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Outline

¢ Review last external and introduction to
internal flows
« Heat transfer coefficients for internal
flows
— Temperature for computing properties
— Laminar and turbulent flows
— Pressure drop and heat transfer
 Circular and non-circular geometries
* Free convection
Northridge

Review External Flow Basics

* The flow is unconfined

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

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

 Far from the body the velocity and
temperature remainatU_and T

e T_ is the (constant) fluid temperature

_ used to compute heat transfer
Northridge

Review Flat Plate Equations

e Laminar flow (Re,, Re, < 500,000, Pr > .6)
Cy, =—val __0,664Re;2 Nu, = X~ 0 332 Rel/2 prl/3
* puZ/2 k
Cp=—1al__133Re"?  Nug ML _.664Rel/2pri/3
pUL/2 k
* Turbulent flow (5x10° < Re,, Re, < 107)

T — X
C; =—wal__0go59Re®  Nu, =—2==0.0296Re%8 prt/3
fy pUi/Z X X K X

Cp=—al_—0074Re*  Nu = AL .037 Red® prt/3
pU2 /2 k

Califieni Seate University
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For turbulent Nu, .6 < Pr < 60 4

Review Flat Plate Equations |l

0 \- Average properties for com-
L.

bined laminar and turbulent

|
| regions with transition at x, =
|
|
|
Laminar Turbulent

/ 500000 v/Uw
— Valid for 5x10° < Re, < 107 and
0.6 <Pr<60

|
|
0 o l‘ %
Ci= ng“/z - 2017/‘51' T2 N, :hT(" - (0.037Re28—g71)pr1"2
PV eL ReL

California Seate Universit
Nort]]ridge Figure 7-10 from Cengel, Heat and Mass Transfer
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Review Cylinder and Sphere

¢ Cylinder average h (RePr > 0.2; properties
at (T, + TJ)/2

125 1/2 5/8
Nu=D _ o5, 062Re"*Pr [“( Re j 1

1/4
k { (0. 4jz/3} 282,000
1+ =2
Pr

« Sphere average h (3.5 < Re < 80,000; 0.7
< Pr < 380; g at T; other properties at T_)

1/4
Nu = h?D —2+[0.4Re!/240.06 ReZIS]PrO"‘(”“’J
Us

6

4/5
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Review Tube Banks

Nusselt number correlations f over tube banks for N = 16 and
0.7 < Pr= 500 (from Zukauskas,
Arrangement Range of Rep Correlation
0-100 Nup = 0.9 Rep*Pro3¢(Pr/Pr,)°2°
i 100-1000 Nup = 0.52 Re§*Pro-*¢(Pr/pr,)02%
n-line -
1000-2 x 108 Nup = 0.27 Re§**Pro-*(Pr/Pr,)>2®
2% 10%-2 x 108 Nup, = 0.033 Re§®Pro4(Pr/Pr,)02°
0-500 Nup = 1.04 Ref*Pro-=*¢(Pr/Pr,)>2*
500-1000 Nup = 0.71 Reg*Pr2°(Pr/Pr,)®2°
Staggered — - P —
1000-2 x 105| Nup = 0.35(5;/5,)°2 Re}5Pr38(Pr/Pr,)°25
2 % 10%-2 % 10%| Nup = 0.031(S7/S.)°2 Reg=Pro3¢(Pr/Pr,)%25

*All properties except Pr, are to be evaluated at the arithmetic mean of the inlet and outlet temperatures
of the fluid (Pr, is to be evaluated at 7).

Califiorni State Lniversity 7

Nort lridge Table 7-2 from Gengel, Heat and Mass Transfer

Review Internal Flow Basics

¢ The flow is confined

e 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

Califoeni Seate University 8
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Review Area Terms
v /<~ O\ + A is cross-sectional area

Circular pij
A for the flow
D _ A, = nD?/4 for circular pipe
e — A, = LW for rectangular
W y d.uct
Rectanguls * A, is the wall area for heat
‘ transfer
Y H _ A, = nDL for circular pipe
J.i‘\‘lm - AW = 2(W + H)L for
Cllria e ety rectangular duct .
Nol‘thl‘idge Figure 8-1 from Gengel, Heat and Mass Transfer

Review Fixed Wall Heat Flux

 Fixed wall heat flux, ¢, over given wall
area, A, gives total heat input which is

related to T, — T, by thermodynamics

Q=QWaJIA\N=mp(Tout_Ti) = Tou =Tin+qv;,?:07|AN

 “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

Califoeni Seate University 10
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Review Constant Wall Temperature

N

T,= constant hAN

AT, —u

(Tout _Ts): (Tm _Ts)e ™o

* hA, /rhcp = NTU, the
number of transfer

(T, approaches T, asympiotically) units
0 % » This is general
o \7, equation for
l - computing T, in
N7, = constan internal flows
N(r;rtfirl|d£é Figure 8-14 from Gengel, Heat and Mass Transfer "

