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ABSTRACT

This project aims to study the effect of heat éxchanger types on heat transfer rate. There
were many parameters to study. They were types of heat exchanger (monotube, shell and
tube, and plate heat exchanger), flow rate (laminar and turbulent flow) and temperature,
direction of flow (co-current and counter-current flow), and efficiency of each type of heat
—~exchanger. it was found that a monotube heat exchanger under counter-current a\nd laminar
flow of higher temperature (warm water) and turbulent flow of lower temperature (ambient
temperature or cold water) indicated the highest efficiency of heat transfer rate. When a heat

exchanger was shielded with glass fiber insulator, the efficiency of heat transfer rate was less

significant.
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CHAPTER 1
INTRODUCTION

1.1 MOTIVATION

Heat exchanger is a broad term usec; }n reference to design devices for exchanging heat.
Heat transfer in systems is needed and more essential in small and big scale industrial
factories. Most often the heat is transferred from one fluid to another. A fluid that is
discharged from a useful process might contain high energy, and it may be desired to
recover some of the energy that would ordinarily be discarded. One example of this is in
remotely located plants that generate their own electricity via steam turbines.

Heat exchangers can be classified in a number of ways, depending on their construction
or on how the fluids move relative to each other through the device. A double pipe heat
exchanger consists of two concentric pipes or tubes. One fluid-the warmer one, for example
flows through the inner pipe. Another fluid flows through the annulus. Due to a temperature
difference between the fluids, heat is transferred. The fluid streams (in the pipe and in the
annulus) could be traveling in the same direction (parallel flow) or in opposite directions
(counterfiow). A shell and tube exchanger consists of a huge outer cylinder (calied the shell)

"within which are contained many tubes. Generally, the shell and tube exchanger can handle
fluid flow rates that are many times as large ;s those in a double pipe exchanger. From the
various types of heat exchanger and theirs functions lead to the investigation of their

efficiency.

1.2 OBJECTIVE
This project is aimed to study effect of heat exchanger types on heat transfer rate. The
study was investigated the flow characteristics variables and heat exchanger types including

direction of flow and temperature.

1.3 SCOPE OF STUDY

i. To study type of heat exchanger (monotube, shell and tube, and plate heat exchanger).
ii. To study flow rate of water (laminar and turbulent) and water temperature.

iil. To study direction of flow (co-current and counter-current).



iv. To compare the efficiency of heat exchanger for each parameter.

v. To study the effect of heat transfer when shielded with fiber glass insulator.

1.4 EXPECTED RESULTS

i. To save energy when we use heat exchangers.
ii. To increase the efficiency of heat transfer rate by control temperature, the direction of
fiow and flow rate of water.

iii. To increase the efficiency of heat transfer rate by insulation technique.



CHAPTER 2
LITERATURE REVIEW AND THEORY

2.1 LITERATURE REVIEW
Shou-Shing Hsieh, Chihing-Tsung Liuahl and Anthony C. Ku (1987) [1] studied heat

transfer coefficients of double pipe heat exchanger with helical type roughened surface this
work presents experimental information for single-phase forced convection in double pipe
heat exchanger containing a two-dimensional helical fin roughness on the outer surface of
the inner tube. The objective is to investigate the effect of augmentation heat transfer on this
kind of heat exchanger and to evaluate the possibility of replacing the classical double pipe
heat exchanger from the economic viewpoint. The present study experiments with a helical
angle (A = 65°), a pitch — to - height ratio (p/e = 1.45), and three aspect ratios (shell side
dia. To tube side dia.) of Dy D, = 2.68, 3.48 and 5.1 and the corresponding ratios of
roughness height to hydraulic dia. (e/D,) of 0.192, 0.13 and 0.08, respectively.

B. Gay, N. V. Mackley and J.D. Jenkins (1976) [2] studied the application of an
electrochemical mass-transfer modeling-technique to the determination of local shell-side
heat-transfer coefficients in a model of a baffled cylindrical shell-and-tube heat exchanger.
The validity and accuracy of the electrochemical method are demonstrated by comparison
with heat-transfer measurements and with mass-transfer data obtained using the mercury
evaporation technique.

Reinhard Wurfel, Nikolai Ostrowski (2003) [3] studied heat transfer and pressure drop
during the condensation process within plate heat exchangers of the herringbone-type, the
application of compact heat exchangers to the realization of the processes with phase
change gaseous - liquid is increasingly significant. However, the state of the knowledge is
uhsatisfactory for modeling the heat transfer and the pressure drop. Experimental
investigations for condensation in channels of corrugated plates of a plate heat exchanger
were carried out with the condensing vapors water and n-heptane. The loads of the vapor
phase as well as the kind of the plate corrugation were used as experimental parameters.
The results to the heat transfer coefficient and friction pressure drop refer to the condition of
a complete condensation. An essential influence of the phase load as well as of the

corrugation inclination angle is observed in the investigated range of the shear controlled



two-phase flow. The intensity of heat transfer increases with a factor of approx. 3-4,

compared to the calculation of the Nusselt theory of laminar film.

Jongmin Shin and Samchul Ha (2002) [4] studied on the behavior of water hold-up by
condensation on various shapes of fin-and-tube heat exchangers with different surface
hydrophilicity, i.e. dynamic contact angle of surface, was conducted. Condensation
experiments were conducted, and the amount of water hold-up was measured.
Condensation flow patterns on fins with different surface hydrophilicity were visualized.
Results showed that the water hold-up of a heat exchanger could be reduced by the
enhancement of the surface hydrophilicity and the design of a heat exchanger with a lower

number of fins and fins with slant ends.

V.H. Marcos (1988) [5] studied of waste heat recovery shell-and-tube heat exchangers.
The exchanger heat duty, overall heat transfer coefficient, effectiveness and tube side
friction factor are investigated as functions of the tube surfgce geometry (plain or dimpled),
the flow type ( counter or parallel) , the tube Reynolds number and the shell side heat
capacity rate. Water and the exhaust gases of a Diesel engine are passed inside the tube
~ and the shell, respectively.

The heat transfer characteristics increase with an increase in tube Reynolds number and
the shell side heat capacity rate, for all the flow types and the surface geometries
examined. The counter-flow, shell-and-dimpled-tube heat'exchanger. compared with that
exchanger having a plain tube, increases the heat duty and the overall heat transfer
coefficient by 80%, and the heat exchanger effectiveness increases by 35%. For the
parallel-flow, shell-and-dimpled heat exchanger, the heat duty, the overall heat transfer
coefficient and the effectiveness increase by 30, 55, and 25%, respectively. At the same
time the dimpled tube increases the tube side friction factor by 600% over that of the plain
tube. The rate of waste heat recovered from the exhaust gases of the Diesel engine by the
counter-fiow, shell-and-dimpled-tube heat exchanger is equal to 10% of the maximum
brake power of the engine running at 1500 rpm, and the tube Reynolds number equal to
8875.

The shell-and tube heat exchanger is the most widely used type of industrial heat transfer
equipment. In order to carry out the thermal-hydraulic design of a shell-and-tube

exchanger, pressure drop and heat transfer correlations (or tabulated data) must be



available for both the tube side and ‘the shell side. Initially, only plain tubes were used in
shell-and-tube exchangers. However, as increasing incentives for more efficient heat
exchangers, considerable emphasis has been placed on the development of various
augmented, or enhanced, heat transfer surfaces. The use of enhanced surfaces allows the
designer to increase the-heat duty for a given exchanger, to reduce the size of the
exchanger for a given heat duty, to reduce the pumping power, or to reduce the approach

temperature difference.

2.2 FLUID FLOW PHENOMENA

The behavior of a flowing fluid depends strongly on whether the fluid is under the
influence of solid boundaries. In the region where the influence of the wall is small, the
shear stress may be negligible and the fluid behavior may approach that of an ideal fluid,
one that is incompressible and has zero viscosity. The flow of such an ideal fluid is called
potential flow and is completely described by the principles of Newtonian mechanics and
conservation of mass. Potential flow has two important charactenistics: (1) Neither
circulations nor eddies can from within the stream, so that potential flow is also called
irrotational flow; and (2) friction cannot develop, so that there is no dissipation of

. mechanical energy into heat.

Potential flow can exist at distances not far from a solid boundary. A fundamental
principle of fluids mechanics, originally stated by Prandtl in 1904, is that, except for fluids
moving at low velocities or possessing high viscosities, the effect of the solid boundary on
the flow is confined to a layer of the fluid immediately adjacent to the solid wall. This layer is
called the boundary layer, and shear and shear forces are confined to this part of the fluid.
Outside the boundary layer, potential flow survives. Most technical flow processes are best
studied by considering the fiuid stream as two parts, the boundary layer and the remaining
fluid. In some situations such as flow in a converging nozzle, the boundary layer may be
neglected; and in others, such as flow through pipes, the boundary layer fills the entire
channel, and there is no potential flow.

Within the current of an incompressible fluid under the influence of solid boundaries, four
important effects appear: (1) the coupling of velocity-gradient and shear-stress fields, (2)
the onset of turbulence, (3) the formation and growth of boundary layers, layers, and (4) the

separation of boundary layérs from contact with the solid boundary.



In the flow of compressible fluids past solid boundaries, additional effects appear,

arising from the significant density changes that are characteristic of compressible fluids.

Velocity field

When a stream of fluid is flowing in bulk past a solid wall, the fluid adheres to thg solid at
the actual interface between solid and fluid. The adhesion is a result of the force fields at
the boundary, which are also responsible for the interfacial tension between solid and fluid.
If, therefore, the wall is at rest in the reference frame chosen for the solid-fluid system, the
velocity of the fluid at the interface is zero. Since at distances away from the solid the
velocity is not zero, there must be variations in velocity from point to point in the flowing
stream. Therefore, the velocity at any point is a function of the space coordinates of that
point, and a velocity field exists in the space occupied by the fluid. The velocity at a given
location may also vary with time. When the velocity at each location is constant, the field is

invariant with time and the flow is said to be steady.

One-dimensional flow

Velocity is a vector, and in general, the velocity at a point has three components, one for
each space coordinate. In many simple situations all velocity vectors in the field are parallel
or practically so, and only one velocity component, which may be taken as a scalar, is
required. This situation, which obviously is much simpler than the general field..is called
one dimensional flow; an example is steady flow through straight pipe. The following

discussion is based on the assumptions of steady one-dimensional flow.

2.2.1 LAMINAR FLOW, SHEAR RATE. AND SHEAR STRESS

Laminar flow

At low velocities fluid tend to flow without lateral mixing, and adjacent layers slide past
one another as playing cards do. There are neither cross-currents nor eddies. This regime
is called laminar flow. At higher velocities turbulence appears and eddies from, which, as
discussed later, lead to lateral mixing.

Velocity gradient and of shear

Consider the steady one-dimensional laminar flow of an incompressible fluid along a
solid plane surface. Figure 2.1a shows the velocity profile for such a stream. The abscissa u

is the velocity, and the ordinate y is the distance measured perpendicular from the wall and



therefore at right angles to the direction of the velocity. At y=0, u=0, and u increases with
distance from the wall but at a decreasing rate. Focus attention on the velocities on two
nearby planes, plan A and plane B, a distance y apart. Let the velocities along the planes
be u and u, respectively, and assume that u >u.Call u = u - u Define the velocity gradient at

y, du/dy, by
du . Du

dy  a=0Ay
(2.1)
The velocity gradient is clearly the reciprocal of the slope of the velocity profile of
Fig.2.1a. The local velocity gradient is also called the shear rate, or time rate of shear. The
velocity gradient is usually a function of position in the stream and there fore defines a field,

as illustrated in Fig.2.1b.

Plone C f
Il R4S S i
=F---"-
3 Plane 8 ~F,
E,___YE___‘{____AU - y
“é Ya Plane A Ay g
=S S —— o — e oem
2 v
5 A
0 . Locol fluid velocily, v 0 du/dy
(o) {b)

FIGURE 2.1 Profiles of velocity and velocity gradient in layer flow; (a) velocity; (b) velocity

gradient or rate of shear. [6]

Shear-stress field .

" Since an actual resists shear, a shear force must exist wherever there is a time rate of
shear. In example, at plane C at distance v from the wall, the shear force F, shown in Fig.
2.1a, acts in the direction shown in the figure. This force is exerted by the fluid above plane
C on thew fluid between plane C and the wall. By Newton's third law, an equal and opposite
force- F acts on the fluid above plane C from the fluid below plane C. It is convenient to

use, not total force F , but the force per unit area of the shearing plane, called the shear

stress and denoted byT, or



F;

T = —

A
(2.2)
Where A is the area of the plane. SinceT varies with y, the shear stress also constitutes a
field. Shear forces are generated in both laminar and turbulent flow. The shear stress

arising from viscous or laminar flow is denoted by Ty,

2.2.2 RHEOLQGICAL PROPERTIES OF FLUIDS
Newtonian and non-newtonian fluids

The relationships between the shear stress and shear rate in a real fluid are part of the

science of rheology. Figure 2.2 shows several examples of the rheological

Shear stress, T
B
Bingham plastic
Pseudo plastic
C
A
Newtonian
D
Dilatant
TD

Velocity gradient, du/dy

FIGURE 2.2 Shear stress versus velocity gradient for Newtonian and non-Newtonian fluid

behavior of fluids.[6]

The curves are plots of shear stress versus rate of shear and apply at constant temperature
and pressure. The simplest behavior is that shown by curve A, which is a straight line passing
through the origin. Fluids following this simple lineanty are called Newtonian fluids. Gases and
most liquids are Newtonian. The other curves in Fig. 2.2 represent the rheological behavior of

liquids called non-Newtonian. Some liquids, for example, sewage sludge, do not flow at all



until a threshold shear stress, denoted by T, , is attained and then flow linearly, or nearly so,

at shear stresses greater thanT,. Curve B is an example of this relation. Liquids acting this
way are called Bingham plastics. Line C represents a pseudoplastic fluid. The curve passes
through the origin, is concave downward at low shear, and becomes nearly linear at high
shear. Rubber lziex is an example of such a fluid. Curve D represents a dilatants fluid. The
curve is concaving upward at low shear and almost linear at high shear. Quicksand and some
sand-filled emulsions show this behavior. Pseudoplastics are said to be shear rate-thinning

and dilatants fluids shear rate-thickening.

Time-dependent flow

None of the curves in Fig. 2.2 depends on the history of the fluid, and a given sample of
material shows the same behavior no matter how long the shearing stress has been
applied. Such is not the case for some non-Newtonian liquids, whose curves of stress
versus rate of shear depend on how long the shear has been active. Thixotropic liquids
break down under continued shear and on mixing give lower shear stress for a given shear
rate; that is their apparent viscosity decreases with time.

TABLE 2.1 Rheological characteristics of fluids [6]

EfTect of increasing Time-

Designation shear rate dependent? Examples?

Pacudaplastic Thina Na Polymer solutions. starch
SUSPENSTONS, ILYONmitise, painis

Thinotropivc Thins Yes Same polynwr solutions.,
shartening. some paints

Newtaniin None No Ciases, most stmple liquids

Dilatam Thichens No Corn flour-sugar sofutions, wet
brach sand. starch in water

Rheapectic Thickens Yes Bentonite clay suspensions.

LYPSUM suspenstons

Rheopectic substances behave in the reverse manner, and the shear stress increases with
time, as does the apparent viscosity. The original structures and apparent viscosities are
usually recovered on standing.

The rheological characteristics of fluids are summarized in Table 2.1.

Viscoelastic fluids

Viscoelastic fluids show both viscous and elastic properties. They exhibit elastic

recovery from deformations that occur during flow, but usually only part of the deformation
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is recovered upon removal of the stress. Examples of viscoelastic fluids are flour dough,

napalm and certain polymer melts.

Viscosity

In a Newtonian fluid, the shear stress is proportional to the shear rate, and the
proportionality constant is called the viscosity

du

rv='u'3;

(2.3
In Sl units T, is measured in newtons per square meter and Ll in kilograms permeter-
second or pascal-second. In the cgs system, viscosity is expressed in grams per
centimeter-second, anc. this unit is called the poise (P). Viscesity data are generally
reported in millipascal-seconds or in centipoises (cP=0.01=1 mPa.s), since most fluids

have viscosities much less than 1 pascal-second.

In fps units, viscosity is defined using Newton's law conversion factor g.. , and the units
of are pounds per foot-second or pounds per foot-hour. The defining equation is
» du

T, = ——
g dy (2.4)

Conversion factors among the different systems are given in Table 2.2.

TABLE 2.2 Conversion factors for viscosity [6]
Conversion factors for viscosity

¥

Pa-s P cP Ihvit-s /it-h

1 10 1.000 0.672 2,420
0.1 ! 100 0.0672 *242
10! 0.01 1 6.72 x 10°* 242

Viscosity and momentum flux
Although Eq. (2.3) serves to define to define the viscosity of a fiuid, it can be interpreted
in terms of momentum flux. The moving fluid a short distance above the wall possesses

some momentum, whereas the fluid immediately adjacent to the wall, where the velocity is
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zero, has none. The moving fluid must therefore acquire momentum from the faster-moving
layer above it. Which in turn receives momentum from the next layer up, and so on. Each
layer is, in effect, dragged along by the layer above it. In this way x-direction momentum is
transferred in the y direction all the way to the wall, where u=0.Since the wall does not

move, the momentum is delivered to the wall as a shear force known as wali shear. The

shear stress (shear force per unit area) at the wall is denoted by T,.

Momentum is thus transferred from a region of high fluid velocity to one of low velocity,
much as heat flows from a region of high temperature to one at a lower temperature. The
rate of momentum transfer per unit area, or momentum flux, is govemned by the velocity
gradient du/dy. Equation (2.3) therefore states that the momentum flux normal to the
direction of fluid flow is proportional to the velocity gradient, with ihe viscosity as the
proportionality factor. The velocity gradient may be thought of as the “driving force" for
momentum transfer. The units of momentum flux are kg/m.sz, the same as the units forT,

since 1N/m equals 1 kg/m.sz.

