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This IS ol since —quy were  worlon wi#q Jn(omprersl'é/e
Auids (c=c,), fowever, ¢, should™ rever be ool as
A z?nores the PV worl done 57’ #he moving Aleriof

pocue oS )71 exfands anJ (’oerac .

ggeconcf Lcwu o/) 77’)ermoJ~mome'c&

‘We dont need the second low of Hermo +o solve

| convection oo lems. Where ;4 ecomes /'mﬁoorvlamt IS
When we a’cs)gn Sys-}c’ms thet  hove corvective heat

I71'}15m$-:[cr with a #/q;’o/,

| %6 SCCOr?o/ /owu S?LO\‘/C’S &// pm(esses ore /'rr‘cversié/e ;

QS‘CV CZ-’ v -
= — ms —
S8t = A 77 +% Mzums

! wAfre; Sev = ins%mLaneous en‘hop7 N -Me Comtml VOIWY)C’

: LT = heat hanster- and bsolute tem BIUre
* of e A:Junc/a; /. ?+Smeims }n#/oﬁe)

7P



/VCna c/ Ml’\//'AOW.C

57%(3 m't’asure of 7%6 /'movcrs/cé;’// of 7%6 Process js
%uom‘lﬁ #co/ Z)y 7%& sﬁenf//; #)e '/'neiw//% or

€ En /07 \75776 /77\790/7 ra 7[ (g Sgen ‘

[Sgen = QQSE“ —-Zi — 2. ms +o%n:l$ EO]

IR inlet
e 6\[50 lenow #om exergy ana/ysis —Hnml

L\/\]gos-r = ~l_0 Saen] = 01657/%/674'0»’) O'r[)L/SC“Ig// woré c/ue

em%f Y genemvzion.

To = absalyte %errp. o/améia_ﬂ/
reservoir.
This shows the c:z?ineerin ;’mforJar)ce of maéigj Hhe

lConvcc on proresj oS efficient as possié/c on e:“;é‘mmé'@

'Saen 7%/’ o, ‘/)/UIO, .ﬂ/ow_

Based on aha/ys}s Simj /ar # ,Orev}ous/y a/one, we can soy
7%6\7[ 71/16 6/’)7[}0/6}/ \9&76/137[&:/ OJZ on an./v/' 7413;7 ,co/'m/ n &
70 /Ow ,oer unh[' 74}’»’76 /Ocr ens z/o/umC, Sﬁgn /S ;

Sl\lrgcn = :1-_1% (VT)Z 4+ %_@_ =0 | 15t derm rﬁarese/ng

| En en. olue 4p
—~ k/;r-BJ -/em/ofy rgo /:&r} 7[5/ wA/;é
=20 — second -grm re/orescn/S

VisCeus d/sss aull'oﬂ,

‘ & essure d
’In a 20 convective A’QIJ, the local Spon 55 (pressure dip)

o B -2 ey
=0

? geomc*ry such thet Sgen is minim;zed along wi

NO?Z‘?/ ’//7/3 1S V€7 use%/// 'ér“ em[yo,oy 3::;'76/&‘14'017 m}m'm'lzoﬁ)fl
which is o whle held n }’V[SGM We® okt c(esijn our Fow

h Wiosr, @



/\/Cnac/ M;&'Ao viC

Sa;\/m\r} (or Sca/r A’Vlm/}/ﬁS)

! 72)}5 mf//zoc/ will )0/’01//'0/@ most }n'igrma'lé'on oer um'% o
! }0716//CC7ZL/Q/ e r'/.

0 '#,cr&ml 7440/7’) O/}mel’lsion&/ Q/’)O\/yS)S / gm/t}ﬂ Aam T 7%60)’6177) asS
\fou usuq//y erows #\c dimensionol O’Fﬂgfen“ia( eciyal-ions
Soveyn’mg #,e of)rol:)lem &TL /f;anc/,

gWhere #lc ‘!‘WO mCC‘\l 1S wl’!cn E:Imlermlninj L{CY ,Oo\mmcvleVS.

[

iLe-Ps c!*a an 6xamp,e, 1"0 Sée l’lOw Scaln ouor’('s, C’ons)z!cr*
§0\ me [ bor p)«mgecj o a /)o‘l[ #/uioﬂ

|

//"»N‘ *\/

f ﬁSSjmjrrgn Hmiu Jr}\c L:o\ia s‘:[;ﬂ%\ce (Mphcr‘tznture%o\s?mes #,c /
g ervture.  instantoneoust,. What s Ime  requireo
B he Kormal Fonl o perehale e olode e, di dine

§’£P 7%C 59'77[5" 0/ ’/AC /0/«17/( ’/D %&/” e At’mé@ /;’h/oOS'Co/

on the outer surfaces.
)

i
Note, tor T(x-440) =T o b tue, is Bi s or high?
| »
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Nenod M/é’/m e

Here g; - tonduction resistonce _ L/L(Z( _ hl

convection resistonce //AA l‘—em

We Lmow }f oy <ol , Teor #ﬁ(x) /(onL/ 70@), Lencc
Bis>>0,1 or h & Vers i@'n.

‘Qcmembcf, Ci_ = % , So 'ér t1= ConS”‘C\n-l- AF“" - AEonJ
h A_{;onv = LL b—_-r% A/( W
L e

So Hor 1’1 Vs Z'\O,w, N ooy & ATconJ ﬁ/ff__(x=§,-,:)=7:,]

NOw éac[z '[[b our pm,g/em e con 66\9[,«; Ly wfl'-}*fnﬁ r QED

energy eﬂ/umLian n Carvlcsicm:‘

aT OT , 9T ,. 9T _ (QZ_T T . 97T
Cpé—_,:’ “'U&‘*‘\/g\;"f‘\/\!ﬁ-k z t +

+9" + 57’% +ug

We can Jm,o Vﬂan/ of our krms snce. 'tJrs a s—’u'honary Cy
U=V=w=0 .,

;A’SO, no -Fsmpera'lure_ 3m<4}cnjrs N #;c v,z cj'nremtion, Hence -

SCD\IiH\(j r‘&a/u'lffs us 'IlO CS"L}MOJ[C 7%6 orJCr 0/ ma rn'vtuoé‘

of eah romn aaopfan'nj I our o/}%rcm[ia/ ciua on (1)

"

[HS . pCpg-—Z = ?“’P (NDJrOJ")or) AN N mf#)c some

CP ~ CP order of m@niﬁmé
.&_7: ~e A—7— ~ 7-°° _ 7; A
QL = +

Co 2T oc 01
PP o PG = ®



Nenod /V/ij'éovic

RHS: L~k
i T _;z_(a_) 1 AT
A x* AX | 0/2_ O/Z
9°T AT
l(’&xz s

ENON eq/uc\hnj our +LLJO krms:

% T 8T [ o 0
| Pe T T oLy ‘>[£ (T)&“QDT)]

| = L, TSIV
| f m:#qcrma/ J%,.g/

|

éSﬁ Vewy simpfc Sca/ina AQS skown us #“*'{’
}O ~ ’o( + ] = w,ncrc 0= 'H'lerm&{ penc’ﬁr&)[wﬂ C,Cf’#’

/Qu/cs 01[7 Smfimg

@ Define the S mé‘a/ ex%cm[ of He re ion in which scalin
Ii ‘,Oer'ﬂ)rme cf ( #his s #&C (onmon —/g'cac{ #o c/ imensions! ona/ysisJ,
For €xampI€, we \/'uS"Il uS‘Cc/ O/Z ’ér 7%(; bar f)roé/cm For
5N [Dounafavf /ayer /oroé/em, /Cn\g#ms /:Lc LOrgGkre /mpbﬂlanl

i
@An\/ eq{uo\‘{'ion ConS'lL'\'I'UI’}CS an Ca/u'NQIGVIC.C 657[“"560 #’)C SCQ/CT
| 07[ e o (Jominan‘{ -}Crncs Qppfﬂrif] N ‘}At 69}4&7[’.0'7- ;Om
our /aml C’xamp/f, 7%6 éan. /zas OZ’? 29 7/Crm5, A&?Cé '%67 /')71457Z

AC same orc/cr 07/ m%?n/'%tlo/d. Cnem/, ein\/s‘ can A&vc

more 4€rm5, not oll ¥ them i ‘2/1%71,

@



‘ Kenad Miljkovic
|
O T we sum fuo derms (0 £1)
| C=o+b
ord the order of one derm s greader Jhan the ofher
0(a) > o(b) = o(-)denoles “order of magithde"
Jhen Hhe order of dhe sum s dominoded b dhe daminant derm
o(c) ~ o(a)
® T we sum Aws dems (afb)
| C= o+b
ond the Hwo Jerms are dhe same order of magnifude
0(a) ~ o(b)
fhen e sum is ofse of the same order of magn;frucle
o(c) ~ o(a) ~ o(b)
®TIn any poduct :  p-ab

7}’:6 Orcfer ortZ Mo hhtua(c o:f #)6 pmc/uc7[ /5 cgwa/ 74) 7%6
proa/umz a/ %/16 ora/ers D/mci?ni/uc/c.'

0(p) ~ o(a)-o(b)




| /V&ﬂao/ M /’é'/{ow'c
|
|

|
iEwap/gj Sw/ﬁvg wi#) O té)n with /;ea-z ﬂcnem#ion,
e L e

X)) A A %—»m
? d

Fuid, To Ch (heat Hrnster coelficient)
th’inﬂ ouJ' our cncrgy eiua'ﬁ'ion, we wi/, oé'lluir)l

A &L —hP(T-To) + 9"A =0

0\) [_e—/' Tee (36_ 'H’ve w[’in "&ﬂper&‘/'ufe Sumc'.cnjuy ‘H)r fmm '”16 wa”,
Show f X s ‘qrgc cnous)ﬂ #;OJL /ongi%u;!in«il conduction
l)CC‘omeS ﬂejiijiUC.

A ST AL whee AT -T-To

WP (T-To) ~ hPAT
q"A ~g"A
Our eq/uq'!’ion EemmeSI
LLA% ~ hPaT +9"A =0
T\lorma,’lzina B\/ 'ﬂ’ve ConcJuC"ﬂon term (LLA’%I{)
A ST
™ _ _@ZT: + iﬁi‘r =0
WALD AL s

— hpgl ﬂ'"g’“ - = Hence as 8 maad #ne
| AT 2 © Lest derm becomes n%/giyﬂ

AN




| Nerod Mi\/j/«ovic

JJ) Us'mﬁ SCaJinﬂ chJerm'mc —“qc —ﬁn vLﬁm;pem%uVe 'Far '\Qom —#»C
Uual .
We Jus—L SlﬂOW(’cA (‘Of)CLJC’/’I'Ofl IS neﬁhﬁiue —”fere, Lvoncc:
hPaT ~ g"A
m'4
[t~ 24
C) How 'r/év‘ OO~y ”I[;/om #n-; oua// 1S 7%c hest 7Lmnsv[)cr dominated
| J:)\/ O Aalqnce o/ /76&7[ COnc/um[fo/} % /76&7[ 36nerudlfon Onty?
~ | Wc ho\ue 'From our eo//uml'ion n (a) -)l}m-!:
| _ hPS* msr
I \,li,A\J + 3-__.“1_ =0 )
neﬁl\gilﬂc compqrecl ’lf) 1 or }%— LAI
BTy
Aﬂo%er Wa7/ '/'o cJo —Hq}s IS "t Soy  neer #‘ne W&//;
. amgz
| bnT
g ~ [koT o
| g" 2 Mot Hhe best ey since Al =T7-T7a
~ /\/mlc}‘ ;_}_[ we fz/ance /AC 7le-'A é"’A
& DT 0 £ or
_?1/744}%_'_0_ ->éi74<hp /}’,«PAT/
Makes sense, £ Pis /orge, inegua’ﬁ 5 hard fobtain. ®



Nenad M’jﬁov/c

MML_AQO_»&&LS_ ( /guc/(}/zg}mm T 7Zeomm)

Mlows s +o 4ind #,c )mlerdgocno/cnfc of o Symlemg
péx/sico\/ variables 67, (‘ojia(era#o»ﬂ of appro/an'aJe éa\/ances,

1. rees enc@lcs,e C...

= Igeiu}res @\7/3)6&‘ ‘ms'@H ) a L(now(fésc O‘p ‘H’le plﬂysics
ond experience. in +he Teld.

!

; The Aheoremr: For a S‘ys#am with M /’Afs"“\/ variables

i(f . dens; ,speecll le H‘l, V‘lSFOS'n-L/) d criboble in derm 01[)
| Na ﬂqui/memL&I un'.nas (}.e, moss /cngjl), 7L}me, émpem%ire ),

there are M-N c:]"lmens‘lonless Smups.

O M-N-= P ) then he S\/s'lcm 1S characlerszed E7
express"nj -”16 'm—lCrc]cPcnc(cnc7 of the p Jimens’.on‘c’ss

8mu pS.

