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ABSTRACT 

Heat transfer coefficients for helically coiled and conti

nuously stirred tanks were determined using flat paddle 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 single tank. 

The investigation was conducted under both steady-state 

and unsteady-state conditions with water being used, as the liquid 

to be mixed. The individual film heat transfer coefficients were 

calculated from the experimental overall heat transfer coefficients 

v 

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 ran~e 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 transfer coefficients for unsteady

state conditions were found to have the same value as for steady-state 

conditions. The val~es of the individual film heat transfer coeffi

cients found were in agreement with the previously published values 



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 

values of heat transfer coefficients were observed with increasing 

agitator speeds. 
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t1 Z E T 

Serpantinli ve sUrekli karlstlrlClll sistemlerde aClk dUz 

blcakll turbin karlstlrlCllar kullanllarak lSl transfer katsaYl

lan hesaplanmlst1r. lkili tank sisteminde yapllan deneylerde 

karlstlrlcl hlZl, slcak su giris slcakllgl ve aklS hlZl degisti

rilmis ve bu deneyler tek tank icin tekrar edilmistir. 

vii 

Deneyler slraslnda gerek tank icinde gerekse serpantin icin

de su kullanllmlS, kararll ve kararslz durumlar incelenmistir. 

Dogrudan deneysel degerler kullanllarak hesaplanan bilesik lSl 

transfer katsaYlslndan, Wilson'un Grafik YHntemi kullanllarak iC 

ve dlS lSl transfer katsaYllarl hesaplanmlstlr. Biri tek tank, 

digeri iki tankll sistem icin olmak Uzere iki bilgisayar programl 

hazlrlanmlS, ampirik denklemler ve gelistirilen analitik modeller 

kullanllarak lSl transfer katsaYllarl ve slcakllklar hesaplanmlstlr. 

Bu callsmada karlstlrlclll taraf icin Reynolds saYlsl arallgl 19439-

76727 olup, simdiye kadar az denenmis bir arallktlr. Serpantin icinde 

ise Reynolds saYlsl arallg1 1100-14000 'dir. Kararslz durum icin he

saplanan konvektif lSl transfer katsaYllarlnln kararll durum icin 

hesaplananlarla ayn1 degerde oldugu bulunmustur. Bu cal1smada bulu

nan film lSl transfer katsaY1s1 degerleri daha once ayn1 durum icin 

yaY1nlanan degerlere· uymaktad1r. Ayr1ca, deneysel sonuclar ile 

model den h~saplanan sonuclar1n da uyumlu oldugu gorUlmUstUr. 

Kar1st1rlc1 h1Z1 200 ' den 500 rpm'e kadar degistirilmistir. 

Artan kar1stlrlcl h1Z1 ile yUkselen 'lSl transfer katsaY11ar1 gozlem

lenmistir. 
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I 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 in agitated vessels is a ~ommon 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 processing is controlled by heat transfer, such 

variables as log-mean temperature difference and heat transfer surface 

area will usually predominate over the agitator variables. Mixing can 

only affect the outside film resistance. 

In engineering work it is often necessary to estimate the 

overall heat transfer coefficient for a particular operation. While 

it is possible to calculate individual film coefficients for condensing 

films and for heating and cooling fluids 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 the vessel. 

Common heat transfer surfaces are jackets and coils of pipe. 
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The common jacketed vessel 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 lower cost and accomodate 

higher pressures in a coil or circulate fluids at higher velocities 

and thus attain higher heat transfer coefficients. 

Numerous types of liquid mixing equipment are available for 

use in 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 needlessly multiplied during the 

years. All liquid mixing systems, however, have three factors in 

common: 1 iquid being mixed, a vessel to c.onfine the 1 iquid 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 liquid 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 liquid 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 ~hapter. Mathematical modelling for a single 

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



3 

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. 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 systems. 

In the following sections of this part, direct and indirect 

systems and the advantages and disadvantages of these will be dis

cussed [lJ. 

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 combustible material is hazardous. The units, although relatively 

inexpensive, are unwieldy since the burners, fuel supply and controls 

must be at the process location. 

