)

- T (Surlbce 4cmp-)

J‘E ~ T (Cem[c:r 4€m,0>

Ooj,z? A heat  balance across he '/4/7, we obipin :
a7 -
kg (49 <) (L) (T-Te)

COnJch-ion Convection
97—— Tz_ ’T _ T
= 72 = "‘/"% ~ 0.05
- 2
7;/ Tf / /ré / =2 1%;’ #ﬂ Aeql 740”54,,
?[ﬁk_ 225 7 & < o~ 5;4: in the Hhicliness direcd

Biot Number,



/\/enao/ M /'J’/{o vil

Imler reﬁué‘on; / T@m , Céan €S  OCross 4[/;@ ﬁn 7%?6[{}7695 are sma//
s ) Com,faret! 7‘0\? —%ose €><1l€“’)°\/ ‘/b 7%@ —A?o
( isothermal in Y ot o /Oamé(u/ar x)
2) Tndemal  resistonce 4o conducthon across He
%}clmeSS of /AC 741 is small Fompaﬂ"a/%‘l? f€$)S7lcm(€

o(,ie 7[0 exlemcxl (’onvcc%'or). /€. ona{ << fonv

We can double cheele Hhis righ+ away :

t
;zﬁo_w_d.:]ez__,%af
con L '
Keonv i

L/
6% << 1
Now we can  mode/ %e 7/‘5'7“ﬁ€1ﬂ74/f6 ohs Fribuion
—>4x . 2 N
q’x_—ﬁ _*Pq"ﬂ-fﬁ)( = Clx-\_a—x(cl'x)ﬁx-'—%(-i(q/r)bx z"\"'

b— dx 3]

C),Canu = hpdx (T_T:D> ; )0=‘Oer'\me-ler~ or surpacc area\/un'rl ’ergl/y

We also hnow #10:}'1 OLx = - L(A%%;‘
-Eﬂera\-/ Ecxfan(e'-

—%-dx=lmpcjx (T-Te) |

%(L(A%;[) - hP(T-Tz) =0
061420}/)\9 &=1-Tz  do=dT |



% Ir\'pmrlﬁ J:m (ase (X—-bm)

MNenod Mi\//'/(qvi C

9% _11.6 _
&Aaxz L\PQT-O = A% kAe—O ,
L
929 Le —e =m2
-m*0 =Q (UA_——=~""
AxZ Works i :
Lm€ar Secono/ order ODE Y (n) ()
OUF CAQVOC'/CV}S‘!IC ciucuzmn IS (ODE Concef)?[) e ’-'+O\,\/'+QD\7 =0

)‘2 = Euler
A= m? |

)\ =Xm ASiO‘E‘. pmo—ﬁ mc s:x’m‘-ior)} ,

e =Ce™+(C,e ™
e =mle™ - maGe
" = mrCe™ t m2Ge ™x
e'-m?e =!ﬂ2((, e Qe"’") -m¥e)
=0 QED

Se our Scneml so(u-!'ion 'S -
o(x)=Ce ™+ Ge ™

We howe 'IQW clirec-l-ions ’J'D
o o

—-mX

Our BC S bccome
9()( O) Tﬁ T_P = @b
9(X=L-9a0>=_r1c_-rp=o

o(x)=Ce" +Ce )
0 (w) =0 w CLe”m

Q( ) ob =0 —:49;” So/u‘Aormlo éc Vék/o/
X=0
oL=Ts- 7}—( e/m) = (

9()() = BlLe -mx
-7 __6—%)(
| To-T#
W}'!O\"‘ O\l:)ou'!' }weo:,' ‘}'mns'é)@r %om #}C BO\SE ','D -”1e -Qn | _
Quet = Qlo) = ~kA 22| —tlhaime?™
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| /Qnev’*-“ +M91,/l[? ~JUAhP 9&/

Nee: Qret _ JWAnP 067 [P _[U _ g% s

———-———-———

R hA ey hd  Vht

7777A|so npqle; kere' thodt _AP___: _—L\; In 6@nem| L° Xijj&ca éjég %

oo LChqmclens-kc -t
' mX LWD
Sanidy cheok: Qb - | hPOIx = /APQLe’ e

- hpow £ - AL AP,

| @Insu/a/f:o/ T;o case (A / =) -

 — 2 9'=0  bL's:
;L(QE} =0
l xe——] - 2o
X=0 8(x=L)=06b

Ox)=Ce™+Ce ™
WC can fcuurijrc —He\is as '

o(x) = (, cosh (mx) + G sinh (mx)
| Subshlule wn our B.C's

%e = Cmsinh (mx) + Gm COS”?(MX)
% o

2| ~Cranf) + Geah(e) & Gm=0 = G =0

AX

a(x) = ((mlq(mx) > Aply our secord BC
Q(X L)—— O —C:S-J" "Y‘Lf , ,
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gac[( suésvé%%)zy

- Ol Cosh / mx)
° (x> cosh (mL)

7 -TF _ cosh [sz Qret ,,Mlil\‘i”ljv
7o -Tr Cosh (mL

How O\[)om[ }lmoZ %nsfcf?

B Sm")( L) WSink(mL)

Onet =\JLtA)np (Tb’ﬂ) %%n%] = Heod %nsfcr fom the
_ m )nsu]a}eé ""\,0 £n.

L1&3717?»’21_)
@ Perscri bed Tip Tempermlure (T/X= L) = T,_)

h
ﬁﬁ%‘r\./?ﬂ(x=l—\> = T
h

T won¥ go -/Aroqglv Fhe mav%, ( you can do #,;s) but Hhe so/uvé'or) /S

T-Te _ Ti-Tz sinh(mx) + sinhlm(L-x)]
Ts-Tr Ty -1Tr sinh (mL)

@ Convecﬂé‘or) on 72;0 (/) /T/X=L) "7:"> =~k g/ﬁt)

.
" “):LT_‘?H
Il fos}’(m[[’x))+n—7/7)z'§in/7 /m/L_-jZ)
o T# cos/ (ML)+”-7/2':5inA{ml) |
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Fin Evl%?cienw (Tnsuladed ’l';ﬁ)

Actua] Heod Tronster
Head Transter ¥ &=04 eve»/wéere

_ Qadhal
| 9 idea

We lnow : D ideal = A(PL){%
D achial —//7'0(7 ﬁ)c]x ,//(Ap Bl éonk(mL)

e
T osuloded Tp Bnet

Fin E#c:ency =4, =

_ JLAP @{éﬂnlﬂ(m) WA Lank(mL)

E
/7 , = ‘ECW)A (mL) I _ Clac"*uokl
fin mL 9 ideor]

, For o#wer (Oﬂﬂﬁum’l‘iom) See MNS 9. 104 - 105

‘Em Qes‘ns']nnce (Q#;n> = For }nsu'cnlecl Jw‘p casé

R{; :_QL = M - : Qﬁ - /
| " Gackel  Gechel  JRAPK fonh(ml)oX b AL,

gﬂn - / /:> AQ = oulside area of _,an (pL>

}

R e

]Fm EfHechveness (Epm)

| g{: _ QC'(UOJ L\eo\'{ ‘IL}’ons—fer‘ P—penme-ler

heat +honsfer & mo fin ;\-Ag g/ezg-”q
I TAR ‘@f _ @(PL> / fin.

} ‘l/l

END OF LECTURE ¢ @
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Fins w/# /%ml 6cnem74'of7 ( Q '")
b (T=T7) e 710(/)()4 femporire

%‘; ’_—%——bqﬂ—ax =t gq: LX e

Wri‘l‘ma ou'I’ our 6:’\6»/3\/ locxlcmce

A/@X—A;qg'{‘ (?%("—;5/7/(+ ;—%AX + H. OT) +-@’NA}X% ka)((T—T_{_)
We  know from Fouriers Law: 9, =" ‘gz
B 1o nor) S et

}_eHﬁnﬁ OX 50 ond 6 =T-Tr

de =dT
\f\le Zob'lt\‘m hp
Assummj —”')e msulq*ec‘ ';-rp concJ "‘10»’) our E CS éemme
=0 L %f
ax X =0 @b.
o(x=L) = 64 e

7?) SO/\/6, weé can a/o 7%6, /ﬁrvécu/ar‘ ar»o/ AomczyeneauS 50/u74'on :
f;aﬂlfculo.r"

929 6'))!/ _ . _
ot t T T =0

(/Sﬂe?l\jﬁ/s 7ZD zero ( uick SO/LHéoV) for He r/é"cu/qr>
- @hh &k g, G4
Sl T e .

/\/OW we mové  on /o /Ac //omo e/eouUs ﬂﬁﬂ/
7 &
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;_/fgm%c)m&’ cl;_@_h_ _m?6) =0
XZ.
Wel\le a,ready So}\lea 'Hﬁis f)mlslem lﬂe‘ﬁ)re, No#ﬁnﬁ 13(_/%

Sy = C cosh (mx> + Csinh (mx)
Now we combine Ep 4-@;, = 9(><> and appty our B.C s

GM @p[X)“FQh(X) = hp + (Cos*% /VW) 4—( S‘mfv(mx>
g—? ¥=O=O C.mSm%("))'l'Czrn(‘o/‘«f(m(OD =D C =0
o(x=L)=0L = h‘p + G cosh () -
Q"
C/ = &b - _/’)TPA-
(os/)(mUé)WA
ooo = *Q"—/'_\— ~+ Qé —7’70’— o)
o (x) h ey cosh (mx)

o X " osh (mx)
e(x) - ©b fosﬁ?r:L)) T Q / (’ C&;igﬁ’”—

Lb—lémpenrl'ure pmﬁ le n -»'\e -Qn w':#'\ }leo\‘} 3cr)erml.
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Table 5.4 Conduction shape factors: Q = S kAT, Ry = 1/(kS).

Situation Shape factor, S Dimensions Source
1. Conduction through a slab A/L meter Example 2.2
2. Conduction through wall of a long 2m
thick cylinder I (ralT) none Example 5.9
3. Conduction through a thick-walled 4711 (vo7i)
hollow sphere -1, meter Example 5.10
4. The boundary of a spherical hole of
radius R conducting into an infinite
medium
. Problems 5.19
%‘. ; 41R meter and 2.15
///,
5. Cylinder of radius R and length L,
transferring heat to a parallel
isothermal plane; h « L
T2
2L
—_— t 5.16
/ cosh™! (h/R) meter I5.16]
L A
-
7 i s I
6. Same as item 5, but with L — o 2w
(two-dimensional conduction) cosh™! (h/R) none [5.16]
7. An isothermal sphere of radius R
transfers heat to an isothermal
plane; R/h < 0.8 (see item 4)
( ki 41tR
™
—_— 5.16, 5.17]
- T T—R/2h meter (5.16,
7 111/
e
/ 245
/ T, / / / / /
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7=0 g-r X §1‘_>(_S__> S

g/ X S _PB
X ez

" - (lLAT) ,Or s (ex //LQYO)
CL,:o e [/_(_i%_)%]us‘/ézﬁ

So oyr Comp’e‘k SO‘mlion Bemmes’-__r

" _ [hkaT @)(T*rgw & Iéxl&'p &
13- )[<o0-o] -&T

A

0 —
| q'yzo., =ha- ZL'CL\_Q /o solve this /h/q?m/, we need fo assume
<Xq,l~/=o)= bﬁ_ -Nuy o velociy profile” and solve,
| leaT £

gHowever, #’;ere /s A 7Ln‘c[<, since 74)@ irnlegm/ /s no7Z s\

é&nc%‘on of  Xo ot a/// it hos 1s eiua/ fo 0.332,
iLewL'S see whad T mean.

i
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o, s o,
Nue = 0.332 Ko > - "

@ & |~
| A \ e 2 1,0

To see w}a7 =0.332, leds ook od —qu}’;mr} of X.=0
gfxllz Pl’ e

BT
,,,

77’!6 SOIMAOH (’o//a/OSﬁS’ 710 odr /'/’)/'74'0\/ So/U”lé'Or) So/UC‘CJ/ on
PC\QC 9 oﬁ no*es (ge C!f)eC[t), _nve on[7 WDy }7[ Joes *ﬂw’s

IS }o[’ #;e }n-/e ra/ on #)e révious ¢ =0,332,
ﬁ END OF LéCT‘JQE ﬁﬁﬁ < how b.?. NSF vides

A /
Nux = 0.332 =~ 0.232 e, 2Pr"

So w\no«!’ 'rﬁ we 1’\0«:4 g*eps owp }’)ea-l'inﬁ ‘mS'}C&A of OHL/ 4543??

5 Tw"Tpc FANY -
’ { @'(ﬁ‘/.%)” T_;‘:’ul:@x
s 2 This will sodel
5' - c!/#/;:ren%o\, eq/f;;‘hone
Lo fing) = -ol)-FE) 1

A SR IO T e

'p(X,O,S) = | = Woll ‘l'emper&"UfC ot y=0 =>,
—p(X,oo, 3) =0 = od VARdat T-Te.

SO Now 'np we L»cwe "'empemjufe \jum'os, we can useé
gsuperpos?%‘o/) ‘/D solve,

10t
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T T T ! )
[T (T-T.
AT P = ATo -\D(X,V, O)
° ‘=5 5 X +aT, —p(x\\/,?))

: » '; 1\ (eq/uols %)
o 5 T
: 4 = ) lelo
R ; >
+
T T | (T T )z
X — - T Flxv,3,)
| Y aT,
: | qb Y
| 3'

lo“ eosS\eyr ¢

Tw ~Te

So W Can dJdsé Superpcs'n';'ion "I,'O 5‘0)\16, mal/tes our ))\les o

e

B X

)CT‘TOO :\;=Zno AE’I(X'%Q‘){ 30 € X4 B0
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Y=o

s
| -(3

: 3 N
lq/’ = 0.332 (%)Qfx pr‘&;[ : /q]'/s ) S 4% 4 Sy

X
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\/\/)’)c\'l i1£ our wa” ‘}empemﬁlure difterence was Con"linuous/y

C%anain@

A
T -Toe ' > Qur Suir]nma*‘ion becomes
| '\ oton, o '
e CIL
o ~(B k]
B X, 3 Fr E&)Q_g
X ' 23
(T -Toe) =
| . | ey
i Ol/u = 0.332 ("&‘) KCX, pr /gf 3 ds
y=o o || ‘<5 )3’*] b3
i U

Uoe

~—

} , Ls&\

:‘ % | [__Q, 7 iﬂ; D
B A=A
'6’ X, El lU(P)

XCL = eﬂ‘l"rﬁﬂce l@nﬁ’n’\ or Jeucfo,oinj l@’)ﬁ‘u] . \IC,OCC"‘\/ prbfﬁle

varies with ~ radial \Oos'r"icm, g8 and oxial 'ocq%on, X.

LUy

W€ can eS‘)"imcx-Li %c mOSn'»‘,'chQ oﬁ%e emLmnce. l@ﬂﬁ'y’), Aeyp
\NC Ltnouu -ﬂom prev}ous SO'LA—;‘on 'me'- #)c 6 2, #n‘c[/mess 1)
& laminar flow on a Llad p]avle 1S

S _ 5.0

- J’E—c{’ = 8/@53@/5 solution
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Nerod Ni!j/tovic

E Ex+va_Lem, Q‘A'oa
e B el heod Hlx (7)) # (To-T)= B

\/‘-‘-O

{E\/\Je J'uSWL #Sumc{ oml L}ow 'J'o cLeoJ W‘.JrL -qug PmMcm
gS)nce the ‘LOmffraJ-ure chanae is Coh’hhuous, led

—5=>§
;(Tw"Toc)’/g\/?
J(T T /

(65 ),Z/gfg.-

X

§ ,, p eyt [
tLG{' 5=_§. = ?//Y=O=O,33Zé<l(;—)£€x/ pr/,gz_{’[sl/z[lg_(f_)ﬁ/ljl,s

X /
I i by Uz / JS
CL /y=o = O,BSZ()—(—) fé‘x RN ,82 S//‘[/- <%l
! ds 3 L—/I—\G\J / 7[4
le4 A = []-5 /4 We need 4o solve his

N S”/"[I”Sg/‘f:]l/*” ) < :(/_/\) /5) S//Zs (F)\)ﬂs, [1_59@]05: /\ A

I N S I AT
3| %N 3°A,,3(,_)\),,3——3‘f—j)t (-1)*"'dA

From 'erfaml tobles j'x"" (l-xﬁ"jﬁx _FEMG) . )'3551=2.0é

i
i

!

| | N -
E c”y__o=o.saz(Qerx'LPr"sx”l 5 4-(2.0¢)

Mletg) 089

AT ()

| _ q—”’ - X | b ’/37 1
)]\(u* _<AT;><)-1<+) = 0. 455K Pr /

L Note we oh/y 3@% constont fead Flux H T(x) ‘f,g(x)
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We. can eS%mcnlc -ana‘l' N "’-O— wL\e/n '”’16 +Luo b. f 's merﬁé

J_l%e,_w _J%_le—o; = Note, T a(:nl use eiua/s (=) since not-a 7”/&-/(,:;/44

O . 10 _ 0 - _J/o __ /O
>(°\- \ICXCL 9’ Uong ;)(//00 Xa__Oj jZUQ o" Xeo
\/ AU \[,u 0 \/ A 0
O 10
Xey ﬁ
/—Xf'- Ry ~oo/f€eo/ ZZ /
0 joo

lee, Hhe amzua/ so/u%ion ex}oenmenfn//y veritied is

| Xew _ > We were fmnirly, close awen our asumotions,
) D —O'OS‘%O/ I+ X>Xey, he Llow s 744//7 o/eve/:r)jd,

NOuu oo[/iir)g OJ{’ %e '&IY 0)6\16 000€O] 1’63)0") wm)—[q Nawer S‘/oé(e;

( X- mOmcr\+um

(_f_gu + uraux +419u" + uxga%(x> = —ge t+

/u[k SP( &ux) r= Qal;-’- 99:{5] +538x
:U\}e linow Hor 4 L\/ cleve’opcd Low Hot Ug =Uy =
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ox ok a7

SO MOS‘I’ 01[) our —Lerm o‘ro ou+ cch we are 612-" wu)
13 U
é; AT r Or (}’ XB

80 ou|
Bl g 0 ©

Wirer) =0 @
VFVOm l’\e/re T wil use Uy ()’) = U(V‘> , O’DIOP‘“”E} 'H”e X WLSC'.’P-“
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Iﬂkgm%ﬁnﬁ 7Lwic€ 6\/70( O}pp/\/)nj our éoung/q»7 Cono/,'%ions;

Ll/{(r

Now 110 we SOI\/C ’ér‘ our avemje ve oc|~l71

U=w_{,,ozju,2wdr )/(/ Dok, A=F

[U— x}j ’QB/ 2
) = 25 (- )|

—K/pico\”\/, we Wan"[’/lo S‘OIVC ’/%" our 74) 740/) (‘ae%c,cnf/

and Pressure loss
][ 2 ée 7476740/1 74C743)" EQS\/ wa,f 'LO
<D;2})V calcu 0\116 pressure loss in ‘}ui:eg

C.p \/z = TAC 747 %on foeﬁc;fml \/\JC ve o’clermmed
z¥ before. THs reloted 4o the Bickion 4actor

LOOL(MS C;\"' SN ’VQHI‘\LQ J’ﬁ@f&’\"’ual e'emenJ- N oyr '#,OV\J QHCJ

U\S\na (SN Y lDOJane

} >\felom pm-ﬁ’e n o pipe

K& L )

—_— _—{>~APTF1%Z
S Wa—

Comtupl = afatr® = 600
N
5)
We  can Sow/ Lpr=Jr»!

S whet 1S our ’H'ic%cm ‘ﬁ:lc"vr‘ n c\pipe
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\7[ (L)z 33\17—

Weue solved before  thadt T

3’“\/~_§;€=_A_€® - %’A( )
r* X L

g'}:mm@)i AP 20 =J[=2,M>J,ZO

L 53\/7‘ )
ICM/JD _ I _leup _ ehu  _ 64
Y (ﬂ> D)pv VD Rey

= pl "Q’) ‘Aon ’é\mlo 'ér / /narfb*’
L\][ zgg A'Spf Lmown as 'H’?G Dfoxr‘cx/ \f\?erg‘oock ecy\

NO‘![C Lj[ ’QC = (‘OHS%QV)’;] > For any  Cross semlion Pipe.

366 Table 45' £29E 307 of Mils. [OH ‘M ) ﬁ::er::]evlm

Hec& Tmnsvfer in #76 /0}06

|
> . > X
L————& /T///?ST . \—/

F—XeL /4

QHere we have &N S)m;/or‘ S/?Luméon as 7%6

Ayolroo/ynamm
O/Cve/of)mj /m‘ em[h:m(e) /6;/737[/) éahl wz#} 7l6n’),09m7lul’€
XBT - 0.0% éfo Pr = Thermal Aevefop‘m\c] }6”3#"

(12)
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TS esh mmlc 74)6 Aeavz %Dng_/éf/ /cvlsl %ry (2N S)mp/é Oan\ZySLS

/

b = D well
AT
ho & e hoT = k&l 5 h~ ke
/Arssum‘mg ST”“—% (Si”“e i< #IO“’) = MZ?L.
}TNZL( _41< — [
D B

We frow Hhat mo = b[?‘ => (I\luo ~ L&] = Just from o
Very s)mp'ﬁ o\nelysis

Well see how accurode we are in o \;M\c b,

I‘l’ls ‘lmpor—‘nmt ‘ID f\owLC )16?’6 #)O\‘L }’7&14 %nsfcr ’v%r‘ '/n%ernq,
—p\ow pmbfams I Calcu/mtfc( us)n:j the bulle —/)/u)cf #,m/oemvlure,

h = %%I’::_ ;b = bull Lluid %mper&ﬁfre
774#1[4 ow[ TA as 7%@ W)in%rm #&mpem-/we of #ze /o/pe #/u/d
e i'/" wo a)fowedjlo 1MixX ano/ come 743 an eﬂl'ﬂ'én'um .

in an odiabddic BEW)

[7@ = T/V—‘Z\U[FW—CIA/ ) wz'mre £= cross sectional areq

V = &vemae vcloc#y

.ConS‘)larn[ Wa// /‘/ea% F/ux ( ”:COWS%Dml, 7@// o/@ue/o 0/7[70*)
xU\Jrrhnj out our energy C’ci/ua%%;: (\UC wkli ienluei&‘is o\’fif-,-“c lmjrer>

Q . -
oG 43T L“Fé% (vég) Fin g _fr ] For
L N LP—F—FE "

ConveC‘lﬁon Condac'}'}on

We  know &,rfcch»/ thed @ U = 2’u.'(l— f: @
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;OU" B-C,S are . E =0 (}’)0 ’nea\jr -pqu o\cmsscen‘lfrfine
| A I reo oe o S\/mme*v

¥ Tlr-r) = Ta(x)

ol T- /
lb TRy, ab-o7(ghy)

gl =k —&I/ S g-ﬁ/-(n,—n) _ constondt

v &)"n’ rr;

|1CE)W ’é///\/ G!CVC/O O/ -yp/OUJ/ 7%( 743,77 ,,0\744,,8 }'O‘A)/e S'/l e
é’does o 4 C/mng':e/ é&g/ :(0,75710,1_//06, So w/f hawe ¥

k2 (T-T) = 9" - constont
e
(ons f)?L =2 777]5 /means 976 =&7:u
aXx X
Té¢
g NT = ConstmL
> X
/\/07[6, )1[ &Z’__ # 42_7_;, 7%6/7 74?6 s/o,oes wou/cj (roSs one ano‘)%er
| Ax ax ’ Nofe ;

: 0id intormal
O\ﬂa( 7%}5 e C/fQ)’ V}o/&‘)[fo/) O7f (O/QS€VUQ7[ioﬂ 97[7@/75;?/‘ ff’l@J’éM&,El

EN) OF LECTURE )L dis cussed e

Novu we (an Sofve our energ, @ QJ—;on on o Llud e/em&ml;
\Lcl J; ‘l J7€L Cono‘uchor] .M97 %

i
N | () + G‘?—x [pUCpTQTr IS :{:——-—_{?dr

PUGT 2Trar|

dr ! !
:MA\/E'"‘F?\ S U A T o
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/\/ouu we can wrhlc ouy~ (‘onolqcﬂé’a/) #erms-’

- /L ‘——,27T/’AX/ => /L7/6C17[ (ono/umé'On a'rz rt+ar

- &éa-; 2 rAX /:» = /-/¢q7z conduction o r

éom%nj 6V€v77%f}’i? 7%36#)61" /c’né‘(?y éa/&n(é o our con'Lo/VO/qme)

‘jDUCpT:ZTer\X =-lc—-21Tl’A><' + 1(—-—2'rrm><} ”

?u CPT ITrar
X+AK

Qec\mnainj and A‘;Vad;nﬁ b, 2Taxar

aT 2 /2T
Pucer 37 = k3n (Y 5r

or

ST xS ( ’&T) = Oovernine energy eq/u«sc‘ﬁon
r or 9}’

U 5;( - °or WwWe mu solve.,

r

We lnow thet U= 2T [n— ;;;]

20U [I - %]él = 9)’( &T) = POE sine T=T(, r)

B«H no+C ‘H\O\"' U\JCUC O«?r@adx/ oOt’DVOn ‘H’)&"‘ QT-—-%_E :Cons’,un+
67 s;mplc cnerg\/ Ealqnce ox *

9. jf/@//){ B ?MCP/“‘O QT M note, G here nr# u#(?r)

sinee we are QIV)

é—; — %ﬂ,o J _ Cons%n+ whole ¢ross secHon 30(—7 Llow.
| PU el

s
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S now we have b sole Br the radial demperature profle

— (- r=)al. _ = oT
A (l K*/)ax v or (Y )
R€an3'm3 O\nJ Suun'na in &
2, il
<| r)4 =—L—&— DT) = ODE, we wn sole now

&C.S' _S_I:Lozg (S\/mme’*'ﬁa
T(r- r°) =T‘*.’ )

IY) -}Carml?h 5 once .

