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ABSTRACT

Heat transfer coefficients for helically coiled and conti-
nuously stirred tanks were determined using flat paddie turbine
impellers. Heat transfer experiments have been carried out by
varying the inlet temperature, flowrate of hot stream and agitator
speed in the two flat bottom cylindrical stirred tanks in series.
ExperimentS were also repeated for a sing]é tank. 7

The 1nvestigation was conducted under both steady-state
and unsteady-state conditiéns with water being used, as thekliquid
to be mixed. The individual film heat transfer coefficients were
calculated from the experimental overall heat transfer coefficients
by using the Modified-Wilson Graphical Method. Two computer programs
were also developed to check the validity of the analytical model
used, and to compute film heat transfer coefficients and temperatures.

A Reynolds number range of 19439 to 76727 was used for the
agitated side, that there has been very little investigation in this
region. In the coil side, the Reynolds number range was varied from
1100 to 14000. The convective heat transfér coefficients for unsteady-
state conditions were found to have the same Va]ue as for steqdy—staté
conditions. The valyes of the individual film heat transfer coeffi-

cients found were in agreement with the previously published vaTues
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for similar cases and the analytical model for heat transfer in two
consecutive stirred tanks gave same results in agreement with the
experimental results. |

Agitator speed was changed between 200 and 500 rpm. Higher
'va]ues of heat transfer coefficients were observed with increasing

agitator speeds.
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OZET

Serpantinli ve siirekli karistiricili sistemlerde acik diiz
bicakl1 turbin karistiricilar kullanilarak 1s1 transfer katsayi-
lar1 hesaplanmistir. 1kili tank sisteminde yapilan deneylerde
karistirici hizi, sicak su giris sicakligir ve akis hiz1 degisti-
rilmis ve bu deneyler tek tank ic%n tekrar edilmistir.

Deneyler sirasinda gefek.tank icinde gerekse serpantin i¢in-
de su kullanilms, kararli ve kararsiz durumlar incelenmistir.
Dogrudan deneysel dederier kullanilarak hesaplanan bilesik 1s1
transfer katsayisindan, Wilson'un Grafik Yontemi kullanilarak i¢
ve dis 1s1 transfer katsayilari hesaplanmistir. Biri tek tank,
digeri iki tankli sistem i¢in olmak iizere iki bilgisayar programi
hazirtanmis, ampirik denklemler ve gelistirilen analitik modeller
kullanilarak 1s1 transfer katsayilari ve sicakliklar hesaplanmistir.
Bu calismada karistiricili taraf i¢in Reynolds sayisi araligir 19439-
76727 olup, simdiye kadar az denenmis bir araliktir. Serpantin ig¢inde
ise Reynolds sayisi araligt 1100-14000'dir. Kararsiz durum ig¢in he-
saplanan konvektif 1s1 transfer katsayilarinin kararli durum i¢in
hesaplananlarla ayni dederde oldugu bulunmustur. Bu calismada bulu-
nan film 1s1 transfer katsayisi degerleri daha Once ayni durum ig¢in
yayinlanan degeklere-uymaktad1r. Ayrica, deneysel sonuclar ile
modelden hesaplanan sonug¢larin da uyumlu oldugu gﬁrU]mUstUr.

Karistirici hizi 200'den 500 rpm'e kadar degistirilmistir.
Artan karistirici hiza i]e’yUkselen'1s1 transfer katsayilari gﬁziem-

lenmistir.
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I. INTRODUCTION

One of the fundamental steps in numerious chemical processes
is mixing by agitation. In mixing applications, the transfer of heat
to or from a fluid 1nvagitated vessels is a common operation. The
rate of heat transfer is a function of the physical properties of the
agitated liquid and of;the heating or'cooling medium, the vessel geo-
metry, the material and the thickness of the wall and the degree of
agitation. When proéessing is controlled by heat transfer, such
variables as Tog-mean temberature difference and heat transfer surface
area will usually predominate over the agitator variables. Mixing can
only affect thé outside film resistance.

In engineering work it is often necessary to estimate the
overall heat transfer coefficient for a ﬁarticu]ar operation. While
it is possible to calculate individual film coefficients for condensing
films and for heating and coo]ing'f1uids in the jacket or coil as well
as to calculate the resistance of heat transfer wall, limited data
are available for the kettle side of the heat transfer surface for
the agitated side of,thé vessel.

: Commdn heat transfer surfaces are jackets and coils of pipe.




The common Jjacketed veséel provides heat surface around the periphery
of the vessel, but offers the minimum area for a given volume of liquid.
Immersed coils are used to provide heat transfer surface in process .
vessels and augment available jacketed surface. An immersed coil in
an agitated vessel with or without baffle, takes one of two forms

(a) helical coil type or (b) the vertical baffle type. Coils are
preferred to jacketed surfaces becouse of Tower cost and accomodate
higher pressures in a coil or circulate fluids at higher velocities
and thus attain higher heat transfer coefficients.

| Numerous types of 1liquid mixing equipment are available for
 use %n chemical processing. The theoretical development of liquid
mixing has been slow, and in the absence of the specific design in-
formation, equipment type has quite need]ess]y multiplied during the
years. All 1liquid mixing systems, however, have three‘factors in
common: Tliquid being mixed, a vessel to confine the liquid and a
mechanical device to generate turbulence within the system.

The aim of the present work is to determine both the internal
and external film coefficients of heat transfer for a coil immersed
in a stirred 1iquid flowing through two tanks in series, or through
a single tank. | | |

This chapter contains a brief review of heating systems for
stirred tanks followed by equipment and operation in 1iquid mixing.
In Chapter 2 the theory‘for heat transfer in stirred tank vessels
and a literature survey are given. Method of data analysis is also
discussed in the same Chapter. Mathematical mbde]ling for a single

tank and two' tanks in series are presented and the computer programs



are described in Chapter 3. The equipment used, and the details on
the experimental study are reported in Chapter 4. Chapter 5 contains
the results of the experiments and the computer analysis of data.

Chapter 6 is a discussion of the results and the possible errors.

1.A HEATING SYSTEMS FOR STIRRED TANKS

Heating systems for stirred‘tanks can be classified as either
“direct or indirect. The former include direct firing and electrical
heating. In indirect systems, carrier fluids are used to transport
heat to the process.v Carrier fluids are also used‘to extract heat
from a process. Also indirect systems can be divided into two cate-
gories, as liquid systems and vapor systehs.

In the following sections of this part, direct and indirect
systems and the advantages and disadvantages of these will be dis-

cussed [1].

1.A.1  Direct Systems

Open flame direct firing is nowadays seldom used for the
‘heating of stirred tanks. The heating tends to be uneven and the
temperature is difficult to control. In addition, the processing
of Ebmbustib]e material 15 hazardous. The units, although relatively
inexpensive, are unwieldy since the burners, fuel supply and contro}s
must be at thé process location.

There are various electrical methods of héating a stirred

tank. The two most common are resistance heating and induction




heating. In the former, heat is produced by the direct application of
a voltage to a résistor. The resistor materfa] is usQa]]y an alloy of
hicke] and chromium. Electrical resistance heating has the disadvan-
tages of low efficiency, limited 1ife of the resistors, and the in-
convenience and expense associated with the removal of insulation to
replace burried but resistors.

Induction heating systems work on the principle that distur-
bances in the molecular structure of material caused by.a varying
magnetic field, produce heat. Induction heaters can be added to the
vessel whith is already installed. This can be placed outside the
insulation on the vessel; The initial cost of induction heating
system is quite low. In addition, théy are‘extremely reliable and
require almost no maintenance. However, all electrical heating sys-
tems tend to havg high operatingbcosts. This maykbe offset by the
following advantages: »safety, convenience, cleanliness, precision
and ease of control and no possibility of contaminating the process

liquid.

1.A.2 Indirect Systems

In these systems, carrier fluids are used to transport heat
to the process. The most widely used heat transport fluids are steam
and water. The principle disadvantage is the high pressure involved
in high temperature systems.  Water in its natural state is nevef
pure. It frequent]y contains dissolved materials which decrease in
solubility with increésing temperature. This may resuit in the for-

mation of scale over heat transfer areas and could lead to a decrease




ih heat transfer rate. Water may also contain corrosive and foam-
producing substances. A further disadvantage of water is that in

cold weather, the water may freeze when the system is not in use.
Since water expands in volume on freezing, serious demage td equipment
can result. -

Other fluids commanly used to transport heat are mercury,
molten salt mixtures, mineral o0ils and a number of organic compounds
having a variety of trade names. These organic compounds are high
boiling materials so that the heat transfer systems can be operated
at low pressures. Bdth liquid and vapor bhase systems are used.

In liquid systems, the heat transferred is from sensible
heat. The faster the liquid is pumped through the system, the less
is its changé ingtemperature over the heat transfer surface and the
more uniform is the heating or cooling.

In vapor systems, the heat transferred is from latent heat.
Since all the heat transfer takes place at the saturation temperature,
the entire transfer surface is at a uniform temperature.

A variety of heating systems used.differ from the basic sys-
tems. In general, heat tranéfer coefficients are better for condensing
‘'vapor systems than for liquid systems.

In this investigation an indirect 1liquid heat transfer system

was used. Water was carrier fluid to transport heat to the system.

1.B EQUIPMENT AND OPERATION IN LIQUID MIXING

_ Numerious types of liquid mixing equipment are available for

use in chemical processing. The theoretical development of 1iquid




mixing has been slow, éhd in absence of specific design information,
equipment types quite needlessly multiplied during the years. All
1iquid mixing systems, however, have three factofs in common:
liquid(s) being mixed, a vessel to confine the liquid(s) and a mechaf
nical device to generate turbulance within the system.

The classification of mixing equipment is usually made on
the basis of liquid viscosity since viscosity is a prime contributor
to the forces tending to dampen flow through a mixing system. Figure
1.1 shows the recommended viscosity ranges for a number of common agi-

tator types [1].

1.B.1  Turbines and Propellers

For mixing low-to-medium viscosity liquids the flat blade
turbine or marine type propeller is recommended. These are general
purpose agitators and can be used under a variety of processing con-
ditions. One of the most common turbines is the six blade flat blade,
disk mounted type shown in Figure 1.2. A large variety of turbine
agitators are available which are modifications of the flat blade
design. The disk mounted curved blade turbine (Figufe 1.3) and the
hub mounted curved blade turbine (Figure 1.4) are useful where the
general characteristic of the flat blade type are desired but at a
lower shear. »b |

Another modification of the flat blade design is the pitched
blade hub mounted turbjne (Figure 1.5) with straight b]ades.set at

less than 90°C from the horizontal. This design provides reduced
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power requirements and is useful when mixing liquids having a high-
gravity solids content. Turbine impellers are made either as single’
piece castings or in more than one piece. The letter are used for
entry into vessels having narrow openings.

A common marine propeller has 3 blades, with a blide pitch
equal to the propeller diameter. The marine propeller is shown in
Figure 1.6.

The 6 blade flat blade turbine and the marine propeller may be
mounted in a vessel in various positions. For general processing
service, it is recommended that these agitators be mounted 1 impeller
diameter from the tank bottom and have diameters 1/3 of the tank
diameter.

Agitators are used to produce flow and, subsequently, turbu-
lence in a liquid mass. Each type of agitator causes high-velocity
liquid tb flow through a vessel in a specific path, referred to as
a flow pattern. Flat and curved blade turbines, mixing Tow or mode-
rate viscosity liquids, produce radial flow patterns when used in a
baffled vessel. Radial flow, shown in Figure 1.7A is primarily per-
pendicular to the vessel wall.

The marine type propeller and pitched blade turbine produce
axial flow patterns when centered in a baffled vessel containing Tow
or moderate viscosity 1iquids. Axial flow, shown in Figure 1.7B is
primarily f]ow parallel to the tank waill.

If either the marine propeller or any of the impeller agita-
tors are uéeq in an unbaffled vessel containing low viscosity 11quid($),

vortexing develops. The 1iquid swirls in the direction of the agitator




rotation, causing a drop in liquid level around the agitator shaft.
Vortexing incfeéses with impeller speed until eventually the vortex
passes through the agitator. The mixing efficiency of vortexing sys-
tems is usUa11y lower than for geometrically similar nonvorfexing

systems.

1.B.2 Paddle Agitators

Paddles are low speed, large blade area agitators, which func-
tion by pushing or carrying liquid in a circular path around the vessel.
No high speed 1liquid streams are produced as with turbines, and very
little top-to-bottom turnovér takes place un]ess'baff1es are placed
in the vessel and multiple paddles are used. Unbaffled paddles ope-
rating in low viscosity liquids produce severevvortexing, even at
moderate Reynolds numbers. This leads to inefficient mixing. Since
paddles do not mix by high velocity streams, théy are well suited for
high viscbsity seryice.

Modified versions of the basic 2 blade paddle are avai]ab]é.
The choice dépends on the viscosity of the 1iquid and the degree of

shear required.

1.B.3  Anchor Agitators

Anchor agitators have been sucessfully used in the batch
mixing of liquids having viscosities approaching 100,000 cp Uhl [2]
compared the relative effectiveness of an anchor to that of large

padd]es‘and turbines operating in viscous fluids. At 40 rpm, the
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anchor adequately mixed 40,000 cp liquid, as compared to a maximum
of 15,000 cp for the turbine and paddle agitators. The anchor agitafor
js generally slow moving, large surface area device; in close proximity
to the vessel wall. For heat transfer applications, wall scrappers
are utilized, which prevent the built-up of a stagnant film between
the anchor and the vessel wall. For Tiquids of Tow viscosity (100-
1000 cp) the plain horseshoe type anchor Figure 1.8A provides ade-
quate agitation. As viscosity increases, however, cross-membefs
Figure 1.8B or auxiliary paddles Figure 1.8C are requires to overcome
viscous drag forces and maintain motion in the core of the Tiquid mass.
For very viscous 1liquids double motion anchor-paddle combinations are
useful. The same effect is obtained when the basic horseshoe anchor
is equipped with additional vertical members. This type of agitator
is commonly known as a gate type anchor and is shown in Figure 1.9.

It is generally recognized that slow moving agitators with
large surface areas are needed to mix and perform other operations
in the processing of viscous materjals. The inadequacy of high-speed
agitators for fhis task has been effectively demonstrated. The anchor
and its modifications occupies the position of the appropriate agi-
tator for materials having consistencies between mobile fluids and
extreme1y high consistency materials which are generally plastic

in character.
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1.B.4 Helical Screw Agitators

The helical screw agitafor Figure 1.10 1is an effective devfce
when used in high viscosity liquid(s), since it does not depend on
high velocity liquid streams to‘accdmplish mixing.

Helical screws may be obtained in numerious sizes and geomet-
ries. All screws, however, are classified on the basis of the following
parameters: diameter, pitch, fiight number, flight depth and screw
length.

The selection of the proper screw for any specific process
application is a function of numerious system variables. The screw
diametef to tank diameter ratio, the screw pitch to screw diameter
ratio, the number of flights and the flight depth each contribute to
the overall capabilities of the mixing configuration. The screw
length is usually predetermined by processing conditions, since the
screw should extend from the tank bottom to the 1liquid surface.

The screw normally functions by carrying liquid from the
vessel bottom to the 1iquid surface. - The Tiquid is then discharged
and retufns to the tank bottom to fill the void created when fresh
liquid is carried to the surface. Alternatively, screws may be
operated in the reverse direction to pull liquid to the bottom of

the vessel less power is required in this case.

1.B.5 Double Helical Ribbon Agitators

For extremely high viscosity applications (1,000,000 cp)

specialized agitators must be utilized to obtain any degree of
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Figure I-9.Gate type anchor agitator. Figure I-I0.Helical screw agitator.

Figure I-II.Helical ribbon agitator.
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top-to-bottom turnover. The helical ribbon agitator Figure 1.11 is
well suited for ultra high viscosity mixing. Mixing occurs through -
the forced downward action of the central helix and subsequent bottom-
to-top motion brought about by the outer helical ribbon. The helical
ribbon giveS'complete mixing with no stagnant areas. Since the outer
ribbon is in close proximity to the vessel wall, the scrapping action

increases the heat transfer rate in jacketed tanks.
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I1.  HEAT TRANSFER IN STIRRED TANK SYSTEMS

The heating or cooling of an agitated liquid mass is a common
industrial practice. Heat transfer may take place by radiation, con- .
duction or convection, or by a combination of all the three processes.
Radiation occurs when energy, in the form of high frequency electro-
magnetic waves, is emitted from a heat source. Conduction is the
transfer of energy between vibratiné molecules which remain in a fixed
position relative to each other. Convection, both natural and forced,
occurs between colliding molecules at different degrees of excitation
as they change position and move through a liquid [3].

"~ In a vessel containing an agitated liquid, heat transfer 1is
brought about primarily through conduction and forced convection [4].

The resistance or film, theory conveniently describes this.process by

Driving Force . poso (2.1)
Resistance

where
Driving Force: Temperature difference, AT in °C
Resistance :  1/conductance: 1/U. where U is in watt/m2°C

Rate -+ Heat flow per unit area, Q/A in watt/m2
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Therefore equation (2.1) can be written as;

_AT
1/U

= Q/A

or as, Q = U AAT .

The overall heat transfer coefficient, U, is determined from
a series of five resistences to transfer of heat with internal coils,
the coefficient U must be referred to the inner and outer coil surface.
The overall heat transfer coefficient, Uo’ based on the outside surface

of the coil can be written as

D
X ( To ) 1 ( TO) + ffci (2.2)
k D h

IV B
U Ny w  Drav i Dpj

If fouling factors (ffi, ff are neglected, contributions of the

ci)
operating variables can be separated into three heat transfer resis-
tances. The outside convective heat transfer coefficient, ho’ Tumps
together convective and conductive effects in the fluid. This coeffi-
cient is usually the 1imiting resistance and is affected by agitator
operation.

In the following sections of this chapter forced convection,

inside, outside film coefficient, and methods to obtain individual

coefficients will be discussed.

