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» Parallel Flow Over Flat Plates: laminar and turbulent flow,

» The average heat transfer coefficient with flow across

cylinders and spheres , and

» The average heat transfer coefficient associated with flow

across a tube bank
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Introduction

It was shown in the previous lecture (was mainly analytical in character) that the
local and average Nusselt numbers have the functional form:

Nu, = f,(x,Re,,Pr) and Nu=f,(Re_,Pr)

This part deals almost entirely with empirical correlations that may be used to
calculate convection heat transfer.

The experimental data for heat transfer is often expressed by a simple power-law
relation of the form:

Nu=CRe"-Pr"
where m and n are constant exponents, and the value of the constant C

depends on the geometry and flow.
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Introduction

» The local drag and convection coefficients vary along the surface as a result of
the changes in the velocity boundary layers in the flow direction.

» The average convection coefficients for the entire surface can be determined by
1k 1k
o L! o h L!hxdx

» When the average drag and convection coefficients are available, the drag force and

rate of heat transfer can be determined:

Fo :CDAIO;OO Q:hAs(Ts _Too)

> The fluid temperature in the thermal boundary layer varies from 7; at the surface
to about 7, at the outer edge of the boundary layer.

T, +T,
2

= The fluid properties are evaluated at the film temperature: Tf =
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Parallel Flow Over Flat Plates

Physical Features - < Laminar | Turbuient \:)‘*
Consider the parallel flow of a fluid over a b::
flat plate of length L in the flow direction -
as shown in the drawing N =
» As with all external flows, the boundary i )

layers develop freely without constraint.

=X

» Boundary layer conditions may be entirely laminar, laminar and turbulent, or
entirely turbulent.

7 1%

» To determine the conditions, compute Re

and compare with the critical Reynolds number for transition to turbulence,
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Parallel Flow Over Flat Plates

ReL < Rex.c Laminar flow throughout
ReL>Rexc Transition to turbulent flow at |Xc/ L = Rex,c/ReL
5
> For flow over a flat plat, Reritical, flat plate & 5% 10

» If boundary layer is tripped at the leading edge

RGX,CZO

and the flow is turbulent throughout.
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Parallel Flow Over Flat Plates

Friction Coefficient

SO
Based on the analysis presented in the previous Chapter: — \;gzﬂ,:;g;;; o)

3 I//_;,d_Lmun ar e ))\_/ 13 \/ELJ
. 4.91x 0.664
Laminar: 0, = Cras=

~7, |

V. X & X 5 ‘ B :

* = [Re, : \/Riex Re, <5x10° [ |
0.059

0.38x
Turbulent.: |9, = Re® | & Gy

X = RS 5x10°<Re <107
icti i 1.33

Avera.lge fI’lC'tIOII coefﬁment.when the C, = 31/2 Re, <5 x 105

flow is /aminar over the entire plate: Re,

icti ; 0.074
Avere.lge friction coefficient When the C, = — 5% 105<Re < 107
flow is turbulent over the entire plate: L
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Parallel Flow Over Flat Plates

» If the plate is long enough for the flow to be turbulent, but not long enough to
disregard the laminar region, then

1( :
Cf :I( 0 Cf,x laminardx_i_."xc Cf’x turbmentdx)

> Using Re_, =5 x 10°, the average friction coefficient over the entire plate is

0.074 1742

Ci = Ra® “Ra" 5x10°<Re <107
L L

Remarks

* The above equation varies depending on the value of Re
» The surface assumes to be smooth, and fee stream to be turbulent free

» For laminar, Crdepends only on Re and is independent on surface roughness

> For turbulent, C,depends only on Re and the surface roughness

-2.5
C, =(1.89—1.6210g%) Re > 10, &/L > 10
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Heat Transfer Coefficient

» Based on the analysis presented in the previous Chapter for isothermal flat plate:

Laminar: |Nu, = hlx(x =0.332Re,’ Pr'” Pr>0.6
hx 0.6 <Pr<60
—_x= _ 0.8 1/3
Turbulent: Nux = K 0.0296Rex Pr 5% 105 < ReXS 107

h A

= h,depends on Re * for laminar and on c,. /:\\
. . I .

