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Heat is a form of ene: 5 According to the principles of thermodynam-

ics. whenever a physical or chemical transformation occurs, heat flows
Mo or leaves the system. 17

A number of sources of hf.dt‘is used for mdusuml scale operations.

Steam and eleetric power are the chief sources to 1ran5ﬁ:1 heat. It is
essential to convey steam without any lossc:» to the apparatus in-which it

is used. The study of heat transfer processes helps in designing the plant

ciliciently and economically. -

Applications

A few arcas of relevance to plnrmac:x.ullcal engmcermg, are enumer-

ated here.

' Evaporation : Heat is supplied in order to convert a liquid (vehicle)
into a“vapour, which is subsequently removed. This process is uscd for
~ preparing vegetable extracts. < A construction similar to shell-and-tube

heat exchanger is employed in evaporators. The heat flow can be
quantified so as 1o cstimate the ¢fficiency of the process.

l):su!latmn ll:.at S supplicd to a liquid m:\tum for conw.mng the

liquid into vapour so that the individual vapour components arc con-

densed at another place. In case of steam dISlI“aIIOH steam will bf... in
direct Lontact w:tl“‘\ the materml ' '

Dryi mﬂr . In th. ploductlon of Idblt..ls hLdl is passed through a carrier
gas over a bed of wet solid mass for aclucwng drying. In case of spray

drying. heat is supplied to the solutions and suspensions (as in case of
production of milk products).
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Crystallisation : Saturated solution is heated to bring about super-
saturation, which promotes the crystallisation of drugs. On the other
hand, removal of heat (cooling) from a saturated solution also facilitates
crystallisation, as in case of purification of bulk drugs.

Sterilization : For the sterilization of pharmaceuticals. autoclaves are
used with steam as a heating medium. Dry heat s used for the
‘sterilization of glass apparatus and other containers.

In addition, a number of other processes, such as bonlmg exsiccation,
sublimation and fusion, also use heat.

In a laboratory setup, number of equipment mvolvmg heat arc used.

A few examples are air-ovens, incubators, dryers, retrigerators etc. On
industrial scale, equipment are used for applying heat, removing heat
and preventing heat loss. The basic principles involved in heat transfer

arc understood propcrly for the mamlenancc and efficient worki ing ofthg .

equ:pment

MECHANISMS OF HEAT FLOW

Heat ﬂows from a reglon of high tempuraturc to a rcgton of Iow

temperature. He*xt mav ﬂow by one or more of the three baszc mecha-
nisms. -' | '

Conduttion '

When heat flow in a body is achieved by the transfer of the momen- -

tum of individual atoms or mol...culr.,s wnthout mixing. such a process Is
~ known as conduction.

For example, flow of heat through the metal shell of a boiler takes
_place by conduction as far as solid wall or shell is considered. No

mixing is involved. Conductlon is limited to solids and fluids whose
movement 1S restricted. b g b

s Convection

When heat flow is achieved by actual mmng of warmer portzons with
cooler pomons of the same materlal the process is known as com'ecnon

For example, heatmg of water by a hot surface (co:l type water
heater) is mainly by convection. Convection is restricted to the flow of

heat in ﬂu1ds (L&, hqunds and gases) Convection currents of air are set

up ‘almost da:ly in the atmOSphere These are respons:b!e for wmds land
and sea breezes ocean currents ete. |

0
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Radiation

When heat flows through space by means of elcctromagnetlc waves,
such energy transfer is known as radiation. | -

For example, a black surface absorbs most of the radiation received
by it. Qnmultaneously the absorbed encrgy is quantitatively transferred

into heat. Fused quartz transmits all the radiation that strikes It, wh:le a

polished opaque surface or mirror will reflect most of the radiation that
ﬁlrlkes it.  Solar water heaters, solar cool\crs microwave ovens, micro-

wave cookers, sonicator baths etc., are few examples i in w hich radiation
1s utilized for moducma heflt”‘“ |

In general. these mechamsmq may operate simultancously. For
‘example, in ovens hot air is circulated by ‘fan, so as to transfer heat by
forced convection. Srmuitam_ously, heat is transferred by conduction

from the shelf to the material' in contact. Heat also radiates from hot
walls of the oven. A _ .

CONDUCTION

Heat can flow only when there is a temperature gradient, i.e., heat
flows from a hot surface to 2 cold surface. Thﬂ rate of conduction

through solids can be studied eastly, since it is the sole phenomenon.

The basic law of heat transfer by conduction can be written in thc form
of a rate equation as follows: . :

driving force
Rute = e g - (1)

res:stance

The driving force is the temperature drop across the solid surfaces

The greater the temperature drop, the greater will be the rate of heat
flow. '

The flow of heat will also depend on the conductmtv of the materi-
als through which it is flowing. For example, conduction of heat is
faster through an iron rod than through a wooden log. This factor is

represented by the term resistance, which can be quantitatively expressed
by Fourier's law.

. thickness of the surface (m)
f\unmme B i WA

mean proportionality constant SW/m K)
x area of the surface (m

— A e i S i Seni—"

l o e S _ -
kA4 - )

Equation (2) for resistance can be obtained from the Fourier's law.

!
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Fourier’s Law—Conduction of Heat thro.ugh' a Mcttil Wall

Fourier's Liny states that the rate of heat flow through a uniform

material is proportional to the area and the’ temperature drop and °

tnvusclv 1’)10;)0111011:11 to the lutf,th of the patlt of flow.

The Fourier’s law may be -nmt.hetmtm,ally expressed as:

A b area (m?) % temperature dlfrCICIICL (At)
Rate of heat flow oo ————e— s ek T

thickness (m)

4. At
{d e ==
L
* k. AAL e
i 1 e (| 5 r— (3)
' where k,,,;,"“ mean proporttonaht) constant, W/m-K.

L

De,rw'ttton Fourier’s law can be applied to a metal wall lltrouuh

which the conduction of heat Is taking placc (Figure 5-1). The charac-

tcrtsttcs are as follows

Area of the wall = A, m2
Thtckness of the wall = L m

4

Face QF the wail (HH) is maintained at a uniform, :
e _ ~dehnite and higher temperature = ¢;, K
Face of the wall (CC) is maintained at a lower.
0 but uniform temperature = (5, K
The heat flow will be at right angles to the plane A4 and is assumed to

be in a steady state. Consider a thin section of thickness dL at an .

intermediate point in the wall. This section is parallel to the plane. ..
For IhlS sectlon Fourier's law may be applicd as given below.

i ot T, A _
R e ™ %)
N & | dL - -
‘where Q heat transferred, J
_6’,-- time, S

k = proportionality constant W/m K
t = temperature, K

The constant k is a function of tcmperature but mdepcndcnt of

length. - The ‘minus’ sign indicates the decrease in temperature in the

direction of flow. In cquation (4), (dr/dL) represents the temperature
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gradient. For a steady state heat transﬁ:r equatton 4) changes to ,
| dQ e sl
—— = Con.stam g = ———— < ' (5)
do e, ‘ dL '
where g = ratec of heat transfer. J/s (or W)
Direction of
heat ﬂaw

dL H _ Higher temperature
side (t;) '

Lower
temperature
side (t2)

_ Figure §-1. Heat transfer thrcuﬂh a metal wall by wnducuon

The tempcrature tltfference in the mtermcdtate sectton lS not known.
But temperatures at the two faces of the wall are known. The area, A4,

may vary with L, but is independent of temperature. By separating the
variables. equation (5) can be written as: o s T

g.dL ;kd ' T SR
— =kl Kl Saa-y 6)
- Integrating equatxon (6) between the limits

| f L = 0 whent=¢t; and

L = L (total thickness) when ¢ = ty,

gives: - _
- LdL 12 D egdd
W o— == kdt = | ks
0 A [ : ilitz |
qL . S, 5 -
1.. — = Thnlti - ) = kydt (7)
Rearranging equation (7) gives: ° 3
- kni . At !
iy T T e —— | | (3)
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o3 e

where km = mean proportionality constant, W/m-K |

In steady state heat transter, ‘¢ rcmam constant. In equation (3),
the term “4r’ indicates the driving force. Equation (3) may be rcar-
ranged to obtain: ,
' At

1.
km A

I~
i

Comparing the above cqu*tlion with rate cxpn.sslon lequation {I)]
indicates that:
1T I :
Kesistance = | (2)
K

Fourier'’s law is thus used to deflm. the resistance in quantitative
terims. |

Applications : Thermal conductivity is the reciprocal of thermal

resistance. Thermal conductivity of a solid is expressed in terms of & as
pt.r cquation (3).