@I—P M-N = | , Hwn the S‘mg}e dimensionless pqmme‘:[Cr*
mumL ‘ae ConS‘Lnn m

gOE'la‘mina O'nmensjgnless 6r0up$

@L'S% 5{” ,OAysiCc\I vqn'aé/es (/\4) and 'ﬁmc/amc/n'/a/ um'?é (N)
ond )a’cnlv’@ their o}/'mensfona/ %rm.

f Dencte “cl)mcr)S}on.S of x” J)y [_X]

| _ L _ L M ML
ey ug\/g T [3]‘7- T2 a[ }Og - 5 )g:] = =z
: 37'0\1! €nsi rce

l
i

i@)oe*cwn)nt the number of  dimensionless groups (M-N)

| .
@fif;ﬂm“ox SE'v[ OFJK(MJ.:.N> clamens':o lcff,,@ﬁupi éz/' aSSum}n\g

» OV ANND A e pAf‘L\ nl’ lAn N



Nenod M v'[/'/(ovic
8(; sure 7%&7[ eac/’r 01[ 7%6 p/pys/'co\/ var}aé/es appesrs N
mt /CcmL one erou\p- ,
_ﬂﬁs /GS'/[ pam[ 1S wlﬂere ;/’174/1}‘/’7'0/) 1S V€V7 useé,l){,
Example #d Pendu lum (whu] smoll o\mp]h[uc[e 8)
i V77777 77777777777 7]
| P s]c&( \/o\haues: m,,é, , oI
[« al F‘(‘)l\{')clqme/n*cxl Unids : M, qu-
. % \
Buclzﬁlnﬁl'\om —ﬂﬂeorcml M - N = Ll- 3 = I ‘méepcnclcnjr c;'-mens]onlcs_s
grou
‘Now we can solve ;
| = w-,zq' b-mc
[]-2, -1, [g)-%5, [m]-M
b ,
T_Tl'__l = _:—_ LO\ '-?LEC -'Mc =] (S‘lnce onl,7 1 dimensionless emup)
T: b+1-0 >b=-1 - )
“ /T=/=w,{£)i7 -
L ea+b=0 = o\=—‘i- , 3/
P M: ¢=0
I,
Now e ¢ |eo~(2)]
Sc,a}ina Ghis 1s where Hhe fuo meel)
26




Nenod M i\/,'/tovic

iEqu,ﬂ/C #ZJ A""Dm' lx)ml) }3/5\57[ c/ouc!

Whod is the fime - degendence of the rdius of e blost
‘c{ouo{ %’(ow)nﬂ the jﬁona%on of an atom Eomlv?

e, Whol s R(L) 7 ) (7@ @

gp}\ys‘nc*a’ variables : energy released . E
| Y&Cllus , IQ M =lf
l:'lmc t

il ar cjensily, )’_)
~ W}’b/ 'nan VisCojan a1/ Consider Hhe {an% £ Fime scales.

Inerﬁo\ c/om}nq €S C\ny V1S tous e’lﬁ[)cC']LS’ So no nf’eJ 'I'o

COnS}chr }"~. e cou“ lrme ne ’uclec! }-1, JJq-)l 4 would t'nc/

up com}nj out as ﬂek >> 1

Funo}qmemla{ un'its : M, LT = N=3 =1 dimensionless
ML S
-, KI-L )-8, 1T

‘ _ Q b C L> b C
T=E-4+ 9 R - *\;LT‘\ L

M: l+b=0 = b=- >
|l © 24C=3%=>C=-5 f’ﬂ_= E+ =Con$7[and

T. a-220 = a-=2

~ : [ v N(g)"%z’ﬂ or P(L): c (g)”ﬂ:%

IS canstant of ,Om,oorvtiona/il

Gf Bi/or J;c/ -/lq}s 80&/)@ for an onLom Acrné é/aﬂl in /9‘%5’»@
puuished i'(‘, 'ﬁnJin\cj -qu enegy of the 6/&34. He wos arres*#&:/‘/ @




/\/@r/ac/ M, (,'lmw' C

E xqmﬁ(f #3 ’ Whet s the pressure 'ms':ale 5\ EuEUe_ 7

o0

o/ O = Sur‘(’nce +cns’non ED'—_‘ = FD, rce“ = }Tiz

R+nP

p}\7sicql \qui&ues : &p) o, o 2 note AP counks oS 2 \chr\aElcg
Funclqmen"al units M,LJT

NJ {i] - ML

v P- M-N M Jimercionk
_(F M =M-N= 1 =Means | dimension less
Y.D] - %} T T2 group will” exisl,

So Sman EuH:\CS w}” ’ﬂouc [’\3\9!46;' ,Orcssure, 774]3 N wL7
C]ﬂqmpOxﬁhe is louder 4han béer. This is also how vou
el e cl/uc\\}#y 01[ o SooJ c%qmp&sne, &ALICS will vise
S‘owl\/ ﬁ po'O IOUJL/’ since SOOJ cLlampOSH€5 are }1131; pnfs.sure,

So ‘ﬁar‘ ‘H\ese exc\mplf‘sr are mecm-# -|'t> Sl’)ou oy I’IOUJ }mpor%on‘}
5 H’ I 1LD ckose \jour pj’)\{Si(‘a\, Uar‘iQ[JICS C'OI’r?CWLLf,, 71’)15 OJSO
O‘PP‘"“ 4‘0 S’ca\,ir\lj ana'ys'ls. !

For‘ oL Move %rmoj promz 01[) wl\f guclt}@}tam 7771/'€orem

Vuorlts, }oo/t cul /'an/4_-nu//;'>4 %eomm.
|



N&nao/ M/\//'l«ovic

u_am}nar‘ Boundors Lover Flow

So far; we /vave#{)ecnj c/cve/o;oinﬁ 7100/3 fo analyzc convection
| pi'o b /em S,

Con\leclv‘on = O\cgUCcJ'iof) -+ c‘i'%sion

Lﬁ% Cons‘lcje,r‘ #\e S‘lmpICS'!‘ )OOSS'»HQ dﬁ)roucm ‘,'o o\nalyzc:

(-/{oo,Tw’Pw Uuo T“‘

T ]

SV ¥ N

\'
N IV S: | T
M ] LS T /Z,u& deglh
W////L///////i?// ////////// 77777 a7 77T TA \ﬂ+°‘l'l’1€.

9" (Heod Flux)
4 L 0

Solid wall v’t— TTT T AT *DI J (.Jo\se)

As engineers, e want o lnow

l)) £ ne %ree exer*ecl Ey #16 S1Lr’€am on #\e p,chrC
2 The resistonce +o head Homsfer from dhe plajrc fo sheam

1\/\16 Lmow NG V\eecl -”’16 ‘@J”ow}nﬁi (’Cislu'n #icw’-ion)
| L L
CF-)twd and OL{CL"MX

|

gFor #wc Ncw%n‘:qn qf!u)o(s we howe been tjea,?rlcj w'n% So 14\(;

|




?
i
!

i
]
|

/\/cnao/ Mi O'/toviC

Asio’c’-

Nofe, many people ot bute g - hAT 4o Newton
0S }’))5 "/O\ oif COO/;V) ”. /—/Dwe\ler/ 7%/5 1S /’)0'# 7l}'l/f€.
/\/Cw%on 'uno/ e //ow)n\?"

-Sj—g-_w AT = AL -HﬂouL J‘Ime, H’)@r& was no
COnce,pJL o1£ A or Cp.

_ﬁ’)e )’CG\I ’OCFSOD’) 7"0 wrﬁlc HL (BN Cj/’ J’\AT WA }:Obll’)ef“/
14" ‘H’)]S po\n-f‘ we dcan acreﬂowl Cmperio&”y —H‘)d\‘! ’}}!e )
0.

o S(‘l,O CO”C"-J’ion &-L -Hne wall s hue (i.(’, (J@=o)=

Terefor, in e Ahuid oger immediadelly adjocent 4

the wa//, we  have pUre Conc/uc on -

AYR
L (novlc, hest Flux is positive vl
q— 97)/Y=o //)e woll /’If’ojs 7l CSS7L":&"’I)&7

Hence we con now wride:

L= ~ by (97/37’))\,%
5T

SQ we See 'H’l&‘l’ n oro(ef —zo so/uc 1%/’- F £ 9, we mus%

'Fifs’} SO Iue —r%r -H've velocil/ ano( kmpermlure elcls

&d\jqceml b our wall: (u,v,T).

80(‘# bﬁ%r& we (Jo -xu'zo:{" }% \lmpor‘}nn* ’110 Cor;ﬁ'ltJo} s

_(@T o
= ( 97> 172 = Mal(}rﬁ %/4/‘5 o//'mmskan/es 'A
T T -

= —@T/a‘/)lvm = N(/{LENUSSCH' NUMJ)@P’"

"BT_-E-‘}-

(=) @



/\/Gf’iao/ M;’\//'AOV/'C

;Iﬂ #US (ase  we con see #mJ:

N _ H COJ ‘/mmfe’r- c/ue o Con\/ec#on ﬁjo/vec-ﬁ'on-/»cf,'v%_q'an
4o = Head Hanster due 4o conduchion onhy (dittision)

NO%C #)c c/:me/nslon L Is c/yosen /o ée #)c cjxs%cmce
‘N’) #’)C o//ff‘méon 01{ */)/Ow ano/ /S s‘omcw/7a7l r’én[m
'iimce ‘//} o/e/ncDM/navlor IS /’)07[ o real” Aeaol ﬁamér Juc

‘}D CO/)O/UC'AO/) on ly

B x

[
& X =L B

f hl _ corvection  h.dL. od location L
So when you soy N U= LL# tonduckion L, of o weder
S’/C\é of thichness L.

MG"\/ [900&5 N2 N(J N m‘/7o 0/ (’on\lf‘(‘)/?or) 7ZD (onc/ua%n 1/
*7%6 —»Z/ow u:/ou/o) 5’710 é-rl 7%15 /S f)(orrec‘)l since }

ouc/ ’H’) [)€(om ’lm s;cn‘l ro / /
W en £ O n /0 em 'S s,sé\/c/

sSome 11Imes 5/07‘ gV IS Mmiuc eag/er- un ﬁ

;Aecausc 'L USUQ// o/e‘a/s w/#; 74/;:7[6, S‘Aa/oeg

6}. - ho\ = eono/uh)wn r€$15743nce /ns:c/e, #féoJL
L( COrNGC/‘ior) r€$“iS7LClnC€ om‘sic/c %eébe:’[y

O\ = EOJ\/ c‘im&nsion.




i /\/cnaa/ . M:’jéov:‘c

So lc—}é See }[' weé con ae'ﬁ Q”Y more meanina oml o1£ Nb{.
q_” = }'\ (T; _Too @
o], 2L
.WT;Qj les L4 an 5 @
’_E'rﬁ hoﬂ-cLimmsion&,iiC:
T-1. . .
6= = Nk = n . wlr) | s some orb
To ~Tes ) L le,'negﬁ'\ o\\onﬁ the p'a\ltmgz\
—~ surfoce 'S _
| BQC‘L SU\DS*I‘}U'I':H’)S ‘m'lo @ﬁ@ CmCL Cq/u&’ll‘inj ‘#lem.'
e B 2 - b T
- g% = %‘ = Nu_ = Nusset Number
So WE (Can Sée -Hwo:#‘ ‘Hne T\\usselJr Hum)JC/‘ 0\!50 pkysiccx”
Yepresenk SN nOﬂ-d‘\mensiona( ‘Emp Smcjicn+ oA’ J,he SUVZ)ace.
The larger the gmdiend, he frger fhe heat Hanster.
;Iﬂ 3enem/, as  we &/reac/f SAouucc/) n bro’cr 'I’O&olue %r /1,
we ’rl;rS‘l neeo/ U, Vv, T. /\/07[6 (u,v) and (T) aré roup/eo/ cmo/
we need to solve both dhe vmomentun £ energy e?’uq%'ons_

Also : Nu ’\*}1 =7£((//,\/, T) ) Acn(c : Nu = ﬁ(F/ow Conc/ivé'ons,
| geometry, fluid
pqurﬁc’s, £ [J ¢ 'S)




Nenod Mi/'/foviC
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i) Wadll Jrﬁmp > T=T,

N) Uniform Llow = U =Uw ’il—mq”"lcb for from Hhe
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Nowlt n ME‘th we au%mo};c@“ ossumed U =constont
and a() , So reduces 1Lo:

i
‘
!
)

| @
> Flod Plote
7u —Cons‘"’o ’I‘, 50;-—-0

N
3 _ ;)__

—/g So/vf_ 7%}8 eiumé.on, we can 1%7[ r)on—o/}meﬂsion&/i?:é

=005 =% = dr=sdy
gac’,c SUJJS‘HL!"’MB ‘m‘l’o @ ’%r On f'a‘t' P'o}c and g—;f-.-:c)
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Note also, will indegrode fom o o Y =38 sine Hor
N fg /;Sr %fwlesml Is 3&6»’2 (mowl useﬁ:l ‘JLO us)

é—)ZJ;U(Um-U>A\/ = U a—\/—

U= uoa¢
Jy - sy
U _ U
a7 Sdn
{
2 - = ) Us
2| WA (- -U-g) Sy = v e d]

I
2 ufp(1-93de - v £ E|
Since Use = ConeramL ond S aé—p(\/) on[y -f()() e 1lu£<c i-l out
[
Q‘g'j B(1-4)dn - ﬁ——%%/

o our ecl/uq-(’,on Eecomes

m ®
5% -4 [6 j¢(:¢)d7j

\M@ hnow 7[)(\/) ana/ /g -747[)&) SO we Can S’/mp/)/ /n/tjm/c‘
jg ds = —— -8 dx 4&

s _ Uﬁx o s\ _ )
1‘/ - O (7') Bz > ﬁ Z. /
Weve obtained Hhis resubt betore with PB'=5.0 (Blosius)
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72’6 Wa7 743 So/l/c momcmlum /‘7[6 m/ ,0/05 /€m§ s 743 mx}mml(
the  dimensionless Vc'/oc}zér /Oro/;/c @'ﬂzi This method is
ayopmximm/c bt it Fwns out P wer very well as /0/39
as 7[/»6 g,C.’s aré ma—/c/»eo/,

NO?ZC g I:/L was Von -Korman /ﬂom%c omc/ /%///;aus'cn (Wéménﬂ
—  of pmnc”/ w/»a come. up with 7%/3‘ me/n/oo/ in 1919

leds assume some ,ormé’ les £ solve 4o ﬂ;

QS(O) =&—i—° =0 (No Slilo) Q) )

¢(‘ = _LE_/ = | ({:?’«57[”5“'”) @ gounc/ory Canc/hébns
| p =l

Ue= 1|, .