P24l 2 Y
" ar ke 7_' ‘m‘]JrC’

_ 4%” (-

9'-"_ lr, 2 ‘H“ ] }"I
L

C,’:O sinee GUZ 20, 7%;‘5 Jc/’m exp/ova

~\N_ 49, [rz _rt

Tm - z(i [ Z /@rf] +G

USMS ouy” SﬁconJ L)ouncjavy ConchJ’ion (T(Y=Vc> =Tw>
T(fo = 49’1’[7 [6}9’(]_{_() "7—

_ 7 _ 4q
krs /6
go oulr So’u-ll-)on Bemmcsf

= __49,:(&;_}”2 rt =D ar Ty r
IGER" Tk \76 % +/Gr) S)’:l #/ic femperactire
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ro
UT 2mrdr
NOw we ¢an So,vc 1%/‘ 7?: = fa TrREl
go fvinﬁ (Il// ,C‘O\\IC #}@ 3726,05 'ér‘ \/au)’ we oéﬂlO\/'r)}
- _ 9k
75 T 24k
or
T\A_J—n‘ = ,—214_ %}3 / => /\/07[ o\ -r{mc#on o#)@ m&/ﬁfj
Sense, since 2—}1 = %7_% :conm‘am(,

Now we  Con SO}UC 7%/ our /\/a/sse/% nu;/nétr

A S 24k _ 49l
Tvu_TE e no

[mo = 4. 564/ = |aminar Llow in o tube with conctort
head Llux cond:tions.

WQ can Jo 5N s}m]lqr om&lysis Jro s%ow -chﬂ- ‘%r Q
CoﬂS‘t‘C\Y\“' w&“ —}cmperoc‘ure Boundqv\/ mncJ."Hon:

[m = _I’\TLQ_ = 5.@6] SE W =Consjrcm"'

\/\Je sSee ’H’)O\‘t' our previous So/u%'on of N(JO ’f‘»L{ was
‘preH\/ close o 7%{ exomL ana/y#m/ SO/LH[fo/)S,

Nm[e, AO#) orf 7%686 SO/u#on:s are Va//'o/ on/7 :7/)

KG’ = ;P—(ZQ‘ 42300 [ = ZQm)na}” ‘}p/ow_ n o S'n’)oo#» oe
Z 7 “ +ully, Jeve Joped. £

e w';” o[ismss %Jrzau/cme a A’#/e /oule/r,
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gome p}\\l/si(‘ql 'ms'xolwrsi
On page 79 ol The notes we defined the Nusseld
humber aS H’ne r)on—cj‘.mensiona( -’-cmpem\i—ure 6mc}fen—"

T apx - - 0 - n r o O
an¥ LE{(\) '\lur n¥ = L or n¥= D ‘RD pipe
Mmof Nusselt # o = T-Te
7%6 gmc//‘eﬂ# T.-Te

ﬂu‘s 1[6//5 Us wA/ ;7[/5 so ao/uam/aﬁeou: -/o o 4o ning
or micro c/’rarmc/ —;ﬁ/ows ’ér‘ mo//‘n . 57 reo/uc/ #e
hanmel dmensions (domedee) e e Hhe Achic
Aounc/cw/ /Ckyfr- %/‘clmfss ﬁ»crma/, g,-) ano/ /gc//rp Lo our
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Lorge Channe |: Micro Chonne |
P N——— = P T
\ ) g A < > L= 3 A
( V/ 81‘; gAT LST'Z
' 28 _ h,0: _yu =
- Q_ne? = \L(?; = Nu ,\_,.4 - an‘!‘ - ?l:(-ﬁ u 4
O; O2_

g\ﬂCC Ol 440, | l’12 =>> l’?(

7%1‘5 s 7%6, ol/‘fec#on 07£ ffsearc/) Hese o/aysl /DUSA}?\? ymensions
710 7%6 micron /cnjn% Sfa/é 7/0 OXIm I ZE /; Oﬂco/mwéocé

7% IS IS €& Eexcess )Oum/O/'n power ul'r,ca/ 7[0 O/f’/‘/ﬁ
7%@ f/ui J. 3 "ei _

aP )BT a5 04, 2P i

: .64 _ &hy - AL
since } ?;o = pVD ano) Va0

£5r o constant m.
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lo get an oder of magnidede feel #r the cnhanement

bp = 0.6 Wimk o

O, =1em, D, =/o0.um L

Nu =14 _ | S

p = Nake _QNoSwInE) _ oy

by - Mkt Jwgologg,/m-@ - 24 ool i - 3K
EXQmpléJ /—i[eml Exc[tq /Iit,llo/ %/me\a n & 74#/3(’.

with  heat Hransfer coe#c/cm[/) Find  7our 9/VC/)7ZA 72
T —COV}S?LCM# and 1&/ o/eve/o”oed Low . | o
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< | | P penmevla"
%2 ——w f& O
’ Tein Ik._. cs = Aroa cross
—H dx IG—“ SC on

Appl\/ an 6”387/ LDOJO\»’?CC on our ,Con'/‘m’ Uo]umﬁ L
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m CIASuv’écC
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‘ I—Pw\ Tw ) L
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T x X
j = A)Aamx ©
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T) , APLx*
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72%5/) ’7:\1

/ , B
[ T =587z, | PG () Thog) A / % Note, olad
Acs page 113 of nofes
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bl by debhon, ) =R
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/T = Lbn Zhall , where Toyin=TLin .
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From our  resistonce neq-wort(, we can write

( f L |

= - .= L
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dT"—a‘-%- and d4:=+—o—’.9<—
me Asidet
d(T—Jc) = ACLE | nLQ% d(T-£) =4T-dt

JT-L) - A‘L g- _ *‘%
But we lnouw %Jr dy = TP (T-L) | where Pdx=dA

d(T-4) . u ¢ _ M_C_E
T-4) mcg' e ) o
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Seehial Cose = Balanced counter flow head exchanger
Agsqm‘\(g M =m ’ OmJ C=Q) 'Hch #7@ LMTO becomes

undeﬁ nNeeoc .

ATe - ola

In (21

LMTD = ) aT=T-k

— bTa
T dhvis case, aly =nTa., so LMTD = —g— > undefined

H—he WG7 4«: resolue ‘%s IS #}e %Hawma .
§§uppose AT =aTa + € | where &1

1

- T + E - ATO\ g
AT+ 2
}Y) { *—*ATO\ i }l’) ([ +O—.1=c:>
@U«'L we  Wknow Hhod In (H»x) =~ X —por x 221

[n (l 4——5——) ~&£ S LMTD - £ =0T =alb=5T
ATo\ AT\:\ /g//_ﬂ‘k 'ﬁ)r €¢¢1

:SO our unAe“Qnecl proue,m 1S reSo’UcJ. @
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In 3enem/, we can sowy 7%@ %//owinﬁ?

p@ra//cl F/ow (ou:#er Flow
Disqéuanhﬁe #17 : Lowae f»cmp. Ao‘vc\n‘bgc #1: More undorm
Ai’ﬁ(jerm(e oc/' one end oﬁ AT minimizes *u’we 'n]ermol S‘)?CSSCS

‘H’le L}eocl' GXC[qo\nacr (OSUses ‘lu’lrouglqou’} 'Hlﬁ CXcl’lo\nSer,
O\JACA J‘%erma’ S"}reﬁes £ CO\Y‘L/

—.%\'.lqrc Ac[\/an‘lvqe #2 . The ouHe'i' 4’—(,,23 91[
DiSO\C)\IO\Y\“UqC *2 . The ou-He‘l‘ the CO‘J, ﬂuiJ can C\(mecxcl) e

-lmp. of \%e cold ﬁ{u}c] never: hlalﬂeﬂt dempernture crp the A°+tﬁuiJ
exceeds +he outlet JrCmp of Jhe | More efficient o
hot «Clq;d, Less e%c}cn-‘r. Ao)\/qﬂjraqe**gf More unhﬁorm AT

Pmcldce; A more. c/rm@rm c%

E-NTU MC‘HﬂOJ (E’FPCC"T'UCHCSS -NTU me%;d)
}\/07[6, e i’}’)OS‘l /’)60\72 GXC/IQH er JGS‘)'\?)’) pmé/cms, e o)on:[,
know the Lluid ou”ml '}'Cm’xra res, ie. 11w or 1Ty our

T D T
T.

) U= ‘/mown
'Qﬁ = L&ﬂouun

A"’—o\'—‘ 7 T

R ﬁ').C =14mwn -rl-):-—?
+

Lcnsjrh or Area ( known)

Now we can define o ﬁ,uon’lﬂ‘l‘/ called Hhe _cOchilf S
Co=(4C ), Do) 5 Colincka [Wid]

TO SOI\!C, we couH guess an exit ‘Lemp-, soluc ‘QJC &f@‘i:ChbTh
=CoTe (B
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| Then we would /7ave 743 a:\/cu/o\{c & 7419/7’) A LMTD gnd |

checl aﬁa;}os% our previods answer s a//‘ﬂ/en'nj, we would
9uess Oma#ver ex; + lcmp ano} 7L¢7 o\gq}r), ,

We can moke our [ves much easier wi”w - NTU.

actual heat ranslerred

mMox imum %ea} '!%ml CouH possibl7
be Hhansterred Hom ore sheam 4othe o#er)

M m%ema%’ca//y, 7%)5 /S egwa/ 743 /

e o G (Thin-Thor) _ Col(Trur ~Tain)
Cm}n (7}:,;/, - 7;,",)) Cm}n (7/—,’,'m '72»1;,7)
where  Cmin & 4he smoller of G £ G

77)6, ‘FCO\Son WeE useé ()m,‘/, S éC’(‘QUSC 7%6 #[)/(J/.C{ Lw'?% 7[/76

/OWOF wpacil/ w}// éc %e one w%:‘ch uno,c(?oes '///c ,
mO\X}ma/ Jcm/oe»m%ure C’/rar)ﬁe, /.f. i: Cm'l/)A‘]—n:ax , (n‘ﬁn ﬁATvL

So we can Wr)ll't : & = ECmin (7}:,):1 - 7;,%)

ne = UA | _ heod mie quﬂch[/ of hx,
‘/\(Io’eim;?s?an(/jslzj CIe 74’)76 | /T\ITU Crin j  heat mpoci-}y rote of Fow

Usma energy balances X4 Simp/i@mﬁ, we can solve 7%/’ our
7LLUO COSES - .

/Oam//e/ Flows
_(an - Cg';n > NTU = In [—{/ 4—%—)5%”— +I]
S’o/u;ng for E, we obtain: |
o enlleeemnd e )
@25

] + Cm)n / Cmoog Cmox
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COL{r)']'Cr Flow : A o
£ - | - ex,o[— (1 + Grin/Grox )N W] ) #(@}NW'JJ;

Crmsse -

] — (Cm;”/Cmax) CX'O [— (/ - (m}n/(‘mm>N7u] ] .

\NC can plojr our  resu HS n o more useﬁl/ %rm

Gmia '
Croxt -

e S 4

Aralel Flow Courder Flow

\4

>

NTu=%¢ NTU

/\/07Ze, the €-NTU me//;oc/ can be a/qp/)Co/7lZ) an aré/'7é“arf'/y
s}’)aped /’)C’a‘/ 6XCAC\V) Er- whé/q more Dll'ééacu/‘)[ -ﬁouu p&#ﬁms

(/'.e. Cross —/)/ow, m/‘xeo/f/aw,evlc,..

IEO/’ 6N 8}’6&7[ éOOé, see 4 QmﬂO\CﬂL /7/Canl E;CAQI’)\?{":SV/// /(st(/{;é_gﬂjjo@

/V01ZC 7%&% oyr So/u7/7'on ’ér‘ 74’/16 /0/;,06 —ﬂ/ow wi#) con57lcm7t
woll Jﬁmpem%urc will also s)mp//7§ b His: L

7_6/0‘47— - 7-[3,‘ '..A,’;L
T - T i == 'C(JEJ = See page /20 of nofes

MR, Popeincke
le = 1- ™= flumio)
T = constant -
T G Ther

- - 3
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Fictire 11.10 Effecliveness of a parallel-
flow heat exchanger (Equation 11.28).
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NTU

Fictre 11.11  Effectiveness of a
counterflow heat exchanger (Equation 11.29).

Adapted from: Incropera, F.P. and D.P. DeWitt, T.L. Bergman, A.S. Lavine, Fundamentals of heat and mass
transfer. 6nd ed. 2007, New York: Wiley. Chapter 11, pg. 690.
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Exqm,o/c J (onsider #he %//ow}nj /mm//e/ ~Llow hx, SpedﬁCOJlfOﬂ

i
!
i
:
‘

Co/o/ f/ow emzers of 4!O°C, Cc =0, 000 W/K
/"[07L -ﬁ/ow 6V77l€rs CUL /SD°C, Ch = |0, 000 UU/[(
A =30m? 7] = 500 w/m? K

chlermmc the /rfm? 7{761/757/)6/‘ and the 6;(57[ Jemi,oemﬁlrfs. ,

/7[6!’6, we can’vl use LMTO since we o/am'Z howe exi#c*ond’/zbm
so €= NTU must be used.

NTY = A _ 500(0) _, <

Cmin 0,000

(min — OS
Cma)c

From our tobles, we obtain € =0.59¢
QA = € Coin (7;,',” - Te, ;,,) = 0.59¢ [/o,ooo)(no)

= 655, coow =655.6 kW

F‘rom e/neray Lxx,cmccs 1

a 655,600 o
Thour = 7;,»‘:7 e =150 - /o, 000 3t.44°C

655,600  _ -
7;,ou7' = 7?,};1 T Cci = ZILO +__’_—‘20,000 =2 48 C

é(gmp_/ﬁj&lpfbse we Aao/ #re samc /Oroé/em, éuvl /4 =w7[mowr)
and we want Tpour =30°C. Caleulode A

Z/Lvlere we can use '/léc E-NTY mevl/mo/ or LMTD sinee

we  have an ex}% kmﬁ&r&ﬁ//’é’- /Z)pp/y)nﬁ ar eﬂe;gy éa/ance .
76_10"’7 = 7;in +—Cg’—(77),m "7;,our =40 +2[(/5_O'9O '—';ooc

D)



MNenad /V//'&'/tou}c

ugmﬁ the ¢€-NTU medhod :
= G (T ~Thor) _ 10,000(150-99) _ <
& Comin (7/:;-,%’7;‘,%) ’/01000(/50—40) s
From our c%ark, NTU = LIS = UA/O”JO

4 - /0, 000(7.15)

500

2

= 73,00m

We could have also used LMTD (nole doesn't mater w}];cﬁ]sags
. O on
LMTD = AE -5 7h - (7;,}/7 '75:"") - (Eow‘ﬁ,ow)

In (—2—3;1) /n /_i___’”'ﬁ';” )
AT

) 71:1!3&!7' '-7(-",o
;(/50—40)-/90—;% N
| [I50ko = 527K
0-70
So  from Q = UA(/_MTO)
/ a _Jo,000 (/S’o—qog Y

T T Mm0)  (500)(s52.79)
The answers difler éy 1%, w/)/’ch ref Jects ﬁm/aé rféé//@ |

jnnac uracy .
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Exqmp/J 0,/, e /09 mf %Ae /’io/es we o// cx%ema/ f/Ow
;wr}/ﬂ chaé/@ wa// 7[6”’7 /’a%ul’?i (/UC so/uco’%

9" - 0,332(_5)@’%”3/ = cal
[-ET

Sohe g| . i (T -T)-AiF

tSmoe /7% SN Comlmuous 7[€m/0€f0\744f€ C/)anyrf 5 A

(T - 72) =45
Cl(Tuu’Too)z_Z_K/
dz 2 "J3

- " 2 3 O/
ELGL s=2 = 9], —oasz(lc)/é kplig 5//25 T
gManpL, M ),uuc will by
I

/
1 l{) AN /2 Z/S
a!/y= 0, 332 — /é p 3 /gzl / g’b-[/—ss/4]143

L/’V\—/

/
_“i%___r,_,. A- (”53/2) We need 4o sole his
, s [1-s™]= 0 S=(/—ADI£
SIIJ'_-: /—)\)2/;3
54" =1
e[ [ ‘__/ PPN
[l - 8- 4
So we lnow from )m/e&m/ -%aé/@g ; /)(p’ (} X)CI’_'o’x = FCO)/_’(Q)
["(rt9)
g = 0232 )/z e ;g 1.4 (200) WES
u AT (X
- ‘lv—o‘x) e D15 | = Note, we get constart
| () = oRec ] e o e

END oF LECTUELE 4
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Modural _Gonvecdion ,, L
Unlike «z%r,cca/ COnvcc#On, n w/)/‘c/r #/6 #/u/'a/ "770‘74017,9/_"’?\//4"2?
,%rca IS CX-/cmq/ +o #ne #/uio’, na%um/ canvcc#on pProcesses
- are o}r)\/cn é)k/ éOJy 7@)’065 eXé‘I“vlc’J D’/'feC#y w:'—%m 7%6
_,#/uio/ as a F€§c{~/7[ o//’remé'nj or Coo//ng, e

W}qo\-ans nq%um/ CO;qveC‘/ion?
| Sim,o{eswL cose

W | g (g portey coon)

\&/ P, T < T -
*/-no ‘/6, Fluid o(cnsi.[/ decreases w'#ﬂ j/égbfrvlrimpefR%
<0 o nqvturb\// y af’cun'/)ﬂ, 507&!,'774 ree. .AnNses. .

",& y . r J— UG PO

AN

)
<
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N\ \\\\\\3 "

SNV

X
W
0

y=0 RS
| Bis Alow is similar o o How post o At plate
| with o ,éouno/avy Joger O/@VC/O/O/'ng, _however_here_U=0
at- the wall ond of y-eeo. , o

,WC see mo}uml conucc%on a“ o\mund us, Wken we are

.S ,,,‘onar\/, we are unc’.eraoinj ,ncﬂuml ,,con_\lccﬁ‘an_l,“.bﬁng,_,-,,I_@,SSw;,
‘[’D the env}mnmemt,, -

Man, passive  heat sinks (Bas) are nodural comechon.
| L. honsformer C’Oohnj (lﬂi\ojh \/0’1Lo\8a9ﬁic0\47‘0ﬂ3,, home

Qpp)ionces, €I€C+\’DY\‘|CS oo ]ha, T

e
|

C00|in3 -\owﬂrs m 'nuc'eqr @éwcr | A,
plant3s (Stocl Effect, Natural Comce;_) /

i
T
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WC @an nNow so / ve %r our ovcm}/z? eiumé'ns,
X-n’Iomfn-luM.’ (S')LCO\O,\/ s*/oc/é_)?

a U _ | 90 QZU
u&x vy P ax TUS2 3 O

I We lnow m dhe  x-direchion o 74;’66 rawl, n - )
‘[é}r‘ (&N -p}(MG‘ -”/16} 09 8

o) = Pt PGX. 3‘H EX—O ’)4@':7(;{‘3;7':3
Devclo@ec] Lsy Avichmedes of gymcusc feo +P‘9X o

§>Q<- - _@NS (neﬁa—l—nve sincée X pom‘]‘@ aaourmL va;#)
FR--%ro
Baclc sulssl‘rku'l‘c ® m-lu @

>« 9( )+U9y9‘

However we nc‘ec/'l'o hnow 7%6. FC/Q'/{?OVI 6674/«166/) (JCI’)SnéI }O
C\no! 1tempem7Lur€ A Tn 8enem/ 74;# o vp/ulo/ we can . o’evé)nc .
A c}uqnfvl/ colled Hhe  isothermal cornpressibj /,,(7 B

I

B2t - (o welbiiont of Hormal expancon)
ihe ~ F
volume. | =
- p 97—/,0 loroop

1 We  can rewn‘vLﬂ as

8- | (p--p)

P LT
B - B(T-T.) ®
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| Bacle substitule ® into ® , we oblain
| &_u_ + Vey - 3/8(7"7;) A

. Iner‘/-»m Forces T 30‘/0"'0/ Visco us-v,,ForceS,r oo

fCCS

| Now +# we db ou’r’ S'Jmplﬁ and fested ccaling analysis.
ST o~ ~ lxux ( SaoeecJ cn[ AGGJL ,OerOa\aaAon

ono/uﬂl?o
M“MX auNMQX B ;K?\C s

g~Sr . dy~S )R

| Trerka, T \/iscosH\; 'v'" } Boyane, B

1..au z 92,
U +V§\j Lf( U%\;‘z 9’8(7_ T)
aﬁAT

|~ XX ~ JotX
§T4 gt

,iV/\/ObU l—p wé 1ZD\I(C a /’0\7[)0 opour %rcey w:% re:pec%%a
_{our E:yqn'!’ ‘Rorc‘e 'vlerm , ,

T | k| % .

