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Midterm Exam

* Wednesday, March 28

« Open textbook and one page equation
sheet

¢ Will cover conduction only
— Midterm review next Tuesday

« New material today will have self study

on Monday, April 9 and quiz on
Wednesday, April 11

— Test of your memory over spring break!
Califieni Seate University
Northrlidge

Outline

* Review last topic

« Basic pattern for computing convection
coefficients

e External flows

« Classification of flows
» Flow properties

« Boundary layer
 Analytical equations

Califieni Seate University
I\-'orthrlidge
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H%: B Review

* Free convection
has no imposed

{a) Forced convection

Warmer air

AIR 1, e flow field
Nt ’ . +».~ * Forced convection
— ——  does
(k) Free convection —may come from
N oot motion of body
AR O3 currerts » Conduction only if

no fluid motion

. Figure 6-1 from Cengel, Heat and Mass Transfer
{c) Conduction 9 Geng

Review Flow Properties

Moving fluid velocity components in x, vy,
and z directions are u, v, and w

» Shear stress, 1, and dynamic viscosity, p
 For a simple flow in the x and y direction
T=H@ Twall =H(6u]
oy % )yo
* Viscosity units kg/m-s or Ib_ /ft-s
« Kinematic viscosity v = u/p (m?3/s or ft?/s)

Califiornia State Universi
Nort]]ridge Figure 6-4 from Cengel, Heat and Mass Transfer 5
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Review Flow Classifications

* Forced versus free

« Internal (as in pipes) versus external (as
around aircraft)

¢ Unsteady (changing with time) versus
unsteady (not changing with time)

* Laminar versus turbulent
e Compressible versus incompressible
« Inviscid flow region

* One-, two- or three-dimensional
Califiorni Seate Universit
Northridge
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Review Dimensionless

How to Compute h

* Nusselt number, Nu = hL /K4

— Different from Bi = hL/K,iq
* Reynolds number, Re = pVL /u = VLv
* Prandtl number Pr = uc /k (in tables)
 Grashof number, Gr = BgAT/V?

—g = gravity, B = expansion coefficient =
—(1/p)(@p/0T)p, and AT = | Ty — T, |

« Peclet, Pe = RePr; Rayleigh, Ra = GrPe

Califieni Seate University
Northridge !

¢ Follow this general pattern

— Find equations for h for the description of
the flow given
« Correct flow geometry (local or average h?)
* Free or forced convection

— Determine if flow is laminar or turbulent

« Different flows have different measures to
determine if the flow is laminar or turbulent
based on the Reynolds number, Re, for forced
convection and the Grashof number, Gr, for
free convection

Califieni Seate University
Northridge

How to Compute h

External Flow Examples

« Continue to follow this general pattern

— Select correct equation for Nu (laminar or
turbulent; range of Re, Pr, Gr, etc.)

— Compute the film temperature (T, +
Tﬂuid)/2

— Evaluate fluid properties (u, k, p, Pr) at the
film temperature

— Compute Nusselt number from equation of
the form Nu = C Re2 Pr?

.~ Compute h=kNu/L¢
Northridge

Wind tunnel
60 mph

l

W

T

Want to determine
pressure drop and heat
transfer in such flows

Califiornia Seate University 10
NOI‘t]II‘Id!.’,e Figures 7-1 and 7-2 from Cengel, Heat and Mass Transfer

Key Ideas of External Flows

Flow Over a Flat Plate

» The flow is unconfined

« Moving objects into still air are modeled
as still objects with air flowing over them

» There is an approach condition of
velocity, U_, and temperature, T,

« Far from the body the velocity and
temperature remainatU_and T,

» T_ is the (constant) fluid temperature
_ used to compute heat transfer
Northridge

« |dealized situation for surfaces such as
an airplane wing

¢ Can be analyzed exactly for laminar
flows

* Transition to turbulent flow exists at
downstream point, X, where Re = U_x/v
= 500,000
— Xiransition = Xer = 5001000 V/Uw

x'_.’hfm- i1 Spate Liniversit 12
Northridge
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Flat Plate Flow Equations

