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Objectives

Differentiate between evaporation and boiling, and gain
familiarity with different types of boiling

Develop a good understanding of the boiling curve, and the
different boiling regimes corresponding to different regions of
the boiling curve

Calculate the heat flux and its critical value associated with
nucleate boiling, and examine the methods of boiling heat
transfer enhancement



BOILING HEAT TRANSFER

Evaporation occurs at the liquid—vapor interface
when the vapor pressure is less than the saturation
pressure of the liquid at a given temperature.

Boiling occurs at the solid—liquid interface when a
liquid is brought into contact with a surface
maintained at a temperature sufficiently above the
saturation temperature of the liquid.
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Boiling occurs when a liquid is
brought into contact with a surface at a
temperature above the saturation
temperature of the liquid.
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A liquid-to-vapor phase change
process is called evaporation if it
originates at a liquid—vapor interface
and boiling if it occurs at a
solid-liquid interface.



Boiling heat flux from a solid surface to the fluid
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Subcooled Boiling

When the
temperature of the
main body of the
liquid is below the
saturation
temperature.

Saturated Boiling

When the
temperature of the
liquid is equal to
the saturation
temperature.

P=1 atm

water

107°C
SIS

_AVA

Subcooled 80°C

J

P=1 atm
Saturated 100°C
water

]

GRRRE

107°C

/

00T 1T T T T T

Heating

Heating

(a) Subcooled boiling

(b) Saturated boiling

FIGURE 104
Classification of boiling on the basis

of the presence of bulk liquid
temperature.



POOL BOILING

In pool boiling, the fluid is not forced to flow
by a mover such as a pump.

Any motion of the fluid is due to natural
convection currents and the motion of the
bubbles under the influence of buoyancy.

Boiling Regimes and
the Boiling Curve
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Natural convection Nucleate Transition Film
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Natural Convection Boiling

(to Point A on the Boiling Curve)

Bubbles do not form on the heating surface until the liquid is heated
a few degrees above the saturation temperature (about 2 to 6°C for

water)

The liquid is slightly superheated in this case (metastable state).

The fluid motion in this mode of boiling is governed by natural

convection currents.

Heat transfer from the
heating surface to the fluid |
Is by natural convection.
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Nucleate Boiling (between
Points A and C)

The bubbles form at an
iIncreasing rate at an increasing
number of nucleation sites as we
move along the boiling curve
toward point C.
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In region A—B the stirring and agitation caused by the entrainment of the
liquid to the heater surface is primarily responsible for the increased heat
transfer coefficient.

In region A—B the large heat fluxes obtainable in this region are caused by
the combined effect of liquid entrainment and evaporation.

For the entire nucleate boiling range, the heat transfer coefficient ranges
from about 2000 to 30,000 W/m?2-K.

Matural convection Nucleate Transition Film
boiling boiling boiling boiling
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Transition Boiling
(between Points C and D)

When AT, ... IS increased past point
C, the heat flux decreases.

This is because a large fraction of the
heater surface is covered by a vapor
film, which acts as an insulation.

In the transition boiling

occurs over the excess

Ifr\ﬂe surfnceI

regime, both nucleate and N oting " bolng boiling botling

film boiling partially occur. — — i'

Operation in the transition | e i ;ea{rcﬁlf:ii? e

boiling regime, which is T o |

also called the unstable kS o h

film boiling regime, is ;g“}“‘ - AN

avoided in practice. . -/ N

For water, transition boiling o /e Leidentrost poin,dy
|
i

temperature range from 1)
about 30°C to about
120°C.




Film Boiling (beyond Point D

Beyond point D the
heater surface is
completely covered by a
continuous stable vapor
film.

Point D, where the heat
flux reaches a minimum

is called the Leidenfrost ol cton - Nueke - Taten o

point. m : v— id —

The presence of a vapor | colapee i | heat s, g

film between the heater a o |

surface and the liquid is o |

responsible for the low i . .,

heat transfer rates in the  ~ -/ !

film boiling region. 1 /| P Lt ot
free surface

The heat transfer rate 1 : : : . : .

increases with increasing S 0 00

excess temperature due
to radiation to the liquid.
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Burnout Phenomenon

« A typical boiling process
does not follow the boiling
curve beyond point C.

*  When the power applied to
the heated surface exceeded
the value at point C even
slightly, the surface
temperature increased
suddenly to point E.

*  When the power is reduced
gradually starting from point
E the cooling curve follows
Fig. 10—8 with a sudden drop
in excess temperature when
point D is reached.
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The actual boiling curve obtained with
heated platinum wire in water as the
heat flux is increased and then
decreased.
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Any attempt to increase the heat
flux beyond g,,,, Will cause the
operation point on the boiling
curve to jump suddenly from
point C to point E.

However, surface temperature
that corresponds to point E is
beyond the melting point of most
heater materials, and burnout
OCCuUrs.

Therefore, point C on the boiling
curve is also called the burnout
point, and the heat flux at this
point the burnout heat flux.

Most boiling heat transfer
equipment in practice operate
slightly below g, to avoid any
disastrous burnout.
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An attempt to increase the boiling heat
flux beyond the critical value often
causes the temperature of the heating
element to jump suddenly to a value
that 1s above the melting point,
resulting in burnout.
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Heat Transfer Correlations in Pool Boiling

« Boiling regimes differ considerably in their character.

« Different heat transfer relations need to be used for different boiling regimes.

* In the natural convection boiling regime heat transfer rates can be accurately
determined using natural convection relations.

Nucleate Boiling

No general theoretical relations for heat
transfer in the nucleate boiling regime is

available.

Experimental based correlations are

used.

The rate of heat transfer strongly
depends on the nature of nucleation
and the type and the condition of the

heated surface.
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Film
Critical heat boiling

flux relation relations
&

Nucleate
boiling
relations

Natural
convection
relations

Minimum
~ heat flux
relation

T
-

FIGURE 10-10

Different relations are used to
determine the heat flux in different
boiling regimes.
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* For nucleate boiling a widely used
correlation proposed in 1952 by Rohsenow:

ll\ ;
. S
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G auceare = Nucleate boiling heat flux, W/m?
;= viscosity of the liquid, kg/m-s
he, = enthalpy of vaporization, J/kg

g = gravitational acceleration, m/s*
p, = density of the liquid. kg/m?
p, = density of the vapor, kg/m?

o = surface tension of liquid—vapor interface, N/m
cp = specitic heat of the liquid, J/kg-"C
T, = surface temperature of the heater, "C
T, = saturation temperature of the fluid, "C
Cy = experimental constant that depends on surface—fTuid combination

Pr; = Prandtl number of the liquid
n = experimental constant that depends on the fluid

g levs
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mkg e T
s° m’ kg-°C
N ]
Loom ! kg
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m| 2/ (D
= W/m?

FIGURE 10-11

Equation 10-2 gives the boiling heat

- . - ] -

flux in W/m~ when the quantities are
expressed in the units specified in their

descriptions.
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TABLE 10-1

Surface tension of liquid-vapor

interface for water

T, °C a, N/m*
0 0.0757
20 0.0727
40 0.0696
60 0.0662
80 0.0627
100 0.0589
120 0.0550
140 0.0509
160 0.0466
180 0.0422
200 0,0377
220 0.0331
240 0.0284
260 0.0237
280 0.0190
300 0.0144
320 0.0099
340 0.0056
360 0.0019
374 0.0

*Multiply by 0.06852 to convert to Ibf/ft or

by 2.2046 to convert to |bm/s2.

TABLE 10-2

Surface tension of some fluids (from Suryanarayana, originally based on data

from Jasper)

Substance and Temp. Range

Surface Tension, o, N/m* (T in °C)

Ammonia, =75 to -40°C:
Benzene, 10 to 80°C:

Butane, —70 to -20°C:
Carbon dioxide, —30 to -20°C:
Ethyl alcohol, 10 to 70°C:
Mercury, 5 to 200°C:

Methyl alcohaol, 10 to 60°C:
Pentane, 10 to 30°C:
Propane, —90 to -10°C:

0.0264 + 0.000223T
0.0315 - 0.000129T
0.0149 -0.000121T
0.0043 - 0.000160T
0.0241 - 0.000083T
0.4906 — 0.000205T
0.0240 - 0.000077T
0.0183 - 0.000110T7
0.0092 - 0.000087T

*Multiply by 0.06852 to convert to Ibfft or by 2.2046 to convert to [bm/s2,

TABLE 10-3

Values of the coefficient C.; and n for various fluid—surface combinations
Fluid—Heating Surface Combination C. n
Water—copper (polished) 0.0130 1.0
Water—copper (scored) 0.0068 1.0
Water—stainless steel (mechanically polished) 0.0130 1.0
Water—stainless steel (ground and polished) 0.0060 1.0
Water—stainless steel (teflon pitted) 0.0058 1.0
Water—stainless steel (chemically etched) 0.0130 1.0
Water-brass 0.0060 1.0
Water—nickel 0.0060 1.0
Water—platinum 0.0130 1.0
n-Pentane—copper (polished) 0.0154 1.7
n-Pentane—chromium 0.0150 1.7
Benzene—chromium 0.1010 1.7
Ethyl alcohol-chromium 0.0027 1.7
Carbon tetrachloride—copper 0.0130 1.7
Isopropanol—copper 0.0025 1.7
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Peak Heat Flux

The maximum (or critical) heat flux (CHF) in nucleate pool boiling:

. - ~ _‘I ¢ o i \ ]-I'
4 max — C cr h_f_s:[rrl{':p v [ Pi ,”1”

C,, Is a constant whose value depends on the heater geometry, but generally is
about 0.15.

The CHF is independent of the fluid—heating surface combination, as well as
the viscosity, thermal conductivity, and the specific heat of the liquid.

The CHF increases with pressure up to about one-third of the critical pressure,
and then starts to decrease and becomes zero at the critical pressure.

The CHF is proportional to h;,, and large maximum heat fluxes can be obtained
using fluids with a large enthalpy of vaporization, such as water.

TABLE 10-4

Values of the coefficient C,, for use in Eq. 10-3 for maximum heat flux (dimensionless parameter L* = L[g{p, — p, Ver]V2)
Heater Geometry Co Charac. Dimension of Heater, L Range of L*

Large horizontal flat heater 0.149 Width or diameter L* =27

Small horizontal flat heater! 18.9K, Width or diameter 9<L[*<20

Large horizontal cylinder 0.12 Radius [F>1.2

Small horizontal cylinder 0.12]*028 Radius 0.15<L*<1.2
Large sphere 0.11 Radius L*=4.26

Small sphere 0.227 L7905 Radius 0.15<L*<4.26

lf‘fl = rr."'[gf,-".' __I"v)'d'haaher]
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Minimum Heat Flux

Minimum heat flux, which occurs

at the Leidenfrost point, is of
practical interest since it

represents the lower limit for the
heat flux in the film boiling regime.

