Design of heat exchangers

Heat transfer calculation

The basic mechanisms of beat transfer are genarafigidered to be conduction, convection and raiaOf
these, radiation is usually significant only at paratures higher than 500°C. In this section, thehasis will
be upon a qualitative description of the processeisa few very basic equations.

Conduction
Conduction in a solids or stationary fluids is &ygdue to the random

movement of elections through the matter. The relestin the hot part //
of the solid have a higher kinetic energy thanéhasthe cold part and T4
give up some of this kinetic energy to the coldragothus resulting in a 1
V.

transfer of heat from the hot surface to the cold.
The details of conduction are quite complicated foutengineering
purposes may be handled by a simple equation,lysadled Fourier's

equation. For the steady flow of heat across aepheatl (see the figure) /

with the surfaces at temperatures efafd T, where T is greater than

T, the heat flow Q per unit area of surface A (thet fiew) is —— / e AX = X5 — X4
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The quantityk is called the thermal conductivity and is an ekpentally measured value for any material.

Conduction through a tube wall
The above equation can be written in a more gerferah if the temperature gradient term is writtes a
differential
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The negative sign in the equation is introduceédoount for the
fact that heat is conducted from a high temperatorea low
temperature. The main advantage of equation is ithaan be
integrated for those cases in which the crossealtiarea for heat
transfer changes along the conduction path e.tuba. A section
of tube wall is shown in figureQ is the total heat conducted
through the tube wall per unit time. At the radialsitionr in the
tube wall ¢ <r <r,), the area for heat transfer for a tube of length
L is A = 2zrL. Putting these into Eq. (2) gives

La D et
2L dx
which may be integrated to

®3)

24 K(T; - T,)
~ In(r, /) 4

If Ti < To, Q comes out negative: this just means that the ffmatis inward, reversed from the sense in which
we took it. For thin-walled tubes, the ratio of thter to the inner radius is close to unity, areloan use the
simpler equation,
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with very small error.



Convection
Convective heat transfer is closely connected @oniechanism of fluid flow near a surface, so the& fnatter of
importance is to describe this flow.
Single phase flow must be characterized by bottgdmmetry of the duct through which the flow occangl by
the flow regime of the fluid as it goes through theet. There are two basically different types oétdgeometry:
* constant cross-section, in which the area availftsléow to the fluid has both the same shape tued
same area at each point along the duct,
e varying cross-section, in which the shape and/erdtea of the duct vary with length, usually in a
regular and repeated way.
The most common constant cross-section duct gegrtiett one deals with in process heat transfericgamns
is the cylindrical tube. In a cylindrical geometityis assumed that all parameters of the flowaafenction only
of the radial distance from the axis of the cylin@ equivalently from the wall) and of the distenfrom the
entrance (entrance effects). The flow in ductsarfying cross section is e.g. flow across tube bavtkish will
be the case of interest here.
The type of flow in a duct can also be characteriag LAMINAR FLOW \/VELOC"Y
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the flow regime; that is, laminar flow, turbulehow, or e ——
some transition state having characteristics offi loftthe =~ INJECTED DYE TRACE /
limiting regimes. All of the exact definitions odirhinar =
flow are very complex, and an illustration (likefigure)
is much more useful.
If we have a round tube with a liquid flowing indat @ TyRBULENT FLOW
steady rate, and if we inject a dye trace with adfe
parallel to the axis of the tube, one of two thirggs
happen:
1) The dye trace may flow smoothly down the tube ageli-defined line, only very slowly becoming
thicker, or
2) The dye trace may flow irregularly down the tubeving back and forth across the diameter of the tube
and eventually becoming completely dispersed.
The first case is laminar flow and the second ibulent flow. Laminar flow corresponds to the snioot
movement of layers of fluid past one another withoixing: turbulent flow is characterized by a gixchange
of packets or elements of fluid in a radial direntfrom one part of the flow field to another thgbuturbulent
eddies.
There are differences in the velocity pattern disdaminar flow, the velocity at a given pointsteady, whereas
in turbulent flow the velocity fluctuates rapidlyp@ut an average value. If one measures the lodatite at
various positions across the tube, one finds thatidar flow gives a parabolic velocity distributiovhereas
turbulent flow gives a blunter velocity profile, asown in figure. In both flows, the fluid velocity zero at the
wall and a maximum at the centerline.
The flow regime that exists in a given case ismadly characterized by the Reynolds number. ThegnBlels
number has different definitions for flow in diféart geometries. For flow inside tubes it is defiasdollows
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whered; is the inside diameter of the tubéjs the average velocity in the tubethe density of the fluid, and
the viscosity of the fluid. Laminar flow is charadzed by low Reynolds numbers, turbulent flow kghh
Reynolds numbers.
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Heat Transfer to a Flowing Fluid (Convection)

Convection heat transfer can be defined as trahgfdreat from one point to another in a flowingidl as a
result of macroscopic motions of the fluid, thetheging carried as internal energy. The conveqgimtess has
received a great deal of both experimental andytioal attention and, although we are mainly conedrwith

using the results of these studies, a cursory &mluld be taken at the physical process of cormgchoth to

define terms and to establish some intuitive sefigsghat really the correlations we use are tryimgepresent.

In laminar flow past a hot wall the heat is transfd from the tube surface to the fluid. Within thed, heat is
transferred from "layer" to "layer" of the fluid lponduction. There are no fluid motions perpendictb the
direction of flow to transport the heat by any atheechanism. Since the different "layers" of flaig moving at
different velocities, however, the conduction psxé much more complex to analyze than for thil sedll
previously discussed.