2.A A FORCED CONVECTION

‘Heat transfer by convection is due to fluid motion. Cold

f]uid'adjacenf to a hot surface receives heat which it imparts to
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the bulk of the cold fluid by mixing with it. Free or natural cdnvec-
tion occurs when the fluid motion is not implemented by mechanica1 
agitation. But when the fluid motion is mechanically agitated, the
heat is transferred by forced convection. The mechanical agitation
may be supplied by stirring, although in most process applications it
is induced by circulating the hot and cold fluids at rapid rates on the
opposite sides of pipes or tubes. Free and forced convection heat
transfer occur at very different rates, the latter being the more rapid
and therefore more common. Factors which promote high rates for forced
convection do not necessarily have the same effect on free convection.
Forced convection heat transfer is the most frequently employed
mode of heat transfer in the process industrﬁes. Hot and cold fluids,
sepérated by a solid boundary, are pumped through the heat transfer
equipment, the rate of heat transfer being a function of the physical
properties of the fluids, of the operating conditions‘and‘the geometry
of the system. Theoretical analyses of forced-convection heat transfer
have been limited to relatively simple geometries and to laminar flow.
Analysis of turbulent flow heat transfer have been based upon some
mechanistic model and have not generally yielded relationships which
are suitable for design purposes. Usually for complicated geometries
only empirical relationships are avai]ab]e, and frequently these are

based upon limited data and special operating conditions [5,6].

2.B INSIDE FILM COEFFICIENT-INTERNAL COIL

Internal coils should be designed for turbulent flow. For

special cases involving viscous heat-transfer fluids, laminar or
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transition flow may be unavoidable.

Numerous relationships have been proposed for predicting heat
transfer for turbulent flow in tubes. A number of observers report
-data for heating or cooling various fluids with 0.7 <_Npr < 700, for.

10.000 < N, < 120.000, for L/DH > 60. These data [7] for moderate

Re
AT have been correlated by three types of equations. Dittus and

Boelter [8] evaluates all physical properties at the bulk temperature

h.D D,V C.u
AH . g.03 ”)G-B({ )pe" (2.3)

Ky s

Colburn [9] evaluates all properties, except Cp in the Stanton

modules, at the film temperature, te = (tw + tb)/2:

0.023

f o 0,2
Co Vi (D Vy/e)

(2.4)

Sieder and Tate [10] evaluates all physical properties at the

bulk temperature, except Hyy in a viscosity-ratio term:

h.D Cu .
iH _ 0.023(-2)
k

b
Kp

D,V
.3y H H)O.B( b )01y (2.5)

ub uw

As pointed out by Colburn [9] the form of the last two equations

has several advantages over that of Eq. (2.3).

At a given Reynolds number, heat transfer coefficient of éoi1s,

particularly with turbulent flow, are higher than those of long, straight

. pipes, due to the greater friction. Jaschke [11] found that the results

1~}
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for long stkaight tubes should be'mu1tip]ied by a turbulent-flow coil
correction factor (1 + 3.5(DH/DC)). The Sieder-Tate equation-for
straight pipes, multiplied by a turbulent flow coil correction factor,
can be used to calculate the inside convective heat transfer coeffi-

cient of coil

h.D c
JH 0.023(--)
k

b

D,V U D,
0.33(_H Hyo,8y_b yo,1u H
R R R UNECE S I

The transition region lies in the range 2100 < NRe < 10.000.
No simple equation exists for accomplishing a smooth mathematical
transition from laminar flow to turbulent flow. Of the relationships
proposed, Hausen's equation [12] fits both the laminar and fully tur-
bulent extremes quite well.

Eﬁgﬂ - 0.116((932502/3 128y () o (—2#—)2/31«%3%—)°-1“

(2.7)

between 2100 and 10.000. It is customary to represent the probable
magnitude of coefficients in this region by hand-drawn curves»[13].

Normally laminar flow occurs when NRe < 2100. Laminar flow
Heat transfer has been subjected to extensive theoreticé] study. The
energy equation has been solved for a variety of boundary conditions
and geometrical configurations. However, true laminar flow heét trans-
fer very rarely occurs. Natural convection effects are almost always
present, so that the assumption that molecular conduction alone occurs

is not Va]id.‘ Therefore, empirically derived equations are most reliable.
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For circular tubes several relationships are applicable depending
upon value of Graetz number, Ng, = (N pr H/L), where, Npe = (DHVH)/U,

Npr = (Cpu/k). For Ny, < 100, Hausen's [12] equation is recommended:

h.D 0.085 N

u .
= 3,66 + ()
1+oo47NG'°’ Pw

(2.8)

For NGZ > 100, the_Sieder—Tate [10] relationship is satisfactory for
small diameters and AT's: |

hiDH

k

= 1.86 N/ ( )° 14 (2.9)

A more géneral expression covering all diameters and AT's is
obtained by including an additional factor 0.87(1‘+ 0.015Né£3) on the
right side of Eq. (2.9), where, Nep =Grashoff number. An equation
published by Oliver [14] is also recommended.

In the present study, to calculate film heat transfer coeffi-

cient inside the coils, taking into consideration the experimental con-

ditions, the following equations were used; for turbulent flow, Eq. (2.6),

for transition region, Eq. (2.7) and for laminar flow, Eq. (2.9).

2.C OUTSIDE FILM COEFFICIENT-INTERNAL COIL

During the past 35 years, there has been considerable investi-
gatibn of heat transfer coefficients for the agitated side of the coi1
tank vessels. Many of these heat transfer data are confined to very -
specific conditiohs and it is difficult to apply them under conditions

other than those from which they were obtained.
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\
Most of the authors present the result of their investigation
by an equatfon of the fo]]owihg form
=c N B E

'NNu 0" Re"'pr Vis

(2.70)

The constant C0 values differ for various types of mixers and were
expressed by a product of new constant C value and dimensionless modul

representing the effects of the geometrical mixer parameters so;

N o=t N8 vE kL (2.11)

Nu = C-NReNppeVis-Xy-%5
where, X1’X2""’ are dimensionless moduli representing the effect of h

mixer geometry on heat transfer in a mixing vessel.

p.N.Di . :
Npe = m is modified Reynolds number (for mixing).
C..u '
Npr = —J%—— is the Prandtl number, ;
h,-Dy i
Nuu = & is the Nusselt number, ?
Mb ' | s
Vis aaTen is the ratio of the process-liquid viscosities

W at bulk temperatures and at wall temperatures.

The results of more extensive experimental investigations are
outlined in this section. Except for the scattered early data of
Pierce and Terry [15] and of Rhodes [16], the work of Chilton et al.
[17] was the first study to use conventional groups for correlating heat
transfer to jackets or coils. Since then, considerable progress in this’
area has been-made despite the many variables required to describe the
geometry of a typical agitated system.} Known heat transfer data for

i
|
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he]ica] coils are summarized in Table 2.1. The manner of presentation
of this indicates both, that there is no overall correlation of the
avaiiab]e data, and that there are fragments of information giving

the effect of many variables. The correlating equation of each separate

work is tabulated in Table 2.2.

Figure 2-1. Agitated vessel with immersed coil for
heat transfer. o




TABLE 2.1 - Heat Transfer to Immersed Helical Coils in Agitated Vessels
Impeller Helical Coil Vessel
Investigator DA(in) wib/DA Ho/Dp Maﬁeria] DH(in) Sc(in) Hc(in) DT(in) Ho/D; ?;;gom
1) CHILTON et.al 7.2 0.17 0.33 Copper 1/2 1/4 5.75 12 0.83 Dished
2) PRATT 5.5-14 various various Stainless 3/4-3.5 0.48-2 18-28 18-23.5 - Flat
steel and
lead

3) CUMMING and stainless 1 .

WEST 12 0.17 stee] 1.0 1/2 23 30 1.0 Dished
4) KRAUSSOLD 20 1.4 - - 25/32 - 40 1.1 Dished
5) OLDSHUE and 20-28 0.2 Copper - 7/8 7/8 31.5 48 1 Flat

GRETTON Stainless

steel 1.75 1.75 31.5 48 . 1 Flat

6) SKELLAND and - _ Lonn -

DABROWSKI 36.9 - Copper 3/4 1.25 13 15 H :20" Flat
7) JHA and RAO g Bafflewidth . g 55 Copper 1/2 ; 10 ; 14 1.4 Flat

A

) [17] 4) [20] 7) [23] * See Fig. 2.1 for representation of symbols.
) [18] 5) [21] N
) [19] 6) [22] o




TABLE 2.2 - Summary of Correlations

~ Investigator Correlation: Range of NRé
1) CHILTON Etva1 hODT A 0 52. 0,33 0,14 5
il ’ = 0-87(Npg) e BR N, )0 * (/)0 300 - 4x10
2) PRATT fobr 34(N, )0+ S(N_)0+3(S _/H )0+5(W. /D )5-25((0 D.)/D,)°+* 2x10%- 5x10°
v k Re pr c''¢c ib’ "¢ AT/ "H
: h D 1
3) CUMMING and WEST E T 1.01(Ngg )0+ 52 (N ) /S(Ub/”w')o'“ 2x10%- 7x10°
4) KROUSSOLD ho%1 = 1.01(N, )%+ 52(N 51/3( Ju )01t 0.3 - 1x10°
. K : Re pr Hp/Hy ) ,
5) OLDSHUE and GRETTON hODH =0 ]7(N )0°67(N )0,37(D /D )o.l(D /D )0.5 400 - 1 5x'|06
o "k "V Re pr ATTT HOT ‘ ’
h D '
6) SKELLAN‘D and DABROWSKI i H_ O'345(NRe')o.sz(DT/Cp)o,N 2 5¢10° - 10¢
7) JHA and RAO 20T 0180 )07 0 )25 (0 /'o )70+* (0, /0,) ™" (H_/Dg) 00" 1 - 2.5x10°
o Re pr H°T ¢’ T c' T )

ve
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From Table 2.1, the designer can obtain dimensions for éeometric
similarity. Although Pratt's work offers the choice df more dimensional
variables, the different values for some of the exponents in Pratt's
equation [18] introduce some question concerning the accuracy obtained -
by using this relationship directly. Very 1ftt1e of the other work has
been directed towards finding the effect of dimensional variations.
Cummings-West [19] ran tests under steady-state conditions using six
different 1liquids having widely varying properties. These tests indi-
cated that film coefficients would be the same for a given Reynold
number whether one or two turbines were on the shaft. The tests con-
ducted with the pitched-blade turbine instead of retreating-blade tur-
bine showed on approximaﬁe 10% reduction in film coefficient. No sig-
nificant change in the fi]m coeffitient resulted from reversing the
pitched-b]ade turbine. It is apparent that only two of the available
correlations, Oldshoefs and Skelland's [21,22] indicate the effect of
coil tube diameter, 'DH'. Also, since Dy >> DH the values of 'ho'
obtained ffom the same Nusselt number for different correlations, is
different. Since the Nusselt number describes}heat transfer occurring
- mainly at the coil, it is more logical to.define Nusselt number based
on the coil tube diameter, 'DH', rather than the tank diameter DT [24].
Of the dimensional parameters, only the effect of DA’ DT’ and to an
extent 'DH' in addition to fluid properties are indicated in Table 2.3..
None of'theée can be considered to be fairly established [2].‘ It may
be remarked that the parameters 'DH' and 'SC' have much greater influence
on 'ho'. These affect considerably the flow distribution through and

around the coil or the degree of by passing.

 BOGAZICI DNIVERSITES] KUTUPHANES!




TABLE 2.3 - Comparison of Exponentials of Correlations

Variable CHILTON et al.  PRATT CUNNING and OLDSHUE and SKELLAND and

WEST GRETTON ~ DABROMWSKY JHA and RAD
Dp . 1.24 .20 . 1.2 1.43 1.24 1.34
N oo 0.62 0.5 0.62 0.67 0.62 0.67
D -1.0 -0.9 -1.0 -0.6 0.27 -0.39
D, . 0.3 - ~0.5 a0 -0.48
S, ; 0.8 - - - -
e 0.14 0.14 _ 0.14 0.14 0.14

* .
Most have assumed this in accordance with Sieder and Tate.

9¢
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The influence of a number of other factors can be expressed
qualitatively. At lower speeds the effect of agitation can be over-
shadowed by free convection [2], and at increasingly higher speeds
the heat transfer fates will level off. The impeller blade Tength and
width, obviously affect the area of shear, turbulence, hence degree of
mixing. This consequently is revealed as nonuniformities is tempera-
ture. The parameters Hib’ Hy s Dc again affect the degree of turbulence
and mixing; thus influencing 'ho'. The influence of other factors,
such as type of impeller, number of impellers, and other factors on
'h_' can not be established and the need for more data is obvious.

o

2.D METHODS TO OBTAIN INDIVIDUAL FILM COEFFICIENTS

Values of the individual film coefficients are obtained expe-

rimentally by one of three methods:

1. Use of modified Wilson plot [25,19,2]

2. Measurement of the temperature of the heat transfer
barrier by imbedded thermocoupies, [17,26,21]

3. Measurement of mechanical energy losses and use of
momentum and heat transport analogies [27,28].

The use of the Modified Wilson plot [29] bears further discus-
sion. In this part the Modified Wilson plot which was used in this

investigation will be discussed in detail.
a) Case 1 (determination of inside film coefficient, hi)

For the case where outside resistance of coil is controlling,

and when conditions of flow and temperature inside the coil

X Wow gy me mine
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do not change appreciably, it can be shown that Eq.(2.2)

reduces to

S R | (2.12)
UO_ hO

For a given vessel and coil geometry, it can be recognized
that h0 is the some way dependent on degree of mixing, hence
speed of the agitator. Thus for above conditions, it is

satjsfactory to say that [30]

_ a
h0 = KN

Experimental observations seem to indicate that o is 0.62 [19]

so Eq. (2.12) becomes

—]—-=B+—]0—é—2- | (2.13)
U, K NO- |

Thus a plot of 1/U, vs 1/N%<%2 will be linear with a slope of
1/K and an intercept of B, after determining B and using its

definition
B = 1 O + X o (constant) (2.14)
1 i m

such that k and hi do not vary appreciably, one can evaluate

"hi" as all the remaining terms are known.

IXIrxr Bom oy oogw




calculate individuals coefficients from the experimental overall co-

efficients.
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Case Il (determination of outside film coefficient, ho)

For the case where resistance of the coil is controlling, and
when degree of mixing, and temperature outside the coil do not

change appreciably, it can be shown that [30]

ooy ' (2.15)

For a given coil geometry, it can be imagined that “hi"
]iké the friction factor inside the coil must in the some way
be related to the flow pattern, hence the velocity of flow of
the fluid through the coil. Thus for this conditfons it can
be assumed that | |

hy = KV
Experimental observations seem to indicate that o' is 0.8 and

for fully developed turbulent flow then Eq. (2.15) becomes

T It vy ok (ATE mieg

Ly (2.16) A.
U- KIvO.G ii

Thus a plot of 1/U; vs 1/V°+® will be linear with a slope of

T/KI and intercept of vy

y = — LA 1 s | (2.17)

hy A, kA

ho’ and k do not vary appreciably. Thus hO can be evaluated.

In the present study the Wilson graphical method was used to
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[11. MATHEMATICAL MODELLING

In this chépter mathematical models were developed for a
continuous stirred single tank and for two_Stirred tanks in series
respectively. Only the original differential equations, the boundary
conditions and final solutions have been presented in this chapter.

The details on solutions are explained in Appendix II.
3.A - MATHEMATICAL MODELLING FOR A SINGLE CONTINUOUS
STIRRED TANK

For the single continuous stirred tank, where the flow of cold
water is in the tank side and that of hot water is in the coil side,

counter current flow operation may be performed.

W,Ch,(Hot water)

Fjgure 3.1 - Single tank
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~ Then, the heat balance for the tank shown in Figure 3.1 is as follows

where;

— —+4 O < I» << O =

{Input} - {Output} | = {Accumulation}
WCLopTy - WC o T, + (MC p ) = MC o ty) = VC o (dty/d8)  (3.7)
M : Cold water flowrate
: Hot water flowrate
h Hot water heat capacity
: Overall coefficient of heat transfer
: Heat transfer area of coil
: Volume of the tank
W Cold water heat capacity
1 Hot water inlet temperature
ot Hot water exit temperature
ty: Cold water inlet temperature
: Cold water exit temperature

ph: Hot water density
p : Cold water density

8 : Time

Assuming proper agitation, (i.e. uniform temperature in the tank, t])

the heat transfer rate equation for the tank is

T, "G - T
AL

174

T TN v N AST S IveE
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this equation simplifies to

T, -t
_L__.I_ = exp[_

LA - a (ATphay) (3.2)

Using the following initial condition

at 8 =0 t] =ty (After reaching a steady-state)

the final solution is

MC, o (1-0)T; + MC ot _[Mcwpw+wch°h(]‘“)
t, = [t,_ - Jexp VC,,0
V78w o+ ke o, (1-0) W
ww h™h

]

-~ WCp (1-a)T, + MC ot
4 h"h 1 WWo (3.3)
Mprw + WChph(l-a)

‘where, T1 and to are known temperatures, and t] and T, can be calculated.

2

3.B MATHEMATICAL MODELLING FOR TWO STIRRED
TANKS IN SERIES

Consider the system, where cold water at temperature to is
fed to tank I where it is well-stirred in contact with heating coils.
The continuous discharge from this tank at temperature t flows into
stirred tank II and Teaves tank II at temperature ts. Heating water
at témperature T] flows into the coil of the tank II and then leaves
tank II at temperature T2 enter thé coil of the first tank. Fing]]y

the hot water is at temperature, T3 as it Teaves the coil of tank I.
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Symbols used in the modelling are similar to those of the
single tank, the only difference being that subscripts 1 and 2
indicate the properties which belong to tank I and tank II respect-

ively.

W,Ch(Hot water)

(mw‘mmrmmw‘}—+-— I

0

Tank 1 Tank 11

Figure 3.2 - Two tanks in series

Then the heat balances for the two tanks in series shown in Figure 3.2

are as follows;

dt

. _ 1
TANK I: wchph(TZ_TB) - MprW(t]-to) = VCWpW —ag—- (3.4)
TANK II:WChph(T]-TZ) - Mprw(tz-t]) = Vprw ~Eg— _ (3.5)

Assuming proper agitation (i.e. uniform temperature in tank I, t] and
in tank II, t2) the heat transfer rate equations for the tanks I and

1I, are

TANK I —_— = exp[-

] = o (Alpha) (3.6)




T
TANK 11

T, - t

2" b

U, A

= exp[- Wﬁﬁaai = B (Beta)
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(3.7)

1 2

Using systematic elimination technique [31] the amount of algebra
involved may be reduced to a minimum. These four equations are solved
simultaneously.