The LO(._/f cient {’)f thermal conductivity is the quantily of heat that

flows across a unit surface arca in unit time, when the temperature Grop
IS umt}

The coctﬁc:un of thermal conductivity depends upon the material

Wlth which the body is made and upon its temperaturc.  Thermal
conductivities of some substances are given in Table 5-

5

R  TABLE.5-1
| - Thermal Conductivitics of Some Mectals
Muteriuls Thermual conductivity, W/m-K
~ Copper | R 379.0
- Silver ' 57.0
Steel a0
" Aluminium 24.2
Stainless steel | . = I
Glas$ (horasilicate) .- 1.0
Building bricks | 0.69
Water e 0.62
Air . ) ' 0.03

-
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From Table 5-1. the following conclusions can bq dr:mn

~ Thermal conductivities of liquids and gases are very small com-
pared to most of the sollds In other words, the resistance

offered by liquids and gJSes is high as far as the conduatnon 1S
concerned. '

- In case of stcam jacketed ve‘s'se*is,,'_'thé kettle (infler surface) must
~ have good conductivity so that maximum amount of heat passes
from the steam to the contents. 'The high thermal conductivity
of copper sugﬂests that it is a su:tab!e material for the construc-
tion of the kettle. At the same time, the metal used for jacket
(outer surtace) must have minimuin conductivity to prevent loss
of heat by conduction and radiation. The low thermal conduc-

tivity of iron suggests that it would be suitable material for the

construction of the jacket. Such matenals qhould be resistant to
solvent or chemical 'u:tlon of liquid. '

For the construction of evaporators and tubular heat exch'mgers
thermal conductivity values are ht,lpful Thermal conductwlty IS very.
sensitive to changes in chemical composition and temperature and,
therefore, the above values cannot be applied to all situations. The
materials and their usefulness with rf:scht to thermal conductmtics are

discussed in Chapter 17.

Compound Resistance in Scries

Consm!cr a flat wall constructed of a scrles of layers as in Figure 3 ’7
The characteristics are: - kg YiY
Thicknesses of the three layers = L;; Ly and L3, n

Conductivities of materials of which layers are made 8 k;, k> and':’k_g.
W/m-K | bis
. - s
. m -

* Area of the entire wall =

Temperature drops across thrce layers = At;, A, and At K
Resistances of the three Iayers = R;, R> and R;

'For the 1bove dn.scnptnons the total tempemture dmp m%y be written .
35: . : -f_n:s | | -

Drrvmgforce 4t = Aty +Ah ¥ Ar; i (8)--

The rate of ﬂow of' heat through sweral resistances in series is

e\actly analogous to the current flowing through several electrical
resistances in series. Therefore, the overall res:stance (R) is equal to the

sum of individual resistances.

)K= B4 Kyt Ry : | (3] -
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Direction of heat flow : _ s 8 1 | s iy - ; ' -y

cylinder at the centre of the pipe. The following characteristics may be
cnumerated.

Higher

Lower - temperature
temperature
side

Figure 5-2. Flow of heat through.
several resistances arranged in series.

.
Fd
*

Figure §-3. Flow of heat

Accérdingl_ to Fourier's law, ihdifidual'rc'sistanccs, are described by - through thick-walled cylinder.

cquation (2). These are incorporated in equation (9) to get:
5% : i - I 1,.-] LE [;3
~ | - R = - - il 1K

L

Mean thermal conductivity of material of cylinder =’k,,, W/m-K
Temperature of the inside surface (higher) = ¢;, K
~ Temperature of the outside surface (lower) = (5, K
Radius of the thin cylinder =r, m
Thickness of the thin section =, m
Radius of the irmer wall = r;, m '

(10)

¥

Since ‘entire heat must pass through the resistances in series, heat ¢
P g _ | g
can be written as: - - .

g =g+ g+ q; 7 (11)

: _ Radius of the outer wall = r;, m ‘
 Using the principles of conduction, the rate of heat transfer, ¢, may Length of the hollow cylinder =N, m" 1 I -
"be expressed as: u _ _ _ ~The heat flow (in watts) is considered as parallel and the rate of heat
| T » A Al ' _ (12) transfer (g) can be written as: ' '
| R; +R2+R3 ' b b | | dt | T- _ . : I
e DR L q =-k—@2uN) ST (Y
Tke contributions of temperature drops to the total temperature and e . ey

a : | -
individual resistances to the total resistance can be expresscd mathemati-

cally as: where 27rN is the area of the heating surface, i.e., the interior of the

cylinder. The mean surface area (4,,) may be writtent as circumference
multiplied by length of cylinder. S

- ;

Al ; AIJ..'.AIQ.; alg R R;:'R>: R3 P (13)'

Heat Flow th'mugh A Cylinder—Conduction _‘ -
In a heat exchanger, hot fluid or steam is passed through the circular

Considering the variables such-as radius and temperature, equation
pipe. The hot fluid transfers the heat to the inner surface of the pipe

(14) 1s rearranged to obtain:

_ gy gl i o _ dr " 27Nk |
wall.  Further heat transfer takes place by conduction through the pipe T — (15)
wall. The rate of heat transfer by conduction through a cylinder may be ; q £
obtained as follows. |

Integrating eqUatio_n (15) within the limits of
r =r;, when t = t; and '
‘r=r; whent =t

Consider a hollow cylinder as shown in Figure >-3. The heat is
flowing from inside to outside the cylinder. Consider a very thin:
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gives: | N
' - pTrdr =2rN st 2nN 4
G Pl S L T
SN . | -
nry-lIn Fl = (¢ “* )
d
o i | 2”Nkm (fl t2)

< et (16)

In (i 2/!‘1)

P

Equauon (16) can be used to calculate the rate of heat ﬂow through a
thick walled cylinder. ' .

[t 1s desirable to express the rate of heat flow in a2 more convenient

form (similar to flat wall) as shown below.

¢ coellicient x area x temperature difference
_ § = e ——— - o e
length of the metal layer.
Kn, Ap (1) - t2) - .
¢ (O e v o sesare o= b Bl (. 17)

By equating the r:g:,ht hand- ude terms in equations (16) and (17), the
arca (of xurtae 2) terim may be obtained as:

L In(rdry

Since L is the thlckness it is related to thickaess of the tube e (rs

— ry) of the cylinder. This value is substituted for L and rearranged to
obtain A, (mean area of a cylmder)

AL _,27PWP‘2“1’1) '
i ln (r-:/r;)

4,,,, area may be consndered as Zm',,,N From equatxon (18) mean
radius, r,,, may be written as:

(r2-ry _ (f‘z —~ 1) o
Ym = S (19)
i In (rz/r;) 2.303 !og (} 2/1 1) -
In equation (19) the term rms is called logarithmic mean radius.
Logarithmic mean is less convenient than the arithmetic mean. " The

arithmetic mean is sufficiently accurate, if the tube is thin walled. This
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(18) . 8

v f
relationship is explairned below. o oz i, ,.
— The value r;/ry < 3.20 reflects that the wall is Ithk If "1mhme-_,

- tic mean radius is used, the result will be wnhm 10 % of that

. obtained by equation 16 (i.c. Jogamhmlc mean rad:us 1S used)

-+ The value r)/rs < 1.5, reflects that the wall is thin. . If anthmettc
- mean diameter is used, the results will be. within 1%. of. that'

obtained by equation 16 (i.c. loganthmlc mean radius 15 uscd) £

For most cases in practzce arlthmeuc mean radms is - suﬂ:crently .
accurate, if the cylinder is thin-walled. For thick walled tube, logarith-.

mic mean radius Has to be used. 'lhe use of either an inner radms or an
outer radius does not g:,nc sufﬁc:cnlly accurate results '

Conduction th rough Fluids

Conduction in liquids is usually mnall and thls prescnts a consider-
able obstacle for heat transfer. Conductance in_fluids is bccausc of'

eddies Sctup by the changes in densnty with ' temperature which 1

observed in the boiling othu:ds (as In ease of‘ evaporanon and dlSIl”a-
tion of liquids). ety Tl T

Conduction through fluids rarelv occurs In practnc:._ e\cept \&hcn heatl

flows through thin films. In these cases, the thickness ‘of the film is not
exactly known. Therefore. equations described earlier-cannot be applied.

This difficulty can be overcome by the use of surface COL.fTC!LI’lt which |
will be discussed later. If a body of fluid is large, both convection and

conduction may prevail. This comphcates lhe data analysis and falls to

provide accurate predictions. *~ o &

CONVECTION G St RS
‘When heat flow is achxeved by actual mlxmg of warmer pomons '

with cooler pomons of the same material, the process Is known as
convection, - 7 Iy (s Pt R TR g

| E5
#

The heat transfer in fluid pccurs on accoum of actual mmnﬂ, of lts .

. : : " ' = I e f "i!
. Forced convection : Mixing of ﬂLIld may be obtamed by the use ofa’
stirrer ‘or agitator or pumping the ﬂu:d for recirculation. Such a process |
in heat transfer“ns designated as forced convection. For example, In
some types of tube evaporators, the evaporatmg hqu:d is forced through

the tubes Uﬂdt.l" pressure. Therefore forced convecnon 1s obsen ed

Natural convection : M1x1ng of fluid may be accomphshed by the
currents set up. when body of ﬂuxd is heated Such a process 1s l\nown-.

i :1’.
v 4 3
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as natural convection.  For e\a'np!e in pan evaporatnr convection
currents are s*et up in the cvaporatmg hqmd

ln general luid flow may be described as elther laminar or turbulent.
These create problems i in the estlmahons Some of them are as follows.

When ' heat is passed throuah the tube, stagnant films are important in
determmma the rate of heat transfer

— When fluid exhibits wscous flow, the velocity is zero at the

“actual surface of the wall [t means that the layer of fluid
adJacent to the wall acts as a staﬂnant film.