0)-32), -0 (nie) @
#'(0) =8| =0 (lnwrged) ® ) > rshont wnl shorshess
ASSum‘mﬁ e %//ow)nj velocity  profifes :
¢=’Z = Safisies @ £ @, bt not @ or B
G2, -p2 > Sodisfes ®,BL®, b ot @
g =sin(Zy) = Sodishes ol b.c's
¢ - 'BZ’Z’ 5/_”'?,3 = Sotshies ol b.¢s

Bock subsvlhluvlinj ? into ond 50/(/}/29 #or (/»2,_67

A

4= 2.

L'8(-8)dy
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¢ 28
3.464
2,211_,22 5477 All SO?(J"’IOHS ore refmr-l{ab‘
Sin (77/2_)2_) 4,795 close o LB =50 (Blsius Cx&@l
%Z_%’ZZ AhQH S’O/u%on

72)/5 5/70w5 74107[ 7%6 /n/ff/u/ mc%oc//s pqmécuéu-é,

ooo/ 7L ozpproxmqa G 7%@ ﬂorremz SO/U'AO)’) m /r/\/

;WO/C /Oro#/c aSSu”bml)o
;/.C‘/S solve  +or shear (@ Uﬂ@ 4= z’Z Z’Z

Tl - /ugy => U=-U.p
| ° v =8dy
— Uw&¢ Q 3 3,2
B Séﬁ/ﬁ = ay,/,PJZ‘Z’Z L "—'%
Cl)= 4 Ye 3
= A s 2
ENow £ we want CLy J;-bMu 45‘0[), éf(é) >icl
: C_ﬁx = ____'C(X) — /u(/ 6
‘ ZpUs  28ypUL T §;ouw ()

@Pw

BU"’ note ,éex- ‘D = CPIX—SS

i@ui ne a’rﬁacjy showed (8> éﬂ_)// = gac/L substute
| Ct « ‘[_3,/@ > Ne sof ucc( aéave -:%mL(/__’ 4.64/

| /& m _ogughel” / - U-w:a cimibridy | e had

)/
Ly U C/)x—oeé-'f/?c 2
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Erergy I;’hlcqm/ (Head Tmn&fer)
%glml /Clr‘ w/»mL WC\/U\WL O/U/ we can Jfl/f/o‘ﬂ an éne'ﬁy é‘léﬂ‘f

on our CVi
E A’SSummg) VisCous J:ss;pu"?on
}’leml:r@ is neg 31“

K=CHH’>&,@7 Flow in #‘EXF’OXK

Wn%nﬁ out our terms:

( P quV) [ o Tay/or S’enes Expans,
Y " v -
! Hx-mx =(j PCPUTDV) = ([ PCPHTCIV)/ + _8‘9_ (fpcp u—l_aaaX s
XDy s x X -
Hy = p\/CPT)} ‘DX

(iAx = - lc l
]S.UJDS“'I '{'U'('lr)j Q” O‘[’Our 1Lern’k$‘ H’IJ(O our Cﬂ@@‘/ e(a/ua'll'lon

|

Hoine + Hy, - H, +c;">< -0 or Hypm -H, +H , = g'ox

U pcpuwy)/ +—(fpcpurdy a><+HOT] U/cpm!)

(G, 2K = - lc%}L oX ngw/ﬁﬁriﬁ v A
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F rom G OV?J'muJ\/ (<o ueo’ Q/urm mom’m[um /mlf?m/ Oa/c’u/méw)

; V}Y Udy = Bocle S‘UJDS"‘I“U'I’C o our M ferm’
: V/———P T ossumed Jere PKQQ = constonts

j My ()OVQ"T)) AX=- (PC@ ax WJY )
| [?qo axl fudy -I-pqu] f—%d\/]éx

‘Igack subst 71”71'”\? ( c/y%ongy fhe O since we olesd, canceled l),
?a?(f ?CP“T‘JV)/ - P Tl f“df - Pl /on“d/

}
1 Y

Ll ju(r T)afy - 7/‘/ %lud\//

I——G Injrcaml fmunclo\»/ Lc\\/er Eq/utr"ion for Energx/

ugu&Ny‘ We. ossumeé “'wo -Hﬂnas ‘!’o §mp'?‘@3
)Tnjreﬂmjre o Y =S¢+ since for N > S =>'m-k8,&(5 become O,

2> ’]’E;ebe_rmh;wceovzi"nn‘r FOr‘ ‘”\Q 0\{30\/6 th/utr‘-ion, ;'7[ a&oem‘*‘ neec]

- OX

A = =
5% 0 u(ToO-T)O‘Y = & %)o > T Cons*"on‘!'
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So s 4)7 the same o\/of)ma% we used 4 Pe riomentum
| irchgm/ :

6 (1) = 77: 7; , Ar < gg = §9=C§;/7ZJJT
We  see risH‘ OWO.y 'H’\GC"; ! T

T—Too - - T—_T; - | -

To“Tc,a , Tw"—lz I 9

Boclt subls—’iwLu-‘fnj it @D = Also g= L%,
-9 |
7 an | Unf(-0)(T79) S, dy. =es9d%

D

-
t
Q- _ S = X =
5;J}‘¢ (l 9) 7.7’ uwg-, ) }l-r ) @
Our B.C,’s are '
9(‘[7=0> = 0 (W&“ *Unper&‘{urelﬁ
@(’ZT =/) = | (Fre stream +Cmpera re,—];)

a8'(n. ——I) = 0 (No WLOMP \ijcl‘uccfnL Ny Cclﬁe)
©'(1y-0)=0 (Lincar Temp. profile ot wal)

Usirla the 'defrham[ c,exler‘ modh hicl 03 !Df’"%fe:
o(1) -5 5 pr-1h" |
We can check Hhe mionlily of our ocumphion

EE IR S B OIE-

o =%(§_‘r) _ZL(-g;—gT) > Nofe here we can s}mpli'f;
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We've ',moo]ichlf assumed that U A~ Uee e, Pro1oc Pr>1
because of his ossum,o#on, we con sofely s thet S >8;
ESO ComPinng our fwo Hderms  rear the well (V\J}ﬂcre i 'zm,aor}um‘)

%(/%Z> _ 552 s> 1 5 S5 c ‘% ’_L (Q)
—F N U2 = Sinc roe solution
é’@%ﬁ) v 0Lyt or on;c/riz* =37

382- s> 1 since Pr=1or Pr>1

-
So ‘H’ﬁS D\HOUUS us '7[0 So\'(é{\/ S’O\\/ 'H'loJL -H)e S€ConcJ 'Lem/)
in our 6 SO’U‘!’iOh N n@\igs&‘e mmpared +o %e -l/ﬂ)rs"'

—

3/\f01[€, this s also lposs)é/c because our B.C5 in
non-dimensions.|  momentum (1 #) and ereny (2 8) are identicsl,

Now we hove 'H')c %f‘ow'mg;
8(n) - 2% = bacdk subshhde wh® (g-Zo)

N
%(%‘Me(*-e)% -5 (e )
a/st_ | ) o
SX( ) Pr S+ u"”[f@(:-g}d%}

-
B = Wele detined His 5@@{6/

K

")

/Qeamngl'ng ’

=82 (Derived Hhis before)
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| St g-x— (.gL) = %g%(i;) = Tn#earmLe both sides
g 2 /g ) ] ;)8
: T S*? => NO“f bou d cn[)
f - M( r int miynon cxren )SQ fo X.
I bu;// f)%)/aln /mler,
= S 2y | b
L S d(s7) - | L skos
X ) X 2 3 X
j %T,—Zgrdgr =[ 2832_ dSt -‘-%%?zlxo

® X

Our second m-‘eﬁml s more. rivie JS”’JS 25 )

Ff-ae]
-k

So the reason we ere oded fom Xo inshead of 0 s beau

H" cx”ows us 'rLo 86‘,' O\ )’Y)UC]’! more meml cmd pcwfﬁ[m

Xs

iSDIanorl Thc 'O)"\\/SICQI p;c—fwe s HE ’F%Nowms

Un To
-
—d
——b
S T
Lar Xo -LT; ”
-
go+ 'Q)r '”\IS srl'u&'}'lon, &-I' Xs | gT O and Se CJ_—)Z.
No (> _g; Q " > S ""’\j_'
X €x2"




Nevod M}é'/zovic

3
S ﬁL(_M/‘j i
(-gt) = B \ (X) = T subbed in S, =Cix, 4 8=Cix

T
(X )3/" s = Note, we didn} ossume a &
profi b and 907 Hhis ! Orby

QSSLH’Y)CO’ S~ X wA;CA IS oéwous'/
NO\LC: '7[ we CA@CZ(, our I’CS(J/‘)Z {,un[;; Xo =0, we Odé'IlOI/’)

‘/%C Samée 16m1101r‘ reS’u/ oS écér’e

-ST" B p(“ (=>Xo=0., Pr=1.

i
i

<

>0 how cJo we. Oalcu,&“C ke&—k "’rnns-per7
Zﬁ/ kaT{ Sl 30 e Y o Beaber fom bebe:

= Oy Sr 7, T v:X_F-J &9—“—@;9—7;)97-
oy = Sro#y
iFOr X > ¥,
.. lesT lsT O,
| q/l\{o— ;—6’ ><A (&)@
e b dhed :

gT _ pts [[ C( 3/4] s ord & -_.‘/Z/g_‘/ > Locle substhuk:

® Ke,
(Z([ﬂ) 10(-//3 ﬁ@x
<><o /‘f %«/_—7

5 ,, I aT A Ig&l/z ;Dr’/3
7). (] )[_ [et-941.]" i~ @,ﬂ

71; /VC , we neaz{ 743 asSsumeé o, 7/€/W/96m74/rc p/oﬂ/c 9(@7)
|

= r:_xponcj ‘H’fls Ey S’ql‘sS’lﬂ'Mﬁ ﬂ
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;HOWC"” 7%6"@ s 50”’67[}”;/:’9 niceé we can dse obout #is
':o/u jon anc/ our prev}ous sim}/an'79 solutions :

[Q'lo J;le((—@cbh] "> + £(x.)

2

\MC Lmow —”wa't INn our !imht o1£ Xao --O) #ﬂs -ferm murl
136 0,232, (S';m';}mi—’y S‘o)u'l"vof) ) HCV)C—C ;
> Toy it for a fw

[.@_'l_ofe(\-e) qu . 0.332
- oroh les.

LQ‘PS Sée t\ow SOOCJ we aré. WC &|r€oc|~/ assuch Be@rei

_ 3 3
8'24‘!‘ _éy&

o S
@'lo'Z

Lle(”9>d‘27 ’foé—'zr -ZL»zr")(/— —jjfzrf-ﬁ'zf)o/%r
—”—L’(%'ZT - dnE -t Rt L,
=[/%—/§Z/+,% -3 - | =033

[Q—l‘-’— J 'e(,-e)a,z,_]'/Z =[$ 237 j@)] ‘_ 0.3232

™ Se w)#’v 9=2—3-1{7. -2%11.,-3 > Our constond s O,SZSZ{
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%;So fp{)r)a // y, Our SO/U‘/fOr) éefam&?f A
oY= om kol Aelh”
| y=o !

X [;..(%)34]”3 .
h = EZ'L”O - 0.332k

OT X

| b / ) .
_ égx /Zpr 2. =>Lc\mmar‘ )
i <

; | =>(a ,AT=ConS".
Our resuH' Lﬁncl crﬁ m&lces ense, lqowevcr Lx; (an'fu ’ I* I\
\chlitl —%r X>Xs. For X £ %o, weke defined the p/oalc o

be adiabafic. so our solubon gives us ror-physical ansuers.