There are vari~us electrical methods of heating a stirred 

tank. The two most common are resistance heating and induction 
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heating. In the former, heat is produced by the direct application of 

a voltage to a resistor. The resistor material is usually an alloy of 

nickel and chromium. Electrical resistance heating has the disadvan

tages of low efficiency, limited life 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 which 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, they are extremely reliable and 

require almost no maintenance. However, all electrical heating sys-
~ 

terns tend to have high operating costs. This may be 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 never 

pure. It frequently contains dissolved materials which decrease in 

solubility with increasing temperature. This may result in the for-

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



in heat transfer rate. Water may also contain corrosive and foam

producing substances. A further disadvantage of water is that in 
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cold weather, the water may freeze when the system is not in use. 

Since water expands in volume on freezing, serious demage to equipment 

can result. 

Other fluids commanly used to transport heat are mercury, 

molten salt mixtures, mineral oils 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. Both liquid and vapor phase 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 change i~.temperature 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 transfer coefficients are better for condensing 

vapor systems than for liquid systems. 

In this investigation an indirect liquid 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 liquid 
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mixing has been slow, and in absence of specific design information, 

equipment types quite needlessly multiplied during the years. All 

liquid mixing systems, however, have three factors in common: 

liquid(s) being mixed, a vessel to confine the liquid(s) and a mecha

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 [lJ. 

1.B.l 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 (Figure 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. 

Another modification of the flat blade design is the pitched 

blade hub mounted turbine (Figure 1.5) with straight blades 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 b1ide 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 to flow through a vessel in a specific path, referred to as 

a flow pattern. Flat and curved blade turbines, mixing low 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 low 

or moderate viscosity liquids. Axial flow, shown in Figure 1.7B is 

primarily flow parallel to the tank wall. 

If either the marine propeller or any of the impeller agita

tors are used in an unbaff1ed vessel containing low viscosity 1iquid(s), 

vortexing develops. The liquid swirls in the direction of the agitator 
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rotation, causing a drop in liquid level around the agitator shaft. 

Vortexing increases with impeller speed until eventually the vortex 

passes through the agitator. The mixing efficiency of vortexing sys

tems is usually lower than for geometrically similar nonvortexing 

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 liquid streams are produced as with turbines, and very 

little top-to-bottom turnover takes place unless baffles are placed 

in the vessel and multiple paddles are used. Unbaff1ed paddles ope

rating in low viscosity liquids produce severe vortexing, even at 

moderate Reynolds numbers. This leads to inefficient mixing. Since 

paddles do not mix by high velocity streams, they are well suited for 

high viscosity service. 

Modified versions of the basic 2 blade paddle are available. 

The choice depends on the viscosity of the liquid and the degree of 

shear required. 

1.B.3 Anchor Agitators 

Anchor agitators have been sucessfu11y used in the batch 

mixing of liquids having viscosities approaching 100,000 cp Uhl [2J 

compared the relative effectiveness of an anchor to that of large 

paddles and turbines operating in viscous fluids. At 40 rpm, the 



10 

anchor adequately mixed 40,000 cp liquid, as compared to a maximum 

of 15,000cp for the turbine and paddle agitators. The anchor agitator 

is 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 liquids of low viscosity (100-

1000 cp) the plain horseshoe type anchor Figure 1.8A provides ade

quate agitation. As viscosity increases, however, cross-members 

Figure 1.8B or auxiliary paddles Figure 1.8e are requires to overcome 

viscous drag forces and maintain motion in the core of the liquid.mass. 

For very viscous liquids 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 materials. The inadequacy of high-speed 

agitators for this 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 

extremely high consistency materials which are generally plastic 

in character. 



Figure 1-5.Hub mounted pitched blade turbine. 
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1.8.4 Helical Screw Agitators 

The helical screw agitator Figure 1.10 is an effective device 

when used in high viscosity liquid(s), since it does not depend on 

high velocity liquid streams to accomplish 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, flight number, flight depth and screw 

1 ength. 

The selection of the proper screw for any specific process 

application is a function of numerious system variables. The screw 

diameter 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 liquid surface. 

The screw normally functions by carrying liquid from the 

vessel bottom to the liquid surface. The liquid is then discharged 

and returns 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. 

1.8.5 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-IO.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. 



II. 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-
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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 vibrating 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 is 

brought about primarily through conduction and forced convection [4]. 

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

where 

Driving Force = 
Resistance 

Rate 

Driving Force: Temperature difference, ~T in °C 

Resistance l/conductance: l/U. where U is in watt/m2°C 

Rate Heat flow per unit area, Q/A in watt/m2 

(2.1) 



Therefore equation (2.1) can be written as; 

~= Q/A 
l/U 

or as, Q = U A~T . 