Re, %8 for turbulent

= h, is proportional to x> for laminar \\\ \M

and to x %2 for turbulent

= h,1s infinite at the leading edge and 1s

]l e \
Laminar JTransilion| Turbulent
1 -

X
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|
YYYYW

higher for turbulent than that of laminar

Heat Transfer Coefficient

» Average heat transfer coefficient when the flow is /aminar over the entire isothermal

plate:

hL
Nu==== 0.664Re’’ Pr'’? Re <5 x 105 | 60 < Pr Re, = Piol

U

» Average heat transfer coefficient when the flow is turbulent over the entire

isothermal plate:

Nu = % =0.037Re*Pr'’ 5 x 105<Re <107, 0.6<Pr<60

» If the plate is long enough for the flow to be
turbulent, but not long enough to disregard the
laminar region, then

h = %( OXC’ hx laminardx + J.xl;r hX mrbulentdx)

Turbulent

Z i
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Heat Transfer Coefficient

» The average Nusselt over the entire plate is

Nu; = (0.037 Re;” — A) Pr'®
0.6 < Pr=60
Re, = Re; =< 10°

Where A = 0.037 Re?? — 0.664 Rel”

> Using Re_, =5 x 10°, the average heat transfer coefficient over the entire plate is :

Nu :%:(0,037Re‘i‘8—871)Pr”3 5x105<Re <107,0.6<Pr<60

The equation varies depending on the value of Re,
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Parallel Flow Over Flat Plates

» Surface thermal conditions are commonly idealized as being of uniform temperature
or uniform heat flux

» Thermal boundary layer development may be delayed by an unheated starting

length.
T.
. . . . ‘.;

» Many practical applications involve Sieas Thermal boundary layer
surfaces with an unheated starting ™ Velocity boundary layer }
sections of length &. This is illustrated in i T o
the drawing. — T e

R O O AR
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Flat Plate with Unheated Starting Length

» For such cases, and using the integral solution method, the local Nu numbers for

both Laminar and turbulent flows are determined as.

Lam/ﬂar.' Nu — Nux (foré=0) _ 0332 RC?('S PI‘”3

[1_(5/)()3/4]1/3 [1_(§/X)3/4:|1/3

Turbulent: |\ NU, reepy  0.0296Re)* Pr'”

- 1/9

Uy = 79
[1_(5/)()9/10} [1_(9@/)()9/10]

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888

Flat Plate with Unheated Starting Length

» Average Nu numbers requires integration of local Nu which can not be determined

analytically.

» This has been done using numerical integration and been correlated as:

Laminar: Turbulent:
_2[1 = (€07 , S0 —Em
8= [ = &.".f_ ”T L 41 — &.-"'.I'r_] =L
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» For both uniform surface temperature (UST) and uniform surface heat flux (USF),

the effect of the USL on the local Nusselt number may be represented as follows:

Laminar Turbulent
UST USE UST USE
3/4 3/4 9/10 9/10
1/3 1/3 1/9 1/9
0.332  0.453 0.0296 0.0308
1/2 1/2 4/5 4/5
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» For a plate of total length Z, with laminar orturbulent flow over the entire surface,

the expressions for uniform plate temperature (UST) with an unheated starting

length are of the form

L
L-¢

where p = 2 for laminar flow :

Nup = Nug |, [1 — (&) & Ve Dpie+)

p = 8 for turbulent flow.

For Constant Heat Flux Conditions (USF)

r

‘T:(x) - -T'.-c + % and l'._? - q:."ir

X

» Note: Properties are evaluated at the film temperature.
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Constant Heat Flux Conditions (USF)

> Also Nu, = fr_:r which may be expressed in terms of the wall heat flux and
k temperature difference
I
qs x
H Nu, =
e ' kl(Ts o Tm)

» The average temperature difference along the plate, for the constant-heat-flux condition, may
be obtained by performing the integration

— _ 1" q (* «x
T —T, z—f T.—T))dx=2| X g
(L=T)=7] ¢ = kv ™

B oL
— T-T.)=-1%
kNu;

where Nu_1s obtained from the appropriate convection correlation.
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Other Relations

Liquid Metals
» Fluids as /iguid metals usually have small Prandtl number.