Zuber derived the following

expression for the minimum heat

flux for a large horizontal plate
1/4
og(p; — p,)

{ = 0.09p_ h,, .
fmin P o [ {'I?..' + ‘”L..}_

This relation above can be in error

by 50% or more.
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. . /
Difterent relations are usé&d-to

determine the heat flux in different
boiling regimes.

Operation in the transition boiling regime (30°C = AT, ., = 120°C) is

Transition

normally avoided in the design of heat transfer equipment, and thus no major
attempt has been made to develop general correlations for boiling heat trans-

bO”mg fer in this regime. However, the upper (peak heat flux. ¢ ,.,) and the lower
regime (minimum heat flux, ¢ ;) limits of this region are of interest to heat transfer 19

equipment designers.



Film Boiling

The heat flux for film boiling on a horizontal cylinder or

sphere of diameter D is given by

.{H:‘: -” {ﬂ." o pl'}[";‘r_.{q + {]'—I"-l!-'}'.'{Tn o TH‘;[I}]

{;{ film — (--11'11111 { u INT. —

sal }

C.. — 0.62 for horizontal cylinders
film 10,67 for spheres

« At high surface temperatures
(typically above 300°C), heat
transfer across the vapor film by
radiation becomes significant and
needs to be considered.

{}’[.“d = & ( T:l — T:,hl'} For ¢ 4 < 4 e

b
D

()[Hl‘ll = (-/lJlITJ + -I- {k|;|-.i

/4
{T"- o T‘w'ul}

P=1 atm

100°C

400°C

4 Vapor { 4
| A
Gfitm Lﬁ T T T T T T T T T Grad

Heating

FIGURE 10-12

At high heater surface temperatures,
radiation heat transfer becomes
significant during film boiling.
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Enhancement of Heat Transfer in Pool Boiling

 The rate of heat transfer in the
nucleate boiling regime strongly
depends on the number of Liquid
active nucleation sites on the Yl

surface, and the rate of bubble
formation at each site.

* Therefore, modification that Nucleation sites for vapor
enhances nucleation on the
heating surface will also FIGURE 10-13
enhance heat transfer in The cavities on a rough surface act as
nucleate boiling. nucleation sites and enhance boiling

. : heat transfer.
» lrregularities on the heating

surface, including roughness
and dirt, serve as additional
nucleation sites during boiling.

« The effect of surface roughness

is observed to decay with time. .y



Surfaces that provide enhanced heat
transfer in nucleate boiling permanently
are being manufactured and are available
in the market.

Heat transfer can be enhanced by a
factor of up to 10 during nucleate boiling,
and the critical heat flux by a factor of 3.

The use of finned surfaces is also known
to enhance nucleate boiling heat transfer
and the maximum heat flux.

Boiling heat transfer can also be
enhanced by other techniques such as
mechanical agitation and surface
vibration.

These techniques are not practical,
however, because of the complications
involved.

FIGURE 10-14

The enhancement of boiling heat
transfer in Freon-12 by a
mechanically roughened surface,
thermoexcel-E.

Tunnel
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10°
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FLOW BOILING

In flow boiling, the fluid is forced to move
by an external source such as a pump as it
undergoes a phase-change process.

It exhibits the combined effects of
convection and pool boiling.

High

velocity

Low

velocity

External flow boiling over a plate or
cylinder is similar to pool boiling, but the
added motion increases both the nucleate
boiling heat flux and the maximum heat
flux considerably.

The higher the velocity, the higher the
nucleate boiling heat flux and the critical -

_ Nucleate pool
boiling regime

heat flux. Al excess
Internal flow boiling, commonly referredto  FIGURE 10-18

as two-phase flow, is much more The effect of forced convection on
complicated in nature because there is no  external flow boiling for different flow
free surface for the vapor to escape, and velocities.

thus both the liquid and the vapor are ’a

forced to flow together.



The two-phase flow in a tube
exhibits different flow boiling
regimes, depending on the
relative amounts of the liquid
and the vapor phases.

Note that the tube contains a
liquid before the bubbly flow
regime and a vapor after the
mist-flow regime.

Heat transfer in those two
cases can be determined
using the appropriate
relations for single-phase
convection heat transfer.

Low High
= Forced convection
— 1 — el -
= .
=Ll —g'_ Mist flow
'- I - Transition flow
o o
e
- 2 Annular flow
o
N -
5:.
o o o
= B
S = Slug flow
==
=
= E
3 3
T Bubbly flow
—x=0

Forced convection

Coefficient of heat transfer 1
FIGURE 10-19
Ditferent flow regimes encountered in
flow boiling in a tube under forced
convection.
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Liquid single-phase flow
v" In the inlet region the liquid is subcooled and heat transfer to the liquid is
by forced convection (assuming no subcooled boiling).

Bubbly flow
v" Individual bubbles
v" Low mass qualities

Low High
Slug flow oo ; | Forced convection
v" Bubbles coalesce into slugs of vapor. B2 || | mistiiow
v Moderate mass qualities I || | Trnsition flow
Annular flow i
. LA e Annular flow
v" Core of the flow consists of vapor B .
only, and liquid adjacent to the walls. gz g
v" Very high heat transfer coefficients & 2= ...
S = ug flow
Mist flow 4 =
v" A sharp decrease in the heat transfer Be
CoefﬁCient ':11 Bubbly flow
Vapor single-phase flow 1%=0
c : . | Forced convection
v The “qUId phase IS Completely Coefficient of heat transfer 1

evaporated and vapor is

superheated. 25
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CONDENSATION HEAT TRANSFER

Condensation occurs when the temperature of a vapor is reduced below

its saturation temperature.

Film condensation

« The condensate wets the surface and
forms a liquid film.

« The surface is blanketed by a liquid
film which serves as a resistance to
heat transfer.

Dropwise condensation

* The condensed vapor forms droplets
on the surface.

* The droplets slide down when they
reach a certain size.

* No liquid film to resist heat transfer.

« As aresult, heat transfer rates that
are more than 10 times larger than
with film condensation can be
achieved.

]

Liquid film
(a) Film (b) Dropwise
condensation condensation

FIGURE 10-20

When a vapor is exposed to a surface
at a temperature below T,
condensation in the form of a liquid
film or individual droplets occurs on
the surface.



FILM CONDENSATION

 Liquid film starts forming at the top
of the plate and flows downward
under the influence of gravity.

« O Increases in the flow direction x

* Heat in the amount h, is released
during condensation and is
transferred through the film to the
plate surface.

« T, must be below the saturation
temperature for condensation.

- The temperature of the condensate
is T at the interface and decreases
gradually to T, at the wall.

Cold ¥y
plate /
Nl xy i
0 8
i(x) Vapor, V

Liquid—vapor
interface

. Temperature
1) profile
T
. Velocity
y) profile
Liquid, /
FIGURE 10-21

Film condensation on a vertical plate.
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_DwpVi _4AcpVi_4pVio _ i Heat transfer in

Re =
M PR i P condensation depends
Dy, = 4A./p = 46 = hydraulic diameter of the condensate flow, m on whether the _
p = wetted perimeter of the condensate, m condensate flow is
A, = —pd = wetted perimeter X film thickness, m?, cross-sectional area |aminar or turbulent.
of the condensate flow at the lowest part of the flow The criterion for the

p; = density of the liquid, kg/m?
(= viscosity of the liquid, kg/m-s
V; = average velocity of the condensate at the lowest part of the flow, m/s by the Reynolds
m = p; Vi A, = mass [low rate of the condensate at the lowest part, kg/s number.

flow regime is provided

r b
\l_\—_j:_>/ 5 I
N p= Np o
p=nrD p=2L

\ FIGURE 10-22
A =7mDé A, =2Lé The wetted perimeter p. the
D = 44, 45 D= 4A, _ 45 condensate cross-sectional arca A,

h— - h— - . . -
P p and the hydraulic diameter D, for
{a) Vertical plate (b) Wertical cylinder {¢) Horizontal cylinder S0IMe Comimnon g¢{~p|11c||-i¢5_



When the final state is subcooled liquid instead of saturated liquid:

h%, = hy, +0.68¢,, (T, — T,) Modified latent heat of vaporization

For vapor that enters the condenser as superheated
vapor at a temperature T, instead of as saturated vapor:

hi, = 'f'r_.-';;: + {'LﬁH{'P_I,. (Tow — 1) + ¢, (T, — Toy)

O conden = hA(Ty — T,) = mh3 Rate of heat transfer

This relation is convenient to use to

Re = Jr@‘-""“"f“ — AT = 19 determine the Reynolds number when the
Py I Py h condensation heat transfer coefficient or the

rate of heat transfer is known.

Tf — (T

sat

+ T,)/2 The properties of the liquid should be
| evaluated at the film temperature

The h¢, should be evaluated at T



Flow Regimes

The dimensionless parameter
controlling the transition between
regimes is the Reynolds number
defined as:

DypVi 4A.p Vi ApVid 4
W P W Py

Re

Three prime flow regimes:
v' Re < 30 — Laminar (wave-free)
v' 30 < Re < 1800 — Laminar (wavy)
v" Re > 1800 — Turbulent

The Reynolds number increases in
the flow direction.

Laminar
(wave-free)

—_— RCEE[]4I—

Laminar
(wavy)

— Re = 1800——F

Turbulent

FIGURE 10-23

Flow regimes during film
condensation on a vertical plate.



Heat Transfer Correlations for Film Condensation
1 Vertical Plates

o-y
7
\ dx
Assumptions: shear foce ‘ 2
. . ﬂ,?f bdx) | E=1|0}-':1[1c3-' force
1. Both the plate and the vapor are maintained b weight [ | Ae(3-3) (b
Meto—y) (bdx)
at constant temperatures of T, and T,
respectively, and the temperature across the }'Ki
liquid film varies linearly. £
4
2. Heat transfer across the liquid film is by pure }l_é
conduction. o [T\ enized
e & \—  velocity
3. The velocity of the vapor is low (or zero) so wy=0 L 1;-..,.___p_r_orr\;tl}ewpm .
that it exerts no drag on the condensate (no \
- c c . . Idealized
viscous shear on the liquid—vapor interface). | . T,M\u \| temperature
. . P A profile
4. The flow of the condensate is laminar N
. . . Liquid, { S
(Re<30) and the properties of the liquid are - T Linea
constant.