The overall heat transfer coefficient, U, is determined from 

a series of five resistances to transfer of heat with internal coils, 
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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 

o 0 
_1_ = _1_ + ff. + _x_ (~) + _1_·( To) + ff . (2.2) 

Uo ho 1 kw DTAV hi DTi Cl 

If fouling factors (ffi , ffci ) are neglected, contributions of the 

operating variables can be separated into three heat transfer resis-

tances. The outside convective heat transfer coefficient, ho' lumps 

together convective and conductive effects in the fluid. This coeffi

cient is usually the limiting 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 

fluid adjacent 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 convec

tion occurs when the fluid motion is not implemented by mechanical 

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 industries. Hot and cold fluids, 

separated 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 available, and frequently these are 

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

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 



transition flow may be unavojdable. 

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 < NRe < 120.000, for L/DH ~ 60. These data [7] for moderate 

~T have been correlated by three types of equations. Dittus and 

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

(2.3) 
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Colburn [9] evaluates all properties~ except Cp in the Stanton 

modules, at the film temperature, t f = (tw + t b)/2: 

(2.4) 

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

bulk temperature, except ~w in a viscosity-ratio term: 

h,.DH = C ~ DHVH b 0.023(..:.2.::..) 0.33( __ ) 0.8 ( __ ) 0 .14 

kb k b ~ ~ 
b w 

(2.5) 

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 coils, 

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

pipes, due to the greater friction. Jaschke [11] found that the results 
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for long straight tubes should be multiplied 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 

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, Hausen1s equation [12] fits both the laminar and fully tur-

bulent extremes quite well. 

hOD V 2/ 
i H _ 0.1l6((.J:L.!i) 3 kb - llb 

(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 theoretical study. The 

energy equation has been solved for a variety of boundary conditions 

and geometrical configurations. However, true laminar flow heat trans-

fer very rarely occurs. Natural convection effects are almost always 

present, so that the assumption that molecular conduction alone occurs 

is not valid.' Therefore, empirically derived equations are most reliable. 
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For circular tubes several relationships are applicable depending 

upon value of Graetz number, NGz = (NReNpr DH/L), where, NRe = (DHVH)/~' 

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

hiDH 0.085 NGZ __ (~)O.14 
-k- = 3.66 + 2 

1 + 0.047 N /3 ~w . Gz 
(2.8) 

For NGz > 100, the Sieder-Tate [10] relationship is satisfactory for 

small diameters and ~T's: 

h,.DH 1/ 3 ~b 
1 86 N (--) 0 • 1 4 -k- =. Gz ~w (2.9) 

A more general expression covering all diameters and ~T's is 

obtained by including an additional factor 0.87(1+ 0.015N~~3) on the 

right side of Eq. (2.9), where, NGr =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-

gation of heat transfer coefficients for the agitated side of the ~oil 

tank vessels. Many of, these heat transfer data are confined to very 

specific conditions and it is difficult to apply them under conditions 

other than those from which they were obtained. 



Most of the authors present the result of their investigation 

by an equation of the following form 

ABE 
,NNu = C .NR·N V. o e pr , s (2.10) 
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The constant Co 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; 

(2.11) 

where, Xl 'X2' .... are dimensionless moduli representing the effect of 

mixer geometry on heat transfer in a mixing vessel. 
2 p.N.DA NRe = ~ is modified Reynolds number (for mixing). 

~b 
---

is the Pr.andtl number, 

is the Nusselt number, 

is the ratio of the process-liquid viscosities 
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 Chiltonet al. 

[17] was the first study to use conventional groups for correlating heat 

transfer to jackets o~ 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 



22 

helical coils are summarized in Table 2.1. The manner of presentation 

of this indicates both, that there is no overall correlation of the 

available 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. 

N 

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



TABLE 2.1 - Heat Transfer to Immersed Helical Coils in Agitated Vessels 

Impeller Helical Coil 

Investigator DA(in) wib/DA H/DA Material DH(in) Sc(in) Dc(in) 