Momentum transfer is anelogous to conductive heat transfer resuiting from a
.temperature gradient, where the proportionality factor between the heat flux and
temperature gradient is called the thermal conductivity. This is shown by Fourier's law. In
laminar flow, momentum is transferred by viscous action as a result of the velocity gradient,
and the viscosity may be regarded as the conductivity of momentum transferred by this
mechanism. Momentum transfer is also analogous to the transfer of material by molecular
diffusion, where the proportionality factor is the diffusivity of mass. This is summarized in

Fick's law.

Viscosites of gases and liquids

The viscosity of a newtonian fluid depends primarily on the temperature and molecular
structure and to a minor extent on pressure, except at very high pressures. Gas viscosities
at room temperature are generally ‘between 0.005 and 0.02 cP. There is no simple
correlation with molecular weight. At 20°C the viscosity is 0.0018 cP for air, 0.014 cP for
carbon dioxide, 0.007cP for benzene vapor, and 0.009 cP for hydrogen. Gas viscosities
increase with temperature, as predicted by kinetic theory. For approximate calculations the

effect of temperature can be estimated by using the exponential equation
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B (L)
Ko - 273 :

Where LI = viscosity at absolute temperature T, K

(2.5)

W, = viscosity at 0°C (273 K)

M = constant for a particular gas
Exponent n & 0.65 for air; it is approximately 0.9 for carbon dioxide, 0.8 for butane, and 1.0
for steam.

The viscosity of a gas is almost independent of pressure in the region where the ideal
gas laws apply. At very high pressures the viscosity increases with pressure, especially in
the neighborhood of the critical point.

The viscosities of liquids are generally much greater than those of gases and cover
several orders of magnitude. The viscosity usually increases with molecular weight and
decreases significantly when the temperature is raised. For example, the viscosity of water
falls from 1.79 cP at 0°C to 0.28 cP at 100°C. The viscosity of a liquid increases with
pressure, but the effect is generally insignificant at pressures less than 40 atm.

The absolute viscosities of liquids vary over an enormous range of magnitudes, from
about 0.1 ¢P for liquids near their boiling point to as much as 10° P for polymer melts. Most
;extremely viscous materials are non-newtonian and possess no single viscosity
- independent of shear rate.

Kinematic viscosity The ratio of the absolute viscosity to the density of a fluid L / Pis
often useful. This property is called the kinematic viscosity and designated byV. In Si, the
unit for V is square meters per second. In the cgs system, the kinematic viscosity is called
the stoke (St), defined as 1 cm’ /s. The fps unit is square feet per second. Conversion

factors are

| m¥/s = 10* St = 10.7639 f1¥/s

For liquids, kinematic viscosities vary with temperature over a somewhat narrower range
than absolute viscosities. For gases, the kinematic viscosity increases more rapidly with
. temperature than does the absolute viscosity.

Rate of shear versus shear stress for non-newtionian fiuds
Bingham plastics, like that represented by curve B in Fig. 2.2, follow a rheological

equation of the type
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T, =%+ K —
dy (2.6)

where K is a constant. Over some range of shear rates, dilatant and pseudoplastic fiuids

often follow a power law, also called the Ostwald-de Waele equation,

-
-
dy (2.7)

where K' and n' are constants called the flow consistency index and the fiow behavior
index, respectively. Such fluids are known as power law fluids. For pseudoplastics (curve
C) n'<1, and for dilatant fluids (curve D) n‘>1. Clearly n'=1 for newtonian fluids. Values of n‘
and K" for some pseudoplastic fluids are given in Table 2.3

TABLE 2.3 Flow property indexes for pseudoplastic [6]

Fluld n K x 1073
1.5% Cathoxymethyleellulose in water 0.554 RN
3,05 Carbuxymethylcelulose in waer 0566 :) .li
4.0¢% Paper pulp in woles 0575 200
14.3% Clay in waier 0.350 ().I:IJ
25'% Clay in water 0185 159
Applrauve 0645 .51
Baaana purée 0458 6.5)
Tomalo COnCentaie - 0.59 02226

! -

2.2.3 TURBULENCE

it has long been known that a fluid can flow through a pipe or conduit in two different
ways. At low flow rates the pressure drop in the fluid increases directly with the fluid
velocity; at high rates it increases much more rapidly, roughly as the square of the velocity.
The distinction between the two types of fiow was first demonstrated in a classic experiment
by Osbome Reynolds, reported in 1883. A horizontal glass tube was immersed in a glass-
walled tank filled with water. A controlled flow of water could be drawn through the tube by
opening a valve. The entrance to the tube was flared, and provision was made to introduce
a fine filament of colored water from the overhand flask into the stream at the tube entrance.
Reynolds found that, at low flow rates, the jet of colored water flowed intact along with the
mainstream and no cross-mixing occurred. The behavior of the color band showed clearly
that the water was flowing in parallel straight lines and that the flow was laminar. When the
flow rate was increased, a velocity, called the critical velocity, was reached at which the

thread of color became wavy and gradually disappeared, as the dye spread uniformly
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throughout the entire cross section of the stream of water. This behavior of the colored
water showed that the water no longer flowed in laminar motion but moved erratically in the
form of cross-currents and eddies. This type of motion is turbulent flow.

Reynolds number and transition from laminar to turbulent flow

Reynolds studied the conditions under which one type of flow changes to the other and |
found that the critical velocity, at which laminar flow changes to turbulent flow, depends on
four quantities: the diameter of the tube and the viscosity, density, and average linear
velocity of the liquid. Furthermore, he found that these four factors can be combined into
one group and that the change in the kind of flow occurs at a definite value of the group.

The grouping of variables so found was

Re = ﬂe = 2;
H v (2.8)
Where D = diameter of tube
V = average velocity of liquid
M = viscosity of liquid
P = density of liquid
V = kinematic viscosity of liquid

The dimensionless group of variables defined by Eq. (2.8) is called the Reynolds )
number ,Re. It is one of the named dimensionless groups. lts magnitude is independent of .-
the units used, provided the units are consistent.

Additional observations have shown that the transition from laminar to turbulent flow
actually may occur over a wide range of Reynolds numbers. In a pipe, flow is always
laminar at Reynolds numbers below 2,100, but laminar flow can persist up to Reynolds
numbers well above 24,000 by eliminating all disturbances at the inlet. If the laminar flow at
such high Reynolds numbers is disturbed, however, say by a fluctuation in velocity, the flow
quickly becomes turbulent. Disturbances under these conditions are amplified, whereas at
Reynolds numbers below 2,100 all disturbance are damped and the flow remains laminar.
At some flow rates a disturbance may be neither damped nor amplified; the flow is then,
said to be neutrally stable. Under ordinary conditions, the flow in a pipe or tube is turbulent
at Reynolds numbers above about 4,000. Between 2,100 and 4,000 a transition region is
found where the flow may be either laminar or turbulent, depending upon conditions at the

entrance of the tube and on the distance from the entrance.
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Reynolds number for non-newtonian fiuids
Since non-newtonian fluids do not have a single-valued viscosity independent of shear
rate, Eq. (2.8) for the Reynolds number cannot be used. The definition of a Reynolds

number for such fluids is somewnhat arbitrary; a widely used definition for power law fluids is

Re, = 23-n'( n )”' D pV*"

3n'+ 1 K’
(2.9)

The onset of turbutence occurs at Reynolds numbers above 2,100 with pseudoplastic
fluids, for which n'<1.

Nature of turbulence

Because of its importance in many branches of engineering, turbulent flow has been
extensively investigated in recent years, and-a large literature has accumulated on this
subject. Refined methods of measurement have been used to follow in detail the actual
velocity fluctuations of the eddies during turbulent flow, and the results of such
measurements have shed much qualitative and quantitative light on the nature of
turbulence.

Turbulence may be generated in other ways than by flow through a pipe. In general, it
can result either from contact of the flowing stream with solid boundaries or from contact
‘between two layers of fluid moving at different velocities. The first kind of turbulence is
called wall turbulence and the second kind free turbulerice. Wall turbulence appears when;
the fluid flows through closed or open channels or past solid shapes immersed in the
stream. Free turbulence appears in the flow of a jet into a mass of stagnant fluid or when a
boundary layer separates from a solid wall and flows through the bulk of the fluid. Free
turbulence is especially important in mixing.

Turbulent flow consists of a mass of eddies of various sizes coexisting in the flowing
stream. Large eddies are continually formed. They break down into smaller eddies, which in
turn evolve still smaller ones. Finally, the smallest eddies disappear. At a given time and in
a given volume, a wide spectrum of eddy sizes exists. The size of the largest eddy is
comparable with the smallest dimension of the turbulent stream; the diameter of the
smallest eddies is 10 to 100 llm. Smaller eddies than this are rapidly destroyed by viscous
shear. Flow within an eddy is laminar. Since even the smallest eddies contain about 10"
molecules, all eddies are of macroscopic size, and turbulent flow is not a molecular

phenomenon.
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Any given eddy possesses a definite amount of mechanical energy, much like that of a
small spinning top. The energy of the largest eddies is supplied by the potential energy of
the bulk flow of the fluid. From an energy standpoint, turbulence is a transfer process in
which large eddies, formed from the bulk flow, pass their energy of rotation along a
continuous series of smaller eddies. This mechanical energy is not appreciably dissipated
into heat during the breakup of large eddies into smaller ones, but is passed along almost
quantitatively to the smallest eddies. It is finally converted to heat when the smallest eddies
are obliterated by viscous action. Energy conversion by viscous action is called viscous
dissipation.

Deviating velocities in turbulent flow

A typical picture of the variations in the instantaneous velocity at a given point in a
turbulent flow field is show in Fig. 2.3 This velocity is really a single component of the actual
velocity vector, all three components of which vary rapidly in magnitude and direction. Also,
the instantaneous pressure at the same point fluctuates rapidly and simultaneously with the
fluctuations of velocity. Oscillographs showing these fluctuations provide the basic

experimental data on which modem theories of turbulence are based.

Although at first sight turbulence seems to be structureless and randomized, studies of
'osciuographs like that in Fig. 2.3 show that this is not quite so. The randomness and
unpredictability of the fluctuations, which are nonetheless constrained between definite
limits, Quantitative characterization of turbulence, however, is commonly done by statistical

analysis of the frequency distributions.

+5%

Velocity v

-5%

——— e

Time
FIGURE 2.3 Velocity fluctuations in turbulent flow. The percentages are based on the
constant velocity. [6]
The instantaneous local velocities at given point can be measured by laser-Doppler
anemometers, which are capable of following the rapid oscillations. Local velocities can be
analyzed by splitting each component of the total instantaneous velocity into two parts, one

a constant part that is the time average, or mean value, of the component in the direction of
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flow of the stream, and the other, called the deviating velocity, the instantaneous fluctuation
of the component aro;md the mean. The net velocity is that measured by ordinary
flowmeters, such as a pitot tube, which are too sluggish to follow the rapid variations of the
fluctuating velocity. The split of a velocity component can be formalized by the following
method. Let.*he three components (in cartesian coordinates) of the instantaneous velocity
in directions x, y, and z, be u,, v, , and w; , respectively. Assume also that the x is oriented
in the direction of flow of the stream and that components v, and w; are the y and z

components, respectively, both perpendicular to the direction of bulk flow. Then the

equations defining the deviating velocities are

4

ui=u+tu v =v W =W
(2.10)

where
u,,v,,w,, =instantaneous total velocity components in X, y, and z directions,
respectively
U = constant net velocity of stream in x direction
u', V', w = deviating velocities in x, y, and z directions, respectively
Terms v and w are omitted in Egs. (2.10) because there is no net flow in the directions of
the y and z axes in one-dimensional flow, and so v and w are zero.

' The deviafing velocities u’ v, and W', all fluctuate about zero as an average. Figure 2.3
is actually = plot of the deviating velocity u' ; a plot of the instantaneous velocity u ,
however, would be identical in appearance, since the ordinate would everywhere be
increased by the constant quantity u.

For pressure,

- + 4
pi=prTP (2.11)

where p, = variable local pressure
p = constant average pressure as measured by ordinary manometers or
pressure gauges
p' = fluctuating part of pressure due to eddies
Because of the random nature of the fluctuations, the time averages of the fluctuating
components of velocity and pressure vanish when averaged over a time period t, of the

order of a few seconds. Therefore.

44517
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(2.12)

The reason these averages vanish is that for every positive value of a fluctuation there is an
equal negative value, and the algebraic sum is zero.

Although the time averages of the fluctuating components themselves are zero, this is
not necessarily true of other functions or combinations of these components.
For example, the time average of the mean square of any one of these velocity component

is not zero. This quantity for component u' is defined by

o L
l[ ()P dt = (')
foJo (2.13)

Thus the mean square is not zero, sine u takes on a rapid series of positive and negative

values, which, when squared, always give a positive product. Therefore (u’)z is
“inherently positive and vanishes only when turbulence does not exist.

In laminar flow there are no eddies; the deviating velocities and pressure fluctuations do
not exist; the total velocity in the direction of flow u, is constant and equal to u; and v, and w,

are both zero.

Statistical nature of turbulence

The distribgtion of deviating velocities at a single point reveals that the value of the
velocity is related to the frequency of occurrence of that value, and that the relationship
between frequency and value is gaussian and therefore follows the error curve
characteristic of completely random statistical quantities. This result establishes turbulence
as a statistical phenomenon, and the most successful trgatments of turbulence have been
based upon its statistical nature.

By measuring u’, V', and W', at different places and over varying time periods, two kinds of data are

obtained: (1) The three deviating velocity components at a single point can be measured, each as a

function of time, and (2) the values of a single deviating velocity (for example, U’ ) can be measured
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at different positions over the same time period. Figure 2.4 shows values of u' measured
simultaneously at two points separated by vertical distance y. Data taken at different values
of y show that the correspondence between the velocities at the two stations varies from a
very close relationship at very small values of y to complete independence when y is large.
This is to be expected, because when the distance between the measurements is small
with respect to the size of an eddy, it is a single eddy that is being measured, and the

deviating velocities found at the two stations are strongly correlated.

y

T
y
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FIGURE 2.4 Fluctuating velocity components in measurement of scale of turbulence [6]

This means that when the velocity at one station changes either in direction or in
'magnitude. the velocity at the other station acts in practically the same way (or exactly the
opposite way). At larger separation distancés the measurements are being made on

separate eddies, and the correlation disappears.

When the three components of the deviating velocities are measured at the same point,
in general any two of them are also found to be correlated and a change in one is
accompanied by a change in the other two.

These observations are quantified by defining correlation coefficients. One such

coefficient, which corresponds to the situation shown in Fig. 2.4, is defined as follows:

AT
y (1)) (u3)?
(2.14)

where U, and u’, are the values of u' at stations 1 and 2, respectively. Another correlation

R, =

coefficient that applies at a single point is defined by
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Vv @) (v)?

Where u' and v' are measured at the-same point at the same time.

(2.15)

Intensity and scale of turbulence

Turbulent fields are characterized by two average parameters. The first measures the
intensity of the field and refers to the speed of rotation of the eddies and the energy
contained in an eddy of a specific size. The second measures the size of the eddies.
Intensity is measured by the root mean square of a velocity component. It is usually

expressed as a percentage of the mean velocity or as

100 \/ (u)?/u.
Very turbulent fields, such as those immediately below turbulence-producing grids, may
reach an intensity of 5 to 10 percent. In unobstructed flow, intensities are less and of the
order of 0.5 to 2 percent. A different intensity usually is found for each component of
velocity.
The scale of turbulence is based on correlation coefficients such as R, , of R, as a

-function of y, the scale L of the eddy in the y direction is calculated by the integral

L, = f R, dy !
' 0

(2.16)
Each direction usually gives a different value of L, , depending upon the choice of velocity
components used in the definition. For air flowing in pipes at 12 m/s, the scale is about 10
mm, and this is a measure of the average size of the eddies in the pipe.
Isotropic turbulence
Although correlation coefficients generally depend upon the choice of component,\in
some situations this is not true, and the root-mean-square components are equal for all

directions at a given point.

W) = @)= W)

In this situation the turbulence is said to be isotropic, and nearly isotropic turbulence exists
when there is no velocity gradient, as at the centerline of a pipe or beyond the outer edge

of a boundary layer. Nearly isotropic turbulence is also fond downstream of a grid placed in
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the flow. Turbulent flow near a boundary is anisotropy, but the anisotropy occurs action, are

practically isotropic.

Reynolds stresses

It has long been known that shear forces much larger than those occurring in laminar
flow exist in turbulent flow wherever there is a velocity gradient across a shear plane. The
mechanism of turbulent shear depends upon the deviating velocities in anisotropic
turbulence. Turbulent shear stresses are called Reynolds stresses. They are measured by
the correlation coefficients of the type R,,., defined in Eq. (2.15).