1 & 2x DX X
| steBaT | BighsT g
r, 'Assumuz? 7478\7[ U/g NO(I) [_Lns/o’e #IC nmlum/ Canuec/:on 6 /)

P i
e @
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MM/wL},OLymg both sides éy —fg—
4
X}~
9BAT X3 §r> 1
3 //4 Wy
X al, _ - k
[ ‘g';_' (&é(u a ) —{chy/ajk A/uméer)

Tx> I
Léga=é}6é 9[@%”’%/

Aside :
Lord Qa»/leig)h wos Hhe

Ssamt (,ul/lo
dveleped T arfech

Sce: €rin3 ,

=<

| fa\ = gO\LanCy Force , Mammém; 0i%5’iv/>§« _ 6r-pf’

Viscous Force - hermal Difkusivily s ot pumber
| 6r Pr

E T¥: Ro 2 véacml ) Konc/uC‘/v'O/) o/om)na—/es (Gr 21 pr“??
| Row > RQM% convec Fion cfom)noules (5»’ >1, Pr>1

So whed about heat Hranster ?
. __,ar] AT
a/-—o —_hay/\/:o kgr

(AT A s Koo ', [N ~ 4o,

‘;So we can 46” #4&4 our NusseH' r)umlaef will £C
me‘Oornlﬁono\{ b dhe ecxy‘fia‘h number o the Wy~ power
Jug-ﬁ 13\/ )OOLﬁna &‘L our- F‘our)fr (Of)cJuC'!'iof) ec?/ua%‘on.

[

|

()
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7 Loo[u‘nﬁ éqck Q'IL our r)mlum/ con vccvlia;) b./

XD S J T
L L UxX g
T 7 S ,X,,4 (S“”“’- 59'45379 1
Our  heat Hanster will slo /7
o’ecreasc , w:%, mcrfasmﬁ oo
a'>\/ S

h,_,Con '}grml H€&'/‘ Ffu (’ase.
| In;leo\c{ of  Ta —c:nsvlnml “whet ¥ 9”/ -(‘on§743\n7l

7_

AT"-’ Q}(S R

| We  can rc—cJO our SCa/inﬁqna/ysiS wi% our nNew ATo/ewgm%M

Inerﬁq,r ) B \/1scqs,,i»L/, Y ? Bchvmcy V, g
oo |l R

| Agwn assumma (V:Scous Force)/égo\/ancy F:orce) ] 7 (ms;o/e 5 f)

STU ;2 LR - @) E——
(e Jeest ], / RPN
& r

i

MY x Uk . téay/e;jé

' %* mée "
th%r (’ons‘?zlﬁn% /EGJL —/’/ux N(JX o~ /éa ki) / ~~~i
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Note  our oo pre vious solutons are valid i l//'sros;'zé, N 7
| Boyarey -
li we Aqve a \/67 Viscous #/q/o/, wé rm/.ﬁ[ w/ue our

Aour)abr\/ /ayer‘ cfQua\yé'onS’ 76//7

X I

X
g" &1 r\/ T !7,8 J

T o
U=o u-o 7:0

P~V AL Foe W
Pr << 7 bt
(Ligyid Medo) (Spthekc i)

Y U

Empfzaﬁlre_ dises é»r‘ ano/ 75#7’),06;«&74.1»’6 has small di Hisian
50yqnc7 moves Hlid s wol but momentum diffision
o/m@s a thin b2 (A,j,ja! namic) o}ominmler and creaes ,@\.7[/)/‘& A
(/u/?€r€ goycmc/ ~ Viscosidy. MOfC A/o(rwa%amic é L. WA&(Q,,,,,,
like Louis over o ot ,O/c:u[c wih U l/:‘scosil7 ~Tnerbo, =0
where in U reg fon g)yancy ~ Trechsi since no %cmpermé//g ,Qéounge.,

Now we can go back o our analysis and solie 4oy
our x—momemé,/m €¢ucﬂ7‘0n, MS]ng 7%6//77[63;/&/ '/‘ec/ml'g/udu,

we so/uecJ %r ear/}en, we Can so/ve,

Evergy Tntears/ Technique (#r pahural conechon)
,,Assume & "'Vg-r (\/iscos]% ~ BOVQnC}z) \ Tw = COHS'}ﬂn’} S

. ‘T, ) o)
S g-r , ©= -l—':oo—Tw , )2—3%: ) 9""[3('1).,'w

U= T d0) . P ()= Aunchon of x wly (B3)
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o our bounéah/ OonJ]-L)ons are ! é\, U
8(c)=0 (T=Tw od Y:O) & -
8 (1) = 1 (T =Tw od y=5;) N

0'() =0 (|5 =0) 4
o'lo)= o (®h, )y=o = constont od Fhe w&”)

¢((O> =0 (u -0 o =o>
pG)=0 (u-o QJ(FST)
80)=0 (%yl.s =0)

Our eneray inieam, ecpuml-ion 7%7‘ ‘/‘Lﬂs Ef <
Sr
i -T _ é_]:/ = Chec[( oqe (03 O,[‘
dx . . (T N> AY ) 8y [y=o0 7 notes / gdem‘va%on.
Non—cl;‘mensionq/izin

77;’_7“‘ =/-8 U:F(X)é(@, /Z=§=>O‘y=§r0’£

o= L To o do=dl
- T T

Bac& suésalvjuv[;g )n-/o our €nengy /'mteﬁm/ %ua#on ;
1
x O
4 (5:1)| d)(1-et)dy - £ 52| O

/\/O‘le, we€ m@n use 0\7[1’:'6/4. fo solve for F[X) since we
:ltnOlzu anL #1@ wa/// 6o>/an47 ~ \/iscosily /one ofour assumﬁé’rrg)

| 33AT+ UQZLZJ =0 (Inemé'a IS mj/@ié/e Sine ol/y=<> =O)

|
&y

dy=S;dly; s u - MEdG) = 54 - L2 24
_ 9BATS:” (/'\%)
I(x) UL A1 @ 7

DB e
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E&MZL sués/ﬁrlmling @ info (D

9bsl _ 38% _ x _0')
TR T
él&wr#in&; D

S 58, ° _ XU D,]/ } /b/j =

ax 9,6AT

8'(c) |- ”(0)]
[#0-8)d

:;Nm/c only degends Ye Hemperature and veloci
ool e oo e e ST,
,G\V)O/ call it Y s’eloam'lcl\/ éy /';56/7[)

Aside:

3 Aside:
S, %g{(— = S 35#%(1 - 35{’%—8—% (‘kalwf 5 J(X%j,a
| [w[)(x)] = 34k)*
8§ 3ST - <y H x
a X 35AT
- X
jggr QST = 30227_ Xf&)(
O 3 ot _ xuxY ;4)
4 ST 98aT x4

@)4 :/3?);07(:;3]@“3/) = Ko = Q_%Z_—fj

//q, ST.\_, ‘_’__
}f_g_t. = zi’):ﬁ- (%X) / =) NO‘)ZE', é)c’é’fe e AD\O/ e L

X o we are very close |
See page 133 of notes.

Wee alpast there, ve necd o asume velocily and enperadhure
;prmﬂi le.s (Qf(Q), G(n),lz=§_’;) @no/ so/vé’ 74):* 3/. @
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Lajr &SSUH’)@A Pm‘g IC‘S’ mUS'} So\-l—}sw[\; our é:oumo’qyy c’oncla",')'or)s
et

/ |
@(‘Z) = %}Z 2 /23 St _ (2/0,)%9 Aler <ol uing
X
A0n) = n(1-17) < fgj@”i;’a‘/‘
Now we can sole Hor heat honster (o=l
&T [u- d / " 7%"
/-’o / =~ § ’ (’ 9}13_,— T T
= AT e(o) /dT—d(: o)(T)
L(f AT AT
= Zé?

Now we can ’érmu}C\’*@ our NMSSEH‘ l’)uméer 7%/' ncx/ura/
(onved')on ol o }76q1lec/ \/6""/701/ wa UJ;J*A T —ConS‘)zan*[L

<9-”/Y.o) ><
L\'T - Nux = 23"(?9 - s o,

- 0594 o, [zax —a:éL/

We (&now -Hf\&Jr l’v =C. since /\/ux

3/9’

"“‘J%‘Jx' dx)?"fzéf—CL_ - £
h=2%h

74

I‘:’Qk\

,ZNU\L = :—,-_— = 0.52% Qq ] = MNote €X?0€/’in7¢n7[5 s/mw

g O yery accurnde result of

/l\/uL,exp =0.52 éaL""‘]
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Now £ we wanded 4o solie 4or the constont heodHlux
case Q/"/yfo =€ons7[an79, Our energy /‘/77[6(9;12/ would

change a b1.
Lar|

4 [ /

—d;];u (T—E)d7 = —?Tq; Czu” ;éeéﬂ: was _)56;‘9- g/—‘mv'
Non—c:JimensionQ,i%imj ‘usll I»'Lte l’J?ﬁDfﬁ, we oE"Uin? ‘
& (5 aTr60 | B(1-e)dy -~ (%g_)

SulostL}rg in our F(X)

{ | ] ,,,7, S
o &) [drd-~(F 0

,, ——ZGDI/ rﬁ_[&(tﬁ/ AT
%% - 8y y=o St QBY/S) y =0

= gl‘— O'(c)-AT

AT = (2) s -
<%F£] = Bacl suésﬁ%u#nj inlo ©
%U 1 I
g/@(‘r) I8 =°<%' |
V[-FENeET % k-l
J9S° _ vk . [ [-8'0) [0°6)]
dIx 9B0N) | [g(re)dy
Depends o o r assumed
e B o o S Tl

| &
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o - SEALX ] S
- Sr D/’] ’ X U B o

- Nue= 7 5 S

Assuming the some dempedure and velocik, profiles
os before (¢,9) and So’\!'ma for [¥’], we get:
| Nux = 0.503 JQO\X* //57 | -

Tn genemli Ko, >107 = Tarbuknd fee convecion

Ra, 2107 > Eq, 495 on po. 326 in Mills
1074 Ro, = 10" = Eg 436
10°2 Ko, «/07> Eq, 487

ore evaluated of T =(T=+Tu)/2 o
| 2)8 is evaluated ot Too. ,g ———7-1_-'14#;4@/ goses

where T s in 'Ke’vin{

Note : 1) All properties 4o natumal| convection poroblems

EXQmp\cJ Electhonics Coo/in\g %éa‘F S}nlgf B -
' A

{/ - Quiescent air (Un=0) T
}

o T f

|
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|
1
|

: %W muC/) /’)6071' con wé d;ss‘lpc\‘}ﬁ rp we Qggumc TUJ-—?o"C‘
L«S S=3mm, L=5cm, n =20 (number of 45s) and H=3cm,
| [ =257C.

;Here/ since LLLS; wWe can ossudme Bo#ﬁermo\' Ver-l—ica‘
lnplcuL 'o’cxwtes. We also assume dhat < 'Si (non -m_,le,m.ﬁ,',,,ﬁ
'bé' S), 7?)/'5 n’)&l(CS 7%6 iSO/OJlf’O! ver—yly'cal f/odt ,O/Q?lé opﬂm)(,m

| correcr. Also S< 3

| S‘r ST _f /7=20 A?fls
i H=3em

| L =Sem

l N T =25°C

f et s 9
i (/{Sina our Aeue_(o@ed Cowe,cx%on ((onslon'(' woﬂ -{fxr)f)eroclurﬁ>
o =25C = 293 ISK /é'—“%—; 227/315% = 0,00335 K

— T.+T. by = 0.0277 WimK
7= wz = = 3935.85 K, = Air Q/_Spemties: V= (7.9 x10 m?s
AT = 80°C-25C = 552 (od T, fr=0371-Y

We st cleode R, =] - Q30055 00

(17.9xi07¢)
/QC!,_= STOXIOS— (/_aminar Flow < /09

T L
Now we can caleu fode L hom Nu = h
| £

[ = Nﬂ‘:i(_{ _ 0. 52'5&):/‘*/(; _ O,SZS'(S'-OXIO?//Q@.OQ??)

' h - L L - 6.05
b, = 7.%37 Wim* K
E AT =n-2-LH =CQO #ns)(ZsiJes/ﬂ'n)(o,oam>(o,osm) =0, 06m 2 @

h
-0.525Kq, '
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Onr = by - Ae aT =G73% Wim k)(0.06m2)(55%)

S :
/\/0716, we can CA@(‘/( our S?‘ - 2 anJ gL‘;‘ CklopﬂﬂxfrnQTZIOVl

We ca(cq/o\frecl Pf@\l"ous/\/ H?o\"' <. ——@!Ol«‘

g L (Ra )"
g.r = [- i’:} (See pace 132 of rotes)
- !
&
210 S
J - <0.0'S'm) (5“0)([0; = 0.00F2m = 4£2mm = 2—

So our prew‘ous aloprox}mo}ion was incorrec"' since -H’fé -H’verm&‘
!bOUI’]CIO\M fcx?/ers will ouer/ap. /'/owfucr, the calculation is o

ood apmximq-hom or s—}am’ﬁn po‘;ml, Lucﬁti/\/, man r€Sf’art/f’fS
3}’)0\\16 Iof:;‘/tfa} QZL 7%/’5 ,Oroélen:? dnc{ }/vc\ve cfe\/f/o eo’ymw’é

| O\CCu»’C\'k corre quionS = LGTUS re—(‘a/cu/mlc and sSee L\ow o-AZ) we were

-0.5
_hS | 576 9,873
/\/us I, [(’QQS'"E)Z + e%._z_)o,s]

<3P .S _ 0003 _
Kog = ‘%Al—z - Gry-Pr ) T~ Bos 006
3
_ (q'g/)(o,00835)(55)<62,0203) /0'7/) = 108 |4
Q?FI ¥ 10 ) o5
_h.S _| 5%6 -+ 2,873 '= 0.259
Nt b g [ Qog./sL.o,oe)2 (Io%.14.0:06)°" ]

L - (o.zsg?ggéozw) = 24 wjm K

er = ]’T,_ 'A-,— Al = (2.4W/m7'/()(0,06m2)(552)
Z&mr =Z 2 W ]< Q-,D.,. from our 74’/5‘-)[ 717~/
| Ma[tc’s Séense  since overla,op;@ b{s aﬁl 743 o//'m}n/‘SA /faul ﬁam@n @
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In Q@ncm/ C/Osc’[\’/ /Ac[(c’o/ F/'/’)S ; W;OIG/y glﬂafecl ]‘Z;I’)S
- Greader surpse area | - /‘/{9/)6;' heat trapster
- Smaller head Hanster coehcient ﬂ)-z_)

i mev%cicn-)t (R_) —ana//er suréce area
‘%" ’H’?OY OTZ‘ \/Ou wl’)o are in’}c’res-ﬁc-:l, Vcor Tw =canS'yLam[
Ser = 271k - 1 *J s Droph

| L =S -

é €e /00/68 on rop00X 67/

Bor - Coben and Kohsenow (/984)

Turbu /emZ &uno/ar\/ Layers

| Turbylence  jn a ,/'/u,'c/'mr; be Seer) Qs a s c?é/um o/
Coexisi‘}na vor fices é’o/o//ﬂ) n w/)/‘CA A/‘ncf: energy 740!’”
/O\V\?Cr onés IS o//ssi,allc’o/ '/D suaes/ve/y S‘mq/ler ores un7l"/
;7%@ Vers SMQ/ICS o/) ese VOf‘A‘CC’S are O/O\mpfo/ ou1[ Ay

VisCod S S’I’)CO«r seress-

7;“'6(,//6/)71 Flovy CQUSES '/Z/ucxua')é'onj‘ 0/ 7446 Ve /OC/'Z/ ram,doﬂmél
/OI’ESSure/ /cm/af/va%rc/ ano/ /7 pom/gno:s}é/c //owS, o/c/?.r/}é/,

| S S \ /

i r “ Lo /; { . . :.—
"‘f ./‘“"-{,‘«-“,%"’/i%f’\ﬂ{f‘\/%//‘?/ﬂ/\f r-'/‘//'fa:l, =/7; «%u;:éj/ £, £

IMEAN mm,aoncml

| Hime, t > _/g/
éWC can dedine our an7[;>/7 Fos: F£=L+4

e

We can prove et TP = b lachusin
f n P ‘#'1& Add;hve Jows of expech‘Hon (‘om/oar)enfﬁ

| "

CF=TF1Pp =F4P -T4+P > -0
END oFf LECTURE /6 -8




|

/V&’?ao/ M /'f/(ov 1C

L+ % B
P -+ L ' Fdb (Ochibion of r)

NO?ZC Q/Sc 7%(1‘/ ! ‘27 = 77—7- = 0O = W’O

=~
O
Constant
Now /7(7 we ’ﬁcus on \/C/Ociv(// e, £=L/ .
£ =0 ¢ u=td+
_ 7=’

l/"/;; 77777 7777 /‘%‘U CMJU
Wo,

7%6 chmgé S/)ear S%rz’ss is w;i//cn oas:

L I/
7C_ = A/%‘?‘ - p U = fom/ro/ vo/ume on o f/u/'o/
W ° 7_(/;’2(,\/76/) 7[ G/ememz ims)o/e —/Ae éounoéy
(lamu:)j /;"7[ Com,ooncn /O&/e r, m0mcn7lumf$a/?nce.
T / momerrtum /€aw'n3 CU) See /0 a\9€ j00 of notes.

/\/0716, we ‘A/pi(q//y l/urhtc C = /U%'b'l” 'i%r /amingr
vpuflu/ c;]euefo ed flow over o fLlod plode since we
evaluade 29/, od the wall, where v =0. Also in the

I pluid, \/’=O,and A VIRV Ye)

8y
u=4a+uU’
V=V +\V
For ‘Pu’ly cJCJUC’op(’c! floud ) V=O ) -\—/T"O
ov = (O+W)(V+v?) =TV + OV + IV + PV
-TV +TV + T + 0 = TV+077

_J(_\7_=_L7\7+.W=> Not #rivial +o (a/a//a/c, bt we can mode [
Node, UP=0 and V=0, however LV #£O.
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Neviod Mijéav/(

No-le ‘3\1301 V< d, and V< ({Jr boundﬂvy |O\\/€/r -movd>
| La{jvw » 1 S0 we can assume UV =0 sine V=0
We

See ‘A’om !361%»’6 —Hﬂ&Jr : (Usmg some in—}uiJ'ion)

: UV —0 as g—;— >0 (Ou'/S)o,C be é[)

U\ oS %—glf (S%mr m[ #)e wa// IS /q,g}/est |

ZL-(; éug/o/ o) usevéi// moo/e/ éy assummﬁ u’\v’ s /om/oor%ml

——e

; 87 AS‘]CJQ" U’V9=Y)€8&‘k\/€
| _ 3T hence. +he durbulent stress
' rC = /{/f—éj/— —p\l"u’ increases overll shear T,
{ = g‘g - ﬁﬁhlor WAJ'C}J ref/emls L 8u

M furbulent mixing Qy

e

| or

- )Q(U e 5\;/: = £ - eAcJ7 o"n%sivily [gnﬁ]

This  modk] s often  wused n FOM/OM%CX%'OHQ/ Hlsic/ oéznom/'cs
( ¢ FO) solhuare /Oac/myes I okal with turbalent £lows.

jWG (an O\ISo re—wrhle 'H’ILS‘ oS

= au
T -(pu +pe)3,
e e
| U e > Tarbulent viscosidy
;LOOL{inﬁ OC}' our exper}menJ'al \}€|O(“)§ F!’D'Q,CS"

| ar 2 T &2
‘ Lamm r &= 8 T, == >==
. q a\/ Lom “::"‘"—:——J:‘\ ’ af b 97’ Lam

(#s)



Nenod Milikovic

Since C.o=puv

VERAVERS G = Ty =~ Turdulent shear stress or
P /éeyno/o/s S7Lf’€SS

We can  now re}mte our v)scosingr o m'|x)n3 )eng#y, ,(7 6y

. Creo\‘nﬁ an ana'ogy with  mdecular vistos; .

T — 5,/,__ 5.2
_j / Phare of i Jeres‘lé area A
TTT T T 77 P X

We lnow dhot shear shress is 4he Hime ere of cﬁwanaﬁ
of moman‘l'um, Loof/dn\g ot our p/cme mf }mle/res{ Cmo' cms'rcfer@

'H’\Q FD:[C O‘I[ mo\eculqr mo—hon OCIosSsS ')L%ﬁ /O}CU’)&-’

2 95 o—p mo/ecu/é‘s %ave veloci-’-ies O\lonﬁ #)e y-clir.
3 HQM 01[ —/)1686 ) or 'é/—V) mo/fcu /CS er um"/ VO/Ufﬂf
hove  mean VC/och/y v in the +\/—Jirce'f‘i0f7,'#)6
other [’)G\/'l[) hove a rrean \/e/oc:'#/ V in the Y

irec—}v‘on.

gASSum)ngl % n mofecu/es ,Oer um'% vo/umc

me ‘HﬁS, We can Soy/ &‘L any 8}\10’1 J—ime ﬂ%ere are —é"nv
ml;’ecu/es 1%@1[ Cross our p/ane +from ée/ow, anJ aLnV From
Aabove,

AISO, molecufes #»ajr CrosS ch, on average, exper%encee/ their

’O\S* collisyons od o  distonce )\ ()\ =mean Hree ’oa—U)) Wz;om the
 plane. (4¢)




/ \/cnao/ M, f&o VS

;'S‘mce the mean \leloc"L\/ U= ux(y) is O\WQAHC‘l‘lon of Y, we @n

%Wﬁ‘lc o bolance ecluo:l"von Br  momentum.

, 7%6 mean )(»Corn,oor)cr)"lZ C«/ rrbmcmlum 7zml’)S,OOf '!CJ /0€f‘ / M%‘E g (\{ )\)—}}Q
, hv | mUyx (-~

fime per un'nl area acrass he p/ane upwarc/S =z

The meay) X-com r)cml a%) momfn%fm ’%mns* rvleo/ per wﬁz 7[7'm@
per unit  area /O;Cmss the ,O/cmc o/ownﬁmjs =~é/— nv[mu,( (\/1‘}\)]

e dap

1 o) . | .
A = 5PV = }\/OTZC 11[ o u[:) %Mc ’Iér V‘,Q )\'
3 7 \Jou will éfe” jﬁafﬂ%f{p,wﬂ)/

%/\/ow back 4o our Hurbulence derivation
Ay ~ j)\/tz , where Vi = Lurbulent or frichion \/efociL/

D P

G _cou

»Ca
'Co=fo,/€&u“_f_o_,}<\/9d@

3
; /,{ = Ky/) K =04 = \Von Karman mns%an% /740/7’7 \
V4 = mixing length or eddy size  Experiv

s says Yot urbulrd edbes ot o loration o st

‘ 1/36, no éigyer‘ %on 74/6 o//’57lame 7Zo //)e W&//, MGJC’S sense
L <inee P(ij;P /‘dn/)n-/ e 7atss }rné-u 4)/ 1400 // @
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I«rﬁ wé 74/r#ler ion —o//'mensioﬂa/iZC :
(/{‘f’ = _(/{___ = y (C)/p

\/-l'
Fp o T
ou=|Laut d . Lot
[T, A
BO\C[( Suéslﬁ A,ule jnto @

%’,’”f; w%//?u

i

- 5 KeE
Kv*g—é—g - |
au+=—’12— Qyi;
/m - Lyt ¢ S/ = The kg layer (auey o

Nolﬁ, Very  Near 1”’}6 WQH, We (an sow -U’}o} '”)6 ‘Furév«l,er)‘!‘
eddies are very small since L =Ry . So:

L -0 , and E —'—”\/% >0 = \/isfosii/ démirzm[és

Tarbulent viscosity — o
T,- %j— ~ S ot

\/+
Y4 . /,@_i _u
Y » U ‘}Zo/j)

f:;pu-\?u— = — =)
Ut =5 | 5 The Viswous sublager, y1<s.