1) CHILTON et.al 7.2 0.17 0.33 Copper 1/2 
\ 

1/4 9.60 

2) PRATT 5.5-14 various various Stainless 3/4-3.5 0.48-2 7.75 
steel and 
lead 

3) CUMMING and 12 0.17 stainless 1.0 1/2 24 WEST steel 

4) KRAUSSOLD 20 1.4 - - 25/32 -
5) OLDSHUE and 20-28 0.2 Copper . 7/8 7/8 3.15 

GRETTON Stainless 1. 75 1. 75 34.2 steel 

6) SKELLAND and 36.9 - Copper 3/4 1.25 13 DABROWSKI 

7) JHA and RAO 4 Baffle width = 0.25 Copper 1/2 - 10 
DA I 

- --- ----.---~ . ---~ -----

1) [17J 4) [20J 7) [23J * See Fig. 2.1 for representation of symbols. 
2) [18J 5) [21J 
3) [19J 6) [22J 

Vessel 

Hc(in) DT(in) Hi/DT 

5.75 12 0.83 

18-28 18-23.5 -

23 30 LO 

- 40 1.1 

31.5 48 1 

31.5 48 1 

15 - H :20" 

- 14 1.4 

N 
W 

Bottom 
Type 

Dished 

Flat 

Dished 

Dished 

Flat 
Flat 

Flat 

Flat 

I 



TABLE 2.2 - Summary of Correlations 

Investigator Correlation 

h 0 1) CHILTON Et al. ~ = a 87(N )0.62(N )0.33(~ /~ )0.14 k . Re pr b w 

h 0 2) PRATT ~ = 34(N )0.5(N )0.3(S /H )O.B(W. /0 )0.25((0 0 )/0 )0.1 k Re pr c c , b cAT H 

h 0 1/ 3) CUMMING and WEST ~ = 1 Ol(N )0.62(N ) 3(~ /~ )0.14 k . Re pr b w 
, 

h 0 . 1/ 4) KROUSSOLO ~ = 1 Ol(N )0.62(N ) 3(~ /~ )0.14 k . Re pr b w 

5) OLOSHUE and GRETTON h 0 
~ = a 17(N )0.67(N )0.37(0 /0 )0.1(0 /0 )0.5 . k . Re pr A T H T 

6) SKELLANO and DABROWSKI h 0 
~ = a 345(N)0.62(0 /C )0.27 k . Re T p 

7) JHA and RAO h~OT = 0.18(NRe)0.67(Npr)0.33(OH/OTfo.4B(0/OT)-0.27(Hc/OT)0.14 

Range of NRe 

300 - 4xl05 

2xl04- 5xl05 

2xl03- 7xl05 

0.3 - lxl05 

400 - 1.5xl06 

2.5xl05 - 106 

1 - 2.5xl05 

N 
.f:>o 
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From Table 2.1, the designer can obtain dimensions for geometric 

similarity. Although Pratt's work offers the choice of 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 little 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 liquids 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 approximate 10% reduction in film coefficient. No sig

nificant change in the film coefficient resulted from reversing the 

pitched-blade turbine. It is apparent that only two of the available 

correlations, Oldshoe's and Skelland's [21,22] indicate the effect of 

coil tube diameter, 'DH' . Also, since DT » DH the values of 'ho' 

obtained from 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 these can be considered to be fairly established [2]. It may 

be remarked that the parameters 'DH' and ISCI have much greater ·influence 

on 'ho'. These affect considerably the flow distribution through and 

around the cdil or the degree of by passing . 

. ROGAZla ONlVERSllESL KU1UPHANESI 



TABLE 2.3 - Comparison of Exponentials of Correlations 

Variable CHILTON et al. PRATT CUNNING and OLDSHUE and 
WEST GRETTON 

DA 1. 24 1.20 1.24 1.43 

N 0.62 0.5 0.62 0.67 

DT -1. 0 -0.9 -1.0 -0.6 

DH -0.3 -0.5 

Sc 0.8 

ll*hl w 0.14 0.14 0.14 

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

SKELLAND and 
DABROWSKY 

1.24 

0.62 

0.27 

-1.0 

0.14 

JHA and RAO 

1.34 

0.67 

-0.39 

-0.48 

0.14 

N 
en 



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 

27 

the heat transfer rates will level off. The impeller blade length 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 , H~, Dc again affect the degree of turbulence 

and mixing, thus influencing Ihol. The influence of other factors, 

such as type of impeller, number of impellers, and other factors on 

'h I can not be established and the need for more data is obvious. o 

2.0 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 thermocouples, [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 [29J bears further discus

sion. In this part the Modified Wilson plot which was used in this 

investigation will be discussed in detail. 

a) Case I (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 



do not change appreciably, it can be shown that Eq.(2.2) 

reduces to 

(2.12) 