ArL‘,ﬁg.ﬁ( X[gg‘,gg Z&ngbre Dif{erence
Whod i insdea of Jus* one s‘lmpk‘; kmper&Jrure Jump /»'LC

o\laovCl we. lf\ao( on qu:[ N VO in UJ&“ Empem‘!urc
‘with mu”i[ple J'urnfs? 7 7

GRAT

. \
i

i

|

. : (

' ‘ }

i Fl

(8} } ¢ t

Xs X\ Xa Xz Xy Xg

LOoLinﬁ o\+ our e;neyg\/ eq/u&-‘-ion 0\3&\»'1 i’?\/é’&ls 'u’)ﬁ So(q-"ionﬁ

ugl_ +v§: = X g;l; = Linear Differentiol L:%(&%'on

WC con  use Ou’nomers _”\eorem 40307 #1&‘!‘ Su rpos';%‘on
016 ory number of s%pw‘»se variohons s o va{ife s*o}u'kon.
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l/U”la“ DU\lﬁo\me\é —meorem }mf)’ics Is -H/)e —%”ow‘ma;

4]
T =2 TI = ] =a porhCu’qr solution do dhe energy
' fqyajﬁon for SPCC]'QC bounclov cand,

L>T’\/ Subsjn'krhnﬁ s in, you will see ot }7L worls out.

At the surdoce, we hnow :
I g‘[‘ n‘a-ﬁ
gl -k 5 - -z &,

Hcre, wC c¢an 'm\IOLLe. 1”1&-,— eocl'\ po\r-hmlor §o/u-ilion zorresp:nc{&
fo o icmpercdure d’ump Al For each pw—/v‘m}ar S’olU'l"fO?’)l

We can soy -
T
-l %—b = h; AT
Hﬂ’)ﬂfe, "g)r the LI Solu'l'ion, Wwe can soy
q' = 2 hisT,

Trans Ia‘l'ilf\lf) 'H’)\IS ‘ILO Our~ previous SO}u'hon, WE SO .

tﬂ," = i h(x, xa,-.>zﬂj;z ®
Iq = t’\eo\J' ’}mnsv['cr COE%,Cf&’I'I' w/qic}? a/escriées %/eml -ﬂow 0\7/‘

locodion x  when onb, one step AT, in fhe woll
-ﬁcm/wm-)lure oCturs & /ocm’v’on Xo i

N 7l€, i ethod of <ol /§ 1 05 Hon con also fied
'}DO O%Crs /::ear O0Es 4 %ES ‘ff( fi’, wage eiumtl'an%.e w
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. * 5 = %o
| chorke of
V\Ojﬂx"lon ’pvom
= here,
9 o
X
(.- :
bTo ' %X
[———P X
__l_
(’ro _Ta; IP '
|
I
—>% P

Tn aenem‘ We  con sy

(T-T2) = (o Te)Plors)

(T-T.) = Z 2T #0039 | 5 3, < x¢3m

ngm;lar/yi (’From eq,u&Jnon @ on ‘H‘nc previoLxs pa3c>

"

1

= 0. 832( )Q !,va@ Z [’ (2_)%]—,73 éinax‘-jm

Ly U =(:on51luml'; Lominar 5 AT; = constont-
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This is volid ‘o%r o Steqwi j 7@ / /
o. pw;SQ Variadion jh w&/ 1[c;fn em-/ure,
Whot i +he variodion s continuous 7 P

&) BT 4T
_Jﬁt ‘HZT’“”:,:‘.‘
o VS. } f
ISR N N
—b 3\) X G 3 4;;'54_ 7 X
Stepwise ( Eg. @) Cortinuous

For #\ﬁ COn‘I‘inuous Cose, we con e)mnﬁe 0) '/of

| X
~ 9 /o i f h(x3) daT(5)
’ o Vepre5’6m’ Zz)/‘s }nlegra/ in #er'ms of our /ho/tpfﬂo/éml

variable ) 3, WE use:

doTl3) = Jj;_@ 3

X
7. / h(r3) 232 o

Or in our noﬁ%‘onf dé_@ = C{ﬁ; ‘7:‘) |

o3 03,
. —
| o [ ]
q/ )o = 0,332(%-) té@ ly Pr /3 3 o]
Vo ) — §_3/4]’/35‘\.
[o] >< ,
L»Lam}nor‘,' U‘,, =€on5‘7‘0n+ ) Cénﬁ'nuous 7@;4’),05/”&74,0'2 o//%ré‘n(‘e

varahon.

(%)
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FOr‘ O\ Coméina#or) o—/’ #empc/p\-/ure_ Jum,c)s ano/ cbmé'nuous

'LCW)‘O Tala ri(;se g

)
x
Lo o]
6
M_
o
\%

J=o
We wse Hhe —ﬁ:“owmﬁ to solve:
' CL"L:jX*‘(X»S) ags@ 45 + 2 h(5)aT;

3

| BN un-——c‘ons*‘un-\’,’ Laminar ; Conhnuous £ Discrete AT variation
1

| j

|

P
| Qem‘mclef . h(x;\;)) = Oﬂi.QlL prl/3 QC'X f/?_[ | __(_3—)3/4} 3

X

1

%EXO\N\IQ‘C’ Plo\Jre_ w'ljrlf] a sl—ep omc' I}neom suﬁ%\ce —‘lEmp \lm’iG\‘I‘}Dn:

To = To:s ‘|‘O\+ID>(
(To-Tw) = o +bx




Nenod M; \//‘wa'c

2ol _ ) - adl®
SX 83

Since. we have o sjrcp increase (&-L leaJErB edﬁe) ond o linear

Increase, we mus'l us€ o J')fbrid approoch !

X A n
0 zjh(x‘g)%‘é@gs + 2 h(43)eT

FE)F our asé

-
! Yy [ 3 T
\n(x‘3> _ 0,33(2(4 pr‘/3QCx“L [l— <_3_ ‘*] 3 24T(3) _ L

= = 23
Ny
3/, 3
So our So,ml—ion lxcomc'sl A—G-‘-O\
- Pl oA !
h(><x?)o> = O,3><2_ bor' 2 Qf’x ks

puH’inﬁ C\/@V*/‘H’flﬂj 4086“67‘, we oE"’Oin3

X |
9, = O———'%izz‘ P Re, " gf [;-@)5’4] ® b ds 4—&?
o &:/ue #;ese pro[)/ems/ We o USse o meer—ﬁ/ 7Zn'CZ(f

L el n-1 ~ f_'(m)["[n) =7r1=30\mm&-€mff.
j; Z (’ _Z> dz B P(m-fn)- 072’7\{c_;.ur n%;u !3&8“
tend
For our case, we Bt need o get our )mlc\?m( in his form:

We will use o chome .op ch’cxl) es -

s T R T
ds.x=d3 #




Neriod M/‘{/'/tOVI'C

|
gNOW we can o/o one morve céangf’ mZ mriaé/es :

- -sH ( 3/«)'/3 _ m )
< =<, _A>4/3 > ds ____% 5\1/3 d)l Sué\s‘?znzw[ bodk
! It
_xds x(-%(1-1) 5)d
o (1-5™)' ) f JRE = A

BuJ' since jbﬁ(x)dx jﬁ(xﬂx

j A - J‘(q ><> (1- /Ds CM = locks o lof i ke whed we need

=(‘—gx)j £ -02dh = (G =)

| SO m=—9:- | i = Usin 5N Gommo. 'D{ZJHC’F]OH ‘1'0516 or
S V\Jol%m cx,pl/,o\ (on)me

"3
P(3) -1k, M(E)=0m , T(5+%) =10

r(Hr®
- 1,246
P(2)
So ouy (n*@aml '}’8rm ECComfs
[\ 33"‘] & J3 =<—{£—x>(l.24é> = 1.661x
8&(‘( Suhsl‘\h"'\nﬂ

H = 0. 352 Pr"3 fe." (1661 bx +a)

Q,Qem H ma}.es Sense,
¥ é) O, we oé‘/ﬂ:")

our o/c/ §o/ulyon
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EXC\@Q}C #2, Con'hnuous cf/:a e &4’ #';c wal 1%
’eqcl)fﬁ 6536 UJ'H" —E"S J—ﬁ

T » .
0 AS
BIX
o ! B X
—x 3

Ry O I
T _ 14 L - ATS - = .
T = Z,@ 7 j/fi—__, (smce X=3In Oura{:mom>

h()( 3): O,SBZ/L pr//z,/gx//z I_(}g_)z/?
j hx >am) Js = back subshibule Jhe above exprasio

_ /( y I jzg C/5
’ O 33?_ D" ﬁf 2 = ~ah
S [-)]

Wc Can use 71'}16, €x<1c1L same C/Ianje oﬁ Van’aé/@ /»ere ;

T = ;5— = Sinté X=3 Inour c(omcxm our ;mlc m Aounc‘_s‘
go  from [o, x] to [o l]
_ xc{s) X _ (X 2 2
A / '/2.[ _(X>3/q /.5 . /gllf( Ssllf) V3 =2 Nok ’:. 3

Doma c\nmur\er‘ C!’\cmgc o-IC me&l@ Nnow - (\)MS‘L ”AC Ef"%"ﬁ) : <
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3}4

A=(1-
| S E D)/z = ds =- 4 (l )hs d)\ 6&[{ Suéjéﬁl/c ’mé)
(I A)Z/s o e

A f zgx'z*, _ (@£ 0-4))d)
A 3/4)'3 (, R )\”3

_ 4 Iy (”'/\)”5 dao b s ) ls
= 3/?,>( (/_4)2/3/\/3&)‘ = ﬁx ( /D A" d

7”)/5 now /ooés & /m[ /&e our 65/}’)/7’)0\ /ﬁ?zc"?m//
b=boxt [0 5 g ned

S

,F(——)— 1355 P(4> 0.89

An g () - bt

CL"L = 0532(k> Bl5lee B (44 2.06)
But- note Yot Bxle =8T(3) or sTK), so
) 9'l, - o 455(@ 0" Le, . /,'\T/

'J’“‘ CL’ L) 0" e, ""-J

/\Iu X = Oq's— r /3 XIIL
L Sp ke = lominar, U= Conﬂlw”t CL/ =const,

Nowle howcvcr zf our C;:\S€ AT'/Q‘/Y = Le‘xls SUTS 7l/l’7

and S:mpl 19
|
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CL"L = o.%s(—i—) Pe' fe, ™ AT
_ O.‘#SS&L() pru;., (M_Z_jﬁ_()llz_,ﬂ%
/?L"L” 0.455 WP 8 (%"l)//z/ 4 L(x) I

So we {’IQ\JQ \jusi so,\/(’cl -Hf}e consw[nn'} }’)eml- -mux bounday
condifion  case E\/ acc[c/cmu This im(piiesf |

Ts b U T
Ts Ec;/u]vcx'err" ——_>g V
y =D —>
Rz
! ST é,jz(x)
T e % ' —> X
F>x 3 A A s

T
O)/H ,o constont

go now You /mow Aow #16 wa// fem/oermlufe varies 1%/" O,
perscméco’ Un/'fr%rm /’Iem[ f/ux é,(’, = i% | 7:"’&—'

So  whot would T be?
h = q"”L = ook on p&36_ of notes => h= CL!-?

ST —l-jaT'cJX
L[ 37" | 2 3 Lo
EJ B - L 28 [x%]| - FE8L% - zaL%
] Iy ”
T = 9k _ O.%Sluaz—/@,g(%)z ([( Iy |
%ﬁl_uz _%—_ﬁl_’/z L/ = O,GXZS' —E)pf S,QLQ
JWJ; = Ekl,—- = 0,6825 Pr”3£c1"2[

LQ Lam'marl (Us =con s-fan-l, q’"}o = consﬁn‘l‘
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\/fsc})gx& En(-’.vqy O‘tss’\po\“’iOJL% % E 1 u z )

So r,owe have assume o C L i—_w_:_ >
or —H’mi l’\ea-’ing 01[' 'H’I: ‘pIU‘lCI 'H’"OUSL’] @ (7; Tw) o
VisCous // c:l;ssi(c)o\“‘fon is r)fe/:g;é/@ campara’o/ ’/D /leo:/fﬂg ’/40/77
the wall,

For convechion af /’@A V@/oc}#es, we need o considesr l’%@?f

/)Comfersion o-/ mccAanica/ cnergy /‘/1710 %erm&/ erergy,
feSu/‘Lin\? n '/em/mm—k(re \/ariocv[ion n #ac ffuf ,

9—) Vqrim[ion o1p #/u}c/ /01’0006:’7[)'6’5 Jue 743 /em/oera'/élre (/arz'mlt'on,
Le% ‘OOL( o:L cor)s}o(e,m#on +# 1 #rswl.

For 0 re\/crsihle process Such as S'}‘aancmlio»’) Ioo‘m'Ls 1N

@O‘{CJ’\’)‘\DJ -mow, w‘c &lrcady I(r)ow %ow —rLo ,ﬂcmcﬂe, "o

\

Vo From before :
2—'—)1)\/9‘ + P - constant

—— i /Z PA = p,n + é_?yz (\/.IO\ eemou,i Q‘on
E — {«.,T; (Surﬁlce, G\ S“TC&M hﬂC
| femp) Bu-L ',Gr o gos with ‘:sen%p]c behovia

| PV = nRT  “so we can sowy

’zl/y{\lz- + %CPT = Consr,'cm‘\r (s.;:\imkn;

v* ‘
LT ] g

g? o soluc '/\.la)\‘\lCIOC‘I‘B eraqnu%'on _po'nmt proUcms (rcvers}ue)

R

S

/

7

s cosy - jq:"A - l,\(t - TAJ
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/\/ovlc’, we c://o/n:[ fook ot His before smce. We usuq//y
dealt  with low speco/ Llows.