FIGURE 10-24
negligible.

The volume element of condensate on

5. The acceleration of the condensate layer is

a vertical plate considered in

Nusselt’s analysis.

7



Then Newton's second law of motion for the volume element shown in
Fig. 10-24 in the vertical x-direction can be written as

> F,=ma,=0

since the acceleration of the fluid is zero. Noting that the only force acting
downward is the weight of the liquid element, and the forces acting upward
are the viscous shear (or fluid friction) force at the left and the buoyancy force,
the force balance on the volume element becomes

Fd-:rwnward; = Fupward‘r
Weight = Viscous shear force + Buoyancy force

du

p(o — vi(bdx) = My g

(bdx) + p, gl — vi(bdx)

Canceling the plate width b and solving for du/dy gives

du _ 8= pJglp = ¥)
dy oy

Integrating from v = 0 where ¥ = 0 (because of the no-slip boundary condi-
tion) to y = y where u = u(y) gives

— . y?
My 2

The mass flow rate of the condensate at a location x, where the boundary layer
thickness is &, is determined from

mix) = J

A

&
i(vidA = J (v ibdy (10-13)
y=0

Substituting the u(y) relation from Equation 10-12 into Eq. 10-13 gives

bpdp — po)&
m(x) = 32080 PoX (10-14)
3

a—v
<=
dx
Shear force }_
du
Higy {bdlx) Buoyancy force

1 0,2(8— ) (bdx)

Weight
De(8—v) (bdx)
0 ¥
/]
Xy
¢ <
dx
0 X Idealized
u=u 1 velocity
aty=0 profile
Yyy \ — No vapor drag
Idealized
l Tt temperature
2 profile
T.
Lid Liquid, ! — Ligr:;ar

FIGURE 10-24

The volume element of condensate on

a vertical plate considered in
Nusselt’s analysis.



whose derivative with respect to x is

dm _ gbpp; — p,)3* ds

e m i (10-15)

which represents the rate of condensation of vapor over a vertical distance dx.
The rate of heat transfer from the vapor to the plate through the liquid film is
simply equal to the heat released as the vapor is condensed and is expressed as

dO = h-dm = kibd T — T, dm_k.'hTsat_Ts
0= tdit = KO =T = e T, 6

(10-16)

Equating Eqs. 10-15 and 10-16 for dm/dx to each other and separating the
variables give

k(T —T)
Y Al St (10-17)
Loy (py — .Ir}v}hfg

Integrating from x = 0 where & = 0 (the top of the plate) to x = x where 6 =
a(x), the liquid film thickness at any location x is determined to be
41,k (T, — T,)x|
5(x) = [ iy Ky UL gy ) }
2o (pr — pulig

The heat transfer rate from the vapor to the plate at a location x can be
expressed as

(10-18)

. T — T ky

Qe =T = T) = k=25 = hy =57

Substituting the 6(x) expression from Eq. 10-18, the local heat transfer coef-
ficient /1, is determined to be

Fﬁ:{ﬁ: — pig k:)} L4
T Ay (T — T

(10-19)

(10-20)

The average heat transfer coefficient over the entire plate is determined from
its definition by substituting the A, relation and performing the integration. It
gives
[ — phg ki
1 JL 4 Fﬁa{.ﬁ: Py Ky
h=hem=71 hdv=2h,-p=10943
LT 3 r=t (T — TL

14
] (10-21)

Shear force
du
My gy, (bdx) Buoyancy force
' Weight P2,800—¥) (bdx)
(0 —v) (bdx)
0 y
/|
Xy
¢ <
ax
~0 ‘;H Idealized
= velocity
aty=0 profile
YVYy \ — No vapor drag
Idealized
i Tyt temperature
2 profile
. . T‘Sﬂt
L L L — Linear

FIGURE 10-24

The volume element of condensate on
a vertical plate considered in

Nusselt’s analysis.
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The average heat transfer coefficient for laminar film
condensation over a vertical flat plate of height L is

gpi(py = Py ki us

P T 8|
Nyery = 0.943 (W/m=-K),
(T = T)L
g= grzn-'ilzlliﬂnzll acceleration, m/s?
p;. p, = densities of the liquid and vapor, respectively, kg/m?

i, = viscosity of the liquid, kg/m-s
hi = hy +0.68¢, (T,

Te sab
k, = thermal s.nmlu:.ll'nl}r of the liquid, W/m-K
L = height of the vertical plate, m
T, = surface temperature of the plate, “C
T, = saturation temperature of the condensing fluid, “C
o3 ’ N -
4{‘”) fﬁl - P, 1O 4.“!‘:"}- I,IH 3 _H: »’Ik-,.' 3
R‘: = = . 7 3
37 3u? \h=; 37 \3Nerd4,
nr. /3 - R
_ — RC =< O
;‘n_][ _ ] —l-‘_”:" l:\'" - ( w) ’ e
1;_ J”l' =

= (T + T,)/2 All properties of the liquid are to be
evaluated at the film temperature.
The hy, and p, are to be evaluated
at the saturation temperature T,

) << Re << 30

(10-22)

T,) = modified latent heat of vaporization, J/kg

/ m kg ke 1 ; W
s2m'm’ ]wl:m K|
Iﬁ'verl: kg
— K-m
m-s
_[m I w J}
s m® m*K K
[- wH ) 14
B L m& K
= W/m%K

FIGURE 10-25

Equation 10-22 gives the
condensation heat transfer coetficient
in W/m?-K when the quantities are
expressed in the units specified in their
descriptions.
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Wavy Laminar Flow on Vertical Plates

The average heat transfer coefficient in
wavy laminar condensate flow for

B Re £, ( g ) 3 30 < Re < 1800
.08 Re!? — 5.2 P

p, < p,and 30 < Re < 1800

"F ! vert, wavy 4
Vi

Pert, wavy = 0.8 Re® ! Ao moomy A simpler alternative to the relation above

3.70 Lk, (T — T,) [ g\ /3]0s20
Revert, wavy — 481 + e _.) . p\_. << pg
M hjf'é V)

11



Turbulent Flow on Vertical Plates

Turbulent flow of condensate on vertical plates:

h vert, turbulent —

Re k,

el =

)

50 + 58 Pr % (Re%" — 253)

2 N\ 1/3
_: ‘
1 :,.-

Re = 1800

Py <€ Py Pv < Pi

The physical properties of the condensate are again to be
evaluated at the film temperature T, = (T

Re —
“vert, turbulent

1.0

0.1

0.0690 Lk, Pt (T, — T.)

sat

+ T)/2.

My hs f
Eq. 1024 Pr=10""]
. s
\“\. Eq. 10-2 //f/
\\\ q. 1 5 5
\ //// 1
"f__.-"'—/ ,—’/\/
| Eq. 1028
Wave-free
- laminar —1-‘-:—‘ Wavy laminar ‘ | o | Turbulent ———
10 30 100 1000 1800 10,000
Re

o 1/3 B 413
5) 151 ProS 4 253
VY,

FIGURE 10-26

Nondimensionalized heat transfer
coefficients for the wave-free laminar,
wavy laminar, and turbulent flow of
condensate on vertical plates.
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2 Inclined Plates

Equation 10-22 was developed for vertical plates,
but it can also be used for laminar film condensation
on the upper surfaces of plates that are inclined

by an angle @from the vertical, by replacing g in that
equation by g cosé.

h Nyer (COs B)17 (laminar)

inclined —

gp(p; — poh, k1
Moy = 0.943 - (W/m?-K), 0 < Re < 30
o My ( T\;H - T\}L | )

3 Vertical Tubes

Equation 10-22 for vertical plates can also be
used to calculate the average heat transfer
coefficient for laminar film condensation on the
outer surfaces of vertical tubes provided that the
tube diameter is large relative to the thickness
of the liquid film.

_ - Condensate
Inclined A= C
plate

FIGURE 10-27
Film condensation on
an inclined plate.
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4 Horizontal Tubes and Spheres

The average heat transfer coefficient for film condensation
on the outer surfaces of a horizontal tube is

gp,(p; — py) % ki W For a sphere, replace the
— () 77C (W/m*-K)
Moz, = 0.729 (T — T)D (W/m™-K)  constant 0.729 by 0.815.

A comparison of the heat transfer coefficient relations for a vertical tube of
height L and a horizontal tube of diameter D yields

el - .r'r) A
= 1.29 ) + .
Roriz (L) Setting Nyert = Nyoriz gives L = 1.29*D = 2.77D.

For a tube whose length is 2.77 times its diameter, the average heat transfer coefficient for
laminar film condensation will be the same whether the tube is positioned horizontally or vertically.

For L > 2.77D, the heat transfer coefficient is higher in the horizontal position.

Considering that the length of a tube in any practical application is several times its diameter, it is
common practice to place the tubes in a condenser horizontally to maximize the condensation
heat transfer coefficient on the outer surfaces of the tubes.

14



5 Horizontal Tube Banks

The average thickness of the liquid film at the lower tubes is

’f"‘/ much larger as a result of condensate falling on top of them
,t,* from the tubes directly above.
J J WL Therefore, the average heat transfer coefficient at the lower
/’/Q l\' tubes in such arrangements is smaller.
.|
N Assuming the condensate from the tubes above to the ones
b | . .
J ¥ W\ below drain smoothly, the average film condensation heat
' \‘1 transfer coefficient for all tubes in a vertical tier can be
| Hl- ' d
\ Yy expressed as
K |
,C/ \:a gpi(p; — p,) hig ki l
-{r I':Ir hhnn'f N tubes — [)?j{“) T - ' hh-:‘l['l;-’ | tube
\ii r*;; L, | e le TH » - T} a\‘[) 1-\.”""’ LE,
\:&v‘:‘/ - _ TR A
¥ - gy ) f?ﬁ, .Iﬁ. 14 L
iy oy, = 0. ,-zq{ T =70 (W/m?-K)
: ML sat L J

This relation does not account for the

FIGURE 10‘28_ _ _ increase in heat transfer due to the ripple
Film condensation on a vertical tier of fgrmation and turbulence caused during
horizontal tubes. drainage, and thus generally yields

conservative results. 15



Effect of Vapor Velocity

In the analysis above we assumed the vapor velocity to be small and
thus the vapor drag exerted on the liquid film to be negligible, which
is usually the case.