Initial conditions are;

at =0 t, =t

] 1s

t2 - t2$

(After reaching a steady-state)

Final solutions are

| WC, o
v mq0 Mmoo hh
ty = —{mAe" 1 + mBe 2 ] + [=—o— (1 - B) +1] »
! Mo 2 WC,P,,
WC, o
(™ + Be™2” + CP) + [ (B - DT, (3.8)
W
and
t2 = Aem1e + Bem2e + CP (3.9)
where; s L o o
W°Crp W2C2p20.  W2C2p28  W2C2p2aB
H, Pyt H(HC Py o b - — D — Iy T,
MC,.P MC o MC. o MC o
cp = W W WW ww whw
- W2CZp2a  W2C20%08  W2C2p28  W2C2p2
NC, p, HHC, o, -HC, - — -t + PR R, hh
Mprw‘ Mprw Mprw Mcwpw
_ -BP * /BP%- 4DP
M,2~
? 2
. N
2WC, p , WC, o WC, p
ap = nfh o nth nPh
Ve, Vo Ve, Ve,
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2 2r2 2022 2pr2 .2 2pr2,.2
0p M . MwChph . W ChB X W Chph . W ChphaB ) W Chpha
2 2 202 .2 2022 2r2..2 2r2 .2
v V%% VCWW V%% VCWW. V%%
) wMChphaB
2
v prw
WC_p. WC_p.B WC, o,
h"h h"h Vv h"h -V
t,. + - YT+ m, CP-[ (1-8) + —— m +1]t
1s Mprw MCWDw 1 M Mprw M 1 2s
B =
v
— (m, - m)
M 2 1
A= tZS -B-CP

3.C DESCRIPTION OF THE COMPUTER PROGRAMS

Computer programs for both the single tank system and the two
tanks in series were prepared using the analytical model developed in
part (3.A) and (3.B) to facilitate the calculation of steady-state and
unsteady-state temperatures and of heat transfer coefficients. Each
program contains a main program and four subprograms whicﬁ calculate
physical properties of water (Appendix IV).

The program flowcharts are given in Figure 3.3 for the single
“tank and in Figure 3.4 for two tanks in series. Symbols uéed are given
in Appendix III.

Inlet temperatures and flowrates of hot and cold watér are
given as data input SI units have been used in both programs, as we}]

as in the data and the resu]té.
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In both programs, data are read and written first. Time is
taken large enough to obtain steady-state temperatures and then

physical properties of water (i.e. C_, M, P, k) are evaluated at

P
inlet hot and cold water temperatures. New temperatures are calcu-
lated until the desired convergence is obtained. These temperatures
are written as steady-state temperatures. Secondly, using the steady-
state values as initial values, transient temperatures are calculated
at thirty second time 1ntervals;

These programs calculate the film heat transfer coefficient
inside the coils, using the following equations for turbulent flow
Eq. (2.6), for transition region, Eq. (2.7), for laminar flow, Eq. (2.9).
They also make use of the Cumming-West's correlation [Table 2.2, Eq. 3],
but geometry factor "1.40" to calculate outside film heat transfer
coefficient.

In the "Single Tank" program, Equations 3.2 and 3.3 are used
to calculate temperatures.

In the "Two Tanks in Series" program, Equations 3.6, 3.7,

3.8 and 3.9 are used to calculate unknown temperatures.




Figure 3-3.Flow chart of single
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Figure3-4.Flow chart of two tanks. in series.
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IV, EXPERIMENTAL WORK

In this chapter experimental equipment and experimental

procedure are described.

4.A EXPERIMENTAL EQUIPMENT

The experimental set-up used in this study consisted of two
dimensioha]]y similar tanks, coils: stirrers, a_number of thermo-
couples, a digita],thermometér,’pumps, a hot and cold water reser-
voir and heaters as shown in Figure 4.1 for single tank and Figure

4.2 for two tanks in series. The connections were provided by

specially insulated pipes.

4.A.1 Tanks

Each galvanized tank having 20.0+0.1 cm (7.9 in) inside
diaméter, was cylindrical, flat bottomed and capable of holding

4.08x10° cm?® (1.08 ga). Also in front of the each tank, there was

a glass liquid level indicator pipe.
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4.A.2 Coils

The coils were made of clean copper tubing and were fixed by
means of corks to the 1ids of the tanks so that they stood firmly in-
side the vessels. The coi]iﬁg was circular and‘the gap between indi-
vidual turns of coils was sufficiently great to allow for free circu-
lation of liquid over the complete surface of the tubing. Each gap
was 0.635+0.1 cm (0.250 in). The copper tubes used were 0.635:0.01 cm
(0.250 in) outer diameter and 0.470+0.07 cm (0.]85 in) inside dijameter.

4.A.3 Stirrers

Agitation was supplied by flat blade turbine impeller, 7.99+0.01 cm
(3.15 in) in diameter. Each impeller contained six blades, each being
1.99+0.01 cm (0.82 in) in width. The impellers were placed at a height
of 6.0+0.2 cm (2.4 in) from the bottom of the vessel.

4.A.4 Thermocouples

Temperature measurements were measured usfng iron-constantan
thermocouples, 0.10 cm in diameter. In order to minimize response
time, thermocouple junctions were inserted into water without protecting
fubes. In order to prevent thermocoup]es from the corrosive effect of
water, firsf, all thermocouple junctions were cleaned with a kind of
detérgent, known as Lissapol NX, to remove 0il and other dirts, then
coated with nail lacquer.

Iron-constantan is the most widely used of all thermocouples.
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It gives a higher emf at a given temperature than any of the other
common couples, and is the least expensive. Their usual temperature

range of operation is -200 to 750°C (-300 to 1400 °F).

4.A.5 Digital Thermometers

Temperature measurements were directly read out by means of
a digital thermometer which had twelve separate thermocouple connec-
tions. Some technical specifications of this instruments are given

below.

“Line voltage : 220 V AC +15%, 48, 52 Hz
Operating temperature : -10 to +50°C
Power consumption : 4 VA

Measurement sensitivity : +0.1% (full scale)
Break protection : If the sensor probes are open the

display is blanked.

4,A.6 Hot Water Reservoir

The hot water reservoir was a rectangular galvanized tank,
approximately 50 cm long, 25 cm wide and 50 cm high. It was insu-
Tated carefully with glass wool and two layers of nylon were wrapped

around it.

s g
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4.A.7 - Cold Water Reservoir

A 50 1t plastic container was used as cold water feed tank.
In order to prevent variation of the head of pump connected to this
container, liquid level in the container was kept constant throughout

the experiment.

4.A.8 Heaters

Two heating mantles were placed inside the hot water reservoir.

One, had a resistance thermometer which could be set at a desired tem-
perature (CENCO, 1010 W, 110 V), the other an electrical resistance
(2500 W, 220 V). The temperature was also controlled by an inserted

thermocouple.

4.A.9 Rotary Pumps

Two types of rotary pump were used, a 50 W,200 U/min pump and
a 90 W, 2000 U/min pump to feed hot and cold water streams.
Dimensions of the tank system used in the experimental work

are shown in Figure 4.3.

4.B EXPERIMENTAL ARRANGEMENT

Two types of arrangements were used for the experiments.
Firstly, single tank arrangements as shown in Figure 4.1 and secondly

two tanks in series, Figure 4.2, are déscribed below.
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Figure 4-3. Dimensions of the tank system.
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The single tank was insulated by glass wool first and wrapped
by nylon sheets in order fo prevent insulater from getting wet. Flat
blade turbine impellers were mounted on the shaft coaxial with the
tanks. The Tower edge of each agitator was placed at a height of
6.0:0.2 cm (2.4 in) from the bottom of the vessel. Agitator speed
was set at the desired speed by means of the speed button on a Heidolph
stirrer whose stirring speed could be‘changed 6ver a range of 45 to
2000 rpm. This stirring speed was checked using a revolution counter
and also stop-watch for low speeds.

Inside the tanks clean copper coils where also mounted with
their axis coincident with the axis of the vessels. Mean diameter
of the coils were 16.00x0.2 cm (63 in) and height of each coil from
the vessel bottom was 2.0:0.1 (0.8 in).

Tap water was fed to cold water reservoir. The Tevel of the
water in the reservoir was kept constant to prevent variation of the
head to the feed pump. By manipulating the value on the exit side
of the pump, water level in the tank and the cold water flowrate were
adjusted. Also a cbntinuous discharge was obtained by another pump
at the exit of the tank.

| Hot water was pumped from a constant temperature bath into the
coil also by means of a rotary pump.

Directions of flow of the cold and hot water were opposite,
i.e. tounter-current.- For all the runs reported a liquid depth of
17.0+0.1 cm (6.7 in) was used and the area of heating surface exposed
2 (92.8 in?).

the mixing 1iquid for each coil was 598.5 cm Cold and

hot water flowrates were measured by collecting water in a graduated
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cylinder fbr periods of one or two minutes.

For two tanks in series, another dimensionally similar tank
was connected to the previous single tank, the arrangement of the coil,
stirrer and as well as water level in the tanks were kept same. As
shown in Figure 4.2, outlet of the tank.I was 50 cm higher from the
inlet of the tank II to maintain the flow of cold water. Unfortu-
nately, water level in the tanks changed with time. In order to
prevent this situation, another pump was placed between two tanks.
Again all connections were insulated carefully.

Figure 4.1 shows the thermocouple arrangements for the single
tank. Seven thermocouples were used in this system. Three were in-
stalled into tank, hot water reservoir and cold water feservoir. And
others were used to measure hot and cold water inlet and outlet tem-
peratures. For two tanks in series twelye thermocouples were placed
as shown in Figure 4.2. Four were installed into tank I and II, hot
water and cold water reservoir. Others were used to measurekhot and
cold water inlet and outlet temperatures for tank I and tank II. ATl

thermocouples were placed in small holes on the rubber connection

pipes and sealed by 1iquid joint. Before putting thermocouples in their

places, they were connected to the digital thermometer and controlled
against one another in water at room temperature and at 60, 80°C and
also checked with another digital thermometer.

No baffles were present in the vessel. However some baffling

was obtéined by the presence of the coil thermocouples and the stirrer.

A1l time measurements were taken with a stop-watch and at least

three readings were taken for each measurement.




50

In this thesis study with the vessels having the configurations

showing in Figure 4.3, the range of the parameters were as follows:

—
.

2. Ratio
3. Ratio
4. Ratio
5. Ratio
6. Ratio
7. Ratio
8. Ratio

9. Ratio

of

of

of

of

of

of

of

of

Reynolds number range, 1100 < Np, < 14000 (for coil side)

the agitator diameter to tank diameter,

D : 0.400

A/DT :
agitator height to tank diameter,

HA/DT : 0.300

impeller blade width to impeller diameter,
wjb/DA: O.ZQO |

coil diameter to tank diameter,

Dc/DT : 0.800

coil length to tank diameter,

Lc/DT : 0.700

coil tube diameter to coil diameter,

%/% : 0.040

the space between coils to coil tube diameter,
Sc/DH : 1.00 |

coil height from vessel bottom to tank diameter,

Hc/DT : 0.10

4.C EXPERIMENTAL PROCEDURE

- The experimentsvwere performed in two sections as steady-state

and unsteady-state cases for both two tanks in series and a single tank.

In this investigation'a Reynolds number range of 1100 to 14000 was used

for flow in the coil.
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4.C.1 Steady—StatevExperiments

In the first part this set of experiments, data were taken
without changing cold water conditions and agitator speed. Only hot
water flowrates were varied at different hot water temperatures and

the procedure was as given below,

1. The mixer was set at desired speed and turned on.

2. Cold water was pumped into tank(s) at a certain
flowrate. The water level in the tank(s) was kept

constant and the same for both tanks.

3. Hot water at a given temperature was fed to coil(s) by

a pump at a given flowrate.

4. Temperatures were recorded when steady-state conditions

were reached.

5. After reaching steady-state and adjusting the hot water
flowrate to new values, new steady-state temperatures

were reached and recorded.

6. A1l these were repeated at different hot water tempera-

tures.

For this part, the range of parameters are given in Table 4.1 and
thirtyone runs were perforﬁed.

In the second part of the experiments, only agitator speed was
changed for given constant hot water and cold water conditions. The

complete procedure was,
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1. The agitator was set at desired speed and turned on.
' |
|

2. Tap water from the reservoir was pumped into tank(s)

at a given flowrate.

3. Hot water at a given temperature was fed to coil(s) by

a rotary pump at a given flowrate.

4. Sufficient time was allowed for a steady-étate conditions

to be achieved before recording the temperatures.
5. Changing only agitator speed (four times) this procedure

was repeated.

The range of parameters for this part are given in Table 4.2 and eight

runswere performed.

TABLE 4.1 - Range of Parameters for Single Tank and Two
Tanks in Series (Hot stream flowrate is variable)

- Parameters Single Tank |Two Tanks in Series
Agitator speed (rpm) 200 200
Hot water fn]et temperature (°C) 83.5-60.3 80.8-60.4
Cold water inlet temperature (°C) 17.5- 8.9 17.4-12.5
Hot water flowrate (ml/sec) 27.5- 5.6 16.6- 5.7
Cold water flowrate (ml/sec) 22.5-18.5 24.0-28.0
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TABLE 4.2 - Range of Parameters for Single Tank and Two Tanks
in Series (Ag1tator speed is var1ab]e)

~ Parameters Single Tank | Two Tanks in Series
Agitator speed (rpm) ~ 200-500 200-500
Hot water inlet temperature (°C) 75.6-75.0. ~74.5-70.3
Cold water inlet temperature (°C) 12.6-12.5 15.3-12.2
Hot water flowrate (ml/sec) 26.5-26.3 15.1-15.0
Cold water flowrate (m1/sec) »' £ 23.5-22.3 | 30.2-30.0

4,C.2 Unsteady-State Experiment

In this set of experiments, datd~were taken at given cojd and
hot water flowrates and agitator speed. Only the hot water inlet tem-
perature was changed. Temperatures were recorded at every thirty
seconds unti]tsteady—state was reached. The procedure given below was

followed.

1. Agifator was set at the desired speed and turned on.

2. Top water at a given temperature and flowrate was pumped

into tank(s).

3. Hot water at a given temperature was fed to coil(s) by

pump at'a given flowrate.

4. When steady-state was reached, temperatures were recorded.
The hot water inlet temperature changed suddenly and the
temperatures were recorded at every thirty seconds until

néw éteady—state conditions were reached.

T T IOT T Trgie s s L7
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For this part the range of parameters are given in Table 4.3 and six

runs were performed.

TABLE 4.3 - Range of Parameters for Unsteady-State Runs

SINGLE TANK

Sef Hot Water Inlet]| Cold Water Inlet | Cold Water | Hot Water
Temperature Temperature Flowrate Flowrate

(°C) (°C) (ml/sec) | (ml/sec)
1 81.3-67.0 15.2 20.0 18.2
2 69.0-59.8 13.7 20.0 20.0
3 83.8-63.5 12.9 20.1 20.0

TWO TANK IN SERIES

1 81.0-69.3 - 12.5 22.0 15.0
2 71.0-61.8 13.2 24.0 15.5
3 82.7-60.9 13.7 28.5 13.5

* ' :
Agitator speed was kept at 200 rpm for all sets.

TITTYRINIY TOyoag o
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V. RESULTS

Within the context of the work, overall heat transfer coeffi-
cient, external and internal film heat transfer coefficients were
determined. First a graphical method known as the Modified Wilson
plot [29] was used to evaluate the heat transfer coefficients and
secondly on iterative computér program for each system, both single
tank and two tanks in series was developed calculating heat transfer
coefficients from the embirica] equations and also temperatures.

Complete sets of experimental data are presented in Appendix I.
5.A EVALUATION OF EXPERIMENTAL RESULTS

Both steady-state and unsteady-state results are analyzed
in the following sections separately.

5.A.1 Steady-State Results

The results of the steady-state experiments were studied

in two sections.

a) Determination of the overall heat transfer coefficient.

'b) Graphical estimation of internal and external f11m heat
transfer coefficients.
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5.A.1.a Determination of the Overall Heat Transfer Coefficient

Overall heat transfer coefficients were calculated from the
experimental data directly by using the fundamental equations given
below:. | '

v =—2 . S (5.1)
AT

where, Asz is the logarithmic mean temperature difference, driving
~ force between tank 1iqu1d and heating water. Temperature profiles
are shown in Figures 5.1 and 5.2 for both single tank and two tanks
in series. |

Ao’ heat transfer area of coil is the total wetted area,
based on outside surface of the coil. The outside heat transfer area
was calculated knowing the total wetted length and the outside dia-
meter of the coil tube. |

Q is the total heat transferred and was calculated on the

basis of both the hot stream and the cold stream to check heat loss.

Calculations were made using total heat based on hot stream.

5.A.1.b Graphical Estimation of External and Internal Film

Heat Transfer Coefficient

Since only overall coefficients were measured directly, it
was necessary to calculate internal and external coefficients from
the data obtained. The results were interpreted by a graphical

method similar to that proposed by Wilson [29]. This method is -

described in Section 2.D in detail. Figures for single tank are given

meg g .
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through 5.3 to 5.6. for two tanks in series through 5;7 to 5.10.

| As shown in Séction 2.D for case I, (i.e. conditions of flow
and temperature inside the coil not changing apprééiab]y, only agitator
speed changing). External and Internal heat transfer coefficients
were determined by the use of Eq. 2.13, i.e.

1 1
_ = + —
u B K NO_GZ

and Eq. /2.14, i.e.

1 0 X 0

g =
o ATk A

= Constant

Because of very thin wall of the coil tubing, Ai’ A , and Am’ the out-

0
side, inside and average areas respectively, were taken as being equal
to each other. By plotting 1/U versus 1/N%<®2 a substantially straight
line is obtained. To determine the value of the slope of the straight
Tine, the method used is the least squares fit. Figure 5.3 shows the
data for single tank, while Figure 5.7 represent§ the data for the two
tanks in series. In this way from slope "1/K" the external film coeffi-
cient HO = K N°¢2 was determined as a function of agitator speed, and,
from intercept "B" the internal film coefficient HI = 1/(8 - (x/k)),
was determined. Here x is thickness of the coil tubing and k, thermal
conductivity of copper was taken as 385 W/m2°C [6]. In Figure 5.3

from the intercept the internal film coefficient was calculated as

6711 W/m2°C,‘and from the slope the external film coefficient was

calculated as a function of agitator speed. Results are tabulated for

runs 1 to 4 in Table 5.3. Using Figure. 5.7 the internal fi]m coefficients
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for tank I 3225 W/m2°C,for tank IT 4269 W/m2°C were found. These
values are almost half of those of a single tank. The reason fs that
hot water flowrate in two tanks in series system is half of that of.
single tank. Results representing heat transfer coefficients are
tabulated in Table 5.5 from run 21 to 24.