G
>




/\/eﬂao/ M’f'éauic

NO?ZC pfop/e })O\ve /0/07Z7Z€0/ cmo/ m(’asur(’a/ 747636 r€SU/7ZS
@xperimem[aﬂy ’

A ! Log : Coreh Loyer
Vistous | Lower o7
u"_ SUE’O\\/er .‘ 3 .." ' : u+= _lR- IY\ \{++ C } H"O:L"l
= %/{'7 5 ‘ \ | : (Valid for core ‘oofer>
]
i S VA
0 5 3 Py T = 5uL
O - \/"‘ 5 Ut = \ 1 => Expcr}mthra//\/
§) L\/JFL 30 ut= B.O‘n \/+ -3.05 Ledermined.
\/1—>3O ut =2.S!h\/++5.5 (No{e‘ core lmyer
k=04l)

5uvl we as 61/)\7)/7@6’;’5 core 0\604% pressurc o/ro/O For //7/'5,

we mnno% Solve anq/yvlicaf{/r j/ue/o élu;féu /cmc) but we
oo 7/ crnovr

See mge 369 ot Mills

can So/ue €x/oerimemla//y. (
Jf A ‘/\-Tmns)%'on

ot
Ke,
Re, = 25> 4 e 4 ox0'e boy 2 105
0.2
Good _corvelations #o_remember aref/J[= 0.184 ke, J
-2 s
F=(0790 ke, - 1.64)" |5 10" 2 e 210° Ecnit
&

T =
) ({’=§L;az ) C{’=——!7L—-<‘@r$moo#.p)pes)7

f‘ AP
~ Eo)Epu™
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Note however we want 4o solve 4or heat Hanster

~ s
é — L
Lamsinar L 7Dréu/cm[ :
7<—2m/ocm7’ur8 pro# /e Em/oemﬂre 10 rD'l4 / e

We  can w%”ow the exo\mL same 'OrocecJure as we dic/ w'n%
the momen#um éc:\/an(e, but now W)?ZA energy

T T Fluchuodion in T
————————————————— B T=T+T’
= TorT
T - kIl +VTpG = Erey degrel Brmuladion
9" = - k % FV T pk
VT - - & %—l\; [9 Jarbulent Frandt! Mamber

Now we can 0/0 71/1c %//OW//’?@ 2 /Oft;?if

So our heat hoanste~ becomes’:

— _ /Nl
7 - -2G(=+&)s,
T=pu+e)s”




Nenod M’Mo id

We an now mo\ltc o useﬁ! anaoa
(Tarkatont Co o e}

— /45 ;o’c Comcs 'K’bm
%/AT_;(Z: )_;@ F

Nu,

PGU 2 \LpUyie 2p% 5p% ko (M@(ﬁ) |
A Thr
St 2%'44’*»5 ; Pr/zj 75"C\n"t>n numlae/r‘ 7 PC’U EDCPU ‘

No = _h | 5 Node mos? recalls ore ohdted
S - Ke, Pr jDCpU/ as 6575 \/Ss /é:g(/’nl/:r exfﬂfm@"\k

/\/ovle #NS IS #)e same as we hod Aevéfe jn laminar //ow
over o 'y[)/oal IO/OnlC CO\//CO/ 7%6 ('o/éum a\na/ogy
See Qe 0 of the closs notes.

St prZ/s - %-= ‘g:E‘ (For smooth PiPeS)

/_é\}_u’%_ . prz/_a, _ ?35 = Fom /Oa\ae /49/ Jﬁ: O /54(@2;0'2
€I r o L
Ndo - 0.13% g,-02

o n

_ 0.% 3 = 7:1144!.//077[ f)/ow /\/usse/##
//\/uo = 0,023 ke Pr / /fmjy%m/ /Oew#

4><10"4 ‘;o L /O :

k/\/m[e, the expeﬁmcn-/a/ resd/-/ /s - L
L/\/uo,_zxp = 0,023Re"" /)rolf/ 0 Hus - Boe ller equadion

= fe, =10 000.

7 MOS‘:I accumvzc (brrc/a%on 76 Use is 6’}’)16/11754/ (Drrf/&?éon %r ppe-/%u

Ny, - G100l | o i o) o
| |+ 2.7 (B)(P-1) )




Nerod M’é’/{ow';

| Zarbualent Moot Tnstir ouer o Flad Dbte
For laminay Flow we derived :

G = 723 = 2 1 G = shnfichon colicd
7 Pl x _. a7 lecafion X along pIoT

|  Cox =shear shess o plade surf

C/»av = _L?l%?//___ at locetion X & lorg plede
I [61. * Cﬁa\! = ayeraqe Friction coe "C""'ﬁ[

over the whele plate.

S _ 492
x Z@x 2 o

kp ! T | Dl
Nuy = 0.532 46 P > Nu, = b= -0t ™h°
S%x'pr‘ d = ——-—%

| Mowu Que CAr)  examine /Ac %u%u/m% -ﬂ/oﬁu r@}rhe

-

18 e bt
—> oI
D : |(?a o © @ © Qf‘\-;]:(ré(-//enﬁ 6o’o/}65 ,
f \\/a Q20 , , -
Lominar e—  x—_ 200 s
_ ’ N
K=0 Keg \/ismus
Subla\/er

/jé@m = \—/‘”—UX—C@— = 30,000 - ’Soo,oooj S
Ob{ﬁ £ 744@ df%cd/vé« n Qna_/ywll'ca//\/ mogé/i'}’g #eﬁréulen‘l
_ éounc/qy /o\x/er orl A #/cu[ )0/@/6, 171917y of e 'fé//qugl’g

expPressions  s7em Horn cx/oeﬁmmvlq/ correlations.

/ Cox = 0.0592 Ke, T 0T fe e /o*z=”n”‘é“’°”+ Hows

Cox = 0.026Ke " 072 Lo, 2 107 shin Hichon

ceefhcient. @ ~




Nenad /V//'f/fol/ /C

. /:Or_ evén grca'/Cr AccUrALY (D@c{opecj 57/ WAivlc) |

0455 5 _@Tréu/'i-apl’ouo '
C’[ (/l’) 0.064- )2‘ ) o= éf" “ /O?‘/ ov(;r o\c-z)(q-lp’&‘le;

/\/716 X /5 579// %e 01157161)’)(6 #om #;e 56 nnNin oﬁ 7446
’I[)Q'IL IO/G\C r)o7[ 7401’7’) XeR. j \9

p;ca//y weé wan% #IC a\/cmge S/zm 74)%7[)0/1 6061446/6/)7[ 7%;"
€ w/ole /0 aTe.
Y 2 -0.2

/
to,,(= Z?sz C’AX = levm -0.0592 Zex
2 ~0.2
- Z/—p\/m -o,oS‘?zGQLw x)
=0.2"

: w/'vere C= A pV,,oz-o oﬁz(ﬁ@ :

oo = C><°g . C ot T,
OSL O,gLo'z O:g , O.S) o -
We can now so'uc 1%r‘ C—ch |
1y
Coa = G . 00592k
o 0.% 0.3

7
C@a\f = 0.074 ’QEL s

Applying our Colburn ana/oay " %,( -N*%— (Svlam[on numéc)

lUUe Lmow 'A))r a '/)/eul IO/CMZC’ N S%X /01” =
N(/{x ’02/3 — Cﬂx

Pe, Or ya ,
3
Ny = _z,,, hr




Nenad M;kovic

(/{sm\g Qx = 0.0592 (6,
Nu,( - O CiS‘?Z /éex‘h /éex /0/— , o
I\Ju,(‘ = O.OQC} Qexazlor /sj = Co“sum Corre,a%on (’Pmm analoey)

NU\L = 0,029 QC‘xo'g pro i = \/Ul’] ‘l‘D\thCr‘ COY(‘ﬁ!&‘I‘IOY} »:
0.% ~ Pr £ 400

NUL = —E; = 0.036 IQG,_ r j gsxlosé ,Qex L 3)(!0
—_ Uf '
For a more Qccum\"é correlcvhorﬁ N

- (3) el o kb
0.5 4 pr‘ L Jooo

Cox \' 27y
I+ 27< ) _)
Ga PV S

let’ #»e C/OSCS'/ we o‘/ 710 an cma/y'léc:a/ I’CS‘LI/’IZ wWas w;#
#}C ao/éurn ana ogy, c/7[ ENVEN #y&n we /700/710 useé —/ée /oca/

shin Fickon coetleient ( (2.« ) based on &fenmemzsy

For e readg, e mge 512 in Ml ectbonk,
-——‘qu Eﬂgme ol ot 60°C Fhws over o 5m /0’39 74/&72

plode whose Jcm/ocfmﬁlre js 20°C with a V€/OC? of 2 m/s--
1961[ermme /Ae 7<o7la 7%»’(’6 ano/ écm/ %m /Oer um'/
R ,ﬁ
. — b T =60 C . e e e e
—> . =m , , , . B
_ ! | s | : /,Tw=20°c o
S ———————
——bx
| Aésume Tow= Con57lnn7L ?é—p/x) =2C
Conmlam[ /Omperﬁes s 7[6&0/ /)/Ouu @



Nerod Mi \//'/(ov /C

; = JwtTe e
Tp=T = Letle o

poil = §#6 Z@/ms

hoit = O, 1% Uy/m I
Pr = 2970 ( /\/%1[6 how /a@e #p)s /Oranc! 7[/ riuméer s Q
Usl = 242 x10 mz/s /Ormzcr = F

arr = 'f

/EJVS7L we C/)ec/( )f we are n 7%6 %Jnéuéﬂ% or /am}nqr r£3;M€
:&’,_ = V"’L = [/./SXIOL} £ S_Oxlos- (Laminar 'p/Ow)

Vo' /

?\/\Je L(nouu 'té’mm our /)revvious o’er}\/mLions 60&36 g5 otf norZCS)

i: - 'S'
C#ov 3"‘—"”;_ = /32?/&}_ © = 0.006573
! 1oV
Z PV

;EZ) = Cﬁau . A ;p_j\_/i?: = (O-OOGSS>(€M.}m) (276@/;’3)(2")/5)

/Fo = 57.2»/%

T = 552 W/mt K
/Q =hA (T, - T.,,) = N'OMW‘K

NOW \;1/})07[ it we /S_ X 7[/)@, Speeo/ of our —tf/ow? WAl our
747‘(74‘0;4 and }16&7[ ﬁans/&r ISX  as well 7

(63



Nevod Mi \ﬂov il

e, = Val 6.2%x10° > Rewp  (Turbulent ﬁ/ow)

Vel
Chow = 0.OF4 £€L- >* 0. oos 4 (PQSC /53 o/)nm[cs)
. 2 " 2
Fo = Coo A ;9——2’0“ :(0.005;4)(5”12) (g%[@/zs)(%m/s)

E" = )o.l3l¢N7

For heat tonsfer:

N U = % = 0.036 /Qef'gpro'% (Eskmajre onL/ si‘nceprﬂfoo)
! lb(‘oulol ,'\OAIC u&’J

= 0,036 (Q.leosy'g@g?o)aag = 47 545 Whijrc correlation

T o Nl _(rsis)lo. il -K)
L 5m

h = 1369.3W/m* K
)Q -hA(T.-To) - 2?3.Mw7
NOUU 161‘3 Com/OQI’C'

Vo _ 15 _

\}90,1 ,‘ K = >

I[—i_::—.'% = '—%%3—'\{'\—'- = |77 ] ( 0m3 increases o,mma%‘CQ//»J

o TN 4.9 (Heod Hnshe inenases ookt
\ .

No%(’, 7%/‘5 /S WA re \/Ob( S7LH' Zfe =N aéc\/qu n éfml €xcéqngara/€:’{9n
Vin Herms of /76&7f 74&1’)5‘/)&’* and pressure o/ro,o. |



i

‘ Nenad Mi j'ﬁaw’c

Nofe a/so/ anml/m/’ /'m/om/un% 7%(‘7[‘0/’ o /zce in mid s
7%6 wor[()@ //u/'o/. Tn this case, 0./ is use with aﬂyﬁ
/ﬂmna/vl/ numécr ano A/gé v/'sros;f/, Z- 72 we had Ohaser

warter or air, Aow would our: /’Eyu/% cAa/ﬁf’-’

Wader: P = 1000 Lcj/ms

L(w = 0.6 W/mK
Pr =%

Dw = 0. 658x /0™ mz/S

ke, = \% i %T"’é{éﬁfc?zm% 1525167 (Tobont )

Chaw = 0.074 £€L-o'2 = 0.0027F

L2 | hafpm zm/)z
F;,wz CF,D\\, A ﬁ}_" :<O'OOZ:")(sz) (’000\92)( /s
FD.w = 27 } N7

FOY‘ ]'1€er vlmnswp ex

Nu, = LitL - 0.03¢ Re OO

0.03¢ (1,52x !07)0'5?@)0% - 462562

‘E _ Nu. 'Llw - <4Q 25@2)(@@1\1/}’)’)%)
L 5m

]

|

.
j
!
i
i

!
{
!

|
i

_K = 5550.% w/m"}(

f&s TA(Te-To) = z.//ij

Ff::z'l =2 %‘:—'J— = 0.0l or 1% onIx/.




Nenod M, \// lovic

| 77))5 Simp/ﬂ ano\/\/s}s SAOLUS 7%6 }m/oomlame 070 Se/emzfnj 7%6

P wor ki 'ré/f-lio/' You m be ashin 0 66/74 why would
’gmszgo{/ usé@ o f)i@% ldru 057?/ as a woﬂn Y#C/JL/;O/ " Q %z/’ma/

| O\PP’}C&JW‘O”/? Tsnl" water m/ways beter 7

, 726 ANswer  js /\/O/ O//S Aave 2 main ac/uanﬁgfy over w&'/era

/) 7ém'0@mﬁ/re mnge ( 7:/p;'6a//y - 40 743 300°C ) Waw/cr
bui//,'ﬁffé’io or Ao,/ om/css /'715 /Orwsuhz.ea/ cd/n‘c/) ma/fcs %@
o\o/\/qnhgeg o wm[ar nO'/ (,Uom[/y /‘7[ //Oreysuriza%‘an I 74’;CA7

@noj rec}/u}res a /07Z 07[ a/es}sm, mc\)n-lcneﬁ(e) ano( *ér w&-}er,

}u‘g }'v Frcssures-

S *.9\)_[0&, volati /,'K/, Wader has o rc/m[}veﬂf A@A Vepor pressyre

meanin )7[ 6chloon9\1/€S ano/ (‘oo/am[ Can éf’ /Os-/ aﬂa/ nec’o/S
, 710 Aﬁ ra/o/aa’a/, O;/\é Vé\door pressure c:ul [=0-60C is

NN usua//\/ Oﬂa/ mMeaINNG 1o e.uoyoomﬁ/e /maess /o.rs_
3> Corros\on resistance  and™ enhanced ,ulan“ccxjﬁon.

Gilinders ond Spleres
4/ foolied ot indernal How in a 74166, and

1So fr, weve on

A éxvtcmcx/,, 'lg/,ow om a //cuZ /,a/f, Moml Aé’ 7Z 6x0/)an ers arg
| not n A7Z/7i5‘ mm@uravé'on,p ) 7

e 6/<amp/c: Shell and fube  condenser

7 , 7] Tubes =
S | Taktz ) 2 S FYUL_JI|

¢ Tnlel 1
—— Aa 2 _ }; @ ?u#/cv‘z
m ZSA&// (bo//‘n\a Fluid (W&’/&/)
47 OuHc—} 1

END oF LECTURE I3 v




76743/ ? C=|+_\9._
0 peozls [
H Q)Q{Q‘cicnf, \g\ I T/Dns}%on #om /Qm)nar 7ZD

MNenad M j'/fOV/'C

Here we AO.VC a 7{1&:‘ \9Come7lky w;’)ll”) €><1lemal Aeml %m/&”,

: ;S’;‘nce emlema/ #)/ow, 7%6 744}’60//(3/7(@ c//)vzé’ﬂ'o\ 57[?// remains,

i,'tC: /ee-br/"\:SXIOS‘.

| /\/07[6, Lominar //ow wh%
XT'—U/’ B ,E SGIOQrmlion of 7%@ /am/nar
— 5oumclary /a\/&r.
— 0) @ ho ¢ Re, £ /50

Voo U

mféu/&’)'ll éOUV?CJO\h/ /Ob/@%

REQ)
y 5 (,uj#, s’qmrm"ion.
/—N@Q (%zﬁ.omog
— ;
L
In 7%656_ —ﬁ/ows, ymore chvzehq /S F(??(/Il'ft’o/ o dlescribe /Ac

.}—r()/ow . Jaminar or furbalent é,/,, se qm/c’af or infoct //ow,
‘7117,06 oﬁ (,ua[(e, If) 86/’)&/11/:

" See page 31F of Mills.

Aor Cyliner

1

CO :é/ 7ZU)’6L//C/77L éouno/o\ry /ayef.

> lQeo= Ve O

—

0.1 bi !O:l* 3)5!05_ 1%

/\/07[6/ 7%6 ﬂréu/m% 60Lmo/my /ayef, 0\/7%0(./94 cremérzg 1more
6’/(;'/’) ﬁ’ic#on o/rm\9 C/”x O/GCrEaSGS 7%6 ;m pressure, or WGLAC
é\/ /ﬁcgo%f@ He ouno’ary /a\/er From fgmmz'@, due to i

hig/fler iciency /71))(/'/\)9 and /Q}ger momentum.



A/ﬁﬂdo/ Mi j'/mV/C

Co = Z ) A = oreo. of Jinder Vlorma/ ‘/Dﬂllﬂe Hlow.
7 P\ A / ! = T_O\ (DichZnenlar fimes fen #))
F = ’|to l ij 1%%6 cJuc J'o ’porm qnclslfinéc{

A+ ,low Qe\/no,cjs numlae,rs, ero £ IOL% (\/'»S(‘ous c‘m\a o’om'm&—tes)
\CD = | +7’2?O-273 ;14 260 L IOZ'( (Lam)nar ‘p{ow) |

6= 12| feo > 10t (Lominar Hlow, scpunted b1, whee

wale draj row Aom‘mranles

Due Jo Hhe Ji#@w/ly n modelling of Hhis Flow, most resulls

ore. Trom experimer\-ta correlcx_ ons |

Nu, = 0.825% - In(Re Pr)'2 | 7 }Qeopf coL
oy Wy
) 0.62 Rep, P2 .
r\lao 0.% + D‘f' (O,Q/Pr)zls] Vg ,Qeo L]0

a

mn ///S

| See ,ps,,%]q, eq{u&kons L¥b and 4.7le 1%r rest a—ﬂ%eﬁa‘sms,

Flow over o Sohere |

The s /reﬁcaTreome s not o ,oica/ heod ex% nge
9€ome£y oer ?a , /7727,,1,@4,5,» A is 7%/}741//7 /m;Orﬁn%q}g Zows,
/'r)\/o/vinj o/ro/o/e and bubdles. -

l:orvexqmp/ei Spmvy oown coo/i/z? in o air cooled condenser

, - Nozzl Pl
":"':L%?r‘-ovopcle{s , /Aj A\R T~ Air Flows Pcml

T K Plow Ny | ot droplet cools
: / }jff{tif\ﬁf\j ' T T M. Vers f%cicml
AT L S| methed of sl

) .', N » since small o/mps

,,/’ - (o ”edﬂ'm have //)/9/) surface
g{v Tanle area Nolume vadio.




i Nenad Mi\&'/(O\//'C

(

< lominar 4o 74.4r£u/emé
boundary lover fronsition.

i

. . D
i : : > Lo, = Veo
ol 0.5 500 %105 Y

In 9%%/, ’l‘@r‘ o sp%erei

) QCO <0.5 ([aminar f/ow, So les p/ouu>
Ls Can solve 'él". Hhis
Fo = 8Tu\eD| = Sholes g ~ amalydicaly using our fools

-~

_ o4 09-/3 :
6= 5 1+ ){ uﬁeoasoojfammxu/

Corre lations
Co = 0.44_) 5 500 ¢ Rey £ 2x10° e
/:’Or /7&17Z 74'&)’)57[)6;’ y

—_— ’ )

Nug = 2+ (04Rey™ + 0.06ke,™) Pr Ol’(,' 5.5 fey 2 gxs0t
0.7 £ Fr£380

NO%Q as Qfo — 0, }\71/70 =2 w/n'C/) cwresponois 7‘0 a

sp}were Cono/uméhg /266\7[ fo ow }n#m' 716 meo//um .i

T
o = 2,




/\/enao/ Mi \// 'éow'C

/\/0716, 7%6 o/mﬁ on o blutt éoc/y can éc o/ecom/ooseo/ /'m/O
#wo

com /Oonef’) /3 :

Fo = ;’:s,: + fp ¥ Form o/m3 dhie 7o pressure
Lf,\, i erinee or wake o/rag,
S Z(in Fn‘m@'on

0)’03, C—Cx or
Viscous o/rag.

FOr vl)/ow /oaml 2\ S/O})ere or 67//}70/&”, ﬁ/réq/emc /'nsio/c 746
é)oundqry /O\\/fr' /o/ax/s a VCP/ /)')’)/001'7[!17)7Z 674[616% on O/raj as
Weve c\lredo’Y seen in 4he  Co plmls :

Semm#on, B =30’

B Y Lominar +low
= E 5
/99579 s
)y i

. Po) Dw < -Dw.L
w/ﬂ%@%{; 1T

Tarbylent
Laminar —74/!"5./ bn f Walie
boundo, ry /ay’cr 74'ans i fio 7

%e Cremé'on o/ a ﬁlréu/em[ 50uno/q;y /Clyfr /070& 7/0 e/%amf,

mixing,  1Crease omentim in o/oposj%bn /o ackerse poressure
@md/‘emgl and feep He éouno/ay Jayer ottached 4or /onger,
reccin %e Form dha (/:) more than no +the sk
9 r ro) rmore fhan mereasing e siin
+richon o/n:zﬁ (Ir‘;/: J No ¢, His s VUA/ 30//' balls ore a//'m/o/oo/,/




/\/enaJ M/’\é%owf

EXQmQ/@! Stokes Llow and c%a'@e of an e/ec%on
lIn #e &:\rQ /QOO'S) sc}erhé'svls /Aou&%l 7%&7[ i/ec/?'cq/

C’/IQ € wcer)w/ %UCM‘/?Z&:/ anJ was Cornéhuous, oécr .

M /‘/tCm and His 3mo/ua7/€ Sﬁ/o/m% Fletcher wan/fc/ # C/lfc/(.

/716 ex',oen'men/ :

Ol S’prrx/ J’ )

\/~ 1000\blts

?Z/,l Jv L Jy l ; |

1 o)

y L

\ : .
(un‘n%rm eIeC'FHc Aefcl, E=g—

' L\S ht =

M\“‘IIA N O\Y)J Fle-}c‘ﬁer U\JOUU S O';{ &ro k% no} IG’P
gone :;LHG ‘ero 'M’le aaﬂo be%eeﬁmﬁ%e plcﬁes, °

77)&/ used oil e do its fow vagor pressure /bw e\/cadoora%‘on
QnJ Becaum /'7[ amu/o,/ ﬁam Some CAO\@@ wAdn S(pmyeo/ . [‘A’f'éo)‘

elecha lon
| The analysis:

Mi//i/(qn’ wou/o] 74/’57[ /é‘:Z 7%@ o/ro/o/e% 74\// wh% no a}o/o/ifo/
e‘/em[n‘c 746/01 and measure /'715 ‘/Ci’mi/’w\/ ve/oci/7 Vi

A umi ot Ke 2 he used Stoles d "o 2ol /Oﬂlé
'Uwscs Jron\c‘}cnl size " ° © o €S omg | aleu

D tdoit Vg ,
9 (DailPa




Menad M, /‘é‘éov/'c

| Next he would 4urn the elechic feld on \)'us-l enouaff»
,so,’quJL the electic —F‘:CH érce was 'us*# h lqenoual'v —‘o
Ea’ancc ,-”n€ 8)’&\1':4&41‘0;4&’ force. So #;)e olnop/&[ (/Uou/o/

__iremoain per—/écnuy shll in Jhe mMicroscope
' b E L4 F g,V
y F = 9 E -9 - '

C 5 Single drpled thak he Beused on behuees
te Pamlle\ p\c&es_

5= §TRY (- )

, = 3 v T9 r(pd""j)@l")s/g (po;)—pa}") .