.For a given vessel and coil geometry, it can be recognized 

that ho is the some way dependent on degree of mixing, hence 

speed of the agitator. Thus for above conditions, it is 

satisfactory to say that [30J 
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Experimental observations seem to indicate that a is 0.62 [19J 

so Eq. (2.12) becomes 

1 -- 1 B+---
K NO. 62 

(2.13) 

Thus a plot of l/Uo vs l/NO. 62 will be linear with a slope of 

11K and an intercept of B, after determining B and using its 

defi niti on 

B = _1_ ~ + _x_ ~ (constant) (2.14) 
h. A. k Am 

1 1 

such that k and h. do not vary appreciably, one can evaluate 
1 

"h." as all the remaining terms are known. 
1 
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b) Case II (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] 

_l __ y+_l_ (2.15) 
U. h. , , 

For a given ceoil geometry, it can be imagined that IIh i
li 

like 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 conditions it can 

be assumed that 

h. = K'Va' , 
Experimental observations seem to indicate that a l is 0.8 and 

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

_l_=y+ 1 
U. K' Vo. 8 , 

(2.16) 

Thus a plot of l/Ui vs l/Vo. 8 will be linear with a slope of 

l/K' and intercept of y 

1 A. x A. 
y = ----,- + --'-, (2.17) 

ho Ao k Am 

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

In the present study the Wilson graphical method was used to 

calculate individuals coefficients from the experimental overall co

efficients. 



III. MATHEMATICAL MODELLING 

In this chapter 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 
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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. 

(Col d water) M,C!.'_ ~ 
t o 

- -t, 

.L 
(I[ 

II 

-II 

-=::u 

Fjgure 3.1 - Single tank 

W,Ch,(Hot water) 

I---

-:- - -
..... 



Then, the heat balance for the tank shown in Figure 3.1 is as follows 

where; 

{Input} {Output} = {Accumulation} 

M Cold water flowrate 

W Hot water flowrate 

Ch: Hot water heat capacity 

U Overall coefficient of heat transfer 

A Heat transfer area of coil 

V Volume of the tank 

Cw: Cold water heat capacity 

Tl : Hot water inlet temperature 

T2: Hot water exit temperature 

to: Cold water inlet temperature 

tl: Cold water exit temperature 

Ph: Hot water density 

P : Cold water density w 
e Time 

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

the heat transfer rate equation for the tank is 
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this equation simplifies to 

(3.2) 

Using the following initial condition 

at e = a (After reaching a steady-state) 

the final solution is 

+ WChPh(l-a)Tl + MCwpwto 

MCWpw + WChPh(l-a) 
(3.3) 
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where, Tl and to are known temperatures, and tl and T2 can be calculated. 

3.B MATHEMATICAL MODELLING FOR TWO STIRRED 

TANKS IN SERIES 

Consider the sy~tem, 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 tl flows into 

stirred tank II and leaves tank II at temperature t 2. Heating water 

at temperature Tl flows into the coil of the tank II and then leaves 

tank II at temperature T2 enter the coil of the first tank. Finally 

the hot water is at temperature, T3 as it leaves the coil of tank I. 



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. 
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W,Ch(Hot water) - --
J.I r--N 

(Cold water)M,Cw 

II;: ; r:-:O> ::=-, 

~ 

~ 
- .. --- --= ~·~t.; tl 

Tank I 

Figure 3.2 - Two tanks in series 

-
u -----

r=::! . 
II r.r== --

-~---- t2 

.Tank I I 

-
t 
~-

2 

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

are as fo 11 ows; 

dt l = VC p -
w w de 

(3.4) 

(3.5) 

Assuming proper agitation (i.e. uniform temperature in tank I, tl and 

in tank II, t 2 ) the heat transfer rate equations for the tanks I and 

II, are 

TANK I 
T 3 - tl 

T2 - tl 
(3.6) 
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TANK II (Beta) (3.7) 

Using systematic elimination technique [31] the amount of algebra 

involved may be reduced to a minimum. These four equations are solved 

simultaneous 1y. 

at 

Initial conditions are; 

e = 0 t1 = t1 s 

t2 = t 2s 
(After reaching a steady-state) 

Final solutions are 

e e WChPh 
(Aem, + Bem2 + CP) [ (8' )]T + MC P - , 

w w 
and 

m,e m2e t2 = Ae + Be + CP 

where; 

-BP ± IBP2- 4DP 
m,,2 = 2 

(3.8) 

(3.9) 



WMChPhaS 

V2 C
W

PW 
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WChPh WChPhS V WChPh . V ] 
t 1s ~ (MC p - MC P )T1+ ~lCP-[MC P (l-S) + ~ m1+1 t 2s ww ww ww 

B = ---------------------------------------------------

A = t - B - CP 2s 

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 which 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 used are given 

in Appendix III. 