As described in Section 2.D for Case II (i.e. conditions of

flow, temperature outside the coil and agitator speed not changing

appreciably, and only water flowrate inside the coil .changing) external

and internal heat transfer coefficients were determined by using

Eq. 2.15. i.e.
_1_=Y+ ]
U K'ye,®
and Eq. 2.16, i.e.
A. x A,
y = ] LI ! (constant)
HO AO k Am

by thin wall assumption (i.e. Ai = AO = Am). A plot of 1/U versus
1/v°+8 yields a straight line with an intercept of at the ordinate
vy and a slope of 1/K'. Again the least square fit was used to
determine the value of the slope of the straight line. In this way
from the slope, the internal film coefficient HI = K'V%+® was calcu-
‘1ated as function of hot stream velocity. From the intercept, the
external film coefficient, HO = 1/(y - (x/k)) was determined as a
constant. For each set at least five runs were performed. For the
single tank system, the hot water flowrate inside the coil changed

from 27.5 ml/sec to 5.7 ml/sec, while the hot water inlet temperature

T AL E A vayen s o, o
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was varied as 81.4, 73.0 and 61.850 respectively. for each set. For
two tanks in series, the hot water flowrate was varied from 16.6 ml/sec
to 5.7 m1/sec and hot water inlet temperature changed as 80.5, 71.5
and 60.9°C for each set.
In single tank experiments represented in Figure 5.4, (runs
5 to 10) from the intercept, the externa1‘fi]m‘coefficient was found

as 4255 w/m2°C (749 Btu/hr.sq.ft) at N . 29.000 (average in agitated

R
side). From the slope the internal film coefficient was calculated to
be 2928 W/m2°C (516 Btu/hr.sq ft.°F - at a water velocity of one foot
per second), at Npe = 4112 (inside the coil). As, for Figure 5.5

(runs 11 to 15) at N o = 26.000 (agitated side) the external film heat

R
transfer coefficient is 4219 W/m?°C (743 Btu/hr.sq ft.°F), and the
internal film heat transfer coefficient, at,NRe = 3761 (inside the coil)
is 2916 W/m2°c (513 Btu/hr.sq ft.°F) at a water ve]ocity of one foot

per second. For Figure 5.6 {runs 16 to 20) the external film coeffi-

cient, at NRe = 24,000 (agitated side) is 4016 W/m2°C (707 Btu/hr.sq ft.°F)

and the internal film coefficient. at N,. = 3165 (inside the coil), is

Re
2610 W/m2°C (460 Btu/hr.sq ft.°F - at a water velocity of one foot per
second). A1l results for the single tank are given in Table 5.4.

For two tanks 1h series (Figure 5.8 - runs 25 to 29) for tank I,

at N 0 = 27.000 (agitated side) external film heat transfer coefficient

R
is 4266 W/m2°C (751 Btu/hr.sq ft.°F) and internal film coefficient at

NRe = 2736 (inside the coil) is, 2720 W/m2°C (479 Btu/hr.sq ft.°F) at -

a water velocity one foot per second. For tank II, at NRe = 38.100
(agitated side) external film heat transfer coefficient is 4830 w/m2°C

(850 Btu/hr.sq ft.°F) and internal film coefficient at N, = 4353 (in-

Re

side the coil), is 2760 w/m2°C (486 Btu/hr.sq ft.°F) at water velocity

Frysps
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- one foot per second. All resu1tsyfor two tanks in series are given in
Table 5.6 and also are representedAon Figures 5.9 and 5.10. The speed
of the agitator remained constant at 200 rpm for both single tank ahd
and two tanks in series.

Also to observe the effect of agitator speed on external film
heat transfer coefficient. Logarithmic plot of agitator speed vs
external film coefficient was plotted in Fiqure 5.11 for two tanks in
series. Figure 5.12 for single tank. First this data were fitfed a
straight Tine, slopes were found 0.60 for single tank, for two tanks
in series, tank I and tank IT 0.59, 0.62 respectively. But when these
data were fitted a second order polinomial, (i.e. Tn HO = A + BInN +
C(]nN)Z) coefficient of the second order vafiab]e was found unexpectedly
0.33 for single tank, for two tanks in series -0.26, -0.31 for tank I
and tank II respectively. So. as a result it is impossible to observe

asvmptotic values for agitator sbeed from these data.
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TABLE 5.1 - Sample Temperature - Time Data - Observed

THT(2) - TC2

Set No: 1 (Two tanks in series)
N : 200 rpm
W 15.0 ml/sec
M : 22.0 ml/sec
TCO(1): 12.5°C
TH1(1): 81.0°C
TC1S TC2S TH2S - TH3S
26.0 45.9 49,6 29.8
TCO(2): 12.5°C
TH1(2): 69.3°C
Time TC1 TC2 TH2 TH3 ALPHA* BETA**
(sec) °C °C °C °C
30 25.8 45.1 47.8 29.3 0.159 0.112
60 25.6 44.5 47 .1 29.0 0.158 0.105
90 ' 25.4 43.9 46.8 28.8 0.159 0.114
120 25.3 43.6 46.6 28.6 0.155 0.116
150 25.2 43.1 46.1 28.5 0.158 0.114
180 25.0 42.7 45.8 28.3 0.159 0.116
210 24.9 42.5 45.7 28.1 0.154 0.119
240 24.8 42.2 .45.5 28.0 0.155 0.121
270 24.7 42.0 45.3 27.9 0.155 0.120
300 24.6 41.8 45.3 27.7 0.150 0.127
330 24.5 41.6 45.1 27.6 0.15] 0.126
360 24.4 41.5 45.0 27.5 0.151 0.125
390 24.3  41.3 45.0 27.4 0.150 0.132
420 24.2 41.1 44.8 27.3 0.151 0.137-
450 24.0 41.1 44.7 27.3 0.159 0.127
480 23.9 41.0 44.6 27.2 0.159 0.127
510 23.9 40.9 44.6 27.2 . 0.159 0.130
540 23.8 40.9 44.5 27.1 0.159 0.126
570 23.7 40.8 44.4 27.1 0.164 0.126
600 23.7 40.7 44.3 27.1 0.165 0.125
630 23.7 40.7 44.3 27.1 0.165 0.125
660 23.7 40.7  44.3 27.1 0.165 0.125
.
TH3 - TC1
TH2 - TCI
* %k
TH2 - TC2
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TABLE 5.2 - Sample Temperature - Time Data - Calculated

Set No: 1

N : 200 rpm

W : 15.0 ml/sec
M : 22.0 ml/sec
TCO(1): 12.5°C
TH1(1): 81.0°C

TC1S TC2S TH2S TH3S
126.23 46.64 50.84 30.55

TCO(2): 12.5°C
TH2(2): 69.3°C

Time TC1 TC2 TH2 TH3
(sec) °C °C °C °C

30 26.09 45.63 48.64 30.04
60 25.92 44,83 47.94 29.78
90 25.74 44,19  47.38 29.53 , :
120 25.56 43.66 46.92 29.30 ~

150 - 25.38 43.23 46.55 29.09
180 25.22  42.87 46.24 28.90
210 25.07 42.58 45,98 28.73
240 24.94 42.32 45.76  28.58
270 24.81 42.11 45.57 28.45
300 24.71 41,93 45.41 28.34
330 24.61 41.78 45.28  28.23
360 24.53 41.65 45.17 28.14

540 24.20 41.17 44.74  27.80
570 24,77 4112 44,70  27.77
600 24.14  41.08 44.67 27.74
630 24.12  41.04 44.64 27.71
660 24.10  41.01 44.61 27.69
690 24.08 40.99 44.59 27.67
720 24.06 40.96 44.57 27.66
750 24.05 40.94 44.55 27.64
780 24.04 40.93 44.54 27.63
810 24.02 40.91 44.52 27.62
840 24.02 40.90 44.51 27.61
870 24.01 40.89 44.50 27.60
900 24.00 40.88 44.49 27.59
930 23.99 40.87 44.49 27.59
960 23.99 40.86 44.48 27.58
990 23.98 40.86 44.48  27.58




TABLE 5.2 - Continued..

Time TC1 TC? THZ TH3

(sec) °C °C °C °C

1020 23.98 40.85 44.47 27.57
1050 23.98 40.85 44.47 27.57
1080 23.97 40.84 44.46 27.56
1110 23.97 40.84 44.46 27.56
1140 23.97 40.84 44.46  27.56
1170 23.97 40.83 44.45 27.56
1200 23.97 40.83  44.45 27.56
1230 23.96 40.83 44.45 27.55
1260 23.96 40.83 44.45 27.55
1290 23.96 40.83 44.45  27.55
1320 23.96 40.82 44.45 27.55
1350 23.96 40.82 44.45 27.55
1380 23.96 40.82 44.44 27.55
1410 23.96 40.82 44.44 .55

69
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TABLE 5. 3 - Comparison of Experimental Results and Computed Results (SINGLE TANK)
- Agitator speed was changed -

Experimental Results

Computed Results

*
‘Hot water inlet temperature (°C) : 75.5

* Cold water inlet temperature (°C): 12.6

* Cold water'f1owrate (m1/sec) o 22.7

Run Agitated
%fje,‘;‘)’ HI HO U HI HO U
P (W/m2°C)  (W/m2°C)  (W/m2°C) (W/m2°C)  (W/mZec)  (W/m2°C)
1 200 ‘6711 4334 2465 6788 4692 2588
2 380 6711 6365 3011 6738 6983 3148
3 450 6711 7023 3151 6676 7741 3278
q 500 6711 7544 3252 6674 8225 3362
* Hot water flowrate (ml/sec) 26.5

0L
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TABLE 5.4 - Comparison of Experimental Results and Computed Results (

- Hot stream flow rate was changed -

SINGLE TANK)

Hot Stream - Experimental Results Computed Results
Run - E;??::E? H Ko . K H oy

(W/m2°C) (W/m2°C) (W/m2ec) (W/m2°C) (W/mée°C) (W/m2eC)

5 | 27.5 6663 4255 2432 7395 4892 2735
6 25.0 6219 4255 2370 6700 4801 2607

7 19.8 5077 4255 2183 5397 4662 2349

8 - 16.0 4289 4255 2020 4530 4616 2158

9 11.2 3302 4255 1773 3284 4452 1801

10 5.6 1894 4255 1267 1763 4164 1200

. .
Agitator speed (rpm)

*
“Hot water inlet temperature (°C) :

*
Cold water inlet temperature (°C):

*Co1d water flowrate (ml/sec)

200.0

10.5

19.5

YPYRETE P T
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TABLE 5.4 - Continued..

Hot Stream Experimental Results Computed Results
‘Run Flowrate
(ml/sec) HI HO U HI -HO U
(W/m2ec)  (W/m2°C)  (W/m2°C) (W/m2°c)  (W/m2°C)  (W/m2°C)

11 27.5 6663 4219 2420 6988 4738 2630
12 21.5 5487 4219 2246 5693 4726 2420
13 18.5 4815 4219 2124 4932 4613 2244
14 9.6 2870 4219 1635 2744 4303 1605
15 6.3 2062 4219 1337 1909 4225 1274

* v '

Agitator Speed (rpm) 200.0

*Hot water inlet temperature (°C) : 73.0

*Co1d water inlet temperature (°C): 15.9

*Co1d water flowrate (ml/sec) 20.3

A



TABLE 5.4 - Continued..

Hot Stream Experimental Results Computed Results
“Run Flowrate :
(m1/sec) HI HO U HI HO U
(W/m2°C)  (W/m2°C)  (W/m2°C) (W/m2°C)  (W/m2°C)  (W/m2°C)
16 27.1 5880 4016 2247 6379 - 4490 2464
17 19.0 4003 4016 1905 4658 4372 2130
18 16.1 3063 4016 1662 4063 4355 1993
19 10.0 2637 4016 - 1529 2613 4129 1536
20 6.4 1851 4016 1226 1774 4006 1192
%Agitated Speed (rpm) 200.0 .
*Hot water inlet temperature (°C) : 61.8

,*Co1d water inlet temperature (°C): 10.5

*Cold water flowrate (ml/sec) : 19.7

€L
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TABLE 5.5 - Comparison of Experimental Results and Results from the Computer (TWO TANKS IN SERIES)
- Agitated speed was changed - ‘ : :

EXPERIMENTAL RESULTS

TANK I : - TANK 11
Run Ag;;ggor HI] v HO] U] . HI2 H02 U2 |
(rpm) (W/m2ec)  (W/mP°c)  (W/m2°c) (W/m2ec)  (W/m2°c)  (W/méec)
21 | 200 3225 3962 1699 . 4269 4194 | 2005
22 : 280 3225 4901 1851 4269 5188 2208
23 450 3225 6421 2033 4269 6799 2455
24 500 3225 6897 2079 4269 7302 2517
COMPUTED RESULTS
21 200 3246 3960 1705 4202 4247 2002
22 280 3250 4890 1858 4225 ‘ 5289 2213
23 450 3226 6540 2045 , 4127 7098 2443
24 500 3243 7059 2100 4125 7646 2505
*Hot stream flowrate (ml/sec) : : 15.0
*
Cold stream flowrate (ml/sec) :.30.0
* .
Cold water inlet temperature (ml/sec) : 13.4

*Hot water inlet temperature (ml/sec) & 72.3

TATTTE N paemrn e s oy
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TABLE 5.6 - Comparison of Experimental Results and Computed Results (TWO TANKS IN SERIES)
‘ - Hot stream flowrate was changed -

EXPERIMENTAL RESULTS
TANK I TANK II

ﬁun Hot Stream HI] , HO] U] | H12 HO2 U2

Flowrate 0 2 5 5 5 2

(ml/sec) (W/m-°C) (W/m=°C) (W/m~°C) (W/m=°C) (W/m=°C) (W/m=°C)
25 16.6 4257 4266, 2019 4536 4830 2206
26 13.5 3605 4266 1859 3826 4830 2024
27 13.1 3464 4266 1821 3713 4830 1991
28 8.0 2332 4266 1450 2500 4830 1580
29 5.7 1794 - 4266 1222 1922 4830 1328

COMPUTED RESULTS

25 16.6 3940 4265 1945 | 4813 4853 2274
26 13.5 3207 4167 1731 3999 4742 2054
27 13.1 3123 4160 1705 3908 4737 2028
28 8.0 1933 3983 v 1259 2482 4455 1530
29 5.7 1415 3910 1011 1835 4303 1245

*

Agitator speed (rpm): 200.0
* .

Cold water inlet temperature (°C): 17.5

TTTATTS S mamwsr 2y cia 3y

*
Hot water inlet temperature (°C): 80.5

*
Cold water flowrate (ml1/sec)

: 24.0
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TABLE 5.6 - Continued...

EXPERIMENTAL RESULTS
TANK I TANK 11
RUN Hot Water HI] H01 U] HI2 HO2 U2
Flowrate 2 2 2 2 5 o
(m1/sec) (W/m=°C) (W/m=°C) (W/m-°C) (W/m-°C) (W/m=°C) (W/m=°C)
30 16.2 3444 4386‘ 1837 3992 4587 2022
31 13.4 2858 4386 1656 3313 4587 1832
32 10.2 2305 4386 1454 2672 4587 1617
33 8.2 1951 4386 1305 2261 4587 1457
34 5.7 1451 4386 1060 1682 4587 1192
COMPUTETD RESULT
- 30 16.2 3605 4099 1827‘ 4381 4589 2118
31 13.4 3009 4030 1649 3732 4518 1941
32 10.2 2314 3945 1405 2895 4374 1667
~ 33 8.2 1890 3894 1231 2383 4281 1473
34 5.7 1364 3839 081 1729 4151 1183
*Agitator speed (rpm) 200.0
*Hot water inlet temperature (°C): 71.5

*Co1d water inlet temperature(°C): 15.9

*Cold water flowrate (ml/sec)

9.



TABLE 5.6 - Continued..

E X PERIMENTAL RESULTS
TANK 1 TANK I1I
Run Hot water HI1 H01 U1 -HI2 HO2 U2
Flowrate 2 2 2 9 5 2
(m1/sec) (W/m°°C)  (W/m°°C)  (W/m°C) (W/m°C)  (W/m*C)  (W/m"°C)
35 16.5 4226 4132 1981 3865 4329 2068
36 13.5 3644 4132 1843 3313 4329 1843
37 10.4 2951 4132 1647 2683 4329 . 1561
38 8.6 2506 4132 1497 2278 4329 1369
39 5.7 1802 4132 1215 1648 4329 1041
COMPUTED RESULTS
35 16.5 3469 3968 1766 4137 4394 2020
36 13.5 2884 3920 1593 3487 4333 ’ 1840
37 10.4 2256 3849 1372 2755 4222 1598
38 8.6 1892 3805 1223 ' 2322 4145 1433
39 5.7 1312 3748 949 1616 4014 1118
*Agitatof speed (rpm) : 200.0 *Co]d water flowrate (ml/sec): 20.0

*
Hot water inlet temperature (°C) :

N .
Cold water inlet temperature (°C): 12.8

60.9
%
Average values.

LL
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5.A.2v Unsteady State Results

From the transient data obtained; the change in temperature

with time was plotted in Figure 5.13 and in Appendix I, in Figures

A.I1.1 through A.I.5. And for single tank time versus Alpha = %%%E%%%
e . _ TH3-TC2
and for two tanks in series time versus Alpha = s5tc2 3S well as

time versus Beta = %%%E%%%— were plotted to check whether, the over-

all coefficient remains constant. At the same time A]phé] is given
by Alphay = exp[- U A/WChph] and Alpha and Beta are equal to
Alpha = exp[-U]A/wchph], Beta = exp[-UzA/NChph]. For example single

tank set 2 average A]pha] was found to be 0.198 and is shown in

Figure A.I.2 and in Table A.I.6 (Appendix I). Two tanks in series

for set 1 Alpha = 0.157 and Beta = 0.122 values were calculated and
also ére tabulated in Table 5.1 and shown on Figure 5;13.