Eﬂmﬁlﬁ_/ Spa s/»u#/c; re-entrs.  Sh #/c rc—amlers 1
o Ma =f§.€c 8\/ the 7[ime /'7l rfacl):(s Jower a/74'7luoo/;, ‘/J’j
C’{echQSCS O/Ouun 'rlo M& ~ 3. W/zmz IS 7; 9

Ma=5 =\ =5 (Spf’ea/o/SOme/) = 5_643m/5)

V= /7-/S'm/s = No¥¢, here we ore s.sur\r\’\'r_;“gnJr

Compress‘tb‘\lil-, IS not imgo

VR
T = Ta + ';/(P 5 Qi = /0005/[{3'/(

o e (17iSmfs )™
7a lo°c + 2i000)

E;, ~ [430°C / > Pretly hot)

Noqlc, 7%}5 IS %ue 7€r any 7%57[ movirzj? aircrm['/ or pn\a/'ec%r'/f’.
Mu.ﬁ[ éc c/esignco/ wi//y #;erma/ (’onsio/cm#ons n mind.

7%; SO/W#O;/) IS mzua// O/{. 'ér 57[’3\ nmlfon o}n%sl zéuwl
/"1[\/3S o//#td# 710 cxailﬁno/ {43 7[/::17Z /o/mlg /0

For  high veloc]{7 b.4. proé/cms, ve/och/ 3mo/ien¢s within

t é.uf. rause mec/;cw/aa/ 7Zo //»erma/ cnagy CONVEIS 10N VIO,
viscous shear. Le‘% mnsio’c;- o\ s)mp/e case .

Wbt T
,,,'/"’E ) N
{
| o
7;’31' H.__ A \

/S /S 777/ 77 7 7 77 77 7 / 7 //.r//'l//V

Ao’iaéo\ﬁ‘c Wall Taw
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NO?’C, 74/15 5/;50\,— —%O"//)CI’MG/ anc/ /Y/‘ﬂC?lI‘CﬂlO’?z/Ierma/ eﬂcw

Conicrsion processes are ‘IQJnchrr)en'In“y Jiﬂéreni, The shear
rY)eCLmamSm s an }rrcversiue process. USu&//\/, mos7[ rea/

. cases invelve  both.

for Sl’!(’ar on o f !ml lmlc, a)/ #} er cnem%tcf muml escape
67‘ I’YPO/CC{J/QV‘ or C’C/O‘;; (’ono/c.(mébf)e, 62717857;(63\le 5'7431[(’, 7/46 Wa/l

will reacl) an acfiaéculic woal/ %m,wmﬁfre, 7;w,
7}1‘15 }moo}ie #vmz pl" sl»ou/o/ 56 }m/oor%um[ n Je,/erm}n}n@ Taw.
We fx,oecif
prlf, TA\UT due o [’1}311&), low .
PrJ7, T o L Jue JD lou U, higho«_
Le—us Jo Jrl'\e mmtl'\? Q@m&mgef Wy back on pg.@
73%% +C<%% +p\7-'\[> =-V-q +q" -Pov +ud

0 s eacgr =0 (Incompressiéfe) =0 (no hesl 3:,,> =0 (T ncompressi e)

Assum'mj 20 , Tncomp(ess}ue , we s‘lmphﬁfcl our eneqy cgyy.%i

T , 3T _ 3T . u
uax Jr\/87 'O(Q\/1+5>CPE
_ L, v\ L /Py v Y -
3 = o[+ (3)) + (34 8L = 20
ILC'L,S Compo\rc our: ‘LCNY)S (/u;—H'\ sca/,'nﬁ;
U~ e U Ue . 2u . Ue

x~ L (8 ax L S S
V@) (o Z & S
\/~§ &4 ”;g/[_ ) ax e
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)
M L au
~ ~ 4"1 2 o 3
U Ye L 7
&y S
v
5_\;_ ~ -%‘_i ~-§- 4/_1 = 2}/__ <L ay QY
QU U L S dy So —@—7—- o’om'm&“ts
Oy S
AV g
o YT (8. 5 & kdu
U Uz ax. %
Oy

S
= / g - (g&%) Z/ =20 flow,

So our enersy eci/uechon 6ecomfsi

ar , ,aT _ . 2T u(&‘iz
MQX+V5,Y ’K&yz-'_?;‘%’
L~
o Pr

C
Now well ge bock 4o our ém}/P}ar Hricks @/m;'/ar){\/)
£ - 10(@) . T-T()

u2_g_q£ ; \/_____.%_?.:_ ; '\?V’_—:"UXULO—,C = See {.‘8, ofnowlu
7’ for cJerriVva'on.

7= )b
We defined £- & = u- US -
leds do each Jerm one by one: Ngﬂ-,;(pa-@arm@
s = )5 Tk = UAAIT () - -ty
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oT U aT /‘/
EV /%Zw 1C>%»£"\/

CvE = e (T T
;Now 1['or Jr‘ne rngu' lfncm :lclc

T 2 (gr_ _ 2 (QT 2
ay* = 79y \3y &y \8n 8y (91
QZT " l/l X 1
K = = XL~
z <y a DX r
And the viscous derm

YR Z
U fau\t U Q_u_,ajzz( v [Us
Ce< - Ce %5%’ Ce et UX)

D AUV UL /pny2
3 g—fj) = 5@: (")
pu‘Hina 4 all +oacjrlﬂ€r'- v(%' =]5'F

! | [ 2 Bl 7 >
AT ST e = B T e

LT Uty 4 LT -0

T" + -————u"’cpp'“(ﬁ') FLerfT =OJ®

So how we neec‘ 1L0 So‘UC Cﬂ/uac"lon @ NO‘{’@ we can Se ‘
#\&# the equio 2% meom ond thot we have alreacly

| S0 lved %r re 6|Qs;us

et o0)- gz ®

| " Us/ac,
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Egués%hlu%nj @ 0
0" +4pr e 2bef) -0

> Second ocher, [\near
O,

(/{S‘m OUI/)Qme!IS -l'%eorem, wWe an SO,VC "'L{\S b super; os')‘l'ior)
owf 30\ pO\r%cqur anJ %omoémmso’u%on. ! F

o(n) = &)+ ©. ("L)

EFO“ the Tﬁ&r*ﬁm!qr SOIuJ‘non)i 45 assume adiobatic wall
%COYIA‘I'HO”S: @U\le_ Can AO ‘H’\‘\S Aue 41) Duhomc\ls -nqeorem Ct\nec\rT)

@p(Q> = g%o=0 v @P(VL—""')"'O

-—B solve we can use the ‘mlejamlﬂnqﬂ foctor method or

SG‘UC numericall\/ MS'm\Cj [N SI’)OO n3 scneme

S (n=0) = B (1-0) = mﬁmw(ﬁz’f’r100"1)2”'*(*'9”26’@
o exp (fj’fiPr -r[)cj;7_> ‘

We. can nummm//y im’egmnlc 7%6 above sofuwlion for various Pr

‘and using 10(»2) solution” from Blosius (Tabuloted Ffs*u/’)[)
@P(o> =épr""- ;054 PrL 47
l

=Numeri Ccf <o fu*ion

= No*e, on[f7 SOIUl‘I"\on 0\‘}
w&n. Ho+ ) 'Pu“ So|uk0n.

APe’s . Pr=zur

Y

o Hor 'H’le, c\ct'la&xhc waall -

9{3(03 = e';m (05 = 7;\1(;—5: = = recovery ’IQJ\C"‘OY‘
=Z Y [Lp

Och. ) OSLPrey?
» | T77 a6 Pres? [

_ U™
{HW T'; + Q‘CP
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So the _recoreny ik represents the Fachon of binehe
energy recovered ' 57 on odicbotic wall

No-;lC, /C'/’% C/;ec/( #(é //ml'qZ of 7[/)6 §o/u74'on3 7%:’ 10r=/

2
r=1 = ﬁw =T + .02/2 => Some os /‘sen%opic so/wé'on
( S’fagh&#on poirhl),

Now we neeo/ 7%6 Aomogeneous S‘O/MZLI'OKL

B, (n) > by (”L =o> = constant (Conrlan’} wo| 1Lemf>>

&w(n+=) =0 ; |8 +10fe -0|p

By = j[:-__‘-,—z =7p<3-@ L Homocjencws qu&%"!

go :
9("&) = Bp + G O, + C, = Bocl suM

o checle.,
Y W W W S " -

/’WWW"W\’W»WWWW ~
{Aslclcil QCMCm‘Dcr ‘u’lﬁ foﬂowmﬁ, ’%r o nonAom03en€ouS /ir)earwf
,7 \/n +p(11:)\/‘ +CL(L>Y =3(J:>

V= Yot Ye
Where  vp = any parficalar (specific) solubion hat

Sajﬁsﬁe& € non L)omoaenfous € U&JfOV)
e F C, Vi + C;_\/;_ N -”\c fnem §O/u‘kon 40

the homoageneous equotion ((omoo/cmemzn»y s«:/r')
v, £y, are finc:arZy ‘mclcpen%eml 56 ubions .

H

/gcm& 7[0 our Frg)é/em we ¢can row SO/UG %r GZQ, Us}ﬂj

our ovem” b,C,S
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S—US‘L “’D be sure "’l’WOUgJﬂ, Wwe can Eaclz s‘ubs-i'i‘k{-lc our—

assumed  zolubion nfo &) and see L males sense

o' +Lp-fo' +a2p-¢) -0
Q [ | 8 e
3_'2_: (O’?, (Qp-l- C, By +C,_>) + pr’p QZ(QP+ C,Q’H-FQ)*(—ZP:()O
@p" -I—i’—pr‘fépl + 2!2”@92— +@" 4—2—/_10r‘1€(;@;;) =0
-— o

=0 ( (omp lementn e So/m/;"on}m“ =0 ( :%ma\?eneous SOM'QQ)
Now bacl 4o our B8.Cs

@P ( ’7—'9"“) =0 ( From )’}c/mé’rim/ so/u%'on)
O=O+C,(|)+C7_ > ¢ =--C,
O(Jf SeConcl E,C, s @(Q=O>

Te-Ts
Q‘p (’Z’O> = QA'W (njo) (jus\’ O name C&nnaﬁ) - or Qp(o)
T ‘ T A
o —_ I+ = - 7_;_"___7:2. - ,
 The. e,w(o)}o +C =G ke, QAN (0)
gcxclc subdijru'{m?) eveylﬁfmj 'Imlo our Comoo’ek So/u—}ior)

L= _ . 7;'7:"‘__ _ 7:3,/\\»: T\ /,
u’z/l(’p QP + (erz/ch, (/{,,,Z/ZCP) (’- elb
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rémmnﬁmy we 0371&111 7;uu
T T -6, % (T - m)// &)

Now we can evaluate 4he heot —,Dux (nmlc Bo shll is
‘Sol\l(’cl mumerma”y) th we So/UC’c{ 661%f£ //09 @o[ nales)

-k g

Al | _ 98, , A=) A
8/ &7} 26 - (T -Ta) 5| ) roke o), =0 (Wit
9T | _ 99
-0 B

q’L = - ZC [((T T;!ul 9’2 %5’

Q/ ZQ(T 72“*') ) DX
8u1L weve alreaJY solved for 6{ on M. @
o(y*) = £'(r)

6y _ 38, oyt - ,Zr:_zlpr//s = 9@* -

1
1
I
!
|
!

&y ™ .
o 20 ) | hy ’/3
%L N Prs = £'(o) P’ = 0m2fr
5 l 999H - 0.332 P ] = focl substikide inko 9]
7

pr ' £
" To - Taw 02 J = Same result os before
f $h = b (T -Ta) o) = fopeten.

SO .UJC can 50’7’ ‘Q)r‘ —p‘OUUS UJI‘U’) Viscous A:ss.p&'han

@
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’go ’(@r‘ l/fS(‘OuS //607[)'/’)5 6,4.//,5 /

[q'], = h(Te -Ta)|

7]
/ /’) k 0,552 Pr > =2 Qme 6.S éeér’e

‘/Ux7u,,°
f Nuy = 0,332F A Key //27 = Same os before

ZCC 7050;/ f/é;njjoof/ //75’7/6&0/ mﬂ us)/z? T we r/)ou/o/

Leds dest dhe s of 4his :

—_— z 14 “ 0 SLPro4?
T = o F _Qﬁ._. = r ’
Aw / - 2CP , I l.?Pr"s ) przlr;L

’%r‘ p)" :{ l”:l Se
7;w = 7; + 9{:@; > = Same os ,Orev}ous <o/u7L;'on (s-laancﬂﬂon pi)

ol =h (5T - 26f> = 2;46_ = «1
ﬂ'\cn T/.sfw = Toc QnrJ our olc[ rcsu”s ore V&lfcl,
Here Wwe <see wk we &‘Qned 1”'76 Ether‘)[ num!xr“ /,/re WC'C/C}

Fc = j = T3+ 7[/1; émL a of 7%
/7 CP (TO T;) Vl@as/ :3/;1 /; o—f) 7%0; , /gfo tlsclgeﬁtcﬁr ©

7[€rm
NmLC +o he more r@orous we  should Soy
rUs" ce] Hor T, =Tw since Y‘-———P(Pr)

Ee =
Q_Cp (T Toe)
Come-{vmes our ron nlmn is Wr:-HCn 0 {pf‘ EC “1[ @
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SO /’)ouu QJ)ou% our f@(ono} fono//%'on (%@mpera'é/re a{f/denc/m%
;pmpemlifs), Well Eckert #ound a miracoulus solition.