* Laminar flow (Re,, Re, < 500,000, Pr > .6)

Cq =—wall__0664Re? Nuxz%:osa*zRe%{zPrm

X puZ/2

Cp=—al _133ReY?  Nu = N 0.664Rel/2pris3
pU2 /2 k

* Turbulent flow (5x10° < Re,, Re, < 107)
C =—val _0059Re;"®  Nu,= RX 5 0206 Re%8 prl/3
© pulj2 k
Cp=—"al __0074Re>  Nuj = L 0.037Re%8 prt/3
pU2 /2 k
alifoenia niversity
Nortﬁrlldge For turbulent Nu, .6 < Pr < 60 13

Flat Plate Flow Equations II

J \h\- Average properties for com-
by bined laminar and turbulent

\ regions with transition at x, =
s 500000 v/Ux

/ — Valid for 5x105 < Re, < 107 and

Laminar]  Turbulent 0.6 <Pr<60

0 X LY
_ Ta 0074 1742
pU2/2 Rel® Re,

(= Nu, = h—kL = (0.037 Re°,_'8—871)Pr1/ 3

Califioeni Seate Lniversity

Nort l'ldgé Figure 7-10 from Gengel, Heat and Mass Transfer

Drag Coefficients

Smooth eylinder \

1
0.6
0.4
0.2 Sphere
0.1
0.06 _ _ _
10! 10¢ 10! 10 17 104 107 108
Re
Calilorni Seate Lin 17
Northrldge Figure 7-17 from Cengel, Heat and Mass Transfer
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Two Views of Flat Plate Flow

T, By
Vv Cf-"
—_— By or Cf_ ¥
|
—_— i
i A / -~
' g \_3)‘_/’
— RO J ;
—_ 1 _)\D/ Turbulem’ < -
J—
Lumum.r.}’—d F\y f'T.! r"“ v ) o
¥ = /—_ =) \‘L_; NN T, "_’/ )5/
x ] o (= r i
X =T — =1 2 L
or 3 — . . I
i Mot [ ] Turbu]cm )
L B i —— —

« Usually assume transition region has
zero thickness (as on left)

Califioeri Seate University

Nort rldge Figures 7-6 and 7-9 from Cengel, Heat and Mass Transfer 14

External Flow over Cylinders

. Re = VD/v = 2000

Northrldge Figure 7-16 from Cengel, Heat and Mass Transfer 16

80

e | 1 Cylinder Local h

5“"; . '}h « Stagnation point is

I W front of cylinder (6 = 0)
“\ | Decrease in h after 6

IR
Z ?ﬁ\ =
00 =% ,\.\'

>4

_ \ ' = 0 due to thicker lam-

P R / inar boundary layer
10800 | ™ \[W

Ni ] * Top curves turbulent
. WA ] —Flow separation after q
o |1 ~ 140° increases h

DU‘“ e W L0 oo Figure 7-22 from Cengel, 18

Heat and Mass Transfer

4 from stagnation point
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Heat Transfer Coefficients Other Shapes and Equations
. . Cross-section
. Cyllnder average h (RePr > 0.2; properties of the cylinder Fluid Range of Re Nusselt number
at (T, +Ty)/2 Circle 0.4-4 Nu = 0.989Re0330 prus
4/5 _ _
Nu="D _q4, 062 Re'?prt/? 14 __Re o ) | Gasor 104000 N gzéiﬁigfii gﬁj
K 2374 282 000 lquid | 4000-40,000 | Nu = 0.193Re0%15 pri3
1+(%) ' Zau) 40,000-400,000 | Nu = 0,027Re®50% pri3
Pr Square Gas 5000-100,000 Nu = 0.102Re%675 prli3
» Sphere average h (3.5 <Re < 80,000; 0.7 _LE
< Pr <380; p at Tg; other properties at T,) Ua 1
Nu = hTD =24 [0,4 Re!'240.06 Re2/3]pr0-4£“wJ f,tqlgadre ] Gas 5000-100,000 | Nu = 0.246Re" pris
Californi Seate University us Ine D art of Table /-1 from Cenge!
ﬁgll'-t]ill'idlge 1 45 I ie:t afan :\)/:357 %I':ansfecr oel

Flow Over Tube Banks Tube Bank Flow Notation
¥ % A ; S .. .

