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Outline

e Convection principles

e External flow convection
* Internal flow convection
* Free convection

* Heat exchangers
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e Convection principles
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Concept of convection

e Convection is heat transfer between a surface and an adjacent fluid (
stationary or moving)when they are at different temperatures.

* The convection coefficient depends on fluid properties, surface geometry
and flow conditions.
Jeony = NAAT

* The dominant contribution is due to the bulk (or gross) motion of fluid
particles.

* What is the physical mechanisms underlying convection?

* As convection heat transfer implies fluid flow and heat transfer problems,
solution of such cases require identifying relevant dominant dimensionless
parameters based on grouping and dimensional analysis techniques.
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External and internal flows

e Afluid flow is classified as being internal and
external, depending on whether the fluid is
. ] External Water
forced to flow in a confined channel or over a flow \\

surface.

e The flow of an unbounded fluid over a \\\

surface such as a plate, a wire, or a pipe is
external flow. Air

* The flow in a pipe or duct is internal flow if \

the fluid is completely bounded by solid

surfaces. Water flow in a pipe, for example, is '“I}]‘:f'
internal flow, and air flow over an exposed

pipe during a windy day is external flow.
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Boundary layer

e Heat transfer is determined by boundary layer that develops on the
surface.

* Boundary layer results from velocity distribution as affected by the
solid surface.

* VVelocity changes from zero at surface to free stream velocity away
from surface and this region is known as hydraulic boundary layer.

* The region extending from surface to “6”{ where velocity almost ue<}
is known as the boundary layer, actually 6 is taken when [0=y]
U=.099Uc-~,

* In the B.L a velocity profile exists u= f(y) .
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Boundary layer

Consider flow of a fluid over a flat plate: Free stream

o (x)

Velocity
_T boundary
""""""""" layer

_ _ ou Ts  where C; is the local
For Newtonian fluids: 7, = {/—| and Ci =

8y L pUOZO/Z friction coefficient
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Laminar & turbulent flow

* The highly ordered fluid motion characterized by smooth streamlines is called
Iaminar. The flow of high-viscosity fluids such as oils at low velocities is typically
aminar.

* The highly disordered fluid motion that typically occurs at high velocities
characterized by velocity fluctuations is called turbulent. The flow of low-viscosity
fluids such as air at high velocities is typically turbulent.

* The flow regime greatly influences the heat transfer rates.

* In laminar flow: fluid motion is highly ordered and stream lines are well defined
along which particles move.

* While in turbulent flow: fluid motion is highhly irregular and is characterized by
velocity fluctuation. These fluctuations enhance the transfer of momentum,
energy and species, thus it increases surface friction and convection heat transfer.

* Fluid mixing due to fluctuation increase B.L thickness (velocity thermal B.L) and
profile is flatter than is laminar flow.
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Reynolds number

* Transition begins at some xc ,which is determined from Reynolds

number

U_X

Re — _ U o X c __ 5
x = P I Re . =p p =5x10
.'l:r
— Laminar boundary Transition Turbulent boundary
— layer region layer
—
X i,
. " 1'-.-._.-. gy | . L
— ¥ NP (x‘ o 4 Turbulent
o -} i = | layer
— — - SN N VN )
- g =T "y 3 | e i — e "/1
— <~ .. 35—\ A e s A Buffer layer
— ) > - / 7 Laminar sublayer
x .
‘ Boundary-layer thickness, &
b
r I
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hermal B.L

Thermal B.L similar to velocity B.L develops in regions adjacent to surfaces.
Velocity B.L develops because of velocity difference (u=0------- u=uee ),
similarity thermal B.L T=T, aty =0 and T,, at for free steam .

 Thermal B.L is the region where temperature gradient prevails.

* Thickness of thermal B.L 6, is defined as “y” where

(Ts —T )/ (TS - Too ) =0.99 I, Free-stream T,
T, — ff"'

-/ boundary
5 | 7 layer
o b e e R A e e N T R A Y S R R R R N

1
T, +09%T.—T,)
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Local and average convection coefficients

* Local heat flux at surface and in the boundary layer is given by Fourier law of
conduction to the fluid. At surface particles (u=0) are still (no motion) and
conduction prevails;

oT
" aT _ vt
ds :hx(Ts _Too):_kf_ i oy
ay Y =0 hx — y=0
Total heat transfer g over the surface (Ts _Too)

q=[q'dA, = [h(T,-T,)dA = (T, - T, )[hdA
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Local and average convection coefficients

Recall Newton’s law of cooling for heat transfer between a surface of
arbitrary shape, area A, and temperature T, and a fluid:

q"=h(Ts -T,)

» Generally flow conditions will vary along
the surface, so q” is a local heat flux and

h a local convection coefficient.
» The total heat transfer rate is

a=], adA =(Ts-T,)[ hda =hA(T,-T,)

— ]
where |h :A_-[ hdAg| =>average heat transfer coefficient
s YA

_ 1 1 |
For special case of that plate with length L h= ~ thdA = E_[hxdx
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Example 17.1 Average coefficient

Experimental results for the local heat transfer coefficient h, for flow over a
flat plate with an extremely rough surface were found to fit the relation;
hx (X) — aX—O.l

where a is a coefficient (W/m19.K) and x (in m) is the distance from
the leading edge of the plate.

1. Develop an expression for the ratio of the average heat transfer coefficient
X for a plate of length x to the local heat transfer coefficient h, at x? Bruncry e
2. Plot the variation of h, and x as a function of x? o

o o5
o ._| _:'I:I_I

The average value of the convection heat transfer - 1 J‘ Iﬁ dx — —
coefficient over the region from O to x is: L

— 1 cL _ 1%
h==|hd h, =h,(x) =—|h(x)d
Ljo X 09 = [ 0ox

X

X X +0.9
h, =h,(x if (><)0'><=Ef><_°'10'><=E " |=111ax
X% X x| 0.9

1) 1 4 3 4
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Laminar & turbulent, h

Streamline

Turbulent
region
} Buffer layer Re
} Laminar
sublayer
)C{. L
=X . h,(S
-« Laminar > Turbulent
on
Transition criterion at Re_ ;4 ., T.
—> T

X, -
ll =X
< Laminar »< >« Turbulent
Transition
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Dimensionless numbers

* Nusselt number represents the dimensionless temperature gradient at

the surface, and is defined as, hX
K¢ conductivity of fluid = K
h: convection heat transfer
* Average Nusselt number ::_' Nu,= h%f
f

* Note Nu, is same as the average number
* Prandtl number Pr = momentum diffusivity/ Thermal diffusivity

e Pr= Ua azp%
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Important dimensionless groups

Table 17.1 Important Dimensionless Groups in Convection Heat Transfer

Group® Definition® Interpretation/A pplication
AL Dimensionless temperature gradient at the surface. Measure
Nusselt number, Nug i (17.3) of the convection heat transfer coefficient.
Revnolds qumber. Be E (1712 Eatio of the inertia and viscous forces, Characterizes forced
! TR v (11.12) convection flows.
Prandtl number. Pr Lok _v (17.13) Eatio of the momentum and thermal diffusivities. Property of
) & ] o the fluid.
Grashof number. Gr gB(T, — I,:]E Ratio of buoyancy to viscous forces. Characterizes free con-
sl i (17.16) vection flows.
. eB(T, — T L7 Product of Grashof and Prandtl numbers, Gr - Pr. Character-
Rayleigh number, Ra, . (17.13) izes free convection flows.

“The subscript L represents the characteristic length on the surface of interest.
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Correlation Selection Rules

The selection and application of convection correlations for any flow situation are
facilitated by following a few simple rules:

" |[dentify the flow surface geometry. Does the problem involve flow over a flat
plate, a cylinder, or a sphere? Or flow through a tube of circular or non-circular
cross-sectional area?

= Specify the appropriate reference temperature and evaluate the pertinent fluid

properties at that temperature. For moderate boundary layer temperature
differences, the film temperature, Tf, defined as the average of the surface and
free stream temperatures
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Correlation Selection Rules

" Calculate the Reynolds number. Using the appropriate characteristic
length, calculate the Reynolds number to determine the boundary
layer flow conditions. If the geometry is the flat plate in parallel flow,
determine whether the flow is laminar, turbulent, or mixed.

= Decide whether a local or surface average coefficient is required. The
local coefficient is used to determine the heat flux at a point on the
surface; the average coefficient is used to determine the heat transfer
rate for the entire surface.

» Select the appropriate correlation.
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Outline

* External flow convection
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Empirical correlations

* General external flow forced convection correlation is given as
m n
Nu, =CRe Pr

 Where constants C, m, and n experimentally determined constants and depend
on surface geometry and flow conditions.

Fluid properties are assumed constant and evaluated at average film

temperature. T 4T
Tf _ _S 0 . ‘1‘\
2 . | | Lam_lnlaar M’/
* Laminar flow over flat plate, local; Nu, = IX< =0.332Rez .Pr® )

* And average coefficient;

N_UX:hXX
K

1
3

= 0.664Re?.Pr
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Example convection — Laminar Flow

The expression for the average convection coefficient for any surface shorter
than x. is given by the integration below;

_ 1 I L_' - “1- |_,-'2 X f
h,=— [ h, dx = G.HE(—)Pr” (—) [ {Ii
X Jo X ¥ o X°°

since the definite integral has the value 2x'/2, then we my
use the expression;

Laminar

\/

h, &,

h, = 2h,,
And average Nusselt is the written as;
h.x e 1 _ -
Nu, = —— = 0664Re;* Pr'®  [0.6 = Pr =50
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Forced Convection — Turbulent Flow

Local Nusselt is given by;

h.x . 'Re, = 10°
Nu, = —— = 0.0206 Re¥* Pr'/* } >
=T s 0.6 < Pr < 60 Turbulent
'I]:l: oy 1%
For a fully turbulent from the leading edge over the -
entire plate; | g
i

Re. =0
Nu, = 0.037 Re¥s pr¥3
e L [::ua = Pr = 5[:]
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Forced Convection — Mixed BL Flow

When transition of flow type occurs sufficiently upstream of the trailing edge, (x.IL)=0.95,
the average coefficient will be influenced by laminar and turbulent boundary layers or
Mixed Boundary Layer, then average convection heat transfer coefficient over the plate
will be the sum of the laminar and the turbulent, i.e.;

1" * | g, [ dx ISR de ] s
- — . dx (=) 0332( = L0
h f_(_:} f!-mu"HJ hmmj i, (L)_ﬂ... (1) | oa+ 00 Uﬁ(l_) I,f._qlpr

dx,

And Nusslet is given by, ﬂ— {} 664 Rel2 + (. iﬂ'."[E-::'” N E-:_"”] Prl/?

i

Nu, = (0.037Re¥® — A)Pr'/° A = 0.037Re*® — (.664 Re!”