To relate Reynolds stresses to correlations of deviating velocities, the momentum
principle may be used. Consider a fluid in turbulent flow moving in a positive x direction, as
shown in Fig. 2.5. Plane S is parallel to the flow. The instantaneous velocity in the plane is U,
, and the mean velocity is u. Assume that u increases with y, the positive direction
measured perpendicular to the layer S, so that the velocity gradient du/dy is positive. An
eddy moving toward the wall has a negative value of V*, and its movement represents a
mass flow rate P(-V") into the fluid below plane S. The velocity of the eddy in the x direction
is u, oru + u'; if each such eddy crossing plane S is slowed down to the mean velocity u,

_the rate of momentum transfer per unit area is P( -V') u’. This momentum flux, after time

averaging for all eddies, is

v’ {nagoalive sign
enlaring flvid below $)
¥ {positive sign

y laaving Muid below S) Ui S

b

Slope = 1/[du/dy)
uvs. y

Y v

FIGURE 2.5 Reynolds stress. {6]

A turbulent shear stress or Reynelds stress given by the equation

o= pu’v’
(2.17)
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Eddy viscosity

By analogy with Eq. (2.4), the relationship between shear stress and velocity gradient in

a turbulent stream is used to define an eddy viscosity E,, :

d
Z', = EU —i"
Ly (2.18)

Quantity E,, is analogous to U, the absolute viscosity. Also, in analogy with the kinematic

viscosity v the quantity &,, , called the eddy diffusivity of momentum, is defined as

€.=Ey/ p
The total shear stress in a turbulent fluid is the sum of the viscous stress and the

turbulent stress, or

t=(u+E,) j_“ (2.19)
y

(2.20)

T=(V+e&y) di;ou)

Although Ey, and €,, are analogous to il and V, respectively, in that all these quantities are
coefficients relating shear stress and the-velocity gradient, there is a basic difference
between the two kinds of quantities. The viscosities L and V are true properties of the fluid
and are the macroscopic result of averaging motions and momentum of myriad molecules.
The eddy viscosity E, and the eddy diffusivity €,, are not just properties of the fluid but
depend on the fluid velocity and the geometry of the system. They are functions of all
factors that influence the detailed patterns of turbulence and the deviating velocities, and
they are especially sensitive to location in the turbulent field and the local values of the
scale and intensity of the turbulence. Viscosities can be measured on isolated samples of
fluid and presented in tables or charts of physical properties. Eddy viscosities and
diffusivities are determined (with difficulty, and only by means of special instruments) by

experiments on the flow itself.
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2.2.4 BOUNDARY LAYERS
Flow in boundary layer

A boundary layer is defined as that part of a moving fluid in which the fluid motion is
influenced by the presence of a solid boundary. As a specific example of boundary layer
formation, consider the flow of fluid paraliel with a thin plate, as shown in Fig.2.6. The
velocity of the fluid upstream from the leading edge of the plate is uniform across the entire
fluid stream. The velocity of the fluid at the interface between the solid and fluid is zero. The
velocity increases with distance from the plate, as shown in Fig 2.6. Each of these curves
corresponds to a definite value of x, the distance from the leading edge of the plate. The
curves change slope rapidly near the plate; they also show that the local velocity
approaches asymptotically the velocity of the bulk of the fluid stream.

In Fig.2.6. The dashed line OL is so drawn that the velocity changes are confined
between this line and the trace of the wall. Because the velocity lines are asymptotic with
respect to distance from the plate, it is assumed, in order to locate the dashed line
definitely, that the line passes through all points where the velocity is 99 percent of the bulk
fluid velocity ug. Line OL represents an imaginary surface that separates the fiuid stream
into two parts: one in which the fluid velocity is constant and the other in which the velocity
varies from zero at the wall to a velocity substantially equal to that of the undisturbed fluid.
fhis imaginary surface separates the fluid that is directly affected by the plate from that in
which the local velocity is constant dnd equal to the initial velocity of the approach fluid. The

zone, or layer, between the dashed line and the plate constitutes the boundary layer.
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FIGURE 2.6 Prandtl boundary layer: x, distance from leading edge: uy velocity of
undisturbed stream; Z,, thickness of boundary layer at distance x ; u, local velocity ; abc,
a’b'c’, a"b"c”, curves of velocity versus distance from wall at points c, ¢', ¢" ; OL, outer limit

of boundary layer. (The vertical scale is greatly exaggerated.) (6
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Laminar and turbulent flow boundary layers

The fluid velocity at the solid-fluid interface is zero, and the velocities close to the solid
surface are, of necessity, small. Flow in this part of the boundary layer very near the surface
therefore is essentially laminar. Actually it is laminar most of the time, but occasionally
eddies from the main portion of the flow or the outer region of the boundary layer move very
close to the wall, temporarily disrupting the velocity profile. These eddies may have little
effect on the average velocity profile near the wall, but they can have a large effect on the
profiles of temperature or concentration when heat or mass is being transferred to or from

the wall. This effect is most pronounced for rnass transfer in liquids.

Farther away from the surface the fluid velocities, though less than the velocity of the
undisturbed fluid, may be fairly largé, and flow in this part of the boundary. layer may
become turbulent. Between the zone of fully developed turbulence and the region of
laminar flow is a transition, or buffer, layer of intermediate character. Thus a turbulent
boundary layer is considered to consist of three zones: the viscous sublayer, the buffer
layer, and the turbulent zone. The existence of a completely viscous sublayer is questioned
by some, since mass-transfer studies suggest that some eddies penetrate all the way

through the boundary layer and reach the walil.

Near the leading edge of a flat plate immersed in a fluid of uniform velo<’:ity, the
boundary layer is thin, and the flow in the boundary layer is entirely laminar. As the layer
thickens, however, at distances farther from the leading edge, a point is reached where
turbulence appears. The onset of turbulence is characterized by a sudden rapid increase in
the thickness of the boundary layer, as shown in Fig. 2.7.

When flow in the boundary layer is laminar, the thickness Z, of the layer increasés with
x™* where x is the distance from the leading edge of the plate. For a short time after
turbulence appears, Z, increases with x"®and then, after turbulence is fully developed, with

0.8
X .
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FIGURE 2.7 Development of turbulent boundary tayer on a flat plate. [6]

The initial, fully laminar part of the boundary layer may grow to a moderate thickness oi
perhaps 2 mm with air or water moving at moderate velocities. Once turbulence begins,
however, the thickness of the laminar part of the boundary layer diminishes considerably,

typically to about 0.2 mm.

Transition from laminar to turbulent flow; Reynolds number. The factors that determine
the point at which turbulence appears in a laminar boundary layer are coordinated by the

dimensionless Reynolds number defined by the equation
XU P
7

Re, =
(2.21)

where x = distance from leading edge of plate

U = bulk fiuid veiocity

P = density of fluid

U = viscosity of fluid

With parallel flow along a plate, turbulent flow first appears at a critical Reynolds number

between about 10°and 3 x 10°. The transition occurs at the lower Reynolds numbers when
the plate is rough and the intensity of turbulence in the approaching stream is high, and at
the higher values when the plate is smooth and the intensity of turbulence in the

approaching stream is low.

Boundary layer formation in straight tubes

Consider a straight, thin-walled tube with fluid entering it at a uniform velocity. As shown

in Fig. 2.8, a boundary layer begins to from at the entrance to the tube, and as the fluid
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moves through the first part of the channel, the layer thickens. During this stage the
boundary layer occupies: only part of the cross section of the tube, and the total stream
consists of a core of fluid flowing in rodlike manner at constant velocity and an annular
boundary layer between the wall and the core. In the boundary layer the velocity increases
from zero at the wall to the constant velocity existing in the core. As the stream moves
farther down the tube, the boundary layer occupies an increasing portion of the cross
section. Finally, at a point well downstream from the entrance, the boundary layer reaches
the center of the tube, the rodlike core disappears, and the boundary layer occupies the
cross section of the stream. At this point the velocity distribution in the tube reaches its final
form, as shown by the last curve at the right of Fig. 2.8, and remains unchanged during the
remaining length of the tube. Such flow with an unchanging velocity distribution is called

fully developed flow.

Boundary layer
e —— A/ - :
dm ——————— ——apalg - -

FIGURE 2.8 Development of boundary layer flow in pipe. [6]

Transition length for laminar and turbulent flow. The length of the entrance region of the
tube necessary for the boundary layer to reach the center of the tube and for fully
developed flow to be established is called the transition length. Since the velocity varies not
only with length of tube but also with radial distance from the center of the tube, flow in the
entrance region is two-dimensional.

The approximate length of straight pipe necessary for completion of the final velocity

distnibution is, for taminar flow.

Xl
i

Re.r =

Where X, = transition length

D = diameter of pipe
Equation (2.21), originally proposed by Nikuradse, was verified experimentally by Rothfus
and Prehgle. Equation (2.21) shows that for a 50-mm-(2-in.-) ID pipe and a Reynolds
number of 1,500, the transition length is 3.75 m (12.3 ft). If the fluid entering the pipe is
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turbulent and the velocity in the tube is above the critical, the transition length is nearly
independent of the Reynolds number and is about 40 to 50 pibe diameters, with little
difference between the distribution at 25 diameters and that at greater distances from the
entrance. For a 50-mm-ID pipe, a longer transition length, as large as 100 pipe diameters,

is needed.

Boundary layer separation and formation

In the preceding paragraphs the growth of boundary layers has been discussed. Now
consider what happens at the far side of a submerged object, where the fluid leaves the
solid surface.

At the trailing edge of a flat plate that is parallel to the direction of flow, the boundary
layers on the two sides of the plate have grown to a maximum thickness. For a time after the
fluid leaves the plate, the layers and velocity gradients persist. Soon, however, the
gradients fade out, the boundary layers intermingle and disappear, and the fluid once more

moves with a uniform velocity. This is shown in Fig. 2.9a.

Suppose, now, the plate is tumed at right angles to the direction of flow, as in Fig. 2.9b.
A boundary layer forms as before in the fluid flowing over the upstream face. When the fluid
reaches the edge of the plate, however, its momentum prevents it from making the sharp
turn a}round the edge, and it separates from the plate and proceeds outward into the bulk of
the fluid. Behind the plate is a backwater zone of strongly deceterated fiuid, in which large
eddies, called vortices, are formed. This zone is known as the wake. The eddies in the
wake are kept in motion by the shear stresses between the wake and the separated
current. They consume considerable mechanical energy and may lead to a large pressure

loss in \the fluid.

Boundary layer separation occurs whenever the change in velocity of the fluid, in either
magnitude or direction, is too large for the fluid to adhere to the solid surface. It is most
frequently encountered when there is an abrupt change in the flow channel such as a
sudden expansion or contraction, a shamp bend, or an obstruction around which the fluid
must flow. Separation may also occur from the velocity decrease in a smoothly diverging
channel. Because of the large energy losses resulting from the formation of a wake, it is

often desirable to minimize or prevent boundary layer separation. In some cases this can
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be done by suction, i. e., by drawing part of the fluid into the solid surface at the area of
potential separation. Most often, however, separation is minimized by avoiding sharp
changes in the cross-sectional area of the flow channel and by streamlining any objects
over which the fluid must flow. For some purposes, such as the promotion of heat transfer

or mixing in a fluid, boundary layer separation may be desirable.

Direction of flow . Varying velocily
» J/ -
— e = Uniform
T Ty —————— . § e © o * e —— = -—:-/ velocity
L Uniform velocity \

o)

(b)
FIGURE 2.9 Flow past flat: (a) flow parallel with plate; (b) }flow perpendicular to plate. [6]

2.3 HEAT EXCHANGER TYPES

In industrial processes heat energy is transferred by a variety of methods, including
conduction in electric-resistance heaters; conduction-convection in exchangers, boilers,
and condensers; radiation in furnaces and radiant heat dryers; and by special methods
such as dielectric heating. Often the equipment operates under steady-state conditions, but
in many processes it operates cyclically, as in regenerative fumaces and agitated process
vessels.

The equipment types that are of greatest interest to a process engineer are tubular and
plate exchangers, extended-surface equipment, mechanically aided heat-transfer devices,
condensers and vaporizers, and packed-bed reactors or regenerators.

General design of heat-exchanger

The design and testing of practical heat-exchanger are based on the general principles.

From material and energy balances, the required heat-transfer rate is calculated. Then,
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using the overall coefficient and the average AT, the required heat-transfer area is
determined, and in cyclic equipment, considerable accuracy, but in complex processing
units the evaluation may be difficult and subject to considerable uncertainty. The final
design is nearly always a compromise, based on engineering judgment, to give the best

overall performance in light of the service requirements.

Sometimes the design is governed by considerations that have little to do with heat
transfer, such as the space available for the equipment or the pressure drop that can be
tolerated in the fluid streams. Tubular exchangers are, in general, designed in accordance
with various standards and codes, such as the Standards of the Tubular Exchanger

Manufacturers Association (TEMA) and the ASME-AP! Unfired Pressure Vessel Code.

In designing an exchanger many decisions—-some of them arbitrary---must be made to
specify the materials of construction, tube diameter, tube-length, baffle spacing, number of
passes, and so forth. Compromises must also be made. For example, a high fluid velocity
inside small tubes leads to improved heat-transfer coefficients and a small required area,
but increases the friction losses and pumping costs. The design of an individual exchanger
may be optimized by a formal procedure to balance the heat-transfer area, and hence the
price of the equipment and the fixed costs, against the cost of energy to pump the fluids. In
processing plants, however, the exchangers are components of a complex network of heat-
transfer equipment, and it is the network, not the individual units, that is optimized to give

minimum investment and operating costs.

2.3.1 SHELL-AND-TUBE HEAT EXCHANGERS

Tubular heat exchangers are so important and so widely used in the process industries
tries that their design has been highly developed devised and accepted by TEMA are
available covering in detail the materials, methods of construction, technique of design, and
dimensions for exchangers. The following sections describe the more important types of

exchanger and cover the fundamentals of their engineering, design, and operation.

a.) Single-pass 1-1 exchanger
The simple double-pipe exchanger is inadequate for flow rates that cannot readily be

handled in a few tubes. If several double pipes are used in parallel, the weight of metal
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required for the outer tubes becomes so large that the sheli-and-tube construction, such as
that shown in Fig. 2.10, where one shell serves for many tubes, is more economical. This

exchanger, because it has one sheli-side pass and one tube-side pass, is a 1-1 exchanger.

In an exchanger the shell-side and tube-side heat-transfer coefficients are of
comparable importance, and both must be large if a satisfactory overall coefficient is to be
attained. The velocity and turbulence of the shell-side liquid are as important as those of the
tube-side fluid. To promote crossflow and raise the average velocity of the shell-side fluid,
baffles are installed in the shell. In the construction shown in Fig. 2.10, baffles A consist of
circular disks of sheet metal with one side cut away. Common practice is to cut away a
segment having a height equal to one-fourth the inside diameter of the shell. Such baffles
are called 25 percent baffles. The baffles are perforated to receive the tubes. Velocity of the
shell-side fluid, baffles are installed in the shell. In the construction shown in Fig. 2.10,
baffles A consist of circular disks of sheet metal with one side cut away. Common practice
is to cut away a segment having a height equal to one-fourth the inside diameter of the

shell. Such baffles are called 25 percent baffles.

A B A
L \ \ \
P TTTOETEIITER T ENETET "I ITITTITOTTTSTIITE VNS TETEIE
A I | . | | S | 7
D™ |
4 — ~+ 1 + )4 1 1 ;4 1 i 3 1 4
C =
P =
E
A B D *
Drain

FIGURE 2.10 Single pass 1-1 counterflow heat exchanger (A), baffle (B), tubes (C), guide
rods (D and D'), tube sheets (E), spacer tubes. [6]

The baffles are perforated to receive the tubes.To minimize leakage, the clearances
between baffles and shell and tubes should be small. The baffles are supported by one or
more guide rods C, which are fastened between the tube sheets D and D' by setscrews. To
fix the baffles in ptace, short sections of tube E are slipped over rod C between the baffles.
In assembling such an exchanger, it is necessary to do the tube sheets, support rods,
spacers, and baffies first and then to install the tubes.

The stuffing box shown at the right-hand end of Fig. 2.10 provides for expansion. This

construction is practicable only for small shells.
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Tubes and tube sheets

t

Tubes are drawn to definite wall thickness in terms of BWG and true outside diameter
(OD), and they are available in all common metals. Tables of dimensions of standard tubes
are given in App. 4. Standard lengths of tubes for heat-exchanger construction are 8,
12,16, and 20 ft. Tubes are arranged in a triangular or square layout, known as triangular
pitch or square pitch (pitch is the distance between centers of adjacent tubes). Triangular
pitch is used unless the shell side tends to foul badly, because more heat-transfer area can
be packed into a shell of given diameter than with square pitch. If the center-to-center
distance between tubes is too small, tubes in triangular pitch cannot be cleaned by running
a brush between rows, whereas in square pitch are readily cleaned. Also, square pitch
gives a lower shell-side pressure drop than triangular pitch.

TEMA standards specify a minimum pitch of 1.25 times the outside diameter of the
tubes for triangular pitch and a minimum cleaning lane of % in. for square pitch.

Shell and baffles

Shell diameters are standardized. For shells up to and including 23 in. the diameters are
fixed in accordance with American Society for Testing and Materials (ASTM) pipe standard
inside diameters are 8, 10, 12, 13%, 15%, 17V, 19%, 21V, and 23% in. then 25, 27 in., and
so on in 2 in. increments. These shells are constructed of rolled plated.

. The distance between battles' (center to center) is the baffle pitch, or baffle spacing. It
should not be less than one-fiftl: the diameter of the shell or more than the inside diameter
of the shell.

Tubes are usually attached to the tube sheets by grooving the holes circumferentially
and rolling the tube ends into the holes by means of a rotating tapered mandrel, which
stresses the metal of the tube beyond the elastic limit, so the metal flows into the grooves.

In high-pressure exchangers, the tubes are welded or brazed to the tube sheet after rolling.

b.) Alternate designs

Shell-and-tube exchangers with segmented plate baffles may have vibration problems
caused by the fluid flowing at high velocity across the tubes. In the ROD baffle exchanger
developed by Phillips Petroleum Company, metal rods rather than sheet-metal baffles are

used to support the tubes, and flow in the shell is mainly parallel to the tube axis.
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FIGURE 2.11 ROD baffle exchanger. [6]

The tubes are arranged in square pitch, and rods with a diameter equal to the clearance
between tube rows are attached to ring supports and placed between altemate tube in
both horizontal and vertical directions. The normal rod diameter is in., and each tube is
supported on all four sides at several points along the exchanger, as shown in Fig. 2.11.