* Flow VT, L * Vis inlet velocity
direction — fPp-—A—4P- + s _and S, are
towards — 5 lengths
top — A€ LA =S LA =

e 1= Otk AT =

° T —_— A A . .

@ ITeft. in _ I f"\.r A Py L(ST -D);Lis
line N NV (NP length of tube

d nght 1st row 2nd row idrow o Re = VmaxD/V
staggered

{a) In-line VSl—
Vinax = D
[ " ) Callfoenin Sate Lnigersity Sr -
Northri ge Figure 7-25 from Cengel, Heat and Mass Transfer NO]‘t]Il‘ldge Figure 7-26(a) from Gengel, Heat and Mass Transfer
_ Heat Transfer Coefficients
TU be Bank FIOW NOtatIOI’] Nusselt number correlations fi over tube banks for N = 16 and
v 5, | 0.7 < Pr < 500 (from Zukauska
o ' Q H““EEL « Notation same Arrangement |  Range of Rep Correlation
A ; as for in-line 0-100 Nuy = 0.9 Re§-4Pr0-3(Pr/Pr,)"-25
— 5 Y ‘{ED v —New length, S, In-line 100-1000 = Re%SP"M&.{PH&S)OH
r A A and area, AD - 1000-2 % 10° Nup = 0.27 Re2%3Pr035(Pr/Pr )28
- \~_4, L (SD -D)L 2 x 10%-2 x 10° Nup = 0.033 Rep®Pr°*(Pr/Pr,)"
— 4 Ar }3{}- 0-500 Nu, = 1.04 Re34Proae(Pr/pr 028
— DT Ap ah) VSt “(Pr
NP N Vinax = 5.D 20 > A - : 500-1000 Nup = 0.71 Reg*Pro-3(Pr/Pr,)02
— ' —g}— : S\f/_ e 1000-2 X 105| Nug = 0.35(5,/5,)°2 Re 5Py "-38(Pr/pr, 025
A =81 i Vmax :FSTD) 2AD < A]- 2 % 102 % 10%| Nup= 0.031(S;/5.)°2 Re §Pro35(Pr/Pr,)025
=(8,—D)L (b) Staggered — L i . .
P . pi s O va a a G
iT - lsr _DL All roperties except Pr, are to be evaluated at the arithmetic mean of the inlet and outlet temperatures
FO A s e ”s
ortnri Figure 7-26(a) from Cengel, Heat and Mass Transfer ortnri Table 7-2 from Cengel, Heat and Mass Transfer
Northridg Northridg
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Key ldeas of Internal Flows

March 21, 2007

e The flow is confined

* There is a temperature and velocity
profile in the flow
— Use average velocity and temperature

« Wall fluid heat exchange will change the
average fluid temperature

— There is no longer a constant fluid
temperature like T, for computing heat
transfer

r_.rhrm- a1 Seate University 25
Northridge

Area Terms

L . .

| <\ *+ A is cross-sectional area

for the flow

— A, = nD?/4 for circular pipe

o — A, = WH for rectangular

L duct

Rectnguly _Z * A, is the wall area for heat
| transfer

/ Ho_ A,, = nDL for circular pipe

L2 A, =2(W +H)L for

o Sse Ly rectangular duct
Northrldge Figure 8-1 from Cengel, Heat and Mass Transfer