(0.6 << Pr << 60
Nu; = (0.037 Re}” — R71)Pr'” 5 x 10° < Re, = 10°
| Re,, =5 x 10

If Re>> Rex,c then above may be , _ Re. =10
. 4 Nu, = 0.037 Re Pri/3 -
reasonably approximated by ' 0.6 = Pr = 50
STUDENTS-HUB.com Uploaded By: anonymous



Example 17.2 Laminar Flow over a Flat Plate

Air at atmospheric pressure and a temperature of 300°C flows steadily with a velocity of 10
m/s over a flat plate of length 0.5 m. Estimate the cooling rate per unit width of the plate

needed to maintain a surface temperature of 27°C.

Properties: Table HT-3, air (T; = 437 K, p = 1 atm): v = 30.84 x 107° m%s, k = 36.4 x 107" W/m- K, Pr = 0.687.

Air
e - 3 —
.Irw = :lDD ': :I'-_l- — 2?:“:
4, =10m's - |_
™, |

L=05m—*

=T

Analysis: For a plate of unit width, it follows from Newton's law of cooling that the rate of convection heat transfer to the

plate is
g =hLT, - T)
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To select the appropriate convection correlation for estimating f, the Reynolds number must be determined to characterize
the flow

RE1=HEL— 10m/s % 0.5 m — 162 % 10°

v 3084 % 10 m¥s

Since Re, < Re__ = 5 x 107, the flow is laminar over the entire plate, and the appropriate correlation is given by Eq. 17.26 (see
also Table 17.3, page 423)

Nu, = 0.664 Re;” Pr'” = 0.664(1.62 x 10°)40.687)'7 = 236
The average convection coefficient 1s then

_ Nu k236 x 0.0364 Wim - K

I 05 m = 17.2W/m K

h

and the required cooling rate per unit width of plate 1s

g = 172 Wim* - K x 0.5 m(300 — 27)°C = 2348 W/m <]

3. K upslnaaﬁl turbulence is promoted by a fan or grill, or a trip wire were placed at the leading edge, a turbulent boundary con-
dition could exist over the entire plate. For such a condition, Eq. 17.32 1s the appropriate correlation to estimate the convection
coefficient

Nu, = 0.037 Re¥* Pr'* = 0.037(1.62 % 10°)%5 (0.687)"* = 480
T, = 480(36.4 3 10~ W/m - K)/0.5 m = 35.0 W/m*: K

The cooling rate per unit plate width 1s
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Forced Convection — Cylinder in Cross-Flow

Reynolds number based upon the cylinder diameter as the characteristic length;

pu D D o 1., T,
Re, = =
K v hD - ] -
= —_— = = :
| | Nu,, C Rex PrV Pr=07 .
The Hilpert correlation; k .
Table 17.2 Constants for the Hilpert Correlation, Eq. 17.34, for Circular (Pr = 0.7) and Noncircular (Gases only) Cylinders in
Cross Flow
Geometry Re,, C m Geometry Re, C m
Circular Square
HM_,_O L 044 0989 0330 > b 5 % 10°-10° 0246  0.588
S )
4-40 0911 (0.385 o, — D 5 x 10°-10° 0.102 0.675
Hexagon
40-4000  0.683  0.466 ‘. } 35X 10°-1.95 x 10°  0.160  0.638
— O } 1.95 = 10°-10° 0.0385  0.782
4000-40,000 0193 0618 “m—h<:> % 5 x 10°-10° 0.153 0.638
Vertical plate

STUDENTS-HUB‘¢8H##00.000 0027 0805~ &= 2 exoms<w 023yplGatled By: anonymous




Example 17.4 Cylindrical Test Section: Measurement of the Convection Coefficient

Experiments have been conducted to measure the convection coefficient on a polished metallic cylinder 12.7 mm in diameter
and 94 mm long (Fig. E17.4a). The cylinder is heated internally by an electrical resistance heater and is subjected to a cross
flow of air in a low-speed wind tunnel. Under a specific set of operating conditions for which the free stream air velocity and
temperature were maintained at 4, = 10 m/s and 26.2°C, respectively, the heater power dissipation was measured to be P, =
46 W, while the average cylinder surface temperature was determined to be T, = 128.4°C. It is estimated that 15% of the
power dissipation is lost by conduction through the endpieces.

__Insulated
Heated endpiece
cylinder, D]
Thermocouple
Air ~ leads : : . :
u_, T~y (a) Determine the convection heat transfer coefficient from the experimental
observations.
T (b) Compare the experimental result with the convection coefficient computed

from an appropriate correlation.

Power leads

to electrical heater <, P
f’rg.;nrs_' El7.da
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Solution
Known: Operating conditions for a heated cylinder.

Find:
ia) Convection coefficient associated with the operating conditions.

(b) Convection coefficient from an appropriate correlation.

Schematic and Given Data:

T_=26.2°C T,=128.4°C
u_= 10 m/s

Air
Assumptions:

1. Steady-state conditions.
2. Uniform cylinder surface temperature.
3. Negligible radiation exchange with surroundings.

Geony = 0-85 Py
-—

—_—
P,=460W

!

D=12.7 mm

L. =94 mm

f"_fgure F17.4b

Properties: Table HT-3, air (T, = 350 K): v = 20.92 X 107 ms, k= 30 X 107" W/m - K, Pr = 0.700.
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Analysis:
(a) The convection heat transfer coefficient may be determined from the experimental observations by using Newton’s law
of cooling. That is

qCOl‘lV

AT -1

Since 15% of the electrical power is transfered by conduction from the test section, it follows that g, = 0.85P,, and with
A = wDL

B 0.85 X 46 W
7 % 0.0127 m X 0.094 m (128.4 — 26.2)°C

h =102 W/m*- K <

(b) Using the Churchill-Bernstein correlation, Eq. 17.35

0.62Reyf Pr'/” [1 +( Rep )5/8]4/5

Nup =03 +
0 [1 + (0.4/P)7)" 282,000

With all properties evaluated at T, Pr = 0.70 and

uD 10 m/s X 0.0127 m
v 20.92 X 10 ®* m?s

Rep = = 6071
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Note that Rep Pr = 6071 X 0.700 = 4250 = 0.2, so that the correlation is within the recommended range. Hence, the Nusselt
number and the convection coefficient are

__ 0.62(6071)"*0.70)"7 6071 \/E145
Nu, = 0.3 + (6071) 7{0.70) { ( ) } = 40.6

[1 + (0.4/0.70)%°]'# 282,000
I 0.30 W/m - K
h = Nu,— = 40.6 =06 W/m’-K <
40 0.0127 m o

Comments:
1. The Hilpert correlation, Eq. 17.34, is also appropriate for estimating the convection coefficient

Nu, = C Rep Pr'/’

With all properties evaluated at the film temperature, Re;, = 6071 and Pr = 0.70. Hence, from Table 17.2, find for the given
Reynolds number that C = 0.193 and m = 0.618. The Nusselt number and the convection coefficient are then

Nup = 0.193(6071)*¢"%(0.700)"** = 37.3

ok 0.030 W/m - K
£ _ 373 — 88 W/m?- K
) 0.0127 m o
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Forced Convection — The Sphere

For the flow around a sphere, the Whitaker correlation is recommended and
has the form,;

071 < Pr << 380

Nu,. = 7 + { 142 28 L4
Nup 2+ (04Res” + 0.06 Reg )Pr ( 3.5 < Re, < 7.6 % 10°

Evaluated at the surface temperatur

Example 17.5 p.421.
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Example 17.5 Time to Cool a Sphere in an Air Stream

The decorative plastic film on a copper sphere of 10 mm in diameter is cured in an oven at 75°C. Upon removal from the

oven, the sphere is subjected to an air stream at 1 atm and 23°C having a velocity of 10 m/s. Estimate how long it will take
to cool the sphere to 35°C.

Solution
Known: Sphere cooling in an air stream.
Find: Time t required to cool from T; = 75°C to T(1) = 35°C.

Air DE}F’EEI’ DEF::EE Assumptions:
1. Negligible thermal resistance and capacitance for the plastic film.
ﬂ _ i[? tmn}E: 2. Spatially isothermal sphere with Bi <= 1.
T: —93°C — » 3. Negligible radiation effects.