- 127 ~(1U°"’ VJ:) - d [ = elechne clno\ on the

T ( el droplet.
LD MeaSurecJ 'oarameqlcrs ! \/‘4:1 \/7 c@, )Oo',ll f)a;r Aoil

HQ ,‘H’\ef\ measured 'H"te C)’lO\YaC o‘p many &mp/eﬁ Qnoj 'J‘D(l:q,a#&'l #Bﬂ
| Fom his results Millikan Slf)owe& o %S‘Clh&"ﬁﬂj trend. . |

ol Qupd =ng,, whee |9, = /.5724x:o""coulome,s/ )
7, To_o'qys a(repwlcéJ value is® LC)re_ = ].602 176 X 5" Cou'oml:\_{l

,,,,_M}//:‘,Z{an S;Aowcd Je#nh#vc/y 7%&71 e/ecﬂlw”c //ayyc WA _ino/ecQ/
| Quanfich and Wwon Jée Nobe/ prze in 1923 Ar . The
main ol he used was Stokes O/mﬁ / -
ENQO oF LECWRE |9 —(l6%




/\/Cnao/ /\//}é'/{o viIC

Cgmg[mgg;é‘m ﬁeaf Z/fggy/)x
fl/\/hy do we care? Well 9Jo% of our @/eerfcié/ eradted
Comes Hom ceam power ,O/amls, In Hese ,o/am?&, the
f fanlr}ne Cyc/é is used w%ic/; feﬁu}rfs a condenser: Incrfasirzg
IS rono/ensméon /76&71 %m/e/ @744/@/7(7 can  ncreaSe -/AC
‘;ovem// /oower p/am[ f%)c)cr)cy Ql/IO/ /76/0 /’fa/ufc ¢ OZ em/'ss}ons,

[:ﬁle/ Cconsunfhor) C\no/ 005‘/,

ph\T/s}CqJ g\/s-fcm : (@anl&ine) M@MSC S"’O\'I’&S:

® Wout Cribeal Poink

Pump )

© Qin @

| 7776 Cono/enscx%bn ano/ éo} /mj pmcesses are t/€7 /m,ébrlzcm‘lL ﬂéf ’%c

E‘%C)CI’I‘/ O/Oerm[fon o% our mo s—/ cormmiorl /means a'/ 6/76/3/

prodichon
;Conchnsa‘ﬁ[ion on o VerA"CQ/ F/a# /ﬂ/mzc

’5)[ onstont propemée\s’
) P _ A (pressure '@mc/iem%

o : ;
Y in the y-difecHion
onre ;cg/ig}é/eﬁ

47 Condensade

AN\ i Assumphon@
1 \e \/QPO‘” ) Pure voypor
T % \a— 2) Vopor is s%mlv'ona;y (\/00=O)
° ~\e =0 3) T =0 of e £-v interface
4 & Tsar < To .
7 P ° 4) Trertio, can be /)63/{’(‘7/&/
:: S y—— \/opor Cbnéenses or Lam}nq;r #/m (O/?O/G?SG%'O/I,
v
X



Nerod M é'éow‘c

_iAé/f QSSumIO%fon #4 1S Ua/}o/ SInce. #ve /cw[cm[ Acml D/ ’/7{4)0/5
| Js 7[7,0i6a//y MUC/z /a»yer #}an #leir S/Oec)’ﬁc /mul. 7)’;&6‘15/6 we

will " have” v Hin “Hibms un’nj Almwise condensadion. These
;#/ms move very s fow /y (dye 5 /)/?A shear atthe wall) and
nerfio. can be nc&:»/ec/ed when compared fo viscous or 3mu[§ forres,

‘ X-rmmemluml ( n 71/76 cono/e/)SQ-/c) As]de:

Ll fu L ap . g Arother vy todes
U X &  Prax ’c&\/Z 3

inertia. =~ 0 is conservat
O‘p moass

2 . .
%"'8\/ =0
= AV
18P _ 8% V=oigy so
pfax l')#a\/z. + 8 @ So %‘i.:o
Y’MOmen‘ﬁum" (ih -U)e \/C\por>
O O

[ 2P 2
Ug+\% =‘7—gax H)a\/Z 9
Since Voo =U=V=0 L/O?\Zio)
59.5_ = 19 Q) = l—gdmswlai‘\c oressure (Some-”'\'m s}m\li\r )
n 9, 37 of noteg
Suhs%%ﬂ’\nﬁ @ b @ , we obloin: "R

L. _ &
e 190 "U@T/qi =3

‘ —8(“})1: —)%) =/<44%%12—‘ =>Mun‘pl7 both sides 57 3_lo'E
: 9@____24—23,3_@

3\/ z p,p U;

|
%/\/ow we  can /oo[( at heat %m/ar Since inertia is /757/\/9/5/(;

e can neg/cm[ 744@ CorJVCC'rLin 7l€rm5 n %e eﬂegy

ieci/um’-ion. We are  left with Sim,oé conduchon across He



Nerad M/} kavic

V=0

9?2
| u—g—zm = X —I - =D
| Ax 3 a
L~ 4 \/ k/wZ.J
} O <sine inerhia is ncgl 3\6[6 Only in y-dir since Smd enJr 1510y

NOUU we ¢an a/opl/ our 6[5 Gno/ §o/\/c e%uméon@

‘///\/zC)) =0 [No S/p of e wQ/d

1 ‘Q”/ =0 (/\/o S/rear <‘7[r€$5 a# -/*Ae L-v m-!créce since *—«1)
. 8y /y=§

S‘Olumﬁ we O(ﬂlal/)

u-bpsE Ly (@ e

App,"/mﬁ our g ( S 710 our C’ne»ﬁy é’iwméon

T(y -O%- ;
; T(‘/ - SQT
So/vmg we obnin :

T=Tp + (Ter -T)& ©

Aé‘/ﬁ 7%0\71 607% @ no @ are n '/Crm_f 01£ S i /7660/743 J‘O/(/e
;7[0" g r/) we wan7[a7[o mOYE Of LOOLIﬂ\? c/o<e/\/ o@f oUv conoénSa/c

L
<[ty - [P0 )



l Nenod M/&%ow’é

- pe mc-pa)@sz[ i ]/

2 Ay 38
s ¥ 2
, Z 33 s
m = ff (§2P3)9 J @ => per un'rL w'lcmn O1C plcute [Tl:?g]
£
We can Jo Hne C‘XO\C‘L Same ,OroCeolure in ‘plerms O'()Wra\/’:
k T o gy = edert hesk of )
;L —_— = laden eat © ,0 ase
- C[’van J/ ]
a, 1 dm L\% (How muc"?el'?eag 'litﬁre'easeol
e - - - - - ‘Prom CO)’)VCF/’inﬂ ”43 ov[’\/opor
deF into |i9/uid).
’ s

i Do‘mﬁ an ener\cﬁ Eq’qnce p/-n«seci,/nto J;vijedqui l)/ dx ;in(e ?//' s
BN ARD = dr (|> a flux, and om-hfy is nof.
%'k‘gqyzo = am- by (3%

From ec}wﬂion ®), g: E_T.S:I‘l_

75&7"7; m
b B oy g2 |
Wc (mow 'ﬁom@ '}o SOIVC 7%r %VE‘ :
| 7:0\T ‘7; - A‘ pf (PF'% 298
W e = Sy )952&‘

J'Z( (T;G\T-E>/(/( -o}>< i[ggalg - _§_’_4_ f g(x’0>=o
g 06 (PR i

5
%

|
i
|
4
1



Nenad M,'\//'onic

Pr (Pe-P5)9h4y

%NOUU we can solve 7Dor our NusseH' number :

A [mm-n)]: e

g _:[4[(; (Ts-m ‘To>/CbX J'/4

= lamnar 4 [mw)se

Ty
NUX = 0.707 [})ﬁﬁ}%}?:’_@>x3] j condensation Nuself #

%No{f’, this anaf\/sis was Hest done b\/ NusseH n 191¢ and
gis <hll Uu'fcle(\/ used och o\ccumje”y Ua'iJa-leo‘.

F or average Nusselt number over Hhe on/e /O/Q/@ :
h= Z/—/A(x)Jx =—éL%(L) = Ny - %

’/z’_
| ) Pe(Pe-Ry)ghy L
{ [ Nu’_ - O 9‘/’5[ "//I;l‘f (T;oq— __];>

'S°§T“°‘ S ede poprkes (21 52.g) are. evaluade] o
1) Liguid concensate  properfies (s Xr, k) are eveluoted a
| 59/ Alm %@mperﬁ#urc T =(Tag + T3)/2.

2 P and [/;;3 re evotuod ed a{— Tm‘l‘,

3) Ln r€a//19, 72//7’7 mno/cnw\-/ion aé/ékna/s on %e Spec}ﬁ'c

or sensjé/c />€&7[ C\‘ASO/’A&J/ éy /éc FO/?O/&’)S e in ado/hlfon
710 7%6 /a/c'ﬂl Aea‘/ { w}n'ck we’\/c COnsjo/creo/




Nenad /‘//\4 bavic

Since Tsoq. > T“r’: H’)ere \s %eo} %ngpcr cluc 'l'c Sensilalﬁ

heat | i.e. the condensate is nod qfways mt TSIOE 1 gets
sSuocooleaq -
>y

_EC\T ke To
Quannr = ch}lFS (’QJTCN[ heot O!PLQSQ C%qnaé

k&gpec]ﬁc = df;’\Cp (T;oq —To>

o correct for sensible %e&‘fﬁna e—MeULS, Nusselt ond
téolﬂsenow suﬁacs-!&:, —!o use o moc/?#eo/ L)@

) he' = he + 0.63 (pr (Toar - 7:)7

This sens}é/c /)eomé'nﬁ e/fcm[ can be c/mrac-lcyizeo/ éy #IC

J-QCOA numéer, :)—a, ‘!ZD /)or)or MO\X J—acoéls /Oior)eerirﬁ wOré
of the 1930s on ,okase Céangc.

- sensible /)64:\7’&(:50/’[360/ _ Coﬁf (75:17 '7;)
/ Ja Jodend head obsorbed / 4

For wader af fodm (7;6\1 =IOG°C> and To=90°C, then

(4. 174 hafhg ) (10k) _
:)—G\ "( 2257_1{3-/{‘3 0.0JS’S

So %@ns‘)ué %Cm’in onZy mal«.’s P aboutl 2% of He '/DJ&/
}\m% 'ﬁansf&r, MQginﬁ s nfﬁ/& N #)c prev}ous C\nc\lys}g

a(p'oropn‘onlﬁ .

B) Poedd  number plags o Jare role os ell exspeciall for
§>P,~ 221, I}:} Prdi/’,\/s#)e N:gseht anq’\/;)s N \/ﬁicd, 4
9 1



iSPQ"YOW aﬂlg Gregj measured

o

Nenad /V//j'éow‘c

the ’A)D”O\U'H’)j regqu:

! -
ll ‘1 pr ,yf &= Nux‘exkcr means
™ /7‘/' NusseH number
Nuteer ©7 7 Pr=i obhoined fom o full
| 0.8 T } exact cmalysis .
N , < +—FPr=0.03
°FT AN Pr=o.c08"
0.64 .,
o.sj- \Pr=o,oo3
— : } : 5 N
1o~ 4 15° o2 o 1
Ja = C"'ﬂ_/hfa
O\CCoun'l ’QDF‘ ’H’e eWQpech otC pf,

l’\(ﬁ’ = 14(51:' + (0.62 - O.ﬂ?/Pr}jqjl( for pr\' =06

5) Keal

Qea\ L'rfﬁ "

EN) oOoF LECTURE 20
[}/’6 corrboarto/ 7[0 /\/usse/f ana/\/SiS

Nussel+:

P

A

' U
T l l V) ! L'ineor unpcmjrure pro—ﬁ IC
Tsor T;m' Tser
X
6’) ﬂ»e presence of non—(or)o/ensqé/c 30563 QC‘/S 74) Sevcre/y

i
1

W/
@/,‘7%56 away ﬂom 7%6 cono/cnsmﬁ
diffise  inward toward the Alm,

eqrade heat bansfer. When e (ano/cmi\czl

nortondensable air, uncendensed. air mus

This ((_’)u,d/c’a/ 0//744/

Vagor S mixe
(’O/)S?ZCV’) //y

Vapor mus%
frusion process

£l and
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can Cons';cJemU7 SIOw Conc]@nsql'ion, 7116 resuHing L) can 56
cut E‘f o 7£D\C‘I‘Of oip 5 if there 5 as Hle as s% by

moss of air mixed info the steam,

F o
(7 i 64\/\/\»/\ 01 #sion of vopor
WaH,Tog Condensade 090 o
2 Film GO nnnd Drfllusion of NCG's (nonmn&nsans)
f Lm a0 -
v C? )
g Non (ono/cnSaA/C gqs /e/’v[ ée/;,no/

7—) We see that he = lg ~ 7}(”4

go L\‘L 0 Xf . ﬂ’)is 1S J'us'@ I;Le Ic\minar Eounclar\/
layer H’)eory and indicades  that thicker condensale
Alms odd *conduckion resistance .

>y

RcanCLF E_:'A_

:—T QConAﬂ-: 8!::4 > emml,z >£‘°n$.l since g><2>§"I

So kcw‘ma Shor‘}cr Sur’é\ces and many of them is benm@#af,

Exame’e‘ Wader ot 1 odm conc!cnses on o lek')p 30cm islq
‘H’Ia'l' 1S }\eU c\‘l‘ Cio"c, Ca(cu(mtc Q/mevlCr, §(X=30cm ,ancJ

- M /meder.

g =[4l{ (TSQT -To Ae X }Vlf
Pf (Pe-P5) g heg
hg - sr{1 o - REDLD) - 2271 1Tk

@




Nerod M/é’dovi(

; )
o _ 4(067?)[}0)(299 x)o'l’)x B .
R [%/.9[ %1.9-06)@ 8N zxd) | T OOCOMIX
e

= 0, 104mm = IO‘MJT/ =D 7%/'([1;’)653 O’f'ﬂ\/cauf

//la;'r N /oMm/
4L blosm) . ‘
Nu 3 3 (0.000/04m) 3316 o

= 86,9 hkW/m? Or/—EL = 8.63 Z{W/mz'l(/
Qs =(§6,2LW/m2>(o.3m) :{EE.E'Lw/m

\/

S
1] :.ICT
q' - Nu x

EF:OY‘ CONJ&’]SQ“& —pfow YD\"C ,oer me')[Cff

, Q QNC“,O _
m = "\(3 = 279 —0,0HH@/mj_/

.;lec how /7:9% E_ 1S 1%;’ wnoleésaﬁor/ /0/75155 (/'6776:
| [FL = 2.6 LW/m* K >> R’“””“”"”J

Typically, phace change heal Hhanster pmeesses are much

| 5 /”CF n h ue 7lo 7%6 e/10rmaus amoun% o/ 6/}8/97 wf
;./Q/L’V?% /Ieavls O#IOAQSC céange.

‘ [urbulnt Film (andensation

WC con o{e#ne A ge\/no’cls numbcr ‘%r cono’ms&!‘ior’) [\

‘ QCS = p;ﬁ OL = V;UOH -4 O" . Where Q = volumeFvic Flow rode

£ ‘ A A = area, cross sechion
D, = TA S P=w (wetted perimeter, only the wall width, w)

| , , - wid

9 Q = _DQ_ = Re = _m_ﬁ /%é = > ﬁeg = _Zf_':n— ko“‘\[C::ﬂCths]lB

E ’p,p — S ?./F A /L/.ﬁw | plo\-l-e,,

§Now we can solve Hor /éeg expl:‘c:'”«/ since we know m.
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Exper‘;me,n-}q| correlations for 19685

%
4 |
- W ijgps) 85 Igﬁg = 373 [,l((ijhf;-!(_Uf/s)th ) QES <30

| 3. ‘-7~[<1c LaT o8z
k?eg - w o fes [u,a ey () “"ﬂ ; goLhaL
c= ConJénsaJvon Up } 6,089 l(,cL AT L‘?g
L en&Hﬂ scale. ( LJ*L’G >0 )'/3 P LY Pr +253
'\\/ Res > |200
Z ro — -3
T z Reg 430 (Lqminar) ) Nu ’(’43‘ 'Qeg)
" é/ Rei 21300 (Tmns}#on) ) Nu = 0.822 %65-0'22
5 N S ot 5 065
é ‘LRes > 1800 (Twéu/en%) /\lu =23.8x10 3/@3 p

*Mo neecl nHexo\-‘-uoﬂ‘\'o so‘ue Where /\)u- }'LC | Le= )/j
8

F‘_\‘m (onclcn<o\+|on on Arla ermv m\\

We can 8606&’0\,!26 our pre\/nous appmach "b ony Bocly undergoy\)a

‘ conéemsq-hon
LooLunS Q+ our ConcJenSo\'l“C more ¢ lose L/

T F Eocj\/ ‘@rce per unnl \/olumc

For exampe, o \}er-,—,ca‘ Llat phe
would have : 3(5)@ }33)

(D e N P )

smw»(/ Boyanc/

i

A‘ppy)gn Seneml ‘%rce En'cmce on #76 Slﬂadeo’ qrea/
n -

we ol:

@



’ /\/enao/ Mié‘/{o\/iC

C=u %“—AX

N
ugsox = B (5-y)pd
AU = E(g-\/)dy
Cou=Z(y-%)

The rmass Flow rate is: (P =p€ﬁm€‘|‘ﬁr of Eody o Jocationx

: S or we-HeJ per‘\me+cr‘
= pe[ubdy - RR ()50 O

|

lee! pKJ‘{ = Avea cross section B

Condensate

;ASQ"” uS’mg #16 eénergy €Ol/u&+ion we 36\16\06)601 loreuioqsly

—%ﬁ p)( N l'\.)—(jj %?2" @
e )
- (o nduction m heat

.
dx

| L2
, ot Jhe wall

SNow we can re-amange eg. (D)
J . '/5 dU¢

8= Ao IO
;Sulasﬁ%uﬁna ® into and }n1lc3m11‘in3 \/)CIO‘S the 110411(

fCO”O‘CV\SmLC Llow rade

[ 2/
o 43/4 :&F L(,c3ATS ] /4 [\/\L:’/S Fxlls, C!)(] 4
3 /M-F h@)% . .

_]:]HQ“\// since .

ey = B ([ Pedx)aT = F A 5T
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WC tan re- Uurnlé #16 avem e Aeajr ‘llmrm[ér‘ Coe%?aen‘} as’
e 4 Peke be ’/ it T
h = 3 ACand [ Ae 8T j [/.p 2 d] /

L LP Cond ahon ‘%r a
j ek - fﬂ"‘*f/ Copseten, R oy

= (onJenS&‘I'ion Aro:x 'mmw»se ]c\mmar cmc}.

Exc\mp/e/ F)no’ ﬁ ‘%r 2 h0r)20n’}u, —fuée

(o,,g f Irde = Tr

Lb}\/cn[c CJ/J/)’/ 1N m/c 7[0 2T
o/ue -/o Symme%z,

‘L Conden SQ"C

Now we can solve :

mo At [)O V*‘@’]W [ f sine Je] 4 ¥ [g(pera)

m A
S ML el Bom di-rdo
| 7776 m/e m/ /7erc IS nml 74«//@/ 7é> So vc So wé can useé &’/HC/U

i s} 9"3
/(s,n 6)de - /(s:ne)//"‘de 70\
S'ir\'{é ﬁ bo

[-€7L S"Sme C‘S ZSmeCosecJ@ sin%n@ I

7, |
2 l(s)ne)"%kbj 5% ( |- S) ds = loching wp in inlegral Fble or see

/056 129 of our notes.

F(Z/Q rl{é) = 25897 [ = Gamma 74#)(74’0@

[_’(2/3 + ’/2_)
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/\/0w we can solve 4or h

Il
'}:\‘ 43/4 2 (2 587] /4[)OF (P‘c-%)e ZLF%A@) ! 0 Cy cher‘

Dlle nT 7 diameter
[
h = o%ﬂ[pﬁ (Pe-P9) ghig be” !
DA sT = heat honsfer
\  coefRcient for laminor

‘R lm Fon«:JenSa','ion on

T / the outside of horigant|
No%, W we ")QCJ G\‘|UII>€ lounr“ﬁ with wn

{O\ Con‘hnuous llq/uwj CondenSQ'Le ﬁim D\ncJ n%ﬂ:es

NDAUgdT
h Lo n = number of Hubes in seres.

/75 - 0,729[70‘ (P‘-)%)ﬁ/”%”‘*z] /Lf/

; ‘L Condensade

quelcl Con&nso\%on on o VO’IDULMS A»sc in Zero 3:’&\11'@
‘7;:«7’ \bw D'cxc!vcms /SeConJ-J

@ / !j S ?b@néensw‘c’.
| ———>r 7
For this case; Aeany =mR® (Tohl concensation area)
D = g1r  (Perimeter of welled area ot location x)
F = D¢ row* (600’7 force per unit VO/ume)

= dr @




i

/\/énad M/’é’/(ov iC

EWC con 4:“’51[ CVQ‘uQJre our umlﬁsml N our 36n6m‘|aeo’ fiucﬂvon

AT

y R
/Q E = (2ﬂ4/3(?FUZ)I/i/r4/3F,/‘?J)’
- (277')1//3(?&“*’2) //3 (3/ )KZ/Q)

o — U Yy - .,
ACono [quFf‘(J] /77%2 g) R/p;w _2(>(pu)q
Bocle subs%‘u%ng, we obtain :
[R _ [2&436)#“)2 "‘Wfs_J = A\!emae ’ﬂemL "mnsfer

YNSE a:e#ﬁc;@ml over _u,]e 6n+)re
£

surface.
END OF LECTURE 2|

EXQmplej InchneJ S’ur‘@.\ce OJL C\n9|€ S ﬁrom JrLle \Ier‘Hcal

fp 73 ]:’/3 dx [Z? AP Cosefdx “(@F )oﬁ)gwse)'/s 3
- A /
ho %_ LL %][ F Pj)@Cose][3L]
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h =0942 [ﬁ4 (Pe-Py)qrose L(;L‘)’% = Avemge condersadion
L UesT heat “honster coefticient
for on inchned ,o/a/c,
NO‘IIC, #)}S I”€SL//‘VL 1S €XOL'H7 '#’»6 samé as 'H?C \/er'/’;Co\/
/olmlﬁ result 6u1L with 9 rep/aceo/ with 616058.

We can  see from his Q@f’)@fD\l ana/ys}s that we can nows
;S’O‘\/C ‘6(‘ more Complex S}’)c%)es gucl/) as S‘VO})E)?S/ Cones, 67ZC,,,
!

QOmupw‘use (ondensation
;§o for,  we have only dealt uu‘nLL] #'mwise mnAensq%‘on
“which  occurs on Sur}‘;Cé’S where the develqpe«l condensad ¢

A m weHs the surfoce. T+ however Jrhé Sur‘éCﬁ Is nOﬂ‘“’f‘L(*L”
discrele Jmaolewls will form ond grow,

t
i / SoT > 7: —
1 s >Ty
7(’)‘ \/% 7; SaT s
é g ©<90° e>%0°
f 77777777777 T
f L Hydmph'\hc H\[dYOPhOEt\Q
' Filmwise Conacn&ﬂw‘on Dmpwisa ConJenSaJn'on.