However, when the vapor velocity is high, the vapor will “pull” the
liquid at the interface along since the vapor velocity at the interface
must drop to the value of the liquid velocity.

If the vapor flows downward (i.e., in the same direction as the liquid),
this additional force will increase the average velocity of the liquid
and thus decrease the film thickness.

This, in turn, will decrease the thermal resistance of the liquid film
and thus increase heat transfer.

Upward vapor flow has the opposite effects: the vapor exerts a force
on the liquid in the opposite direction to flow, thickens the liquid film,
and thus decreases heat transfer.

16



The Presence of Noncondensable Gases in Condensers

Experimental studies show that the presence of
noncondensable gases in the vapor has a
detrimental effect on condensation heat transfer.

Even small amounts of a noncondensable gas in
the vapor cause significant drops in heat transfer
coefficient during condensation.

It is common practice to periodically vent out the
noncondensable gases that accumulate in the
condensers to ensure proper operation.

Heat transfer in the presence of a noncondensable
gas strongly depends on the nature of the vapor
flow and the flow velocity.

A high flow velocity is more likely to remove the
stagnant noncondensable gas from the vicinity of
the surface, and thus improve heat transfer.

FIGURE 10-29

The presence of a noncondensable gas
in a vapor prevents the vapor
molecules from reaching the cold
surface easily, and thus impedes
condensation heat transfer.

Vapor + Noncondensable gas

Cold

su rl‘;mc\

Condensate

Noncondensable gas

Vapor
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FILM CONDENSATION INSIDE
HORIZONTAL TUBES

Most condensation processes encountered in  Liquid
refrigeration and air-conditioning applications e
involve condensation on the inner surfaces of L Vapor
horizontal or vertical tubes. R A T AN S ATOI RSP
Heat transfer analysis of condensation inside S
tubes is complicated by the fact that it is strongly R Tube
influenced by the vapor velocity and the rate of (@) High vapor velociies
liquid accumulation on the walls of the tubes. ... F—Liquid
For low vapor velocities: e
_-_.fw’:"f{ﬂf'_,”r}kf 3 /4
Pisternal = ”'33:1|i|\bf{?ﬂm — T)D (hu + ] Cpil T oy T, })_
pn'er - R Tube
Rewpm' = ( ) << 35,000 (b) Low vapor velocities
Fv  /Jintet FIGURE 10-34

Condensate flow in a horizontal tube

The Reynolds number of the vapor is to be evaluated
at the tube inlet conditions using the internal tube
diameter as the characteristic length.

with high and low vapor velocities.
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DROPWISE CONDENSATION

Dropwise condensation, characterized by
countless droplets of varying diameters on the
condensing surface instead of a continuous
liquid film and extremely large heat transfer
coefficients can be achieved with this
mechanism.

The small droplets that form at the nucleation
sites on the surface grow as a result of
continued condensation, coalesce into large
droplets, and slide down when they reach a
certain size, clearing the surface and exposing it
to vapor. There is no liquid film in this case to
resist heat transfer.

As a result, with dropwise condensation, heat
transfer coefficients can be achieved that are
more than 10 times larger than those associated
with film condensation.

The challenge in dropwise condensation is not
to achieve it, but rather, to sustain it for
prolonged periods of time.

{5 104 + 2044T
h LJJ'i'I[‘.\‘&'Hc =

I sdl
255,310

Dropwise condensation of steam on a
vertical surface.

Dropwise condensation of
steam on copper surfaces:
jj ":-1 < Th'hl" | OO (‘ 19
Ty > 100°C
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Objectives

Recognize numerous types of heat exchangers, and
classify them

Develop an awareness of fouling on surfaces, and
determine the overall heat transfer coefficient for a heat
exchanger

Perform a general energy analysis on heat exchangers

Obtain a relation for the logarithmic mean temperature
difference for use in the LMTD method, and modify it
for different types of heat exchangers using the
correction factor

Develop relations for effectiveness, and analyze heat
exchangers when outlet temperatures are not known
using the effectiveness-NTU method

Know the primary considerations in the selection of
heat exchangers.



TYPES OF HEAT EXCHANGERS

T T

Cold Cold

out in

Hot W Hot Hot q Hot
in | — out in l = _out

— - D— —= (0 = — i)—
S
Cctld Cold FIGURE 11-1
in out Difterent flow regimes and associated

temperature profiles in a double-pipe 5
(a) Parallel flow (b)) Counter flow heat exchan ger.



Compact heat exchanger: It has a large heat
transfer surface area per unit volume (e.g., car

radiator, human lung). A heat exchanger with the Croseflow
area density > 700 m?/m3 is classified as being (unmived)
compact.

Cross-flow: In compact heat exchangers, the two fluids
usually move perpendicular to each other. The cross-
flow is further classified as unmixed and mixed flow.

(unmixed)

(a) Both fluids unmixed

(unmixed)

() One fluid mixed, one fluid unmixed

FIGURE 11-2

A gas-to-liquid compact heat
exchanger for a residential air-
conditioning system.

FIGURE 11-3

Different flow configurations in

cross-flow heat exchangers.
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Shell-and-tube heat exchanger: The most common type of heat
exchanger in industrial applications.

They contain a large number of tubes (sometimes several hundred)
packed in a shell with their axes parallel to that of the shell. Heat
transfer takes place as one fluid flows inside the tubes while the other
fluid flows outside the tubes through the shell.

Shell-and-tube heat exchangers are further classified according to the
number of shell and tube passes involved.

Tube Shell
outlet inlet Baffles

Front-end
header

Rear-end
header irH1T
Tubes
Shell Shell Tube
outlet inlet
FIGURE 114

The schematic of a shell-and-tube heat exchanger (one-shell pass and one-tube pass).



Regenerative heat exchanger:
Involves the alternate passage of the
hot and cold fluid streams through the
same flow area.

Dynamic-type regenerator: Involves a
rotating drum and continuous flow of
the hot and cold fluid through different
portions of the drum so that any
portion of the drum passes periodically
through the hot stream, storing heat,
and then through the cold stream,
rejecting this stored heat.

Condenser: One of the fluids is cooled
and condenses as it flows through the
heat exchanger.

Boiler: One of the fluids absorbs heat
and vaporizes.

Shell-side fluid
In

Tube-side
fluid

@ | o—> Out

D [

Out
(a) One-shell pass and two-tube passes

Shell-side fluid
In

v
G | D> Out
Tube-
l ) side
G | fluid
D < In

Out
(b) Two-shell passes and four-tube passes

FIGURE 11-5
Multipass flow arrangements in
shell-and-tube heat exchangers.



Plate and frame (or just plate) heat exchanger: Consists of a series of plates
with corrugated flat flow passages. The hot and cold fluids flow in alternate
passages, and thus each cold fluid stream is surrounded by two hot fluid streams,
resulting in very effective heat transfer. Well suited for liquid-to-liquid applications.

A plate-and-frame
liquid-to-liquid heat
exchanger.

Nozzles attached
to end frames allow
for entrance and exit

of fluids.

& [ i !

N e ‘|1”|'|'|”' i

e T i i B |

Plates supported by h i i = S
an upper guide bar are il

held in a frame which

is bolied together.

Portholes and gaskets
allow fluids to flow
in alternate channels. 0

.(

Special gaskets on end
plates prevent fluids from are arranged The lower rectangular guide bar
contacting the frames. A gasket mounted on alternately assures absolute plate alignment
each plate seals the channel ' preventing lateral movement.
between it and the next plate.

A and B plates
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THE OVERALL HEAT TRANSFER COEFFICIENT

* A heat exchanger typically involves two
flowing fluids separated by a solid wall.

 Heat is first transferred from the hot fluid to
the wall by convection, through the wall by Cold__
conduction, and from the wall to the cold (luid
fluid again by convection.

r
* Any radiation effects are usually included in Hot
. . . fluid

the convection heat transfer coefficients.

Heat

In (D“/[)f ) transfer
Rwall - 2k T.,®
) Cold
N N _ 1 In@D,/Dy) 1| Hot fluid fud
R= R = R+ Ry + K, = h; A, T TomkL T h A, A-f -HA""“"TU

Thermal resistance network Ryan
associated with heat transfer in
a double-pipe heat exchanger.

A, =7mDLand A, = 7D L
f ANV WY W—e T
sl
Ry= h,A R, hA,



/ 0 =5 = UAAT = U,A,AT = U,A,AT

U the overall heat transfer
coefficient, W/m2.cC

Heat
transfer

I l l l l

{_,."r‘/jl\ — {;rll lel. — {_J_.r” A” — R — h{{_lll + RWLJH + h”{ﬂl”

Outer tube

Outer
fluid Inner Inner tube UA =U A .} 7 7 o« A —
fluid J‘-'!t;:?ff}fji Sy — U ,A, ut Ll' # L’” Unle?\S Ai — A”
A;=mD,L
FIGURE 11-8 When R , =0 A, = A, = A
The two heat transfer surface areas
associated with a double-pipe heat 1 1 + 1 U=~U ~U
exchanger (for thin tubes, D, = D, and U h; h, : .

thus A; = A,).

The overall heat transfer coefficient U is dominated by the smaller convection
coefficient. When one of the convection coefficients is much smaller than the other
(say, h, << h,), we have 1/h, >> 1/h, and thus U = h.. This situation arises frequently
when one of the fluids is a gas and the other is a liquid. In such cases, fins are
commonly used on the gas side to enhance the product UA and thus the heat
transfer on that side. 9




The overall heat transfer coefficient

ranges from about 10 W/m?2-°C for

gas-to-gas heat exchangers to about
10,000 W/m?2-°C for heat exchangers

that involve phase changes.

TABLE 11-1

Representative values of the overall heat transfer coefficients in heat

exchangers

When the tube is finned on one
side to enhance heat transfer, the
total heat transfer surface area on

the finned side is

A" = ‘4[“[;[] - A['m + A

unfinned

For short fins of high
thermal conductivity, we
can use this total area in

Type of heat exchanger

U, Wim2-K" the convection

Water-to-water

Water-to-oil

Water-to-gasoline or kerosene
Feedwater heaters

Steam-to-light fuel oil
Steam-to-heavy fuel oil

Steam condenser

Freon condenser (water cooled)
Ammonia condenser (water cooled)
Alcohol condensers (water cooled)
Gas-to-gas

Water-to-air in finned tubes (water in tubes)

Steam-to-air in finned tubes (steam in tubes)

850-1700 resistance relation

100-350 Reonv = 1/WA,
300-1000
1000-8500
200-400 Ay = Aum'mn{'al + Thmﬂnn
50-200

1000-6000 10 account for fin efficiency

300-1000
800-1400
250-700
10-40
30-601
400-850F
30-300f

400-4000% 10



Fouling Factor

The performance of heat exchangers usually deteriorates with time as a result of
accumulation of deposits on heat transfer surfaces. The layer of deposits represents
additional resistance to heat transfer. This is represented by a fouling factor R..