T, = 75°C, i) = 35°C

ngnn: E17.5

Properties: Table HT-1, copper (T, = 328 K): p = 8933 kg/m’, k = 399 W/m - K, ¢ = 387 J/kg - K. Table HT-3, air (T,, =
206 K): = 181.6 X 107" N -s/m*, v = 15.36 X 10~° m%/s, k = 0.0258 W/m - K, Pr = 0.709. Table HT-3, air (T, = 328 K):
w = 197.8 X 107" N - s/m".
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Analysis: The time required to complete the cooling process may be obtained from results for a lumped capacitance (see
Comment 1). In particular, from Eq. 16.84

hA. " T-T,

or, with V = wD*/6 and A, = wD*
f_pEDI E_T'::
6h 'T—T,

To estimate the average convection coefficient, use the Whitaker correlation, Eq. 17.36

1/4
Nup = 2 + (0.4Rel? + 0.06 Re%{’*jpr”-‘*(i)

s
where the Reynolds number is

D 10m/s X 0.01
Rep = ——=———" "~ = = §510
v 153.36 X 107" m7/s

Hence the Nusselt number and the convection coefficient are

__ 181.6 X 107" N - s/m* '
Nu;, = 2 + [0.4(6510)"% + 0.06(6510)%%](0.709)" x ( = ) = 47.4

197.8 X 107" N - s/m?

ok 0.0258 W/m - K
k= Nup— = 474 e 12Wm?-K
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The time required for cooling is then

s

35 — 23

8933 kg/m® X 387 J/kg-K X 001 m (?5 —23
- 6 % 122 W/im2- K f

)= 69.2s <]

Comments:

1. The validity of the lumped capacitance method may be determined by calculating the Biot number. With Eqgs. 16.89
and 16.90

Bi =51x10"

_RL.  h(r,/3) 122 W/m?- K X 0.005 m/3
k, k 399 W/m - K

5

and since Bi < 0.1, the criterion is satisfied.

2. Note that the thermophysical properties of copper and air corresponding to the average surface temperature were eval-
vated at T, = (T; + T(1))/2 = (75 + 35)°C/2 = 328 K.

3. Although their definitions are similar, the Nusselt number is defined in terms of the thermal conductivity of the fluid,
whereas the Biot number is defined in terms of the thermal conductivity of the solid.
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summary

Table 17.3 Summary of Convection Heat Transfer Correlations for External Flow

Flow Coefficient Correlation® Range of Applicability
Flat plate
Laminar — & = SxRe ' (17.21)
Local Nu, = 0.332 Rel” pr'” (17.23) 0.6 = Pr= 350
— & =8Pr s (17.24)
Average Nu, = 0.664 Re}* Pr'” (17.26) 0.6 = Pr = 50
Turbulent Local 5 =037xRe'” (17.27) Re, = 10°
Local Nu, = 0.0296 Re** pr'# (17.28) Re = 105, 0.6 = Pr =60
Average Nu, = 0.037 Re;” Pr'” (17.32) Re,. = 0,06 =Pr=60
- . o 45 1/3 Re.. =5 10F, 10F = Re, = 10¢
Mixed Average Nu, = (0,037 Rep 871)Pr (17.31) U.ﬁui: Pr = 60 L
Cylinders”® Average Nu, = C Ref Pr'* (Table 7.2) (17.34) Pr = 0.70
Average Nuy = 0.3 + {0.62Re” Pr'”
x [1 + (04/Pr)¥*] ) Rep Pr = 0.2
% [1 + (Rep/282,000)]%  (17.35)
Sphere Average Nu, = 2 + (0.4Re}f” 3.5 < Re, < 7.6 x 10¢
+ 0.06 R p/p ) (17.36) 0.71 < Pr < 380

"Thermophysical properties are evaluated at the film temperature, T, = (T, + T,)/2, for all the correlations except Eq. 17.36. For that correlation,
rties are evaluated at the free stream temperature T, or at the surface temperature T, if designated with the subscript s.

STU DENTS_H U gzglgzmlinder with noncircular cross section, use Eq. 17.34 with the constants listed in Table 17.2.
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Internal flow ;hydrodynamic entrance length

* For internal flow in a pipe or tube, the fluid is constrained by
a surface, and hence eventually the boundary layer

development will be constrained. Fxernal \ Water
 When flow enters a tube, a hydrodynamic boundary layer \

forms in the entrance region, growing in thickness to \\

eventually fill the tube. Beyond this location, referred to as \

the fully developed region, the velocity profile no longer
changes in the flow direction.

* Due to viscous effects, the uniform velocity profile at the /Cb \\

entrance will gradually change to a parabolic distribution as el
the boundary layer _ begins to fill the tube in the entrance flow
region.

* Beyond the hydrodynamic entrance length, x;, ,, the velocity
profile no longer changes, and we speak of the flow as
hydrodynamically fully developed.

STUDENTS-HUB.com Uploaded By: anonymous



Internal Flow; regions

Inviscid flow region

e

mean (average) velocity

|’Enundar}.' layer ragion

’7.'1': r, x)

Fully developed region

Constant surface temperature

profile, Tix, r)
Mean temperatura,

R pitD  (u ) 4m iy LA Tl
L:' = = = My
. mn v i A
'fﬂull-—‘h\}j
Re,, = 2300 " =<
O - L s, TUR T
[I":l U
r Surface thermal condition T, = T (r,0)
;; T T I ‘1.‘
Thermal Entrance — a = I_,.; ” T
Length :—;‘—";}:""—{ ''''''''''' *::{ ——————— ‘E— -
= A —\ —
N L | | . L1 L, L L.
Tir,® rin0) LA T T, riemy T, T
Thermal entranca region Fully developed region
STUDENTS-HUB.com

(h)

S

Uploaded By: anonymous



hydrodynamic entry length

* For laminar flow (Re, < 2300), the hydrodynamic entry length has the form,

Xfd
? - = 005 RCI_]

* While for turbulent flow, the entry length is approximately independent of
Reynolds number and that, as a first approximation entrance length is

(x/D) <10

|fnu5(:|d flow region |*Boundary layer region

1]
k1
]
)
L%
:

Hydrodynamic entrance region > Fully developed region 7// >

Ly
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Internal Flow — Laminar and Turbulent Flows” Parameters

The thermal entry length for Laminar Flow may be expressed as;

X P
(5) = 005Re, Pr  [Re, < 2300]

. | : :
And for Turbulent Flow as; (%) = 10 Re,, = 10,000
turh

FSun‘ace thermal condition 7, > T (r,0)

:
{

1 1| W
|
|I
|
|
|
1
1
|
1
|
m )
|
-
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Local convection coefficient

* Hence, in the thermally fully developed flow of a fluid with constant
properties, the local convection coefficient is a constant, independent
of x, while in the entrance region where h varies with x.

h Fully
Entrance developed
region region

The mean temperature is the fluid reference ~\> >

temperature used for determining the
convection heat rate with Newton's law of  a}-————_=
cooling and the overall energy balance

=t - — — — — —
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Mean Temperature

» The Mean Temperature in the flow direction x depends on radius, r. It is
referred to as the average or bulk temperature,

» For incompressible flow, with constant specific heat c,, the mean
temperature is found from

Tamparatura

rofile, T'(r) i
uTdA, B
JA ' '
Tm _ E ::—rs-fmu )
“-_.:“ '4 r Mean '

tem peratura, —
TN

|
|
|
|
|
|
|
|
_.}___ L. —
|
|
|
|
|
|
1
l

For a circular tube it becomes:

| | L i |
" F ]'_NI:_:']:I T.t h Tm':'ri:' T.t

uTrdr “

Tir
+
P

"-..J
1

m £

Ul s 10

Hence, the convection heat transfer is calculated from Newton’s cooling law:

qr = goge = WT, —T.)
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Mean temperature a long the pipe

e Assuming that fluid kinetic and potential energy changes are
negligible, there is no shaft work, and regarding Cp as constant, the
energy rate balance, reduces to give;

qi‘ﬂl’l‘-‘ - m{ﬂﬂ(’]‘;?!.l’i - Tﬁ“l’)

* Tm denotes the mean fluid temperature and the subscripts i and o
denote inlet and outlet conditions, respectively.
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Differential control volume

* apply the same analysis to a differential control volume within the
tube as shown

eony fffj'::h.“. = l!]':P dx
.' i
1q.oy = me.dT ) i - "'l'f'l
conv Fom i _..\I_ ______________ iLm_ e, rm_pi | —= i, (T, + dT,)
: : 1 \\—:—rmm
e e —
| |
d@mm‘ - q’:P ax ,:IJ_- T f| e
Inlet, i Outlet, o
,. . (a) (B}
q;Pdx = mc,dT, J

dT,, — q;P

dx  mc,

[surface heat flux, g, |
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Constant surface heat flux
A A A

|
" . l . _
dTm '?‘FP Tmi =, | LA Yat
= - [ surface heat flux, g | TN S Ak
dx  mc, ' | |
| |
| |
ql..‘l'.‘.ll'l‘l-' — q}' (P . L) :II_-J.' I|
aT,,  q;P
= — = constant Fully
dx 'P”'J-ﬂp Entrgnr:e develpped
Integrating from x = O to some axial position x, we obtain reeion ) reEon ~
the mean temperature distribution, Tm(x)
T,x)
0 T
gP ,,
T()=T,+-—x [g = constant] -
mq,}
g, = constant

X
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Constant Surface Temperature, Ts

ar, P :
=—n(T - T) [surface temperature, T | |
dx fHI':F ' ) ' I_,ﬁ\\ T, = constant
| 1
* Defining AT as (Ts - Tm), above may be expressedas ™~ w_ /"
| |
dr,  d(AT) p ' !
= — (A7) =—hAT
dx dx mc, -
0 [
-AT, d(_‘\T} P wLIlr )
—_— = —— 1{x T —
Jar. AT me, o _ I
AT, PL ( 1 (" ) AT, PL _ (T,-T,)
In =——\|— | hdx In =——h T. = constant AT,
AT, mc, \L | AT; me, T | l Tlx)
ATH T_y — Tm_f; ( PL _) X T, = constant |
= = exp| —h T. = constant
AT. T-T. P e, T | 0 L
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Mean log temperature

Qeony = mﬂp(’}]n.ﬁ - Tm.f)
Qeonv — Fi'wpli{r'; o Tm-i) o (T'. o Trrr-r,l)] — mf‘p{le o lT{})

By substituting; "z from equation:

AT _
] _\Tﬂ = —{J—L . [T. = constant]

T, — T.lx) Px - . ; me,
T -1, P e, [T, = constant|
Geony = MAATy, [T, = constant] A, is the tube surface area (As =P . L)

AT{; - —\‘Ta
ATy = Is the log mean temperature difference (LMTD)

In(AT,/AT)

Example 17.7 Thermal Condition: Constant Surface Temperature, Ts
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Example

17.6 Thermal
Condition:
Constant
Surface Heat
Flux gs

A system for heating water from an inlet temperature of T,,; = 20°C to an outlet temperature of T, = 60°C involves passing
the water through a tube having inner and outer diameters of 20 and 40 mm. The outer surface of the tube 15 well insulated,
and electrical power dissipation within the wall provides for a uniform volumetric generation rate of § = 10° W/m’.