» However, for this case the thermal boundary layer development is much more rapid
than that of the velocity boundary layer

—> (6,>9),

It is reasonable to assume uniform velocity
throughout the thermal boundary layer, i.e. @ = 4,

—> MNu,=0564Pe;” Pr=0.05 Pe, =100

where Pe, = Re_Pr 1s the Peclet number

Peclet number T Ratio of advection to conduction heat transfer rates

(Pe,) & ~ Re Pr
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Other Relations

» For laminar flow over an isothermal plate, the local convection coefficient may be
obtained from A single correlation, which applies for all Prandtl numbers

0.3387 Re./? prl/?
Nu, = ; for Re, Pr = 100 Churchill and Ozoe correlation

| (00468 AN
Pr

with Nu, = 2Nu, .

For the constant-heat-flux case. 03387 1s changed to 04637 and 0.0468 is changed to
0.0207.

» Note: Properties are evaluated at the film temperature.
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Summary of equations for flow over flat plates

Flow regime Restrictions Equation

Heat transfer

Lamuinar, local Tw =rconst, Rey < 5 % 107, Nuy =0.332 PrlﬁR-:'Jll-f2

0.6 =Pr<=350

TRt/ p 173

Lamunar, local Tw =const, Re; <5 x 107, Nu, = 03387 Rey 1:_:{ - 173

Rey Pr> 100 [ (0-0463)‘B:| f

3 14
Pr

Laminar, local g =const, Re; < 5 x 107, Nu, =0.453 Roey2 prl/3

0.6 <Pr=>50

7 Rell? p /3
Laminar, local gy = const, Re, < 5 x 107 Nu, = 04637 Re,” Pr’ 73
1 (0207 231
Pr

Laminar, average Re; <5 x 10°, Ty =const Nu; =2 Nu,—; =0.664 R\Ef2 prl/3
Lamuinar, local Tw =rconst, Rey < 5 % 107, Nuy =0.564(Rey pr)l/2

Pr <« 1 (liquid metals)

. . ; —-1/3

Laminar, local Tw = const, starting at Nuy = 0.332 prl/3 Re]lr’ 2 [l — (%]3’[4]

x=xp. Rey =35 x 105,

0.6 =Pr=350
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Summary of equations for flow over flat plates

Flow regime

Restrictions

Equation

Heat transfer

Turbulent, local
Turbulent, local
Turbulent, local

Laminar-turbulent,

average

Lamunar-turbulent,

average

High-speed flow

Ty =const, 5 x 10% < Re, < 107
T, =const, 107 < Re, = 10°
{y = const, 5 x 10° < Re, < 107
T, =const. Re, =< IDT,

Re ;=5 x 10°
T, =const, Re, < IDT,

liquads, p at Tog,

L at Ty
T = const,

g=hA(Tw — Tqw)

r={(Taw — Toc) /(To — Too)
= recovery factor
=Pr!/2 (laminar)
=Pr!/3 (turbulent)

Sty Pr?/3 =0.0296 Re 02

St, Pr2/3 =0.185(log Re, )~ 2-384

Nu, = 1.04 NuyTyw—const

St Pr2/3 =0.037 Re; %2 — 871 Re !
Nuy =Pr'/3(0.037Re)# —871)

Nup =0.036 Pr043(Rel-8 — 9200) (%)

1/4

Same as for low-speed flow with
properties evaluated at
T* = Tog +0.5(Taw — Toc) + 0.22(Taw — Tro)
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Summary of equations for flow over flat plates

Flow regime Restrictions Equation
Boundary-layer thickness
Laminar Re, <5 x 10° 8 _50Re;
Turbulent Rey <107, £ —0.381Re; ?
d=0atx=0
Turbulent 5 % 10% <Rey <107 5 —0.381 Re; /> — 10,256 Re ]!