Time constants Were determined for’both single tank and two
tanks in series. The value of tank temperature (TC1, TC2) réaches
63;2 percent of its ultimate value when the time elapsed is equal
to one time constant [32]. For example considering two tanks in

series and experiment set 1

for‘tank I »
TCO»= 26.0°C (value of tank temperature at the beginning)
TC = 23.7°C (ultimate value of the tank temperature)

[e2]

k TC1% = 24.5°C (value of tank temperature after one time
1 constant elapsed)

from Figure 5.13 time constant was found to be T, < 330 sec.




Temperature ( °c )

50

Set-1 Two tanks in series.

A TH2
TC2
00 o0 o o0—0
40
{
30.0TH3S

0 150 300
O ( sec )

Figure 5-I3. Temperature change with time for unsteady-state heat transfer.
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For tank II
TC20 = 45,9°C
TC2w = 40.7°C

and TC2,. = 42.6°C
T, 7
again from Figure 5.13 time constant was found as T, = 195 sec.
From computed temperatures for the same set;

Tank 1

TC1o

TCl_,

26.23°C
23.96°C

1l

TC1. = 24.75°C
Tl

and T, = 288 sec
Tank II
TC2, = 46.64°C
TC2°° = 40.82°C

TC2_ = 42.96°C
T2

and T, = 175 sec

Tabulated results are presented in Tables 5.7 and 5.8. Other tables

and graphs for unsteady-state sets are given in Appendix I.




TABLE 5.7 - Time Constant

- Single Tank

Set No. Observed Computed
TC]0 TC1,, TC]T T TC]0 TC1 TC1 T
°C °C °C (sec) °C °C °ct (sec)

1 43.4 36.9 39.3 99 43.37 37.09 39.40 116
2 38.7 33.8 35.6 110 38.31 34.16 35.70 113
3 44.7 35.6 38.9 108 '44.86 35.62 39.02 112

TC1_ = Value of tank temperature at beginning

TCl1_ = Ultimate value of tank temperature

TC1T = Value of tank temperature after one time constant eTapsed

Time constant

L8



82

TABLE 5.8 - Time Constants - Two Tank in Series

OBSERVED

TANK 1 TANK 1T
Set | TC1_ TCl, TCl. * Tc2_ TC2_  TC2 T
No. | °c® °¢" °c" sec °c® o¢® ot s

1 26.0 23.7 24.5 330 45.9 40.7 42.6 195
2 24,2 22.3 23.0 240 40.6 36.4  37.9 225
3 22.8 19.8 20.9 230 39.8 31.6 34.6 160

COM

o

UTED

1 26.23 23.96 24.75 288 46.64 40.82 42.96 175
2 24,08 22.40 23.02 245 40.70 96.36 37.92 150
3 | 22.55 19.81 20.81 233 40.37 31.83 34.97 145

va]des of tank I and tank II temperatures at the beginning

_‘

(gp]

—

-

- -
o (]
N nN
1} It

ultimate values of tank I and tank II temperatures

TC]T, TC2T = value of tank I and tank II temperatures after one time
1 2 constant elapsed.

T = time constants for tank I and tank II, respectively.
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5.8 COMPUTER ANALYSIS OF DATA

Two iterative computer programs for both single tank and two

tanks in series were developed. Calculations were made in three

stages. In contrast to the approach used for experimental calculations,

first external and internal film heat transfer coefficients (Chapter
2.B, Eq. 2.6, 2;7, 2.9) were calculated using the empirical equations.
Since a dimensionally similar system to Cumming-West [19]; was used
to calculate external film heat transfer coefficient, Cumming-West's
empirical approach was chosen _

(1. HO:1.01(K/Dp) (NDRo/u) ®+ 52 (Cu/K) /2 (/)0 10)

Secondly overall heat transfer coefficient as calculated by combining
the three series resistances (inside coefficient, tube wall, and out-
side coefficient). Eq. 2.2 was used neglecting fouling factorsvand
with thin Wa11 assumption (i.e. 1/U = (1/HI)+(]/HO)+(x/Kw», and the
third stage deals with calculation of temperatures for both steady-
state and unsteady-state cases.

Comparison of computed temperatures and experimenta]1y
observed temperatures for steady case are given in Appendix I and
Tables A.I.1 through A.I.4. |

Also computed external, internal and overall heat transfer
- coefficients with thbse of graphically found from the experimental
data are given in‘Tab]es 5.3 through 5.6.

As an example of unsteady state case computed temperature-
time results are given in Table 5.2. |

For example stéady—state case for single tank in Table 5.4

(run: 9) at Ny _: 29110 (agitated side) external film coefficient was

Re”’

TETIIEL A * gr s wase g )
Fiyiiwe s T FE R WSmIOW R Tt s
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calculated to be W/m2°C (784 Btu/hr.sq ft.°F) and internal film coeffi-
cient at NRe = 4800 (insidé the coil) is 3284 W/m2°C (578 Btu/hr.sq ft.°F).
Thermal resistance of tube, in Eq. 2.2 is x/Kw. The thermal con-
ductivities of the tube wall was taken as 386 W/m °C [6] for copper.
The physical properties of water (C_, u, k, p) as é function

p
of temperature as given in Appendix IV.

i
|
1
1
|
|
:
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VI, DISCUSSION

6.A A DISCUSSION OF RESULTS AND FURTHER SUGGESTIONS

The system used in this investigation is a system that is -

dimensionally similar to that uséd by Cumming-West [19]. |
.Cumming—West's correlation for heatiné and cooling fluids in

a vésse] with a single coil as heat transfer surface is given in

Table 2.2, i.e. HO = 1.01(DT)-lk(DAZNp/u)°-52(cpu/k)°-33(u/uw)°-1“.

The individual film heat transfer coefficients were calculated
from the experimental overall coefficients by using the Modified-Wilson
graphical méthod and two computer programs were developed for computing
fiTm heat transfer coefficients and temperatures. These computed values
were compared with the values obtained experimentally. It was reconfirmed
that using the geometry factor "1.40", as pointed out by Ackley [24] in-
stead of "1.01" gave better results as shown by the sample calculation
in Table 6.1. The calculated values of "HO" from the correlation agree
within experimental error with the value of "HO" from Wilson's graphica1
method. Hence the method of interpretation used appears to be sound
for the data obtained. -Film héat transfer coefficients for the various

conditions of testing and for the steadsttate case are given‘for both




the single tank ahd two tanks in series in Tables 5.3 thkough 5.6.

TABLE 6.1 - Comparison of Geometry Factors With Experimental
Results (SINGLE TANK)

Geometry factor: 1.01

TC1 TC2 HI HO U

Run °C °C W/m2°C W/m2°C  W/m2°C

11 43.04 52.70 7031 3410 2167
12 43.48 51.05 5725 3405 2023
13 39.77 47.15 4965 3328 1894
14 30.24 3536 2766 3115 1411
15 28.69 31.80 1922 3060 - 1145
Geometry factor: 1.40 |
11 44.42 51.64 6083 4738 2492
12 44.57 50.15 5603 4726 2420
13 40.70 46.15 4932 4613 2244
14 30.68 34.46 2744 4303 1605
15 28.86 31.18 1909 4225 1274

Experimental results

1M 44.8 5.2 6663 4219 2420
12 441 50.3 5487 4219 2246
13 40.7  46.3 4815 4219 2124
14 30.9  34.9 2870 4219 1635

15 = 29.0  30.9 2062 4219 1337
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The model for heat transfer in two consecutive stirred tanks give result
which are in agreement with experimental results.
| ’Unsteady state experimental results are presented in Table 5.1

and Figure 5.13 and in Appendix I, Tables A.I.5 through A.I1.9 and on
Figurés A.I1.1 through A.I1.5. As shown in the figures for single tank
A]pha] and for two tanks in series Alpha and Beta remained‘a]most cons-
tant, i.e. the convective heat transfer coefficient for unsteady-state
conditions has the same value as for steady-state conditions.

The values of the individual film heat tfansfer coefficients
found in this study were in agreement with the previously published
values [17] and [19] for similar cases as shown in Figufe 6.1.

In_this investigation, a Reynolds Number range of 19,439 to
76,727 has been used for the agitated side, which is a region that has not
beenﬁnveétigated much until today. In the coil side the range of Reynolds
numbers was 1100 to 14000. For low velocities, i.e. expected laminar flow
and transition region, theoretically obtained temperatures were highly
different from the experimentally obtained. This problem was solved
using the equation applicable to turbulent region for low velocities too.
A sample is shown in Table 6.3. Itbis concluded that because of the
geometric effects, turbu]ent flow is observed even for Tow Reynolds
numbers.

The effect of agitator speed on the heat transfer coefficient
is shown on Figures 5.11 and 5.12. It could be reasoned that higher
agitation speeds up to a certain value should produce higher heat
transfer coefficients and this was found to be true in both cases for

single tank and two tanks in series.



TABLE 6.2 - Determination of Geometry Constant (Fig. 6.1)
(SINGLE TANK) -

* DANo (HoDp/K) (u, /u)®=t*
Run NRe = Y =
" (Cpu/k)°-33

1 33490 886 1.39
2 64300 1341 1.40
3 69200 1361 1.36
4 73500 1459 1.40
5 37100 941 - 1.39
6 35221 929 1.40
7 32121 860 1.38
8 31815 849 1.37
9 28709 788 1.37
10 24562 732 1.39
11 34100 920 1.42
12 34685 912 1.40
13 32571 - 882 1.40
14 26600 762 1.38
15 25834 760 1.40
16 - 30023 767 1.30
17 26812 745 1.34
18 26003 741 1.37
19 24151 720 1.38
20 22409 698 1.40
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TABLE 6.2 - Continued... (TWO TANKS IN SERIES)

TANK I TANK 11
Run '
N%, Y C Nk, Y c,
21 21842 686 1.40 2985 823 1.38
22 | 31009 855 1.40 42826 1022 1.37
23 49862 ~ 1123  1.37 67841 1327 1.34
24 57248 1218 1.37 76727 1478 1.38
25 26630 776 1.40 38039 963 1.39
26 25364 766 1.42 35467 944 1.4
27 25072 756 1.41 35339 939 1.42 |
28 23900 740 1.42 33112 900 1.41 )
29 22895 - 721 1.42 31780 875 1.4 %
30 26033 769 1.40 32309 875 1.40 :
31 25074 762 1.42 30824 862  1.42 §
32 24300 746 1.42 30114 843 1.40 '
33 23355 722 1.41 29638 831 1.40
34 22711 711 1.41 28620 816 1.41
35 22053 685 1.39 28861 801 1.37
36 21472 677 1.40 27646 793 1.39
37 20609 660 1.40 25767 769 1.40
38 20086 648  1.39 24544 751 1.42
39 19439 635 1.39 23868 729 1.40

*Modified Reynolds number

C Geometry constant
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TABLE 6.3 - Sample Comparison Between Observed Temperatures
and Calculated Temperatures (TWO TANKS IN SERIES)

Experimentally observed temperatures

*

Run NRetank I NRetank - TCl TC2 TH2 TH3
25 5506 7959 30.9 49.5 53.7 33.9
26 4159 6294 - 27.6 45.6 49.6 29.9
27 4018 6145 27.3 45.4 48.1 29.5
28 2068 3419 22.1 36.6 38.8 22.9
29 1352 2327 20.1 31.1 . 32.9 20.8

Calculated results using laminar and transition regions equations

25
26
27
28
29

Calculated results using turbulent region equations

25
26
27
28
29

6913 - 8545 26.77 37.45 64.95 51.38

5351 6849  25.56 - 35.72 62.50 47.81 !
5190 . 6682 25.57 35.74 62.62 47.64 :
2708 | 3815 22.84 31.27 54.29 38.08 ;
1732 2610 21.24 28.61 48.59 32.23 ]

5402 8002 30.38  49.09 53.36 34.6]
4080 ) 6296 27.55 45.24 49,11  30.93
3998 6205 27.36  45.04 48.86 30.65
2067 3421 © 22.34  35.96 38.69 24.04
1360 2330 20.23 31.23  33.27 21.25

*
_ Coil side.
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During the experiments no measurements were made bf coil wall
temperatures; hence no direct data are available for the temperature
difference between the coil wall and mixed water. But in computer
programs wall temperatures were estimated to calculate viscosity at
wall temperatures. | |

Equation of Cumming-West [19] and Chilton et.al [17] (Table 2.2)
incorporate all the apparatus dimensions in the geométric constant 1.01
and 0.87 respectively which therefore restrict their application to
apparatus geometrically similar to their experimental equipment. It
is of interest to note that the exponentials of the Reynolds Number
and Prandtl Number ake.not only constant in‘any given system, but seem
to change very little with widely different mixing systems (Table 2.2,
Chapter 2). If this conclusion can be substantiated, a greatly simp-
lified approach to mixing heat transfer prob]emé will be indicated.

}he systems used in the present work were small. In scaling
up heat transfer systems, all the different quantities that can be
used fo describe flow pattern and mixing performance are numerically
different from a small to a large system. It'is, therefore, important
to carefully consider the effect of each these variables on scale-up
‘and to make sure that, these adjustments are made properly. Further
work on large scale apparatus is needed to check the film heat transfer
equation.

The following work seems to desirable in this area of heat

transfer.
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1. to obtain generalized correlation for external film
heat transfer coefficient, extensive available data

-wWith numerical and computer techniques.

2. to study the effect of finned coil geometry on external

film heat transfer coefficient.

3. to determine the effect of agitator speed and type on
external film heat transfer coefficient for finned-

coiled tank.

4. to obtain additional experimental data using different

Tiquids in agitated side of tank.

6.B DISCUSSION OF ERRORS

Any experimentally determined quantity is subject to error
and hence any calculated result which is based on experimental evi-
dance is also limited in atcuracy. The determination of the derived
error from the observed error is a calculation 6f some importance
since it indicates the point where experimental technique should be
improved.

There are many sources of error. For this study sources

of errors can be classified as follows:

1. . Errors of measurement

2. Precision errors
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The first type of errors are due to physical limitations of reading
scales. In this study this type of error arised from measurements
of diameters (tank, coil, coil tube agitator), f]owrates and agitator
speed. Precision error are the "built in" errors of the apparatus,
this type of errors arised from uncalibrated scale on digita] thermo-
meter and graduated cylinder. For example the digital thermometer
was capable of measuring temperature to one decimal point.

A1l of above errors can only be estimated and rarely measured.
Estimated values of errors are given below (Estimation of length were

dependent on measurement made at 1east‘five different points).

. Absolute error in diameter of agitator (6DA)

0.01
Absolute error in djameter of cqi] tubing (6DH) 0.01
Absolute error in diameter of coil (SDC) 0.20
Absolute efror in diameter of tank (SDT) 0.10
Absolute error in agitator speed (SN) : 3 rpm
Absolute error in hot water flowrate (&W) : 0.05
Absolute errors in temperatures (68T) : 0.4°C
Absolute errors in coil outside wall temperature (STW): 0.5°C

In the following part of this chapter, a general functional
" relationship for the film heat transfer coefficient in agitated side
of vessel and in the coil side is developed to calculate the error
margin. |

Empirical equation used to calculate the film heat transfer

coefficient in agitated side of the vessel is,

cm
cm
cm

cm

ml/sec




ND 0,62 C U ,33 U

HO = 1.40(Dp) k() T () T ()0

where;

p=f(T), w=+~(T), ¢, ,=F(T), u =unT)

95

(6.1)

and external film coefficient is é function of below variables.

HO = f(DT, DA’ Ns Ta TW)

In the simplified form of equation (6.1)

o -1,0,77n1,2450,62_.0,62+0,33 ., =0,14 0,15
HO = 1.40DC k DA N o Cp. Uy u (6.2) ;
503 :
HO = HO' + GSHO
: : HO, Dc’ DA’ N, Tw, T = Poorest acceptable
= L .
DT DT + 6DC readings
L ' 1 1 ' 1 =
DA DA + GDA HO DT’DA’N T o1 Unknown true values
N = N' + 6N 8HO, 6D, , 6N, 8T ., 6T = Absolute errors
o A w?.
in HO, D, D,, N, T ,
T =T+ 6T AN
W W w and T respectively.
T =T' + 6T

Taking the partial derivatives of Eq. (6.2) final equation to calculate

error margin can be written as (Appendix V)

8D )
SHO o Ty e —B ) 4 joee SV 4
oo D, |
a 6T,
]-0.14(p ) — + |0 77(k | + |o 62(p
M, k

o ST | -0 yo ST
+10.33(6))" ¢ + 1-0.156)"

_QI;I
P
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where;

(k) (C)'s (P)'s (W)'s (w,)' are derivatives.

- Empirical equations used to calculate film heat transfer

coefficient inside the coil is;

HI = 0.023k D!

H (CPU/k)O'3?(DHVH/U)O'B(U/uw)o°lq(] + 3.5(DH/DC))

(VH_= W/3.1414(Dﬁ/4))

HI = 0.028k0,77u—o,33C;,33u&o,140ﬁ1,ew0,8 + 0.028(3.5)k% 770433

. C0'33

-0,14n-11y0,8
D My Dc W ' (6.3)

HI = f](D W, T, Tw) + f (W, D

H? 2(

taking partial derivative of Eq. (6.3) the following equation is
finally developed to calculate error (Appendix V).
SHI = HI[]0.8(sW/W)| + [-0.14(u )' (8T /u )| + |0;33(cp)'(aT/cp)J

+10.77(k) " (8T/K)| + 10.33(u)*(8T/u)| + [-0.8(8D,/D, ]

0,77,,~0,3300,33,,=0,140,8n=1,8(_
+ ]0.028k U qp Uy W DH ( GDH/DH)

+ 0.098k0.77cg.33uf0.33U;0.IMNO_SDQO.8D 6D /D )|

Numerical error va]ues'dépending on the estimated error values

are given on Table 6.4.
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TABLE 6.4 - Numerita] Error Values
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TABLE 6.4 - Continued...