(a) For a water mass flow rate of m = 0.1 kg/s. how long must the mbe be to achieve the desired outlet temperature?

(b) Do fully developed hydrodynamic and thermal conditions exist in the flow?

(c) If the inner surface temperature of the tube 1s T, = 70°C at the outlet (x = L), what 1s the local convection heat transfer
coefficient at the outlet?

Solution

Known: Internal flow through thick-walled tube having uniform volumetric energy generation.
Find:

(a) Length of tube needed to achieve the desired outlet temperature.

(b) Whether fully developed hydrodynamic and thermal conditions exist.

(c) Local convection coefficient at the outlet.

Schematic and Given Data:

= 10F wim* _
0 —40 r¢ Assumptions:
@ = I A KL T KT R L R L -~ Tube 1. Steady-state conditions.
Di=20mm—y ! 2. Uniform heat flux.
Water : / |7 70°C 3. Negligible potential
E— L [T TR energy and kinetic
m=0.1 kg's T_.=20°C —"'1 I 5 T =060°C energy effects. No shaft
I
f/— Insulation work. _
RESEAs e a it iyt e g i Cn{lstan_t properties.
L : .| 5. Adiabatic outer tube
Outlet, o surface.
— 1
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Properties: Table HT-5, water (T, = (T, + T, .)/2 =313K):c, = 4.179kl/kg - K. p. = 5.56 x 107* N -s/m".

Analysis:
(a) Since the outer surface of the tube is adiabatic, the rate at which energy is generated within the tube wall must equal the
rate at which it is convected to the water (E, = ¢....)

.
45 (05— DIL = Geam,
From the overall tube energy balance, Eq. 17.48, it follows that
. .
QI(I‘E - DJE}L = MCp{Tno — Timi)

Solving for L and substituting numerical values with c, evaluated at T, = (T,,; + T,..)/2, the required tube length is
4 % 0.1kgfs x 4179 kg -K
F
T.—T..)= 60 — 200°C = 17.7m <]
(D — D) o i) w{(0.04° — 0.0)m" = 10° W/m’ [ )
(b) To determine whether fully developed conditions exist, calculate the Reynolds number to characterize the flow. From Eqg. 17.37
4 4 x 0.1 kg/s

mDp  w(0.020 m)(6.57 % 10 °N - s/m?)

dme

L=
T

= 0696

RED =
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Since Re, is nearly 10,000, the flow is fully turbulent. The hydrodynamic and thermal entry length i1s given as
Xu/D = 10 so0 that x, = 10D = 10 % 0.020 m = 0.2 m. We conclude that, to a good approximation, fully developed condi-
tions exist over the entire tube since L 2 x5 (17.7 m vs. 0.2 m).

(¢} From Newton's law of cooling, Eq. 17.45, the local convection coefficient at the tube exit is
qs

T.|..|'..|'.'|' T TJ:I:I..IJ

Assuming that uniform generation in the wall provides a constant surface heat flux, with

. DE— D 0.047 — 0.02%) m?
gl == _ g — 10° Wi }
wD.L

AD. 4 x002m
it follows that the local coefficient at the outlet is
B 1.5 = 10" Wim?®
“ (70 — 60)°C

h, =

= 1.5 » 10" W/m?

= 1500 W/m* - K <]

1. Since conditions are fully developed over the entire tube, the local convection coefficient and the temperature differ-
ence (T, — T,) are independent of x for this constant heat flux condition. Hence, h = 1500 W/m*- K and (T, — T,) =
10°C over the entire tube. The inner surface temperature at the tube inlet is then T,; = 30°C. The fluid and tube surface
temperature distributions are shown in Fig. E17.65.

2. For the constant surface heat flux condition, the exact shape of the temperature profile in the fully developed region does not
change in the flow direction (x, > x,) as illustrated in Fig. E17.6¢c. Compare this behavior to that for constant surface rempera-
ture condition, Fig. 17.12a, where it is the relative shape that remains unchanged in the fully developed region.
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Example 17.7 Constant Surface Temperature, Ts

Steam condensing on the outer surface of a thin-walled circular tube of 50-mm diameter
and 6-m length maintains a uniform surface temperature of 100C. Water flows through
the tube at a rate of and its inlet and outlet temperatures are Tm,i =15C and Tm,o0=
57C. What is the average convection coefficient associated with the water flow?

Assumptions:

1. Negligible outer surface D = 50 mm — — T, =100°C
convection resistance and .
tube wall conduction k7/

. wat L
resistance; hence, tube 7025 kgs —— 4 —

iInner surface is at Ts 100C. “ y
2. Negligible kinetic and Tp;=15°C L—6m .
potential energy effects. No L .y

shaft work.

3. Constant properties

Properties: Table HT-5, water (T,, = (T,,; + T,,.,)/2 = 36°C = 309 K): ¢, = 4178 J/kg - K.

L .2
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Analysis: Combining the overall tube energy balance, Eq. 17.48, with the convection rate equation, Eq. 17.57, the average
convection coefficient is given by

mcﬂ {Tﬂf,e'.l o Tm,i}
DL AT,

h =

From Eq. 17.58, the log mean temperature difference is

(T, — Tnp) — (T, — T,,) (100 — 57) — (100 — 15)

AT, = = = 61.6°C
" [(T, - T, T, — T,)] In[(100 — 57)/(100 — 15)]
Hence, the average convection coefficient is
_ 0.25kg/s X 4178 Jikg - K (57 — 15)°C
h = g g Kl ) = 756 W/m*- K <

mX005mX6m 61.6°C

Comments: Note that the properties for use in the energy balance and convection correlations are evaluated at the average
mean temperature defined as T, = (T,,; + T, ,)/2.

STUDENTS-HUB.com Uploaded By: anonymous



Internal Flow — Convection correlation for
Tubes with Fully Developed flow

Laminar Flow

For flow in a circular tube characterized by uniform surface heat flux and laminar,
fully developed conditions, the Nusselt number is a constant, independent of Rep,
Pr, and axial location.

For Constant Heat Flux;

Nug, = - = 4.36 (g7 = constant ]

For Constant Surface Temperature

Nup, = % =3.66 [T, = constant]

3
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Example 17.9 Laminar Flow Application: Solar Collector

One concept used for solar energy collection involves placing a tube at the focal point of a parabolic reflector (concentrator)
and passing a fluid through the tube.

rlnsulatic:n

" Absorber tube

Concentrator ; L
Figure F17.0a

The net effect of this arrangement can be approximated as one of creating a condition of uniform heating at the surface of
the tube. That is, the resulting heat flux to the fluid g, can be assumed to be a constant along the circumference and axis of
the tube. Consider operation with a tube of diameter D = 60 mm on a sunny day for which g = 2000 W/m®.

(a) If pressurized water enters the tube at m = 0.01 kg/s and T,; = 20°C, what tube length L is required to obtain an exit
temperature of 80°C?

(b) What is the surface temperature at the outlet of the tube, where fully developed conditions can be assumed to exist?
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Solution

Known: Internal flow with uniform surface heat flux.
Find:

(a) Length of tube L to achieve required heating.

(b) Surface temperature T (L) at the outlet section, x = L.

Schematic and Given Data:

Assumptions:
1. Steady-state conditions.

- D =60 ""'"“\T l l l l l l l l l l l Y . 2. Incompressible flow with constant properties.
ater E——————= S=——=—=—1 50 3. Negligible kinetic and potential energy effects. No shaft

g!'= 2000 W/m®

— j;_-_—-:——_f_-—*s = - WDl'k.

— —— ] -T7,,=80C 4. Constant properties.

i, 0

= 0.01 kg/s S ZEEeTe—=
T, ;=20°C

5. Fully developed conditions at tube outlet.

— Figure E17.0b

Properties: Table HT-5, water (T,, = (T,,; + T,)/2 = 323 K): ¢, = 4181 J/kg - K. Table HT-5, water (T,,, = 353 K): k =
0.670 W/m- K, p. = 352 X 10 ®* N-s/m% Pr = 2.2.
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Analysis:
(a) For constant surface heat flux, Eq. 17.53 can be used with the overall tube energy balance, Eq. 17.48, to obtain
A, =mDL=—"" " or L=—"

qs mDq;

[Tm,a - Tm,'}

Substituting numerical values, the required tube length is

0.01 kg/s X 4181 VVkg- K
L= 5 (80 — 20)°C = 6.65 m <]
a > 0,060 m > 2000 W/m

(b) The surface temperature at the outlet can be obtained from Newton’s law of cooling, Eq. 17.45, where

q,
T“:, — T + .Tmﬂ
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To find the local convection coefficient at the tube outlet, the nature of the flow condition must first be established. From
Equation 17.37

 4m 4 % 0.01 kg/s
wDp 7w % 0.060 m(352 X 107° N - s/m?)

Re, = 603

Hence the flow is laminar. With the assumption of fully developed conditions, the appropriate heat transfer correlation is Eq. 17.61

hD
Nup = T = 4.36

and the local coefficient is

k. 0610Wm-K ,
h=436-=436— ——— = 487 W/m’ K

The surface temperature at the tube outlet is then

2000 W/m*
= =+ 80°C = 121°C <
° 487 W/m?- K

Comments: For this laminar flow condition, from Eq. 17.41, we find the thermal entry length, (xy/D) = 0.05 Rep Pr = 66.3,

while L/D = 110. Hence the assumption of fully developed conditions is reasonable. Because the water is pressurized, we assume
that local boiling does not occur even though T,, = 100°C.