, As /ong as we %QZ(C our pmﬁerﬁes at: (05 /0”3 oS (ﬁzm“’p
K /T=7; +o,5(7;—7;) +o.22(T;w —7;)/ for Mo 220,
Pr<|s.

!A” ro erﬁes are eva(uoqLcJ o T, ncludin Pr, ,M,k
!NOL!? ﬁfﬁs a\so erLces ‘m"’D cuccwunjr ?ompress‘)k})? cﬁéc{x.

This also works Hr ca/Cu/aJ'inﬁ chear shess £ foeal shin
friction coeeient. Use Te o Hhe reference %m/oemvéﬂ’f,

Bxample #1] For Hurbulent flows, e been shown Hhet-
P P ol e oand 02Ma 22, and gas fla
Find Taw r dhe spoce shablle re-enhy. (Ma-5)
V= 5(33mk) = 175 m/s

Co,ar = loco J/hq. K
Ffr,,\-.r = 0,68 (gl T-= 40<>°c)

ok PN G20
= Pr =0.83 = [aw =-40°C *‘@'ggfz(fom J/l@*l()

lﬁw = \2’54°Cl

fNomLC, ow w 'S)'»ouu Herode fo qet rhes of Ta.
iCp vuon'f CI’)cmgeC "LAOJL muc‘f Ej‘L praw}ﬁ).mpe *

/“50, OJL vens I’H@L\ oS ve{oc'liics (M&>2<3>, -Hwe w&” 9&&

so !40'!' -an* ion)Zzotion owﬁ #”c Sc\s ocecurs, u:lqiclq nee

to Lx Jru},(m ':mLD G\CCOumL, T}/ﬁs iomZDJ-}on IS WLV we loose
rodio Commyni co110r) with rc~cn«/77 uclaicfcs, The CAQngcJ 1onS
ot os o /oc[tiq_c} mechanism  For EM waves. @
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Examplc #Z) Flows pcxs-} o —pla‘,' p,o\'!c (@dr)

U hems g TemsK

yd
g Tes = 500K
14 y 7/ Z

SNl 27 T T r—r
ke L g

j]:irs-L |61U5 c%eclc 40 see 'nC viscous lf)ec\%nﬁ Is )m@omlumtf

: . 2
 PrEc= LM 003 = Need b consider
Cp BT

Ke, =210 000 + 50x10% (Lam'mo\h)

|
L/ L=0.lm

Ma = 028 ~ '!HComPI’CS’S}uC
Now we can sohie since oll the  condifions B+ our Ac\telqpec]
Corfel&‘h'OY)S‘.

2 ] |
Taw = T +r2(/!: , =P - (e = 022

_ 0.82(130mfs)>  _
Ty = 500k + 2 (1000J/kg K 806.9K

T = T toss (TO—E> ‘E'O,ZZ(T;WJ —T%)
= sook+ 25k+ 0.22 (6.9k)

Te = 526.5K = Par =0.65 l@/;nS , %,A}r = 1050 J/ky-K
Mpir = 267315 hy/ms, Pr = 0.68, by = 0.01ufnk

=hi"(To -Thw)

>

ﬂll
b= Nay - e Yoo (0o 062 00) — jacawfmtkc
| | . ' ”rea/ -

‘%"L = Sg.szw[ ICL” /oﬂse = hA(To—T;) - ggw‘j %%jmfiuc
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__n_fmp_/ Genersdion Mm:m@ﬁm 1 Bdernol Lominor 8,1, Flow
NC now I’lo\\lc’. an exce”e& unders—}arﬂmﬁ of lﬂee} ‘{'mns-(ér OT

-F’|u;c) -ﬂow ( c%on) n /ammo\r l:) ,@' §o /’)ow ‘o WEe riowd o/CSﬁl’)

#(/‘m <UCZ\ #)6\71 % C/’)EY&JC o/ur/no ‘)[AC iOl’OC&S‘S /s

mm;ma( 1€ Wjﬁocl 860 (m} res*u’ n Sjcn mm7

Cons‘der —une *@How'mﬁ Cas€e !

— T ?’” -—'—Un‘wﬁ)’m [f\&&‘l‘ —ffux on
— > Ue both sides 01C phﬂ"c,

—‘5

nh —= <

| o /J‘ 7 - 7 z W
| F——b‘x\\*%’: ) i{ L

We L( ow #Dm -”ne nQ 4 .. oﬁ Hm clos —ch:l' W%r oer
i e Plows ﬁelé e S e

gn = Tl (vT)* +-”-(7:g?5 >0
\./V\“J T

>0
TF we \/olumejmcal(y me ke ‘H’n' expression over the entire
-mund c{omc\ln We oH-z:\m o *ﬁmclcxmen'LDJ resaH‘ 1%(‘ en"’m
Senem"'lon cJue ‘!0 l’veajr 'I'mnsfe,r‘ ECnLUJCCn a Eocjy OmJ ﬂ
(Ua,Ten) umuna.nﬂ the lod, :

= I _ 'F‘Z) U.-
ggen T o~ oo dA + N /
- Y T —
He CUL Tro nS'f er— Fri c7l7'z>r7 / S Aear)

Note : Tu > (T .
M = rrl force oz\ the Eoc! ; ?;“(7:—71)20 a/wo7;3

A BOJ\/ Surface oJeo
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SO /67% SO/UC our pmé/em : WC can &/)’COO{\/ /‘t’)’f[Uﬂéde 7/6//

‘H/]e:” 'rL Uu':“ ‘mvduc odo%m'l?_&‘}w‘on since

q! (TO-T,,)L o LT =>€TZ\—T;>L or 9" |

I:O ZF bg L T For (;onS‘lor\‘l'q,_" FOEI—‘C::’—?-E')‘)’-

| U\le can S‘)mph'@: our 'm-leﬁm\ JVD 'H’)e %How'mg.‘

Jq; (T-T=)dA = o' (T -T)(2Lw)
We can So‘\le for Ts ‘Toa> Since we ar]eaci solved ‘H]e.
jCOnS%fTP ”)e&{* 'muxcc—ast ) 7
Nux = _?'”_!___. . X _ 0455 pr'/3 Qex'/" 0.5¢ Pr¢ 1o
7;(%) ~Teo le (me p% cr%nulcs.

L
G— —T@) 9% oxy%éx

3 Rey "lk&)( 2 |_3/z
3
gt JL /\73

ly
X 2 dx
Suss U kAL

o

| Qeomnﬁ‘ma ’

—
—_—

_ i L 2 _ C}HL /2
0455 9" UL | Pps D 0455A Tl 2] (3
A2

So  now we can C‘ompwlc our errl‘ropf due +o heat %unm@r:

(R = g (T-mow) - SEEEE 0

‘ } ) = " (=X res roun
Where wéve defined F:L = ZLOL / = 5;07};7 ?32}%:%05 pe it
),
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'/\IOUU We  can o/(:‘a/ (,u}r/é #fe S/’rear -A:rm-’

i_u_f = (9\LW>TU& = For o Llsd p/a:‘e 0 laminar

oo e flow: T=o0. 664 Us? QCLUZ
| _ L2328 pUe wl _ 1328 0% 724 L 2u
Re, "> 2T
[

Fole _ 18329 R Ul weld &)
Tes Tos
\Ou-Hﬁns 0) 2 ) -'-ose”\er:

| §a@_ = gqm MHT 4 S'qm:S“gAQ — 0,#36 Cq/')L 41392 A4 Uﬂzléfl.//‘
' U\] "’W \/\J - 7’;2k prlégc',/z . _/_;
Se now we Con op‘/im'/ae Our p/o:rle o/es /9/’7,
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LC‘!' ;_____m_ ¢(r‘) = 2/ -—Z(a / = / (T_Z;g’ém[
NCV(? weé /’€a/lze 7%37[ #)e '/CmpCm‘/ure pm74/6 O/OGSﬂ—/ c/mn e -
2‘"/1; = C’onmlam[ = -1 _g/ (7; 77n> S (T Tm) o’u(c"“s’l)

Consvluml has 710 ée Cans-/oml since g%?/ —Conﬁénl

Visuall , s looles Tilke
"L J?SLTiﬂLvL Ll g ) ) g =conshd

7
N7

R R

FPrT T 1710870777
‘,7;715 ;m’()IlCS 1[/)&# ‘éf i” =cons7lan7l] 2T - LA

~

T 4 e
T \
T > ERs Sl e

AT = constant our Hwo lmes woq(g

cross and +his would

| violote ‘Hflc first  law

X o{: -H’\ermoo! |
ynamics . @
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We also ko fom before hat: 3T - 2Tn o 2" _ onsthat

Ix  8x qoro

8&0(1 Subswlil'u#rg u(r> in+o our pDE
— T
2U [l"t‘]gx =i}:‘3§;(8§; = PDE since T(X.r>

Bacl eués#b%'rg Wy

I :
<_ e ?gg —%/[;r Q&r(r;): = ODF -—bgo/\/c\é/t

/( )/(,r=1/f99r riz— /@
Inie\?m%}ry once , we 067[0)/7
ar _ 4q"
'e?"zf%—z 4&]+C

oT _ 49" C, (=0 since & _pos as reo
9’,. [/,/o 2 z”’o r r

ﬂ)vleﬁm%rﬁ once more :

49" [r2 _
- T0) = L7 e
MS‘)/’I\? our secand B.C - T(r:ro) =T, = Cz.'—'

So our So/u#on éf(omcs;

S

" T3
r[/_Zn’]

4 It -3-}:0-%— [_i __r__i_
[T(r) i 7; — -ZZ%_ /e * /66") @>Quar74c -/ﬁm erﬁmélre
Ulr\)g for 7—,;,: ;Om#/e r li”—cang/-
T - j; uTz_v—Tro’r /7_ A -Z”L/
Tr?*

\/mLe (Tm /> = ——(—--ﬂi "COI’)SJQ/]’} >ma/(es sense acmra’mo 743
24 our —érmu/oql: on. @
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So/ving for Nusselt number :
PR K |

o Tm nr, ~— 10
/\/uo=-}l[20- =§*73—=4.3G‘f

| f/\/uo =4 364/=> Lominar {low in fube w/#) COns')Zam[ /)eml ﬂ/ux,
Note, initially ve sohed Jhad  Nulg~2 . betly close rght /

2//(ni1%rm Wa / 7;m,/)Pm—;4/r¢’ (% ——-(‘onwlan‘rQ
For constont woll %ern/oem%urc, the solution (oroves ditfeult
o solve ana/y—/;‘m//x/ . Epiw//y numerical solutions are

o[nta}nfo/.
%(x) = }1 [T; - 7;1] = T ___7[’&) 7;=Cons7lan7l
we lUnow from belore that:

Am - 29" o gl 2 LPGU A _ _
X fo’PCpU = q/ zp &; "A[ﬁ 7:"]

let ©=T0-Tm > do=-d7T,

- _’_"o_%{p_g g% — Ae = We can SOIUC #:is
e

X
48 _ _/ 2h _ d><
9{ 9 X'roﬁ()pu

In (BT ) = - 20— (X-x,)

To = Tmp o PGU

BT = (T Tr) exp (- 2o (o) = g = 5

fap el
/7; ~ T ’J(ﬁ*ﬁ,;}exp(—%{x-x,)j 0)

Ls The %&n/ocmﬁ/ré C//'%r&nfe decreases ex oncn#&/é/ 7
‘7%6 70/0\/&.! O//'l’f‘C’/?'OVI, AS C/Of’g 7%@ /,gafﬂ/u)(’ 9//
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I B(r) oSnCL, fﬁ[x)
Now, we can Soy that: T =Ts - ¢(7; 77n> :

L= 2T -dn-T) - B (1o-Tn) + p 2L

But smce we }ﬂo\vc o 744// cfcvelopcd ﬂow, A4 _ o
= ¢ &T X

BQCI/(, Subsvl‘;/'(,{%nj Cver\/%L)ing }mlo our energ\/ C@Ua—/ﬁoni
a4 - 22 L]

ar* yoar
Z—B» S/m;/ar 7[o our 2 c‘or)S‘/lamZ cosé éu/ Now ﬁ 74‘”’7
appears on the LHS.
We OJSO neeo’ 110 USe Eo#y Boun&qv o;ch J—,ons So’vc -#;/'S nqm?ricaﬂ

%Q=O ot r-o0 ®
.