- A comm:atwe!v stagnant film can be observed even in turbulent
flow. At the centre, the fluid is in turbulent tlow, while at the

"~ surface the fluid exhibits viscous flow. A film of buffer Iayet
-~ oscillates between these types of flow.

——__"'Sometlmes scales are deposited on the surface of the metal wall

and heat must be eonducted throunh the scales.

{ Vht‘i‘ﬂ steam gives up latent heat, water will condense on the.

__surfaee of the vesscl {or tube). Again the heat must be con-
| ;ducted throug h this ater film.

‘For heat transfer in a tube.. heat must pass thmuah the stagnant. fiim
by eonduenon Hence eenductnm of these films is tmiportant.  Neor-

mally, tl*ermal conductivities of fluids are low. The. conductivity of the

-stagnant film will be still jess. For example. the thermal conductivity of

water is less. A film of water ha:-, a resistance ofabout 500 times and that
of air film is about 13.000 times greater %han a copper sheet of the same
" thickness. Thus, the resistance offered by these films (though it is thin)

IS large for the heat flow. Beyond these films, the turbulence brings
about l“apld equallzatlon of temperature.

Therefore the resistance offered by the boundary film is of nnpor--

tance m the ﬂow of heat pameularly in the evaporation process.

-

- Forced Comectmn—-’[‘emperature \ anat:on-—-lndmdual Heal
Transfer Coefficients. . ."5 .., b b

annIr of a ﬂmd may be obtamed by the use of 4 stirrer or agitator

or pumping the fluid for rec:reulat:on Such a process In heat transfer N

designated as forced convection.

Forced convectlon 1S obt'uned in some types of tube evaponto:s
wherem the evaporatmg liquid 1s ferced through the tubes under pressure.

Ina heat transfer process, the overall coet‘f'c:lent depends upon many |

vanables [t is necessary to break them into individual pam The

LEh
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lemperature distribution across a column of fluid that is being heated (or

cooled) 1s reldted to the veloc: ry distribution across the same column of
fluid. it s

Consider a case of heat ﬂowmg from a hot ﬂmd through a metal wall
into a cold fluid. At a specific point, the variation of temperature on

cach side of the metal wall is depicted in Flgure 5 4 Several 1mp0rtant -

facts are cvident from Flgure 5-4, asi listed below.

':-" ;

WAL et
| / T~ " uk ’
| g |

COLD FLUD | A HOT FLUID
) (Turbulent) 1} %3 ,; | - (Turbulent)
| tdé _ | .
7 f ¢
t, ife / | "
i - [ ! @
e H
{ey l*—!.—ﬂ

Heat transfer:

-

Figu re S-4. ”Iempemtun. gradients in forced COHVLCIIOH wlulc heat

s flowing from a hot fluid to a cold fluid thmu;_,h a mctal wall.

Mctal wall : 'Ihe eharactemtlcq arc as follows |
(1) Dotted lines HH and CC represent the boundaries ofthe hlms in

viscous flow on the hot‘and cold sndes respectwely, on each

side of the metal wall.

('?) The 1emnuatu:e gradient lh:oug:h the Ime tctd 15 caused b\' the

~flow of heat purely by conduct:on through the metal ‘whose

thermal conductivity i IS Known.

(3) Metal wall thickness is L.

Hot ﬂuld side : The characteristics are as follows.:

'(1y To the right of HH, the fluid is in- turbulent flow on the hot snde

(2) t, is the maximum temperature in the hot ﬂuxd

(3) 'ty is the temperature at the boundary on the hot s:de (turbu!ent

and viscous tlow junction).

-
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Let ¢ watt (joules per second) of heat is flowing from hot fluid.to

cold one. Same heat must pass through stagnant fluid film on the hot

side, through the metal wall and through the stagnant film on the cold
side. Let the followmg., be the characteristics. |

(4) 1. 1S thc 1empcr'1turc. at the actual interface (bctwt.cn luid and
- solid surface). ' =

(5) Curve 1, ty, t. represents the lcmpunlurc gradient from the bulk

- of the hot fluid to the metal wall T h:s Is caused by the ﬂo»\ of

Arca of the metal wall on the hot snde = )1; m?
heat in forced convcctlon

& Arca of the metal wall on the cold. sxdc A», m2

(6) y is the avc:age temperature on the hot ﬂu:d side represented by Average area of the metal wall A mz

the line MM. In general. fm heat transfer calculation. average

lemperature s important, This can be obtained by taking its
_t:,mpuawr;, after mixing. - |

Surjaw or j:{m c,oc[/" cient on the hot s:de : Ont the hot 51de the
surface COLfTCILﬂl h;, is defined as:

“ilm coefficient on amount ef‘ heat ﬂowmg (W)

Cold fluid slde The LhﬁlﬂCtCI‘lSthS ’m: as follows. the hot side (W-"Hlll{) = ol

(1) To the left of CC, the ﬂu:d 1S 1n turbulem flow on the cold side.

TS SIS ITeTEeIT

area (mz) < differencg in temperature (K) -

(2) lf is the minimum 1empcrature on the cold fuid. hyp = — ! (20) ==
(.:) 1s the tunperdture at the boundary on the cold sndc (wqc.nus . Ay (’!

'md turbulent ﬂow_;unctmn)

(4) ty 1s the Icmpemmm at the dctual mterface (buwccn fluid and
solid). ' |

) Curve 1y t. t; represents the tempera*ure yadimt from the metal

From equations (20) and (7),.it can_te seen that surfice coeff’mmt :

(/17) 1s 'malouous to the ‘term, &L for b mtal wall.  Since L/kA is the
resistance term for metal wall. the term: '

(S » | [ - .
e is Knowh as i
'-"-_.--"m!l to the bulk of the cold fluid. This is caused by the flow of v : 0 pr u.qmql res:stanc; on hot 51de
- heat in forced convecfmrl e

The lha.rmul resistance lS duL, to the comhim,d efTect of the viscous

film HH and the turbulent core. This resistance causcd the d:ﬁercnu, In.
temperature, /£, -- 1. |

t()) > is the average temperature on the cold Nuid side n.pn.semm
bw 1he hne NN. Ing Lcneral for heat transfer calculation average

tem perature 1s ““PU'TII'H This can be obt_amed... b)ltal\lln;, i1ts
tempcrature aﬁer mixing. .

Surfuce or film coefficient on t!rc«: c,o[d side - Film coeff'mcnt on the

cold side can be written on similar lmes as:
Surface or film coeﬁ‘c:ents In forced convt.c:uon the stagnant | o |

films (HH and CC) are of great importance in determining the rate of
heat transfer. Though these films are thin, the resistance offered by them
is large. Beyond these ﬁlms the turbulence brings about ‘rapid equahz.a- E

) amoun of heat flowing
Film cocjfczem on the cold wde = — —_—

art.a X dlffl ence. m temperature

; { _ f : |
tion of temperature. , _ | i Ny = - = "" o _(21)
 Film cocfficient is the quantity of heat flowing through unit area ot - £ A2 (14 '"tz) ho. - onlda Fhiy
the i'lm for umt drop in lemperature. i And, ., | o g,
It is the conductwe capacny of the stagnant film for the transfer of J] s kndwh as thu'mal rcmhtance ovn.cold snde
heal g tol, PLET UL T ' | 14 |

It is difficult o dctermme the thermal resistances of fluid films, since
thicknesses of the films cannot be known precisely. The thickness of the
film depends not only on viscositv of the fluid, but also on the fluid
circulation level (forced convection). Hence, the resistance offered by
these films cannot be individually calculated. Therefore, indirect method
of computation of surface coefficients is employed.

v

Overall cﬁei‘ﬁcie.n‘t In the over all heat tramler three reswtance
tcrms are.involved m serxcs ’ f -- :
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- IS thc resnshncc on lhc hot {‘md q:dt,
hJAJ e s

i},

. ' b :s the res:stance ofthc mctal wall.
| kAm NP

¢ | ] | ; s
L il 18 the resmtmce on thc cold ﬂu:d mde.

Gete e hodaic .
Applymg the prmcnplc of compound 1051slanu: in sencs “the overall
heat transfer may- bc wntten as: R "

| 1af s vE ¥ sl
it ) y i ANL
! 1 MOE
I ; s & 1
+ o (8
Ry
| ; A : - ’ il
of ' L {1
: Wi
Uk
'
L3 S

o : i " R SR - -
- ; | I ' 1]14;41 ke‘{’”- | h 7:"12

If both numerator and denominator of the right side ofeqtl'auon (2 )

are mult:phccf by A;, equ'umn (‘73) is obtained.
e ;1 A‘f | i
q = i) ! i (2]
ez Jowsiy [4} Jf} b

-iw o it W it A

| hl ;A’” ;?'T""

. 'c_

Tl’t’“l, hP oV :.ra.l! hc.al qunsl‘er coelm,u.m {* (W.fm*- l\\ 1S, df-'f'n:.d by

equat:oﬁ 24y o - & R 1
Uy = .....___.. —————— (’?4) r‘f .
i, G ety 5 _ i

i .. Ll iﬂ' l
;I II;.?;;: E :
it

h_! | M}::; }1242

If equauon (24) is compared thh equation (23), 1t is apparem that:

U,AM, | (vfm

AN
A | '*l

Equauon (25) states that il |

1:.:|_.|
L o
e |,|| |

Rate of hear transfer = overall heat transfer cocfncmm X
' area-of the heating surfacc ¥ *(20}-}?‘
temperature drop L ¥ :'-=.:"1

Fﬁrra tubular wall : The above demat:on (equation (24)) is baé‘t,d
on the metal wall of thickness, L. This relationship may be extended ta
" a tubular metal wall. The heat coefficients may be written in terms of

diameter (mctre), since area is pmpomonal to the corresponding tub
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diameter. Thc overall hcat transfer coefﬁc;cnt for a lubular metal wall -
may be written as: d

L]

&
LD; D;'

e o

hy  kDy h2Dy s
8 - b oy 1 et i e
In some cases, one particular area is more convenient than the other..