Al
Nug, = - = 4.36 (g = conztant |
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Internal Flow — Convection correlation for
Tubes with Fully Developed flow

Table 17.4  Nusselt Numbers for Fully Developed Laminar i Noncircular Tubes for
Constant T, and g Surface Thermal Conditions®

Nu, = %Q

b
Cross Section = Constant g, Constant T,
. 4.36 .66
HQ 10 3.61 2,08
. = 44 _ a@ |43 3.73 108
§ =
P a 20 412 130
. . b
hydrauli lam r
yd aulic diamete a1 10 4.79 1.06
b
a0 ] 40 5.33 4.44
b
ﬂ?l RN 6.49 5,60
= 8.23 7.54
Heatad
e - 5.30 4,86
T nited

/_\- — 3l 2.47

STUDENTS-HUB.com “The characteristic length is the hydraulic diameter, D, Eq. 17.63. Uploaded by: anonymous




Internal Flow — Convection correlation for
Tubes with Fully Developed flow

Turbulent Flow

the local Nusselt number for fully developed (hydrodynamically and thermally)
turbulent flow in a smooth circular tube is the Dittus-Boelter correlation of the form

0.6 =Pr= 160
Nuy, = 0.023 Re¥ Pr" Re, = 10.000
L

— = I
D = 10

where n=0.4 for heating (Ts >Tm) and n=0.3 for cooling (Ts <Tm)

For flows characterized by large property variations, the Sieder-Tate correlation is

recommended; - ~
a\es (L7 = Pr = 16,700
Nup = 0.027 Res® Pr '-"3(—j Repn = 10,000
I"L-‘ .L
— = 10
D
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Example 17.10 Turbulent Flow Application: Hot Water
Supply

Water flows steadily at 2 kg/s through a 40-mm-diameter tube that is 4 m long. The water
enters at 25C, and the tube temperature is maintained at 95C by steam condensing on the

exterior surface. Determine the outlet temperature of the water and the rate of heat transfer
to the water.

Assumptions: T
1. Steady-state conditions.
2. Negligible kinetic and potential

energy effects. No shaft work. T, =95°C b= 40 mm
3. Constant properties.
4. Fully developed flow conditions Water
since LD 100 ) )
m=2kgls -~
T,-li.,‘ _ 253(‘:’!}
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Properties: Table HT-5, water (assume T, , = 50°C: hence T,, = (T, + T,)/2 = 37.5°C = 310K): ¢, = 4178 J/kg - K,
=695 X 107° N - s/m* k = 0.628 W/m - K, Pr = 4.62. Table HT-5, water (T, = 95°C = 368 K): p, = 296 X 107N - s/m’.

Analysis:  Since the tube surface temperature is constant, the water outlet temperature 7, , can be calculated from the en-
ergy rate expression of Eq. 17.55b

Tj - Tm,.:' PL _)

— = ————h 1

T.— T, '3111( — ()
Knowing T, . the heat rate to the water follows from the overall energy balance, Eq. 17.48

q = mCF{TﬂLE - Tm,i') {2]
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To select an appropriate correlation for estimating the average convection coefficient &, calculate the Reynolds number,
Eq. 17.37, to characterize the flow

Am 4 X 2kgls

R = =
D7 aDp w(0.040 m)695 X 10 N - s/m’

=0.16 x 10

Hence the flow is turbulent, and with the assumption of fully developed conditions, we select the Ditfus-Boelter correlation,
Eq. 1764, withn = 04 since T, = T,

_ hD
Nu,, = 5 - 0.023Rejy” Pr’* = 0.023(9.16 % 10%)* (4.62)™* = 396

Nupk 396 X 0.628 W/m - K
D 0.040 m

h = = 6210 W/m”- K

Using the energy rate expression, Eq. (1) with P = wD, find T,

R0

05°C — T, ( — 7(0.040 m)4 m
95°C — 25°C P\ 2 kg/s X 4178 J/kg - K

T, . B = 46.8°C <

A7

6210 W/m" - K)

From the overall energy balance, Eq. (2), the heat rate fo the water is

g = 2kg/s X 4176 J/kg - K (46.8 — 25)°C = 182 kW <]
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Comments:

1. Since the flow is turbulent and L/D = 100, the assumption of fully developed conditions is justified according to
Eq. 17.42.

2. In using the energy relations for the entire tube, properties are evaluated at T,,. Not knowing T,, , at the outset, we guessed
T,., = 50°C and used T,, = 310 K. This was a good guess since the analysis shows T,, = (T, ; + T, )/2 = (25 + 46.8)°C/2 =
309 K. For such a situation, recognize that you may have to iterate your analysis until the guessed and calculated tempera-
tures are in satisfactory agreement.

3. The Sieder-Tate correlation, Eq. 17.65, would also be appropriate for this situation. Substituting numerical values, find

L 0.14 i 605 ¥ lﬂ—ﬁ 014
Nu, = 0.027 Re}|” Pr'ﬁ(ﬂ) = 0.027(9.16 x 10%)*° 4.52”’3( —] =523
s 695 % 10
- — k 0.628 W/m - K
h = — = 523 = 8214 W/m- K
"D 0.040 m -

Using Eqs. (1) and (2), find T, , = 50.3°C and ¢ = 212 kW. The results of the two correlations differ by approximately 15%,

which is within the uncertainty normally associated with such correlations. Note that all properties are evaluated at T, , except
for p., which is evaluated at T
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Entry region Combined st angth (2
o Pr=0.7
O Pr=2
40 APr=5
* Entry length

solutions for

laminar flow in

a circular tube |
with constant

surface

temperature *1 Equation 8.57

or
numerator of 8.58

' Fully
Entr;nce developed
reglon region

1 I I

Equation 8.58

3.66

0.001 0.01 0.1 1
0.05
Average Nusselt numbers D
Reppr 0D
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Internal Flow — Convection correlation for
Tubes with Fully Developed Flow

Table 17.5 Summary of Forced Convection Heat Transfer Correlations for Internal Flow in Smooth Circular Tubes®

Flow/Surface Thermal Conditions Correlation®* Restrictions on Applicability

Laminar, fully developed. (x;,/D) > 0.05 ReyPr

IA
S

Constant g; MNuy, = 4.36 (17610 Pr={06 Re,
Constant T, Mu, = 3.66 (17.62)  Pr =06, Re,

A
bt
tad  lad
3

Turbulent, fully developed. (xg,/D) = 10

Constant g; or T_(Dittus-Boelter) Nuy, = 0.023 Red* Pr" (17.64) 0.6 = Pr = 160, Re, = 10000,
n=041%rT =T, andn = 0.3
for T, < T,
014
Constant g* or T, (Sieder-Tate) Nup, = 0.027 Red® Pri? (E) (17.65) 0.7 = Pr = 16,700, Re,, = 10,000

“Thermophysical properties in Eqs. 17.61, 17.62, and 17.64 are based upon the mean temperature, T,,. If the correlations are used to estimate the
avergge Nusselt number over the entire tube length, the properties should be based upon the average of the mean temperatures, T, = (T + T.0/2.

*Thermophysical properties in Eq. 17.65 should be evaluated at T_ or T, except for . which is evaluated at the tube wall temperature T, or T..

“For tubes of noacircular cress section, use the hydranlic diameter, I, Eq. 17.63, as the characteristic length for the Reynolds and Nusselt
numbers. Results for fully developed laminar flow are provided in Table 17.4. For turbulent flow, Eq. 17.64 may be used as a first approximation.
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Outline

e Convection principles

e External flow convection
* Internal flow convection
* Free convection

* Heat exchangers
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Fee Convection

O When there is no forced motion, heat transfer occurs because of convection currents that are
induced by buoyancy forces, which arise from density differences caused by temperature
variations in the fluid. Heat transfer by this means is referred to as free (or natural) convection.

 Since free convection flow velocities are generally much smaller than those associated with
forced convection, the corresponding heat transfer rates are also smaller.

O In many thermal systems, free convection may provide the largest resistance to heat transfer
and therefore plays an important role in the design or performance of the system.

O Free convection is often the preferred mode of convection heat transfer, especially in
electronic systems, for reasons of space limitations, maintenance-free operation, and reduced
operating costs.

Free convection strongly influences heat transfer from pipes, transmission lines, transformers,
baseboard heaters, as well as appliances such as your stereo, television and laptop computer.
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Free Convection
% <0

Buoyancy forces is due to the combined effect of fluid density gradient 57 and body
force ( gravitational) main sources of density gradient is temperature gradient

Boundary layer development on a heated vertical plate.
(a) Velocity-and temperature profiles in the boundary layer at the location x.