If we look at a fluid in turbulent flow past a haitrface and mark a few representative elementsiidfih order
to trace their paths, we would obtain a picture eitwing like follows.



The flow near the wall he}s only a few small e(.jdims.,that N s A _ A\ CENTERLINE
the predominant mechanism for heat transfer is wotzh. / - OF TUBE

At the wall, _the fluid velocity is zero and the .|tlu DIRECTION
temperature is the same as the wall. The velocitg a OF FLOW
temperature gradients near the wall are much stebpe W
those in the bulk flow where eddy transport becomes” 7 - T
dominant. It is important to note that when we reféhout s —
further qualification to the velocity or temperauof a WALL
stream, we mean the volume-mean values shown on the

figures asV and T;. However, it is important to remember that sometipos of the fluid are at possibly
significantly higher or lower temperatures, whérerinal degradation or phase change might occur.
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For many convective heat transfer processes fdisd that the local heat flux is approximately gwdional to
the temperature difference between the wall andbtiie of the fluid, i.e.,
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which causes us to define a constant of propofritgnaalled the "film coefficient of heat transfeusually
denoted by h:
% =h EﬁTs _Tf )

The value oh depends upon the geometry of the system, the gadymioperties and flow velocity of the fluid.

The concept of a heat transfer coefficient is Usefihe designer only if there exists a quantiatielationship
between these variables and the heat transferigeeft It is important also that this relationshie reasonably
valid for the conditions existing in the particulapplication. These relationships, or correlatiomsy come
from either theoretical or experimental studiesfrom a combination of both. The correlation mayelspressed
as an equation, a graph, a table of values, omgutational procedure. These forms are more orrieagily
convertible from one into another according to tlieeds and convenience of the user. In using thelagon,
the designer needs to know, at least roughly, hapurate the results are likely to be in his appiica

Radiation

All matter constantly radiates energy in the forietectromagnetic waves. The amount of energy enhitt
depends strongly upon the absolute temperatutgeahitter and to a lesser extent upon the natuteafurface
of the matter. The basic law of radiation was dmtiby Stefan and Boltzmann and may be written for o
purposes as:
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whereo is the Stefan-Boltzmann constant (equal to 5,6B87WM2K ) and Twsis the absolute temperature in
K. ¢ is the emissivity and has a value between 0 am@ila perfect reflectar= 0 and for a perfect emitter, a so-
called "black bod¥, & =1.

Since all surfaces that radiate heat will also gh$eat, it follows that all surfaces that can "sesch other are
exchanging heat with one another, the net ratertipg upon the absolute temperatures, the emigsyithe
areas and he spatial geometric relationships o$thkaces. The radiant energy transferred betweersurfaces
depends upon their temperatures, the geometriogegnaent, and their emissivities. For two parallefaces,
facing each other and neglecting edge effects, eadt intercept the total energy emitted by theegtkither



absorbing or reflecting it. In this case, the redthtransferred from the hotter to the cooler swrfa given by:
% = 0’£(T14 —T24)

where 1k = 1k; + 1k, — 1,¢&1 is the emissivity of the surface at temperaturafde; is the emissivity of the
surface at temperature.T

At usual atmospheric temperatures, radiant heasfieais relatively unimportant compared to most othesithe
transfer mechanisms, though there are a few arbasevit makes a significant contribution, e.g. jatdn from
flame or hot flue gas to boiler walls. At highemigeratures, radiation becomes relatively more itgmbrand at
temperatures above perhaps 500 °C (depending tooiher processes), it is usually essential te talliation
into account.

The energy transfer by radiation from flame tofimmace walls is the main process which we argéasteng in.
Convective heat transfer compared to the radiatieat transfer is here generally lower. The de@nitof
radiative heat transfer in the boilers or furnaceke use of necessary information of the opticaperties and
space distribution of the constituents that takpae in the exchange of radiative energy and of dpace
temperature distribution in the furnace and prapesnf the internal wall surfaces. In-turn, the pematures are
depending on the interference between stream, ingraktburning mechanisms. The allocation of radiakieat
within the furnace and across the tube walls isvddrfrom balances of radiative energy that inchudee
information reduced above for the different areas.

In flame, there are free (not) radiation and radiragas mediums. One- and two- atom gases, sudmebsm,
oxygen, nitrogen, etc. are practically transpafentradiation. Contents of more than two atomicezafCQ,
SO and HO) and solid particles (ash, char and soot) arenthén variables defining the flue gas radiant
properties. Similarly to solid bodies the flame ssirity f is used for description of radiate heat. Let'siares
that flame has a constant temperatugeaid a wall .. Accept, that flame and a wall are grey bodiesdezd
by emissivityer andey.
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Combination fo Heat Transfer by Convection and Radiation

In furnace and following high temperature partdofler heat transfer both by convection and radiaticcurs
simultaneously. Concept of “radiation heat transfaefficient” is useful in solving these problems

Radiation heat transfer coefficient is defined ilmanner analogous to convection heat transfer icgsft.
Consider hot flue gas at a temperatlirélowing cross a wall whose is at a temperaturdofThen, recollect
that the convective heat flux is given by:
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where,h. is convective heat transfer coefficient.
In a similar manner, we write for radiant heat ffuom flue gas to wall:

QTM = J‘Efw(TfA _T\:): h, [ﬁTf _Tw)

where his the radiation heat-transfer coefficient
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Total heat flux from flue gas to wall is done byrdaination of convective and radiation heat fluxedallows
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where his the total heat-transfer coefficient from fluesgo wall.