Suppose /iy >> hy, the (D;/D5h5) becomes small in companson to (I/h;).
Similarly, resistance of the tubevall is also small in comparison with

(1/h)). Hence, ratios (D;/D,,) and (D,/Dy) have very little sxgmﬁcance

and can be dlsrt.gardcd , Then, cquation (27) becomeS' .
L. & nd :

—_—

fy .. - BV s

Lquatlon (28) can be used in cases of:

(2) thin walled tubes thh largcr dlameter
. (b) thin walled plates '

Uy =

@

&

In thcsc cases, area A can be used for A A, and A 3, smce errors will
' be negl:g:blc In such cases, - '

When /'1; is w:n small mmpmcd 1o hs and (L k) (1/hy) w:ll bc larbcr

Thercfore 1hc5n. twWo tc:ms m the denominator are dlsregarded Then

Thus, rate of heat flow from one fluid to another through the retain-

ing wall can be simplified. Hence, numerlcal value of surfacc coefﬁc:ents
can be predicted easily. i

Factors influencing film coefﬁc1ents : Several factors influence the
surface film coefficients. However, the factors that are widely applied in

practice are a few wnth refetence to the processmg conditions. These
are: ' | '

~ Thermal-conduutmty ofthe liquid

— Specific heat of the film

— Density ofthe liquid P

—~ Turbulcncc ofthe Hud .. oo i il k) T'
- ’Ihlckncss thhc film i
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It the filins are thin. their resistances will be reduced. This can be

achicved by increasing the speed of the stcam on one side and the speed &

of liquid on other side .

Fluids tn Natural Convection

When a fluid is heated. the currents set up may cause mixine of fluid.

Such a heat transter process is known as natural convection.

The mechanism of natural convection is depicted in Figure .5-5.

Consider a case of single horizontal cylinder. A large volume of fluid is.
When a fluid is in conjact with a hot |

adjacent to the tube absorbs heat. |
of this part of the fluid increases, which in turn de- §
As a result, the fluid rises from the surface and is . &
replaced by the cold fluid. This process continucs thereby effecting the

present surrounding the cylinder.
surface, the fluid that is immediately
The tempcrature
creases the density.

mixing of hot and cold fluids.

Fluid circulation

ture difterences in the fluid is termed as natural convection.
Fluid circulation also changes with:

-~ Lt.omctn of the system, i.c., size. shape and arrangement of %

-

Ih..ntmﬂ fiu"ia o o

- shape oi the \cssul (n which the fiuid is enclosed.

Q/A, W/mé

($X

~At, Deg K

Figure S-S. Mechanism of heat transfer in natural convection.

The phvs:cal properties of the system are mdmdmll) evaluated .lt

Genemlly hot bodies lose heat to thut‘*
| f- -8 arc as follows.

i

the mean film temperature.

caused by changes in the densities due to.tempera-
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surroundings both by radiation and by convection. At lolw'c':f't'émpehmr;.
ranges.” convection is more predominant, while radiation is tmportant at
higher temperature ranges.  In practice, liquid film coefiicients may vary

* from 10 to 200 depending on: the arrangz,emcnt of' apparatus and lhe
viscosity of the hqmdm | s

1

Apphcnllon : N.'.ltural Lom'em(m 1S obscrved when r..\tracts are
e apomt:.,d in open pans. *

Chanﬂc S in Flmdﬁ: during Heat Transfer

In heat transfer by convection, two liquids are involved. . The hot'
liquid gives heat, while the cold liquid receives it. Each llqu1d under-
goes changes during heat transfer. Stt.am condenses to uwe heat wlnle
the cold liquid DOUS, s obile D4 TR Gopit g (U R O

e I . 1 L “

Hot hquld-‘itcam boiler : Steam is ”t..I'lClillL‘:d m a ccntral bmle
house at high preqxure The iollowm are thc advanta{._,es

(1) High pressure ‘itLﬂlT‘l can bn. L.SC‘d to drw a}urbmg for gem,rat-:,

ht

ing electric powcr i i e ol . L
(”) Low prcssurc ‘exhaust steam s uscd f'or pmwss hcatmg.
(3) Central generation is more econormical.

1) Mmt. :.tcam is stored {Rs@ boiler. :f‘hwh pressure 18 apphed
) It Hq,h pressum steam means hlgh tempemture

( hm acteristics of the srmm : (I) Steam bhOUld bc as dr\' 'ls pos‘zlblc
~thereby heat losses can be mlmmxzcd |

- (2) Since the latent heat is “the um..tul heat slcam should be used at
- the lowest pressure that w:!l bwe a sunable tempt,rature gradlent

Steam should be pumped at its saturated temperature

Supcr—
heated steam should not be used

(). Steam’ should be' rcplaccd conlmuoush su that thc process pro- |

ceeds mdctmltcly e i L |

_;r'. :

Hnt hquul-—-cmulenslnﬂ oprour . Stc'lm Q!\rt.ﬁ ltq h t of vaporlsa-

uon durmn LUI‘dLﬂSdtIOI'] 'llw: hem lS lransfnrrr..d to the cold hquzd
lluou*ﬁh a mt.tal \mll N iy ik o

ln.;--r-'\lr

In a heater. stemn is pnssed throu;._.h the tubes or out':‘.ldc the tubes
ach case. the metal surface of the tube gets heated up. ‘While tra,nsmlt-
ung heat o a metal surface. the saturated vapour condenses into two
distinct forms based on the n..uure of w't.umn of' the metal surface. These

: "'l 2
ot L

Cd .‘—-E - -I. *

fi

] .I.
:..
i

r.

i

1B

' B | _ p
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Filta type condensation : In this type, the condensed liquid wets the

~ surface on which it is condensing and forms a continuous film of

condensate.

If condensation is occurring on the outside surface of a horizontal

metal tube (a very common casc), this film of condensate drops off '

beneath the tube. If the tube is vertical, then it runs down the whole

length and drops off from the edge. Generally, smooth and clean
surfaces tend to form film type. For film type condensation the film

coefficients are low. Equations have been proposed for heat transfer
calculations. | ' |

Draop-wise condensation : In this type, the condensed liquid collects

as.drops that may range from microscopic size up to drops that are seen
with the naked eye. '

~ If the condensed liquid doés not wet the surface, the drops grow and °
then fall off the surface, leaving an apparent bare area on which new

drops form. Normally, oily or greasy surfaces tend to induce drop-wise
condensation. The coefficients for drop-wise condensation. may be
double or more than double that of film type under identical conditions.

[t 1s difficult to estlmate the coetficients of heat transfer for dmp-w:qc
condensation. ' |

In general, the film coefficient between condensing vapour and metal
wall increases with increasing temperature of vapour. Film coefficients
decrease with increasing temperature drop. When steam is employed as
a source of heat, it is necessary to remove non-condensable gases. Other-

- wise, they reduce the film coefﬁcxents because of their accumulation.

Cold ll(]lnd boiling of liquids : When heat is supplled to a liquid, 1t
boils and the vapour pressure increases. This process continues until the
vapour pressure is equal to the atmospherlc pressure. At this stage, the

- temperature of the liquid remains constant, which is l\nown as bo:lmg

- point. Generally, heat iIs supphed toa lquld through a heater by pas:,mg

&

steam.

Consider a horizontal tube, which is immcmed in a pool of pure

liquid. - Steam is passed through the tube. The heat transfer depends on

the differences in temperatures on each side of the tube wall. The
relationship between temperature differences and heat transfer coeffi-

cients in liquids (boiling outside the horizontal tube) is shown in F:gure
>-6. Ar may be defined as: ' '

;A= tube wall temperatuw—-saturaled tcmpuature of
liquid (= vapour pressure in spaces)

0
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" Cold fludd

Hot fluid - 2T G SnAEEL T

Flgure 5 6 Ltlcct of tcmpcraturc difference on the bn.haw.-
iour of a liquid boiling outside thc horizontal tube.

The following conclusions may be drawn from Iigure 5-6.

(1) If 4t 1s very small, the rate of heat transfer (q/.A) 1s not much.