Recggt =5 % 107,
8 = Sjam at Re

X

Friction coefficients

Lamuinar, local

Turbulent, local
Turbulent. local

Turbulent, average

Rey < 5 x 10°
5 x 107 <Rey <10’
107 <Rey <107

Reqjt < Rey < 10°

—1/2
C=0332Re;
C fx =0.0592 Re; /°
C fx =0.37(logRey) 2284

T.__ 045 4
F~ llogRe; )25 ~ Rer

A from Table 5-1
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7.21 The top surface of a heated compartment consists of
very smooth (A) and highly roughened (B) portions,
and the surface 1s placed in an atmospheric airstream.

In the interest of minimizing total convection heat
transfer from the surface, which onentation, (1) or (2),
1s preferred? If T, = 100°C, T, = 20°C. and u, =
20m's. what 1s the convection heat transfer from the
entire surface for this onentation?

1 u_, T
T — A B
" E.5m-|
L
T A B e (1)
0.5m or or - =2
| B A "
] — B A
T, u., L.
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Example cont.

SCHEMATIC:

&n __,

uw 320”?/5 "
Tm =20.C —_—l
p=latm

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888




Example cont.
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Example

7.24 Steel (AISI 1010) plates of thickness 6 = 6mm and
length L= 1m on a side are conveyed from a heat
treatment process and are concurrently cooled by
atmospheric air of velocity #,, = 10m/s and T, = 20°C
in parallel flow over the plates.

For an imitial plate temperature of T; = 300°C, what 1s
the rate of heat transfer from the plate? What 1s the cor-
responding rate of change of the plate temperature? The
velocity of the air 1s much larger than that of the plate.
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Example cont.
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Example cont.
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Example cont.
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Flow across cylinder and spheres

applications

» Boundary-layer developed on the cylinder
determines heat transfer characteristics.

» Conditions depend on special features of
boundary layer development, including onset
at a stagnation point and separation, as well

as transition to turbulence. — — _
Stagnation Separation
point point
Boundary layer
FIGURE 6-18

Typical flow patterns in cross flow
over a cylinder.
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Flow across cylinder and spheres

Favorable pressure gradient | Adverse pressure gradient

dp
b 0

u, (x)
T —-

— ¥ —— I~
T P
- 7 A -~ - Q‘
g “‘“‘“-'__ L Ak
> o Separation point \f_‘\/’)\\:“\‘\fake

v
Flow reversal

V*?

Vortices

» Location of separation depends on boundary layer transition.

Laminar Laminar Transition Turbulent
boundary P | boundary . boundary
layer ol ! T N \ayer e S N layer

) i y V -~ W

s - ¥ o
- 1/ Bep N \ gl < = &

v (el >~ e
Reps2x10° o 7 O«

— L { T
"~ Repz2x10° \\ __/

Separation D C ‘.-Sep-arailon
2o = PYD _ VD
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Flow across cylinder and spheres

» The principal difference in flow over cylinder or a sphere, compared to the flow
over a flat plate, is that the boundary layer in flow over cylinder or sphere may
not undergo transition from laminar to turbulent flow, but also usually
somewhere in the rear from the interface between the object and the fluid.

» The reason for this separation is the increasing pressure in the direction of flow,
which causes a separated flow region to develop on the back of the cylinder or a

sphere if the free-stream velocity is sufficiently large.

» The development of a separated flow region in flow over a cylinder is shown in
the drawing in the previous slide.

» Obviously, regions in which the boundary layer has separated from the surface
will exhibit considerably different Nusselt number characteristics from the

region where the boundary layer is attached.
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Flow across cylinder and spheres

Figure 6-13 | Interferometer photograph showing isotherms arcund heated horizontal cylinders placed in a transverse
airstream. Re = pu..d/u (Photograph courtesy E. Soehngen.)