Tout - Ts

Temperature Ratio versus NTU

1

Tin - Ts
0.1

0.01

0.001

ME 375 — Heat Transfer




Convection coefficients two April 11, 2007

Review Log-mean Delta T Developing Flows
« Equations for overall heat transfer e A i
‘ Vo Vag /
) =i -T e e | Momentum
Q= I'T‘cp(Tout Tln) = s 5./  boundary
. = == i layer
Q= hA(LM DT) A S = S = development
’—’-% Hydrodynamic entrance region—————|+—7————*
Thermal
LMDT = (Tout _Tin) _ (Tout _Ts)_ (Tln _Ts) h"““d‘“"“"“'_r . Thermal
. ‘emperature profile
In Tou = Ts In Tou = Ts ; 7 ir( boundary
Tin—Ts Tn—Ts —] | layer
| | development
Northridge ° S— :
SOD T T T T T T T T T
Fully Developed Flow ., LENtry Region Nusselt Numbers |
: Nu, 7 (T, = constant) /_\,
» Temperature profile does not change ) Nu, g =constant) | .

with x if flow is fully developed thermally

» This means that 0T/or does not change
with downstream distance, x, so heat

]

Nu, 7 Nu, g
+=
2
=1

flux (and Nu) do not depend on x 300 I Re=2> 107
« Laminarentry Lh .go5re  “ ~005RePr ol N 05 |
lengths L D 6 10t
« Turbulent s Eh =1.359Re¥* ~10 1 )\ - S ]
Eggs from Figure 1 L 1 1 1 1 1 1 1
‘anrylgngths 5 f'*ef’;t"aﬁsnﬂg'sxso 24 6 8 10 12 14 16 18 20
Northridge Hoa an D

Internal Flow Pressure Drop

» General formula: Ap = f (L/D) pV4/2
« Friction factor, f, depends on Re =
pVD/u and relative roughness, &/D
* For laminar flows, f = 64/Re
— No dependence on relative roughness

e For turbulent flows 1 ¢/D 251 SE el
—=-20 |0910 —+ === byBruce Munson,
Colebrook +/f 37 Ref

Donald Young, and

+ Theodore Okiishi.
Copyright © 2005 by
John Wiley & Sons,

111 _ Inc. Al rights
Haaland i ~-1.8 |0910 @ + S/iD oL - ! .N?Fe_vved. Ll
Califorria Seate Unierst Re 3.7 17 ; B 1
Northridge '
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Laminar Nusselt Number

Laminar flow if Re = pVD/u < 2,300

Fully-developed, constant heat flux, Nu
=4.36

Fully-developed, constant wall
temperature: Nu = 3.66

 Entry region, constant wall temperature:

NU 3,66+ 0.065(D/L)Re Pr2 i
1+0.04(D/L)RePr P/
Califioeri Seate University
Northridge 1

April 11, 2007

Noncircular Ducts

 Define hydraulic diameter, D, = 4A/P
— A is cross-sectional area for flow
— P is wetted perimeter
— For a circular pipe where A = pD2/4 and P
=D, D,, = 4(nD?%4) / (D) = D
« For turbulent flows use Moody diagram
with D replaced by D,, in Re, f, and &/D
* For laminar flows, f = A/Re and Nu =B
(all based on D,) — A and B next slide

r_.rhrm-.. Seate Unigersity 20
Northridge

TABLE 8-1
Nusselt number and friction factor fo

Friction Factor
Tube Geometry or#® | T,=Const. | g, = Const. f

Circle — 3.66 4.36 64.00/Re
From Gengel,
Heat and Mass
'\¥D Transfer
Rectangle ab
1 2.98 3.61 56.92/Re
/ g 2 3.39 4.12 62.20/Re
— 3 3.96 4.79 68.36/Re
Z 4 4.44 533 72.92/Re
L 6 5.14 6.05 78.80/Re
f—e— 8 5.60 6.49 82.32/Re
o0 7.54 824 96.00/Re

Turbulent Flow

* Smooth tubes (Gnielinski)
_ (f/8)(Re-1000)Pr 0.5< Pr <2000
141271 /8)°5(Pr?3-1) (3x10° <Re<5x10°

Petukhov: f =[0.790In(Re)-1.64]% 3000 < Re < 5x10°

* Tubes with roughness
— Use correlations developed for this case

— As approximation use Gnielinski equation
with f from Moody diagram or f equation

s pRaNger! h does not increase for f >4fg, .,
Northridge

Free (Natural) Convection

» Flow is induced by temperature
difference

— No external source of fluid motion

— Temperature differences cause
density differences

Free — Density differences induce flow
(Natural) « “Warm air rises”

egsromrige  * USEd for electronic cooling with
Hommimee: low cooling requirements
Transfer