(b) Boundary transitional flow conditions.
r=T,
J &lx) Quiescent fofe Quiescent
| fluid _L . 3) fluid, T,
| (2 GEr J
i T...f. C
: # ~ E..' /Turt:-ulant ¢
. -
T':_'I-':'l I_--"" . /(

|

|

II

| T, —E — a "";II.-*'I o

( I Transition
| |f [1] * Ra,,-10°
i | | i
- /

I/}
|||,|J,/

|
= |
I"-.Ilﬂ i '.":/f Laminar

0 & 3 A

e ()

Velocity distribution :u(y=0)=0 at surface then at returns to zero at edge of B.L u(y=6)=0.
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Grashof number

buoyancy
viscousforces

Grashof number Gr: Gr =

Fo =329y 1 )=gpr T, or = ST
Y P v

Volume expansion coefficient [3

ﬁ__i(ﬁ_Pj _L1wp _E(iji_i
p\dT ), pRT? p\RT)T T

“Gr,” corresponds to “Re” in forced flow.
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Laminar & turbulent flow

* Transition from laminar to turbulent flow depends on the relative magnitude of
buoyancy forces & viscous forces define Rayleigh number Ra as GrPr

_ gﬁ(Ts _Too)l—3

049,

Ra, =GrPr

Ra 10°

critical ™
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Free Convection correlations

For free convection flows, we expect that the convection coefficient can be
functionally expressed by equations of the form;

Nu; = f(Gry. Pr)

The most common empirical correlations suitable for engineering
calculations have the form;
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Vertical plate & cylinders isothermal surface
Nu, =

CRa/

Constants C ,n as follows

i) 10%*<Ra<10°laminar C=0.59, n=1/4
ii) 10° <Ra< 10® turbulent. C=0.1, n=1/3.

eChurchill-Chu correlations 17.74 p.440 for entire range of Ra;:

Nu, =

Vertical cylinder same as vertical plates when

Nu

0.825+

n
K

STUDENTS-HUB.com

0.387Ra /™

1+ (0.492/Pr) |

. 3
R = A0 T, )L

(049

127

2

D N 35
L GrL1/4

L: height of cylinder
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Example 17.11 Vertical Plate: Glass-Door Firescreen

A glass-door firescreen, used to reduce loss of room air through a chimney, has a height of 0.71 m and a width of 1.02 m and
reaches a temperature of 232°C. If the room temperature is 23°C, estimate the convection heat rate from the fireplace to the room.

Solution

Known: Glass screen situated in fireplace opening.
Find: Heat transfer by free convection between firescreen and room air.

Schematic and Given Data:

Glass Height, L=0.71 m
panel | ‘ Width, w = 1.02 m

\ Assumptions:

y

1. Firescreen is at a uniform temperature 7.
Quiescent o .
TR air 2. Room air is quiescent.
Vi o T = 23°%C 3. Costant properties.
Fire VI}% —1"5 — 232°C

Figure E17.11

Properties: Table HT-3, air (T; = (T, + 7.)/2 = 400 K): k = 33.8 X 107" W/m" K, v = 26.4 X 10° m¥s, a« = 38.3 X
10™* m's, Pr = 0.690, B = (1/T) = 0.0025 K.
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Analysis: The rate of heat transfer by free convection from the firescreen to the room is given by Newton's law of cooling
g = hA,(T, — T.)
where i may be obtained from knowledge of the Rayleigh number. Using Eq. 17.71
_ 8B(T, — T,)L°
av

9.8 m/s” (1/400 K)(232 — 23)°C X (0.71 m)’

Ra; = = 1.813 x 10°
. (38.3 % 107° m¥/s)(26.4 X 10~* m/s)

Ra,

and from Eq. 17.66 it follows that transition to turbulence occurs on the panel. Using the Churchill-Chu correlation, Eq. 17.74,
and substituting for the Rayleigh number, find

_ 0.387Ra}’® z
Nu, = 3 0.825 + oz

[1 + (0.492/Pr)*'®
0.387(1.813 x 10%)"* }1 .
[1 + (0.492/0.690)" "%+

Nu, = {D.EES o

Hence, the average convection coefficient is

Nu k  147(338 x 10" W/m-K)
L 0.71 m -

h = 7.0 W/m - K

and the heat transfer by free convection between the firescreen and room air is
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Comments:

I. If h were computed using the simpler correlation of Eq. 17.73, we would obtain # = 5.8 W/m” - K, and the heat transfer
prediction would be approximately 20% lower than the foregoing result. This difference is within the uncertainty normally
associated with vsing such correlations.

2. Radiation heat transfer effects are often significant relative to free convection. Using the radiative exchange rate equation,
Eg. 15.7, and assuming € = 1.0 for the glass surface and T,, = 23°C, the net rate of radiation heat transfer between the firescreen
and the surroundings is

goq = €A o(TH — T2 ) = 1{1.02 x 0.71)m" (5.67 x 107° W/m" - K*) (505* — 296%)K*
Jag = 2355 W

The linearzed radiation coefficient is given by Eq. 15.9
heyy = €0(T, + T )(Tr + Tao) = 1(5.67 X 10° W/im” - K*)(505 + 296)(505% + 2967 )K’
h.s = 15.6 Wim” - K

Note that the radiation coefficient (radiation heat rate) is more than twice the convection coefficient (convection heat rate) for
this application.
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Horizontal plates

_ gIB(TS _Too)Lc3
- av

Ra

where L, is characteristic length.

Characteristic length L .=A /p= plate area/plate perimeter

7/2'D2
Disk= A = D =L,
7D 4

| ° L

Square: L, = I = Z
Lw . Lw W
Rectangle: L =— if w<<L =L =—=—
© © 2L+2w 2L 2
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Horizontal plates: four cases

Hot Surface Facing downward ( Case A)
Cold Surface Facing Upward (Cases B)
Hot Surface Facing upward ( Case c)
Cold Surface Facing Downward (Case D)

Fluid, 7., Fluid, 7
& — Plate, T, = T, | A
\._ . _Plate, T, = T
gL ip=s e Py e s - - | | 5 i
Plate, T, < T, \ Plate, T, > T..— SRR T IR
Fluid, 7 Fluid, T
Casa A Case B Casa O Case D

Figure 17.21 Free convection buoyancy-driven flows for hot (T, > T,) and cold (T, < T,)
horizontal plates: Case A — hot surface facing downwards, Case B — cold surface facing upwards,
Case C — hot surface facing upwards, and Case D — cold surface facing downwards.
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Horizontal plates

Surface is heated (hot) when T,>T,, its surface is cooled (cold) when (T,<T,), its surface at
temperature lower than ambient.

Hot surface facing downward ( Case A) or cold surface facing upward ( Case B)
Nu, =0.27Ra;"” 105<Ra, <1010

Hot surface facing upward ( Case C) or cold surface facing downward ( Case D)
N 1/4
NUL o 054Ra|_ 104<RaL<107

NI 1/3
NUL — 015Ra|_ 107<RaL<1011

Fluid, T_
Fluid, T_
X —Plate, T, > T,

\

Fluid, T, Fluid, T_
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Fxample 17.12 Horizontal Plate: Cooling an Electronic Equipment Enclosure

An array of power-dissipating electrical components is mounted on the bottom side of a 1.2 m by 1.2 m horizontal aluminum
alloy plate (¢ = 0.23), while the top side is cooled by free convection with ambient, quiescent air at 7., = 300 K and by

radiation exchange with the surroundings at T, = 300 K. The plate is sufficiently thick to ensure a nearly uniform upper
surface temperature and is attached to a well-insulated enclosure.

— T Quiescent
air, T Aluminum
plate, T,
e oot
: L] | I_ " Electrical
. -2 components
fe— Enclosure

L]
& _."-‘ll .

Figure E17.12a

If the temperature of the plate is not to exceed 57°C, what is the maximum allowable power dissipation in the electrical com-
ponents?
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Schematic and Given Data:

T, =300 K— ‘ Assumptions:
Quiescent .
air 1. Steady-state conditions.
I \ Gean Groa 2. Plate is isothermal.
— I . =
- ﬁ"a f _} = ?5‘;:'4& 5 0.25 3. Negligible heat transfer from other surfaces of the
' s = LR enclosure.
P T e —— ST TR . . :
e | | SN 4. Radiation exchange is between a small, gray object
.-r.' I I_l I . - "
i I (plate) and large isothermal surroundings.
L_____________________J l;f-—-ﬁ____ 5. Constant properties.

......
aaaaaaaaaaaaaa

Figure E17.12b

Properties: Table HT-3, air (T; = 325 K, 1 atm): v = 18.4 X 10™* m%s, k = 0.028 W/m - K, a0 = 26.2 % 107° ms.

STUDENTS-HUB.com Uploaded By: anonymous



Analysis:  From an overall energy balance on the enclosure and plate, the electrical power dissipation is the sum of the heat
transfer rates by free convection and radiation exchange (Eq. 15.7)

P, = Geopy T Gt
P, = hA(T, — T.) + eA (T} — TS,)
For free convection from the horizontal plate, the characteristic length from Eq. 17.77 is
L=A/P=(12x12m")/(4 X 12m)=03m
and from Eq. 17.71, the Rayleigh number with p = l,-’i"} (Eq. 17.69) is
gB(T, — T.)L’ 9.8 m/s7(325 K)™' (50 K) (0.3 m)°

Ra = > = 844 % 10
. v (18.4 % 107% m¥s) (26.2 X 10™° m¥s)
Using the correlation of Eq. 17.80 for a hot surface facing upward (Case C), find the average convection coefficient
— AL
Nu, =—==0.15 Ra;” = 0.15(8.44 x 10")/* = 65.8
_ 0.02B W/im- K )
h; = 65.8 =62Wim K
0.3 m

The allowable electrical power is

P, =[6.1 W/m’ - K(350 — 300)K + 0.25(5.67 x 10~® W/m* - K*)(350* — 300*)K*](1.44 m*)
P,=446 W + 141 W =587 W

Comments: Note that heat transfer by free convection and radiation exchange comprise 76% and 24%, respectively, of the
total heat rate. It would be beneficial to apply a high emissivity coating to the plate as a means to enhance radiative heat trans-
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Horizontal cylinders

Nu, == 0.850Ra2™® 102 <Ra <10*
Nu, == 0.480Ra%* 104 < Ra <107
Nu,==0.125Ra%™* 107 <Ra <10%?

For the Cylinder shape, the Churchill-Chu correlation is recommended,;

0.387 Ray"
[1 + (0.559/Pr)']%*

mlr_]. — {ﬂfﬂ] + }_ [Rﬂ_l-_;. = I{:}Il]
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Free Convection =Sphere

For the Sphere shape, use;

Nu,=2+0.43Ra, "

_ 0.589 Ra;"

Nu, = 2 + , —
o 1 + (0.469 Pr)*/'*1%*

STUDENTS-HUB.com

Ambient fluid, 7.