Re =23 Re =120

e

Re =85 Re =218
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Flow across cylinder and spheres

2

» The local Nusselt number is given by 7“"3;.
he o0 e

Nuy =—

7k

¢: angular distance from the stagnation point

> Note that: Nu, 4 with 0

» But in the back of the cylinder, the flow is
separated and Nu T again

e 40° 80"
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1 60"

8 from stagnation point

i
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Nusselt Number Correlations

» In normal engineering practice, it is not necessary to evaluate a local value of
Nu; average values would be useful

» The average Nu can be related to the free-stream Reynold number, pu, d 1,
and Pr number, by an empirical correlation:

» For gases and ordinary liquids, the following correlation can be used:

TapLe 7.2 Constants of Equation 7.52 for

_ m . . .
the circular evlinder in eross flow [11. 12
N hd U d 1/3 —[:|
Nug =—=C| = P
d = = T Rey C m
K Vi
044 0.989 0.330
4—-40 0911 0.385
40—-4000 0.683 0.466
For Pr=10.7, 4000-40,000 0.193 0.618
40.000—400_000 0.027 0.805
. . Ty +T
« Subscript for properties at T = %
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Nusselt Number Correlations

TapLe 7.3 Constants of Equation 7.52 for noncircular eylinders
in cross flow of a gas [13. 14]"

Geometry Rey, C m

Square

V> <> % 6000-60.000 0.304 0.59

r—=[] Ip 5000-60.000 0.158 0.66

Hexagon

. ].; 5200-20.400 0.164 0.638
1 20.400-105.000 0.039 0.78

I'—:-—<:> % 4500-50.700 0.150 0.638

Thin plate perpendicular to flow
. }g Front 10.000-50.000 0.667 0.500
F— I:I
LA Back F000—-80,000 0.191 0.667

“These tabular values are based on the recommendations of Sparrow et al. [14] for air, with exten-
sion to other fiuids through the Fr’ } dependence of Equation 7.52. A Prandt] number of Pr = 0.7
was assumed for the experimental results for air that are described in [14].
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Nusselt Number Correlations

Figure 6-12 | Correlation for heating and cooling of air in cross flow over circular cylinders.
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Nusselt Number Correlations

» It has also been shown that 4 from liquids to cylinders in cross flow may be
better represented:

Nut =(0.35+0.56Re}3 pr03  « 10 <Re,< 10°

» The following more complicated correlations are also suggested for heat transfer
from tubes in cross flow:

Pr 0.25
Nu = (0.43 +0.5Re’? )Pro'”(fj *1<Re<103

Pry

Pr 0.25
Nu = 0.25Re?6 pr¥-38 o *103<Re<10°
Pr,,
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Nusselt Number Correlations

o For gases Pr/Pr, may be dropped
O Pr,evaluated at T ;and Pr , evaluated at 7.

o For liquids, Pr/Pr , is retained and fluid properties are evaluated at the
free stream temperature, 7,

» The following relation is more comprehensive and is applicable over a

complete range of available data:

for 102 <Re < 107
Pr>0.2

4/5
1/2 ..1/3 5/8
Nug =03+ 0.62Re"' “ Pr { +( Re }

/4
[1 +(04 /Pr)2/3r 282000

Not good for mid-range of Re
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Nusselt Number Correlations

Nug =03+

0.62Re!/? pr!/3 +( Re )1/2 for 2x10% < Re < 4x105
[1+(0.4/Pr)2/ 3]”4 282000 Pr>0.2

For mid-range of Re

» Another relation that can be used:
for 40 <Re < 10°

hd 0.25
Nug =" "= (0.4Re®5+0.06 R 3)Pr°-4(”°0] 0.65 < Pr <300
Hw
025 <up/p,<5.2

Properties at 7,

» For Pe <0.2, use the following correlation:

1
Nug =[0.8237 - In(Pe)!/2 |
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Nusselt Number Correlations

» For the circular cylinder in cross flow, Zukauskas correlation can be used

. pr\14 -
Nup = C Rel Pr™ P—) If Pr <10, n = 0.37;
3 r:-

if Pr=10. n = 036
0.7 =< Pr=500

1= Rep = 10°
where all properties are evaluated at T.., except Pr,, which 1s evaluated at T
TasLE 7.4 Constants of

Equation 7.53 for the cireular
cylinder in eross flow [ 17]

Rey, C m
1-40 0.75 04
40-1000 0.51 05
10°-2 = 10° 0.26 0.6

2 % 10°-10° 0.076 07
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Empirical correlations for the average Nusselt number for forced convection
over circular and noncircular cylinders in cross flow (from Zhukauskas,
Ref, 18, and Jakob, Ref. 8)