Correiations for the outside film coefficient have been developed using the hydraulic
diameter for the Reynolds and Nusselt numbers and allowing for the effects of baffle
spacing and leakage around the tube bundle. Flow across the rods leads to vortex
formaticn, and the coefficients for turbulent flow are about 1.5 times those predicted for the

. same Reynolds number using the Dittus-Boelter equation. The coefficients are not as high
as those for a segmentglly baffled exchanger with close baffle spacing, but the lower
pressure drop and reduced vibration failure make the ROD baffle exch;nger preferred for
many applications.

Another design that requires no baffies uses tubes that are twisted into a helical shape
with an oval cross section, so that each tube is supported over its entire length by multiple
contact points with adjacent tubes. The twisted tubes give improved heat-transfer
coefficients inside and outside because of greater turbulence, and the decrease in required
surface area may more than offset the higher cost per square foot. This design eliminates
tube vibration and may also reduce the rate of fouling.

With both the twisted tube and ROD baffle exchangers, fiow distribution on the shel! side
is a problem in large-diameter units. With a single inlet pipe, tubes near the inlet would get
more than the average flow, and those opposite the inlet would get litle flow for an

appreciable distance down the exchanger. Flow distribution is improved by enlarging the
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TABLE 4.2 Calculation of co-current

NO USED
INSULATOR INSULATOR

Surface of exchange 0.113m’ 0.113m’
Flow of fluids co-current co-current
Flow rate of warm water (Q,.) 33.9L/h 33.9 Lh
Flow rate of cold water (Q,,) 500 L/h 500 Lh
Efficiencies of heat exchanger (r]) 97.83% 08.76%
Upsoriment (KW.M”.K") . 781.34 810.74
Inlet warm water temperature 50°C 50°C

From Table 4.2, the fiber glass was also less significant to monotube heat exchanger for
co-current flow. The efficiency of heat transfer was increased only 0.93%. Similarly, the

overall heat transfer coefficient of experimental evaluation (U ) was increased t0 29.4

experiment:
kw.m?.K". Because the fiber glass insulator was protected heating loss between warm
© water and air so the (U, ... Of heat transfer was increased, but it was insignificant

according to small surface area for shielding protection. |



4.5.2 SHELL AND TUBE HEAT EXCHANGER

TABLE 4.3 Calculation of counter-current

NO USED
] INSULATOR INSULATOR
Surface of exchange 0.110 m’ 0.110 m’

Flow of fluids counter-current Counter-current
Flow rate of warm water (Q,,) 33.9L/h 333.9 L/h
Flow rate of cold water (Q,,) 750 Wh 750 L/h
Efficiencies of heat exchanger (I}) 98.30% 99.11%
Ureperimen (KW.M”.K") 530.68 586.97
Inlet warm water temperature 80°C 80°C
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From Table 4.3, the fiber glass was so less significant to shell and tube heat exchanger

counter-current flow. The efficiency of heat transfer was increased only 0.81%. Similarly, the

- overall heat transfer coefficient of experimental evaluation (U, .me) Was increased to 56.29

kw.m2.K". Because the fiber glass insulator was protected heating loss between warm

water and air so the (U

experiment)

according to small surface area for shielding protection.

of heat transfer was increased, but it was insignificant



TABLE 4.4 Calculation of co-current

NO USED
INSULATOR INSULATOR

Surface of exchange 0.110 m* 0.110 m*
Flow of fluids co-current co-current
Flow rate of warm water (Q,.) 33.9L/M 33.9Un
Flow rate of cold water (Q,,) 450 L/h 450 L/h
Efficiencies of heat exchanger (1) 97.90% 98.30%
Uqeporiment (KW.M™.K") 437.61 470.07
Inlet warm water temperature 80°C 80°C

From Table 4.4, the fiber glass was still less significant to shell and tube heat exchanger
co-current flow. The efficiency of heat transfer was increased only 0.40%. Similarly, the
overall heat transfer coefficient of experimental evaluation (U,,..me) Was increased to 32.46
kw.m>.K". Because the fiber glass insulator was protected heating loss between warm

"water and air s0 the (U, emen) Of heat transfer was increased, but it was insignificant

according to small surface area for shielding protection.
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4.5.3 PLATE HEAT EXCHANGER

TABLE 4.5 Calculation of counter-current

NO USED

INSULATOR INSULATOR
Surface of exchange 0.140 m? 0.140 m°
Flow of fluids counter-current counter-current
Flow rate of warm water (Q,) 100 Uh 100 L/h
Flow rate of cold water (Q,,) 850 L/h 850 L/h
Efficiencies of heat exchanger (1]) 98.84% 99.12%
Useporiment (KW.M.K") 1145.61 1474.40
Inlet warm water temperature 70°C 70°C

From Table 4.5, the fiber glass was less significant to plate heat exchanger for flow was
counter-current flow. The efficiency of heat transfer was increased only 0.28%. Similarly, the

overall heat transfer coefficient of experimental evaluation (U ) was increased to

experiment:
328.79 kW.m>.K". Because the fiber glass insulator was protected heating loss between
warm water and air so the (U,,..m.) Of heat transfer was increased, but it was insignificant

according to small surface area for shielding protection.
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TABLE 4.6 Calculation of co-current

NO USED
INSULATOR INSULATOR

Surface of exchange 0.140 m* G140 m’
Flow of fluids co-current co-current
Flow rate of warm water (Q,.) 100 L/h 100 L/h
Flow rate of cold water(Q,,) 850 L/h 850 L/h
Efficiencies of heat exchanger (r]) 98.66% 98.95%
Uqrperimon (KW.M.K"). 1336.37 1351.84
Inlet warm water temperature 70°C 70°C

From Table 4.6, the fiber glass was iess significant to plate heat exchanger for co-current
flow. The efficiency of heat transfer was increased only 0.29%. Similarly, the overall heat

transfer coefficient of experimental evaluation (U was increased t015.47 kw.m 2K

experimenl)

From Table 4.1 to 4.6 we got the same results of (U ) for counter-current and co-

experiment.

current but the counter-gurrent was more significant than co-current because U was

experiment

depended on temperature difference between the warm fluid and cold fiuid.

in counter-current mode, this difference was completely heat exchanger constant. it

implied that overall thermal exchange was completely constant.

in co-current mode, temperature difference was decreased. It implied that thermal
exchange was less transfer. It evolution of the gradient of temperature allowed to show
counter-current, it woutd be more effective than the co-current flow according to any point

of counter-

experiment

of heat exchanger, the gradient temperature was constant. Therefore, U

current was more significant than co-current.
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CHAPTER 5
CONCLUSION AND SUGGESTION

5.1 CONCLUSION

From the experiment we could be concluded that the efficiencies of heat transfer were
depend on the types of heat exchanger, the direction of water flow, flow rate of water and
inlet temperature of warm water. Effect of heat exchanger types on heat transfer rate was
depending on interchange between surface area. This led to enhancement of heat transfer
rate from warm liquid to cold liquid.

The direction of flow (co-current and counter current) of two liquids had an important
role in thermal exchanges. Indeed, the vector of the exchanger was the distance from
temperature between warm liquid to cold liquid.

According to the profiles of temperatures, the distance from temperature was more
important to counter-current flow than co-current flow,

The flow rate (laminar and turbulent flow) of two liquids also had effect in thermal
exchanges. The flow rate of warm water should be laminar flow (low flow rate) and cold
water should be turbulent (high flow rate). Because these conditions were given appropriate
times for heat transfer from warm water to cold water. If the flow rate of warm water was high
and cold water was low, the efficiencies of heat transfer \vere decreased because warm
water had less time to transfer heat to cold water.

The last effect on heat transfer rate was the inlet temperature of warm water. When the
inlet temperature of warm water was increased but the flow rate of cold water was constant,
the efficiencies of heat transfer were decreased because the volumes of cold water per unit
time were constant. Therefore heat from warm water could not transfer to cold water as well
as the fow inlet temperature.

For improving the efficiencies of heat exchanger, the fiber glass insulator was used to
shield heating loss areas between system and air around the machines. According to fiber
glass insulator was protected heating loss between warm water and air so the efficiencies
of heat transfer were increased, but it was insignificant. Because it had less surface area

for shielding protection.
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5.2 RECOMMENDATION

Should be using electronic flow meter which can control via computer for improving
the accurate measurement of flow rate.

Should be using the electronic valves which can control via computer for improving
an adjustment of water flow rate.

Should be using water tank for storage and circulation of cold water system for
water saving.

Should be using water pump in cold water circuit for increasing water flow rate.
Should be studying an effect of extended surfaces of heat exchanger on heat

transfer rate.
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Monotube (Co-current)

At Laminar flow of warm water (50°C) and Laminar flow of cold water.

Warm water (L/h) | Cold water (L/h) | T,(°C) | T,°O.| t,¢C) | L,°C) | N} (%)
339 127.2 50.1 | 343 | 288 | 322 | 8072
339 152.6 50.1 | 339 | 288 | 31.9 | 86.11
339 170.0 500 | 336 | 288 | 31.7 | 8864
40.7 127.2 50.1 | 352 | 289 | 335 | 9651
40.7 152.6 502 | 348 | 289 | 328 | 94.97
40.7 170.0 501 | 34.1 | 289 | 321 | 8355
45.2 127.2 502 | 373 | 307 | 349 | 9162
452 152.6 504 | 361 | 307 | 342 | 84.40
452 170.0 502 | 355 | 307 | 337 | 76.75

Ng'te

]
T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

1] is efficiencies of heat transfer

~
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Monotube (Co-current)

At Turbulent flow of warm water (50°C) and Laminar flow of cold water.

Warm water (L/h) | Cold water (L/h) | T,(°C) | T,(°C) | t,¢°C) | t,(C) | 1 (%)
200 127.2 499 | 414 | 264 | 364 | 7482
200 152.6 498 | 403 | 264 | 359 | 76.30
200 170.0 502 | 392 | 264 | 349 | 6568
300 127.2 499 | 435 | 264 | 384 | 79.50
300 152.6 501 | 424 | 264 | 372 | 71.34
300 170.0 50.1 | 34.1 | 289 | 321 | 71.87
400 127.2 501 | 445 | 264 | 39.0 | 71.55
400 152.6 499 | 438 | 264 | 382 | 7379
400 170.0 502 | 430 | 264 | 376 | e6.11

Not

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

1) is efficiencies of heat transfer
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Monotube (Co-current)

At Laminar flow of warm water (70°C) and Laminar flow of cold water.

Warm water (L/h) | Cold water (LUh) | T,(°C) | T,(°C) | t,(°C) | £,¢C) | M (%)
33.9 127.2 702 | 4041 | 290 | 365 | 93.46
33.9 152.6 702 | 389 | 200 | 357 | 96.32
33.9 170.0 70.1 | 383 | 289 | 350 | 96.16
40.7 127.2 702 | 420 | 289 | 375 | 95.33
40.7 152.6 701 | 413 | 289 | 363 | 96.36
40.7 170.0 703 | 307 | 289 | 358 | 94.21
45.2 127.2 704 | 424 | 306 | 30.8 | 93.46
45.2 152.6 702 | 419 | 306 | 384 | 93.05
45.2 170.0 704 | 403 | 306 | 374 | 8582

Ni)te

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

1 is efficiencies of heat transfer
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Monotube (Co-current)

At Turbulent flow of warm water (70°C) and Laminar flow of cold water.

Warm water (L/h) | Cold water (L/h) | T,(°C) | T,(°C) | t,(°C) | t,(°C) | N (%)
200 127.2 70.1 54.0 26.6 46.8 79.79
200 152.6 69.8 52.6 26.6 45.2 82.51
200 170.0 70.5 50.3 26.5 43.4 71.11
300 127.2 69.7 57.8 26.6 49.6 81.94
300 152.6 69.9 55.9 26.6 47.5 75.93
300 170.0 70.1 53.6 26.6 453 | 64.22
400 127.2 70.1 60.2 26.6 51.4 79.66
400 152.6 70.2 58.8 26.7 49.6 76.63
400 170.0 70.1 57.3 26.7 48.3 71.72

Note_

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

T is efficiencies of heat transfer
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Monotube (Go-current)

At Laminar flow of warm water (80°C) and Laminar flow of cold water.

N (%)

Wrrmm water (Uh) | Cold water (Lh) | T,(°C) | T,(°C) | t,(°C) | t,(°C)
33.9 127.2 80.1 424 | 29.0 | 383 92.53
33.9 162.6 80.2 41.6 29.0 37.0 93.26
33.9 170.0 80.1 40.6 28.9 36.4 95.18
40.7 127.2 80.1 428 | 29.0 | 392 85.48
40.7 152.6 80.0 | 423 | 29.0 | 383 32.51
40.7 170.0 80.1 41.6 29.0 37.5 92.24
45.2 127.2 80.1 43.2 29.0 39.7 81.60
45.2 1562.6 80.0 | 426 | 29.0 | 38.9 89.36
452 170.0 80.1 416 | 280 | 317 84.99

Note

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

T is efficiencies of heat transfer
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Monotube (Co-current)

1

At Turbulent flow of warm water (80°C) and Laminar flow of cold water.

Warm water (L/h) | Cold water (L/h) l T,(0) | TL,O | t, 0 [ L, 0 { M (%)
200 127.2 80.3 60.0 26.4 51.3 78.01
200 152.6 80.4 58.1 26.4 50.2 81.43
200 170.0 80.3 56.3 26.4 48.5 78.27
300 127.2 80.2 63.7 26.5 53.8 70.15
300 152.6 80.4 60.1 26.5 52.7 65.65
300 170.0 80.3 58.4 26.5 50.1 61.06
400 127.2 80.2 66.4 26.5 55.4 66.59
400 152.6 80.3 62.4 26.5 53.6 57.75
400 170.0 80.3 60.4 26.5 525 55.52

NQ' te

T, is inlet temperature of warm water ~
T, is outlet temperature of warm water
t, is inlet temperature of cold water

t, is outlet temperature of cold water

T is efficiencies of heat transfer
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Monotube (Co-current)

At Laminar flow of warm water (50°C) and Turbulent flow of cold water.

Warm water (L/h) | Cold water (L/h) | T,(°C) | T,(°C) | t,(°C) | ,(¢°C) | ] (%) ]
33.9 450 506 | 299 | 262 | 277 | 96.16
33.9 475 506 | 297 | 262 | 276 | 93.83
33.9 500 | 508 | 297 | 261 | 275 | 97.83
40.7 450 50.1 | 302 | 262 | 279 | 94.47
40.7 475 503 | 300 | 262 | 279 | 92.61
40.7 500 | 502 | 298 | 263 | 27.9 | 96.37
45.2 450 505 | 30.4 | 262 | 281 | 94.10
45.2 475 505 | 302 | 262 | 280 | 93.18
45.2 500 506 | 200 | 262 | 279 | 9128

Néte

. !
T, is inlet temperature of warm water

T, is outlet temperature of warm water
t, is inlet temperature of cold water
t, is outlet temperature of cold water

T is efficiencies of heat transfer



Monotube (Co-current)

At Turbulent flow of warm water (50°C) and Turbulent flow of cold water.

Warm water (L/h) | Cold water (L/h) | T, (°C) | T,(°C) | t,(°C) | ,(°C) { | (%)
200 450 49.9 35.9 27.0 31.9 78.75
200 475 50.1 35.3 27.1 316 | 72.21
200 500 50.1 35.2 271 316 | 75.50 .
300 450 49.9 38.4 27.2 33.6 | 83.47
300 475 50.1 38.5 27.2 33.5 | 85.99
300 500 50.0 38.2 27.2 33.2 | 84.74
400 450 499 | 404 272 | 343 | 81.50
400 475 49.9 | 399 | 272 | 341 | 81.93
400 500 49.9 38.7 27.2 34.0 | 83.33

Note_

T, is inlet temperature of warm water
T, is outlet temperature of warm water
t, is inlet temperature of cold water

t, is outlet temperature of cold water

M is efficiencies of heat transfer
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Monotube (Co-current)

At Laminar flow of warm water (70°C) and Turbulent flow of cold water.

Warm water (L/h) | Cold water (L/h) | T,(°C) | T,(°C) [ t,(°C) | t,(°C) | N} (%)
33.9 450 705 | 332 | 26.7 | 29.4 | 96.05
33.9 475 69.9 | 330 | 269 | 294 | 94.90
33.9 500 701 | 328 | 268 | 202 | 94.87
40.7 450 701 | 340 | 267 | 29.8 | 94.96
40.7 475 702 | 339 | 269 | 299 | 91.39
40.7 500 701 | 335 | 26.8 | 29.6 | 94.00
45.2 450 702 | 345 | 266 | 30.1 | 97.60
452 475 704 | 340 | 268 | 301 | 96.06
452 500 705 | 338 | 269 | 30.1 | 96.45

Note

T, is inlet temperature of warm water
T, is outlet temperature of warm water
. t, is inlet temperature of cold water

t, is outlet temperature of cold water

T is efficiencies of heat transfer




Monotube (Co-current)

At Turbulent flow of warm water (70°C) and Turbulent of cold water.

Warm water (L/h) | Cold water (L/h) | T, (°C) [ T,(°C) | t,(°C) | t,(°C) | N (%)
200 450 69.9 44.2 27.2 37.2 87.54
200 475 70.0 44.0 27.2 36.8 | 87.69
200 500 70.1 43.3 27.2 36.6 | 87.68
300 450 70.2 48.7 27.2 39.5 85.81
300 475 69.9 48.2 27.2 39.5 | 89.74
300 500 69.7 47.9 27.2 39.1 90.97
400 450 70.2 51.1 26.0 40.7 86.58
400 475 70.1 50.7 26.0 40.3 | 87.53
400 500 70.1 50.4 26.0 40.1 | 89.46

Note

T, is inlet temperature of warm water
T, is outlet temperature of warm water
t, is inlet temperature of cold water

t, is outlet temperature of cold water

1) is efficiencies of heat transfer




Monotube (Co-current)

At Laminar flow of warm water (80°C) and Turbulent flow of cold water.