Califiorni Seate

Northridge

23
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Flow Direction

Warm . )
./ * Flow direction depends on
\\‘\‘; temperature difference
! \';f —Warm object (compared to
Healg | ambient) causes fluid to
Fo transfer .
rise
il ggéﬁ - qul object (compared to
l object) causes fluid to sink
— Volume expansion coef-
Fr s i R —
COL‘;** Figure 9-2 in Cengel, Heat fICIent: B - —(1/p)(5p/6T)
air and Mass Transfer « For ideal gases p = 1/T
California Seate Universit
Northridge #
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Laminar and Turbulent

» Free convection can
be laminar or
turbulent

» Diagram shows

Figure 9-5 in .
Gengel, Heat laminar and turbulent
and Mass
Transfer regions
— Mach-Zender
interferometer shows
density lines that are
(a) L.'u'niﬂnr flow () Turbulent flow proportiona| to T
Californi State University
Northridge »
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Profiles

Temperature

profile

= » Warm vertical wall at T,
with cooler fluid at T,

* Velocity is zero at wall
and edge of boundary
layer

sy ® DFiving force is density

fluid

ar, differences
- p:poo+ B(T_Too)

Figure 9-6 in Cengel, Heat
and Mass Transfer 26

u=0

i'__.hhu- -1 -;_ University
Northridge

Grashof and Rayleigh Numbers

» Dimensionless groups for free (natural)

convection
3 2 3 Ra=Gr Pr =
Gr = B gé;I'LC _pP ??TLC BoATLS

— g = acceleration of gravity (LT-2) ve

— B =—(1/p)(0p/0T) called the volume
expansion coefficient (dimensions: 1/@)

— AT = |T a1 = Tiuial (dimensions: ©)

— Other terms same as previous use

Callifiorni Stase Univensity 27
Northridge

Equations for Nu

» Equations have form of AGraPr® or BRac

* Since Gr and Ra contain |T,,, — Tyl
an iterative process is required if one of
these temperatures is unknown

e Transition from laminar to turbulent
occurs at given Ra values
— For vertical plate transition Ra = 10°

¢ Evaluate properties at “film” (average)
temperature, (T, + Thuia)/2

Northridge

wall
28

Vertical Plate Free Convection
10000

1000 [— T -1,

L
| |
hL 100 F—

” Nu = 0.10Ra*'®
10°<Ra< 1013

10

Nu = 0.59Ra"/*
= 110% < Ra < 10°

1.E+00 1.E+02 1.E+04 1.E+06 1.E+08 1.E+10 1.E+12 1.E+14]
Rayleigh Number

Plate figure from Table 3 3
ol se ngensty 9-1 N Gengel, Heat BOATL Pr PoATL”
-’ i and Mass Transfer = =
Northridge 2 o
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Vertical Plate Free Convection

« Simplified equations on previous chart

for constant wall temperature

— More accurate: Churchill and Chu, any Ra

0.387Rai’®
127

[+ (0.492/Pr"e
— More accurate laminar Churchill/Chu
0.670Ra’*

+ (O.492/Pr)9/16]4/9

Nu, ={0.825+

Any Ra

Nu, =0.68+

Californi State Universit

ﬁfﬁrthridge

0<Ra <10°

30
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Vertical Plate Free Convection
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« Constant wall heat flux
—Use g =hA(T,,— T,) to compute an
unknown temperature (T,, or T,) from
known wall heat flux and computed h
- T, varies along wall, but the average heat
transfer uses midpoint temperature, T,

Owatl =Ml T2 -T) = Tp-Te _ Owall_

hAval

— Use trial and error solution with T, — T_, as
AT |n Ra used to compute h = kNu/L

Vertical Cylinder

= }", « Apply equations for vertical

T plate from previous charts if

L D/L > 35/Gri/4

L  For this D/L effects of
curvature are not important

 Thin cylinder results of Cebeci

I\orthrldg.,e a1
Horizontal Plate
omenton « Convection
LUlJ nts depends on

temperature
and direction

'\\k// 'u/’ ‘\\\J/ « Hot plate shown
\

A A _. _/  here has strong

—\1\ |/—\\ /f;\ 7 / > currents above

Natural ;;‘c plate and stops

comecton , flow below plate

currents Figure 9-11 in

Cengel, Heat and

Califieni Seate University 33
No I‘t]ll‘id!.’,e Mass Transfer

A and Minkowcyz and Sparrow
rom Table 9-1 in . -
Gengel, Heal and available in ASME
ass Transfer .
Transactions
r_.rhrm- a1 Seate University .
Northridge
Horizontal Plate Il
“Natural
Cold ' convection « Cold plate
plate /~ currents shown here