Run SHI() SHI%. SHO(z) SHO% SU(+) SU%
35 24.3 0.70 54.2 1.36 17.0 0.96
36 19.6 0.68 53.6 1.37 14.8 0.93
37 14.5 0.64 52.7 1.37 12.0 0.88
38 11.5 0.61 52.2 1.37 10.2 0.83
39 6.8 0.52 51.4 1.37 6.8 0.72

TANK TI1
21 31.3 0.77 59.9 1.33 19.9 0.98
22 31.5 0.77 59.4 1.07 18.7 0.85
23 30.5 0.76 60.7 0.83 17.8 0.73
24 30.3 0.75 61.7 0.78 17.8 0.72
25 39.7 0.82 63.2 1.30 22.7 1.00
26 31.7 0.79 62.3 1.31 20.0 0.97
27 30.8 - 0.79 62.3 1.31 19.7 0.97
28 17.0 0.68 59.6 1.34 13.5 0.88
29 11.0 0.60 58.1 1.35 9.9 0.80
30 34.1 0.78 60.9 1.33 20.9 0.99
31 28.2 0.76 60.3 1.34 18.7 0.96
32 20.4 0.70 58.5 1.35 15.3 0.92
33 15.8 0.66 57.8 1.35 12.9 0.87
34 10.0 0.58 56.4 1.36 9.2 0.78

35 30.9 0.75 59.0 1.34 19.8 0.98
36 25.3 0.73 58.4 1.35 17.5 0.95
37 18.8 0.68 57.2 1.35 14.5 0.91
38 15.1 0.65 56.3 1.36 12.4 0.87
39 9.0 0.56 54.8 1.36 8.5 0.76
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APPENDIX 1

EXPERIMENTAL DATA AND COMPUTED TEMPERATURES

SYMBOLS USED

SINGLE TANK

TCO:
TH1:
RSk
THZ:

TWO

TCO:
TH1:
TC1:
TC2:
TH2:

TH3:

Cold water inlet temperature (°C)
Hot water inlet temperature (°C)
Cold water exit temperature (°C)

Hot water exit temperature (°C)

TANKS IN SERIES

Cold water inlet temperature to tank I (°C)
Hot water inlet temperature to tank II (°C)
Cold water exit temperature from tank I (°C)
Cold water exit temperature from tank II (°C)
Hot water exit temperature from tank I1 (°C)

Hot water exit temperature from tank I (°C)
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TABLE A.1.1 - Agitator Speed is Variable - Singfe Tank - Steady State

Observed Temperatures

Computed Temperatures

an N W M TH TC TC TH2 TCT TH2
~(rpm) . (m1/sec) (m1/sec) (°C) (°c)  (°C) (°C) (°C) (°C)
1. 200 26.5 22.3 75.6 12.6 | 41.6 50.5 42.35 50. 36
2 380 26.5 22.5 75.7 12.5 | 42.9 49.3 43.48 49.19
3 450 26.3 22.5 75.5 12.6 | 43.5 49.0 43.60 48.79
4 500 26.5 23.5 75.0 12.6 | 42.2 47.9 - 42.88 47.95

eot



TABLE A.I.2 - Hot Water Flowrate is Variable - Single Tank - Steady-State

Observed Temperatures

Computed Temperatures |

R W TH1 M N TC TC1 TH TC1 TH
N (m/sec (°c) ml/sec (rpm) (°c) (°C) (°c) (°C) (°c)
[} 27.5 83.5 19.2 200 11.3 48.5 57.0 48.92 57.01
6 25.0 81.2 18.5 200 8.9 45.0 53.5 45.72 53.72
7 19.8 80.0 19.0 200 8.5 41.5 47.9 41.34 48.20
8 16.0 82.2 19.5 200 10.3 40.0 45,7 39.88 45,81
-9 - 11.2 81.5 20.5 200 12.1 34.6 38.9 34.89 39.38
10 5.6 80.1 20.0 200 12.1 26.3 28.2 26.33 28.73
11 27.5 73.5 21.0 200 16.0 44.8 51.2 44 .42 51.64
12 21.5 73.3 18.0 200 17.1 44,1 50.3 44 .57 50.15
13 18.5 72.5 20.0 200 16.5 40.7 46.3 40.70 46.15
14 9.6 73.5 20.0 200 12.1 30.9 34.9 30.68 34.46
15 . 6.3 72.1 22.5 200 17.5° 29.0 30.9 28.86 31.18
16 - 27.1 62.8 19.5 200 10.0 36.9 43.4 36.56 43,57
17 19.0 62.3 20.2 200 10.9 33.2 38.4 32.93 38.72
18 16.1 62.9 19.0 200 11.3 33.0 -37.1 32.58 37.62
19 10.0 60.3 20.0 200 10.1 25.8 28.8 25.50 29.28
20 6.4 60.6 20.0 200 10.3 22.8 24.0 21.79 24.42

vol




TABLE A.I1.3 - Agitator Speed is Variable - Two Tanks in Series - Steady-State

Observed Temperatures

“Computed Temperatures

Run N W M TH1 TCO TC1  TC2 TH2  TH3 | TCT  TC2 ~ TH2  TH3

- (rpm) = (ml/sec)  (ml/sec)  (°C)  (°C) (°c) (°c) (°c) (°c) | (°c) (°c) (°c) (°C)
21 200 15.0 30.2 73.4 2.2 20.8 36.6 41.7 25.1 | 20.52 36.25 41.48 24.60
22 280 15.0 30.0 74.5 12.8 | 21.3 37.4 42.0 24.4 | 21.27 37.50 41.80 24.72
23 450 15.1 30.0 71.0  12.3 2.0 36.5 40.1 23.9 | 21.34 36.79 40.07 24.(
24 500 15.0 30.0 70.3  15.3 22.8 37.1 39.6 25.1 | 22.92 37.66 40.61

25.28

601




TABLE A.I.4 - Hot Water Flowrate is Variable - Two Tanks in Series - Steady-State

Observed Temperatures

Computed Temperatures

Run W TH1 M N TC €1 TC TH2  TH3 TC TC2 TH2 TH3

(ml/sec) (°C) (ml/sec) (rpm)  (°C) (°cy (°c) (°c) (°cC) (°c) (°C) (°c) (°C)
25 16.6 80.6 24.0 200 17.5 30.9 49.5 53,7 33.9| 30.38 49.09 53.36 34.61
26 13.5 80.8 24.0 200 17.4 27.6 45.6 49.6 29.9 | 27.55 - 45.23 49,11 30.94
27 13.1 81.5 24.0 200 17.5 27.3 45.4 48.1 29.5| 27.36 45.04 48.86 30.65
28 8.0 79.9 24..0 200 17.5 22.1 36.6 38.8 22.9| 22.3% 35.96 38.68 24.04
29 5.7 80.0 24.0 200  17.4 20.1 31.1 32.9 20.8| 20.23 31.22 33.27 21.25
30 16.2 71.0 28.0 200 16.2 26.6 40.8 44.9 30.6| 25.25 40.28 44.87 29.11
31 13.4 72.8 28.0 200  15.8 23.5 38.8 41.7 26.1 23.24  37.83 42,09 26.44
32 10.2 71.2 28.0 200  15.9 19.8 32.5 36.8 22.8| 20.88 33.30 36.84 23.08
33 8.2 71.3 28.0 200 15.8 18.9 30.1 33.1 20.6| 19.40 30.41 33.43 21.03
34 5.7 71.1 28.0 200  15.9 17.9 26.7 28.7 18.6| 17.89 26.46 28.67 18.80
35 16.5 60.7 27.0 200 12.5 21.4 34.8 39.4 24.4| 20.99 34.31 38.97 24.81
36 13.5 61.7 27.0 200 12.9 19.5 31.8 35.8 21.3| 19.67 32.27 36.36 22.73
37 10.4 61.2 27.0 200 12.9 17.9 28.9 32.8 19.2| 17.65 28.73 32.25 19.84
38 8.6 60.9 27.1 200 12.8 16.1 25.6 29.8 18.1 16.38 26.30 29.41 18.07
39 5.7 60.4 27.0 200  12.9 15.3 .22.3 24.1 15.6| 14.76 22.28 24.52 15.66

g0l




TABLE A.I1.5 - Temperature - Time Data - Observed.

Set No. : 1 (Single tank)

N - Agitator speed : 200 rpm
W - Hot water flowrate : 18.5 ml/sec
M - Cold water flowrate: 20.0 ml/sec

TCO(1) : 14.2°C
TH1(1) : 81.3°C

TC1S TH2S
43.4°C 49.1°C

TCO(2) : 14.2°C
TH2(2) : 67.0°C

 Time TC1 TH2 *ALPHA,
sec °C °C
30 41.8 45.9 0.162
60 40.7 44.9 0.160
90 40.0 44.3 0.159
120 37.5 43.8 0.156
150 38.9 43.5 0.163
180 38.0 43.1 0.164
210 37.8 42.9 0.169
240 37.7 42.7 0.168
270 37.5 42.5 0.164
300 37.4 42.2 0.159
330 37.3 42.1 0.159
360 37.2 42.0 0.158
390 | 37.1 T 41.9 0.158
420 37.0 41.9 0.161
450 37.0 4.8 0.160
480 | 36.9 41.8 0.160
510 ~36.9 41.7 0.159
540 "36.9 8.7 0.159
570 © o 36.9 41.7 0.159
600 36.9 41.7 0.159

* . :
' ALPHA1 = (TH2 - TC1)/(TH1 - TC1)
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TABLE A.1.6 - Temperature - Time Data - Observed

Set No. :

(Single tank)

N - Agitator speed
W - Hot water flowrate : 20.0 ml/sec
M - Cold water flowrate: 20.0 ml/sec

: 200 rpm

TCO(1) 13.7°C
TH1(1) 69.0°C
TC1S TH1S
38.7°C  43.9°C

TCO(2) 13.7°C

TH1(2) 59.8°C
Time TC1 TH2 ALPHA,
sec °C °C
30 37.2 42.0 0.212
60 36.2 41.9 0.216
90 36.0 40.7 0.198
120 35.4 40.6 0.213
150 35.1 40.1 0.202
180 35.0 40.0 0.202
210 34.8 39.8 0.200
240 34.7 39.7 0.199
270 34.6 39.6 0.198
300 34.4 39.3 0.193
330 34,3 39.3 0.196
360 34.2 39.1 0.191
390 ©34.1 39.1 0.195
420 34.0 39.0 0.194
450 34.0 38.9 0.190
480 33.9 '38.8 0.189
510 33.8 38.8 0.192
540 33.8 - 38.8 0.192
570 33.8 38.8 0.192

600
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TABLE A.I.7 - Temperature - Time Data - Observed

Set No. : 3 (Single tank)

N - Agitator speed . 200 rpm
W - Hot water flowrate : 20.0 ml/sec
M - Cold water flowrate: 20.0 ml/sec
TCO(1) : 12.9°C
TH1(1) : 83.8°C

TC1S TH2S

44,7 o¢c  50.5 °C

TCO(2) : 12.9°C
TH1(2) : 63.5°C

Time TC1 TH2 ALPHA]
sec °C °C

30 42.8 46.1 0.160

60 41.1 44.6 0.160
90 39.6 43.9 0.180
120 38.4 42.8 0.175
150 37.9 42.5 0.180
180 37.5 41.8 0.165
210 37.2 41.6 0.167
240 36.9 41.1 0.158
270 36.4 40.9 0.166
300 36.3 40.8 0.166
330 36.1 40.7 0.168
360 35.9 40.7 0.174
390 35.8 40.6 0.173
420 35.8 40.6 0.173
450 35.7 40.6 0.173
480 35.7 40.5 0.172
510 35.7 40.5 0.172
540 35,6  40.4 0.172
570 35.6 40.4 0.172
600 35.6 . 40.4 0.172
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TABLE A.I.8 - Temperature - Time Data - Observed

Set No. : 2 (Two tanks in series)

N - Agitator speed :> 200 rpm
W - Hot water flowrate : 15.5 ml/sec
M - Cold water flowrate: 24.0 ml/sec

TC0(1) : 13.2°C
THI(1) : 71.0°C

TC1S TC2S TH2S TH3S
24.2°C  40.6°C 45.3°C 27.7°C

TCO(2) : 13.2°C
TH1(2) : 61.8°C

10

Tine 101 TC2  TH2  TH3  *ALPHA  *BETA
sec °C °C - °C °C
30 24.0  40.0  43.4  27.3  0.170 0.156
60 23.8  39.4  42.8  27.0  0.168  0.152
90 23.6  39.2  42.4  26.8  0.170 0.142
120 23.5 38,9 42.0  26.6  0.167 0.135
150 23.3  38.5  41.6  26.3  0.164 0.133
180 23.2 383 4.3 26.2  0.166 0.271
210 23.1  38.0  41.2  26.0  0.161 0.135
240 23.0  37.8  40.9  25.8  0.157 0.129
270 22.9  37.7  40.8  25.8  0.162 0.129
300 22.8  37.5  40.8  25.7  0.161 10.136
330 22.7  37.4  40.7  25.6  0.161 0.135
360 22.7  37.3  40.6  25.5  0.156 0.135
390  22.6  37.2  40.6  25.5  0.16] 0.138
120 22.6  37.0  40.5  25.4  0.157 0.141
450 22.6  36.9  40.4  25.3  0.152 0.141
480 225 36.8  40.4  25.2  0.15] 0.144
510 22.5  36.7  40.3  25.2  0.152 0.143
540 22.4 3.7  40.3  25.2  0.157 0.143
570 22.4  36.6  40.3  25.1 0.151 0.147
600 223 36.5  40.2  25.1 0.157 0.146
630 223 36.4  40.2 - 25.1 0.157 0.150
660 22.3  36.4  40.2  25.1 0.157 0.149
690 22.3 36.4  40.2  25.1 0.157 0.149
_TH3 - TC1 . _ TH2 - TC2
ALPHA = =TT o BETA = s 2




TABLE A.I.9 - Temperature - Time Data - Observed

11

Set No. : 3 (Two tanks in series)

N - Agitator speed 200 rpm
W - Hot water flowrate : 13.5 ml/sec

M - Cold water flowrate: 28.5 ml/sec
TCO(1) : 13.7°C
TH1(1) : 83.2°C

TC1S TC2S TH2S TH3S
22.8°C 39.8°C 45.2°C 25.9°C

TCO(2) : 13.7°C
TH1(2) : 60.9°C
Time TC1 TC2 TH2 TH3 ALPHA BETA
sec °C °C °C °C

30 22.4 38.5 41.3 25.4 0.159 0.125

60 22.1 37.2 40.1 25.1 0.167 0.122
90 21.8 35.9 39.3 24.7 0.166 0.136
120 21.6 35.2 38.7 24.3 0.158 0.136
150 21.4 34.7 38.1 241 0.162 0.129
180 21.2 34.2 37.7 23.8 0.157 0.131
210 21.1 33.7 37.2 23.7 0.162 0.128
240 20.8 33.4 -37.1 23.2 0.148 0.134
270 20.7 33.2 36.9 23.1 0.148 0.133
300 20.5 33.0 36.6 22.9 0.149 0.129
330 20.4 32.8 36.4 22.9 0.156 0.128
360 20.3 32.6 36.3 22.8 0.156 0.130
390 20.2 32.5 36.2 22.7 0.156 0.131
420 20.1 32.3 36.1 22.6 0.156 0.133
450 20.1 32.2 36.0 22.6 0.157 0.133
480 20.0 32.0 35.8 - 22.5 0.158 0.131
510 20.0 31.9 35.7 22.5 0.159 0.131
540 19.9 31.8 35.6 22.4 0.159 0.131
570 19.9 31.7 35.4 22.4 0.161 0.127
600 19.8 31.7 *35.3 22.3 0.162 0.123
630 19.8  31.6 35.3 22.3 0.162  0.126
660 -19.8 31.6 35.3 22.3 0.162 0.126
690 19.8 . 31.6 . 35.3 22.3 0.162 0.126




Temperature ( °c )

50 b
Q@ TH2S

Set~I Single tank.

35 v e 6w aa . ALPHA ]
L .
33 N 2 1 N PRI i 2 1 " A P I T
0 150 300 450 600
© ( sec )

Figure A-I.I. Temperature change with time for unsteady-state heat transfer.

ALPHA

0.1
0.0

AN



Temperature ( °c )

45

40

35

30

TCIS

Set—~2 Single tank.

300
O ( sec. )

0.

ALPHA

[a]

0

Figure A-I.2. Temperature change with time for unsteady-state heat transfer.

€11



Temperature ( °C )

3
4PTHZS ;
50k Set-3 Single tank.
-
4Qr
40
=
Ay
-
,
l0.3
35 10.2
lo.1
33 1 " 2 i N 2 1 A M 2 1 : 2 2 N 1 1 1 1 1 0.v
0 150 300 450 600
O ( sec )

1T

Figure A-I.3. Temperature change with time for unsteady-state heat transfer.



Temperature ( °c )

45

20

Set-2 Two .tanks in series.

0 I50 300 450 600

0O ( sec )

Figure A~1.4. Temperature change with time for unsteady-state heat transfer.

ALPHA-BETA

STT



Temperature ( ¢ )

116

O

45 LTHZS

Set—-3 Two tank in series.

404

30 0

<
1l
23]
T
=
[a ¥}
—
.
TCI

20 F |
L e ~ - . ALPHA {0.2
i =% J{o.1

1 1 L1 1 . | 1 1 L 1 BETA 1
1 1 1 P 2 i N 1 ' N L

79 150 300 450 500 0.0

O ( sec )

Figure A-I1.5. Temperature change with time for unsteady-state heat transfer.



117

APPENDIX 11
MATHEMAT ICAL MODELLING

A.11I.1 MATHEMATICAL MODELLING FOR SINGLE TANK

As shown in Figure 3.1, flow of cold water was in the tank
side and hot water in the coil side. Counter current was performed
in this system.

Assuming W = w.chph, M= M.prw and V = V.prw heat

balance is;

WT, -WT

] 5 + Mto - Mt.I =V — (A.2.1)

Assuming proper agitation, (i.e. temperature in the tank, t]) the

heat transfer rate equation for the tank is

U.A(T, - T )
Wi -1y o
T, -t (T, - )
In7——%
1 1
or .
T2 - t]
In =— = exp[- U]A/W] = q
-t .