Warm water (L/h) | Cold water (L/h). | T, (°C) | T,¢°C) | t,(°C) | t,(°C) | N (%)
33.9 450 80.2 34.7 26.9 302 | 96.24
33.9 475 80.4 34.5 27.0 30.1 94.60
33.9 500 80.3 34.3 26.9 29.9 96.16
40.7 450 79.9 36.0 271 30.9 95.83
40.7 475 80.2 35.7 271 30.8 | 92.05
40.7 500 80.3 35.4 271 30.6 95.78
452 450 80.1 36.4 27.0 31.2 | 95.79
452 AT75 80.0 36.0 26.9 309 | 9564
452 500 80.3 35.7 26.9 30.8 | 96.83

N'Qte

T, is inlet temperature of warm watef

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

1 is efficiencies of heat transfer
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Monotube (Co-current)

At Turbulent flow of warm water (80°C) and Turbulent flow of cold water.

Warm water (L/h) | Cold water (Lh) | T,(°C) | T,(C) | £, (°C) | ,(°C) | M (%)
200 450 80.1 48.3 26.0 39.7 96.93
200 470 80.1 47.9 26.0 39.1 96.62
200 500 80.1 47.6 26.1 38.8 97.69
300 450 79.9 52.5 26.1 41.2 82.66
300 475 79.9 51.7 26.1 41.2 84.78
300 500 80.0 | 512 | 261 | 408 | 85.07
400 450 79.9 55.6 26.1 43.6 81.(?1
400 475 79.9 54.6 26.1 427 77.91
400 500 799 | 537 | 261 | 423 | 77.29

Note

T, is inlet temperature of warm water
T, is outlet temperature of warm water
t, is inlet temperature of cold water

t, is outlet temperature of cold water

1 is efficiencies of heat transfer




Monotube (Counter-current)

At Laminar flow of warm water (50°C) and Laminar flow of cold water.

Warm water (L/h) { Cold water (L/h) | T,(°C) | T,(°C) | t,(°C) | t,(°C) | M (%)
33.9 127.2 50.1 334 | 30.0 33.7 | 83.11
33.9 152.6 50.1 33.0 { 30.0 33.2 | 84.21
33.9 170.0 50.1 325 | 30.0 32.7 | 76 .91
40.7 127.2 50.1 346 | 30.0 34.8 | 96.80
40.7 152.6 50.2 | 33.9 30.0 34.0 | 92.03
40.7 170.0 50.2 | 332 30.0 | 333 | 81.10
452 127.2 50.1 35.1 30.0 35.2 | 97.55
452 152.6 500 | 342 )} 300 | 345 | 96.15
452 170.0 439 | 336 | 300 33.7 | 85.37

Note

T, is inlet temperature of warm water
T, is outlet temperature of warm water
t, is inlet temperature of cold water

t, is outlet temperature of cold water

T is efficiencies of heat transfer




Monotube (Counter-current)

At Turbulent flow of warm water (50°C) and Laminar flow of cold water.

Warm water (L/h) | Cold water (Lh) | T,¢C) | T,(°C) | t,(°C) | t,(°C) { N (%)
200 127.2 50.3 40.2 30.0 39.1 57.30
200 1562.6 50.3 39.9 30.0 38.5 | 62.36
200 170.0 50.2 38.9 30.2 384 | 67.66
300 127.2 50.1 43.2 30.2 40.9 | 65.75
300 1526 50.1 42.4 30.0 40.0 | 66.06
300 170.0 50.0 | 423 | 30.1 | 39.9 | 7212
400 127.2 50.1 44.8 30.1 41.5 68.40
400 152.6 50.1 43.8 301 40.7 | 64.18
400 170.0 50.0 43.7 30.0 40.5 70.83

ote

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

1) is efficiencies of heat transfer
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Monotube (Counter-current)

At Laminar flow of warm water (70°C) and Laminar flow of cold water.

Warm water (L/h) | Cold water (Lth) | T, (°C) | TL,(°C) | £,(°C) | ,(°C) | M (%)
33.9 127.2 70.2 37.4 30.0 385 | 97.20
33.9 1562.6 70.4 36.8 30.0 373 | 97.77
33.9 170.0 70.3 36.0 30.0 36.6 | 96.46
40.7 127.2 70.3 38.0 30.0 39.9 | 95.81
40.7 162.6 70.3 37.3 30.0 38.5 | 96.59
40.7 170.0 70.3 36.4 30.0 37.8 | 96.12
45.2 127.2 70.3 39.2 30.0 40.7 96.82
45.2 152.6 70.2 38.6 30.0 39.1 97.22
452 170.0 70.2 37.8 30.0 38.3 96.34

Note

T, i§ inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

T} is efficiencies of heat transfer

84



Monotube (Counter-current)

i

At Turbulent flow of warm water (70°C) and Laminar flow of cold water.

Warm water (L/h) | Cold water (Lh) | T,C) | T,(°C) | t,¢C) | t,(°C) | N} (%)
200 127.2 69.9 | 51.8 | 30.0 | 49.9 | 69.92
200 152.6 701 | 50.6 | 30.1 | 48.8 | 73.17
200 170.0 701 | 49.4 | 30.1 | 47.3 | 70.62
300 127.2 701 | 564 | 301 | 529 | 70.56
300 152.6 70.0 | 540 | 30.1 | 50.4 | 64.53
300 170.0 70.1 | 532 | 30.1 | 497 | 65.72
400 127.2 704 | 595 | 30.1 | 562 | 78.30
400 152.6 702 | 587 | 30.1 | 55.4 | 89.93
400 170.0 704 | 569 | 304 | 544 | 7823

Note

" T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

T} is efficiencies of heat transfer
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Monotube (Counter-current)

At Laminar flow of warm water (80°C) and Laminar flow of cold water.

Warm water (L/h)-{ Cold water (L/h) | T,(°C) | T,(°C) | £,(°C) | ,(°C) { N (%)
33.9 127.2 80.0 | 392 | 300 | 400 | 91.93
33.9 152.6 804 | 386 | 300 | 388 | 94.73
33.9 1700 | 803 | 37.7 | 300 | 381 | 95.32
40.7 127.2 804 | 405 | 300 | 425 | 97.93
40.7 152.6 80.1 | 39.2 | 300 | 403 | 94.44
40.7 1700 80.4 | 384 | 300 | 396 | 95.49
45.2 127.2 805 | 412 | 300 | 434 | 9595
452 152.6 804 | 396 | 300 | 417 | 96.81
452 170.0 805 | 388 | 300 | 408 | 97.40

Note_

T, is inlet temperature of warm water
T, is outlet temperature of warm water
t, is inlet temperature of cold water

t, is outlet temperature of cold water

T} is efficiencies of heat transfer




Monotube (Counter-current)

At Turbulent flow of warm water (80°C) and Laminar flow of cold water.

Warm water (L/h) | Cold water (Lh) | T,(°C) | T,(°C) | t,(°C) [ £,(°C) | N (%)
200 127.2 802 | 572 | 267 | 55.8 | 80.46
200 152.6 800 | 550 | 267 | 53.4 | 81.48
200 170.0 804 | 533 | 267 | 513 | 77.15
300 127.2 800 | 630 | 267 | 595 | 81.80
300 152.6 709 | 608 | 267 | 57.0 | 80.90
300 170.0 80.8 | 595 | 267 | 552 | 75.82
400 127.2 805 | 662 | 267 | 613 | 76.94
400 152.6 802 | 647 | 267 | 596 | 8123
400 170.0 800 | 633 | 267 | 573 | 77.87

.

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

1 is efficiencies of heat transfer
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Monotube (Counter-current)

At Laminar flow of warm water (50°C) and Turbulent flow of cold water.

Warm water (L/h) | Cold water (L'n) | T, (°C) | T, (°C) | t, (°C) { t, (°C) | T} (%)
33.9 450 50.5 30.6 27.4 28.8 | 93.59
339 475 505 | 305 | 274 | 288 | 98.30
33.9 500 50.6 30.4 27.4 28.7 | 95.12
40.7 450 50.4 30.8 37.4 29.1 95.92
40.7 475 50.4 30.9 27.5 29.1 90.74
40.7 500 50.5 30.7 27.4 289 | 93.09
45.2 450 50.6 3141 27.4 293 | 97.25
452 475 50.6 31.1 27.5 203 | 9725
452 500 50.6 30.9 274 201 95.70

Note_

T, is inlet temperature of warm water
T, is outlet temperature of warm water
t, is inlet temperature of cold water

t, is outlet temperature of cold water

T is efficiencies of heat transfer




Monotube (Counter-current)

At Turbulent flow of warm water (50°C) and Turbulent flow of cold water.

Warm water (L/h) | Cold water (h) | T,(°C) | T,(°C) | t,°C) | L, °C) | M (%)
200 450 49.9 34.7 274 33.0 | 83.16
200 475 50.2 34.5 274 325 | 77.14
200 500 502 | 343 | 273 322 | 77.28
300 450 50.1 37.5 27.4 343 | 82.14
300 475 500 | 373 | 275 342 | 8353
300 500 50.1 37.0 274 339 | 83.01
400 450 50.1 394 | 274 35.4 | 84.50
400 475 50.0 | 392 | 274 352 | 85.76
400 500 500 | 388 | 273 348 | 83.70
Note_

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

1 is efficiencies of heat transfer
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Monotube (Counter-current)

‘

At Laminar flow of warm water (70°C) and Turbulent flow of cold water.

Warm water (Lh) { Cold water (Lh) | T, Q.| T,(°C) | t,(°C) | t,(CC) | M (%)
33.9 450 70.2 31.6 27.5 303 | 96.38
33.9 475 69.9 31.5 27.6 30.2 | 94.83
33.9 500 70.1 31.3 27.4 299 | 95.12
40.7 450 70.2 32.0 27.4 30.8 | 98.43
40.7 475 70.1 31.5 27.5 30.7 | 96.90
40.7 500 70.0 31.8 27.5 30.5 | 96.62
452 450 69.8 32.4 27.4 31.0 | 95.95
45.2 475 70.0 32.0 273 30.9 | 96.91
452 500 70.0 320 274 30.7 | 96.18
Note_

I .
T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

1 is efficiencies of heat transfer

\
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Monotube (Counter-current).

At Turbulent flow of warm water (70°C) and Turbulent of cold water.

Warm water (L/h) Cold water (Uh) | T,(°C) | T,(°C) | t,(°C) | ,(°C) | 1 (%)
200 450 70.1 41.6 27.6 38.9 | 89.27
200 475 70.1 41.3 27.6 38.5 90.04
200 500 70.1 41.0 27.5 37.9 | 89.34
300 450 70.0 46.1 27.5 41,2 86.16
300 475 70.2 45.4 27.5 40.6 83.63
300 500 701 | 452 | 276 | 404 | 8584
400 450 69.9 50.2 27.5 43.4 90.79
400 475 69.8 49.6 27.5 42.8 89.94
400 500 69.8 49.3 27.5 42.4 90.85

Note

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

1 is efficiencies of heat transfer
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Monotube (Counter-current)

At Laminar flow of warm water (80°C) and Turbulent flow of cold water.

Warm water (L/h) | Cold water (L/hy | T,(°C) { T,(°C) | t,(°C) | t,(°C) | M (%)
33.9 450 80.0 | 323 | 27.4 | 309 | 97.37
33.9 475 799 | 321 | 274 | 307 | 96.60
33.9 500 80.0 | 320 | 27.4 | 306 | 98.40
40.7 450 802 | 332 | 275 | 316 | 96.47
40.7 475 80.1 | 329 | 274 | 312 | 89.13
40.7 500 800 | 327 | 274 | 311 | 9622
45.2 450 802 | 335 | 275 | 320 | 9593
452 475 804 | 332 | 274 | 317 | 9637
452 500 80.1 | 330 | 274 | 315 | 9337

Note

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

1 is efficiencies of heat transfer
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Monotube (Counter-current)

At Turbulent flow of warm water (80°C) and Turbulent flow of cold water.

Warm water (L/h) | Cold water (L/h) | T,(°C) [ T,(°C) [ t,(°C) | t,(°C) | N} (%)
200 450 79.6 45.7 27.5 42.0 96.38
200 470 79.6 44.8 27.5 41.5 95.68
200 500 79.6 44.7 27.5 40.8 95.27
300 450 79.6 50.3 | 27.6 445 | 86.66
300 475 80.4 49.8 27.6 440 | 84.99
300 500 79.8 49.6 275 43.6 | 88.85°
400 450 79.9 53.7 27.5 46.7 82.44
400 475 79.8 635 | 276 | 465 | 8533
400 500 79.9 533 27.5 46.3 88.34

Note

T, is inlet temperature of warm water
T, is outlet temperature of warm water
t, is inlet temperature of cold water

t, is outlet temperature of cold water

1 is efficiencies of heat transfer



Shell and Tubes (Co-current)

At Laminar flow of warm water (50°C) and Laminar flow of cold water.

Warm water (L/h)| Cold water (L/h) { T, (°C)| T, (°C)| t, (°C) | , (°C) | ] (%)
53.9 127 50.0 | 34.6 | 26.8 | 30.1 | 80.25
33.9 152 50.1 344 { 26.8 29.8 | 85.65
33.9 170 50.0 | 34.0 | 26.8 | 29.3 | 78.33
40.7 127 50.1 36.2 | 269 | 30.7 | 8533
40.7 162 50.1 359 | 269 | 30.1 | 84.18
40.7 170 50.1 356 | 269 | 29.8 | 82.99
45.2 127 50.5 | 36.9 | 26.7 | 30.8 | 83.33
45.2 152 50.1 36.1 26.7 30.2 | 79.27
452 170 50.2 | 354 | 269 29.7 | 71.16

Note

T, is inlet temperature of warm water
T, is outlet temperature of warm water
t, isinlet temperature of cold water

t, is outlet temperature of cold water

T is efficiencies of heat transfer




Shell and Tubes (Co-current) l

At Turbulent flow of warm water (50°C) and Laminar flow of cold water.

Warm water (L/h)] Cold water (L/h) | T, (°C)| T, (°C)}| t, (°C) | t, (°C) | I (%)
430 127 50.1 ;15.4 276 | 396 | 75.41
430 152 50.1 444 | 275 | 37.8 | 63.88
430 170 50.1 441 276 | 372 | 6293
500 127 50.1 462 | 275 | 404 | 8263
500 152 50.0 454 | 27.5 | 38.7 | 74.02
500 170 50.1 450 | 274 38.0 | 70.67
600 127 50.1 46.2 | 274 40.2 { 69.20
600 152 50.1 45.4 274 39.1 | 63.06
600 170 502 | 450 | 274 38.2 | 58.85

Note

T, is inlet temperature of warm water

T, is outlet temperature of warm water -
t, is inlet temperature of cold water

t, is outlet temperature of cold water

T is efficiencies of heat transfer




Shell and Tubes (Co-current)

At Laminar flow of warm water (70°C) and Laminar flow of cold water.

Warm water (L/h)| Cold water (L/h) | T, (°C)|{ T, (°C)| t, (°C) | t, (°C) | 1] (%)
33.9 127 703 | 426 | 268 | 33.8 | 94.64
33.9 162 702 | 41.7 | 269 | 327 | 91.22
33.9 170 702 | 41.0 | 269 | 318 | 84.13
40.7 127 704 450 | 268 | 393 | 93.26
40.7 152 702 | 445 | 268 | 33.3 | 9448
40.7 170 702 | 442 . 268 | 323 | 88.38
45.2 127 70.1 480 | 26.8 | 34.1 | 92.81
45.2 152 70.0 | 472 | 268 | 334 | 97.34
45.2 170 70.1 46.1 26.8 | 32.8 | 94.03

Note

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

M is efficiencies of heat transfer
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Shell and Tubes (Co-current)

At Turbulent flow of warm water (70°C) and Laminar flow of cold water.

Warm water (L/h)| Cold water (L/h) [ T1 (°C)| T2 (°C){ t1 (°C) [ t2 (°C) | I (%)
430 127 70.2 61.7 27.7 52.2 | 85:13
430 152 70.1 60.3 27.6 49.4 | 78.63
430 170 70.1 59.8 | 276 | 479 | 7792
500 127 70.2 62.5 27.8 53.4 | 84.45
500 152 701 61.0 | 27.2 | 50.1 | 74.50
500 170 70.1 60.4 27.6 48.6 | 73.61
600 127 70.2 | 63.0 | 276 | 54.1 | 77.90
600 1562 70.3 62.4 27.6 51.6 | 76.96
600 170 702 | 615 | 275 | 496 | 71.97

Note

T, is inlet temperature of warm water
T, is outlet temperature of warm water
t, is inlet temperature of cold water

t, is outlet temperature of cold water

T is efficiencies of heat transfer




Shell and Tubes (Co-current)

At Laminar flow of warm water (80°C) and Laminar flow of cold water.

| Warm water (Lh)| Cold water (L) | T, (*C)[ T, (*C)| t, (°C) | t, (:C) | N (%)

[ 3809 127 80.4 | 47.8 | 267 | 352 | 97.65
33.9 152 803 | 467 | 267 | 33.9 | 96.05
33.9 170 802 | 461 | 267 | 330 | 92.48
40.7 127 803 | 498 | 268 | 362 | 96.19
40.7 152 80.4 | 481 | 268 | 34.4 | 87.90
40.7 170 80.3 | 47.4 | 26.8 | 335 | 85.08
45.2 127 80.3 | 509 | 266 | 36.8 | 97.48
45.2 152 802 | 41.0 | 266 | 353 | 93.77
452 170 80.4 | 485 | 263 | 301 | 91.96

Note_

T, is inlet temperature of warm water

-T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

1] is efficiencies of heat transfer




Shell and Tubes (Co-current)

At Turbulent flow of warm water (80°C) and Laminar flow of cold water.