1 1 1 1 R Wm0/ K.
UA - UA UA K=3a™a "2z " a Tia

The fouling factor increases with the operating temperature and the length of
service and decreases with the velocity of the fluids.

198 TABLE 11-2
. J Representative fouling factors
- (thermal resistance due to folling for
: i ; a unit surface area)
10 Fluid Ry, m2-K/W
¢ ' Distilled water,
f sea-water, river water,
f. boiler feedwater:
Below 50°C 0.0001
'f Above 50°C 0.0002
: g Fuel oil 0.0009
: . Steam (oil-free) 0.0001
Refrigerants (liquid) 0.0002
FIGURE 11-9 Refrigerants (vapor) 0.0004
Precipitation fouling of ash particles Alcohol vapors 0.0001

on superheater tubes. Alr 0.0004 11



ANALYSIS OF HEAT EXCHANGERS

An engineer often finds himself or herself in a position

1. to select a heat exchanger that will achieve a specified temperature
change in a fluid stream of known mass flow rate - the log mean

temperature difference (or LMTD) method.

2. to predict the outlet temperatures of the hot and cold fluid streams in
a specified heat exchanger - the effectiveness—NTU method.

The rate of heat transfer in heat
exchanger (HE is insulated): Two fluid

L streams that
Q — H-’ { lT ot T 1['1 have the same
capacity rates

i = B ‘
('-— F /}.lr'( TI’:‘ n Th Hlll) experlence the
n ., n, = mass flow rates same
o — e Tt temperature
Cpes Cpp = specttic heats :
f change in a well-
T, ous Th o = outlet temperatures insulated heat
T, .- T, ;, = inlet temperatures exchanger.
Cp = nycCyy, and C.=mg,,
heat capacity rate
Q - ( , out "T{'.inf]I (&—) - (i(le in T/r out)

Ti

— Hot fluid

1.

L

.

\
Cold fluid
C(' - CI'I

AT = AT, = AT, = constant

- X

Inlet

Outlet
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i is the rate of evaporation or condensation of the fluid ¢ = 7/,
hy, is the enthalpy of vaporization of the fluid at the specified temperature or pressure.

The heat capacity rate of a fluid during a phase-change process must approach
infinity since the temperature change is practically zero.

T4
: : : |
P Condensing fluid |

o

)

- Cold flmd

|

Inlet Outlet

(a) Condenser (C, — =)

T

P Hot flmid

4=

|
)

|
|
|
|
|
|
|
|
|
|
|
| |
- Boiling fluid :
|
|
|

| o

Outlet

(b) Boiler (C(_ — )

Q = UA, AT

AT, an appropriate mean (average)
"' temperature difference between the two fluids

Variation of
fluid
temperatures
in a heat
exchanger
when one of
the fluids
condenses or
boils.
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THE LOG MEAN TEMPERATURE DIFFERENCE

METHOD

50 = —my,C,y, dT,, 85Q = m.c,,. dT.

50 50

dT, = — dT. =

”-Ih( .ph e ”‘I '

c-pc

dT, — dT,. = d(T, — T,) = —8Q (

5Q = U(T, — T,) dA,

d(T,— T, r [
T,—T. U (/AA<

Th. out T,

ny, (‘ph

¢, out
h, in C my, ph

s, 1n

Q - {”'L. ‘ﬁT]m

Al =1, (AT/AT,)

AT, — AT, log mean
temperature
difference

T &
b, in Q_

ﬁQ: {"F{Th - ]:*} dAs

| Th,om
T
I NI c,ouf
=
o |
|
T:, : &Tl = Th.in cin

| _
| &Tﬁ - Th.ulut -

out

| )
:r-—a'A 2 A
I
I

R s

]\:}\_
g
=]
E
|
=
=)

Hot
fluid —
Th_in = | |
«J Variation of the fluid

Cold flmd

o, in

temperatures in a
parallel-flow double-pipe
heat exchanger.
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T Tr,uut

Hot AT,
fluid |

—»
?\.} —> . J —»
h,in u —> | Th,om
iﬁk’f Cold fluid
Tc‘,in ﬂlT] = 'T.ii',jn - Tn‘, in
iTE = ‘T.ii',c-ut - Tf,nlll
(a) Parallel-flow heat exchangers
Cold
fluid
T{‘,iﬂ L
Hot Al
fluid | -
—> S D>
Th,in - | Th,-::-m
Tc,uut iﬂi"l = T.ii', in— Tc,om
iTZ = T.ir,uut - Te:,jn

(b) Counter-flow heat exchangers

parallel-flow and counter-flow heat

The arithmetic mean temperature difference
AT, = 3(AT, + AT))

The logarithmic mean temperature
difference AT, is an exact representation
of the average temperature difference
between the hot and cold fluids.

Note that AT, is always less than AT,.
Therefore, using AT, in calculations
instead of AT, , will overestimate the rate of
heat transfer in a heat exchanger between
the two fluids.

When AT, differs from AT, by no more than
40 percent, the error in using the arithmetic
mean temperature difference is less than 1
percent. But the error increases to
undesirable levels when AT, differs from
AT, by greater amounts.

FIGURE 11-15
The AT, and AT, expressions in

15

exchangers.



Hot fluid

T,

=~

L ont

l-.]

c,in

>

Tf, in, Cold
{ fluid

Hot
fluid | —

{ >
Thin u e ] Thout

i Tc,out

FIGURE 11-16

The variation of the fluid temperatures
in a counter-flow double-pipe heat
exchanger.

Counter-Flow Heat Exchangers

In the limiting case, the cold fluid will be
heated to the inlet temperature of the hot
fluid.

However, the outlet temperature of the cold
fluid can never exceed the inlet
temperature of the hot fluid.

For specified inlet and outlet temperatures,
AT,,, a counter-flow heat exchanger is
always greater than that for a parallel-flow
heat exchanger.

Thatis, AT, ¢ > AT, pr, @nd thus a
smaller surface area (and thus a smaller
heat exchanger) is needed to achieve a
specified heat transfer rate in a counter-
flow heat exchanger.

When the heat capacity rates
of the two fluids are equal



Multipass and Cross-Flow Heat Exchangers:

Coldl T{,,m
fluid

Hot r: '\ﬂjz
fluid Cross-flow or multipass -

?. 0 shell-and-tube heat exchanger j{-_’
hin h,out

jk l Tr,uut

Heat transfer rate:
Q= UASFﬂ'Tlm.CF

AT — AT,
where Alimcr = In(AT,/AT,)

ﬂl"Tl = T.ii','m - Tc‘,om
ﬂTE = T.ii',l:uut -T, in

¢,
and F=..(Fig. 11-18)

FIGURE 11-17

The determination of the heat transfer
rate for cross-flow and multipass
shell-and-tube heat exchangers using
the correction factor.

Use of a Correction Factor

AT] :FATJm.(_"F

m

F correction factor depends on the
geometry of the heat exchanger and the
inlet and outlet temperatures of the hot
and cold fluid streams.

F for common cross-flow and shell-and-
tube heat exchanger configurations is
given in the figure versus two
temperature ratios P and R defined as
L= T, — T, (1C,)upe side

— 7T . ) — —
Tl_‘rl [\ f\._[l

(1 ')shell side

1 and 2 inlet and outlet
T and t shell- and tube-side temperatures

F =1 for a condenser or boiler

17
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(b) Two-shell passes and 4, 8, 12, etc. (any multiple of 4). tube passes 18
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(d) Single-pass cross-flow with one fluid mixed and the other unmixed



The LMTD method is very suitable for determining the size of a heat
exchanger to realize prescribed outlet temperatures when the
mass flow rates and the inlet and outlet temperatures of the hot
and cold fluids are specified.

With the LMTD method, the task is to select a heat exchanger that
will meet the prescribed heat transfer requirements. The
procedure to be followed by the selection process is:

1. Select the type of heat exchanger suitable for the application.

2. Determine any unknown inlet or outlet temperature and the heat
transfer rate using an energy balance.

3. Calculate the log mean temperature difference AT,,, and the
correction factor F, if necessary.

4. Obtain (select or calculate) the value of the overall heat transfer
coefficient U.

5. Calculate the heat transfer surface area A, .

The task is completed by selecting a heat exchanger that has a
heat transfer surface area equal to or larger than A..

20



THE EFFECTIVENESS-NTU METHOD

A second kind of problem encountered in heat exchanger analysis is the
determination of the heat transfer rate and the outlet temperatures of the hot and
cold fluids for prescribed fluid mass flow rates and inlet temperatures when the

type and size of the heat exchanger are specified. 20°C o
25 kefs i water
) 4.18 kl/’kg-K

Heat transfer effectiveness Hoo W
: . Dl_l} >

¢ Actual heat transfer rate 130°C |

£ =— = : : : 40 kgfs
O, Maximum possible heat transfer rate 2.3 kl/kg-K

C.= nn: =104.5 KkW/K

Q - C (T .out Tc. in) = Ch(Th. in Th. uul)

(.h = 1€y = 92 KW/K
C.= m.,. and C, = m. Cmin =92 KW/K
‘ € pe A Ph —\‘Tnnp. = Th,jn - Tz‘,m =110°C
Qmax = Cm.inﬂ"Tmax = 10,120 kW
ATm ax ~ Lhin T¢ in
FIGURE 11-23
The determination of the maximum
an\ ( min Th in T{ in) rate of heat transfer in a heat
the maximum possible heat transfer rate exchanger.
C,.in is the smaller of C, and C,

21



Cold  Actual heat transfer rate

"e: e fluid
uic , :
Hot F Q - ‘L:Qmux - mm{Tﬁ in T{: in/
fluid
—»{) B .
. lt Cc T Cmin*
”Ih h
!
% Q CL‘(T-:“.DHE T TL in Tc'm]t T Tr in
g=5—= =
Qma:{ Cc( Thjn Tc in Th,in o TL JAn
Q = th {Fﬂ‘ ATh
= mg ¢y AT,
I 1 C,‘r — Cmin:
[ mg.c,.=myc
Jill h“ph
Q Ch(ﬂz,in T T}z,out) T:FJ_.cnut T T:Fz_.uut
8 == = =
then dTﬁ N JT(. Qmux C}J(T}r.in T Tf,in] Th.in T Tf.in

FIGURE 11-25

The temperature rise of the cold fluid

in a heat exchanger will be equal to

the temperature drop of the hot fluid

when the heat capacity rates of the hot

and cold fluids are identical. 22



The effectiveness of a
heat exchanger depends
on the geometry of the
heat exchanger as well
as the flow arrangement.