Q)

rather slowly after critical 4¢.
at higher AJ than the maximum coefﬁcrent

(

3)

Hence, liquid doesn t boil. _
If Ar is increased, the rate of heat transfer (g/4) will be in-

“creased. because heat transfer coefficient increases rapidly. The
- mechanism is as follows.

The heated liquid at the wall forms
bubbles of vapour and gets detached from the: surface.” These
vapour bubbles rise through the liquid. , This type of boiling is

called nucleate boiling. The cold fluid now ‘wets the tube_wall.
Thus bubbles produce a series of currents, waich have a stirring
effect. x Fe' g 1 e
If At is increased ’Further the surface temperaturc increases con-

tinuously up to a point,- ‘where the heat transfer coefficient

‘reaches a maximum. This temperature is known as critical At.

At this stage, the bu_bbles begin to coalesce into a continuous
film -»f vapour, which insulates the tube

(4) Beyond critical 41, further mcrease in At leads to lowering of

heat transfer coefficients rapidly. The continuous film of vapour
insulates the tube, lhereby the effective At falls to Increase.
" Thus rate of heat transfer is decreased.

For some organic liquids. the heat transfer coefficient may decrease

Therefore, mammum heat flux may occur

¥
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The factors influencing heat transfer in boiling of liquids are:
— roughness of the tube |

— type of roughness - N **
-~ tendency of liquid to wet thr.. tube
" - difference in densities between bubble and Ilqurd

Tkere is no cquation. which can establish a 1ehtronsh1p between
cocfficient and ‘other factors. This is due to the diverse nature of .
apparatus (bhﬂpf‘.‘: and bIZC) ﬂ'lld Vary rm_ ::.pe:,dq of c1r(,ul:1[10n

L

'Vlodea of Feed—Heat Transfer

Heat transfer by convection is ‘involved between two hqurds The
differences in the modes of feeding largel) delf.,rmme the éfficiency of a

heit process .

Par-_allel heat flow-Variation 'in temiperature : tleat transfer across
a metal surface from a hot fluid to.a cold fluid depends on the tempera-
ture gradient (Ar). (;enerallv :t is assumcd to be constant for all parts of
heating surtace. |

When the hot fluid and the cold fluid enter the apparatus from the
same end, the flow is parallel to cach other. This arrangement is known
as parallel flow.

Consider a heat interchanger. The temperature of the hot fluid inside
a pipe decreases, from T) to 7> by transferring heat to a cold fluid
outside the pipe. As a result, the cold fluid temperature is increased
from £ to 7. This condition is represented in Figure 5-7,

Temperature '

~ Distance

Flgure 5-7. ImeerllilL difference in parallel-current heat {low.

v

where L = length of pipe. m
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The tcmp;..rature dmp at the Ieﬁ end ts'much greater than at the nght-
end. It means that heat transfer is fasu.r at lefl-side lhan that of the
right-side.  These changes, -as occurring in a %mal? eettlon of'thc plpe
can be considered for the whole lengﬂ* of the pnpe il 4P

Mathematically, hr..ﬂl tr...nsi’er in parallel { 'lnw of hqmds can bn.,

written ase ‘
G evr

il | dg = UA. At G
Equation (31) is based on two asstrmplidna (a) The overall coefti-
cient () is considered constant throughout the equipment. (b) The

specific heat of cach fluid is eonsxdued constant. lntegmtmg equation
(31) aives: '

| dz, -~ ._’]!'a , , |
i Ll oo . (32)
A!; - |

In-
Al 5

k-]

« = area of the pipe. m-=

Cam]m:m” Lquatmn G ") with lhe _L,eneral ethon of heat transfer
(equalron .} g,wes |

e '.'AU.?-_-—_-A!}" e ol By [
M. %

;.

Thus logamhmrc mean temperature drfference (Arm) is used The

total hecating' surface (4) is equal to aL Heat transfer equatlon In
parallel ﬂow heat exchanger TH g p iy

g=Uddty o @34

The logarithmic mean temperature difference’ is used to account
varying temperature d!'Op in parallel flow. . If the temperature drop is .

nearly equal (4¢; = 4r5), then arithmetic average temperature (41,,,) can .
be used which is a general expression for heat transfer.

- In parallel heat flow, the heating obtamed per unit surface area is

- much less effective at the ﬂu:d exit pomt compared to lt at lhe pmnt of

entrance of the apparatus

Counter-current heat ﬂo“—temperature urad:ent When the
hot ﬂuxd 1S passed throuwh one end of the apparatus while cold fluid

I!*
¥

K
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is passed through the other end, fluids pass-and by pass cach other in the
opposite directions. This arrangement s known as counter-current orl

counter- ﬂo W,

. The tunperature g,radtents for the countu c.urrv.nt ﬂow are shown in,
Figure 5- 8 '

Tem pe";rater_e

Distance

hgure S- 8 Femperature diltergnce in counter- eurrt,nt heat ﬂmt

'I Jrom the Figure 3-8, it can be concluded that the temperature dmp
along the length of the apparatus is nearly constant. [n other words,
amount of heat transfer per unit arca 1s substantially same at both ends.
The lreatmg surface is nearly constant throughout the apparatus.

; '\-.-

[n counter _current heat flow, the exit temperature of the hot fluid is
eonsrderably less than the exit temperature of the cold fluid. Hence a
large proportion of the heat content of the hot fluid can be extracted for

“a given entrance temperature of the cold fluid: If 4t f—‘-’Atz, temperature

(Af) can be tal\en as arithmetic average
Aty + At )
& . Al = —— A (35)
T ¢ _.
This Mheat _trans_{’e:j_equation for counter-current heat flow can be
written as: ' o

g Uil E T 9043

Consrder a case, where steam is transfemng its heat to a colder body.
Let the pressure dtfference in steam be const'mt The temperature
drfference when steam IS i1 a heat exchanger is shown in Figure 5-9.
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lnmally steam cools down to the eondensmg temperature as mdzcated by
AB in Figure 5-9. Then condensation occurs at constant ‘temperature
(section BC), and may further be allowed to cool (sectzon ‘CD). Here
large errors would be introduced, if AF and {DE are taken for 4¢; and
At», respectively. Scparate heat transfer calculations must be done for

the three sections m thure 5-9 and then are added. T e T ey il
J’
| A _ ;

s B Steam P ie

. 3

e~
o
n.
4
Q
—

Distance

Figure 5 -9, ererallll‘L drﬂt.rem:t, In counter-t.urrt.m heat
ﬂou m u!ueh steam rs ll‘ﬁ.Ll as tht, heatma rm.tf:um

RADIATION

Radiation is a p:ocess in which he'rt ﬂow | Heat IS tnnsferred
through space by means of electromagnettc u aves.

Thermal Radmt:on o apil

Heat transfer by radiation is known as thermal radiarian
Radiation is effective across perfect vacuum and also throuvh lavers

.ofalr

-.-I:'

All solid. bodles radiate enera) when thelr ternperatures are above the
absolute zero. A solid surface emits radlant energy: eentmuouslv and

distributes over all wavelengths (i.e.. from zero to mﬁmtv) although a

major portion is concentrated within a relatwely narrow range o of wave-

lengths. - £ e v sk aendie Ukt

! 1-:'“"!I Folud, gebi A ‘ wh
L L1 L

‘Heat' transf’er (thermal energy) is predommant as the temperature of -
the body increases. The amount and kind of thermal energy’ radiated

increases’ mpldly with temperature. Thermal radiation usually occurs
simultancously wrth heat transfer by convection and conductiof.
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Vario‘us Forms of Emitters

 Vari lous forms of cmitters used for [ht .supplx of radiant ent.r“) are
given below: |

Radiution source — Wavelength — Applications
AR lamp (1000°C) - | opn) high intensity radiation.

Ceramic rods and panels -~ 2to 4 um Pharmaccutical purposes,
heated by gas or clectricity thermolabile substances.
(500° to 300°C). /

Advantages : The radiation source corresponding
from 0.8 to 400 pm is used for the thermal radiation. |
industrial interest. the range is narrowed from 0.8 to 25 um. Radiant

lo wavelengths

encrgy penctrates a short distance (1 to 2 um) into materials.  The

heating effect occurs below the surface. For example. a film of solution
can be dried by radiant heat. whereas surface skin retards the drying
process in case of convection methods.

Fundamental Concepts

Thermal radiation obeys same laws of light, I'!Iln]t..l'\m
(a) it travels in a stralﬂ‘tt line
(b) tt may be reflected from the surface

Suppose a cold substance is placed n the sight of a hot body inside

an enclosed space. The-cold body intercept the radiation emitted by the

hot body.  The fraction of radiations falling on the body may be
reflected. which is known as reflectivity, p. The fraction that is absorbed
1S Known as absorptivity, a. The fraction that is transmitted is known as
transmissivity, r. The sum of these. fractions must be unity or:

(2’+Ip+.z"=.]'
In practice, reflected and transmitted radiations. usually fall on other

absorptwe bodies. The absorbed radiation is transformed into heat. T hib
fraction is not available for the cmission of radiation.

Black Bod\

‘All solid bodies radiate energy at a temperature above the absolute
Zero, however, not at the same rate. For the purpose of heat tran stu, a
theoretic substance is proposed and designated as black body.