T, - t1 = u(T1 - t])
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T

p = oy - ofy + 1

T, = dy + (1-a)t (A.2.2)

2

1

From Equation (A.2.1)

. WT] + Mto - Mt] - V(dt]/de)
2 W
wT] + Mto - Mty - V(dt]/de) -WT - Wil - a)t] =0

First order linear equation with constant coefficients was obtained,

M+ W(1 - a)]t] +V(dty/de) = W(1 - a)T, + Mt (A.2.3)
F=M+W(0 - a)
H= W0 - )T, + Mt

‘Equation (A.2.3) can be written as,

Ft, + V(dt,/de) = H

then;
Vm+ F =20 m= -F/V

And therefore complementary function is

o me
t] = Ae

t] - Ae-F/Ve

The right hand side of Equation (A.2.3) is a constant and therefore
the particular integral is a constant and equal to right hand side
of Equation. (A.2.3) divided by the coefficient ty» then particular

solution;
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t]p = H/F =8B

And the complete solution is;
t] = AeM® 4 B

where A is arbitrary constant, using following initial conditions

it can be calculated

at 8=0 t. =1t

- _ -F/Ve , H

t] = [t1s H/F]e +

inserting W = wchph., M= Mprw s v =‘Vprw into above
equation, final form is,

WC, oy, (1-0)T; + Mcwpwtojexp((Mcwpw+wchph(]-a)/vcwpw)e
MCy0y * HCpop(1 - )

t, = [t

1s ~

(1 -0)

Mprw + WChph

Using Equations (A.2.2) and (A.2.4), unknown temperatures can be

calculated.

A.11.2 MATHEMATICAL MODELLING FOR TWO TANKS IN SERIES

As shown in Figure 3.2, heat balances for the two tanks in
series are as follows. Again assume that M = Mprw’ W= wchph and

V = Vprw. . “
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Tank I NT2 - WT3 + Mto - Mt.I V(dt]/de) (A.2.5)

- WT, + Mt, - Mt

Tank II WT] o 1 5

V(dt,/do) (A.2.6)

Heat transfer rate equations for the two tanks

‘ 34
Tank I = exp[—U]A/W] = q
[P
To - %
Tank I = exp[-U,A/W] = 8
T, -t ,
T3 - t1 = uT2 - at]
Ty -ty = BTy - BL,
Ty =al, + t,(1 - a) | (A.2.7)
T, = 8T, + t,(1 - ) | (A.2.8)

These four exuations (A.2.5), (A.2.6), (A.2.7), (A.2.8) have to be

solved simultaneously. Frequency of appearance of variables

3 2 1 2
1 1 1
1 1 + +
1 1 1
1 1 1

2 4 3,4+ 2,4+

+, shows differential form
Tss must be eliminated first, then T, because ti and tz'appear in a

differentiated form substitution of Equation-(A.2.7) into Eq. (A.2.5).
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WT, - W(aT

2 o ¥ t](l - a)) + Mt0 -_MCw = V(dt]/de)

WT, - WaT, - Wt, + Wot, + Mt - Mt, = V(dt,/de)
W1 - a)T, + Mt + (Wa - W - Mt, = V(dt,/de) (A.2.9)

now eliminate T2 from the system by substituting from Equation (A.2.8)
to Equations (A.2.9) and (A.2.6)

2

W(1 - a)[BT] + T2(1 - B)] + Mt0 + (Wo - W - M)t] = V(dt]/de)
W1 - )BT, + W(T - o) (1 - B)t, + Mt  + (Wo - W - M)t, = V(dt,/do)
(A.2.10)
and _
WT, - WBT, + t,(1 - 8)] + Mt, - Mt, = V(dt,/d6)

WT, - WBT] - W(T - B)t2 + Mt, - Mt, = V(dtz/de)

1 2

—
=
[}

NB)T] + Mt] - [w(1 - B) + M]t2 = V(dtz/de)

L= [V(dty/de) + ((U/M)(1 - 8) + Dty + (W8 - W)T,]

t
|

ty = (V/M)(dt,/de) + [(W/m)(1 - B) + 1]t, + ((W/M)B.- (WC, /MC )T;)
(A.2.11)
dt, v d2t2 dt,
= + [(W/M)(1 - B) +1] —= (A.2.12)
@ M ez do

using Equations (A.2.11) and (A.2.12) to eliminate t] and its differen-
tial coefficient from Equation (A.3.10) |
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W(T - a)gTy + W1 - 0)(1 - B)t, + Mt + (Wo - W - M)[(V/M)(dt,/do)
+ LO/M(1 - g) + 11t, + ((W/M)g - (W/M)T,] =

ML(V/M) (d2t,/de?) + [(U/M)(1 - 8) + 1](dt,/do)]

w9ty

M % “de M ~dé

w(1 - a)BT] + W1 - o)(1 - s)t2 + Mt0 +

dt dt -
W 2 2 W2 W2 W2
~wm @ V@ [ M a1 - B) + woc]‘c2 + [—M—OLB - _M_OL]T]

dt

W2 W2 i, 2 W, 9t
- [ M "'M—]T-l [WB - W]T] = M d92 + [ M \] - B) + V] do
dzt, dt
v w VL WY 2
M g -8 W - et e+ Vg
2 2 2 ’
Mt + TH(1 - o)p + - op - —%—a + o (12 8) + W0 - BT,

+ (T - ) (1 - B) + Mo+ (1 - g) - 21 - g) -

- W1 -8) - M]t2

e 4%t dt

2 VM VW 2 _
M e [2—g—+2V - 8- ol 5
6
2 2 2 B
Mt + [Mg - WoB + —— aB - w o + —%—-— —!L-B + W - WB]T]
W2c2
w2 wZ w2 'ho

+ [W - Wa - WR +Wa8ﬂ-Wq—Ma-MaB—M+_Mp_—WJ
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Second order linear differential equation with constant coefficients
is obtained.
(V2/M)(d2t,/de?) + [2(VH/M) + 2V - (VW/M)B - (VW/M)a](dt,/do)
+ [M+ W - (W2/M)B + (WZ/M) + (W2/M)oR - (W2/M)a - WuB]tZ =

Mt + [(W?/M)op - WaB - (W2/M)a + (W?/M) - (W2/M)g + WIT,

(A.2.13)

1
1]

M+ W - (W2/M)B + (W2/M) + (W2/M)oB - (W2/M)o - Wag

m
t

Mto + [(W2/M)oR - WaB - (W2/M)a + (W2/M) - (WZ/M)B + N]T]
Auxj]iary equation

(dztz/dez) + [2(W/v) + w(M/v) - (W/V)B - (W/V)a](dtz/de)

+ [(M2/V2) + (MW/VZ) - (W2/V2)B + (W2/V2) - (W2/V?)aB

- (W2/V2)a - (WV/V?)aB]t, = 0

if,

BP = 2(W/V) + (2M/V) - (W/V)B - (W/V)a

DP

(M2/V2) + (MW/V2) - -(W2/V2)B + (W2/V2) - (W2/V?)aB
| - (W2/V2)o - (WM/V2)ag

Then above equation can be written as

m? + BPm + DP = 0 - | (A.2.14)



124

The roots of Equation (A.2.14) are

o - -BP + vBPZ _ 4DP
1,2 7

and therefore the complementary function is

mq 6 Mo 6
= ] 2
t2C Ae + Be

The right hand side of Equation (A.2.13) is a constant and therefore
the particular integral is a constant and equal to the right hand
side of Equation (A.2.13) divided by the coefficient t2, then parti-

cular solution.-is;

toy = E/F = CP F = DP(V2/M)

P

"And the complete solution is,

t, = pe™O 4 ™20 4 cp (A.2.15)

where A and B arbitrary constants to be calculated from the following

initial conditions

2

at 6=20 t2 = t2$
{After reaching steady-state}
8= Y
Mt + (W - Wog + (W2/M) - (W2/M)a - (W2/M)B + (WZ/M)aB)T1
CP =
M+ W - WaB - (W2/M)a + (W2/M)ag- (W2/M)B+ (W2/M)
=0 ~Equation (A.2.15)
t25.= A+B+CP
.A = s ~ B - CP ,
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Substituting Equation (A.2.15) to Equation (A.2.11)

£ = (/M) (mASM® + m,BE"2®) & [(HM)(1 - B) + 11(ASM® + B"27 + CP)

+ ((W/M)g - (W/M)T, (A.2.16)

o+
tl

(/M) (m A + m,B) + [(W/M)(1 - g) + 11(A + B + CP)

+((U/M)E - (HM)T,

-+
]

1s - (V/M)[m](tzs -B - CP) + sz] + [(W/M)(] - B) + ]]tzs

b (M - (UMNT,

t]S = (V/M)(m]tzs = mB + sz - m'ICP) + [(N/M)(] - B) + ]]tzs

+ (/M) = (U)T,

—+
]

(U/me - (MNT, + (M1 = B) + 1+ (V/Mm )ty
+ (V/M)(m2 - m])B - (V/M)m]CP

tr, + (U/M=(UMENT, - (/M) CP - LM (1-6) + (V/MImy+1 ]ty
(V/M)(mz - m])

Using Equations (A.2.7), (A.2.8) and (A.2.15), (A.2.16) and substitu-
ting M = Mprw, W= wChph and V = Vprw unknown temperatures are

ca]cu]atedf
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PROGRAM HEAT(OATA,RESULT,TAPES=DATA,TAPEG=RESULT)

DETERMINATIUON OF HTAT TRANSFER COEFFICIENT

FOR SINGLE TANK

THI THE INLET TESPEPATURE OF HOT STRTAM TO TANK (c) ,
TH2 THE EXIT TEMPERATURE OF HOT STREAM FROM TANK (C) :
TCO THE INLET TEIPERATURE OF COLD STREA4 TO TANK (C)

TCI THE EXIT TCMPCRATURE OF COLD STRTAN FROM TANK (C)

4 FLDOY RATE OF COLD STREA™M (4*xx3/SEC)

A FLOW RATE OF COLD STREAM (xx3/SEC)

DT DIAMETER AF TANK 'GP

5C DIAMETER OF COIL ()

0H OIAALTER OF TUSE 1)

DA DIAMETER OF AGITATCR )

N AGITATOR SPZED (REV/SEC)

X THLCKXMESS OF TUbE )

L LENGTH OF TusEZ 4)

K THERWAL CONOUCTIVITY OF TUBE £ATERIAL (W/C*it)

VH VELOQCITY 9F HOT STRIAX (1/SEC) '

CP HTAT CAPACITY (47<G*C)

"RD CENSITY (KG/=%*3)

Y VISCOSITY (<3/1=52C)

V  VILU%EDF LIWUID IN EACH TANK (M#x3)

J=1 INDICHTZS STEADY=STATE CASE

J=2 INDJDICATES UNSTTADY-STATE CASE

ICOUMT INGICATES STCLPS FOR STEADY-STATE CASE

KL IWNDICATES STEPS FOR UNSTEADY-STATE CASE
DIMEMSION THITA(2),TH1(2),TCI(2)
REAL AUH W UC WHAKCANREA, HPRHANUDHAMIDC AL 2%, M1, %1 42,0, %, HUWd

READ(S,*)DC, OHsDTo L, DALMAX 2K AV, M, TCOME) 2 THIC(1) ,TCOCR),THAIC(2)
WRITZC6,8) CCLoDHADTALADALN,XAV s, TCOC1), THIC(T) ,TCCC2),THT1(2)
FIRVAT(23x,*0C SV ,F7.4,6%, (8,1 ,204,"0H =Lt 1ab 2%, (KDY, Y

PCOX V0T SV LFTabsbX, (A 41 429X L =t FTabrOXe (B) 41,20, DA =t
E1 106,28, (o), 120X, S F Tl X a  (RIV/SEC) "4/ 42X, X =',
F7Tab28%X,'C )"0 ,23%00N =20 BN 1.4,2K, CAxn3) Y, 1,20, =',F 1.4,
APV (A Ax3/SEC) Y L 20K, =V E 11 4, X, (e 3/SEC) Y2/, X, TCO(1 )=
sFS5a2r0Xs  CC) 4/ 220K, THY(I) S JFS5.2,6X 2 (0 /1 220X TCC(2)="FS5a 2,
AX 2 CCI Y 2 p e XL THAC2) = LFS5.2,8%X, () 11 1)

THIT&(1) =505 70
TARTA(2) =G,
ICounT=2

A=1.

5TFADY=STATE CASE

OH=FROCTHICJ))
SUC=FaUCTCOC0d))
SUHSF2UCTHT(Y))
CPC=FCPLTCIC(I))
CPH=FCP(TH1(J))
KC =F< (TCO(J))
KH:=FK (T41(J))
NTFER '

Tiuc=1.

aUd=1.
IFCICCUNTLELIL2)GO TO 66



oecer
a0on 63
0nntsy
1007
anc7ic
gocr2
Jee7s
SnG74
20273
20075
Qo077
GOG73
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JNTEIC
20C93cC
Jas 9t
30392
arsoes
HERIERVIA
anegs
0098 ¢
annG7C
36033
76’9?

b Bioa |

VIR S I
+

R

=)
3
pars

]
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11 THO=(TH2+TH1 (3))/2
IFC(JGT41) GO TO 33 -
X1=7cC1
X2=TH2

33 RIC=FRO(TCT)
RIH=FRO(CTHO)
AuC=FMUCTCT) -
AUH=FHUCTHO)
CPC=FCP(TCT)
CPH=FCP(THD)
KC =FK (TCT
KH- =FK(THG)
IFC(ICOUNTLE2,.1) GD TO 65
AYW=FAU(TH)
68 HREH=(DH*(W/ ((3, 1416*DH'DH)/4 J)*ROH)/AUA
NPRH=(CPH*Ud) / KH
LAMINAR FLOW
IF(NREHLGTL10)GO T 83
HUDH=1 426+ COUREH*NPRH) /CL/DOH) ) *+ (1, 33
HI=(KH*YUDH) /DH
§) TO 55

TRANSITION REGIOH
77  IF (WRTHLGTL13007) 530 TO 83
E=0a 1146% ((MFTH) **0a67=1254 )/ NFEH
X2 (3.14164RIA*VHYCPH*DHROH )/ (4 qoKH *L) )
HI=1 a7 5« KH/DH2 (3. 16T16%0H) /(4 *L) «HREHANPRH) #% 433
GO To 55

TURBULENT fLOW

83 NUDH=C O23*NREUA*T B aNPRHC*J 33 (HUH/AUNIxxT 14
HI=((RH*’UDH)/3H)*(1*3- *DH/DC)

35 S(KC/OT) *1 40x(((Da**2)aN&«ROC) /NUCIwxT 52
*((CPC**UC)/(C)**0-33'(WUC/4UN)**3-14
IF(ICOUNT.S3.0) GO e 26
SELT=(THO=TCT) /(1 +(HI/HG))

TW=THO-OELLT

56 uUs1. /1. /d1+1, /Hq+2.6f‘3)

ALPHA=EXP(=U*(3,1615%DH* L)/ ({*«ROH*CPYH))

VI =Y *E0C
NI=werdd
il =8*R)C
G=vixCPCL
F= I #CPC+eI* CPH* (1 4=ALPHA)
H=WI *#CPH« (1. =A\LPHAY*THT1(J) +4IxC2CxTCOCY)
A=H/F
IFCICOUUNT,C2,3) G0 To 21
TC1s=7C1 .
A=TC15=3
21 TCH1=A*EXP(=(F/GI*THETA(J)) +3
THISALPH A THIC(I) + (1 ~ALPHAI «TC
IF(JE2, 1060 TO 7
URITECS,1) THETA(2),TC1,THZ
1 FORMAT (7T X, F7 aCrATixsF 603,104, F5.3)
GG T2 1M1
7 IFCICCUNTLZQ44) 60 TO 3
DIFR1=Xx1-TCHt
DIFR2=X2-TH2
IF(CIFRT GTL 1 0UNT) GC TO
IF(DIFR2 5T 0071). GO TO
IFCAME,NGD TO 3
WRITECG6,5) TC1,THE '
4 FORMAT (I OIX ' TCIS="»Fbu3sS5X,"TH2S=" ,F 6. TD)
© G0 TO P

[FT )
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CC133 3 ICOUNT=ICOUNT +1

00134 GO TO 11

9G135 99 WRITE(6,2)

66134 2 FORMAT (10X, TIME', 10X, 'TCOLOT1',1NX,"THOT2',
0n137+ T,10X,46C0°_ ") »1CXs6C _"),10X,5C_"))
6133¢C

an13c UNSTEADY=-STATE CASE
S 90143¢C .

0Nt 41 i=2

00142 KL=0. .

07143 1M THETACJ)Y=THETA(J)+30,

JC144% IF(THETAWI )L GT180D) GO0 70 111

20145 KL=KL+1

20145 IF(KL.GT 1) G0 TO 21

G147 GO T 11

CC145 111  sToOP

NC147 END ..