Therefore, different types
of heat exchangers have
different effectiveness
relations.

We illustrate the
development of the
effectiveness e relation
for the double-pipe
parallel-flow heat
exchanger.

TI:. out Ta out UA, (] N (-‘(,)
] = — = —
Th. in 7-:. in C c C h
Th. out . Th. in (_"J ( T¢ out Tc'. m)
h

Th. in Tt in L Tc. in Tc'.nul o (_‘l

J JA (] 4 (“4')
c,n (-1_ (_‘h

n e
| l (_‘(- Tc; out Tc'. in | UA . 7 l C(-
. [ L= " a Th. in Tt'. in j| B (ﬁ(' . " Ch

TIL in T,

Q (.‘4.'( Tc'.llllt - Tl.'. 1n) 7-(‘.illlt - T; n ('_'mm
c Qll]il\ B Clnln' Th.ln — 7"['3 lll) Th mn T('» n (-'L'
o [LUAL LG
il [ A
thlullcl flow - l N (ﬂC (—vmm
C,) C.
(4\ ( min
| e, | = C | e C
o I =~ min “max/
(LJI‘-II‘H”CI flow
l Y -‘mm
(

max 23



Effectiveness relations of the heat exchangers typically involve the
dimensionless group UA_ /C_,...
This quantity is called the number of transfer units NTU.

For specified values of U and C_,,, the value

NTU = UA; _ _ UA, .
" Can  (MC)u of NTU is a measure of the surface area A..
’ Thus, the larger the NTU, the larger the heat
C _ exchanger.
. — —min capacity
Chax ratio

The effectiveness of a heat exchanger is a function of the
number of transfer units NTU and the capacity ratio c.

e = function (UA,/C;,» Cin/Cnax) = function (NTU, ¢)

24



TABLE 11-4

Effectiveness relations for heat exchangers: NTU = UA;/Cyin and ¢ = Crin/Crax =

|: m 'ij mi n'"r{ m ':p}max

Heat exchanger type  Effectiveness relation

1 Double pipe:
1 —exp [-NTU(1 + ¢)]

1+c¢
1 —exp[—=NTU(1 — ¢)]
1 — cexp [—NTU(1 — ¢)]

Parallel-flow g =

Counter-flow g =

2 Shell-and-tube:

1 +exp[-NTUV1 + ¢?]

One-shell pass e=201+c+ V1 + 2 _
2, 4,...tube 1 —exp [-NTUV'1 + ¢?]
passes
3 Cross-flow
(single-pass) NTUO-22
Both fluids unmixed & =1 — exp { ——[exp (—c NTU®78) — 1]}
Crax Mixed, 1
C... unmixed e = EEl —exp {—c[l — exp (—NTU)]})
Cihin Mixed, 1
Crax Unmixed e=1—exp—_l1 —exp(—=c NTU)]
4 All heat exchangers & =1 — exp(—NTU)
withec =0

25



Effectiveness &, %

Effectiveness g, %

100

80

100

80

I
- 80
A 21 :
/A |oso 1~ o
/ / P ot Gl
7 0.73 b
A’ //:-f"'" 1.00 %
Tube N e
fluid | — - F
A Shell fluid |
| 2 3 4 5
MNumber of transfer units NTU = A U/C
{a) Parallel-flow
100
i N
,:l.tp “,--'”"'# al
LS
~$‘lll/ 'L‘ljf_:d---“”" | 20
T
A :
7 005 =
H/f__’_,/,.:"""fu? Y 60
ﬁ el =
L~ ! z
B J, Shell fluid ] 40
| 2
[l —=—x] °
A = - 20
[ ~Tube fluid |J,| il
N N I N I I 0
| 2 3 4 5
Number of transfer units NTU = A, L/C .
(c) One-shell pass and 2, 4, 6, ... tube passes

P
e =
I e e B B
VT
/_ﬁ_,..-ﬂ""“f..
- L
Shell fluid |, i
| — ﬂ h
—= == )
ol
1 ‘|+ 1 1 1 1 1 1
1 2 3 4 5

Number of transfer units NTU = A U/C

i) Counter-flow

|___;Q, ,ﬁf:'ﬂ_rﬂ-
.gﬁﬁ?ﬁ‘nﬁﬁi"" | I
Sy 05
Viiam
R
i Shell fluid —n¢
(¢ =
[ | |
/|| 9|
AR F
[ "~ Tube fluid 'J,l 1
L 2 3 4 5

Number of transfer units NTU = A U/C

{d) Two-shell passes and 4, 8, 12, ..

. tube passes

Effectiveness
for heat
exchangers.
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Effectiveness £, %

100 i — r 100
=N _...-—f__.--"“”‘-’#__“_—- ii
. odh e
80 -éﬁo‘ﬂf 1 30 ol
.al"-:‘ = -\I'# _,.,.-l-""""_-_ -______,_.._-
VA 3
60 / //;{Jf S 2 60 ]
W 4 Cold fluid | g
4 y 4
/4 Hot /1% _ £ 40 Mixed
/ fluid T o fluid
/ NVl N En A -
2{} / ‘\“:\ : .-':’.z ] 2{} /
/ ;: — / Unmixed fluid 7
0 [ IR N RN N B 0 L1 1 | 1 |
1 2 3 4 5 1 2 3 4 3
Number of transfer units NTU = A,U/C,;,, Number of transfer units NTU = A, U/C
(e) Cross-flow with both fluids unmixed (f) Cross-flow with one fluid mixed and the other unmixed

FIGURE 11-26
Effectiveness for heat exchangers.
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TABLE 11-5

NTU relations for heat exchangers: NTU = UA./Cyir and ¢ = CGuin/Cirax =

L]

- -
L7 LM

N Coplmin' VM Cplmax

Heat exchanger type NTU relation

1 Double-pipe:
oubie-pipe N[l — (1 + ¢)]

Parallel-flow NTU = T o
Counter-flow NTU = LIn (‘L: —1 )
c—1 ec—1
2 Shell and tube:
2, 4,...tube passes V1 4+ 2 2le—1—c+ V1+c
3 Cross-flow (single-pass): o
C mixed, NTU = —1n |1 4+ 1nd ;.c}]
. c
Crrin Unmixed
Crin Mixed, In[cin(l —g)+ 1]
Crnax UNMixed NTU = — c
4 All heat exchangers NTU = —In(1 — &)
withc =0

When all the inlet and outlet temperatures are specified, the size of
the heat exchanger can easily be determined using the LMTD

method. Alternatively, it can be determined from the effectiveness—
NTU method by first evaluating the effectiveness from its definition

and then the NTU from the appropriate NTU relation. 28



Counter-flow

Cross-flow with
both fluids unmixed

Parallel-flow

(forc=1)

0

NTU = UA,/C\,i,

FIGURE 11-27

For a specified NTU and capacity ratio
¢, the counter-flow heat exchanger has
the highest effectiveness and the
parallel-flow the lowest.

(All heat exchangers
e 05 withc=10)

0 | | | |

0 1 2 3 4
NTU = UA,/C

FIGURE 11-28

The effectiveness relation reduces to
e =enx = | —exp(—NTU) for all
heat exchangers when the capacity
ratio ¢ = 0.

29



Observations from the effectiveness relations and charts

* The value of the effectiveness ranges from 0 to 1. It increases
rapidly with NTU for small values (up to about NTU = 1.5) but
rather slowly for larger values. Therefore, the use of a heat
exchanger with a large NTU (usually larger than 3) and thus a
large size cannot be justified economically, since a large
increase in NTU in this case corresponds to a small increase in
effectiveness.

« Foragiven NTU and capacity ratioc = C,,, /C,,,,, the counter-
flow heat exchanger has the highest effectiveness, followed
closely by the cross-flow heat exchangers with both fluids
unmixed. The lowest effectiveness values are encountered in
parallel-flow heat exchangers.

* The effectiveness of a heat exchanger is independent of the
capacity ratio ¢ for NTU values of less than about 0.3.

« The value of the capacity ratio c ranges between 0 and 1. For a
given NTU, the effectiveness becomes a maximum forc =0
(e.g., boiler, condenser) and a minimum for ¢ = 1 (when the heat
capacity rates of the two fluids are equal).



SELECTION OF HEAT EXCHANGERS

The uncertainty in the predicted value of U can exceed 30 percent. Thus, it is
natural to tend to overdesign the heat exchangers.

Heat transfer enhancement in heat exchangers is usually accompanied by
Increased pressure drop, and thus higher pumping power.

Therefore, any gain from the enhancement in heat transfer should be weighed
against the cost of the accompanying pressure drop.

Usually, the more viscous fluid is more suitable for the shell side (larger
passage area and thus lower pressure drop) and the fluid with the higher

pressure for the tube side.
The proper selection of
a heat exchanger depends
on several factors:
 Heat Transfer Rate
« Cost
*  Pumping Power
« Size and Weight
 Type
 Materials

Operating cost =

The rate of heat transfer in the
prospective heat exchanger

Q = nc, (T, — Ty

in out

The annual cost of electricity associated with
the operation of the pumps and fans
(Pumping power, kW) X (Hours of operation, h)

X (Unit cost of electricity, $/kWh) o



Summary

Types of Heat Exchangers
The Overall Heat Transfer Coefficient

v" Fouling factor

Analysis of Heat Exchangers

The Log Mean Temperature Difference
Method

v Counter-Flow Heat Exchangers

v Multipass and Cross-Flow Heat Exchangers:

Use of a Correction Factor

The Effectiveness—NTU Method
Selection of Heat Exchangers
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Objectives

Define view factor, and understand its importance in radiation
heat transfer calculations

Develop view factor relations, and calculate the unknown
view factors in an enclosure by using these relations

Calculate radiation heat transfer between black surfaces

Determine radiation heat transfer between diffuse and gray
surfaces in an enclosure using the concept of radiosity

Obtain relations for net rate of radiation heat transfer between
the surfaces of a two-zone enclosure, including two large
parallel plates, two long concentric cylinders, and two
concentric spheres

Quantify the effect of radiation shields on the reduction of
radiation heat transfer between two surfaces, and become
aware of the importance of radiation effect in temperature
measurements



THE VIEW FACTOR

Surface 2
Surface 1

N Surface 3
\\\ A /
\\\ %\

/
e \ F /_.‘, #,
\\\?\ / /fj”f’

'y

= |

Point
source

FIGURE 13-1

Radiation heat exchange between sur-
faces depends on the orientation of the
surfaces relative to each other, and this
dependence on orientation is accounted
for by the view factor.