“—’//.._\f& \Q’\L\_ (Tplate < Too)

in e« This has strong

'//\\‘ 7\ f/\‘\ currents below

/ [ | i “r \ plate and stops
flow above
Natural p| ate
convection
currents ) )
Figure 9-11 in

Californi Seate University Gengel, Heat and
No rthridge Mass Transfer 34

Horizontal Plate Il

Hot surface T, [ ]
. / | i 7
Cold surface f
 Hot surface facing up or cold surface
facing down
» L. = area/ perimeter (AJ/p)
— For a rectangle of length, L, and width, W,
L.=(LW)/(2L+2W)=1/(2/W +2/L)
—For acircle, L, = nR?/ 2zR = R/2 = D/4

Figures from Table 9-1 in

Cengel, Heat and Mass Nu=0.54Ra* 10" < Ra<10’

Transfer .

Northridge ~ Nu=0.15Ra{’® 10’ <Ra<10"

ME 375 — Heat Transfer

Horizontal Plate IV

Cold surface T, f ]
[ . / ] ] \\‘ T;
i Hot surface
¢ Cold surface facing up or hot surface
facing down

* L, = area/ perimeter (AJ/p)
— For a rectangle of length, L, and width, W,
L.=(LW)/(2L+2W)=1/(2/W+2/L)
—For acircle, L, = nR?/ 27R = R/2 = D/4

Figures from Table 9-1 in

Cengel, Heat and Mass Nu=0.27 RaJLi4 105 <Ra< 1011

Transfer i

I\orthrudg.,e

36
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Horizontal Cylinder Sphere
T_T
Boundary H , i T \ / >\ » Equation is valid for Ray <
e l D | 1011 and Pr .7
o \ ' j 2 \<
0.387Rapy°
Nup =40.6+ 1618727 0.589Rap *
b+(0.559/Pr) ] Nup =2+ e
- , b+(o.469/P ) ]4
* Nup is average value for the cylinder
 Note differences around cylinder in
figure on left , ,
Figure from Table 9-1 in
— What if cylinder on left were cold? Gengel, Heat and Mass
Northridge Foweo12 (e an foure fom abe o1 (oo 7 Northridge -
Horizontal Enclosures Horizontal Enclosures |l
pent ™ s Top side warmer: U ¢ . Jakob, for 0.5 < Pr <2
L (No fluid motion) no convection ] £ Nu= 0.195Ra’* 10* < Ra, <4x10°
i T, * Conduction only, Nu T Fut NU=0068Raf’®  4x10° < Ra <10’
{a) Hot plate at the top =hl/k=1 | N Globe and Dropkin for
- Heavy fluid o’ Bottom warmer: ‘ & ' arange of liquids
= XA v’f.\ convection becomes Nu =0.069Ral Pro%74  3x10° < Ra, <7x10°
S W ! AN ianifi
1 W '/\ A Slg(];:_];lggzt_rvlige? Ra, Hollands et al. for air; also for other fluids if Ra, < 104
N ) = Ve =
Lngu fluid “Hot 1708 Ra,
(h) Hot plate at the bottom BgATL3/Va > 1708 Nu=1+1.44 max[o 1- RaLj max( ! 18L _1J RaL <108
Northridge Fures-22in Gengel, » Northridge 0
Nu=3
Vertical Enclosures Hot %  Cold Hot kye=3k Cold Kegt
7 7. Berkovsky and Polevik P ~ A I
~Ik > Berkovsky an 00.?9\” ov, any Pr f 'A\\ « Effective
1 'JNu :OIB(LRaJ L<fiL<2 f thermal
LT 02+prt Ra, Pr/0.2+Pr>10° T H ductivit
— PrRa, \*%®( L4 2<H/L<10 @=10W ! L 0=30% /
NuL:O.ZZ( L] (*] " . Lo ke =kNu
0.2+Pr H Ra, <10 I LL .
Tl 7 MacGregor and Emer (No » For vertical
Figue - 9 ) Y 10<H /L <40 motion) TT | enclosures
Conel, Nu, = 0.42Ra}’* Pr°-°12(ﬁj 1<Pr < 2x10* ' ‘}l with no
Heat and 4 7 .
ass 10" <Ra_ <10 motion, k
"\I{Iransfer 1<H/L<40 - \“' / — 1 eff
. 1<Pr<20  Nu =046Ra® Pure Natural -
Northridge 10° < Ra, <10° a conduction convection Figure 923 in Gengel, 2

ME 375 — Heat Transfer 7
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Horizontal Enclosures

¢ . o [fT,>T,, (top
warmer) there is
no convection

» Conduction only,

! " -7 Nu=hlk=1

Fluid

e —

* If T, < T,, (bottom warmer) significant
convection starts when Ra, =
(Pr)BgDTL3/v? > 1708

43

Califieni Seate University
Northridge
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