;Conc!ensque dwinaae in Jropw'nse ConéenSOJ'ion (S Sovernec]

';)3\/ rcw]{/ and 3rop’C1L coolescence  and sl;o'mj dovn the surace.
é'ﬂ\‘ns 3)}Ain movtion c]eqns #:e S'umfmc %r ré-nuc lm-Hon ma'zing
%'Hn‘:s mocJe 01C Cond@ﬂsoql’ion h|9Hy o\cJ\/amLagf’ouS,

| E Filmwise é( OVOQOW"SQ

D;anrs on weH;n Suhs’m'lcs,' I>Occurs on mon—we”—fna subs%nteS}Aﬁy

Emch’ oxides, glass, clean subshots| acids, polymers, oils, contaminated surdfaces.

| |
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52> Most head exc)mnfm un&eg» ?_)Surﬁlces must be dreated with

flnwise  condensation uHa 4hin Comé‘njs o /’Ommo/o,,’
(‘oc\"’?n\t} ‘/D uno/cfﬁo a/m/owisé’,

2 ;Qe/oml?'uc/y /4{9/) ;(fb/OODU// 3 UH‘)@\ /7//1 % (”\* /00 0oo W/m’k)
4) Durable %) Nod —mgusw', coatings o’eﬁmo’c over-hare
) NO+ oS senshli\/e 40 non - 3 Ver\/ Sens':live non—ConchSaUQ

ConcJenSaUC 80\363. che +o I’Gfiol &Ccumu‘cd’ion c\"‘ sur@ce

2 The Head Tmns/)cr Mechanism /& mOO’e/)
70 moo/e/ c/m/a,u}sc Cono’cr)saﬁar), we mu57/ 74(37[ Uﬂo/€KS7lano/'
: 7%6 }no/iuic/ua/ o/ro/)/efl heat %ns/ér:

R‘\ _,;QT > To

Condensin
Orop le4

Radius r.

N d ho&‘c %)mmo/a'
? J, HC (#Y maocoahw\cj)

T
SuBS‘\‘YQJrE’ s F

\NG on mOAe| 'H/te 'md}v‘.dual Jmp’ewl )ﬁemL '}mnsfer n ‘lerms 01[’
L O\ simp)]ﬁeJ r‘esisbnce l’)€‘I’WOr‘l(,’
(for hi, see pg. 72l of Mills)

R‘ =—(-— = [ (Comec%vc 'mwler-éxcicx‘ !’(’835‘}0)’)(6
Y F hi amr®(1-cose) where b s dhe nlerfacial )’)eq
! r LS the  Iintertio Q;
TR oncher cocflaend A i e

inferfoce area. between Qicyidlucpor)

Rc) = S = i‘__ (Drooole% ConAuC“‘fon YE'SWS"'ane , w}qera

LHTl(f rsin® l"" A'J AA = G”ﬁpec%\le cjroplfi‘{' Concluc‘hor) Qwveaq, ,

Q g S QJ =~ E‘ﬁ(’ev"i\!e Cor)o,uc‘l'ion %L‘I'Dr‘),
he = i = == (Conting condlichon Hermal resistonce,
‘ bewe Auc e THsin’e woﬁercﬁAﬁcl QI’C: of ev%emadfl;/f’v[ 6236,,
and Z(Hc = }Iydrop}voéfc (‘m#nﬁ 7l/’!€rma/
Condac 'v‘n’y) ’ |




Nenad M:é hovic

%Wﬁ can now pu—/l ouyr #)erma/ l??iS?ZQHCCS %Dyf%?f CMO/
§SO/U€ TOor" 7%6 )nc//'uic/ua/ c>/:fc>/,0/e'7Z %6&4 7lmns1'/)6f mJe, 9*

AT
/é,‘ + %d + fﬁc

| Y
; / + =) L Suc
hi 2P (l-cos©) | dmhersin©® bewe TTr2<in’0

mr2
Q(h@) = — AT+ — ) v ]@ ;bInc’]N_iCl:‘a(_‘,
h; -0 in 4c SN’ Drople ea
| 2hille0s0) " Mesie T lnesie | Tobsfer W]
%Now we need o lmouu Jrhc Ais%«'hu%‘om of Jroof.)le‘f $1Z€8 on Jrlr,e

§condensm3 SUN%CG, Assum'mﬁ 9=(on8‘}nr\4' ‘l%ra“ rovu'mﬁ
i{&mple{s, (sode assumption) Rose and LeFeure deue%pec] an

?exper‘smenh) dis‘h"’!)u hor) :

- %

I )N(Y‘) = !2,\ (f) 3@, P = moximum size of oho /e-% on

3mrtr \F the surtace just betore 3mv%
I removes HL (% frm ), r=F(e

Note, dhe unids of N(-) are # dhopkts /m?. /%ys;ra//y/ bis dishibed

reloresmk #E V)uméer of o/mao/e‘/s o1£ mdius ¥ in o size range
fom b ridr.

@(h@) -

P )OWLH"j our- ‘huo resuHs se{owawlcﬂ\/;

B RN =y
NU) C\)\,(r)
12 A——tH l .
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puHﬁnﬁ our eciuwl'ions D and @ Jroac“aer, we can caleulate

\

an overall sgxrfwe heat Llux g .

C}l\ ’\/Q(‘"IQ)' N(,,) O/r-f@ = Overall surfoce

lneo} 10|u>< w%r dmpwis&

CondensaHoﬂ,

.E 2ua7tion @ ’érms #m Aas)s 76r a// o/kopwise cono{fﬂsaré'on moo{e/S
"and  can ,0/’60//'6‘1[ cxpf/)men-/a/ ffru/é VEry am/m/c//y / z/5 %),
Mﬂny more moo/e/s 6)(/'5# /Aml /mvc ex/mo/m/ %6 previous mode/ |
however oll have used #he some qopmacé.

:E%ua'kon & mut be solved numerically | hence ifs not as aserill
as an anq/y#cal resu H In 9fnem1, fxpf’ﬁmen‘)‘ﬁ ofs/mrhmm/erm‘;

S’hOW !

[ﬂ” - (T 27 :5)0'8[5AT + o&(m‘)zU = Rose correladion

(expen‘men’ha\), =0d
paper onlin
L -rSO:r [N qu ScmLurcA‘ion +€mp€ra'}ur€ N Kelvin

&T: —EQ "’To
q" = condensation heat Fluy in [lew/m?.

%anmp ’6 J Usin 1{/76 ;‘éose Corre/a%ion, (’om/Oare #;c previous exarrW/C
hcxving #/mwige condensation o the B with Jroﬂ,uise,

| Last examf)lc on poge 172, we had :

. aT=io°K

R = 1ATM, Teor = 100°C = 37315 °K
h, = 8.68 kW/mz. K

INOu\J w'muq a!ropw}se (*ongcgnsoc‘ion; ,
a9’ = (37315 -233.15)° 7 [S(10) +o,3(no)] = 3,184 MW/m?

l

RL,OWC - 7?.’_,.:. = 318. 5 hwW/m® K => 36.Fx e’?z)ﬂqnccmcr‘r{
over hlmwise!

ENO OF LECTURE 22. - R
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‘ 50)//'/7@ Heaf%rmnsfef -/7 ) ( /( /)
\/C 7jm orfant in  power generation stems (Rankine eycle ),
Ofpy\gslvle,o &0[’ concfan/ja%'oﬂ Zincc /7€a7z 5/>/S c\a[o/eo/ -/b a /}Q/uid

w iCL) c%an\?es f%asc 7[0 2N VCVDOF. Mor€ common #IQVI

ECO"?O,@”S“Q?LIM O/fJC '/D ‘n['s o/ai/y dse 1n 'Hﬂc l(hlc//'e/) 7§r cooéing,
In {erms of Accm/ %nsfm we c/zarac/en'ze 60)///7\9 as

|
| "= AA (7; - T&T> c Tl = surfoce demperature
| 9 8 ﬂw =Ff fuio’ sc\bméon 1L6mp€'ﬂ1‘-h'€

'D}a9mvmool'7“6a//yf Oc" thad pressure.
AL = Eoi,ina ;\C’O\‘I‘ ‘{'Yans—(ér Cae-m

- 75«4&;/63 r.‘sinﬁ o/ue ’A’) Aorqnc%
'_\_‘7;0:1- = Tsat (IQ,,) (le 7;aT (7&'#”! = Joo C
. d 749)’ woder
"l_lq/u:

C7E> >Tsor

’In em/, boiling s c/)amcﬁlcn'zco/ #»c voyoor éuéé/es
%7/7/’)&436:9]mw and “Z/evlacé Hom Hhe suéé(‘f_ 727200 o/c,ocnalv on'

o [he %an/aemvéxre ozl#arance, Ty = Tsor
2) The noture of e surfoce j e rough, cmeoth, oitled ed{(‘..)
| 3> 77’Iermc)0/7y556a/ /OFDFEF‘A?S ot he Fluid //'.e. surfoce Fension )

Tnitodon of Boifoe Bubble Gondh
, go)/};&? /'ni%)'m[c’s A/\J%c 'érmcmé'cm ot Vgpor éuéé/@& ml }m/cEré)cA’O/S

.

l CU[ ¢ Sum% ce.
Tour
L‘mﬁul'd Tsor In 116:'ms of pressure p‘-
Vof> = Gy
/ /'/ /1S @- L "\ Surface Tension
To ‘M _ i e Force
olid / D\M‘aos:a/c ;m,acm/e)aéon r @
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¥ we agply o foree balance on our bubble -
| \@v - p;.):ﬂ‘fz =L,?/7L);q) ) O = Lluid surface Hension [N/m]

Pressure  Force Surfoce Tension Force
IVAP = —’-29—-/ = pressure J;f@rcncc ACross #we liq/u'lJ—chFor
Y~ . 4 _Fé{
iNTer TACE.

i/\/m[C, as F—PO, AID—**N y mé'an}n\? #mil sma// éuéé/&?

j%aue 5N muc/1 /Q@fr- )n%frnq/ /oressure,

AS.LOLC_' I‘l[’ ya Conn«fc‘/ 2 é{;\/oons W,'#) 7, /,fz ,/036%6///(
I/; < fz, W}O&% UU/// /7@,0/9@”1

>,
Ar\swar @ e
=

Since /0\/,, >/&v,2, 7%@ Sm&//
Aq/oon woill o /'rr/o %e é{? oﬂ€.§
/he A/O we've ca/cu/m[w/ js needed 1o create a yapor éuéé/c
of thod givcn size and overcome the éo#/c’necé. So how
can  we relode s 4o bo //7\9 ond surface /cm/oemflblre (72)7

Fluid Sa‘/umlion Curve :

Teo B
; B = Jhe AT Jou r)feo/ -+ CreoJZC
o ®) ) o bubble pucleation site
el 'f | Corft’S’/Oonclirz? o AP
fo 2, T
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So as you INcrecoy your- AT) \/ou CFCG\‘IlC more nuclea%on

ES'nlcs wi#? S’ma//er mafi/ anc/ Iincrease éuéé/& C’rea'A'or) 746%4@77
‘@Dm eXES#nj sifes.

E\Me con rc,oqlc our AP 40 AT “H’)roua’w ﬂufre Clausius—dq‘peymn

re l& on

AV =spec'rﬁc volume c%anﬁe
(Ol——r) = AD foar ~ -)—S&T } (S'mce AV = Us’U«F =~ Uj since

UF L Uj

Ag,&et Derr'l\lo:"ior’l of -Hve Clo\us\us—dqooeyron re{onlion \
Frbm H’?@’YﬂoclynornICS owf o S‘l'mlﬁ mn Ccifu'nlibrium (S‘LDJ‘Q PDS”UI&‘(/

ds = <§S—) du +<_Q§_ dT | s=s ciic ertho
S/ &Tu V= f;ec'y 1C \jo)fr\rfle

For p\nose c%qnﬁe, dT=0 T=+®mpera+wf

ds =(%§—>Tdu

US’J@ the aPPrOPr'HmLe Mouuwell - reladion i+ %%)T:+(§Tp—)u

ds =(-9—€) du
9T,

gmce p, T '_'COVJSJ‘Qn‘lL o[urinj a /O}IQSE ;’)si%'or)l 3—%@ =€on5741ml
r Jiflerent U. So now we” can say P

P=F (T)orly
| _ aP> Y o
jds. —ﬁﬁ soq_du K& ge-
dP , TN

=/ =" = - - - vV
AS (dT— SQTAU 5 AS 33 S.,c 5 AV = U3 U{.‘

For 8} Closecl Sys*cm unAenﬂo‘m an ':n'}emql(y revers'»Uc pmceSS'-

du= S%—gw = Tds - )D v, u=5pec)14c energy
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\ WC lmouu s‘oecnqc en%a(&)y, lr» as - ou\ ALH“ pdu
d"\ Tds >fds Jc_l,b >AS~—AT—L1—

| * f

?Fgr a phase CInCmSe pmcessi lf\j-Lw=l'x@
 as- 4T

 as- @ (dp)wu

(dP _ AUTQQT

ASS-S,C
" ah=hy-h

= Clausius - C[qpe\/mn re Io}ion.

ESO back fo our Eok"nnj derrivation

_ AP Ter
217 ke
\Me lknow {or o bubble +het AP = fg- ;<o
‘ T“ fg—E%T ) AT To TsoT

= rmlure o/ %f&l’?(f Is. ﬁwreo/ 710 nuc é’a/é
O 5uéé/€ o radis V.

5/\/07[(’, of den AT is refered o as "wal g(,//oerﬁeml !

8u613 Oe,oar‘/ure ﬁ/nam/CS

Faf a EUBL)‘C SJ'H_H’)S on O gUfﬁff’ WEe Ccan AO o ‘éf(\e ‘:n‘CmCC
? 7;«,. F!xx,ancf FB :

|
i
|
i

’ OL = quUc o’@parvture |0m€"er‘ m éo in )761‘% 7L)a/)s éf
J



)\/enqd Nié'[{oviC

YL/@SU[ 7;3/’)5’/&/" ‘ /\/Ow weé can Sa7 somc#uh aéomz 7%6

/lcml ﬁqns/,cf %a/ur\zj ,o/afe '/;om 7‘/75 wall” o /Ac #/qio).

Ex,oen'men%a//y, rescarc/vers have o/}scoverec/ ol;ﬂéren# /23/'6;776,5‘

o é\o)//'n\?f (hmtf, \;qlues 078 nl S”)owr) ore 1%{‘ wo\#cr) A
siéc:

t Nucleoke ! Trongidion ! s Fil
" f_ng\ie_Ajo(\;_ —60.-'“*(19 i Bo'||i03 E 64.!7?»3 No gc' » ‘HTC
9”"“‘\ ' : ' Convechon reﬁe}me,
Eo)}ina does not

occur since A] S
-l'oo 'ow ‘l‘D creo}C

bubbes and natural

/03 q'

convecion removes
+he heat fiom the
ho-!- pla:le,

A4

1 + $ f
=5 =30 = |20 =~ Jooo

,03 AT-’- ,OS (7;"1‘541')
We w\” c‘iSCuSS eaclﬂ res'teme n cle'tcx}l.

/\/uc/emze 60}//'/79_:
| IC'?Dr‘ a Aem/s%/ven‘ca/ éuéé/c /8=90°), o «éﬂe AO/Ome revea/s.'

| sk = —52-7&360(—):3,)3 o K- —}0_5
!
(A =[ Sie) J/L > Bubble Jepqr l'ure size

(Pe )9
For our ana{ysisl #we Cl’)chJrﬁ‘r‘lS‘hC ’enswltrér 503';;43 Y ”
! BC "D\L(Cn GS'

[ o I | 0 s
Lc_ ((—p{_%)glj ) go.fmﬁ CL}QYQC‘E’HS‘]’)C 'CHS‘”’)

Nu = _”-‘—L—C— > 80}’303 Nusse“ numlaer

SO ‘H’le I’O\'}C Of Bukl)[C YOW‘H’I LJGPCHAS on #76 COI’N&C';:NC /’)CGJL
’ll’f’nns’l(ér ’H’)rou\jl\ —H\e ))a/uicl to the /i%uiJNapor in‘}emgce
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‘ reOPu‘lreJ 40 Suppl\/ 'H’)e em'th&lp\/ o1£ \IQFOhEGJ’ior), p}yS‘)Ca//y, yoq
ngr\ ‘H’fm[& o )‘} oS

| v

'

t

}f\’r‘
— — - s 7P
To Teor

§Since conucml'ion \S m\fo\ucd, ue expeci' —qu —ﬁ]qi& lorancHl

;numL:er‘ "’D be o relcwcm% pqmme1tcr.

In QCJA'I‘"‘IOY), S'\m'nlcxr 1L0 (OﬂA&’)SQ‘HO&’), we @nc; up senslu L\ecuti@

%‘Hre -p'uicl c\nA no-L q” eneVS\T aoes ime plf»ose cqunae, Z)&V)(ﬁ
€

’H"e 3_0\(‘0!3 r\um!:er 1S o re VQH+ po.mmechr.
!

[ IO\‘C: CP;‘F (_r; - T&&T)

: hﬁ

Experiments by Rohsenows (the Bdher of bailing) show -

| o J p Le | > Gb and m are liguid ond
NU\ B Cn!?gﬁcm = b‘ﬁ'/ g surface /Ompervlics%(']aé/e 7.2,

pase 692 in Mills).

| For wajref, m = 2.0 A PmPerh“ evaluated ot Tsar

Cob = 0.007 o 0,013 (clepencls on surce mQ'/ffiC{I),

fUUe see ‘H’l&“’f 4?/" = IqAT ~ AT3 W%r Eo}/in . [his s%yonj
Je‘p@no/eme on T is due o #)e mpio/ ach}\/q—A‘or) of
nucleation sides at elevated AT / Since IPIIT is Very /0'95)

E qugle l 061[6;’7’)’)}/)6 A and (i" 74/’ wa#er éo}//@ ol a ’00//5/)60/
cogper po7[ ot 390K anc/ 1 abm,
|
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AT =To = Tear = 290K -372.1SK = [6.85K

‘i\f\/e see ﬁom our Smpk on  poge [SF o*lp nowlcs H’JGJ- we
. Qre n Jrhe huclecmlc Eo‘.)m reaicme (54 KA 3o>,
USinﬁ our KOHSCHOw covrelation :

‘ Nu _ Taz

Co® Pr™

= All proper%cs ore evaluoted at Tsar
Jsor = 373.15K
o =59.9% 15 >N/m
hff) =2.257x1063-/[<3
> so,ez’//{ W/m K
¢ = 958 ua/m3
Znﬁ = 4‘2/,233//(3}(
70)*,10 = |,7¢C

o - G (T “Ter) _(4212)(390-373.15)
| hé 2.25% x10°)

Fom bl 22 in Mills, Gb=0.013 m-2.0

RERDS xio’z)z _
Nu (0.013)*(1.76)* s

_ oy . -2
o ST R

h = %—Nu —-(f,b;ffa’_a)(/#s) = 39 500 W/m* K or| 39,5 kWm*K

CL”—‘- haT =¢.¢6 xi0° w/m? =(ggé o =i"f

i/\/o?zf, 9” and h are exﬂlmmel«/ /Z% values. On Hhe same
iO)’Dlﬁl" as CO}’]O/OV)SO’IQO/) l/a/b{fS. M(/C A/ﬁ/ﬂ@l/‘ %AOJ? h(‘onv, /7,9,;/

= 3. /45 x107%
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;LOO[{{@ &‘}Z o. Mmore ﬂno/qmcmé/ éo}//ﬂf moc/e/"

Milic - /éoésemow Mocfe‘/ /%r Muc/c’avlc éo)//‘@)

;gora /\//)/u"c (7%@ pm%:sor who %uﬁ/ﬁl /ne //)/‘5 c/asg) o/evc/qu/
this moo/C/ as /Oo\"?z of o /)Ca'/ -/mnsv/ér ‘ﬁnq/exom,
V\Jarren )eol’menow d:'alr)‘al l/mow L)ow Vto Sol\le I'l' SO /76 asla’o/
'de w[aen Mil(ic 6xp/ainfd, )Qolf:scnow <ow ‘Hf;e blliance mp).#

:c\nol pué/iskecj 1 7!0\96#’16’!”,
277% model s baged on ﬁqnsiem'/ heot conduchion inte He

Fluid. y
= M]Lic ossumed 4%&4’
o\ mo\)'or'.i/ of the
”160\‘;' IN %ngfe/eo, 1L°
T 4 , __///” ——— A the  dhin Lluid next
LT TN ot to +he surfoce.

To
,WC SOIU&J " 'qu #rswl /JQML 01[ #16 Coursé Hr\a‘{f (‘03,66 ofnoJch

v _ kel .
C}/ = rﬂ_..i___g_,o(f =2 l‘ueo\" Llux due J’o ‘HunSlcn‘} L\eml "Mns{éf

T we assume o #eq/ucncf of bubble ‘r%rmoJion ach

¢ _ _heal = Note, s is instontoneous heat Flux ot

N
T a1

(e r
. l Q/NAVE = —F/C—/ i" O}‘é =\7£/3c ?Nﬂlé =2 Avemge L)GGJL ’HMX
Vo , o D

for one nuclqun'on s'.k.
i I f
| aAVE = 2 r bz - f
|

Dot
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So o the Milic model, Jhe bubbles deparhing act 4 bring

in fresh ool (Ter) weder o Hhe suidoce Iard re—shrd
Hl%e ’ﬁans)en% (omc’umé'or) ,Oratess_~

%Assum'mg #le Jrlf)c 'mﬂuegcc O Yeo. of #’;e Eu&sc 18 ‘ﬂ'O{,Z

Trons )cn-{ ConrJum"ion /oyer

Nodunal convection

77 7777 77 layer
/ 77

/

The bubble rising drogs awey, T area of Hhe syerfented

?/ayer, So now we (an So’UC r ovem” areo, Aeanl f/qxf
3_701‘ = 77_06 N gavg ) //1=/’)L/m<éer oﬁam#ve s)/es per m?

qudr = ZW/&fPfQ:JF Oé,z'r)'AT = Mikic - Rshsenow
nucleade boi lin? mode [,

4

!

7}?6 moo/e/ IS QC(umuZC LuA@n %ere IS No over

jéc%ﬂeen ﬁansicm[ (ono/ucvé‘on /ayers.
i I"US Q/So moreé. J;%)CL//# 7%0)’) our /OI’PV/OU.S /énése/)ouu

ECOm’/O«AO"J since \7[, and n nf‘fa/vlo be lenown a-priorj.