View factor is a purely geometric quantity
and is independent of the surface
properties and temperature.

It is also called the shape factor,
configuration factor, and angle factor.

The view factor based on the assumption
that the surfaces are diffuse emitters and
diffuse reflectors is called the diffuse view
factor, and the view factor based on the
assumption that the surfaces are diffuse
emitters but specular reflectors is called
the specular view factor.

F; the fraction of the radiation leaving
Surface i that strikes surface j directly

The view factor ranges between 0 and 1.



To develop a general expression for the view factor, consider two differen-
tial surfaces dA, and dA, on two arbitrarily oriented surfaces A; and A,.
respectively, as shown in Fig. 13-2. The distance between dA,; and dA, is 1,
and the angles between the normals of the surfaces and the line that connects
dA, and dA, are #, and #,, respectively. Surface 1 emits and reflects radiation
diffusely in all directions with a constant intensity of 7;, and the solid angle
subtended by dA, when viewed by dA, 1s dw,,.

The rate at which radiation leaves dA, in the direction of 6, is I, cos #,dA,.
Noting that dw,, = dA, cos 8,/1%, the portion of this radiation that strikes dA, is

dA, cos #,

Qd-‘il—-fi-‘i\= 1’1 COs Hl dAl d(ﬂgl = 1’1 CDSHI dAl—z {13—1:’
- r

The total rate at which radiation leaves dA, (via emission and reflection) in all
directions is the radiosity (which is J;, = «1,) times the surface area,

Qu, =J dA, = wl dA,

FIGURE 13-2

Geometry for the determination of the
view factor between two surfaces.



Then the differential view factor dF 44 _ d,, which is the fraction of radiation
leaving dA, that strikes dA, directly, becomes

"i»’ dd, = 44, COS | COs #,
dF gy ogp, = ———— = ———= dA, (13-3)
] aa, e

The differential view factor dF g, _ 44, can be determined from Eq. 13-3 by
interchanging the subscripts 1 and 2.

The view factor from a differential area dA, to a finite area A, can be deter-
mined from the fact that the fraction of radiation leaving dA, that strikes A, is
the sum of the fractions of radiation striking the differential areas dA,. There-
fore, the view factor Fgy _ 4 is determined by integrating dF gz, _ 44 OVer A,,

COs ”I COS H_-_.
FLLJJI_._.J“ - 3 (i'lr"jl_'_- '“3—'4}
) JAL wE*©

The total rate at which radiation leaves the entire A, (via emission and reflec-
tion) 1n all directions 1s

Q‘j” = JIAI = 1']'1’1]11 (13-5)

The portion of this radiation that strikes dA, is determined by considering the
radiation that leaves dA,| and strikes dA, (given by Eq. 13-1), and integrating
it over A,.

[ I, cos #,cos B, dA,

Qd“il_'d:"lz = J 2 dAl (13-6)
A, r

QAL —~dd; = J

Ay

FIGURE 13-2

Geometry for the determination of the
view factor between two surfaces.



Integration of this relation over A, gives the radiation that strikes the entire A,

J I, cos B, cos B,
A,

3 Ay dA, (13-7)
-

Qmﬁ%=j

A,

Osn |

A,

Dividing this by the total radiation leaving A, (from Eq. 13-5) gives the frac-
tion of radiation leaving A, that strikes A,, which is the view factor Fy _ 4 (or
F, for short),

[ cos # cos #,

fi'r.r"jl| fi'r.r"jl_'_- {13—3}

pl

The view factor F _. 4, is readily determined from Eq. 13-8 by interchanging
the subscripts 1 and 2,

" cos f) cos f,

Fyyp=F4 s = ] -
(_;j“ 2

fi'[r"jl| fi'[r"jl_'_- '“3—9}

Q Ay = A | J
A

Ja, wr

Note that I, is constant but r, #,, and 6, are variables. Also, integrations can be
performed in any order since the integration limits are constants. These rela-
tions confirm that the view factor between two surfaces depends on their rela-
tive orientation and the distance between them.

Combining Eqgs. 13-8 and 13-9 after multiplying the former by A, and the
latter by A, gives

A|F|_‘_- = .-"ji_'_-F_'_-| {13—10}

which is known as the reciprocity relation for view factors. It allows the calcu-
lation of a view factor from a knowledge of the other.

FIGURE 13-2

Geometry for the determination of the
view factor between two surfaces.



F.

i

o~] ~

(a) Plane surface

F]—)] =0

@

FE—:J:{]

(b) Convex surface

\@/v\/ Fy3#0

(c) Concave surface

FIGURE 13-3

The view factor from a surface to itself
is zero for plane or convex surfaces and
nonzero for concave surfaces.

_.; = the fraction of radiation leaving surface i that strikes itself directly

FIGURE 134

In a geometry that consists of two con-
centric spheres, the view factor F; ., = 1
since the entire radiation leaving the
surface of the smaller sphere is inter-
cepted by the larger sphere.



The view factor has proven to be very useful in radiation analysis
because it allows us to express the fraction of radiation leaving a
surface that strikes another surface in terms of the orientation of
these two surfaces relative to each other.

The underlying assumption in this process is that the radiation a
surface receives from a source is directly proportional to the
angle the surface subtends when viewed from the source.

This would be the case only if the radiation coming off the
source is uniform in all directions throughout its surface and the
medium between the surfaces does not absorb, emit, or scatter
radiation.

That is, it is the case when the surfaces are isothermal and
diffuse emitters and reflectors and the surfaces are separated by
a nonparticipating medium such as a vacuum or air.

View factors for hundreds of common geometries are evaluated
and the results are given in analytical, graphical, and tabular
form.



TABLE 13-1

View factor expressions for some common geometries of finite size (3-D)

Geomelry

Relation

Aligned parallel rectangles

X=XLand ¥=YIL

i1+ ?EJJ."’J

T2 Fn12 .
( +X_J,51 +_1: ) +X(1 + FHY2 gan!
L+X°+F-

.
F.;_,?'= ——+In
TomY

| L
| .
}’D +?[1 +E2]“‘2 tan™! —E’-'W ~Xtan ' X-Ytan' ¥ }
X i1+ A=) )
Coaxial parallel disks
F; R!. = r;.ﬂ_, and . =r./L
d F
| S=1+—5—
| oL Re_
| i | fp 12702
3 g
@ l I
1 - 4r?+1
Forr=r=rand R =r/l: Fi  =F_ =1+ ———
i J J J ER-_

Perpendicular rectangles
with a common edge

H=2/Xand W=¥X

1 g —(HY + WHY2 gl —
H

Fi ;= L(‘-‘--’tfm‘l— + H tan
4 .;'I.H"r, W

+ l]J1 (r[l + W1+ H?) l W31+ W24 HY w2
4 l_ 1+ “..-f_l_ HE il +“_;2][w2 +H:_:|

HY1 + H + WY |# >|
(1+HYH> + W




TABLE 13-2

View factor expressions for some infinitely long (2-D) geometries

Geometry

Relation

Parallel plates with midlines
connected by perpendicular line

i

| -
i |
|
- n 3

Wi =w,/Land W, =w;/L

[(W; + W2 + 412 — (W, - W)? + 412

=1 2W,

Inclined plates of equal width
and with a common edge

|
Fi .':J.—. -
P sin 5 o

L

W

: ;
— .

10



TABLE 13-2

View factor expressions for some infinitely long (2-D) geometries

Three-sided enclosure

H-'I:+1I’L'I.-—1I’L'k
F:_>;: -
s 2w,
Infinite plane and row of cylinders
[y 2112
A P e Fiog=1-[1-(2
OJOJOXOXOXS o e
s =D
+Tmn | 5 ‘
l ® 7

11
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View Factor Relations

Radiation analysis on an enclosure consisting of N
surfaces requires the evaluation of N? view factors.

Once a sufficient number of view factors are available,
the rest of them can be determined by utilizing some
fundamental relations for view factors.

1 The Reciprocity Relation

Fi =k, when A; = A;
F; ,;#F;; when A # A,
AF;, =AF, _, reciprocity

-, 7t =

relation (rule)

16



2 The Summation Rule

The sum of the view factors from surface i of an enclosure to all
surfaces of the enclosure, including to itself, must equal unity.

3
EFI—}j:Fl—}l+F1—}2+FI—}3:I

The total number of view factors that need to be
evaluated directly for an N-surface enclosure is

N3—[N+§N(N— l)]:%N(N— [)

FIGURE 13-9
Radiation leaving any surface i of The remaining view factors can be
an enclosure must be intercepted determined from the equations that are
completely by the surfaces of the obtained by applying the reciprocity and
enclosure. Therefore, the sum of the summation rules.
the view factors from surface i to
each one of the surfaces of the 17

enclosure must be unity.



4 The Symmetry Rule

Two (or more) surfaces that possess symmetry about a third
surface will have identical view factors from that surface.

If the surfaces j and k are symmetric about the surface i then

Fio=F_cand F_=F

Fip=F ;3
(Also, Fr_=F

FIGURE 13-13

Two surfaces that are symmetric about
a third surface will have the same view
factor from the third surface.

)

31
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RADIATION HEAT TRANSFER: BLACK SURFACES

When the surfaces involved can be

approximated as blackbodies because of the
absence of reflection, the nef rate of radiation

f;t heat transfer from surface 1 to surface 2 is
|
Radiation leaving Radiation leaving
Q,_,=| theentiresurface 1 | — | the entire surface 2
that strikes surface 2 that strikes surface |
FIGURE 13-18 _ ;
Tw Al Bl crefaome oo = A B, Fyo, —AERE, (W)
o general black surfaces maintained

A1F1—>2:A2F2—>| E']):()-Y-‘_1

at uniform temperatures T, and 7.

reciprocity relation  emissive power
01, =AF, o -TH (W)

A negative value for Q, _, , indicates that net
radiation heat transfer is from surface 2 to surface 1.
The net radiation N N
heat transfer from 0. = 2 Q:‘—t/ - z AfFf_;.,U(TFl — Tﬁ) (W)
any surface iofan N i=1 T j=1 ‘
surface enclosure is 19



RADIATION HEAT TRANSFER: DIFFUSE,

GRAY SURFACES

Most enclosures encountered in practice involve nonblack
surfaces, which allow multiple reflections to occur.