Warm water (Lh) | Cold water (L/h) | T, (°C) [ T, (°C) | t,(°C) | £, (°C) | N} (%)
430 127 804 | 700 | 27.5 | 57.3 | 84.63
430 152 80.3 | 68.7 | 27.5 | 546 | 82.58
430 170 803 | 673 | 275 | 537 | 79.68
500 127 803 | 706 | 27.6 | 595 | 8353
500 152 803 | 689 | 27.5 | 565 | 77.33
500 170 80.2 | 683 | 275 | 545 | 77.14
600 127 803 | 713 | 27.4 | 598 | 76.20
600 152 803 | 704 | 27.4 | 572 | 75.49
600 170 80.3 | 69.9 | 27.4 | 563 | 78.73

Note

T, is inlet temperature of warm water

T, is'outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

N is efficiencies of heat transfer
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Shell and Tubes (Co-current)

At Laminar flow of warm water (50°C) and Turbulent flow of cold water.

Warm water (L/h)] Cold water (L/h) | T, (*C)} T, (°C){ {, °C) | t, °C) | i} (%)
33.9 450 50.2 | 305 | 27.0 | 28.3 | 87.57
33.9 600 50.1 302 | 27.0 | 28.0 | 88.91
33.9 750 50.1 209 ( 278 | 28,5 | 87.59
40.7 450 50.0 31.0 | ‘270 | 285 | 87.31
40.7 600 50.1 306 | 27.0 | 28.2 | 90.74
40.7 750 50.1 30.1 270 | 279 | 8294
452 450 50.0 | 315 | 27.2 | 28.9 | 91.49
45.2 600 50.1 313 | 272 | 285 | 91.79
45.2 750 50.0 | 299 | 27.2 | 28.2 | 8255

Note

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, isinlet temperature of cold water

t, is outlet temperature of cold water

T is efficiencies of heat transfer

100



Shell and Tubes (Co-current)

At Turbulent flow of warm water (50°C) and Turbulent flow of cold water.

Warm water (L/h)| Cold water (L/h) [ T, (°C)| T, (°C){ t, (°C) { t, (°C) | I} (%)
430 550 50.0 | 422 | 274 | 326 | 86.27
430 600 500 | 418 | 27.4 | 322 | 81.68
430 750 50.1 415 | 274 | 31.6 | 84.17
500 550 50.1 428 | 274 | 328 | 84.38
500 600 50.0 | 426 | 27.3 | 326 | 85.95
500 750 50.1 422 | 272 | 31.8 | 87.34
600 550 50.1 435 | 274 | 33.5 | 84.72
600 600 50.1 427 | 274 | 32.8 | 72.97
600 750 500 | 424 | 274 | 321 | 78.95

Note

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

T is efficiencies of heat transfer
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Shell and Tubes (Co-current)

At Laminar flow of warm water (70°C) and Turbulent flow of cold water.

Warm water (L/h)| Cold water (L/h) | T, (°C)| T, (°C){ t, (°C) | t, (°C) | I} (%)
h 33.9 450 70.1 38.6 | 27.4 | 29.5 | 88.47
33.9 600 70.1 384 | 274 29.1 | 94.89

33.9 750 70.1 386 | 274 28.8 | 98.30

40.7 450 700 | 387 | 275 | 301 | 9366

40.7 600 703 | 398 | 274 29.2 | 87.02

40.7 750 70.1 395 | 274 | 28.9 | 90.21

45.2 450 70.1 424 | 274 30.0 | 93.28

452 600 70.1 421 27.4 294 | 94.82

45.2 750 70.1 41.8 | 274 29.0 | 93.81

Note

T, is inlet temperature of warm water
T, is outlet temperature of warm water
t, is inlet temperature of cold water

t, is outlet temperature of cold water

N is efficiencies of heat transfer
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Shell and Tubes (Co-current) .

At Turbulent flow of warm water (70°C) and Turbulent flow of cold water.

Wam water (L/h){ Cold water (L/h) | T, (°C){ T, (°C) | t, (°CY { t, (°C) | 1] (%)
430 550 70.2 55.0 27.3 | 38.0 | 90.04
430 600 70.1 545 | 27.3 | 37.2 | 88.85
430 750 702 | 539 | 27.3 | 35.9 | 92.02
500 550 70.1 562 | 27.3 | 38.9 | 85.35
500 600 700 } 558 | 27.3 | 38.1 | 90.88
500 750 702 | 5564 | 27.3 | 36.8 | 95.96
600 550 702 | 571 | 27.3 | 394 | 84.35
600 600 70.1 56.6 | 27.3 | 38.7 | 84.44
600 750 70.1 55.7 | 27.2 | 369 | 84.20

Note

T, is inlet temperature of warm water
Tzlis outlet temperature of warm water v
t, is inlet temperature of cold water

t, is outlet temperature of cold water

1] is efficiencies of heat transfer
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Shell and Tubes (Co-current)

At Laminar flow of warm water (80°C) and Turbulent flow of cold water.

Warm water (L/h)| Cold water (Lh) | T, CC){ T, CC){ t, °C} | t, °C) } T} (%)
33.9 450 80.1 435 | 266 | 29.3 | 97.90
33.9 600 80.4 | 431 26.6 | 28.6 | 94.87
33.9 750 80.3 | 424 26.6 28.2 | 93.37
40.7 450 802 | 416 | 26.5 29.7 | 91.68
40.7 600 80.3 | 425 | 266 | 28.9 | 92.04
40.7 750 803 | 428 | 26.6 | 28.4 | 88.36
45.2 450 80.2 | 456 | 26.6 | 299 | 94.95
452 600 80.2 | 453 | 266 | 28.1 | 95.08
45.2 750 803 | 448 | 266 | 28.6 | 93.48

Note

T, is inlet temperature of warm water
T, is outlet temperature of warm water
t, is inlet temperature of cold water

t, is outlet temperature of cold water

T is efficiencies of heat transfer
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Shell and Tubes (Co-current)

At Turbulent flow of warm water (80°C) and Turbulent flow of cold water.

Warm water (L/h)| Cold water (L/h) | T, (°C)| T, (°C)| t, (°C) | t, (°C) | I} (%)
430 550 80.3 | 605 | 27.3 | 40.4 | 84.62
430 600 802 | 60.2 | 27.3 | 39.8 | 87.21
430 750 802 | 593 | 273 | 381 | 89.71
500 550 802 | 627 | 273 | 417 | 90.5%
500 600 803 | 615 | 272 | 404 | 84.26
500 750 802 | 59.7 | 272 | 385 | 8252
600 550 802 | 633 | 27.3 | 424 | 8163
600 600 803 | 625 | 273 | 413 | 78.65
600 750 802 | 605 | 27.3 | 39.2 | 75.51

Note

T, is inlet témperature of warm water
T, is outlet temperature of warm water
t, is inlet temperature of cold water

t, is outlet temperature of cold water

T is efficiencies of heat transfer
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Shell and Tubes (Counter-current) .

At Laminar flow of warm water (50°C) and Laminar flow of cold water.

Warm water (L/h)| Cold water (L/h) | T, (°C)[ T, (°C)}| t, (°C) | t, (°C) | i} (%)
33.9 127 50.0 | 33.7 | 264 | 30.3 | 88.46
33.9 152 50.1 335 | 264 | 295 | 83.71
33.9 170 50.0 | 332 | 263 | 29.2 | 83.55
40.7 127 501 | 350 | 264 | 305 | 83.71
40.7 152 50.1 348 | 264 | 208 | 83.01
40.7 170 50.1 347 | 269 | 29.4 | 80.03
45.2 127 50.1 36.6 | 264 31.0 | 95.74
45.2 152 500 | 36.2 | 26.4 | 29.8 | 82.85
45.2 170 50.0 | 358 | 26.4 | 29.6 | 84.76

Note

T, is inlet temperature of warm water -
T, is outlet temperature of warm water
t, is inlet temperature of cold water

t, is outlet temperature of cold water,

T is efficiencies of heat transfer
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Shell and Tubes (Counter-current)

At Turbulent flow of warm water (50°C) and Laminar flow of cold water.

Warm water (L/h)] Cold water (L/h) | T, CC)| T, (°C) | t, (°C) | t, (°C) | I} (%)
430 127 50.0 | 44.6 2'7.1 39.4 | 66.39
430 152 50.1 441 271 28.5 | 67.16
430 170 50.1 43.7 271 37.3 | 63.01
500 127 -1 6041 447 { 270 | 406 | 78.51
500 1562 50.0 450 | 271 39.3 | 73.44
500 170 ‘ 50.1 443 | 270 | 38.2 | 656.37
600 127 50.0 | 46.0 | 27.0 | 411 | 74.61
600 1562 50.1 456 | 27.0 | 39.7 | 71.50
600 170 50.1 450 | 270 | 38,5 | 63.89

Note

T, is inlet temperature of warm water
T, is outlet temperature of warm water -
t, isinlet temperature of cold water

t, is outlet temperature of cold water

M is efficiencies of heat transfer



Shell and Tubes (Counter-current)

At Laminar flow of warm water (70°C) and Laminar flow of cold water.

Warm water (L/h)| Cold water (L/h) | T, (°C)| T, (°C)| t, (°C) | t, (°C) | N (%)
33.9 127 70.1 41.7 274 34.6 | 94.12
33.9 152 70.1 408 | 274 | 336 | 94.85
33.9 170 70.0 | 400 | 27.4 | 326 | 86.90
40.7 127 700 | 420 | 274 | 350 | 8472
40.7 152 700 | 410 | 274 339 { 83.73
40.7 170 70.1 40.3 27.4 329 | 77.11
45.2 127 7'0.1 43.1 27.4 36.0 | 89.49
45.2 152 70.2 |} 420 | 274 345 | 84.67
45.2 170 70.1 40.8 | 274 | 333 | 75.73

Note

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

N is efficiencies of heat transfer
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Shell and Tubes (Counter-current)

At Turbulent flow of warm water (70°C) and Laminar flow of cold water.

Warm water (L/h)| Cold water (L/h) | T, (°C)[ T, (°C)| t, (°C) | t, (°C) | ] (%)
430 127 70.0 | 60.7 | 27.3 | 53.0 | 81.02
430 152 70.1 596 | 27.3 | 50.6 | 78.44
430 170 701 589 | 27.3 | 488 | 75.89
500 127 702 § 61.7 | 27.7 | 546 | 81.88
500 152 70.1 60.7 | 272 | 514 | 77.85
500 170 70.1 599 | 272 | 496 | 74.30
600 127 70.1 62.4 27.2 54.7 75..1-1_-
600 152 70.0 | 61.2 27..2 52.1 | 71.68
600 170 702 | 60.6 | 272 | 50.5 | 69.49

Note

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

T is efficiencies of heat transfer
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Shell and Tubes (Counter-current)

At Laminar flow of warm water (80°C) and Laminar flow of cold water.

Warm water (L/h)| Cold water () | T, (°C)| T, (°C)| t, (°C) | t, (°C) | I (%)
33.9 127 80.4 45.1 27.4 36.6 | 97.47
33.9 152 80.3 | 445 | 27.3 | -34.8 | 93.78
33.9 170 80.3 | 43.7 27.3 | 33.8 | 88.9
40.7 127 80.2 | 487 273 | 374 19740
40.7 152 80.3 47.5 27.3 35.6 | 94.53
40.7 170 80.3 | 46.6 27.2 343 | 87.89
45.2 80.2 80.3 50.2 271 37.6 | 97.85
45.2 152 80.2 48.8 27.0 359 | 95.16
45.2 170 80.3 48.2 271 34.7 | 89.05

Note

T, is inlet iemperature of warm water
T, is outlet temperature of warm water
t, is inlet temperature of cold water

t, is outlet temperature of cold water

1 is efficiencies of heat transfer




Shell and Tubes (Counter-current)

+

At Turbulent flow of warm water (80°C) and Laminar flow of cold water.

Warm water (L/h)} Cold water (L/h) { T, (°C)| T, (°C) | t, (°C) [ t, (°C} | N} (%)
430 127 804 | 68.7 ‘ 273 | 60.4 | 83.56
430 162 803 | 67.1 274 | 57.2 | 75.58
430 170 80.3 659 | 27.3 544 | 7414
600 127 80.3 70.4 27.2 61.3 | 87.49
500 152 80.3 | 688 { 27.1 57.9 { 81.07
' 500 170 80.4 67.7 271 56.0 | 77.04
600 127 80.5 { 721 271 62.2 | 88.47
600 152 80.5 69.3 | 271 58.0 | 72.15
600 170 80.4 68.6 271 56.6 | 70.53
Note

T, is inlet temperature of warm water

T, is ouilet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

M is efficiencies of heat transfer
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Shell and Tubes (Counter-current)

At Laminar flow of warm water (50°C) and Turbulent flow of cold water.

Warm water (L/h)| Cold water (L/h) | T, (°C)| T, (°C)| t, (°C) | t, (°C) | N} (%)
33.9 450 500 | 289 | 26.7 | 282 | 94.34
33.9 600 50.1 28.1 26.7 | 27.9 | 96.51
33.9 750 50.1 279 | 26.7 27.6 | 89.67
40.7 450 50.1 309 1 266 | 283 | 97.92
40.7 600 50.1 29.1 26.7 | 28.0 | 91.28
40.7 750 50.1 28.6' 266 | 275 | 77.16
45.2 450 500 | 305 | 26.6 | 285 | 97.00
45.2 600 50.1 30.0 | 26.7 | 28.1 | 92.46
45.2 750 50.1 205 | 26.6 | 27.7 | 88.60

Note

T, is inlet temperature of warm water
T, is outlet temperature of warm water !
t, isinlet temperature of cold water

t, is outlet temperature of cold water

T is efficiencies of heat transfer



Shell and Tubes (Counter-current)

At Turbulent flow of warm water (50°C) and Turbulent flow of cold water.

Warm water (L/h) | Cold water (L/h) | T,(°C) { T,(°C) | t,(°C) | ,(°C) { M (%)
430 550 50.0 | 430 | 269 | 31.8 | 89.53
430 600 501 | 428 | 269 | 31.5 | 87.96
430 750 50.1 | 423 | 269 | 30.7 | 84.97
500 550 50.1 | 435 | 269 | 32.3 | 90.00
500 600 500 | 432 | 269 | 31.7 | 84.71
500 750 50.1 | 428 | 269 | 31.0 | 84.25
600 550 50.1 | 439 | 269 | 327 | 85.75
600 600 50.1 | 434 | 26.9 | 32.4 | 82.09
600 750 500 | 429 | 269 | 315 | 80.98

Not

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

1) is efficiencies of heat transfer
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Shrell and Tubes (Counter-current)

At Laminar flow of warm water (70°C) and Turbulent flow of cold water.

Warm water (L/h)| Cold water (L/h) [ T, (°C)| T, (°C) [ t, (°C) | t, (°C) | N (%)
33.9 450 701 | 398 | 267 | 28.9 | 96.35
33.9 600 702 | 388 | 26.7 | 284 | 95.80
33.9 750 701 | 384 | 266 | 27.9 | 90.70
40.7 450 704 | 419 | 266 | 201 | 98.04
40.7 600 70.2 | 407 | 266 | 285 | 94.97
40.7 750 701 | 402 | 265 | 27.7 | 73.98
452 450 701 | 412 | 266 | 29.3 | 96.17
45.2 600 701 | 417 | 26.7 | 28.7 | 93.48
452 750 70.1 | 407 | 26.6 | 28.2 | 90.30

Note

T, is inlet temperature of warm water

T, is outlet temperature of warm water

t, is inlet temperature of cold water

t, is outlet temperature of cold water

N is efficiencies of heat transfer
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Shell and Tubes (Counter-current)

At Turbulent flow of warm water (70°C) and Turbulent flow of cold water.

Cold water (L/n) | T,(°C)

Warm water (L/h) T,¢C) | t,(°C) | t,C) | M (%)
430 550 70.0 58.5 27.0 34.7 85.64
430 600 70.1 58.1 27.0 34.3 84.88
430 750 70.1 57.4 27.0 27.5 78.28
500 550 70.1 59.1 27.0 35.8 88.00
500 600 70.1 58.2 27.0 35.5 85.71
500 750 70.0 57.0 27.0 34.1 81.92
600 550 70.0 59.8 271 36.6 85.38
00 600 70.0 59.1 27.0 36.2 84.40
600 750 70.0 58.2 27.0 349 83.69

Nofe

T, is inlet temperature of warm water ~
T, is outlet temperature of warm water
t, is inlet temperature of cold water

t, is outlet temperature of cold water

1} is efficiencies of heat transfer
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Shell and Tubes (Counter-current)

At Laminar flow of warm water (80°C) and Turbulent flow of cold water.

Warm water (L/h)| Cold water (L/h) | T, (°C)| T, (°C){ t, (°C) | t, (°C) | ] (%)
33.9 450 80.3 | 40.5 | 27.6 | 30.3 | 90.03
33.9 600 80.4 | 402 | 27.6 | 29.8 | 96.83
33.9 750 80.3 |} 39.8 | 27.6 | 29.7 | 98.30
40.7 450 80:3 | 431 | 276 | 307 | 92.16
40.7 600 80.2 | 428 | 27.6 | 30.0 | 94.50
40.7 750 80.3 | 425 | 27.6 | 29.6 | 97.52
452 450 80.3 | 442 | 276 | 30.8 | 88.25
45.2 600 80.3 | 44.0 | 276 | 30.2 | 95.08
45.2 750 80.3 | 435 | 27.6 | 29.7 | 94.69

Note

T, is inlet temperature of warm water
T, is outlet temperature of warm water ’
t, is inlet temperature of cold water

t, is outlet temperature of cold water

1 is efficiencies of heat transfer




Shell and Tubes (Counter-current)

At Turbulent flow of warm water (80°C) and Turbulent flow of cold water.