Inlet temperatures and f10wrates of hot and cold water are 

given as data input SI units have been used in both programs, as well 

as in the data and the results. 



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. Cp' ~, p, k) are evaluated at 
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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 intervals. 

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 tank. 
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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 
I 

dimensionally similar tanks, coils, stirrers, a number of therm6-

couples, a digital thermometer, 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.l Tanks 

Each galvanized tank having 20.0±0.1 cm (7.9 in) inside 

diameter, was cylindrical, flat bottomed and capable of holding 

4.08xl0 3 cm 3 (1.08 ga). Also in front of the each tank, there was 

a glass liquid level indicator pipe. 

41 
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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 lids of the tanks so that they stood firmly in

side the vessels. The coiling 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±0.01 cm (0.185 in) inside diameter. 

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 using iron-constantan 

thermocouples, 0.10 cm in diameter. In order to miriimize response 

time, thermocouple junctions were inserted into water without protecting 

tubes. In order to prevent thermocouples from the corrosive effect of 

water, first, all thermocouple junctions were cleaned with a kind of 

detergent, known as Lissapol NX, to remove oil and other dirts, then 

coated with nail lacquer. 

Iron-constantan is the most widely used of all thermocouples. 



• Thermocouple connections 
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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 OF). 

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 

Operating temperature 

Power consumption 

Measurement sensitivity 

Break protection 

4.A.6 Hot Water Reservoir 

220 V AC ±15%, 48, 52 Hz 

-10 to +50°C 

4 VA 

±O.l% (full scale) 

If the sensor probes are open the 

display is blanked. 

The hot water reservoir was a rectangular galvanized tank, 

approximately 50 cm long, 25 cm wide and 50 cm high. It was insu

lated carefully with glass wool and two layers of nylon were wrapped 

around it. 
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4.A.7 Cold Water Reservoir 

A 50 lt 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 described below. 
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Figure 4-3. Dimensions of the tank system. 



48 

The single tank was insulated by glass wool first and wrapped 

by nylon sheets in order to prevent insulater from getting wet. Flat 

blade turbine impellers were mounted on the shaft coaxial with the 

tanks. The lower 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 over 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 l6.00±0.2 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 level 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 continuous 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 

l7.0±0.1 cm (6.7 in) was used and the area of heating surface exposed 

the mixing liquid for each coil was 598.5 cm2 (92.8 in2). Cold and 

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

For two tanks in series, another dimensionally similar tank 

was connected to the previous singl e 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 reservoir. And 

others were used to measure hot and cold water inlet and outlet tem-

peratures. For two tanks in series twelve 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 measure hot and 

cold water inlet and outlet temperatures for tank I and tank II. All 

thermocouples were placed in small holes on the rubber connection 

pipes and sealed by liquid 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 De and 

also checked with another digital thermometer. 

No baffles were present in the vessel. However some baffling 

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

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

three readings were taken for each measurement. 

1',. 
! 
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In this thesis study with the vessels having the configurations 

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

1. Reynolds number range, 1100 < NRe < 14000 (for coil side) 

2. Ratio of the agitator diameter to tank diameter, 

DA/DT : 0.400 

3. Ratio of agitator height to tank diameter, 

HA/DT : 0.300 

4. Ratio of impeller blade width to impeller diameter, 

Wib/DA: 0.200 

5. Ratio of coil diameter to tank diameter, 

D/DT : 0.800 

6. Ratio of coil length to tank diameter, 

L/DT : 0.700 

7. Ratio of coil tube diameter to coil diameter, 

DH/Dc : 0.040 

8. Ratio of the space between coils to coil tube diameter, 

S/DH : 1.00 

9. Ratio of coil height from vessel bottom to tank diameter, 

4.C EXPERIMENTAL PROCEDURE 

The experiments were 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-State Experiments 

In the first part this set of experiments, data were taken 

without changing cold water conditions and agitator speed. Only hot 

water f10wrates 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 

f1owrate. 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 coi1{s) by 

a pump at a given f1owrate. 