éAcJ\lcm'}@SeS of- this model s ’Hﬂcnl R o lot mare p/nysi(n/,
Qna Aoesn\-‘ Aepencj on '(aézu’mlec] parqmmters or 7471'/703 (oe Cﬂf/s

lFOr‘ more. Aﬁ"’&vl’sl see MILUC £ Qohsehowfs pﬂpff on #)C CI*CP&X

END OF LECTURE 23
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Cr.‘J'ica/ Hm% Flux (Qnmax)
We see on our bo}/inj curve #ﬂmt #\e nuc/e&#c bo),iﬂg
- weder

reoeime  reaches O moXimum Zf)cmL —qu (&"’ AT=30

;Qn& ‘H’lei’l A€Cr€aS€S. 77’)6 réasaor ’!%r 7%5 p€a/( IS o}uc ‘/O
e\ Vapor ins%aéi//é in r/'smj éuéé/@ columns an %e suméCC

'A'L L)i )\ Ao\Jr f) X | I:)utzu Coo,e ¢ —M VIS Since
Is \!@731433%3 and :},One: '150’&112 (o/umsrz :5‘5 ) ) ( JE
s

L‘ulu'na g f ; L'nol/u‘A
(SRS N
VaEaZ A Z " /’T—

7o
WC can omo,\/?_e ’H’\e S‘}\:\L}))Jy of #wese C’O/c/mnS, LOOLinﬁ a4

oNe Co'umn ‘

\}apor‘

| /st Aéé_qmﬂ% No Nopor
{ Vapor e,n@n:A-\on ups“’ream o
Tu’ ) qu Co‘umn‘ AH vapor
b g4 .
' T A IS enerajrcc‘ 0\4 column

| 0 +
gl \G e OF e e
e \QAF« ’

B\/J COHSCNO\“'iO)’I O‘ﬁ moss -

u7=U(H 2' U | ] Assumin —g—“?
-8, | -3/g, / J n

5 ac/aur’m series expansion _L_? = | +2x 4 3x2+4x3+~
| ‘F G_x)
( Ay

Ior senes expons}on al:ou‘f X=0 ).

u’ ;u(Hz—%) ,

|
i
|
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iusm3 1%6 gemouui eq/ua#on alon\g O Swlreamlinc insiée “’lﬁ

t\Io\@or ra(umm m U 40 U

rP = L—%(U’Z—uz) ®

2 _ 2 (. 4S _si)
< z 2
@gmce —i—éi/f, (%) =0, so: U =u2(l+% ¢y

; gaclﬁ Sutas%h%na ) o ), we obtain :
‘: . 2 Su?
P ) -

rh

%Now we can caleulade o Horee balance :

: ap = lyoguz—g—g (Tmf) = 29, U ST Yk

‘ ) - g

: F, = Posine= Potone = dyﬂfﬁy{ ; =
iNmtc_', Here FAP L Fo are —orces on the 3-0 Vopor Column
;C\/\ of +the Voypor column, ond we assume

et o -0, so SiNG =~ bon 8. (Ror 1«9% heo fluxes ©+0

Qno' our co’umn 15 nearl\f

é&/ foree ballance : FAP ~ flot and \/er#mf)
izympa uzg ~rck (0L - lrLB
2o G . Jocg®e-Py) el I/L)

u 2 0% 5 (since [ ["733)3] , /g 187

| Iy . S
Se U~ ' [63 (p’[ ‘PQ] > if \/e)OmJ7 N >u5e(i%newegoiun?-fg{)!c,

; '/2 '/
Do ‘/’%A@ ~ hg Py [69{)9* ‘pﬁﬂ ?
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i

.SO N experimeﬂwls, we looLL 1%»" -Hwe ‘Fcuow'mg %rm

1\ 2 l . .
O = G hig[5975° (pepp)] " | = Grfial s Sl
B I‘I’IS')LC\b ' //7[~/

‘WNS Corré|c\Jn'or> worles Véry well. For lore ﬂml sum@x(esl
| Comox = 0.1S. In ree\lig, + o'epends on :t?)e surfoce eome'fy
| and size. For more e*a'\lsl see (9. 6,695 in Mi?s.

;No%e, 7%,‘5 /'ns')né,'/jjy mec/;qn/‘sm /s a/s:: im/oor-r[am[ " many
other physical problems such as 4o 4gping. When the
quor Co/qm/)j 5€€om€ W)mlaag/e ) q,qo/ /Ae \/c/ocivér ino/ucea/
pressure forces exceed the surface dension 76""3/ He jet &’3’“
g osci/avze (/246 a f/ag n %e w/'no/j and/ /4@5’ //7@ (Zﬁmté

MC‘@)@ wh’ a J'a(fml fo/c/n’ms_

Example | Find 0'nax #r boiling veder ona bt surice
Q' rmox = (0.15)(2.257 x/oé)[(0,0SX‘?)/Q,X/)@ﬁcﬁ i @ﬂ—asﬂ] 't
| /@"W = .26 MW/m? = 126 w/cmj
b This is usually lodeled as the orihcal heat Flux,or gl

NO?ZC’, mucé r«fsearc/, hos 5em ﬁo)nﬁ on in 746 ,aasvé e,

&\/eqrs 1[0 S))ow -}}10\"[ ?lznox a/so O/Cp&tf)ols‘ or Su,,_écc ropemé'q)
such as wciv’ué)/i@, surﬂ%\ce muaknggg and oxjdaton.

Film Boiling
| 75 cmc/crmza\rjo/ He rcg/cmc‘ 0/ W/m Aoi ///?9, we need 7Zo
ool ot the /)/'S%Dry of #he !:o/'//‘f? curve..
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o In 1934 )\/u/cinm'q oid b\n expcﬁmcw/ of éoz'//;n\? on
) l’)l\C}H’OmC? wire, jinh Q SGJZUI’D\?[CGI IOOO/ ovf,wmlerﬂ
~ Napor, 1adm Lé
T gl = =R(T) .
\Ne&er,oTsaTj\Ofc % e 3 NN
' ”ﬁ 7 Q06 0 0 Q 9000
o ‘[ LW’\re, qlr, AT =To~Toar j /
. , @f | W Co\l}'orw}'ion eurve. .VT
e , , J|'|""'—® to determine T, ‘ﬁorpi
 From ,-n\is Se‘lup, AT wos -”ne &epenéen+ vexriahlc,, ond qi’
| was the 'undepemcloml or tomtroled varieble, o

-fNuk'/ya mdr oéserueo/ | A ’Asé}no\ /m\? ,ﬂ/venomeﬂ,oﬂ ’
L Q: A% _ Heoding Curye , )
\-C . / Bumou‘)l o[ l’)iC/)an:t Wh?,

~"‘(~ AE&:n+ n

\ his exper ment

| g Coohns C(rw:r, (wn#) ,or/qiv'num w)rc) ) W

—— e — . o

72
AT

HC ﬂé/'l‘rce'o('n%a#ew[ Q’;mx,'#?c kmperm[urﬂ of %/zerbruire 7o
J,umpfd o/rc:\s#m//y 710 > /000°C ano( /)is,wire,me#fd., o

A

N
4

f"\ . : ,/'/c re-did | 7%6 éxperimcn% wh% o\W , ,o/a%num ,,,@;rc (7,,:6/,!32005 Cj
,,Ome once ,/’rc COD,&Q/ éncé( CJOL«)!’), AQ /)acj B /arge hys/eres‘fs_

(95)



| Nenod M, \MOV/C
;
|

iSQ w}\a‘!' L\appenea,? The )0]"6”0"”5”0\ s refQ'L&J o he Cl';‘“"

}\mrl‘ we o’iscussecl ec\r,icr. I‘fﬁ weée exceecj %w,we_ lfrcwc

o Hﬁ’ml’\oHZ 'm.ﬂlalsiliw(/ wLiCh causes #4@ mcrg'm oTp\/qpof‘
e laroms omd he dormodion of o thin vogor bionkel

Lot f f IP ‘L 6 . 7_;17— J, §
\,O*Par V - \[D‘ r = . .
L‘@uicl Al a > L‘OI/M d

)

Vopor:
77 T

e V4 AN

%" ¢ 9:',."” To,2>>To, )
sTe T (o4 Fom) 2T >aT (ad §'rms)
77”3 prcsence O[ %C 7%/77 vogor é/an%c% ac/s 7é Sfuefe/f

impec/e /ycm[ 74!:\/)5/6% /\/ow 7%6 1710417 /7700/6 /S (om/c’c%'on%o \/3001”
ond  radiaton #Dm He sur/ém b e p/u/o/. Since

7
%,

/%onv ancJ AmJ << /)éo;/,@ / 70- \/'umps o/mma%“(a//‘/ al /\/L{ZI\/OIIM

obsened.

7716 '@fmm[ion Gmo/ (9)0!/\1‘/4 07/ 71/)/'5 7%//7 Vogor /oyc’r can éC
7LV€07[C€/ Ona/ogow// ‘/o 74/}7*7 Cono‘:nsa#or), zéun[ u/asio/e obwn.

Vop>
N Y - 3
T o Jj i l@
T 41 \e ToANoper [ Liguid
L Lig.. |~ Vopor L -
- e— - 44’}"
: N g daT -]
L l I " Fer>To ‘ 1/
X Conéeﬂsox‘l’c X

We. can show #’loc}‘.

— - he |2 4 | = Film boling heot ransler coelhicied
h = C{&[@Tj Fg—}b_—?i%} fFor o oolqn\j; surace, (= O.7FH
J . For o c’\/}inJa’} L=0 Cq =062

[hg = heg + 035G (T-Tr)|  For @ sphere, L0, G- 0.67
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éﬂ—/_f_m)mum Heat Flux (q/l’rnin>
l-ﬁ we are n 7Z/7c ﬁ/m éo/'//)? Ffj/cme Ci/’?O/ 9/“

i . or AT )S
freacheo(, cmL a certnin /Oo}n ¢ 747/;74 /. 6r€a/r Jown, This

;OCCW’S w}wm -;U'IC voaor cnc’m'/'ion r&'lc j:ecomes ’/Do /ouu‘y[c)
?<MS1[OJ"’) 72\7/0;* ns éi//;?/ UIAVES ml #qc //"?/u}cj—mdmh /n%ce‘

Liqu‘tfl M I /he /'n/c»'rg(‘e IS unmlmé/e o
W Wo‘\’e}e"’j#‘s on the order of
I
/7 777 77 7 Z — —— _ N - A
To AT Lc [(P—————-F-’Pj)j]

iﬁﬂs Cr)‘)lérfcfl IS in7Lu/'7Z)'V€ since /'7[3 //)07[/»/}39 ém[ a-érce é)a/qmé
: Ae'/weem 3)’12!//'79 Clno/ Surﬁce /ms[on} %/’né ovf o/rc%O/C% o Q

;Cfi/in :
J ’\ /FU
LL Ll s Ny s s S FUA‘O’T/\r

Li uic‘w - 4 3
qy MT}%/ o T PRI

o By (od deporbe) = s ~(pe-p)gy it
| J o I
{ }/‘T [@F '%)9] /

R

ASiJCT Db you ever nové‘ca n %c s‘éowor, when \jou Joo
C the  ceil , Hrat He Hhin Blm of condensed woder obesnt
/:reaé uzog Jhere are a/mp/c /s, éu/ e #/m /5 }/)756% This /5
also due b o /Qay/c’f }7"7_07/0/‘ /'/’)S%Bké//hé) bt Mamnyom’
(<Iresses hold fhe A ooe ther

LL L Ll v r f L o s f\"];ei//'ng < 7:77:7“1

3 ? 2) 1 SUr s/or?.

n>T, SHeam 7;7757""4

O




/\/eﬂao/ M&/zo viC

; (Jsmjﬁ By/or 571061//79 cma/ysi; Zuber showed 7%a¥~'

- il

thrci Cm‘m = 0.09 Wér |Qr36 Jﬂor'IZOm’nl Suﬂ#%ce.s, ancJ

l
_ 12 t | |
Cmin = 0. 0464' L-*L(ZL*Z"'D] ) ‘fio“:‘zl’\)z:?/z\n:-nfulgzc\g;.nj?

i\/\/e now have o complete picture of 4he boiling phenomena of
QD\ S‘}'&J‘ionary wquio,. I'rﬁ we fC'cjmw our ‘poo]a 60;1;”3 Curve
é‘ér o -P,a{’ lqor}%on‘}n, fqrﬂc Sum@\CC, 'Nd woulcl l’nl\lfl

QH ’ . )
b S g = G [os (0]

| , Gp20is g
80} 'i V\S NH =CZ§\Prm (TQHC 7:3) ,{: F___C’% [’A@\?Rﬂ (ﬁp‘%)l{\s]?
 Heat (Table 7.2) 7 L A5eTt ]
Flux / e Cp =0,62-0.7FI

E 0 f _ﬂ_&” _ Ul’

g g1 ---- ./.’/ STonr Lmin = g'""'" f’(‘f?ﬁ [ (p{c fpg)’-]

; _ o= Frem N

| AT =T - Tsor

Some N04CS
I)_ﬂvc Fransition regieme s no7lor50u9/y ditficult fo model
analydically or nAumerically, It is characterized by
| unstoble or ﬂar/ﬁl/ A/l’n boilina. 471 any po/‘m[ the condifrons
can oscillate betueen Flm and™ pucleate  boilin ,Cma/o\goqf
710 #)6 %mns)ﬁ’o/l ?éeyno/a/s mxmécr n p/,',oc 72709&9
(2300 Rey 4/0000)) where Hlow oscillbdes betuween /am,‘nqu
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2 77’)6 ﬁons)#on rcy[or) was r)o7Z oésemCo/ éy /\/uldyamq since
| /'>€ Comlw/@c/ @” and measured Al. T£ he 6)</06rim6n4 was
: set up fo Cm?tfo/ AT and measure Q”, then e %ns}vébn

rcaion l,uou/o/ /oc oé$€rvt’o/ Qr)o/no /;ym[eré’s)j LUou/o/ f)(;57[,

& W7
| D‘L| B> ol«

A4
v

|
j ~T AT
{ Com[m) {" measure D] Coml“" A.r, meowsure CL“

i;':3) /\/m[«f, in mos? éo}//'nj a/otp//cmlior)j " /ho/u57éy [/6 indastial
7 power phnts, nuckar” power, ete...) i” js e variable input
anc;l a1 (‘qrmo% ée (‘or)7LrO/C’o/. /7/61’1(6, o/es)grmrs 0/65’/3/1 7%{

1 system so that Q”qu or Qe s never exceeded. This

s My i dermed He  critical” heot Hux since iF 9" >2?H;

/

7%6 S\/S Jcm [/ui// m€/7Z o/ow/). %is 1S W/}cut Aolopeﬂfo/ ml CAemoz,Z
U n ] I 2 V
acyF = Gmx Z 9 or 194 & Cirow Jﬂf@ [5}% 3(§>f)5>]j

|

4) Q'in is_sometimes colled the Leidenfrost point o effeck,
; ofder Johann leidenfrost, A 9rcq1L demonstation of dhis
| s the O\pparen+ levitation of /}cluio’ nmlyosm choo)C‘,S when
spi“ec{ on O IO\ID surﬁl(‘e, —D’\e Superlﬂesd‘ (AT IS So J’Ha)]
Hhat Hhe olrop,cjr undergoes Ll loo'.‘ina on empomwles

e s’OW{W Liquid Tear = =196 AT >200°C /
Nihoam
> T > \/apor‘

/Zf// 7 7 7 7 7

75, Room Temperature
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5') lhe  diflerence 17 7%5 )ns%zéi//vé mechanisms %r /fm‘n
and aﬂmax is Fhat #dm/m/-/z nstabilites are shear
Sriver) due 7o o \/e/oc}l/ of the sas /o/mse, 7217//0;" }ns7luéf'//'§
is surface fension driven and ve oclly is Zeww of both p/)czsnfs1
with %c denser p}vase on 749/0 ot the Jess dense coam[c"par‘lt.

P
e~ S
PF G— Ur

Kay ’fiﬁ% - Tay Jor Kelvin - Helm ho 2

Er‘ moreé c}e"’a}’s, ConsuH' a Smduculc lc«lcl ’ﬁ’uid Aynqmics
% "'ﬁX'Hoool( or CIO\SS,

36) For \Jour ';n*cres',' only: O common p/avlc fo observe Hhe
insfobilifies weve been o’fscussinj s your ke idchen %ap.
/4+ ’ow e/noul« #lOw mwlfS, we OESCY\IQ &) KOV/CEZ}?'TO.V/O:”
type )nslaéi/ig colled e )€o¢//q'9/) ~Plateau instoblit,.

=~ Top

Sinee 1,21, Hhe surface
fension force (NZZ‘ITPCS') N

/Orger and will +end 4o
‘LW ter 59/u€€2€ ‘Fluic] -{‘0 -qu ; Zone
(2nr\'m3 n’ﬁS couses O"’Ofk“‘ émeA'iOn

O\ho' Er@qhuf). In)%‘mles W/'ff]
the #/uio/ 57[reqm IS Ve %ir),%‘f‘,
In reafsl\/, #\is 15 A s‘»mp)}f}eo' view since there are ml/ﬂer‘

Cur\/o\JurC enﬁfcmts ‘qu:,' neecJ (ons)c:‘em'}v'on Eq-‘— n@verv(/%efess
.IJF s O area—rL ‘:ns%l)l)ily o’emons%a%'on n Lluid  mechanic
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?/—fomoqeneous Boiling (Bubble Grovith ina Su/é&réea%c’o/ Z,gqio’ )
So @'r, ve hove \;n/y %cuseo/ on boilng of fluids on solid
;Su)DS‘))'C\‘/CS (Chetero cnc’ajs), Whot £ no surfoce exists and
bailing occurs inside  the superheated Hluid 7

fy ~Pr
ASSummgf _Sé_-_ 2] (ﬂml p’a‘c mocleD

/03 ~ /),C (/qrgc Auéé/e)

We can ‘hreo\* H’]is as o Sem'n-'mﬁn'nlc Concluc%'on pmklom
1 + i > —”‘C Surroundmg 'mu\icl CaolS and

wes 'rls energy, fo he Eu‘:foe' |
in‘}crﬁce (_];o:r) 1%»” evqpomhon,
Z ‘ T

l p T _ /l{ G //ZAT
Rl - i (et

By an energy  balance -

p d
9 4R - J (o 4m@)hg = pybreth
\_,/—‘_\/’—\/

O
I

Energy in ""’/'@ )
s oK 7 Llee ) L dR
} SO’U!HS 1%)" JL 6)(/0//(! ) Jﬁ:% /_XT—]JTE = —‘E

//z

Ifhl m%’n y
S /;(L)_—._\TZ?@%Q%FAT .

| S
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NO‘I[C we can make our So/u%!'on simp/&* éy mu’?li'/o/y[ng é\/ C%

| 2 GL‘QCO) 2 Goenl
K”ﬁ: %CP; ( }f@ H

_2 (ke \*/ Ty
\ﬁr‘ <CM})F> ( &yjp)ﬁ y
_ 2 T.* _ AT = Modified Jacob
)~ o T | e | o0+ 2T g

numl'aer,
Nowlf #pc aéoue sofu‘%ion IS \/q/io/ 'ésr J}%s)on con7l>o/co/

lbub!a/c 9mw%9 sinte we assume evcv#m'mg is N Quo\zh
eol/u'\librium, We assume no ememjy IS req/u'lrec! ‘J’O moveg
- the ’iq/u]ci o Jhe bubble grows. T+ He 8mw#, s o,
! 'mer%'a\ mus 136 O\C(oun‘!ccl 1/)'01' lAJ"‘H’I ‘plow worl(, T)ﬂiS !O\HCV
cose 1s called  inertially conholed bubble amw#) and wag

selved Rayleioh in +he 19005,
&/ ! SEr'\lno OﬁFLSCTUKE 24

|

>_@§: _FO 9’)\/6 You an exqmplf of 'ﬂOw wo»»l(, \E'LS Ao o\
ciuicl( mlcule&%‘om of Hhe < d of o bubble m’sinj
in water, assuming Stoles’ flow (Re < 0.1)

VJ’g i Fe = %WRB?*Q Force l:alo\ncc ot -‘-erm'mca\ sdoeeJ :
Fg: o+ R .
bF" = mw;u@ —%— KZ(PF-%)P =3.ur U
VFy = $TR P B _ 2R é&‘;?ﬁ>9j

)_€‘p5 4’?\/ (6N Ie=l‘cm bul:l:e in mecr‘ (O(\r‘ N (aul:uc ‘f))mse' )OSKI,Q)

U = ZfO'OI)ZOOOO' 'Z)@@ ~ 243_?m/5 / Very loroe and not
9(2.94 x107") physically occurate,

We haven't included Flows work 4 move wader hence T is vevy lange !
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77>erma/ fao//cqé'on
So 141r, weve dealt with the éNOinnai

G"‘;‘AQ‘L\O” E Head +Hanster éy o\ Jcmpem\?lu'rc Qmoéemz

CornnvecBon n & medium,

-is a érm o/ en @m}#a:/ A/ ol mq//cr of

2N ﬁn‘nlc #cm,oem re,

Radiadion § - no medium rec)/u\reo, (can pr%mgmlc in vacuum)

Aelioghonss b I of i

1) G lobal ene alance —éor receives o\ iTs ene
from the QVL?Z Vio, nmJicﬂ"lom, v
%2> HVAC —?@cdi&#\/e headers. Worlc well in areas where

; ,01% 01( ’O\‘H' C;]QHSCS ' or 7Zoq‘oa’f)m 0'/’ c!oors 7Zo 74)6 ou’/sio/e

occdrs, e, entrancé ways a 7%&17/6}”, ou&}'o/e, wear/)ouSCS’,

i C/QSS;C /L/VAC = (b"NeC'Abn lg /(O\Jl‘&‘live //COL’/C/'
i 5 Outside /'&\J"&AJC Heoder

i‘(’Tﬂcr _I 7 al Jeold Outside.
RS +Teoto AR |
SN

j\
| ¥ B A Curords Awidd % T 4 wind
I - (OU d]r (urren'}s removeé j”'eccl‘ - fad)a‘l‘i% //)éa.éf /w?os
| q,u‘,cklt/ 4 you feel| cold. AemLinS you }rres,oec%ve of
| QAlr Curren

'@E r?CAOrY)qqnmé'C 72)60&7 / MO\wa/O = Wave §
| - 2
g C _ AU _ 30 X 10 /5‘// (,ul'ffﬁ }’):}ncde)( O'/ rg%dlfoy’

N
D= =

Lo Used 14’);' réaf/cijk ~Jeans law. C - _gpéec/ of /;\91»‘/
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E Quon fum Theo% (plancl() = p%o&ms, ooaclmls of energy

h¢ ,

e = 2 byl whee e - of o pheton [J)
) / - =€;g§gj/m£ "3{”[ [}?n/s]

A = wave lwg% of \iSH [m]
h =€.6256 x107* J.<

/hese o Hheories came 4o a contlict in €aré7, /900's |

' 7;16 C‘/O\SS)C&/ 4760 reo/ic%fo/ an /‘nén/' /C /;’ao//'a#ve energy 4
O’/ a éoo/y CUZ Z h}?ZC %Vﬂpfia‘r[urf’,

T ' V\,ﬂflo\v'rly ot impeyalufﬁ T

perfeclly reﬂec*'we wa\\s
— Modes of fao//a#o/)

la-
IS

For A(?/ﬂ@/’ 746%(/!6;’)6}/ moo/dr/ moré  (an 747Z I our 74’7/'7[6
éox %an /ower #?iucn /’noo/es, Ui;‘nﬁ ano/\/s)S o—/ s na///g

woNes W (an J/vcwd Z/)ml’

" modes per unit wavelnath - 8T
(aviw/\/ volume /\Lf

|

|

iUs'ms Gﬂ,u'l IOQr‘Iv'Jion 01[ enera\/, #ve energy p6r moo/e is //eT
| Enode = EL/feT:(Z)é——Q/OO/arizaAom/moo’e
meec o’e@fee of Freedom ' where: /,6 = /39 x 1043

/ O/l/ - M = E/)Cr37 per un/"r/ vo/ume per CM/"/ W“Vf/a'F)?

EZk




‘ Nenad Mié‘/(ow'c

‘o
%So-' (//(T):\[O’L( = 87/:%7_&/\ > 00 as A0

774 was a//c/ 4 u/%mvio/c% (‘a‘lz shaphie. 74 7% wavelenoy
;reaiied %Cc el//\/ /ccve/s, energy sAom‘? fo% /‘ncﬁm'vz, ) ’

|

ﬁ)!s was  resolved éy /O/ancé. fhe  main a///émme /S

/) C/QSS/'(‘&/ View &SSUVT)rfJ a// mOC/GS were 6%'4&//7 /OfOéOA/f

; 7LD 66 OCCulﬁl'fo/. AO/J/'/) a §ma/l qmouml o/ene;?/ 71’0
| any mode s /ooss}é/é,

J 2 p/an& assum J’fof) #}&7[ éene /S uan‘}’iZecj aolcl #)e
)cne v 0-/ o\ﬁw%o/e /)Ao%or)’?sz o/on?{ Qo/c/ /'7L a(% a//)
ol b photons e pachcles, As we barned in
| linefic 7[/7@07, the /Qméaé///é of 74/)6//0\9 a/oc\rﬁ'c/f
c;u[ 7%6 &vemae /{inevl'ic energy IS %{9/;& Hhan ‘74/7 /'izg

ot a. much /Q/ver enegy siotc, %/cn(e, i is
p

/ho\r er '}0 74/7 a 0710/7 ’ér awa\/ ﬁom ‘%f avermoé
#fmva/ cn&rgy y hcnff #)6 /Oméalai/ié 0‘/ U\//o/m ns

is  fow,

B Ti>TT=Te * _ The wyv Catoshophic

‘ el . ' Ko /61'3}1— Jeans Lowy

; W h .