0015) FUNCTION FCP(T) :

20151 FCP=,619313E+4=,7445784T+,100875E=14T#T
10152 RE TURN

£Ms3 END

27154 FUNCTION FIWWA(T)

2153 FRrU=.148237E=2=ul 5743 =4%T+ 253815626 %TaT=,8229239E=0xTxTxT
33155 ‘RETURN

0157 END

o053 FUNCTION FRO(T)

20157 FRO=14/CaF97426E=3+,1358G2E~6%T+,325134L~8+T*T)
2103 RETURN

37164 END ho

30142 FUNCTICN FX(T) .

7163 FK=a 570671+, 1786900 =25T=a5843595 5«7 »T
27164 RETURYN

0165 END

11,33,23.UCLP, AN, P34 , Ny 199K LNS,.
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PROGRAM HEAT(DATA,RESULT,TAPTS=DATA,TAPEG=RESULT)

DETERMINATION OF HEAT TRAHSFER COEFFICIENT
FIR TWQ TANCS IN SERIES

THI THE IALET TFAPCRATURE CF HUT STREAM TO TANK 2(C)

THe THE £XIT TEOIPERATURE OF HOT STREAM FROM TANK 2(C) !
TH3 THE CXIT TEPERATURE OF HOT STREAM FROM TANK 1(0)

TCUO THE IMLET TEXPERATURE OF COLD STREA® TO TANK 1(0)

TCI THE EXIT TEMPERATURE OF COLD STREAM FROM TANK1(C)

TC2 THE EXIT TEPERATURE OF COLD STREAM FROM TANK <£(C)

%  FLOA RATE OF COLD STREAA ("x*3/SEC)

W FLOW RATT OF COLD STREAHM (e*3/SFC)

T DIAMETER UF TANRK (3]

DC DIAMETER OF COIL ’ Q)

DH DIASETER OF TUeE ()

DA DINNETER OF AGITATOR €D

N o AGITATOR 3PLED (REV/S5E0)

X THICKNZISS CF TU3E : Y

L LENGTH OF Tuut )

& THTI AL COMDUCTIVITY OF TUDE SMTTARIAL (4/C*4)
VH VELOCITY CF 42T STRE24 (4/735C)

CP HEAT CAPACITY : (J/K3+*C)

K9, DENSITY (KG/i%x3)

“U vISCOSITY (K5/4*55C)

V' OVOLJNE OF LIuUID IM FACH TANK (%**3)

4=1 IWDICATIES STEADY~-STATE CASE

J=2 THDICATTS UISTEADY=STATE CASE

I INIICATNS TANK NU-SRER

ICOUNT PUDICATSS  STEPS FCR STEADY-STATE CASCE
KL 1H0ICATES STEPS3 FOP UMSTZADY=STATE CASE

DLUENSTIZH D2C(2),RCH () NyC(2) U (2),THN(2) ,TC(2)

KC(2) ,7xH(2) ANRUHD) #HPRIFC2) A NUDHCD) L,NUDC(2) L HI(S)

EQC2) 20 (), CPCU)ACPHI(Z) UMW) »THETA(2) ,THIC(2)
TCO(R2YAIELT () ,TA(2)

REAL UR,AUCIKH KCoNEEH NP IH NUDH NUDC LA 41, 1,42, %00

N

PEAL(S 2 )0 C,, 0, DT oL DAZNIXIK AV LAY, TCOM) A THI() ,TCCC(2),TH1I(2)

JRITECH,3) CCIORADT LD s %NrXodrd s s, TCOCI),THICT) ,TCU(R), THIC(D)

FORWAT (X ,'DC =V LF T b 6%, (5)Y 4 ,20K 0 DH =V, 1 bl X, N (20) !
2, DT = L F Tl b8 CA) L 20K0 00 SV, FTaba5X, " C) /20,08 =Y,
3 I B APES LY QAP ILIPY RIS PR SV FT e rXs P (REVISEC) Y S/ ,22X, "X =,
FPubsbXp? 04, 7,20K,%1 SV, 1 1.4,24,0C xx3) L7 .20 4,0 =t ,ctlets,
CRAVCRRTIJSTC) Y S 20K 00 =t U b2 (N 3 SECY S 4lTEK,NTCO(Y) S
rFS 262, (CY 4/ 23X THI WIS " pF2o2,8%0 00 /220X TCL(2)=,F5a20s
SR, S 20% . ' THT(2)= R3S alrOXe (L) V1))

TAET &(1)
THZTAC2)
A=1,
=1,
1=1
1COuNT =0

1700,
-

STEADY=~STATI CAST

J=1

VHEW /((3.141ACHEDH) /4 ,)
£IC(1)sFRO(TCOC))
NOHCT) =FRL(THT (YY)

W) =F43Crcady))

W) =Furut(y))
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CPCCI1)=FCP(TCO(J))
CPHC(1) SFCPCTHI (J))
KC (1) =FX(TCOCJ))
KH (1)=FK (TH1(JI))
cc=cpec(1) «
CH=CPH (1)

RC=RIC (1)
Rt =R OH (1)
SyW(1) =1,
MUH(T) =1,
MYC(1) =1
PUW(2) =1,
NI=n
Wl =W
VI=v

IFCICOUNTLZA.U)GO TS 66
1=1 o
THO(1Y=(TH3I+THZ2) /2.
THO(2)=(TH2+TH1(J) )/ 2.
TC(1)=7CH1

TC(2)=7C2

IF(JaGTa1) G2 TO 33
X1=TC2 :

X2=7C1

X3=TH2

X4 =THZ

RYCCII=FR2(TLCI))

ROH(I)=FRI(THO(I))

AYCCI) =FAG(TC(I))

HUHCL) =F4u(THC (D))

CPCCII=FC2(TC(I))

CPHCI)=FCa(Ti#2(1))

KC (I)=Fx (TCCI))

KH (I)=SFK(THOCI))

IFCICCUNTLE2,1) GO TO 9%

Ww(L)=F(ra(l))

RTHCI) = (D HY (A7 ((3a1416%DH*DH) /4 ))#20H(T) )/ HUH(T)
NPRH(I)=(CPA(I) *HCTI) )/ KH(D)

InNAR FLOW

IFC(NREH(I) JGTL107)GCD Ty 3F

A0 DHC(I) =1, 3o CCUNEHCI) *iPRHCIDI )/ (L/OHY I * 20 033
H1CI)=(KACTD) »NUCH(I) ) /D4

Go T 55

ASITIGH REGION

IF (HFFHC(I) 3T« 17303) 60 TC 38

Rl o168 ((NETH(I) )Y #2067 =125 ) /5224

A= (314152 20HCI)AVH*CPHCTI) *#DH*DH )/ (hoxKH(])*L)

HICI )= 1, 7S *KHCI)/OH®e ((3, 1415 *0H) /(4 *L)*RIH (L) *#MP T (1)) *+* 23
GO TO 35

JULENT FLOW

HUDH L), N2 3#aNREH(I) o al J3+aPRU{T) «+N 33

HI(I) = (K (1Y« xu0ACII ) /o)« (1+3, Sed4/DC) »(C1UACI) /MU (1)) *+x 0,14
HO (I )= (KCCTI)/oT)*Tate T (AR ) e x2)CCL) )/ "UC(I))aniob2
Kk ((CPCCIY *5uC CI)I/CCCI) ) eal 33w (MiC L)/ UM(I))en)14
IF(ICOUNT.Edea) GO TO 3% ’
DELTCLYI=(THL(I)=TCC(IN)/ (T a+(HI(I)/H0(1)))

Tw (I)=THA(I)=0FLT(D) .

UCI) =t/ (1 /7HICL)+14/HOCT) ¢2..65=5)

If (ICOUIT &+ 2.4) G0 TC 43

1=1+1 '

1F(lGTe2) GO TU 44

"0 TH 33
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u(2)=u(1)

CPH(2)=CPH(T)

ROHC2)=ROH (1)
ALPHA=EXP(=UC1)*#(3.1416%DH*L)/ (WaRIA (1) =CPH(1)))
JETASEXP (=U(2) % (3,141T6*DH*L) /(4*RIH( D) *CPH(2)))

IFC(ICCUNT,R3.0) GO TO 72

TCL=(TC1+TCI)/2.

THL=(TH1 (3 )+ TH3) /2.
CC=FCPITCL)
CH=FCP(THL)
RC=FRI(TCL)
AH=FRJ(THL)
ml=veCCxRT
WL =d*C Hx RH
VIz=ve«CCaRC --
SP=Z A (HI/VI)+¢(WI/VI)*(2,-BETA~ALPHA)
PRP=(I*wI) /(VIr*yI) +((NTxnI)/ (VINYI)) *x(1=~ALPHAXBETA)+
CCaInwl)/ (vIsVI))*( 1+ ALPHAXBETA=ALP HA=CETA)
P1=(=3P+ ((GFwYP)=(42DP)) ax0 5) /2
N2 =(=2P=((5P*3P)~(4*DF))xaD_3) /2, :
CP=(I-TCO U +THICI) # (AT =w I AL PHAXGETA+((WIxWI)/*])
F (1 =ALPHA=STTA+MLPHAXSETA) ) )/ (AI+ Wl ~Al#ALPHAXSETAY
CCHInwI)/HT)* (1=ALPHA~3ETA+ALDHA®3ETA))
IFCICOUNT.Za.d) GO T 21
TC1s=TC1
TC25=TC2
k=(nl/7tl)x(a5TA=1, :
31=TC15=-«TH1(J )= 1 <)«rc S+(VI/L)*« 1% (CP=TC25)
ac =(YI/=31)x(H2=1)
31732
A:TCZS—S-CP
TC2=A*EXPO I *THLTA(CI) ) +3+EAP (M2 THETA(J) ) +CP
TCIi=(WI/ I e (YT *AxTAP (I *THETAC(I) ) +4223xTXP(12«THLTA(S)))
2+ (4170 ) (1=3FTA)*(TC2=-THI(J))
TH2=3CTA*®TH1 (J) ¢ (1-3ETA) *TCE
THI=ALPAA«TH2+ (1~ALPHA)*TC
IF(JabSa )G TR 7
WRITECS,1) THETA(2Y),TCY,TC2,TH2,THS
FORY AT 7 X, F7 w271 X s F b 3, 1UXKs FEL3,8(7X,F6.3))
6o TIY 11
TF(ICCUNTad,wy) GO T 3
DIFRYI=ATI~TCS
D1IFR2=XI=T(H
DIFR3=XI~T 42
DIFR&=X4=Td3 :
IF(DIF°1.6T.“.3uﬁ1) GG TO
IF(DIFRZILIT.WMTLTY)Y 50 TGO
IF(OIFR3ILSGT W Fu\1) 56 10
IF('.‘IF?*.U».'—? Cet) 26 70
AR ITE(S,3) TC1,TC2,THC,THY
FORM AT X, TS pF A T, R, TC252" pFA.3,5X, ' TH25=1 55,1,
5X/.T‘3P II’O..,)

4

AN LN Lt

G0 7D 99

ICOUNT=ITaUnT +1

30 T9 1

AR ITECAH,2)

FOR“AT (I X, TI I 10X "TCOLD T S, XL, TCOLS2 S 10X, ' THETZY,

1’"'11'TH:)f5'1//11)(11'('_')11'.),(/6(' DA, _ Y1546 50_ "),
102,50 "N

UNSTLADY=STATD CASE

I ra
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37197 101 THETACJI=THETA(J)+30,.

390D IFCTHETAC(S) GT L2403) GO TO 111
Jra KL=KL+1
caan2 IF(KL.GT&1) GO TO 21
anzes G0 TO 11
. arecy 111 STOP
005 END
30c0s FUNCTION FCP(T)
20807 FCP= b 17315E+64=,744573*xT+,1308750=-14T2a»2,
anegi3 RETUPRH
ongny END . '
3721 FUNCTION Frtu(T)
Jnz21i FMUZ 01482370 =2 = a2 P57 43 =4xT+ ,253156E=5#T*T7=,322939R=0xTxTxT
ine1t2 RETURN
30213 END
o214 FUNCTION FRC(T)
Zn21s FRO=1,/Ca?975260~3+4, 135802 E=6%T+, 325144 E-8*T*T)
3021 PETURN
IQc1ir7 END
20213 FUNCTION FXET)
G137 FX=a 57 0871+, 17B6F0=2%T=eb84359E=5#T*T
35223 RETURN
Jnegt END

29.51 6P, UCLF, A2, PLG. ’ Fa255<LNS.
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APPENDIX IV
PHYSICAL PROPERTIES OF WATER

In this section physical properties of water as a function
of temperature are given [35].
A.4.A  FUNCTION FK(T)

FK(T) subprogram, using following equation

K = 0.570671 + 0.]78690x10'2T - 0.684359x10~ 572

calculates thermal conductivity of water at a given temperature.

A.4.B  FUNCTION FMU(T)

FMU(T) subprogram calculates viscosity of water at a given

temperature, using equation given below.

u = 0.148237x107% - 0.295743x10-"T + 0.258156x107°T2 - 0.822939x107°T?

A.4.C  FUNCTION FCP(T)

FCP(T) subprogram calculates specific heat of water at a given

~ temperature, using following equation.

CP = 0.419318x10% - 0.744678T + 0.100875x10™ ! T2
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A.4.D FUNCTION FRO(T)

FRO(T) subprogram calculates density of water at a given

temperature, using following equation

p = 1/(0.997426x10"3 + 0.135802x10~°T + 0.325184x107°T?)
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APPENDIX V
DERIVATION OF ERROR EQUATIONS

Empirical equation used to calculate film heat transfer

coefficient in agitated side of vessel is,

HO = 1.40(D;l)k(D;Np/u)°o62(cpu/k)1/3(u/uw)°-1“

where
o=f(T), w=*f(M, C=~fT, u, =wT)
and
HO = f(DT’DA’N’T’TW)
HO = 'l.400_—[_1011\.21+N0.62k9.77p0.52(:8.33.“-0.15“;\’0_115 (AS.])

Taking the partial derivatives of Eq. (A.5.1)

_of of of of of
dHO = 55— 4y + 5o~ A0 * oy ANy AT * g~ T,

(A.5.2)

|

of  _ -27,0,77n1, 24 o,éz 0,6200,33 , =0,14 -0,15
1.40[—DT 1k DA N ) Cp u u

.BDC W
- of ' 0,240~ 1\0.62),0,77.,0,6200,33, ~0,14 0,15
T ].40[1.24DA ]DT N k o Cp pw u
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0 - - - -
_5§_ = 1.40[0.62N o,38]DT10A_2uNo,ezko,77po,szcﬁ,33uwo,14u 0,15

of _ - 1,187 p~1nl, 240,621 0,77,0,6200,33,,~0,14, -0,15
BTW 1.40[ 0.]4(uw)'uw ]DT DA N k o Cp iy u

g$ = ]-40[0-77(k)lk-0'3300°62CB'33U-0'15 + 0.62(p)|p‘0.38k0.77

. Cg.33u-0.15 + 0-33(Cp)‘C50'77k0'3300'ezu_0'15

0.15(u)'u'1°15k°'77p°°7706'33]D}IDA°2“N°°62

where,

(uw)', (W', (k)*, (Cp)', (p)' are derivative values.

~ Provided the errors 8HO, &D SDA, 8N, 8T and aTw are small, dHO,

C’
'dDC, dDy dN, dT, dTw can be replaced by them in Equation (A.5.2).

Thus
8HO = 1.40D7'Dj- N0+ 62k0477C14 3304 62,003 4y= 0. 15 6D/ Dy )
+1.24(68D,/D,) + 0.62(8N/N) - 0.14(u )" (8T /1)
F(0.770(k) k) + 0.62((p)*/p) + 0.33((C)) " /C,)
- 0.15((u) ' /u)sT]
finally;

SHO/HO = |-8D /Dy | + |1.248Dp/Dy| + [0.626N/N| + |-0.14(y )" (8T, /u )]
+ 0.77(k) ' (8T/k)| + |0.62(p)'(6T/0)| + [0.33(C,)" (6T/C,)]

+ [-0.15(1) " (8T/u) |
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is found. Knowing the all other varijables HO and so, unknown true
value of HO' can be calculated.
Empirical equation used to calculate film heat transfer co-

efficient in the coil side is;

0.023k D} (Cou/k)®+23(DyVyy/w) ®+8 (u/u, )0+ 14 (1 + 3.5(Dy/0,))

HI =
v, = W
(3.1416/4)Dﬁ
HI = 0.028k0,77u—0.33cs,33 u&o.lbDﬁl.Bwo.B

0,77,,-0,330~0,33,-0,140,8n~1n~0,8
+ 0.098k u Cp Moy W Dc DH (A.5.3)

"It can be shown that

HI = £,(D (W, Dy, D, T, T )

> UH? Te? W

Taking the partial derivative of Equation (A.5.3)

(B Ws To T + 6y

dHI = (Bf]/BDH)dDH + (af]/aw)dw + (Bf]/aTw)dTw + (af]/aT)dT

+ (afz/aDH) + (afz(aw)dw + (-afz/aDC)dDC + (afz/aTW)dTw

+

‘(afz/aT)dT (A.5.4)

of

(]

\ _ -2,87,0,77,,-0,3300,33, ~0,141;0,8
0.028[ 1.80H 1k 3 Cp Hy W

oD

of

1 . 0.023[0.8W°-2]k°-77u-°°33C°-33u-°-1"D-1-8
aV oW H
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of

1 = - -1,14 0,77, -0,33¢00,33 n~1,8,y0,8
BTW 0.023[ 0.14(uw)'uw Ik u Cpo DH W
Bf]
—— = 0.023[(0.77(k)Ik—0’33U-0'33C8°33 - 0-33(U)'U-1°33k0°77cg'33
oT :
+ 0-33(Cp)'CB°°77k0'77U_°'33]Dﬁ1'8w0'8UQ0°1u
8f2
= 0.098[_0‘8Dﬁl,8]k0.77u“0.33Cg,33u‘0,lkw0.8D-1
3D W ¢
sz
= 0.098[_D'2]k0.77u’0_33Co.33u'0.1hw0.80‘0.8
5D c Y W H
C
afz 6,27,0,77,,-0,33 1 1 8
= - L] L] - L] 0.33 -0. l+ - —0.
" 0.098[0.8W 1k W Cp W, DC DH |
ok ST
- - 1,71, e?77,,—0,3300,33110,8n~"1n"0,8
- 0.098[ 0.14(uw) iy 1k U Cp W DC DH
"
of, | ‘
- 0.098[0.77(k)Ik—0.33u-0.33cg.33 - 0.33(.“)!“-1.33‘(0.77(:8.33
oT
Vp=0,77,0.77.70,339n"0,8n"11y0,8, -0, 14
+ 0.33(Cp) Cp ‘k =" ]DH DC W My

Provided the errors SHI, 6DC, dDH, SW, 6T, 6Tw are small enough

dHI, dDC, dDH,

(A.5.4). Thus

dw,'dT, dTw can be replaced by them in Equation
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= 0,77,,-0,3300,33,,=0,141y0 8n~1,8[_
SHI = 0.Q28k u Cp My, W DH £ 1.8(GDH/DH)

+

0.8(sW/W) - 0.14(6w)f(6Tw/pw) + (0.77((k)"'/k)

0.33(() /1) + 0.33((€,)'/C,))6T

+

0,77,-0,3300,33,,0,14p~0,8,0,8n~1
0.098k u Cp Wy ® DH » SW Dc [0.8(sW/W)

(6Dc/Dc)_— 0.8(GDH/DH) - 0.14(uw)'(6Tw/uw)

+

0.77(k) ' (8T/k) - 0.33(u)'(8T/u)] + 0.33((Cp)'/Cp)6T
and final form of the equation is,
- SHI = HI[l—O.S(GDH/DH)I + ]0.8(sW/M)| + |-0.14((uw)'/uw)(6Tw)|

+ [0.77((k)'/k) + 0.33((Cp)'/Cp) - 0.33((w)"/u) | 6T]

0,7700,33, =0.33, =0,14100,80n"1,.8(_
+ |0.028k Cp HET W DH ( 5DH/DH)

9,7700,33,,-0,33,~0,14,0,8~0,8n—1(_
+ 0.098k Cp u Hyy W DH DC ( SDC/DC)[
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