Warm water (L/h) | Cold water (L/h) | T,(°C) | T,C) | £,(°C) | ,(°C) | N (%)
430 550 802 | 603 | 27.0 | 402 | s4.84
430 600 80.2 | 59.8 | 27.0 | 39.3 | 84.13
430 750 803 | 585 | 27.0 | 38.0 | 88.01
500 550 80.3 | 60.8 | 27.0 | 41.3 | 80.67
500 600 80.2 | 602 | 27.0 | 39.8 | 76.20
500 750 80.2 | 59.5 | 27.0 | 38.0 | 79.71
800 450 80.1 | 61.4 | 27.0 | 41.9 | 73.04
600 600 802 | 611 | 271 |} 412 | 73.82
600 750 80.2 | 603 | 270 | 39.8 | 80.40

Note

T, is inlet temperature of warm water
T, is outlet temperature of warm water
t, is inlet temperature of cold water

tl‘, is outlet temperature of cold water

1 is efficiencies of heat transfer



Platetube (Co-current)

At Laminar flow of warm water (50°C) and Laminar flow of cold water.

Warm water (L/h) | Cold water (L/h) | T, (°C) | T, (°C) [ t, (°C) | t, (°C) | N} (%)
100 100 499 | 350 | 268 | 39.7 | 86.57
100 200 50.1 | 321 | 268 | 34.3 | 83.33
100 300 502 | 311 | 268 | 325 | 89.52
200 100 499 | 398 | 269 | 430 | 79.70
200 200 50.1 | 358 | 26.8 | 37.7 | 76.22
200 300 499 | 344 | 269 | 356 | 84.19
300 100 50.0 | 421 | 268 | 452 | 77.63
300 200 409 | 388 | 269 | 405 | 81.68
300 300 489 | 371 | 269 | 37.7 | 84.37

At Laminar flow of warm water (70°C) and Laminar flow of cold water.

Warm water (L/h) | Cold water (Lh) | T, (°C) | T, (°C) | , (°C) | 1, (°C) | 1} (%)
100 100 70.2 53.4 276 37.2 57.14
100 200 70.3 53.0 27.6 33.2 64.74
100 300 70.2 50.5 27.6 31.4 57.89
Note

T, is temperature of warm water inlet

T, is temperature of warm water outlet

t, is temperature of cold water inlet

t, is temperature of cold water outlet

T is efficiencies of heat transfer
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Platetube (Co-current) '

At Turbulent flow of warm water (50°C) and Laminar flow of cold water.

Warm water (L/h) { Cold water.(L/h) | T, (°C) | T, (°C) | t, (°C) | t, (°C) | N (%)

900 100 49.9 46.7 27.0 476 | 71.52
900 200 49.9 44.7 26.9 44.4 74.78
900 300 50.0 43.0 26.9 41.7 | 70.47

At Turbulent flow of warm water (70°C) and Laminar flow of cold water.

Warm water (L/h) | Cold water (Lh) | T, (°C) | T, (°C) | t, (°C) [ t, (°C) | N (%)

900 100 70.2 65.3 27.0 58.1 70752
900 200 70.2 61.5 27.1 | 533.3 | 66.92

900 300 70.1 58.7 27.1 516 | 71.64

Note

T, is temperature of warm water inlet
T, is temperature of warm water outlet
t, is temperature of cold water inlet

t, is temperature of cold water outlet

1) is efficiencies of heat transfer:
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Platetube (Co-current) .

At Laminar flow of warm water (50°C) and Turbulent flow of cold water.

Warm water (L/h) | Cold water (LUh) | T, (°C) | T, (°C) | t, (°C) | t, (°C) ! n (%)

100 850 50.4 33.9 26.6 28.4 | 92.73
100 875 50.4 32.1 26.6 28.5 | 90.84
100 900 50.3 28.4 26.6 286 | 82.19

At Laminar flow of warm water (70°C) and Turbulent flow of cold water.

Warm water (L/h) | Cold water (L/h) { T, (°C) | T, (°C) | t, (°C) | t, (°C) | I} (%)
100 850 70.3 36.7 274 31.3 | 98.66
100 875 70.2 35.8 27.5 31.0 | 89.03
100 900 70.2 35.1 27.5 30.1 82.05

Note

T, is temperature of warm water inlet
T, is temperature of warm water outlet
t, is temperature of cold water inlet

t, is temperature of cold water outlet

1 is efficiencies of heat transfer



Platetube (Co-current)

At Turbulent flow of warm water (50°C) and Turbulent flow of cold water.

Warm water (L/h) | Cold water (Uh) | T, (°C) | T, (°C) | t, (°C) { t, (°C) | I} (%)
900 850 50.1 42.0 27.2 333 | 71.12
900 875 50.1 41.8 27.2 33.0 | 67.94
900 900 50.2 41.6 27.2 32.8 | 65.12

At Turbulent flow of warm water (70°C) and Turbulent flow of cold water.

Warm water (L/h) | Cold water (Lth) | T, (°C) | T, (°C) | t, (°C) | t, (°C) { N} (%)
900 850 70.2 48.2 27.2 43.7 70.83
900 875 70.3 48.0 27.2 42.5 66.77
900 900 70.2 47.7 27.2 421 66.22

Note

T, is temperature of warm water inlet

T, is temperature of warm water outlet

t, is temperature of cold water inlet

t, is temperature of cold water outlet

T is efficiencies of heat transfer

121



Platetube (Counter-current)

At Laminar flow of warm water (50°C) and Laminar flow of cold water.

Warm water (L/h)| Cold water (L/h) | T, (°C}| T, (°C) | t, (°C) | t, (°C) | 1} (%)
100 100 50.2 | 38.1 274 | 373 85.12
100 200 50.1 354 | 274 | 335 | 8299
100 300 501 336 | 274 | 31.7 78.18
200 100 50.1 42.1 264 | 396 82.50
200 200 50.0 | 395 | 264 | 349 [ 80.95
200 300 50.1 38.5 | 264 | 325 78.88
300 100 50.1 446 | 265 | 40.8 86.67
300 200 50.1 423 | 265 | 357 78.88
300 300 50.1 41.3 | 26,5 | 331 75.00

Note

T, is temperature of warm water inlet

T, is temperature of warm water outlet

t, is temperature of cold water inlet

t, is temperature of cold water outlet

T is efficiencies of heat transfer
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Platatube (Counter-current)

At Turbulent flow of warm water (50°C) and Laminar flow of cold watei

Warm water (L/h)| Cold water (L/h) [ T, (°C)| T, (°C){ t, (°C) | t, (°C) | N (%)
900 100 50.0 | 470 | 274 | 454 66.66
900 200 50.1 450 | 274 | 422 64.49
900 300 50.1 441 274 | 39.0 64.44
1000 100 50.1 479 | 274 | 457 83.18
1000 200 500 | 460 | 274 | 423 74.50
1000 300 50.1 45.1 274 39.3 71.40
1100 100 50.0 470 | 274 45.4 54.54
1100 200 50.1 450 | 27.4 | 422 52.76
1100 300 50.1 44.1 274 | 390 52.73

Note_

T, is temperature of warm water inlet

T, is temperature of warm water outlet

t, is temperature of cold water inlet

t, is temperature of cold water outlet

T is efficiencies of heat transfer
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Platetube (Counter-current)

At Laminar flow of warm water (70°C) and Laminar flow of cold wate

Warm water (1/h) Cold water (Lh) 1T (‘TC) T2 CO|t1 (°C) |2 (°C) | N} (%)
100 100 70.1 529 | 27.4 | 37.7 | 59.88
100 200 70.1 520 | 27.4 33.5 | 67.40
100 300 702 | 504 } 27.4 | 31.7 | 65.15
200 100 70.1 506 | 264 | 39.6 | 63.10
200 200 760 | 546 | 264 | 349 | 55.19
200 300 70.1 526 | 264 | 32.5 | 52.28
300 100 70.1 61.4 | 26.5 | 40.8 | 54.48
300 200 70.0 | 60.8 | 265 | 35.7 | 66.66
300 300 702 | 59.5 | 265 | 33.1 | 61.68

Note

T, is temperature of warm water inlet
T,is tempc;rature of warm water outlet -
t, is temperature of cold water inlet

t, is temperature of cold water outlet

T is efficiencies of heat transfer
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Platetube (Counter-current)

At Turbulent flow of warm water (70°C) and Laminar flow of cold water.

Warm water (L/h)| Cold water (L/h) | T, (°C)| T, (°C){ t, (°C) | t, (°C) | 1] (%)
900 100 70.2 | 646 | 26.6 63.0 | 72.22

900 200 70.2 | 61.0 26.6 | 56.7 | 72.70

900 300 70.5 576 | 269 | 51.8 | 64.34

1000 100 70.2 65.2 26.7 62.8 | 72.20

1000 200 70.2 61.2 | 26.6 56.7 | 66.89

. 1000 300 70.1 | 88.7 | 26.6 52.0 | 66.84
1100 100 70.1 65.4 26.7 63.6 | 71.37

1100 200 70.2 61.9 26.7 57.5 | 67.47

i 1100 300 70.2 | 5.0 | 26.6 | 52.8 | 63.80

Note

T, is temperature of warm water inlet

T, is temperature of warm water outlet : -
t, is temperature of cold water inlet

t, is temperature of cold watér outlet

T is efficiencies of heat transfer



Platetube (Counter-current)

At Laminar flow of warm water (80°C) and Laminar flow of cold water.
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Cold water (L/h)

Warm water (L/h) T1 CO|T2 (O)|t1 (°C) |2 (°C)| 1] (%)
100 100 80.2 | 53.6 | 27.3 52.3 93.98
100 200 80.2 | 51.3 | 27.3 | 40.5 91.35
100 300 80.2 435 | 274 38.5 90.74
200 100 80.2 | 603 | 26.4 571 77.14
200 200 803 | 575 | 264 43.5 75.00
200 300 80.2 | 476 | 264 41.5 69.48
300 100 \ 80.2 | 645 | 265 59.6 70.28
300 200 80.2 | 60.5 | 265 45.6 64.64
300 300 80.3 | 536 | 265 | 423 59.18

Note_

T, is temperature of warm water inlet

T, is temperature of warm water outlet

t, is temperature of cold water inlet

t, is temperature of cold water outlet

1 is efficiencies of heat transfer



Platetube (Counter-current)

At Laminar flow of warm water (50°C) and Turbulent flow of cold water.
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Warm water (L/h) { Cold water (Lh) | T, (°C) | T, (°C) | t, (°C) | , (°C) | 1 (%)
100 850 50.2 31.5 26.5 28.6 95.45
100 875 50.1 30.9 26.5 28.5 91.15
100 900 50.1 30.7 28.3 70.2 83.50
200 850 50.1 33.5 26.4 30.1 94.73
200 875 50.0 33.3 26.4 29.9 91.69
200 900 50.1 32.9 26.4 20.7 86.33
300 850 50.1 35.0 26.5 31.0 84.44
300 875 50.1 34.9 26.5 30.9 84.43
300 900 50.1 34.7 26.5 30.7 81.82

Note

T, is temperature of warm water inlet
T, is temperature of warm water outlet
t, is temperature of cold water inlet

t, is temperature of cold water outlet

1) is efficiencies of heat transfer
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Platétube (Counter-current)

At Turbulent flow of warm water (50°C) and Turbulent flow of cold water

Warm water (L/h)| Cold water (L/h) | T, ((C){ T, (°C)| t, (°C) | t, °C) | 1] (%)
900 | 850 50.0 | 416 | 273 | 35.2 88.82
900 875 50.1 413 | 273 | 350 85.07
900 900 50.1 410 | 274 | 348 81.32
1000 850 50.1 421 264 | 354 95.63
1000 875 500 | 419 | 264 | 349 91.82
1000 900 50.1 414 | 264 | 34.2 80.69
1100 850 50.0 | 423 | 27.3 | 36.0 87.31
1100 875 50.1 42.1 273 | 357 83.52
1100 900 50.1 | 42.0 | 274 | 355 81.82

Note

T, is temperature of warm water inlet
T, is temperature of warm water outlet
t, is temperature of cold water inlet

t, is temperature of cold water outlet

T is efficiencies of heat transfer



Platetube (Counter-current)

At Laminar flow of warm water (70°C) and Turbulent flow of cold water.
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Warm water (L/h) | Cold water (Lh) | T, (°CY | T, (°C) | t, (°C) | t,(°C) | N} (%)
100 850 70.2 35.8 27.6 31.6 98.84
100 875 70.2 35.0 27.6 31.3 91.97
100 900 70.2 34.7 27.6 31.0 _86.20
200 850 70.2 35.5 276 4.7 86.96
200 875 70.1 35.2 27.8 33.8 75.21
200 900 70.1 35.0 27.6 33.4 41.57
300 850 70.2 ’35.9 27.6 37.5 81.78
300 875 70.2 35.6 27.6 34.9 61.54
300 900 70.2 34.7 275 33.8 53.24

Note

T, is temperature of warm water inlet

T, is temperature of warm water outlet

t, is temperature of cold water inlet

t, is temperature of cold water outlet

1 is efficiencies of heat transfer



Platetube (Counter-current)

At Turbulent flow of warm water (70°C) and Turbulent flow of cold wat:

Warm water (L/h)| Cold water (L/h) | T, (°C)| T, (°C){ t, (°C) | t, (°C) | 1] (%)
900 850 702 | 47.8 | 273 | 449 74.21
900 875 70.1 475 | 273 | 445 73.99
900 900 701 472 | 274 | 441 72.93
1000 850 701 482 | 264 | 453 73.36
1000 875 702 | 47.8 | 26.4 | 44.9 72.26
1000 900 70. 1 475 | 264 | 44.2 70.88
1100 850 70.1 49.1 264 | 455 70.28
1100 875 70.2 | 482 | 264 | 452 67.97
1100 900 70.1 473 | 264 | 45.0 66.75

Note

T, is temperature of warm water inlet

T, is temperature of warm water outlet

t, is temperature of cold water inlet

t, is temperature of cold water outlet

T is efficiencies of heat transfer
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Monotube (cover with insulator) (Co-current)

At Laminar flow of warm water (50°C) and Turbulent flow of cold water.

Warm water (L/h)

Cold water (L/h)

T, (°C)

T, (°C)

t, (°C)

t, (°C)

1 (%)

33.9

500

50.5

29.6

26.2

27.6

98.76

Monotube (cover with insulator) (Counter-current)

At Laminar flow of warm water (70°C) and Turbulent flow of cold water.

Warm water (L/h)

Cold water (L/h)

T, (°C)

T, (°C)

t, (°C)

t, °C)

1 %)

40.7

450

701

30.1

26.2

20.8

99.53

Shelltube (cover with insulator) (Co-current)

At Laminar flow of warm water (80°C) and Turbulent flow of cold water.

Warm water (L/h)

Cold water (L/h)

T, (°C)

T, (°C)

t, (°C)

t, (°C)

n %)

33.9

450

80.1

42.3

26.6

294

98.3

Shelltube (cover with insulator) (Counter-current)

At Laminar flow of warm water (80°C) and Turbulent flow of cold water.

Warm water (L/h)

Cold water (L/h)

T, (°C)

T, (°C)

t, (°C)

t, (°C)

N %)

33.9

750

82

39.9

27.7

29.5

99.82

Note

T1 is inlet temperature of warm water

T2 is outlet temperature of warm water

N is efficiencies of heat transfer

t1 is inlet temperature of cold water

t2is outlet temperature of cold water
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Platetube (cover with insulator) (Co-current)

At Laminar flow of warm water (80°C) and Turbulent flow of cold water.

Warm water (L/h)| Cold water (L/h) | T, CC)| T, (°C) | t, (°C) | t, (°C) | 1} (%)
100 850 70.1 | 36.6 | 275 | 31.4 | 98.95

Platetube (cover with insulator) (Counter-current)

At Laminar flow of warm water (80°C) and Turbulent flow of cold water.

Warm water (L/h)| Cold water (L/h) | T, CC)| T, CC){ £, O | , °C) | 1} (%)

100 850 80.6 382 | 276 | 29.5 | 99.12
Note
T1 is inlet temperature of warm water t1 is inlet temperature of cold water
T2 is outlet temperature of warm water t2is outlet temperature of cold water

N is efficiencies of heat transfer
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APPENDIX B
CALCULATION

B.1 DETERMINATION OF THE REGIMES DF FLOW

134

The conditions of functioning are defined with the number of Reynolds (Re). This criteria

allows to define the flow rate of flow of fluids for a flow in laminar regime and a flow in

turbulent regime.

According to the value of this number Re, the regimes of flow are different.

TABLE B.1 Reynolds number

Regime of flow Reynolds number (Re)
Laminar regime Re < on 2000
Transitory regime On 2000 < Re < 5000
Turbulent regime Re > 5000

This number is defined by the relation:

Re= pUmD

Where P is specific gravity of the fluid (kg/m:f)
M is viscosity of the fluid (Pa-s)
D is diameter of the channeling (m)
Um s average speed of the fluid (m/s)

Um is defined by the relation:

Um= Qv

Q

Where QUV is volumic flow rate of the fluid (m’/s)

Q) is section of the passage of the fluid (mz)

(B.1)

(B.2)
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(B.3)

The number of Reynolds becomes:

Re = pQvD =4pQvD =4pQv
o fwD*  TuD o4

This expression allows us to define flow rate for the various regimes of functioning.