Noncircular Cylinder

Cross-section of the cylinder Fluid Range of Re Nusselt number
ot ; v 0.4—4 Nu = 0.989Re0330 prl3
» For non-circular cylinders, the Circle — 04- Ni=0o0Re RO
. | ].Ims.zr 40-4000 Nu = 0.683R 0466 prl .‘
equation 2 . 4000—40,000 Nu = 0.193Rel518 Prlf3
,| 40,000-400,000 | Nu=0.027Re%505 i3
Nu =CRe} pr!/? ' '
u= Ctf T i r Gas 5000-100000 | Nu=0.102Re%7 Pr!/
D
can be used. =
Square _|r Gas 5000-100,000 | Nu=0.246Re®55 prlsd
(tilted 45%)
. . i
» (Cand nare given in the table i
. . Ak T WL S B
shown for different geometries : T
EEASEEE f Gas 5000-100,000 | Nu=0.153Re063 Prlf
i .
s
Ilqugonn B 1 Gas 5000-19.500 Nu = 0.160Re"638 prli3
(tilted 45%) b 19.500-100,000 Nu = 0.0385Re" 782 prl3
"rl‘v"tﬂc“l = Gas 4000-15,000 Nu = 0.228Re? 73! Pl
plate
A
07 ——r Gas 2500-15,000 Nu = 0.248Re0612 Pr!7
Chemical Engineering Departme e 1
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Spheres

» For heat transfer from sphere to a flowing gas, use:

» Forair (Pr=0.71) over a wide range of Re, use:

/2
Nu=2+(025+3x10"Re'}'*| 100 <Re <3x10?

Nu=430+aRe+bRe2+cRe’  3x105<Re < 5x10°

a=5x103  b5=0.25x10" c=-3.1x10"

» For flow of liquids past spheres:

0.5
EdPrf‘O‘3 =097+ o_6g[m] 1 <Re <2000
f Vi
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Spheres

» Heat transfer from sphere to oil and water:

p 0.25 All properties are evaluated at the free
-0.3 0.54
Nu Pry (Wj =1.2+0.53Re stream temperature (7)) except .

U
for 1 <Re; <2x10% 0.7 <Pr <380

» All above equations can also be evaluated from the following single equation
for gases and liquids past a sphere:

All properties at 7., except p,,.
for 3.5 <Re, < 8x10% 0.7 <Pr <380

10 = (uw/p) =32
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Flow Across Tube Bank

» Cross-flow over tube banks is commonly encountered in practice in heat
transfer equipment such heat exchangers, air conditioners and refrigerators..

In such equipment, one fluid moves
through the tubes while the other moves
over the tubes in a perpendicular direction.

I,

Flow through the tubes can be analyzed by Q%\
considering flow through a single tube, and

multiplying the results by the number of tubes. ~

e

For flow over the tubes the tubes affect the flow pattern and
turbulence level downstream, and thus heat transfer to or from
them are altered.

» Typical arrangement
0 In-line arrangement
O Staggered arrangement
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Flow Across Tube Bank

The outer tube diameter D is the characteristic length.
The arrangement of the tubes are characterized by the
Q (fransverse pitch S

a Jongitudinal pitch S, , and the

o diagonal pitch S, between tube centers.

In-line
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Flow Across Tube Bank ' P Y V- _

) — S| ' '
» As the fluid enters the tube bank, the flow area [ ' ' '
decreases from A,=S,L to A, (S;-D)L t a ) } ﬂm@_

between the tubes, and thus flow velocity increases.  ___ S — _
L = tube length.

Ist row 2nd row 3rd row

In tube banks, the flow characteristics are
(a) In-line

dominated by the maximum velocity V.

rather than the approach velocity V.

The Reynolds number is defined on the basis of

maximum velocity as

e - AVunD VD
D —
Y7, 1%
. . . . . A1 = STL :
Chemical Engineering Department | University of Jordan | A Ap=( ST —-D)L (b) Staggered
Tel. +962 6 535 5000 | 22888 Ap=(S,—D)L

Flow Across Tube Bank

» For /n-/ine arrangement, the maximum velocity occurs at the minimum flow area
between the tubes (Ag).