¢ =0 of r- rh ®
Our lost  condition needed is our definifion of Nu , since
4= +(r, Nu) in s pmé/gm :

Nu=h0_ 9" D _ %QI/ L 3
k' TEW T Ryt lZD T_%';
We  lnow 7_ ¢/[7—-T 0 = T, Tm #L(r)

—"“‘ (777")+¢M)

%o solve ®, we ”’ffc{ O .OLE) So/w’@ ﬁUmm'c‘a///, we obioin :
[/\/uo =5 = 3 gg‘/ > Lominar Flows in Hube with conshont

wof  fempersture.
e wma T f:n/o n tnz oL Lo . @
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‘S'!UCI(Op Hfml 6\614@’&717‘/70 IDIO\'/{S (E/ec%&onics COO})@ é’xamp/e)
‘7%”7/1 of o 37[0(4 [0" f\DJLC[t) of clecthonics C/'rcuh/ boards

] g L -

i

i
{
!
!

3 O la-
ol
n—-
——

|

lclfc%on‘: (s’
s board ‘ [

AP T

IﬂCom'm Coohn ‘mu'\c’ ,’\QS a ConS”’t\n‘l T;. ) QnA pressure

{ Jmp [au 3€7L m Su‘opl\/ —ﬁo.n or pump.

‘AsSum'mg the  Flow s {Gm’rmr, ond  board -|empcmlur€
_Elu :car‘)z"nn‘}‘ (/\ #'we c[er"mn'ics componen‘l brf‘&lu:lown —vlem/)erm{lre).
So: <2 O )

V) = -{-é—'z- (QSSumi@ 'zé“ 0)

 Small Sggcingz lmit: D+o0

éFor‘ D +0, "we can soy cach chonnel becomes 4//y cfevf/dﬂ
ﬁmpio”y and remains 'ﬁz/fy C]CVC/OFC'C{ Hr all L. "Ako, the
Aluid Coutlet %mpem%ufc approcxches Tw.

_ 2
U= ZZ%—ZLE_E = pg.(@d of notes %14;//7 O;CV}/OIOCC/
ennanne '/OW.
m = pUH = pH ,ﬁ: zi_/) (rfl'=/’>4ass Flovws rode per unhlo/ep/j)

For ot heat —/mnsvpcr, since [ =Tu ot x=L

) N
a’a - mfp(ﬁ—ﬁ») =p/7//2—€7—%— (’p/7;-7;)7
‘;50 %’O\ ~ 0% Hor the small spacing Jim i+t @
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Larae gﬂ@c'm\% Lim'nL" 0 —»oo
For /q e sooacmﬁl 6&61’1 levo\nnel Iool(s !}l(c #16 c}/oanne/ cm[mnce
ree)ion ' #’)e w o/C /C»Vlg#»‘

To,af

7

- -
P
)

[N

e

X-rz-)feL':‘L_
Hé‘)’e, s P IS -GxecJ, So  we neccl 110 So,UC for U qumL aan aCLic’UC

enjrmnce ewﬁ{(i‘mls %r 'qu w}\ole pla‘k,
A foce balance on the whole conbrol volume (HxL) reveals -

A)O' H = )/] 2_’6_0- L =2 ﬁ = O\VCYB\SC(J SI"C‘QY‘S"TQSS
o~
Pressace “Blal shear force oie¥ L.
~e

T = 1328 ke " LpUhs?
8OC{L suhs‘kﬁmlimgi “

U =L AP H Y7
® T\13282  nl2pulz

For‘ 'H'we ove[&” }')ecd" ‘I"mnsﬁir rcu[c 'ﬂom one Aoaro//
N a" L / L\ -
bk—'-'-‘ 7—:%_?_;1— =O,Gé4pr‘/3(%—‘)L ) ?'0)’ 0.5
\/
9, = q" L = L (Ts -E)o.éé#ﬂr%(%-é-)i |
iAssum'mj Eo% S}cles are I’vc‘s}inj ancl mainﬁineJ anL 7_w :

9, = 2n9! = ank (Tw‘Tﬂ)o,ggqp,”s(gB_L_)’/z




MNernod Mi \4’/{0 Vi

{
1
i
{
i

i

gU‘rL weé énow 7%&11 = —g—” , ar)o/ we So}ufo/ 'ér u‘,o
I /) 20@[( (7; _7; H pr’/3 LU3AP"3 J
%6 ) P

l/3 U 2/3 D 2/3

We see thod cL'b’\« 0775 in the fwgc spacing [imit.

This pmé/em 5 a c/assim/ cxamp/c of so lufion Vid. in%ersecvé’on
D# as\/mf)%owzes, WC can o/o '/}7}5 since our 7Lwo So/u7[7'0/):

are /im}vtinﬁ cases On/V? ano/ n éeﬁueen, mixca/ éeAaV;OUr‘ w///
1OCCUr?

b

9

: o

'75 obtain our SOIU'\LiOY), Wwe can eq/umle the Awo S‘BIUJ"’O")S vio, Scah\’?
f 2 _ rl P’é
CL:: N %\ = 53/”/% .%CPQM;>~}.OSZ{M%%Z%{§%

Dgpr = 2L Bel__”‘*] for 0F20-210°

l Be, = ifo'(‘z [ = BQ‘qn #  (Dimensionkss AP>
Note : Doprexp = 8.05 L Be, "t .

{IQGSu"E \slqow for- -Hﬂis So]u‘\ﬁon ‘”’!e:,’ “’\6 Boc\ycj |en8'”q (L) is 010
'H’lc Soame DchCr‘ o-F magn'n‘uo'e ag 'Hne #fveymal entronce 161’13#1 (X‘r)
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SO/uin\?) ’l%}’ our Mmeximum /')C’a?l 71}’0/)5"&/‘ DJL 0:%4, wC_aATé\/'ifr?,"r
%m'x < 0,62 (%P‘)“z- HC’,O (Tw - Tce) = w =ConS’!tm¥ .
TUUO O‘H’Ief‘ COSES JrlnoJ Qe USE‘QJI ’{‘o Lmow ore Ci“ -—-canS'llan‘L
Doy = 3.2 L 8e,” -
, 2P\ N o
C?,mouc = 04 (L) 'H'(p (Tvu L*T)[ ) —,TNL = Tos (L) 57"”;)(
F.Dr‘ oNe. S\cJe, o—p eac% ‘:)oart} —l(-)u -Cor)S’lan'L anl —H-;e cnlf'ler‘ acjjo\)h:)‘](‘
| Dupy = 210 LBe, ™"

2 = Ta, =Constant on 1side
q’mx/—o?ﬂ-( ) HCP(TN T) g'=0 Zno#wr.

= CI_“ =Con5"‘0~n+
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| Convecdion in Dorous Medio,

belotuely old prodlem e 4o need 4o manage Hre woder
foble  for }m’@a%’on sysvlcms. |

ASSum':rB we. Aav& O Aomo\?encaus pForous mco//'um ;
W

f V\{‘h;\{

—_-'>{ We can 68740’)&-/6 '%C ‘ﬂ/OW 710 éc 20
u:;i‘ émL /O(‘a//y HL IS Q/Wayg 30 in

nmlure, =DJ'q51L /;'Le 1Iur43u’cnce

E Tv XADX,

We ossume W s> ax ond W Ly (20 -ﬁfow)_ OnL\/ rdes
L in ‘U’\t x £ V, dicechions are impomlun .

AN an ﬁ)’\\’\l > AXAY
[P o N |
\/ CroSS'SCC‘F, K- Cross SCCt. L/ZV\CT;:;JSS SCC’#OU

Yy W
} mx = "p/ /up chJy = Up = Uneven x—ve/ocié' distibution
v o over voio’ ‘p&Jc/\es n x—p/anc.

e moke our Jives c)mp/er, we can determine Jhe area
avernged  x-veloci

/ yioy W
WD\/j f Up (y,z}dzdy = My = PU (wdy)(D
EFOr #)e \/—direC‘}ﬁon, we  can ojo -”16 samg .
b)Y SEAAW]
wlax j f Vo(X2)dzdx = My = pv(uuox) @

No-rle, we've QSSumcz/ #»oJL p S mnsv[aml n #»e OXDY O’Omam /
ot necessw}ly over the enfire Y dom&'m. @

u:

\/:.
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i

l
APIO/‘/}”\C) MAass ConSCYVa‘)'v'or)}

B =G "GO % Moy e e wcorhrea e
We can Jeﬁine Mcv = p\/\laxay;zf @

[ § =porosty or void hackon - Joid vkime /
Cé)mtlafnitz? @2, we obfain -

,

fg (?@NAXAY) + %%AX + 9’(’/ NV +-HOT(A><”,Ay")=O
gaclt subs? 7Zu7l7nj @ ond &

5%—(}3¢wy/%) + %(puwp@;{x +§/-(§Dvw§»é)9e§+ Hal=o

Dwide Hwouﬁh by DXy ond let OX, by O HoT =0

9 9 (pu J(PV) _

In 9cner&/ : /-Q{ %’E— + V(QDV> =O/

V= Vo'ume O\\lemaec‘ vé |OC'|7L/ \JCC‘;OP (u| Vi W)

/\/07[6‘ i/) medium /S B0 pure -ﬂ/uio/) =1, and we  return

éac/( 720 our m’ﬁina/ o/e#n)#on of mass _ conservedior],
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Dare/s Low

' 77’)6 main com?é%mévf /’6/17/7‘0/) 7ér- //aw %muy}) porous mez//&

| IS Dar&/,s /auJ, OarC\/J a 7[)7'617(/) A\/o/ro/o\giﬂl empen‘cQ//y c/fﬂ'Vf‘a/
i+ [)7’ S%Udyfﬂj the  flows in Sand pacho/ beds. T7 is 7%@
Eeau?va/cml 7ZD Fouriers /aw in Afa)é #um/c?f

U = % - _g_}_f_ Q K = permf’aEi,;vg

{T)'\'IS ’aw Can Ee c!eh\lt‘cl ;ﬁfom Nav}ef - 3401468 € u&+i0n, Loweucr
i+ reC)/uires e permeaﬁifii\/ fensor and s sckippea/ here.

P
U {)mp
TN 3541\?’ Porous Med U N
‘ ;
{ X —b X Xty

’Lool&'mg od e dimension of K :
] - W‘% = (lengfh)”

l‘:aP/&x

NmLC the sim}/ar}L/ of eq/umLion@ £ our /—}D\Ban-ﬁbisw//e
1C|0uu 'So'u'kon‘; FOr a\pipe ch clfuanncl

J= 2 (a2 —_ D* / 2P
} u'w(f% u';w(sx
} Pioe C honnel
_ . L
K ~ rD2.~ 02

So: K"L = ,eng‘)uﬁ SC&'C of the pore c)(qmc-}ff,

‘8\/ assuming O smoll scale bundle of channels with H-P f/ow/
we can devive (1) Arom it ~ @
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Oeﬂnmg our AQCL)’)O CJS r/uméer éasea/ on our /apre SCa/C

5t

hnd our porous ﬁlow "pr)C'{jon cdor -
> Belore 4o H-P flows we had
ﬁ W‘ 3o

3[=

c ulas%ylu%n our J@gm?éon Hr H(@) ol
(_pu(gp K//L_ 3/2__%5_3_
> @

J[CKZ)}/)Z)_Z(; A

LV\Je e ‘H’]ts:{' . ‘l—?_/'?) S’econd —%rm of Oarc\/(s Low.

L‘> Valid for Cimmqr fow = %C < 1o

NO%C for £6>/O /f)fr‘/7& Aefomes /mpomlaml ancf we
Con use J%e /—Orch%e:mcr‘ moo/n@wnéon

[-gﬁ =7<—M +bplulu

é)-— Cmpenca/ CO:’)S?ZW)% Aageo/ o'y 960:77672»7 aﬁ porfy
From Hﬁs <Jr©rﬂ$

}Vj[ =@LE -!—O.SS'J > Re =10

)
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EZZ we fove ﬂmvié prescn'tl ( téoo/y 7%/’66 =p§x>
| Uu= —g—( ‘—Qﬁ +”j)8,) = lec, U=0 when %0=P3x

A ex Pressure meqlche: lqyc/ros%u'é‘cs.
or 1n 30

. K/ . V=Uvw)

= vP ]

AA "'739) ) 8=(9"8"'32)

In many ﬂlvpiCa’ pmé(ems invelyin Seepode Low_ of wMtCr‘

in Hﬂe gmuno,) p and U =cons4nn+7 8\; (O, —9, O)

Vz_?}fTVE = £ = P+p3\/

Dur YNoSS Conserv&"ion —v%r p=mns4, Eecomes VALY =0
Comlo'm'ma, We - olmta"m :

v18=0( => V1T=O(<——~> V’“E=oz

Con SO’U& —H]c Seepoge pm[a!em usin j 5716&0/7 571117[6 Ae&ﬂ/ COno/ucﬁm,

N01l€, one )mpor#am[ 7%? 7[0 o/ismss IS 7%@ c/h%reﬂ(f_
Qorogiﬁ,

éc%wem pemea\é/'//'v/# on
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i
H
b

Heml Tmnsvpcr i porous Meo/}g
JLe% consider o Simpfc 1-0 moo]e_{ in order Jo ob‘*o\in ouy”

energy tq/t,leqtion in porous mec]}q:

A-hp
/. Ao

(//j 7 5 Flow D'Jrec%on
k— ¥ —s
ACC‘OYG,MS fo our previous defnihion : ¢= ._e__/}dr 2:
:F_Of“ the  sold Aomc\]n - VZ——b head 3enem-A‘on / volume.