Black body 1s defined as a body that radiates maximum possible
amount of energy at a given temperature. | .

¢ No physical substance is a perfect black body. The black matte
surface approaches a black body, when visible light (rays) alone is
'conStducd Light coloured substances deviate widely from it. Black
surfdc_es_ are better emitters of heat radiation than polished surfaces.

IFor most cases of
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Further the term, ‘black’ is'n'othing to do with the colour of the body.
Stmtlarly it has nothing to do with the amount of energy, it radtates i

In theory, a black body 1S conmdered to be an enclosed space W1th a
small (negligible) opening. ~ The temperature in the enclosed space
should be constant and umform because the amount of energy escaping
through a small opening is negligible. ‘In practice, a convenient black
body is made from a tube of carbon. Both the ends are plugged, with-a
small hole at the centre of one end. When viewed through'thi"s"small
hole, the inside enclosed .space (furnace) is considered as a black body,
provided the temperature is uniform. Similarly all objects within the
furnace (enclosed Space) can be considered as black bodies. - ..

A good absorber of heat is a good emttter too. Conversely a poor
absorber is a poor emttter ' S i

Rate of Radiation

Normally, hot bodies emit radiation. Stefan- Boft*mann law gwes the
total amount of radiation emttted by a black body.

g=baT ¥ VaRIREE - ¢
where ¢ = cnergy radiated per second W (or J/s) A D

A = area of radiating surface m2

.

I'= absolute temperature of the radtatmg sufface K
b = constant, W/m2:K4 '

According to equation (37), the rate of he::ttinff:t depends upoo the
“temperature and surface area of the emitter. At the same time, it also
depends upon the absorption ¢apacity of the material to be heated.

For a black body, the value of & is 5.67x10~8 W/m2-K%  Actual -

bodies do not radiate .as much as the black body Thereforc equation
(37) 1s modificd for the actual bodies

g = ebAT" S (38)

where ¢ is equal to the emissivity’ of the actual body.: Emtssmty may be
expressed at t"te same temperature as:

 ndes ' energy emttted by actual bod
Enmuissivity, € =
' energ}, emitted by b!ack bod j

As per equat:on (39), emissivity is one for a black body ~ For actual
bodies, ¢ is less than one, because a fraction of the radtatton IS absorbed

which appears as heat. . The ‘fraction of energy absorbed is denoted by
absorptivity, a (other fractions are either reflected or transmttted)

(39)"

g
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"A good absorber of heat is also a good emitter at a given tempera-

ture. If emissivity is equal to absorptivity. (¢ = @), then a substance is
considered as a plack body. Since emissivity of a black body is 1. the

. absorptmty must be one. Therefore, the black body absorbs all the
radtatlon fallmg on it. '

Grey Body _ _
_IA_bsotp_txon of energy by a substance depends on .its propertics.
Fairly high amount of energy will be absorbed by dark coloured, opaque

and rough surface bodies. Least cnergy is absorbed by light coloured.
transparent and smooth surfaced substances.

At a given temperature, the value of @ varies somewhat with the
wa\felen_gth of the radiation falling on it. This complicates the solving of
problems in practice. Therefore, the concept of grey body has been
introduced. |

Cold body (Black)
surface area, A
Temperature, T»

Hot black body
Temperature, T,

~Figure 5-10. Heat transfer through radiation,

A greyv body is detined us that-bodv"tt'hos-e absorptivity is constant

—_— F"""‘"""_ v

| al d” "s‘. ﬂ"«tlLH“th Ot l"ldlﬂll(‘m dl a Unen lLlT‘lle‘a[UIC

(Unbldur a small cold body with a surface area ot .4 and temperatue
of T> is completely surrounded by a hot black body at tempcrature [

(Figure >-1U). Lhe amount of heat transterred 1n such a process is
cxpre's'segd': by the Stefan law, which may' be written as: |

q=bAT?~Ty) (40)

Ch-5  FLOW-OF HEAT ' : RS &}

L.quation (-H)) ASSUIMES th..tt ..t“ the heat radiated by a LOO]LI body also
talls on-the hotter body. e |

. . LQUIPMENT R S
HEAT EXCHANGERS AND HEAT INTERCHANG ERS

Mos] of the t.humt.dl and ph.mttaeeuu'(‘:'tl mdustru.:. emplm a \'met) ’
of heat wanster equipment. T hé materials to be "hLﬂlLd may be ltqmds or.. -

gases and neutsm:mll) solids U'o.hh.h is a separate Ldbl.'.' h\ itsell). The .
heating media may be a hot Hluid or condensed steam.  Some of the

processes. which ivolve the heat: ttansfer encmmtcred In ph unmc‘) are:
Preparation of stare h puste (steam_ntkt.ted l\eltlw) 1or uranu- ok
Jation '
- Crystallization
- Evaporation -
~ Dustillation Tl
~In mdustrtal processes, heat cnerLy IS transf’efred bv vauous methods h
The principles, construction and working of equ1pment used for the |
transfer of heat energy are as follows: e

e

Heat exchangers : Heat f\t,hmwers are the devices used for transfer-
ring heat from one fluid (hot gas or steam) to another ﬂmd (liquid):

through a metal wall.

Heat interchangers : Heut imerchanger.s are the devices: used for
transferring heat from one lzqmd to another or from one gas to another
gas through a metal wall. ' ;

~ The classification given above is vague and many ttmes used inter-
chanﬂeably Therefore it 1s apprOprtate to call them as heat transfer

Some of them are discussed.ih the following sections.’ -

Heaters or Heat Exchangers* i s

Heat exchangers are the dwu.es used for transferrmg heat from one
ﬂmd (hot gas or steam) to another fluid (liquid) through a metal wall

- Some heat transfer (or heaters) equtpment are:

(1) tubyat hcater (shel ﬁnd-—tube heater)

(2) multtpass hcater
(3) two pass ﬂoatmt, head heater
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In hcat exchangers, the film cocfﬁmems on the steam side are usually
much larger than the film coefficients on the cold liquid side. Therefore,
the overall heat transfer coefficients will be nearer to the cold liquid side
(because’ it - is smaller of the two coeificients). Hence, heat transfer
becomes less. The efficiency can be improved by passing the liquid at a
high velocny As a result, the thickness and resistance of the liquid film
~decrease. Normally, the space outside the tubes is large, but stecam

- velocity is low. Still heat exchangers are uscful, because of the high
valu:*s ofthe steam film coefficients.

A

b ub_ular heater (Shell-and-tub_e heater) : Shell-and-tube hea’ter 1S

the simplest form of a tubular heater. It is a single-pass tubular heater.

Construction : The construction of a simple tubular heater is shown

in Figure 5-11. " Tubular heater consists of a bundle of parailel tubes,
whicha are relatively thin walled. The ends of these tubes are expanded

into two tube sheets, By and B;. The bundle of tubes is enclosed in a .

cylindrical shell or casing, C, to which the tube-sheets are fitted. Many
heaters have a cast iron shell. |

uDistrjib.uticn | Tube - Steam

cramber, 0. sheet inlet Outlet hpt: LA

flund
/"I _

- Side cover

Side
cover

E1

Distnbution
chamber, Dy

W Cising Condenﬁate

Inlet cold

qure -11. Conqimctmn of smﬂlr., -pass tubular hcalcr '

Tv«.o dlstrxbutlon chambers* D and D, are prowdcd at each end of
the casing C. Fluid inlet is provided to the distribution chamber Dj.
The heated fluid outlet is provided to the distribution chamber Dy. Two
covers, £ and E; are provided to close the distribution chambers from
‘the sides. " ‘Steam or other vapour is introduced by a connection, F.
Provisions are made for the escape of non-condensable vapour K and
condensed vapour to drain at G. '
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Working : Steam or other vapour is introduced through a connection
F into the space surrounding the'tubes. The steam flows down the tubes.
In this process, the tubes get heated. The condensed vapour is drained at

G. Non-condensable gases, if any, escape through the vent K provided
at the top of the casing. .

The fluid to be heated is pumped ¢hroug‘1 thexonnecuon H into P
distributing chamber D2. The fluid flows through the tubes. The stean -
and fluid are physically separated, but’are in thermal’contact through the
thin tube walls, The fluid in the tubes get heated due to heat transfer by
conduction through the metal wall, followed by stagnant layer and
finally by convection. The total heat transfer is effected by single pass
of fluid. Thus, the heated fluid reaches the dlstrlbutmg chamber Dl and |
leaves through the exit point, 1

o8

In the sheet-and-tube heater, the cross sectional area of the tubes is
larger. Hence, the velocity of the fluid inside the tubes is low.

Advantage : In single-pass tubular heater, large heating surface can
be packed into a small volume.

Disadvantages + (1) The velocity of fluid flowing in these tubes is
low, because of large cross-sectional area or largcr surface.

('7\ The expansion of the tubes and shell takes place due to differ-
ences in temperatures. This may lead to the loosemnﬂ of the
tube sheets or buckle the tubes. : '

Multipass heater : In a multi-pass heater, the velocity of fluid can
¢ increased. As a result, heat transfer coefficient also increases. As the

name indicates, the liquid to be heated is passed through the tubes
several times before leaving the equipment. This facilitates the heat
transfer. Therefore, multipass tubular heaters are superior to the single-
pass shell-and-tube hecaters. '

Construction : The construction of a multipass heater is same as
tubular heater mentioned above, however with some modifications (Fi 18-
ure S5-12).