» The conservation of mass:
pVAlszmaxAT or VSTL:Vmax(ST - D)L
S, R

S;-D

o o
T W tf}

A Ar i
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Flow Across Tube Bank

* In staggered arrangement:

If2A, > Aror S >(S,+D)/2: V. occurs at Ap:

S
Vmax - L V
S, -D
I[f2A, <A; or S;<(85,#D)/2: V.. occurs at the diagonal cross
PVA = PV 2Ag s,

or VS,L=V,_ 2(S,-D)L

FEEEr b

—
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Flow Across Tube Bank

/ L] / Preferred
> \ ) L J flow lanes

* The average Nusselt number is of the general form

Nup = hTD =CRe] Pr"(Pr/Pr,)"”  0.7<Pr<s500

where the values of the constants C, m, and 7 depend on Reynolds number
(Table 7-2).

The average Nusselt number relations in Table 7-2 are for tube banks with 16
or more rows (N, > 16).
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Flow Across Tube Bank

(Table 7-2). _ ) ) ) ~
MNusselt number correlations for cross flow over tube banks for N = 16 and

0.7 = Pr = 500 (from Zukauskas, Ref. 15, 1987)"

Arrangement Range of Reg Correlation

0-100 Nup = 0.9 Ref4Pro-3&(Pr/Pr,)0-25

inline 100-1000 MNup = 0.52 Ref-5Pro3&(Pr/Pr,)0-25

1000-2 = 10° Nup = 0.27 Re§5*Pr%3(Pr/Pr,)0-25

2 x 105-2 x 108 Nug = 0.033 Rep&Pro4(Pr/Pr)0.25

0-500 Nup = 1.04 ReB*Pro35(Pr/Pr,)%-25

500-1000 Nup = 0.71 Re3°Pro35(Pr/Pr, )22

Staggerad . .

1000-2 = 105 Nup= 0.35(5,/5,)2 Rej&Pr0-35(Pr/Pr,)0-25
2 % 10°-2 % 10%| Nup = 0.031(5;/5,)°% Re§=*Pro5(Pr/Pr,)0-25

*&ll 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 T.).

Fluid properties are evaluated at: T, =(T; -T,)/ 2

except Pr, at T,. T, and T, are the fluid temperatures at the inlet and the exit of the
tube bank.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888 3

Flow Across Tube Bank

» Those relations can also be used for tube banks with N, < /6, provided that
they are modified as

Nup y, =F-Nuj
» The correction factor Fvalues are given in Table 7-3

TABLE 7-3

Correction factor Fto be used in Nup 5, = FNup for N, < 16 and Re, > 1000
(from Zukauskas, Ref 15, 1987).

N, 1 2 3 4 5 7 10 13
In-line 070 | 0.80 | 0.86 | 090 | 0.93 | 096 | 0.98 | 0.99
Staggered | 0.64 | 0.76 | 0.84 | 0.89 | 093 | 0.96 | 0.98 | 0.99
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Flow Across Tube Bank

» The heat transfer rate to or from a tube bank is:
Q =hA AT, = mc, (T.-T;)
A, : the heat transfer surface area = NzDL
N: the number of tubes in the bank.
m =g/ (N rorL )
Ny : the number of tubes in the transverse plane.

AT, : the logarithmic mean temperature difference:

AT, = (Ts _Te)_(Ts —Ti ) _ AT —AT,
"= n (T, -T.)/ (T, -T,)] " In [AT, /| AT, ]

-A.h
The exit temperature of the fluidis: T, =T, —(TS —T, )exp[ mCS J

p
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The Sphere and Packed Beds

Gas Flow through a Packed Bed

» Flow is characterized by tortuous paths through a bed
of fixed particles. v

» Large surface area per unit volume renders

configuration desirable for the transfer and storage of — _
thermal energy.