M
Plume 4’—

Ty
I
|

Boundary
layer

[Pr = 0.7, Ra, = 10""]

AN

A
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Example 17.13 Horizontal Cylinder: High Pressure Steam Line

A horizontal, high-pressure steam pipe of 0.1-m outside diameter passes through a large room whose wall and air tempera-
tures are 23°C. The pipe has an outside surface temperature of 165°C and an emissivity of € = 0.85. Estimate the heat transfer
from the pipe per unit length.

Solution

Known: Surface temperature of a horizontal steam pipe.
Find: Heat transfer from the pipe per unit length g" (W/m).

Schematic and Given Data:

Assumptions:

| I. Pipe surface area 1s small compared to surroundings.
2. Room air is quiescent.

D-01m /4 Deom Gy 3. Radiation exchange is between a small, gray surface (pipe)
1\ / and large isothermal surroundings.

— '—gx Q.—-— 4. Constant properties.

|—T5: 165°C, e =0.85

Quiescent air _ 290
T =23 Toy = 23°C

Figure E17.13

Properties: Table HT-3, air (T; = 367 K): k = 0.0313 W/m- K, v = 22.8 X 10°* m*/s, & = 32.8 X 10~° m'/s, Pr = 0.697,
B=2725 x 107K,
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Analysis: The total heat transfer per unit length of pipe due to convection and radiation exchange (Eq. 15.7) is
G = Giony + Grg = hwD(T, — T.) + ewDo (T} — T3,
The free convection coefficient may be estimated with the Churchill-Chu correlation, Eq. 17.84

0.387 Raj{® }2
[1 + (0.559/Pr)"'e]%*

Nu,, = {D.ﬁ{} -

where the Rayleigh number from Eq. 17.71 is
gB(T, — T.)D°

R =
D T
R — 9.8 m/s*(2.725 x 107" K7")(165 — 23)°C (0.1 m)’ _ 5073 % 10°
. (22.8 % 107" m¥/s)(32.8 X 107" m?/s) |
Substituting for the Ravleigh number into the correlation, find
- {n 0 - 0.387(5.073 x 10°)"* }1 -
un — L — -
Y [1 + (0.559/0.697)"1)%
and the average convection coefficient for the cylinder is
_  k_— _ 00313W/m-K ,
h=—Nu,=——> T = x23.3=729W/m’-K
1 m
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The total heat transfer rate from the pipe is

g' =729 W/m’- K (7 X 0.1 m)(165 — 23)°C
+ 0.85 (7 % 0.1 m)(5.67 X 107" W/m” - K*)(438* — 296*) K*

g' = (325 + 441) W/m = 766 W/m <

Comments: 1. Note that the heat transfer by free convection and radiation exchange comprise 42 and 58%, respectively, of
the total heat rate. It would be beneficial to apply a low emissivity coating to the pipe as a means to reduce the radiation ex-

change, and hence the heat transfer from the pipe to the room.
2. Equation 17.82 could also be used to estimate the Nusselt number and the convection coefficient, with the result that

Nup = 22.8 and A = 7.14 W/m? - K. These results are about 2% lower than the foregoing ones. Generally we expect differ-
ences between correlation results of 10—15%, rather than the excellent agreement found here.
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Table 17.6 Summary of Free Convection Correlations for Immersed Geometries

Geometry Recommended Correlation Restrictions

Vertical plates®

0,387 Ra}® 2 .
IT/ I\ Ny, = {G.EEE gy ,-"Pr]l"-"“'“"“} (1774)  Ra, = 10

Horizontal platest'

Case A or B:
Hot surface down or cold surface up - ; -
Nu, = 0.27Ra; (17.78) 1 = Ra, = 10
T - L
¥ 1
b Vadiad
Case C or D
Hot surface up or cold surface down
‘\_} \.)*L/' K.j Wu, = 0.54Ra)® (17.79) 10¢ = Ra, = 10
Wu, = 0.15Ra}? (17.80) 107 = Ra, = 10"
Horizontal cylinder
F— ys ,
0.387Ra
f@T Nu, = {n_ﬁ.n + T3 0559 fpr]gj,ﬁ]mj} (17.84) Ra, = 10"
Sphers

The characteristic length is defined as L = A./P,

Fﬂt
ll- No. -7 4 0.589 Ra}{* (17.85) Rap = 10"
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Outline

e Convection principles
e External flow convection

* Internal flow convection

* Heat exchangers
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Introduction

J A heat exchanger is used to exchange heat between two fluids of
different temperatures, which are separated by a solid wall.

(1 Heat exchangers encompass a wide range of flow configurations.

 Applications in heating and air conditioning, power production, waste
heat recovery, chemical processing, food processing, sterilization in bio-
processes.

(1 Heat exchangers are classified according to flow arrangement and type
of construction.

d
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Heat exchangers types

* Heat exchangers may be classified according to: Flow arrangements , and construction,
industrial exchangers include;

e concentric tube heat exchanger (tube-in- tube Double pipe)

- | 1 | _ | | ‘
e Parallel flow — — Q— — 0 - Q-
* Counter flows f = L = |
e Cross flow heat exchangers - S o
Fluids move perpendicular to each other. oo fbg @
* Finned tube heat exchanger both fluids unmixed. %‘\\Q’
* Unfinned tube heat exchanger with one fluid mixed (outside tube: e

unmixed
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Heat Exchanger Types

|| ‘
|
|. Concentric-tube (double-pipe) Heat Exchanger: _"%) Tl lc%_"
Il. Cross-flow Heat Exchanger \ vl
lll. Shell and Tube Heat Exchanger
Tubsa b - s -
Shall Cross flow
D”;F"“t et Baffles g\fb 2
erl ..-"'-'H‘-"'q. L ..-"'-H_H-"'-. F \
“ 1 7 7 N[ Tube
. [0 ] E | R flew
Y [T — A DL iy
‘~.___..-’ — “»._____._,-’ 1"‘\
s
Shall Tube
outlat inlat
lSheII inlet

i ; » Tube outlet

i

< <— Tube inlet
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Heat Exchanger Analysis

The Fluid Energy Balances: expressed in hot and cold fluids and given as;
g= thp,h (Th,i _Th,o)
J= rthp,c (rc,i _Tc,o)

Or in terms of Capacity Rates C,, and C_ heat balance equation could be written as;

q=C,(T,; = Ti,)
o a=C - Te,)

- A, heat transfer

= |surface area

R
'{(', ot T{', e

7
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Heat Exchanger Analysis

The convection rate equation: expressed as;

q =UAAT,

And the Overall Heat Coefficient is;

1

oA Rconv,h + RW +R

UA

1.
UA

STUDENTS-HUB.com

conv,

EIRee
hA ). hA

C

Mean Temperature Difference

lﬂ]'
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Concentric Tube Temperature Profile

i

__> 4_

— —
¥ n

Parallel Flow Counterflow
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Heat Exchanger Analysis

Recalling;
Expression for convection heat transfer for flow of a fluid inside a tube:

Uoonv = me (rm,o _Tm,i)

» For case 3 involving constant surrounding fluid temperature:

Outer f_low

AT, -AT,
IN(AT, / AT;)

Inner flow 4
1, h; y
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Heat Exchanger Analysis

In a two-fluid heat exchanger, consider the hot and cold fluids separately:

Oh =MpCpp(Thi —Tho)

: and =UA AT
Jc =McChc (Tc,o _Tc,i) | i
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AT, : Parallel-Flow Heat Exchanger

l
 » 8 B Q/l —> q — UA ATlm
N AT|m _ AT2 — ATl
IN(AT, /AT,)
Where,
! ATy =Ty =T
ATZ :Th,o _Tc,o
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AT, : Counter-Flow Heat Exchanger

v

He

STUDENTS-HUB.com

q — UA AT|m

AT, - AT = AT,
IN(AT, / AT,)

where
ATl :Th,i _Tc,o
ATZ :Th,o _Tc,i
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Overall Heat Transfer Coefficient

i
T
i
\
M
l

\T

For tubular heat exchangers we must take into account the conduction resistance in
the wall and convection resistances of the fluids at the inner and outer tube surfaces.

1 1 1
=TT I:econd
UA hA h A,
_In(D, /D))
cond 21tk L
1 — 1 _ i where inner tube surface A| — 7t|:)i L
UA  UiA Uvo outer tube surface AO = nDOL
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Special operation conditions

Ch » Cc. For this case, the hot fluid capacity rate Ch is much larger than the cold
fluid capacity rate Cc. As shown in Fig. 17.28a, the hot fluid temperature remains
approximately constant throughout the exchanger, while the temperature of the
cold fluid increases. The same condition could be achieved if the hot fluid is a
condensing vapor. Condensation occurs at a constant temperature, and for all
practical purposes, Ch—> «,

Ch <Cec. For this case, as shown in Fig. 17.28b, the cold fluid temperature
remains

approximately constant throughout the exchanger, while the temperature of the
hot fluid decreases. The same effect is achieved if the cold fluid experiences
evaporation for which Note that with evaporation and condensation, the fluid
energy balances would be written in terms of the phase change enthalpies.

Ch = Cc. The third case, Fig. 17.28c, involves a counterflow exchanger for
which the heat capacity rates are equal. The temperature difference T must
be constant throughout the exchanger, in which case, AT1=AT2 =ATIm.