4. Temperatures were recorded when steady-state conditions 

were reached. 

5. After reaching steady-state and adjusting the hot water 

f10wrate to new values, new steady-state temperatures 

were reached and recorded. 

6. All 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 performed. 

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, 



52 

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-state 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 

runs were 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 inlet temperature (OC) 83.5-60.3 80.8-60.4 

Cold water inlet temperature (OC) 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 

t·· .' ... ... .. 
t~ 
I ,.~ 

I" 
; ~ !. 
II" 

t: 1 

1" 
,
d 
,. 
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TABLE 4.2 - Range of Parameters for Single Tank and Two Tanks 
in Series (Agitator speed is variable) 

Parameters Single Tank Two Tanks in Series 

Agitator speed (rpm) 200-500 200-500 

Hot water inlet temperature (OC) 75.6-75.0 74.5-70.3 

Cold water inlet temperature (OC) 12.6-12.5 15.3-12.2 

Hot water flowrate (ml/sec) 26.5-26.3 15.1-15.0 

Cold water flowrate (ml/sec) ~ 23.5-22.3 30.2-30.0 

4.C.2 Unsteady-State Experiment 

In this set of experiments, data 'were taken at given cold and 

hot water flowrates and agitator speed. Only the hot water inlet tem-

perature was changed. Temperatures were recorded at every thirty 

seconds until steady-state was reached. The procedure given below was 

foll owed. 

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

2. Top water at a given temperature and flowratewas pumped 

into tank(s). 

3. Hot \'/ater 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 w~ter inlet temperature changed suddenly and the 

temperatures were recorded at every thirty seconds until 

new steady-state conditions were reached. 

", 
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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 

Set Hot Hater Inlet Cold Water Inlet Cold Water Hot Water 
Temperature Temperature F10wrate F10wrate 

(OC) (OC) (m1/sec) (m1/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. 
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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 [29J was used to evaluate the heat transfer coefficients and 

secondly on iterative computer program for each system, both single 

tank and two tanks in series was developed calculating heat transfer 

coefficients from the empirical 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.l 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 film heat 
transfer coefficients. 
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5.A.l.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: 

(5.1) 

where, ~T£m is the logarithmic mean temperature difference, driving 

force between tank liquid 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.l.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 simi 1 ar to that. proposed by Wi 1 son [29J. Thi s method is· 

described in Section 2.0 in detail. Figures for single tank are given 

! 
1 • ~ 

f: 
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through 5.3 to 5.6. for two tanks in series through 5.7 to 5.10. 

As shown in Section 2.0 for case I, (i.e. conditions of flow 

and temperature inside the coil not changing appreciably, only agitator 

speed changing). External and Internal heat transfer coefficients 

were determined by the use of Eq. 2.13, i.e. 

1 _ 
-U-- B+ 

1 
K No• 62 

and Eq. (2.14, i.e. 

A A 
B = _1 ___ 0_ + ~ _0_ = Constant 

h. A k A 
" m 

Because of very thin wall of the coil tubing, Ai' Ao' and Am' the out

side, inside and average areas respectively, were taken as being equal 

to each other. By plotting l/U versus 1/No• 62 a substantially straight 

line is obtained. To determine the value of the slope of the straight 

line, the method used is the least squares fit. Figure 5.3 shows the 

data for single tank, while Figure 5.7 represents the data for the two 

tanks in series. In this way from slope 11/K" the external film coeffi

cient HO = K NO. 62 was determined as a function of agitator speed, and, 

from intercept "B" the internal film coefficient HI = l/(B - (x/k)), 

was determined. Here x is thickness of the coil tubing and k, thermal 

conductivity of copper was taken as 385 W/m2oC [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 film coefficients 
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for tank I 3225 W/m2°C,for tank II 4269 W/m2oC were found. These 

values are almost half of those of a single tank. The reason is 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 2.0 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. 1 5. i . e. 

_l_=y+ 1 
U K'Vo. 8 

and Eq. 2.16, i.e. 