» The heat transfer coefficient can be calculated using

& =2.06 Re" 90 <Re,, 4,000, P~ 0.7

& — void fraction (0.3 < & <0.5)

— h

273
where Ju Pr

pre,
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The Sphere and Packed Beds

» The heat transfer coefficient for fluids as water, propylene glycol and water
solutions) with moderate Pr (around 30), can be calculated from

, 0.29

_ . (1—&
Nu, =127+ l.ﬁﬁRe‘}jﬁ P'l'h;c"*l1 ‘ T ‘ 0<Re<100
q=hA AT,

A, — total surface area of particles

_ hA
Ts To =exp| - pVA:p,tC
b¥p

Ts _Ti B
A.p, — cross-sectional area of bed
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Example

7.72 In an extrusion process, copper wire emerges from the _ 3 ! .
extruder at a velocity I and is cooled by convection (a) By applying conservation of energy to a differential
heat transfer to air in cross flow over the wire, as well control surface of length dx. which either moves
as by radiation to the surroundings. with the wire or is stationary and through which the

wire passes, derive a differential equation that gov-

ems the temperature distribution. 7{(x). along the

T, : wire. In your derivation. the effect of axial conduc-

tion along the wire may be neglected. Express your

L result in terms of the velocity, diameter, and prop-

T; /—'I."v.'ire_ e rp\\‘ D erties of the wire (V. D. p. ¢,. &). the convection
é coefficient associated with the cross flow (). and

( i —F the environmental temperatures (7. I...).

(b) Neglecting radiation obtain a closed form solution

Extrudar / / / / / to the foregoing equation For T,=02m,

o _— D=5mm F=5m's T,=25C, and an inifial

- wire temperature of I; = 600°C, compute the tem-

perature T, of the wire at x = L = 5>m_ The density

and specific heat of the copper are p = 8200 kg/m’

and ¢, = 400 Jkg K. while properties of the air

may be taken to be £=0037Wm-E »=3 x
10* m*/s, and Pr = 0.60.

|—¢-1
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Example cont.

Accounting for the effects of radiation, with
£ =055 and T = 25°C, numenically integrate the
differential equation denived i part (a) to determine
the temperature of the wire at L = 5m_Explore the
effects of I, and £ on the temperature distribution
along the wire.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888 3

Example cont.
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Example cont.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888

Example cont.

AAVAAT T AVASAMIVAV AL AAAMAAT L W MAUT VA SAMU AY W UAAVA AU MVAV AL VU WU U AARAS A VaAS YV aa v
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Example cont.
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Example cont.
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Example

7.85 A spherical thermocouple junction 1.0 mm in diameter o o
is inserted in a combustion chamber to measure the (P) If the thermocouple junction has an emissivity of

temperature I.. of the products of combustion. The hot {;5 mq.qdjﬂﬂllé ;‘5;1‘;1:-':15 ﬁféﬂ}“ﬁgﬁ;ﬁgnﬁ s;
gases have a velocity of "= 5m/s. £ ; -

the thermocouple junction if the combustion gases

] . .
| Combustor are at 1000 K? Conduction through the lead wires

wall, T, may be neglected.
n —

::;::“;,'“; — — Thermocouple m To determine the influence of the gas velocity on
B — junction, D, T the thermocouple measurement error, compute the
steady-state temperature of the thermocouple junc-

1 fion for velocities in the range 1 = "= 25 m/s. The
IFihe e T when enissivity of the junction can be controlled through
(a) If the thermocouple is at room temperature, T, wi application of a thin coating. To reduce the mea-
it is inserted in the chamber, estimate the time surement error, should the emissivity be increased
reqwreﬁfor the temperature difference, 7, — I. to or decreased? For V7' = 5m/s, compute the steady-
}mch 3_2 ;q Dgfeﬂthfmdjfl::al Eﬂﬁ dﬁﬁi state junction temperature for emissivities in the
— T Ne ation C on throu
mo = range 0.1 == 1.0

the leads. Properties of the thermocouple junction are - ©
approximated as k= 100 Wim-K ¢=383Jkg-K
and p = 8020 kg/m’, while those of the combustion
gases may be approximated as k= 0.05Wm-K

v =50 % 10-5m%s, and Pr = 0.69.
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Example cont.

o N

ts
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Example cont.
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