B.2 THERMAL BALANCES
B.2.1 THERMAL BALANCE ON THE COLD WATER

The thermal balance is given by the relation:

D, = Qv - Cp; 0 (t2- t1)

where Cp is heat capacity (J - kg'1 -°c™)
t1 is inlet temperature of ‘icold water (°C)

t2 is outlet temperature of cold water (°C)

B.2.2 THERMAL BALANCE ON THE WARM WATER

The thermal balance is given by the relation:

D, =Qve CpsPe- (T2-T)

(B.6)

where Cp is heat capacity (J - kg" -°C”)
T:1 isinlet temperature of warm water (°C)

Tz is outlet temperature of warm water (°C)
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B.2.3 YIELD ON THE HEAT EXCHANGER

The yield on the heat exchanger can be expressed by the relation:

Qvf ’ Cpf ) pf ) (t2 - tl) x100
Qve Cpepe (T2~ Th) (B.7)

I]:

B.3 OVERALL HEAT TRANSFER COEFFICIENT OF EXPERIMENTAL
EVALUATION OF U :(Urxr)

Relation allows to defined the coefficient of global thermal exchanger U

EXP

®=U"'S-ATmlog

(B.8)

where U is the overall heat transfer coefficient of global exchange is through the
surface (S)

S is the surface of exchange (m°)

B.3.1 AVERAGE DIFFERENCE OF TEMPERATURE

ATmlog is the logarithmic average of the temperatures of fluids on surfaces. It is

defined by the relation:

AT:1- AT,

ATmlog = 7 AT,/ ATY)

(B.9)

where ATy is difference of the temperature between fluids chill in the extremity where it js
the strongest.
AT is difference of the temperature between fluids chill in the extremity where it is

the weakest.
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B.3.2 AVERAGE THERMAL STREAM

For the calculation of the overall heat transfer coefficient of thermal exchange Ugy,, we

take the average thermal stream. It is calculated by making average arithmetic enters the

thermal stream AP warm and the thermal stream @D of the cold fluid.

Dpve = Dy+ D,

B.10
2 (8.10)
B.3.3 OVERALL HEAT TRANSFER COEFFICIENT OF THERMAL
EXCHANGE : (Usxp)
Relation allows to defined the coefficient of exchange:
@ =U-S-ATmlog
So
D

Use= "%

ATmlog S (8.11)

B.4 OVERALL HEAT TRANSFER COEFFICIENT OF THEORETICAL
EVALUATION OF U : (Urseo)

The thermal stream which exchanges in the wall of the heat exchanger is due to three terms
Convection forced by the warm fluid
- Conduction through the wall of the heat exchanger
- Convection forced by the cold fluid '

The following relation allows to define the global thermal coefficient of exchangers:
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U= 1
1,e 1
hc A hf
(B.12)
B.4.1 TERM OF THE CONDUCTION
Coefficient due to the conduction is
Ked =—X—
ec
(B.13)
where €C is thickness of the wall warm tube (nm).
A s thermal specific conductivity of stainless steel ON-m'1-°C")
B.4.2 TERM DUE TO THE CONVECTION
B.4.2.1 CALCULATION OF THE NUMBER OF PRANDTL : (Pr)
Relation allows to define this number of Prandt] is:
Pr = .B._C._B
M (B.14)

B.4.2.2 CALCULATION OF THE NUMBER OF NUSSELT : (Nu)

The empirical relation which allows us to define the number of Nusselt is:

L
Nu = 0.023Re* Pr?

(B.15)




139

B.4.2.3 CALCULATION OF THE COEFFICIENT OF CONVECTION ON WARM FLUID
IDE (hc) AND COLD FLUID SIDE (hf

Relation defines the number of Nusselt by:

hi.
Nu-= A (B.16)

where L is characteristic which corresponds for a smooth tube to the internal

diameter (D).

So hc (or hf) = ‘A xNu
D

B.4.2.4 QVERALL HEAT TRANSFER COFFICIENT OF GLOBAL THERMAL

EXCHANGE : (UrsEeo)

Equation defining the global coefficient of thermal exchange for a tube is :

RanBi
1 R: L R,

U Rihc % hf

(B.17)

where R, is corresponds to the internal warm beam (shelf)

R, is corresponds to the outside warm beam (shelf)
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B.5 EXAMPLES OF CALCULATION
CALCULATION : MONOTUBE HEAT EXCHANGER
GEOMETRIC CHARACTERISTICS

Internal tube : Fiow of the warm water

Shell : Flow of the cold water

Name Abbreviation Value Unity
Warm outside diameter Dec 10x10° m
Thickness of the warm tube ec 1x10° m
Length warmly L 4 m
Cold outside diameter Def 25x10° m
Thickness of the cold Shell ef T 2.5x10° m

Material (subject) intemal tube : stainless steel 316 L
: thermal specific conductivity of the stainless steel : 23.2 W.m” °C”
Averaged Surfaceof exchange Sm

Sm : Surface of exchange : It corresponds to the average surface of the warm tube.
We use Dmc (average diameter of the warm tube) :

Dmc = Dec-ec =10x10° -1 x10° = 9x10° m

Dmc =9x10° m

Sm=xDmcxL=gx9x10°x4=1.13x10" m’

Section of passage of the warm fluid QC

The section of passage of the warm fluid is :

Qc= qxDic® = x(8x10°) = 5.03x10°m°
4 4

Section of passage of the cold fluid

The section of passage of the cold fluid corresponds to a ring.

The section corresponds to the internal section of the Sheli decreased in the outside
section of the warm tube.

QF = xDif?-IxDec? =Fx (20 x 10°) = 2.36 x 10™ m?

4 4
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Cold hydraulic diameter Dhf
Pm: 'perimeter wet by the cold fluid
Pm = § (Dec + Dif) = § (10 x 10°+20 x 107 ) = 9.42 x 10”°m
Dhf : cold hydraulic diameter
Dhf=4Qf =4x236x10° =1x10"m
Pm 1x10%

For the warm fluid

rregime : Re <on
Qve .. =ReDic b =2000xTx8x10"x1x10°=126x10"m’.s"
4p 4*1000

i.e. Qve ..., lower than 45 hh

Turbulent Regime : Re >

QVC e = REIDIC Y =5000x Tx8x 107 x 1x10° = 3.14x10° m’.s”
4P 4% 1000

i.e. QVC e SUperior to 113 Ifh

For the cold fluid
Remark : cold fluid circulates in an annular canal as a ring.
The diameter of the canal is defined with the cold hydraulic diameter Dhf.
Dhf=4 Qf = 49(Dif - Dec’) = (Dif- Dec) = 1*10%m
Pm 4 x § (Dif + Dec)

rRe = p Umf Dhf
¥
Let us look for Um’s vaive
Un=_Qvf = 4 Qvf
Qf 91 (Dif ~ Dec ?)
Re becomes :
Re=p UmfDhf = pXx4avx Dif-Dec) = 4P xQvf
M 9 (0if° - Dec’) W % M (Dif + Dec)

Where from one deducts from it relation defining Qvf :
Qvf = Re x [ (Dif + Dec) M

4P
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M : viscosity of the water: 1 X 10° Pa.s
P : specific gravity of the fluid : 1000 kg.m®
Dif + Dec = (20x 10°+10x10°)=3x 10" m
Laminar regime : Re < on 2000

Qvf, . =Rex{(Dif+Dec)d = 2000x Tx3x10%x1x10° = 4.71x10°m".s”

taminar

ap 4 x 1000

i.e.Qvc lower than 170 I/h

faminar

Turbulent Regime : Re > 5000

QVf g = REXJ(Dif+ Dec) = 5000x Tx3x10°x1x10° = 1.18x 10" m’s”

4P 4 x 1000

i.8.QVC 0 SUpeTiOr to 424 I/h

Conclusion

Regime of flow Cold flow rate Qvf L.h™ Warm flow rate Qvc L.h™
laminar < 170 < 45
turbulent > 424 >113

NO SHIELD WITH FIBER GLASS INSULATOR
THERMAL BALANCE
Experimental results were chosen as follows

Flow with countercurrent 70 °C Cold water 450 L/h (TF) and warm water 40.7L/h (LF)

On the cold fluid On the warm fluid
t,=27.4°C T,=70.2°C
t,= 30.8 °C T,=32°C
Qvf = 450 L/h soit 450 x 10°m°x h” Qvc = 40.7 L/h soit 450 x 10°m’ xh”

Physico — chemical characteristics of water :
M :viscosite’ de I'eau : 1.10° Pa.s

P : specific gravity of the fluid : 1000 kg.m"

-1

C. : chaleur massique de I'eau : 4181 Jkg". °C

]

AL : conductivite’ de 'eau : 0598 W.m " K"
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Thermal balance on the cold water
The thermal balance is given by the relation:
D, = Quf x CPF x Pf x (t,-t,)
@, =450 x 10 x 1000 x 4181 x (30.8 —27.4) = 1776.92 W
3600
Thermal balance on the warm water
The thermal balance is given by the relation :
(Dc= Qve x CPcx Pcx(T,-T,)
From experimental results :
D _=40.69 x 10° x 1000 x 4181 x (70.2 - 32) = 1805.21 W
3600
Yield on the heat exchanger
ns= Qvf x CPfx Pfx (t,-t)  x 100
Qvec xCPcx Pc x(T,-T,)

N = 1776.92 x 100=98.3%
1805.2

OVERALL HEAT TRANSFER COEFFICIENT OF EXPERIMENTAL EVALUATION OF U,
Relation allows to define the coefficient of global thermal exchange Uy, !
D =U x S x ATmlog
K the coefficient of global exchange is through the surface S.
Average different of temperature

ATmlog is the loganthmic average of the temperatures of fluids on surfaces. It is defined

by the relation :

AT:1- AT?

ATmlog =
Ln (AT1/ A Tz)
AT = Difference of temperature between fluids chill in the extremity where it is the

strongest.

AT? = Difference of temperature between fluids chill in the extremity where it is the

weakest .
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AT1=T,-t,= 70.2-30.8=39.4°C
AT2=T,-t,=32-274=46°C
AT miog = 39.4-4.6 =16.208°C
Ln 39.4

4.6

Average thermal stream
For the calculation of the coefficient of thermal exchange Ug,,, we take the average thermal
stream. It is calculated by making average arithmetic enters the thermal stream (DC warm
and the thermal stream @D, of the cold fluid.
Davr = D+ D,
2

Relation allows to define the coefficient of exchange

DAVR = 1805.21+1829.19_ = 1817.2W.
2

The surface of exchange Sm was calculated previously and is equal in :

Sm=9xDmcxL=Tx9x10° 4 =1.13x10"m?

U= Davr
ATmlog-S

= 18172 W = 992.19 Wattm>.K'
(16.208 K) (1.13x 10™'m™)

OVERALL HEAT TRANSFER COEFFICIENT OF THEORETICAL EVALUATION OF U :
UTHEO

The thermal stream which exchanges in the wall of the heat exchanger is due to three terms :
Convection forced by the warm fluid

Conduction through the wall of the heat exchanger

Convection forced by the cold fluid

The following relation allows to define the global thermal coefficient of exchanges:

- 1
u +e4 1
A

1
he hf
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Term of the conduction

t

Coefficient due to the conduction is : Ucd = }\

eC

ec : thickness of the wall warm tube : imm

A : thermal specific conductivity ofstainless steel : 23.2 w.m”. °C”

-1

Ked = N = 232 = 23200Wm>°C

ec 1%x10°

Term due to the convoction of the warm fluid hc

Calculation of the number of Reynolds Re:

Relation defining the number of Reynolds is :

Re= pUmD
W
P :specific gravity of the fluid kg/m3
MU :viscosity of the fluid Pa.s
D : diameter of the channeling m

Um : average speed of the fluid  m/s

Um = Qv

Q
Um is defined by the relation : Um = Qv

QV ; volumic flow rate of the fiuid m*/ s
Q  : section of passage of the fluid m2
Q= qxp
4
The number of Reynold becomes :
Re = pQvD = 4pQvD =4pQv
Qu fuD2 D

Qvc : 40.69 L/h
Dic :8x10°
H :1x10° Pas
P : 1000 kg.m” AND Re = 1800



146

The number of Reynold is widely superior to 5,000 so we are in Turbulent regime.

Calculation of the number of Prandtl Pr

Relation allows to define this number of Prandtl

Pr= LICQ
A
Cp: 4181 Jkg'°C"
J:1x10° Pas

AL:0598wW.m"°C”
= 1x10°x 4181 = 6.99
0.598
lculati f the number of N It N
The condition of flow are : °
Turbulent regime.

Smooth tube.

The emperical relation which allows us to define the number of Nusseit is:
Nu = 0.023 Re"® Pr"”

Re:4.42x10°

" Pr:6.99

Nu = 0.023 Re™® Pr**=0.023 x (1800)*° x 6.9 ™ = 17.05

alculation_of th fficien vection on wamn fluid side hc
Relation defines the number of Nusselt by :
Nu =_hL
A
AL : 0.598 W.m™C”
L : Characteristic dimension which corresponds for a smooth tube to the intemal diameter

Dic.

hc = ALx Nu = (0.598 Ww.m™.°C") (17.55)
Dic (8x107)
hc = 1311.8625 w.m™. °C"'



Term of in the convection of the cold fluid hf

Calculation of the number of Reynolds Re
Relation defining the number of Reynolds is

Re = _p Umf Dhf
Y

In the case of the flow of the cold water, the section of passage is acrown.

The diameter is defined with the hydraulic diameter Dhf.
Cold hydraulic diameter Dhf
onf = 4Qf = 4x2.36x10° = 1x10”

Pm 9.42x10°
Calculation of the number of Prandtl Pr
Relation allows to define this number of Prandti :
Pr= }&Q

AL
Cp: 4181 Jkg'°C”

M :1x10°Pas
AL:059%8W.m"°C"

pr= HCP = 1x10°x 4181 = 6.99

AL 0.598

Calculation of the number of Nusselt Nu

The condition of flow are :
Turbulent regime.

Smooth tube.

The empirical relation which allows us to define the number of Nusselt is :
Nu = 0.023 Re®® Pr'®
Re:4.42x10°
Pr:6.99

Nu = 0.023 Re*® Pr'"® = 0.023 x (5296.61)*° x 6.99 "°
=41.64

147
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Calculation of the coefficient of convection on cold fluid side hf
Relation defines the number of Nusselt by :
Nu = hL

A
AL : 0.598 W.m™°C’

1

L : Characteristic dimension which corresponds to the hydraulic diameter Dhf.

h, = AL x Nu
Dhf

1

0.598 x41.64
1x107

-1

2490.072 W.m™>. °C

Overall heat transfer coefficient of global thermal exchange U,

Equation defining the global coefficient of thermal exchange foe a tube is :

1 R RanBi 1
Z - Ly

U Rihc A hf

R1 correspond to the internal warm beam (shelf) : 4 x 10°m
R2 correspond to the outside warm beam (shelf) : 5 x 10°m

hc : 1311.8625 w.m? °C”

-1

hf : 2490.072 W.m™ °C

1

A 232wm’.eC

1 = 5x10° + 5x10°xLn(5x 104 x10% + 1
U (4x107)(1311.8625) 23.2 2490.072
U, = 713.012 Wattm >k

theo

THE COMPARISON OF TWO COEFFICIENTS :
U.. = 992.19 Watt.m™>k"

axp

U, = 713.012 Wattm k"

theo
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]

WHEN SHIELDED WITH FIBER GLASS INSULATOR

THERMAL BALANCE
Experimental results chosen as these calculations are the following ones

Flow with countercurrent 70 °C Cold water 450 L/h (TF) and warm water 40.7L/h (LF)
On the cold fiuid On the warm fluid
T,=70.1°C

t,=26.2°C
, = 30.1 °C Quf = 45 s0it 450 x 10°m’.h

t,=29.8 °C
Qve = 40.7 L/h s0it 450 x 10°m’ x h’
Physico ~ chemical characteristics of water :
M :viscosite' de I'eau : 1x10° Pa.s
P : specific gravity of the fluid : 1000 kg.m”

C, : chaleur massique de Peau : 4181 J.kg'1. ok

AL: conductivite’ de 'eau : 0598 W.m" K"

Thermal balance on the cold water

The thermal balance is given by the relation :

D, = Qvf x CPFf x Pf x (t4,-t,)
D, _450 x 10° x 1000 x 4181 x (30.1 —26.2) = 1881.45 W

3600
Thermal balance on the warm water

The thermal balance is given by the relation :
D _= Qvc x CPe x Pe x(T,-T,)
From experimental results :
@_=40.69 x 10° x 1000 x 4181 x (70.1 - 29.8) = 1890.277
3600
Yield on the heat exchanger
n= QvfxCPfxPfx(t-t)x100
Qve x CPecx Pec x(T,-T,)

N = 1881.45 x100=99.53 %

1890.28
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OVERALL HEAT TRANSFER COEFFICIENT OF EXPERIMENTAL EVALUATION OF
EXPERIMENT U,

Relation allows to define the coefficient of global thermal exchange Ky
@® =U x S x ATmlog
K the coefficient of global exchange is through the surface S.
Average different of temperature
ATmlog is the logarithmic average of the temperatures of fluids on surfaces. It is

defined by the relation :

AT1- AT,
ATmiog = Ln (AT1/ A T2)

AT; = Difference of temperature between fluids chill in the extremity where it is the
strongest.
AT5 = Difference of temperature between fluids chill in the extremity where it is the
weakest .
ATi=T,-t,= 70.1-29.8=40.3°C
AT2=T,-t,= 30.1-26.2=39°C
AT mlog= 40.3-3.9 = 1562°C
' T Ln403

3.9

3.3.4.1 Average thermal stream
For the calculation of the coefficient of thermal exchange Ug,e, we take the average

thermal stream. It is calculated by making average arithmetic enters the thermal stream
@ warm and the thermal stream @, of the cold fluid.
Davr = DO+ D,
2

Relation allows to define the coefficient of exchange

DAVR = 1890.277 + 1881.45 = 1885.86 W.
2



The surface of exchange Sm was calculated previously and is equal in :

Sm=qxDmcxL=x9x10°4=1.13x10"m"

Uo =  DPavr
ATmlog S

1885.86 W

(15.62 K) (1.13 x 10'm™)

1068.47 Watt.m> k'