Tubular multipass heater consists of a bundle of parallel tubes. The
ends of these tubes are e\:panded into two tube sheets. The tubes bundle
is wrapped in a cylindrical casing. Two distribution chambers are
provided at each end of the casing. Since the heater is multipass, the
same liquid has to flow through several tubes back and forth. In order to
facilitate this process, distribution chambers are partitioned by means of
baffles and their arrangements are different in the two chambers (Figure

4
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5-12). The entrance and exit points of the fluid are arranged in the same
distiibution chamber (right side). |

Outlet

0,

(a) When vieﬁed from the side

Outlet hot fluid

I'7 4 »»Q

Inlet cold
flud

Right-side distribution chamber
(Partition E is below the page)

. Left-side diétribtxthn chamber
(partitions F and D are below the page)

(b) When viewed from the fn:_;nt

Figure 5-12. Construction of a multipass heater. In this figure. the
In()ﬂil-lf“[iﬂll"i ol distribution chnmburs and partitions are shown.

H

Hm King . Steam 1S mlrodu.ced through the connection into the space
surrmmdmg_ the tubes. As the steam flows down, the tubes get heated.
The condensed vapour ts drained. ~ Non-condensable bvases. if any.
escape through the \ent pmwded at the top of the casing. | :

The fluid to bu, heated 1s pumped at high velocities into the nghl

~distribution chamber through the compartment, A. High velocity facili-

tates the effective heat transfer. In this construction, fluid is directed to
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enter only a fraction of the tubes by means of bafﬂes placed in the
distribution-chamber. -

The liquid enters compartment A and flows to the left into c_ompart-{

ment B, back to the right to compartment, and SO on in the same
sequence of alphabetical order. During this process, fluid in the tubes
pet heated, due to heat transfer by conduction through the metal wall,
followed by a stagnant layer and finally by convection. The net result is
cnhanced rate of heat transfer. Thus, the fluid passes back and forth

through the several tubes and then leaves the equipment at |.

I the fluid is to be introduced-at high velocities, pumpmg ‘should be
effective, which increases the cost of the power, though the cost of
heater is low. Too low a velocity saves power for pumping, but needs a
very large heater. Therefore, a balanced approach should be worked out
bascd on economys '

Advantages : Multipass construction decreases the cross section of
the fluid path, thereby increases the fluid velocity. Thus, multipass
tubular heaters are superior to the single-pass shell-and-tube heaters.

. (1) The fabrication of a multipass heater is more
complicated. (2) The pressure-drop through the apparatus is increased,
because of enhanced velocity of fluid flow. (3) More number of exit and
entrance points increase the friction losses. This increases the cost of
pumping of fluid. .

Disadvantages

Floating-head. two-pass heater : In ﬂoatma-head two-pass heater
the ends of the tubes are structurally independent of the shell.

Construction : The construction of a two-pass floating head heater is

~shown in Figure 5-13. Its construction is the same as tubular heater with

some .modifications.

Two-pass floating head heater consists of a bundle of parallel tubes.
Thesc are enclosed in a shell (casing). The.right-side of the distribution
chamber is partitioned and fluid inlet and outlet are connected to the
same chamber. The partition 1s such that both ha’ve equal number of
tubes. On left- side, the distribution chamber is not connected to the
casing. It is structurallv independent, which is known as ﬂoa!mg head.,
The other end of the tubes.is embedded into the floating head. Steam or
other vapour 1s introduced through inlet provided to the shell Provi-

sions arec made for the cscape of non-condensed vapour and an exit for
the condensate. '

£ i
! k
¢ By

e I

‘.; .
4
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by

Working - Steam is introduced through the inlet (Figure 5-13). As

the steam flows down the tubes, they get heated. The condensed vapour
escape through the bottom of the shell. Non-condensable gases, if any,
escape through the vent at the top of the shell

Floatin ,l Steam |
~ head, 4 inlet . Vent " Outlet
& Bkt R ? hot fluid

Partition

TubesL
Condensate | -y cold fluid
outlet

Casing . Inlet

Figure 5-1J. Construction of a two-pass floating head heater.

cThe fluid to be heated is introduced into the distribution chamber on
right-side of the heater. The fluid flows through few tubes present in
that part of the partition. The fluid reaches the floating head and
changes direction. Now it passes back to the next part of the partition
chamber on rlght-SIde ‘Therefore, the fluid flows twice through the
tubes, i.e., two pass. During this process, fluid in the tubes get heated.
" due to heat transfer by conduction through the metal wall, followed by a
stagnant layer and finally by convection. Then the fluid leaves the
'outlet prowded in the shell. |

Advamages - In a shell-and-tube heat exchanger, tubes and shell may
get expanded due to differences in temperature. Similarly contractions
are also possible when heater is switched off. It leads to loosening of
tube sheets or buckles the tubes. Thercfore constructing the tubcq

independent of the shell can prevent these effects. Such an arrangement
is ﬂoafmg head

Heat Interchangers

Heat interchangers are the dewces used for tmn%ﬂ:mnﬂ heat from
one liquid to another or from one gas to another gas through a metal
wall.

FIR ) F
v (e
d ,.:.I': i
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In heat interchangers, the heating medium is a hot liquid. The liquid
(o be heated is the cold liquid. In this case, the film ceefficients both
outside and inside the tubes are nearly of same magnitude. The value of
the overall heat transfer coefficient, U, will be near that of the smaller of
‘he two film coefficients. Hence, heat transfer is not efficient.

The film coefficients can be enhanced by increasing the velocity of
flow. From the point of construction, it is difficult to increase the
velocity of the hot fluid outside the tubes. However, surface area of
contact can be increased, by introducing baffles in the construction. The
increased surface area of contact enhances the coefficient. Thus the rate

of heat transfer is enhanced. These prmmples are illustrated using
different heat interchangers. v

Bafﬂes Baffles consist of circular discs of sheet metal wnth one side
cut away. These are perforated to receive tubes. To minimize leakage,
the clearance between the baffles, shell and tubes should be small. The

baffles are supported by one or more gmde rods whlch are fastened
between the tube sheets by set-screws. | -

Working - Baffles are placed outside the thbes. These increase the

velocity of liquid outside the tubes. Baffles make the liquid flow more

~a)

or less right angles to the tubes, which creates more turbulence. This
helps in reducing the resistance to heat transfer putside the tubcs ;.
Therefore, baffles constitute an important part in the heat transfer.

The construction of a liquid-to-liquid heat mterulmnge! tustrates the
ptmmplc of .introducing the bdfﬂes into the equipment. '

Liquid—to-liquid interchimjer : The basic constructlon and work-

ing of any heat transfer equipment more or less remmm - the same. Cnly
a few modlﬂcatlons are included. | "

Construction : The construction of a hqmd -to-liquid hLﬂt mte;chanﬂer

" is shown.in Figure 5-14. Nornially, tube sheets, spacer rods and baffles

are assembled first and then tubes are installed. The most important
parts in the construction of the heat interchanger are the bafﬂcs

Appropriate size.of tube sheets is chosen for the fabrication. One or
more guide rods are (ixed to the tube sheets by means of SCt-SCrews.
Baftles consist of circular discs of a metal sheet, with one side cut away.
Baffles are placed at appropriate places using ouide rods. The baffles
are arranged with 1ppr0prlatc spacing using short sections of the same
tubing as shown in Figure .5-14. Balffles have pc:fomtlons through
which tubes. are inserted. The ends of tubes are expanded into the tube
sheets. The above assembly is enclosed in a sheil. .
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The shell has a provision for introducing the heatmg medium, hot
fluid. The outlet for the fluid is at right-side top.

On each side of the tubes, two distribution chambers are provided.

Left-side chamber contains an inlet for fluid to be heated. The outlet for

the hot fluid (that is heated) is provided at the centre of the right-side
dtstrlbutlon Chantber.

Inlet cold o Eutl_zt hot | Inlet hot
hqutd e Baffles bquid

—\ |
e
~ _ g , > heated

S 52 e e e e P
it 2. —— _
0 A N T
Tube L
sheet  Byniy Tubes \
o budé’ T Spacet Drain
rods | ' tubes -

Figure 5-14. Construction of liquid-to-liquid heat interchanger. '

Working : The hot fluid (heating medium) is pumeed from the left-
side top of the shell. The fluid flows outside the tubes and moves down

directly to the bottom. Then, it changes the direction and rises again. »

This process is continued till it leaves the heater. Baffles increase the
velocity of the liquid outside the tubes. Baffles also allow the fluid to
flow more or less right angles to the tube, which creates more turbu-
lence. These help in reducing the resistance to heat transfer outside the

tubes. Baffles lengthen the path and decrease the cross.section of path
of the cold fluid. The path of travel is as shown in Figure 5-14. The

baffles get heated and provide greater surface area for heat transfér.

Simultaneously, during the flow, the tubes also get heated As a result
the film coefﬁme'tt inside the tube also increases.