Circular pip

Average Values

avg | Tj
——1 —
~ :‘[

i — N jl—min
- — | avg
——T et

 Velocity and temperature profiles
jpudA .[pucpTdA
_v_As F_As
Vag =V = T. =T=2s
& -[pdA a9 I puc,dA
i-\la}ﬁirliaﬁle As Figures 8-2 and 8-3 from Cengel, A:s 2
Heat and Mass Transfer

Average Temperature Change

* Let T represent the average fluid
temperature (instead of T, T, or T)

« T will change from inlet to outlet of
confined flow

— This gives a variable driving force (T4 —
Tiuig) for heat transfer

— Can accommodate this by using the first
law of thermodynamics: Q =mc,(Toy — Tin)
— Two cases: fixed wall heat flux and fixed

ais VY@l temperature
Northridge

28

Fixed Wall Heat Flux

« Fixed wall heat flux, g, over given wall
area, A, gives total heat input which is
related to T, — T;, by thermodynamics

Q:qwaIIAN:me(Tout_Ti) = Tout:Tin"'%;_,;]CilAN

 “QOutlet” can be any point along flow path
where area from inlet is A,,

» We can compute T,, at this pointas T, =
Tout + qwaII/h

x'_.rhfm- i1 Spate Liniversit 29
Northridge
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Average Temperature Change

« Heat exchange with wall changes the
average fluid temperature, T
» Look at small region dx with area dA,,

— First law of thermpdynamics relation for
heat transfer is dQ= mc,dT

— Convective heat transfer: dQ =hdA(T-T,)
» Equating expressions for dQ gives
dar h
mc,dT =h(T,-T = =—
AT =hT,-ThA, = o=

dAy

30

Californi Sate Universit p
Northridge




Forced Convection One

Constant Wall Temperature

* Rewrite and integrate for constant h and T,

ar :Ldpw = d(T_TS):_.LdAN
Ts-T ricy T-Tg me,
TO\Jt_TS

T-T. mc T,-T. mc
Tin—Ts s 0 p n-'s p

* Final result for constant h and T,
_hA,

(Tout _Ts) = (Tm _Ts)e e
Renehelizs 8

March 21, 2007

j d(T_Ts):_}”Ldm . ,n(mj:_hm

Constant Wall Temperature |l

]t: = constant 3;\'1; _mﬂ

[ (Tout _Ts):(Tin _TS)e P

* hA, /mc, = NTU, the
number of transfer
units

=

¥« This is general

of 7. equation for
[ - computing T, in
\ T, = constant internal flows
N:};“t"il_l'li(llil!:',"e Figure 8-14 from Cengel, Heat and Mass Transfer s

Temperature Ratio versus NTU

1
Tout - Ts

Tin - Ts \

0.1 \
0.01 \
0.001

0.01 O TU = hA,, 1 10
mc

Constant Wall Temperature |l
hA,
_ (T _ ey Tout _Ts :ﬂ
(Tout Ts)—(Tm Ts)e P> In[ T, —T. j e,
» From first law of thermodynamics Q =
Cp(Tout - Tin) mso mcp = Q/(Tout - Tin)

m(Tout _Ts] — hAN(Tout _Tin) = 0= hAN(TOUt _Tin)

Tin—Ts Q |n[T0Ut —TSJ
e Logmean | yat— (Tew=Ta) | \Tin=Ts
temperature inf Tas —Tsj
difference T,
ﬂ()l‘t]il‘idge Figure 8-14 from Gengel, Heat and Mass Transfer 3

Log-mean Temperature Diff

 This is usually written as a set of
temperature differences

LMAT = (Tout _TI-II‘I-) _ (Tom _Ts)_(Tin _Ts)

In Tout_ s In Tout _Ts
Tin_Ts Tin _Ts

Q _ hAN(Tout _Tin) _ hAN(LMAT)

T, -T Cengel uses
In ﬁ AT, for LMAT
Northridge =
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