STUDENTS-HUB.com

Cp>>C,
or a condensing

vapar (Cp—e=] —
1
X 2

il

CpacCoor
an evaporating
liquid (T =) —

rd
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Shell and Tube Heat Exchanger

I“ﬁ:t Shell
. inlet Baffles .
‘M— —|i|— > Baffles are used to establish a cross-flow and
= T s N to induce turbulent mixing of the shell-side
Ry . . .
k : : 3, : ! b : :1—\ fluid, both of which enhance convection.
. O A | |:j\ »The number of tube and shell passes may be
= 10 — JT varied
Y
One Shell Pass and One Tube Pass She! e Shell inlet
outlet inlet
e > Tube outlet
VLSheII inlet (
( : = i j > Tube outlet A
= <«— Tube inlet ( T -
l’ Shell outlet R <— Tube inlet
l Shell antlet

One Shell Pass, Two Tube Passes
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Two Shell Passes, Four Tube Passes
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Shell and Tube Heat Exchanger Correction Factor (F)

Use AT, =FAT,,
ATl — Thi _Tco

AT, =T,,—T

ci

Shell-and-tube
configuration with one
shell and any multiple of
two tube passes

cross-flow configuration

f; — — 1,

STUDENTS-HUB.com

“F” is a correction factor from graphs Fig 17.29, p.454 .
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Example 17.14 Counterflow, Concentric Tube Heat Exchanger Analysis

A counterflow, concentric tube heat exchanger is used to cool the lubricating oil for a large industrial gas turbine engine. The
flow rate of cooling water through the inner tube (D, = 25 mm) is 0.2 kg/s. The flow rate of hot oil through the outer annulus
(D, = 45 mm) is 0.1 kg/s. The convection coefficient associated with the oil flow is &, = 40 W/m®* - K. The oil and water enter
at temperatures of 100 and 30°C, respectively. What is the required tube length for an oil outlet temperature of 60°C?

Solution

Known: Fluid flow rates and inlet temperatures for a counterflow, concentric tube heat exchanger of prescribed inner and
outer diameter.

Find: Tube length to achieve a desired hot fluid outlet temperature, T}, = 60°C.

Schematic and Given Data:

T, ;= 100°C

rit, = 0.1 kgfs

oIl | —h, =40 Wim?-K |~ D,= 45 mm —
| L/,— D.= 25 mm E
3 : ) _ _ - ] : T.Fr. o= 60°C
Water | —— e = 0.2 ke/s
i N

|
| o T.,=30°C
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Assumptions:

Negligible heat loss to the surroundings.

Negligible kinetic and potential energy effects. No shaft work.
Constant properties.

Negligible tube wall thermal resistance and fouling factors.
Fully developed conditions for water flow.

fad o e
L I e

th

Properties: Table HT-5, water  (assume T, = 35°C = 308 K): ¢, = 4178 kg - K, p = 725 X 107" N -s/m", k =
0.625 W/m - K, Pr = 4.85. Table HT-4, oil (T, = 80°C = 353 K): ¢, = 2131 J/kg - K.

Analysis: The heat transfer rate can be obtained from the hot (oil) fluid energy balance, Eq. 17.86a
q = myc, (T — Ty,) = 0.1 kgls > 2131 Jkg - K (100 — 60)°C = 8524 W
Applying the cold fluid energy balance, Eq. 17.87a, the water outlet temperature is

9, 8524 W
mec,. ' 02kgs X 4178 Jkg - K

I.,= + 30°C = 40.2°C

Accordingly, the use of T. = 35°C, the average temperature of the cold fluid, to evaluate the water properties was a good
choice. The required heat exchanger length may now be obtained from the convection rate equation, Eq. 17.59

g = UA AT,
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where A = DL, and from Egs. 17.96 and 17.98, the log mean temperature difference is

T“' o Tc.:.' o Tra o TLJ' 59.8 — 30
AT, = Thi — Teo) — (7, ) _ = 43.2°C
In[(T,; — T.)/(T,, — T.)]  In(59.8/30)

From Eq. 17.90b, the overall heat transfer coefficient in terms of the water-side (i) and oil-side (o) convection coefficients is

|
(1/h;) + (1/h,)

To estimate f; for the water-side (cold fluid), calculate the Reynolds number from Eq. 17.37 to characterize the flow and select
a correlation

[/ =

4, 4 X 0.2 ks
Rep = = . — = 14,050
wDp  w(0.025 m)(725 X 10° N - s/m”)

Accordingly, the flow is turbulent, and the convection coefficient may be estimated using the Dittus-Boelter correlation,
Eq. 17.64, withn = 04 since T, = T,

Nup = 0.023Reji” Pr™* = 0.023(14,050)*°(4.85)™* = 90

k' 90 % 0.625W/m-K
h.=N = 2250 W/m®- K
“p. T 0.025 m -
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Since the convection coefficient for the oil-side (hot fluid) is i, = 40 W/m® - K, the overall coefficient is then

1
U= — 303 W/m?-K
(1/2250 Wim? - K) + (1/40 W/m? - K) -

and from the convection rate equation it follows that the required length of the exchanger is

q 8524 W

L — —
UnDAT,, 393 Wim® - K «(0.025 m)(43.2°C)

=63.9m <

Comments: 1. The oil-side convection coefficient controls the rate of heat transfer between the two fluids, and the low value
of h, 1s responsible for the large value of L. In practice, multiple-pass construction would be required for a concentric tube
exchanger with such a large tube length. Alternately, another exchanger type should be considered for this application.

2. Since the water flow is turbulent and L/D = 2556, the assumption of fully developed flow is justified according to
Eq. 17.42.
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Example 17.15 Shell-and-Tube Heat Exchanger Analysis

A shell-and-tube heat exchanger must be designed to heat 2.5 kg/s of water from 15 to 85°C. The heating is to be accom-
plished by passing hot engine oil, which 1s available at 160°C, through the shell side of the exchanger. The oil is known to

provide an average convection coefficient of i, = 400 W/m? - K on the outside of the tubes. Ten tubes pass the water through
the shell. Each tube is thin walled, of diameter [) = 25 mm, and makes eight passes through the shell. If the oil leaves the
exchanger at 100°C, what is its flow rate? How long must each tube be to accomplish the desired heating?

— 2‘
h, = 400 W/m™-K l - Single shell

Is .

1

. Water T
) T.,=85C T, ,=100°C
-t i '

T, ;= 160°C

Eight tube | &
passes ;

'& — One tube pass comprised of

th, 10 tubes, each with D = 25 mm T, ;=15°C
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Assumptions:

1. Negligible heat loss to the surroundings.

2. Negligible kinetic and potential energy effects. No shaft work.
3. Constant properties.

4. Negligible tube wall thermal resistance and fouling effects.

5. Fully developed water flow in tubes.

Properties: Table HT-4, unused engine oil (T, = 130°C = 403 K): ¢, = 2350 J/kg - K. Table HT-5, water (T, = 50°C =
323 K): ¢, = 4181 J/kg - K, p. = 548 X 10 °N - s/m’, k = 0.643 W/m - K, Pr = 3.56.

Analysis:
(a) From an energy balance on the cold fluid (water), Eq. 17.87a, the heat transfer required of the exchanger is

g =mec, (T, — T.) =25kg/s X 4181 J/kg - K (85 — 15)°C = 7.317 X 10°W

o

Hence, from an energy balance on the hot fluid, Eq. 17.86a, the required oil flow rate is

q _ 7317 X 10°W
Conl(Thi — Tho) 2350 J/kg - K X (160 — 100)°C

= 5.19kg/s <

my; =

(b) The required tube length can be obtained from the convection rate equation, Eq. 17.89, using the mean temperature dif-

ference from Eq. 17.99, where

g = UAF ATy cr
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From Eq. 17.90b, the overall coefficient can be expressed in terms of the convection coefficients on the inside (water-side),
h;, and outside (oil-side), h,, of the tube

o

1
(1/h) + (1/h,)

[/ =

where h; may be obtained by first calculating Rep. With m; = m_ /N = 0.25 kg/s defined as the water flow rate per tube,
Eq. 17.37 yields

_Amy 4 % 0.25 kg/s
wDp w(0.025 m)548 % 10 ®kg/s - m

Re,, = 23,234

Since Rep = 2300, the water flow 1s turbulent, and an appropriate correlation is Eq. 17.64 (Dittus-Boeelter) with n = 0.4 since
I.> T,

Nu, = 0.023Rel’ Pr™ = 0.023(23.234)%3(3.56)™* = 119

_k 0643 W/m- K . -
h; = ) Nup = 005 m 119 = 3061 W/im-- K
Hence, the overall coefficient is
|
[ = = 354 W/m*- K

(1/400) + (1/3061)
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Associating T with the oil and 7 with the water, the correction factor F may be obtained from Fig. 17.29a, where

160 — 100 85 — 15
k= 85 — 15 = 086 P_lﬁﬂ—lﬁ

= 0.48

Hence, F = 0.87. From Eqs. 17.96 and 17.98, the log mean temperature difference for counterflow conditions is

{Thj o TI’.'.E.I} - {Th.ﬂ - T.:',i':} . -.I'rj — 85
In[(T,; — T.)/(Th, — T..)]  In(75/85)

ATycr = = L

Solving the convection rate equation for L, with A = NwDL, where N = 10 is the number of tubes, and substituting numerical
values, find the required tube length

; q B 7317 X 10°W
UN(wD)F ATcr 354 W/m® - K X 10(70.025 m) X 0.87(79.9°C)
L=379m <

Comments:

1. With (L/D) = 37.9 m/0.025 m = 1516, the assumption of fully developed conditions throughout the tube for the water
flow is justified.

2. With eight passes, the shell length is approximately L/8 = 4.7 m.
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Shell and Tube Heat Exchanger Solution Methods

» The LMTD method may be applied to design problems for which the fluid flow
rates and inlet temperatures, as well as a desired outlet temperature, are prescribed.
For a specified HX type, the required size (surface area), as well as the other outlet

temperature, are readily determined.

» If the LMTD method is used in performance calculations for which
both outlet temperatures must be determined from knowledge of the
Inlet temperatures, the solution procedure Is iterative.

» For Dboth design and performance calculations, the
effectiveness-NTU  method may be used without iteration.
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* End of heat exchanger
* End of convection heat transfer
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