" The llquid to be heated 1S pumped thrOUgh the inlet prowded on left-
. side dlstrlbUIIOH chamber. The liquid passes through the tubes and gets

heated. The flow of liquid is single-pass. The heated liquid is collected
from the rwht hand snde dtstrtbutton chamber

e — = &

before it gets discharged, i.e. single pass. |
“case is.not efficient. When few, tubes per pass is desnrdhle double p:pe, -

heat interchanger 1s employed.
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Advantages In a qu'ﬁidéto—llquid interchanger, heattra‘the-e ils rapid

“as the liquid

(1) passes at high velocity outside the tubes.
(2) flows more or less at right angles to the tubes

Double -pipe heat interchanger = In . a ltqmd -to- l:qmd heat.

interchanger, the fluid to be heated is passed only once through the tube¥’

The heat transfer in this

' | | ' "~ Inlet hot
" Pipe for = é
" hot liquid | b o

N

L Outlet hot
liqud

Inlet cold —
liawd:

Outlet hot
l.qutd

. F:gure 5-15. Constructtou of double-ptpc heat interchanger.

Construction The construction of a double- -pipe heat tntt.rchanger 1S
shown in Figure 5-15. In this. two pipes are used: one is inserted In the

other. The inside pipe (or tube) is used for the pumping of cold liquid to
be heated. The outer pipe acts as a jacket for the c1rculat10n ofthe hot

liquid. All jacketed sections are inter-connected.

Norlmlly, the number of pipe sections 1s few. The length of the pipe

< also less. Glass tube, standard iron pipe and graphite constructions are |
available. S'['md’lt'd metal pipes are assembled with standard return

‘bends. A proper: number of such pipes are connected 1n parallel and
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stacked vertlcally The pipes may have longltudmal fins on its outer
surface.

Workmg The hot liquid (heating medium) is pumped into the
jacketed section. The hot fluid is circulated through the annular spaces
between them and carried from one SCCUOH to.the next section. Finally

it leaves the jacket. In this process the plpes get heated whtle the hot
fluid looses its temperature. i _

The hqmd to be heated is pumped through the inlet provxded at right
side. The liquid gets heated up and flows through tlie bent tubes into the

next section of the pipe. The liquid further gets heated. The same liquid

continues to flow and fmally leaves the interchanger through the exit
point on the right side.

Uses @ Double pipe heat interchanger is useful when not more than
0.9 to 1.4 metre square of surface is required.

Finned tubes : The general heat transfer rate (9) equatlon in a heat
exchanger is:

= UAA:

where U = overall heat transfer coetf'cxent W/m* K
A = area of the heating surface, m?

At = difterence In’temperature on both 31des of the tube, K

Considerthe casc of a heat exchanger in which air is present outside

the tubes and steam is inside the tubes. Air gets heated due to heat

transfer fthroucrh the tube wall. The heat transfer coefﬁment on the steam

side surface 1S Very hlgh whlle it is extremely low on air-side. As a
result, the overall coefﬁc:ent U, approximates that of the lower side, i.e.,
air-side. Since, U is decreased, the only way to mcrease g 1s to increase

“ the surface area term, A, on the air-side.

" As metals generally have hlgh thermal conductwtty, the temperature
of the metal surface approximates to that of steam. Surface area of

coptact is enhanced by fixing fins on outside of the tubes, w:thout
| puttmc:Ir more number of' tubes in the heater.

Construcnon ..... A variety of ﬂn:, are used as shewn in thure 5 16
Fms ‘may. be placed on the inner wall as well as on the outside of the
tubes. Rectangular discs of a metal may be placed at right angles to the

‘tubes (Flﬂure 5-16a). Lonﬂttudmal fins are also employed (Figure 5-
16b). Sp:ral fins may be attached to the tubes (thure -16¢).

¢ Uses : Fins greatly reduce the size of the apparatus They also

increase the surface area of contact. This in turn enhances the-rate of

2

. LY |
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heat transfer in a heat exchanger. In double-pipe heat int'e-rch'a_'ng;er, fins
are employed. * ‘

L]

‘Air - Flime
o ins

(a) Rectangular fins

(c) Spiral fins

Figure 5-16. Variations in the ﬁrrangc'm..ntq |
of Inm on Hll')t.x In a ht,at mterehaﬁﬂer

Heat insulation : The distribution of steam through the pipe can be
reduced using heat msulatom The pipes should be laﬂged i.e., covered

with a layer of porous, poor conducting material such as kleselguhr 1_
'1sbestos and glass wool.

-Altematnel\ several layus of alumlmum foil can be applted for

effective insulation. The surface of the foil prevents the radiation losses.
and air trapped between the layers minimizes convection losses.

Glossary of Sy mbols
A = Arca of the heating surface, m=2.

Am = Mean arca of a cylinder, m?. |
b = Stefan Boltzmann’s constant, W/m?: K4 s
hy = Surface cocfficient on the hot side, W/m2-K.
hy = Surface coefficient on the cold side, W/m*K. 2

‘km = Mean proportionality constant, W/m-K. K

l. = Thickness of the heating surface, m.
N = Length of the hollow cylinder, m.
q = Rate of heat transfer, W (J/s).

I

.*J l‘-‘,l'_ :
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_r= Rudias of the thin cylinder for heat transfer, m.
rm = Logarithmic mean radius, m
T = Abasolute temperature, K.
1y = dempaatere at the hot surface, K.

1y = lc-.u rature at the cold surface. K.

M,y aedSoniic average temperature ditlerence. K.
At - Pomperature difterence. K. _
. - sty .. % ’
L Bl beat transter coeflicient on hot side, W/m--K.

L, W ! heat lransh.r coctlicient on vold side, W/m™K.
G~ \hw*pmm
o = Retlectivity
T = lransiissivity

g ]“i_i-:i-.ﬂi\i:}*
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| QUESTIO’\ BA\IK
Each qucstwn carries 2 marks

. Desenits :i*:;' Iy pos of n.nndn..malmn Im saturated vapour Iree from non-

kl‘ﬂl.t '11"‘*11 n.. _tl‘\L‘I

i J

. Dilterentiane Letween a tBlack body™ and “Grey body™. Give characterisuies
of a bladi, pody. | | -

ﬂ
b

. OIne chtmay eristics of drop-wisc and film tvpes mndu':balion

4.'!.):*0;3-\\ ise or tilm type condensation gives. supgrior value of overall hea
transier coctlicient and w hy?

5. List the characteristics of heat transfer by radiation.
6. What are (m.\' bodnes"? How do they radiate heat?

7. Give the finaf cquauon for heat transfer by conductlon through resistances
in SCI'ILb ‘and explain the terms. -

- 8. What arc “overall heat transfer cocfﬁcxent and ‘individual ﬁlm coefﬁc:ent ?

9. Explain the terms ‘Black body’ and *Grey body’.
IU 1)11‘11&:11:...1; between film wefﬁcxem and overall heat transfer coefﬁcxmt

11° State the relationship bctwcen mdmdual ﬁlm coefﬂcwms and overall heat__
transfer coetticient. o | . “' iy

12. Define conductivity with a suitable example

13. State and explain Stefen Boltzmann’s law of heat radlanon

14. State and explain Fouricr’s law of heat transmlssmn with equatmn
15. h\plam ‘nucleate boiling’ and ‘film boiling’.

16. Define radiation. Explain Stefan Boltzmann’s law.

17. Write the final equation for heat transfer by conduction through res;stances
in parallel and explain the terms. |
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18, Differentiate log mean radlu:-, and arithmetic mean radius in L"JI’IdUCllOﬂ of
‘heat. Whal are its applications?

i9. What is meant: by overall heat mmqlf.,r couimmt" What is its s:gml'cancc‘?
20. Differentiate between a heat interchanger and heat exchanger.

Each question carries S marks

|. Compare und contrast heat transmission following counter-current and
parallel current feed techniques with relevant equations.

IJ

. Derive an cquation for heat 1ransier b} ‘conduction through compound
r:.sxbmncu IN Series. |

e

. Draw a necut and labelled d:aﬂram of a shell- ..md tube heat cxchangcr and
{:\p[dm Its construction.

1. Describe finned tube heat L\Lhangcr and is c.pLCIf'c advamages | |

e

- Describe the conduction of heat through a circular pipe. th: suitable
cquations lor vate ol heat trunsfer and explain terms.

6. Describe the mnduu:on of heat through compeund resistances in series.

7. _l):.mg an L\plt.‘bbll)l] for the louaullmm, mean temperature differenc
8. Describe liquid heat interchangers. What are its advantages?

9. Explain the worl\jing of a heat exchanger with a labcll-éd.'di:;gram.
Each question carries 10 marks 3 b g ' o o~

|. Withethe help of a neat dlagram e‘-;plam lhe concc_pt of film and overall
~ heat transfer cocfficients m forced comt.ctmni" Deduce relevant v,
mathematical equations. ° ' o

2. Derive an equation for hual transmission through a c:rcular pipe from

- Fourier's law.

. Describe the LOI]&II'UL[IUI‘I ummllon ad\dnmuu and disady *mlams 01 2
muhlpdss heater. |
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