Radiation analysis of such enclosures becomes very
complicated unless some simplifying assumptions are made.

It is common to assume the surfaces of an enclosure to be
opaque, diffuse, and gray.

Also, each surface of the enclosure is isothermal, and both
the incoming and outgoing radiation are uniform over each
surface.

20



Radiosity For a surface i that is gray and
opaque (=08, and @, + p,=1)

Radiosity J: The total = Radiation emitted + Radiation reflected
radiation energy leaving ' by surface i

a surface per unit time = &.E,; + p:G;

and per unit area.

by surface i

= g,E,. + (1 — &;)G; (W/m?)

Radiosity, J

" ~ For a blackbody ¢ =1

I‘T(Til:lll?t::] iiﬂzzﬁ? 1]:213:‘11[[[1?:1 J i th-' — g T;_l {IZWIEI'CI\-I:‘”“I}F}
\\ P Q A /# eE,, . . .
G\ / / The radiosity of a blackbody is
\ / / equal to its emissive power since
\.._\ / / radiation coming from a blackbody
/ / is due to emission only.
Surface

FIGURE 13-20

Radiosity represents the sum of the

radiation energy emitted and reflected

by a surface. 21



Net Radiation Heat Transfer to or from a Surface

5 _ (Radiation leaving) _ (Radiation incident The net rate of
Q; = radiation heat transfer

on entire surface i .
from a surface i

entire surface i

Yy —a (7 Ji — g,k B A;g E 7 W

O =AY, | — & _1—8,-([’i i) (W)

. E.I’ o J- l — & rf .

) = 24 W - . surface resistance
C R, (W R, A.e;  to radiation.

0, The surface resistance to radiation for a

Ey; W" ol blackbody is zero since ¢ =1 and J, = E,,.

\ P Reradiating surface: Some surfaces are

Surface i = A modeled as being adiabatic since their back sides
’ are well insulated and the net heat transfer

FIGURE 13-21 through them is zero.
Electnca! analogy of H}.lrface J=E,=oTl’ (W/m2)
resistance to radiation. 22




Net Radiation Heat Transfer between Any Two Surfaces

The net rate of Radiation leaving Radiation leaving
radiation heat transfer Q; ;= | theentire surfacei | — [ the entire surface j
from surface i to " fora - S
o that strikes surface j that strikes surface 1
surface j is
Surface j =A;J; Fi—>.i B Aj JJ Fj — i (W)

5
j AF; ;= AF;_; Apply the reciprocity relation
Qi =AF,_;J;—J) (W)
0, ;= i/ (W)
T R
i | space resistance

‘=1 A;F,_,; toradiation

FIGURE 13-22
- Electrical analogy of space resistance
Ey Surface i to radiation.

23



In an N-surface enclosure, the conservation of energy principle requires
that the net heat transfer from surface i be equal to the sum of the net heat
transfers from surface i to each of the N surfaces of the enclosure.

N

Qi:z 1—~>;

ji=1 J=1

— [ S
E hi 'J".|.'*'.'.""'..."l'-,""'-,""'-,"" %—i:__u ﬁ;-l, A
R; y Y
Z7 e
ZZ N-1
‘ : s
Surface i 4
Iy
FIGURE 13-23

Network representation of net

radiation heat transfer from surface 1

to the remaining surfaces of an
N-surface enclosure.

J—J)—Z

N Iy—J;
Rl—)/

(W)

The net radiation flow from a
surface through its surface
resistance is equal to the sum of
the radiation flows from that surface
to all other surfaces through the
corresponding space resistances.

24



Methods of Solving Radiation Problems

In the radiation analysis of an enclosure, either the temperature or the net rate
of heat transfer must be given for each of the surfaces to obtain a unique
solution for the unknown surface temperatures and heat transfer rates.

Surfaces with specified .
net heat transfer rate Q Q; =4, E Fi . .-‘-"r.- o ';.-*

Surfaces with specified oT4 = J. +
temperature T; | |

The equations above give N linear algebraic equations for the determination
of the N unknown radiosities for an N-surface enclosure. Once the radiosities
Ji, Jo, . .., Jy are available, the unknown heat transfer rates and the
unknown surface temperatures can be determined from the above equations.

Direct method: Based on using the above procedure. This method is
suitable when there are a large number of surfaces.

Network method: Based on the electrical network analogy. Draw a
surface resistance associated with each surface of an enclosure and
connect them with space resistances. Then solve the radiation problem
by treating it as an electrical network problem. The network method is not
practical for enclosures with more than three or four surfaces.



Radiation Heat Transfer in Two-Surface Enclosures

le - Ql - _Qz
Q‘ o EIJI_EbZ o ) o —Q
2SR +R,+R, &~
, 4 _ 74
Q12 = 5 ol 1 T”I (W)
— & — &
Ag, ’ A F, " A,&,
En @ 5 22 5 @ E, This important result is
— A A A applicable to any two gray,
|_g, ] | e diffuse, and opaque surfaces
R, = Rp=—— Ry=—°-
s 2= T E 2= e, that form an enclosure.
FIGURE 13-24

Schematic of a two-surface enclosure
and the radiation network associated

with it.
26



TABLE 13-3

Radiation heat transfer relations for some familiar two-surface arrangments.

Small object in a large cavity

A . _ _
: Qip =A,08(T{-T5) (13-37)
Fip=1
AEL Tgl. Ej
Infinitely large parallel plates
ALT. g
AJ —A.—A Lj _AU[TJJ-_ 51-; (13-38)
Fi,=1 ol + L
Ag. Tg. £a El 'Eﬂ
Infinitely long concentric cylinders
ry % ra
(5
A _n
AT, o _AO(TE-T4) (13-39)
71 1-a ['n)
.F]g =1 £] En Ly
Concentric spheres
AJ F
(‘ As {.l".:, } Q A lfT[TJJ'— T (13-40)
2=

l—& 2
L‘+f[ l)
£ = |, Py

27



Radiation Heat

Transfer in Three-
Surface Enclosures

When Q) is specified at
surface i instead of the

temperature, the term
(E,; — J;)/R; should be
replaced by the
specified Q..

£, A, T,

€5, A5, T,

The algebraic  f, — J, .\ I, — I, N A

=0

sumtof the; R, R, R,
elkdonheetl . P2, b _
Ro R, | Rn

transfer) at each .
node must equal /1 — /s N Jr—J; N Epz — J3 0
zero. R; Ry R, '

These equations are to be solved for J,, J,, and J,.

R,
0 E, J| S AFy g Ey»
1 o aaaAA A AAAAAAN =
_— \V'— e 'ATATATATAA f I — Q‘
| -¢ N 95", / —&
R - A ttl \H.\. L]_ Q;’"’.I./ R2 = A g-
- //7\?13 x 2
R.=—1 % S 1
BAF, Y‘x\ 7 R Ay F,,
Draw a surface PAY;
res|stgnce _ | Schematic of a
associated with each - | —e. three-surface
ZR,=— 3
of the three surfaces =R=7T%, enclosure and the
and connect them J radiation network
with space /2 associated with it.
resistances. ;
B
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RADIATION SHIELDS AND THE RADIATION
EFFECTS

Radiation heat transfer between two surfaces can be reduced greatly by
inserting a thin, high-reflectivity (low-emissivity) sheet of material between
the two surfaces.

Such highly reflective thin plates or shells are called radiation shields.

Multilayer radiation shields constructed of about 20 sheets per cm
thickness separated by evacuated space are commonly used in cryogenic
and space applications.

Radiation shields are also used in temperature measurements of fluids to
reduce the error caused by the radiation effect when the temperature
sensor is exposed to surfaces that are much hotter or colder than the fluid
itself.

The role of the radiation shield is to reduce the rate of radiation heat
transfer by placing additional resistances in the path of radiation heat flow.

The lower the emissivity of the shield, the higher the resistance.
29



Ao(T} — T3) Radiation heat transfer

Q 12, no shield = 1 1 between two large
e, + e, parallel plates

Radiation heat transfer between two large parallel plates with one shield

Em T Ebz

le,uneshie]d T l o E] l 1 —83,1 l _ 83,2 l N 1 _ 82

+ + + +
Ay g A, Fi; Ai €3 Az &35 Az Fy; A &

(1) Shield (2)
Ty Iy || 15 I,
. Ea1fl €32 £2 The radiation
— 0 >0 0,——> shield placed
between
| | | | | | two parallel
| | | | | | plates and the
| | | | | | radiation
| | | | | | | network
| | | | | | '
L l-g 1 | l-gyy ) -85, [ | l-g | sv?;oi(ilated
e A1 Fp3 | £31A3 | £30Ay A3 F3 L 8A, '
| | I I | | |

o\ WwWW—O0—— AW O WWW—O-AMANAW—O———AWAA O—\WWW—0 30
Ep Ep)



Q 12, one shiel

Q 12, Nshields

Q 12, N shields —

d

Ac(T} — T3)

(b )+ (o)
£, & €31 &3,

(_l+_l—1)+(_l 4 —1)+~++(_1 4 —1)
&1 &r €31 &3 2 En.1 EN2

Ac(T; — T5) |

1 1 - N+ 1 QIE, no shield

If the emissivities
of all surfaces are
equal
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Radiation Effect on Temperature Measurements

q comv, o sensor - E.! rad, from sensor
T
th . T S| 4
;‘c?( Tf - Tth) — E(_T( Tﬂl - TH)
T4 4
eo(Ty, — T)) _
// Tw T;_ = :r[h + x {}\}
A ! 1
Tf ,i l/ qt'ad
> ’ W= > T; = actual temperature of the fluid, K
G, o 7 Ty, = temperature value measured by the thermometer, K
*, . - . ~
h | " T, = temperature of the surrounding surfaces, K
h = convection heat transfer coefficient, W/m?-K
FIGURE 13-31 e = emissivity of the sensor of the thermometer

A thermometer used to measure the
temperature of a fluid in a channel.

The last term in the equation is due to the radiation effect and represents the radiation correction.

The radiation correction term is most significant when the convection heat transfer coefficient is
small and the emissivity of the surface of the sensor is large.

Therefore, the sensor should be coated with a material of high reflectivity (low emissivity) to reduce
the radiation effect.
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