8°T ‘ ,
'?S ng_}:: = L(S'a':;}_ T % = ?S,Cs. L(s = SO’:J ‘proper'/'pes

Iﬂ 7—"' Conslun‘z ovVer #vﬂ So/ifj Vo’un’k’, Weé can }mlc8m’/c \ﬂu"«;’c-
- 'C&7

AX (A ] AP> Ps G g’,{: = OX (A 'As)l(s %;_Z_i—l + AX (A 'Ap)%m @

For +he ﬁfui& domain :

aT T 25T
Pr Cof (@; +L4p‘é;) = lf#é‘ﬁ. +/U,@— 3

}lec we n@/eclec/ our ('omiorfssié/'//é '/erm 667' O—Q—-_f) > inmmpmss;él-

/\/ovlc, A fere s the some in He Lluid as He solid.
LOCQ/ ’)%er}'nq/ e?/u}/}!:rium, /\/071 &/wo7$ 71}’u€ %on@é \Ja) é(

caritull wlven ug;’()? }7[,
3
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For examp/e = nuc/car reamlnrs or e/ecv%ni’cg roo/;n3 :7?#7;
Iﬁ o [OC&’ Eq/ui’iéw'um, weé n’)uS7l So/ue %e !/u)'ol Z so’i‘J Coulo/‘ec/ c?/ua',‘ms,
In-)l@m'llirg 6(2.@ over '%c pere VO/umc ; Novle : Au = APUpdAp

AxApppCppg:E ‘FA)(A?,{’C’O_,(’U% =A><Ap lrp%—il; +OX Y JJAp
AP @

Our (O\S’!L 'lerm re/oresemts #ye }mlerna/ /xvménﬁ o{uc 743 viSCous

d; ss}lo&‘/ion,

Since 4his is o bss ferm (Esm =En>, Hen e lbst Herm

S/ #h Fhe mecéaniCa/ power reguirccf o o/r'zvc#re Hlow.

1S equ
We can use ffu}c’ mecfﬂanics o s/mw Hhodt -
Ax,uf ddhe = Au —gg— 1—30109,\>A>< )
A

ee——— - e
\/I‘SCOUS hea-{—{nj MeCIL’QniCB-/ [,UO!’/( /'n/0u7[

Soc < u&jlﬁjtmtgyg ® o ® and addim ® >dide ot b, Asx

| [ﬁ’pf‘cpﬁ + ("ﬁ)ﬁx&]%} +)O#’CPKU§‘E
| }

= [Pl +(/—¢)/Q] %;7-; +(1-8)" +u(§?ﬁ +)or9)g
L Porous medio. energy eq{u&hon (‘nncOmpressiB‘c) |

{ k= ¢L(f + ("?5)1(5 = porous mcafium #‘rerrr)&/ conduct.

;Nowl(’, since we odded LG this ossumes o para//6/

VY)oJC{, Lienre /( s VGJI'J for is assumpofion. Ln 38/’)@1’&,,

i neea/s 1lu ée e’xperimemla//y mcasurec/,
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WC Con JE‘AHC EN qucxc':l' nsdﬁo 010 our mfc!ium as:
5 - BPrtpr + (!—ng)psg

P Cot

> Co\PO\C'lly re}io
\
Doesnl mean much, more for
notodion as we will see.

Wi‘”‘ this new ”OBJ”'O”, we con write : Node : %"' = (/-QQCZ:'

=T m
/j)mo{-’ (53—; +—u§—§ =l 5z +9 +ﬂu7‘/

K

In caenem( for 30
T
ppcpp(crg; V- VT) = ke 02T + gu 4—%(@1

Ly v =(uyy, W> = volume a\:craseJ Vefoc;‘L/ vector

Iﬁ heeJ' Senem%on ,f_ V1S Cous Lv&&'hhj ore r)ej’isiuei

2T al ., aT ar T = 2*T . 2°T
Car tUpk TG, + Whg = 5c "oy Yoz

at ax

| \N]ﬂere ‘ k
Ok =
[ PrCr

Nﬁi" Our main QSSump"'{ons [f)ere ore :
I) Homrc)eneous medium : solid moderial Vi Lluid s cfisvlyiémlecl
evenhy in the medium.
SL) Ismlmpic medium code. KLk # 'p(c/ifec-/v‘on) ,_“/\/ovlc, ivf
No -”':e (ose, 'Uﬂen: , -
A . K K K 9P,
U= - - %{e +733x)l V= ZL(%? +j>3y) , W= /—%—(‘g—iﬂﬁ/

st ,,, 2T , 8T, aT - . &T 8T T
D'CQ—JC~+ua>< +v9y+ Ll = o(xa“zﬂ'-xy +o(2827_

“a B2
i 4 B

/ = }Iomogeneous porous medium #)ermaurpp
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| 3) AL Qry ,oo'umt N ‘”’Ie mcd}um, -”\e_ solid £ fluid ore n
loco. ermo. equi vbrium

| 4) Local Ke =§LL—K'1’: 210 (Oarogb Low s Applinb‘e)
t Loaminor £low.
Non-L TE Heod Tronsfer

@I'ﬂ the ﬂ/uitj and so/;'a/ are ﬂo% n %Errna/ e%ui/ién’um, we.

mus# 50/\16 a mup/eo( 567Z of e%’& ons :

(/'95)733&% =(”¢)/ls§z£ +A(D’T;) O

X%
| ¢"}3pr,£ g—% + j),cCppug—?;: = ﬁ/q %;Z_@ - h (7;—72)@
| Neeo/ fo solve D ond @ SimoU'/uneoux//, /Vo/c, 7[/;;'5 exom,o/f

sHll assumes in(ompress,'!:/c, Viscous Ae&%’nﬁ is n{g/@ié/@, and
'zem wolumehic %6&'03.

AO_QLCJQW que rS
; L@US 807 wWe ,nacl -H’IQ ‘pD l Iow'n nj S'I‘JU &‘hof) ( i nComprcssiHe 12 ‘ow)
; T

P u”l_ro« po -
— rous — — —
— Mednutn/
_ _ A - -\
— L T 5 Ny
o T —
" oneaded 771 Hooded F7F T —comtont

Our Soveminf] ec’/um!-»'ons becomne
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exisw'ﬁm #low c%qracoler?r/'ics rougk viscous diss; 117'0;0,
I‘F #VQ €><'|€1Zirl9 ’!E/OV\! cloes‘ no—»[ Aa\le 7%6 aé}/fvé f/o o/anﬁn
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Sremlcr Jhan poss‘,Hc widh  viscous shear £ molecular 4HL

G’



Nerad Mi \//'&ow'c

74
Ue (Free Stream)
—_—
- __Eddies
—b
‘ SICICIE)
—— @,&?@ 596% }ﬁ/réu/en-/- Fone
é x>0 e T Y'c; / /Vi/sc;ouls Su\:lu\:e_r (mo'j;::\l:\: iif)l«s'uon
L@‘PS (JC&‘ l/u'l‘”\ -n\e 'p’UC'I'UOJ’iﬂa "ITJFLUICW* Z0ne. ‘IQIfS‘l'i
£ 4
{.WW b o
’@i | ' =T Py u
." ‘ 1 oL
‘I_-“ ?I:I P '!L)I’nf, {

= ?_ = mean com

nent (ﬁme oera o{)
-p' = -p lumlua-,-]rgo CZMPOOCH+ (—Hmesc Jcpenclcn-o
For 'Hf\e Flows  we will Swluczy',

u=0+U p-P+p

V=T + V! T=T+T' .
W =W+ w p=cms1tun+ ('lﬂtomprcssilala)
| | period L | tot+ T
U =-— udt = —— ud+

perlod Jl T JJ%-'C/Z
Perioc)
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We con also Sow

ZR = “pm'— = ?E%—g‘ = er’oqle,q'L s%ec\r sfyess or lQeynoHssh

U and V! NJTC—;R—-_'
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l?-
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Sort wijr\f\ Moss eonser\/oJﬁon:

%}*‘%‘\é’ =0 = 8—%—(&’%—(}) 4—;§—Y(V+\/)=O

du . au 4V o, Ayt
ax Tax TEy Ty 00
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il Sl Al S i
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—>
B X

Assum‘mgi l) n molecules per urit volume
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3 tn tovel in +y-dir, ond in tovel in -y -din @
4) mean VC\ociL, V n H'\e \/—cl'lreA-ion ‘1%»'9)7130\!6 OVe e,
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6,‘”7 eross ploe A fom delows
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iN‘),eCu ICS expér)cncec( #)e;r /&S'll m//is}on [momcf)’l{/m’) &céan\gﬁ
;9\ isfonce A Aw oy 'Aom 7%@ p/cmc A (/'Eme&n frec ath ).
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L My lf = Z{‘nv [m Ux (\/ - A)] = momanéxm %mpr/cJ per un;'-/l 74'0).1
per un/'7l ares O0pss /Q/an (,?OWC\,JS
Med = Ln7 [m U (y+ )]

| @ = é_ nv m [U)( 6/'/\) - Ux (\/ -f'/\)] = B\/IOF series expancf

l — / — Q(JX QL/ = r 8S on anch.
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U=3P T TEe = T T T 9T

,u:.._Lm/fg/ ,ng;e M - _m Sha T
31T T TEF T 3rd? T
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's&m]]cxr —Fbrm oS our MO,CCu’Qr‘ \/iscosi-/\/,
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[Mo\t’ cules Oiffus 'ma A::__ﬁ/

Eddies DHs; ng

A = FoT7 A
TTP —\ meon ree ‘o&-Hq an&(o3ous -lo ecHy Size
N e

My ~ pu*/ﬁ S Uy = Frichion \/e[oci'ly

- mixing length or Eddy size.
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|7Zfréu[cn'/ Head Tronster
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Turbulend Tnderns] Flows
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Mass Trapsfer

Convection hest Hanster 71\//030&//7 acromponied by prass hansfer.
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Table 11.1 Mass diffusivities of binary gaseous mixtures at
atmospheric pressure

Gaseous Mixture D (m?/s) T (K)
Air-acetone 1.09 x 1077 273
Air-ammonia 2.80 x 1077 298
Air-benzene 0.77 x 1073 273
Air-carbon dioxide 142 x 1073 276
1.77 x 107° 317
Air-ethanol 1.45 x 1073 313
Air-helium 7.65 x 1073 317
Air-n-hexane 0.80 x 1077 294
Air-methanol 1.32 x 1077 273
Air-naphthalene 5.13 x 1076 273
Air-water vapor 2.60 x 107> 208
2.88 x 1073 313
Ammonia-hydrogen 5.70 x 1077 263
1.10 x 107* 358
Argon-carbon dioxide 1.33 x 1072 276
Argon-hydrogen 8.29 x 1073 295
Benzene-hydrogen 4,04 x 1077 311
Benzene-nitrogen 1.02 x 1073 311
Carbon dioxide-nitrogen 1.67 x 1073 208
Carbon dioxide-oxygen 1.53 x 1073 293
Carbon dioxide-water vapor 1.98 x 10~ 307
Cyclohexane-nitrogen 0.73 x 107> 288
Helium-methane 6.76 x 1073 298
Hydrogen-nitrogen 7.84 x 1075 298
Hydrogen-water vapor 9.15 x 1077 307
Methane-water vapor 3.56 x 1072 352
Nitrogen-water vapor 3.59 x 1073 352
Oxygen-water vapor 3.52 x 1075 352

*Table adapted from Bejan, Convection Heat Transfer, 4™ Edition, pp. 498



Table 11.2 Mass diffusivities of gases and organic solutes at low
concentrations in water (dilute aqueous solutions)

Solute Solvent D (m?/s) T (K)
Acetone Water 1.16 x 107° 293
Air Water 2.5 x 107° 293
Aniline Water 0.92 x 10~° 293
Benzene Water 1.02 x 10~° 293
Carbon dioxide Water 1.92 x 10~? 298
Chlorine Water 1.25 x 10~ 298
Ethanol Water 0.84 x 107° 298
Ethylene glycol Water 1.04 x 107° 293
Glycerol Water 0.72 x 10~° 288
Hydrogen Water 4.5 x 107° 298
Nitrogen Water 2.6 x 107° 293
Oxygen Water 2.1 x 107° 298
Propane Water 0.97 x 10~° 293
Urea Water 1.2 x 10~° 293
Vinyl chloride Water 1.34 x 1079 208

*Table adapted from Bejan, Convection Heat Transfer, 4" Edition, pp. 499

Table 11.3 Henry’s constant H for several gases in water at moderate pressures

H (bar)

T(K) Air N, 0, H, CO, Cco
290 6.2 x 10* 76 x10* 38x104 67x10* 13x100 51 x10*
300 7.4 x 10* 89 x 10 45x108 72x108 1.7x10° 6 x 10*
320 9.2 x 10* 1.1x10°5 57x108 76x100 27x100 74x10*
340 104 x 105 1.24x 108 65x10* 76x10* 37x10°0 84x10*

*Table adapted from Bejan, Convection Heat Transfer, 4™ Edition, pp. 501
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