[m’aum] / . €h A = monoc meaﬁc
i /T, emissive power




Nenod M/'\//'AOV/’C

IOIQY)C[L o’cn’}\/C’o’ /’f{s %())rmulox 7[D 236 k

-5 _s
_ 2mhc*) C A
€l)|h - Ch = CZ/AT
e L — | e -

'D‘nv}cj'mg ‘H\muak Ex/ T>

evi G (AT, G = amhe® = 3942 0% Wam/m?
TS T LGhT- | C, = hellg = 14399 x10" um K.
=
ZF ! (QT)"‘W\ = 2398 umK ﬂ}%ﬁemm*
b : low.
T> '

' \/151]3‘6 ran 0.4 - 0.7Fum (Huc red>
| _]’Ierma/ njf on 0.1 -100.um

!SQ 0s energy ireases (T ‘f) wcwd@ng#y is reduced and

‘more of Hr\c emMissIve spcml)um s%-ﬁts "n He \/'ns)ble range.,

| Examplc / O’f' Iron bar = 3068 #om 1o co/or & red ®0range
| —9yc//ow —Pw/v 7/C

Nowlﬁ, /'é[ we wam)- 71071& 6/4’))55;\/6 /oower

eb =] ebadh - TC/ 9/2 ,
-7 [C/CT———,Z dz]» 7=4T

\/’_\/—m%(/o w/m? K’
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| 30 ouf E‘BI emr'jss')uc Power iéi

@,}, - UT%/ ,

I7L IS im r'/arrf 7Lo no7/C, thed the previous a alysis is
valid 74/)3»'/00” /&c[( bodies" These are /‘0’51/ ra /'a%og: ’

,,,,,,,, , /. 7% ,:,G\ASOKA //W/'mccdem[ ﬁn(oming) mdiadion
2) EerZ)ssion o Cia jafon s }no}epen m'/ 07[)0’:)’6074'00,,,,

| (iblse)

6> /H EN 8‘\\/6//1 +Omp, (T) and wwe\enanl% (A), no Sunéce

con em more  enemy, 7
{AEXpeﬁheﬁ}QN% B HQCHDOAV can be s'nmq‘mteo’ b\/ i

' inadent rodiskie o

. nacent ! - ol 'mc'uéen"’ ,rB\J"B\“ﬁOY\ 15
ﬁ‘“‘ LT e\lasorl?cczl (mu",‘)p,egmmce)) B

\s ermo. ‘T - em) H@A chl ",',-\1,[1'0" }néepenclen"

N £ odisbodic s Airec-’ion,

?ﬂlL\e small Lno!c is —”f)e l:'&c,LLDJ/

, ;For‘ non —Jalacl(laodr Suﬁ%CéS , :wc ‘aon c!e# ne O\r monoc})mmaﬁC
B emiss)v}l\/ 6/\ o ) , , -
; , €= 5)\ €h )

c- [eiemdh - et
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|

£ - le €6, A dA
/ ZAJ\ dA =D Specjﬂa“y cwemgecl em'\SS'N'n(f,

For Oo. rea' suﬂ%\(e, w¢e é\lSo lno\\Je Veplec{w'on (}9) kaJ
absor}o%on (cx)

Incom'mg HA me an ene E&!cmce;
ﬁa&i&ﬁon\/p)\ H)‘ p)« PRV i

ED(AHA In thermal eq/u';‘igriun:): L
LEA = o) = Kir‘cl’\]ﬂo‘("rps ow

iNoJrc, #xis N \/Q,&J 1/%)r‘ thl&se Sur‘facesl othenuise lﬁ,e =°<x,e_k

Sim)/arﬁ/ for wabsorp—}ionf
X = fod/‘ HA d/\j = S/Oem[m//y avemgecf aésorpvé'on

i H, d

5NQ1Lum//y fom  KirchhoHts Jovi we can soy

} (Good obsorbers are ood emiters " ml&//
2% Poor abeorkers are oor ermiters ge’%’ ‘ot blshel,

This s why hioh 7[€CL 7%6%&/ !:/cm/(c% are made 07Z

ref/emévc me/a//'c (’ooné'n S, since o00r ac/p,coréefs aré
Vooor &4’)/'717[61’5/ ar)o/ Lu}// 6070 you warm).

A’So nowtf, #ve G\JOO\JC ossumess +ransmission is 2Zero, If no"':

LXA tpt Ty = 1
ENQ of LECTURE 25
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| g\/icw F&m[ors | and g/aclclaody Excl,qngg |

Blacld:ody S’uré\c?s o

1 q.,, = Fo A ey
| Froz ™ T E Fom view foctor = fockion of
Do T F, Az Chz a".

}’O\CIIQ""IOY] |6Q\Jm3 Surﬁl\cc O on |

r€&C[/| lnﬁ su r'é\ce_ ”b !

SO our nevL cxcL\anac 15
% - CI’I’PZ C?fz—al - FIZA ebi - A ﬂaz_ |
WIFT-T, ek, |
| =€L>(A];lz AE_, =0 OH‘I' ’}Tanfé

) (rioeﬁueeenegfj?gs of sqmg T)
AI FIZ. = Az_ le . )

BU‘,' ,wlrmL IS our 'lcachon F:Z or EI 7

I2.

_ ( nori mal vee ‘;Dr)

A F,; - 8 / / CM’ ket - A CJA ; B=corsont
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AS'\AC .

: 77’)0/)[{ o/ #IC /Orevious C’)(,OI’C’SS/'O/) in —/{Crms o)[ sma//r
diflevental ‘areas:

. C ¢ dA?_ So\}d
- 1 dw = o3 SZZ A‘Y‘\S\e)

N \ (;IU)(SoliA o‘nglcj . eOQT = Iou‘r COS¢I dA|dU‘)

\_ T
- Iouw:gﬂ::" (’_T_m[ensnty)
)

You can solve he reS“,Twy 4

,./l(

A] :CJAl

S=r

¢z -
‘ dh, = 21Tr2$')n¢,<:l¢,
Sugs‘h‘l‘*%”f} boc ‘lh‘l'D our rﬁlajﬁon " %F‘—.z =/LC~—————OS¢S'ZGS¢‘

A %CM’-
F.= B —lﬂ‘j cos@, sing, ché,
Fp_ = l
—’771 . Z T/Z
- 3.mr]s-m¢, d(singh) = &2 ENEL) T g
-
L our view  factor becomes )
=S[00 ]
Al sz_ = AZFZ.I " _,-ff COSQ‘{‘TS‘Z& dA'dAz Mills L-;EPAH?G"'
T oS P9 SH1-S43,

i —
|



Table 10.2 View factors for a variety of two-dimensional con-
figurations (infinite in extent normal to the paper)

Configuration Equation
1. v 2
| I——}i: Fra=Fa=414 (w w

2 e—

2
. —\,
¢ Y Fiz = Faq = 1 —sin(at/2)
Ny )
Ly
3. T2 2
h h
i . FH“[“;‘ 1+ (3)
le— w —l
4.
! , Fi2 = (A + Ay — A3)/2A,
3
5.
=" [ian' 2 _ tan? 2]
Fip = b_a[tan p tan c

6.
Let X=1+s/D. Then:
Fi»=F —l[X2-1+sin'11-X]
1-2 = Foa = — X
7.
Fip =1, F2-1=r—1' and
Lg’
—-1- _1_n
Foo=1-F v1 7,2

545

,4Ja,o7l€o’ Fom  Lienhowd £ Lienhard "4 Heot Transter
Textbool." (2012)



Table 10.3 View factors for some three-dimensional configurations

Configuration ' Equation

L :2 71"} Let X = a/c and Y = b/c. Then:
C
— 2 — ) Fip = 2 ln[(1+X)2(l+g’):|
1
i <4 -Xtan"!X-Ytan'Y

V1+ Y2 X %z Y
2 tan~! 5 =1
+ XV1+Y¢tan \/1+—Y2+Y 1 + X?tan 1+X2}
2. o =1 4aso  LetH=h/fand W =w/l. Then:
h

r/ - Fl 2= L Wtan_l L - fHZ + W2 tan_l (H2 + WZ)—]/Z

! o w

v e Htant L s Ld [Arw2a+ B

H 4 1+ W2+ Hz?

[wrasw e m Wi 2+ H2 +w2) 1T
(1 +W2)(W2 + H2) (1 + H2)(H2 + W?)

3.
"% Let Ry =71/h, R, =72/h, and X =1+ (1 +R§) /R% Then:
2

Fia = % [x —yx2 - 4(R2/R1)2]

Concentric spheres:

Fi2 =1, Fo. = (11/72)3, Frp =1-(n/1p)?

546
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Now we can %rmu/avlé our O\r}alysis a8
|
1Fiz

) 9, = A, Fiz (G’{:: -Ch) < M- y
ey —mmp €bz
1 iR AR %a
,Lp we l’]&\lc an enc'osurc (Qo\ollo:lwon exe\ncmge msmlea'oofly)

7,NO+€V on'yl ‘hue —\%r‘ﬂ&" 7or borNCx sur%,\ces,, I‘IB concane
Z F‘J A1 since Fyn#0 (gur’ﬁ;cc sees ‘»Jrsclnp); |

AE)(thF)t’ Consicléf the 'é):\Uow'ma" (Sol\le for Fw

| Ry Ao - A
%FIL}:%FII\: %Fra = by = E%lt/_ifi

}\/ZFZE:%FZI -%Fzs = Fz4 —J:’_:j:\zs;/ S
F \Afaneam/

i'Ou charts hove these fochors: Fog, Fr by )
CeE B ek e o (1)
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AJFQ&OJ{C Surﬂ%(‘éi_ (ﬂo ,qec\'L ‘lmnsfcr -’Jr)mugl'\ -”\em)

7 )/
2 ;A/Adiolaa%‘c (q:'=o>
2 ;’ Weall, R
R
®
NGO J I
AIF‘
pl’CV\IOUSI\./ we l’lO\clf — “J\Nf ,
€k, b Gk,
9
NOuu we l’lo\\le (Auc Jro q/" =o>
R
| (
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/ & 6,
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#}C_ Suréce.

3 - (e )h v By ORI,
(l-o;!‘)iﬂ E pied erergy Aﬁdﬁ No-le, groy EOAY
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beler of l}mﬂ'inﬁ heat 'hqns/ér[
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@%L\‘ ®
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\ f
4 — Toun = 5762 K

€bA
Measured SpecMm ot eorths surce
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25»/ water vapor in Q%O%P}?Nﬂ

>/

300:7”] :?’C;Onm
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o’ue fo  evo lu fion.

;So{af Gllectors ; /Devlaileo/ ﬂma/\/g',s)

\\fs (30‘0\)" 'lfmol?o:"'\on) 8)0\33 : ?33' pjs,‘xSS
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,ée‘rﬂ/em[ d Jes
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T collector.
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Co\lec‘('bf' / ¥ ) SS pasp >
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|- pgs :()305
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<10:://&%0;’,32 X s ]—35 = G'S /ij)asp&/ n #’)f_ go/or
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1
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emc'lenc% No—k; L)ere, weé L\aé Jro QP“"L u/p -qu ‘lwo spec"ml ronqeS
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Moss Transfer
fLe#S 1363in with  <ome Ae’ﬁn;‘l‘iomgr

§); = MQGSS Conccn"’r&-hom O'p species | [j‘tg/mﬂ

G = mo lor C‘onccn#s\Jrfon of 1 U{mo‘/wﬁ
1 }D =Z_—.P‘| y m; = P m; = moss #amém 07[7

_ﬁf )Q 76‘/0/ mMaSs a/m/x%ure

| C=2C; ; ><,=£'— X,—mo #acquor)o%)/
’ ¢ P p&r“"io\l pressure 01[7/
’ G = % ) M=2Zx;M; P = fotol pressure
— 1 > m
- C- % Y |

X

'!’5 V)Sio/er 7%6 se 12 cj#@s;on 01[’ O\ﬁas

/ ‘I jx = meon numb@r o1£
| molecu (;5 Crossing unj
ovreo. o p'omc ﬁsr uni

P)ane of ndevest me.

ig‘»m)lc‘,\r ano\,\/sis I when we derrived \l‘ascom on popﬁ 46
, S,
1 Jy =|—Vn (x-)\) -—I~_\/—ﬂ (><+>\)
‘ | an.
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sNO?ZC Ficks low doesi On/7 q/op/y fo self ~diffision. As lonﬁ
os e molecules are smilar (ie, No £0,) # shll works:

Other Wo./s ot wn’véfp i are:
. - D;’m %?X—" = - D;)mp%-n;;' = D;,m = dl%s'xon (ocmC'ncm‘

Jmx T .
D‘pl nn M.

\]M,.l = —O“lmpVM'l(

\T¢) X,
:)-m,x = —O‘ = =~ O'l,m;_?'—a—;(_

1,m &X

;\_S-—:n,,' = "meCVd

For o Loﬁmmg'lqn s\/swlomi

OC,‘ 2~ - 07 _ 2
E—b—g = Di,mv C: <“"> _6? = otV TZ
Moss Transfer Heod Transter

' Our SO\Iem‘)nﬁ eci/ua‘hon N

De: ¢ | = Y
= = ==L + 'VC} = | V C\
3 L= 9 Y Dim

A‘(’ Sjrcacl?/ S‘IDAC ancl T/ =0

VG0, VX =0 | v*D,-0  Fmi=0

D)

T we hove o 1D prouem ond snlfacjyj with ¥ =0

N = 86
' R, «— Moss +Hons{er rcs';sicmcc
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ESO our mass *Hans/zer* feS?S'/’aY)CCJ are

Slob

N
Q\TD1,1(rl VL)

Eromple | Cose hardering of mild cdee]

i Mild | SJrCe| 0.2% or Cafljon (moss 'r[;qchon) m, = O.002

t-0, x-0 (m =0.0l% -0
) ¢ Jx=0 : Des =5.6x10 " m?%/
_E = ? ) X = |mm Cmc Y= lmm = @'008 s S

; At whed -L;me, 'L, will Hhis t')a‘o (me:,mm =0.0037
To sole we At need o mocf:fﬂ fhe problerm. We
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~ an>x‘=c,{=o =0 OfS-

N _i1_m'1\ ¢ )x=tmm ~(Mc)Jos
R

(223)
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—%— - 0.4615 = erfe(B) = Look gl\g/g £9. 924

So our SOIqun éecomesf

10°3m ) .
0,52 = > [t =16505 =28 mi
2 '_—’D.L / ml’)‘-/'/CS

:\/Ulqarc l’]emt ancf mass ’{‘ransfcr“ begin 7[o J}mr IS 'M’!C
( c-L ‘H’iO\“’ Mass ‘Homs&r QNows ’I%r‘ e u}(ibrium fo
bc reac’/vecj wi +h o concen‘l'm%'on Jiﬁefmce,

Fo le
r GXO\YY\P € Gow <olid I -
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—BA X0
X
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\\\
P

X

iSconnU CQn\‘l ]ﬂ w A
¢ Discorinuidy (4m oppen. i

perociure |
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lpgos,'\ = X‘,,u /’{ /,’ H= Henr\/fg con57lgn—/~
H (1ot (105Ps)) = in Waler
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!j_’f we. 'lLf(:‘&‘l -/,q@ 3@5 and sofid as a SO/u‘/ior), We can Soy

1’ C'.,u = SP ,',J ) Pgos,‘\ =por'}1a‘ pressure of aas

‘ i i next Jo Hhe )nJrer@cc
Ciu = liilomoles of gos | e

cubic meler of solid 5]

S = So(uE'nliL/

pmum c\ﬁoir)f

|
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Gos Solvd GG\S, C\,oo,gas
= J N .
/| v
C'M ‘:
~— %=L
':’\C»,o,gos
LO‘J‘S\AQ_

{Our Bounclmr Conc[i%on Eecomcg;

AC,
- DI,L &X) = j; = l’\m (CI.O,ﬁQS - Cu.m.gaS)@
x=L P

‘ , Om/s}o/e, in the  gas
! I%SIJC %C SD/IJ Am = mass *A'an:?v[)cr (Oﬁm [Tgm—]
‘;NOUU we can sole our procé/cm
as’ S)

§Mu/‘kﬂly1@ O by s (Xt =Yg
| 20, i
) - b [(C "G 305'5] 2

" Dalgx) =
‘r Non - c‘\monsionaliz\ms CD;U&"'}on @
| = X C -C C| = C(X=L‘J;)in9‘|3€ solid
R-X e GoCue e Sl ik
C"U,O B C\,u.ao C\,u.o =C@Jao) inside.
k AC Cl,o,305 =C 0\4 ‘mlf/gc(’,
: outside in 3&5
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BU‘l‘ ﬂO'lQ "”’]Of" Ca.O,S% 'S = C‘ QnJ C| ,oe,aGS'S = C],u.oo

- O. 2 —I—— é@_ (C.,u,o ~ Gy, o«o> (C Cl.uu*’>

1z | 9y
-D 138 _ ha /G- C"”‘”
L2 L &;(’ S C|,M,0"Cl|‘4|’°
-
p . L23 ‘l_é ?
T Y2 L gx

- 2@_ = L\m L)¢ = Similay +o /weml ’/mnv@f
Sc/(,n[;'or), Just odded ’Qchr S.

Bi. = moss 7LVQI’)S1[7€/Y‘ Biot rnumber
}m[erno\/ diftision Fé’Si‘S’!lQHCC

) ex%mc\/ Cor)\/CC’/‘ion res;‘s%cmcc

TF we look baclk ot cur heat Aransfer O\nqlolay
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(on\lCc7[7'V€ MQSS 7;Cm51€f (Ex%ma/)
I,,C we  examine air A/O\/u/'nj over o 7[)/onZ p/a-/c

I \/”w \/ A ,\’

G B >

i 110R

| —& o

=
T 7 g

—
l "o

Wel\lﬁ &(reaAy So\\lec) ‘H’\}S pm’ocm'-

S
oSl
u :
Ve | = See pge 8k of notes,
| LN
—
/Z = U X /=350

Voo

‘Now ‘.1£ we ,ool( ocl' ‘H’\c MASS Mnsfcf anxloax/ (N“Se%,)

@Q QC‘ QQC'
3¢ 36 L p, 2G4
“ QX v oy SEPNE

ENO‘!C, ~f—/q}5 IS #vc C’)(O\C",' same ea/uawtion as n Lco\‘(’ ”’mns{éf, &
L We  can moJAe (&N ma\l\/ s)mp]é ana’oax/ Och our mass

Eﬂlmm’f&r‘ fcsuHS will be dhe same
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= See poge 99 of rotes

Toa —To p

)
e T

|

For the heat Hansfer case : Dr = {-—
For 4he moss Honsfer case: | Se = 2| Schmidd number
OI.L \) = L('memca’l‘lc ViScos'uly
Our So'q%ons become Dy.= difusividy (mass)
l, |

Nu = -L% -0.332Re, 0 3
Nu, -—-—EL’Z—— - 0.ccyPe> O3
FOr mass ‘)‘mr\s@’f :

| {SL\ = -Lml- = Q':’BZQCX,/L Sc%/gl’\erwmc‘ num ber

9

We @n NOwW cJevelop X Colbum ana[ VA 4%;» mass '/mmpor\
"LO express ‘Hie Mass +mn81p€r COB ‘cim‘} n 4ormso

Frickon foctor, 5.' (pg 90 of notes

Cr = —C ~ 29 -0.3
S ToE T 0 QTR

Nu, = a, Eex//zprj/s (F/ml p/mlc)




1 }\/Cncm! M, \//'/(O\] /C

Ny [ 208, | J /
N | _ L 28, A I
Ke, Pf) 2[R, A% 2 Chix A3

Csteh _ head danshored b aAlid
St -2 (Sandon number) e o

8>
O
<
3
3—

eo\‘l ‘f‘mmfef ana'037/ WosS
St Pr 7 Z" = See page 90 of noles Br more.

For mass %mng—/)cr, we howe’

Shy | Jo,
(fé& SC> 2 JPex gc 7 L Cf& < SLM
37 ana 037’ (you coan prooe ML) |
ISt - G /Mmg hansfir Collurn analog,

i
i

: S-’:m = L\L MQSS %nsfcr gﬁLDm'}oﬂ numEﬁr‘

Voo

ENO“["‘QQ ~Hno:l- we can Comloine ﬂnc ')‘WO anqlosies.

SL.D- %2 = St S
_h 0% = hm -

?CQVN \/oo
Le = D,J

L‘b‘ "C?CP)(’Sﬁ/s = ﬁ'C.o'Lez/‘S] where
= Lew\s num!:cr

NO‘P& ‘H’\)S meéanS we (gn measuré mass +Yl$\f)5’p€/‘ O‘ ) Qnol

(/{SC nL +D E’QC[L cacu/ajre J’)Covﬁ ‘}’mns er(l\) >\I6~7' powem%l
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E_XQ"’?P/Q/ Ory ar 0\7[ O\’A'nosaol\en‘c pressur 5/0(,05 OCrossS
—r%ermomewler w%i&» hY cnc’osch N o dqm,o cover, [his is A
¢lassical wet bulb meosurement. The 7[cm,oe/rm’ur€ reads

5/8,3"0 Whod s the c/ry air JCmpfrmLure T 7

77'16 Aeml neec/eo/ 720 eva,oomvlé v%e, wm[ef comes 'ré)om
#e Surmuno/inj air (mL S'/ﬁac/y state )

hA(To-To) = muhg @ > Heod hansher
s = ho (Pa= )@ Mass hansfer

Combining @ and @ /M\« orcentrotions

L'/((Too-Tw) = %m/k/(pw-yw)%@

| Using our Colburn analogies

26 e (T.-T) = (. ~§Jm)}n@ ®

i\/\Je linow i, Correspoan fo he S‘HUVQJT.?’” conditions ot Ty
From sfeam Aobles:

ps:;;r = 2107 pO\ GC{‘ _rscvr’* 12.3°C

- psu‘r _ (QIO?)(IZ)
T R0 B 5/’

!FOr“ ‘H’)C o#ﬁcr pyopzr“'ie,g',

'poc =0 (C‘Y‘f Q]F)P /Ol325x

. . - 3
Do = 46(18147 =/—2—7': "(m /,2}21{3/}0)
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CP = /,OO% LLtS/Aj
- = le= £ =ogus

 hey = 2456 MT kg
f@&c& SU!JS”’;)LU%HB imlo €ﬂ/um'1'on @

T - T, = @,01366— O)(Q#Séxlos) ~ 35.36°C
(l212)(lc¥)(0.845)

2 /7; =5’3.é‘7°C] =>D»\/ bulb %@mpemvlure

Moss Tronster Summar/y'_
|

 Heod Transfer Mass Transfer

b [ ] o [mis]

{ Re [ dimensionless | Re

Nu= R Nuslt | sh- ’“5"; - Sherwood

Nu= £(%e, Pr) Sh = £ (Re, )

e Pmndd | Se= = Sehmdd
RGBT foigh | Row =SB oyl oS st
| Le = —B—‘”—L

(23)