1 A. x A. 
y = ____ 1_ + __ 1_ (constant) 

HO Ao k Am 

by thin wall assumption (i.e. Ai = A = A ). o m A plot of l/U versus 

1/Vo. 8 yields a straight line with an intercept of at the ordinate 

y and a slope of l/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' Vo. 8 was calcu

lated as function of hot stream velocity. From the intercept, the 

external film coefficient, HO = l/(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 
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was varied as 81.4, 73.0 and 61.8°C respectively for each set. For 

two tanks in series, the hot water flowrate was varied from 16.6 ml/sec 

to 5.7 ml/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 external film coefficient was found 

as 4255 W/m2°C (749 Btu/hr.sq.ft) at NRe= 29.000 (average in agitated 

side). From the slope the internal film coefficient was calculated to 

be 2928 W/m2°C (516 Btu/hr.sq ft.oF - at a water velocity of one foot 

per second), at NRe = 4112 (inside the coil). As, for Figure 5.5 

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

transfer coefficient is 4219 W/m2°C (743 Bt~/hr.sq ft.oF), and the 

internal film heat transfer coefficient, at NRe = 3761 (inside the coil) 

is 2916 W/m2°C (513 Btu/hr.sq ft. OF) at a water velocity 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. OF) 

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

2610 W/m2°C (460 Btu/hr.sq ft.oF - at a water velocity of one foot per 

second). All results for the single tank are given in Table 5.4. 

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

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

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

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

a water velocity one foot per second. For tank II, at NRe = 38.100 

(agitated side) extern~l film heat transfer coefficient is 4830 W/m2°C 

(850 Btu/hr.sq ft. OF) and internal film coefficient at NRe = 4353 (in

side the coil), is 2760 W/m2°C (486 Btu/hr.sq ft.oF) at water velocity' 
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one foot per second. All results for two tanks in series are given in 

Table 5.6 and also are represented on Figures 5.9 and 5.10. The speed 

of the agitator remained constant at 200 rpm for both single tank and 

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. Fiqure 5.12 for sinqle tank. First this data were fitted a 

straiqht line, slopes were found 0.60 for sinqle tank, for two tanks 

in series, tank I and tank II 0.59, 0.62 respectively. But when these 

data were fitted a second order polinomial. (i.e. ln HO = A + BlnN + 

C(lnN)2) coefficient of the second order variable was found unexpectedly 

0.33 for sinqle 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 

asymptotic values for aqitator speed from these data. 
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TABLE 5. 1 - Sample Temperature - Time Data - Observed 

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 
THl (1) : 81 .O°C 

TC1S TC2S TH2S TH3S 
26.0 45.9 49.6 29.8 

TCO(2): 12.5°C 
THl(2): 69.3°C 

Time TCl 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 O. 151 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 - TCl 
TH2 - TCl 

** TH2 - TC2 
THl (2) - TC2 

., 
" 
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TABLE 5.2 - Continued .. 

Time TC1 TC2 TH2 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 27.55 



* 

* 

* 

* 

~ 

TABLE 5.3 - Comparison of Experimental Results and Computed Results (SINGLE TANK) 
- Agitator speed was changed -

Run Agitated Experimental Results Computed Results 
Speed HI HO U HI HO U (rpm) (W/m2o C) (W/m2 oC) (W/m2o C) (W/m2o C) (W/m2o C) (W/m2oC) 

1 200 6711 4334 2465 6788 4692 2588 

2 380 6711 6365 3011 6738 6983 3148 

3 450 6711 7023 3151 6676 7741 3278 

4 500 6711 7544 3252 6674 8225 3362 
- - - ~~~~ 

Hot water f10wrate (m1/sec) 26.5 

Hot water inlet temperature (OC) 75.5 

Cold water inlet temperature (OC): 12.6 

Cold water f10wrate (m1/sec) 22.7 

I 

----------------------------________ -.:.;.,.~,,;,'.~-:':._".J;.;.~ .. ;.;'.:. • ...i'..:'..: • ...i'.....:. • ..!~.!!!.!.!.!!,.'!! .!.·H~.!!..:E!. .. :.:.·"""_ _________________________________ _ 

'" o 
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* 

* 

* 

Hot Stream 
Run Flowrate 

'-.1) 

TABLE 5.4 - Comparison of Experimental Results and Computed Results (SINGLE TANK) 
- Hot stream flow rate was changed -

Experimental Results Computed Results 

HI HO U HI U (ml/sec) (W/m2oC) (W/m2oC) (W/m2oC) (W/m2oC) (W/~~OC) (W/m2oC) 

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) 200.0 

Hot water inlet temperature (OC) 81.4 

Cold water inlet temperature (OC): 10.5 

Cold water flowrate (ml/sec) 19.5 

t:..'"fXWc"'n"".l$f" i 1:t:.!'~ ,no .... 'til HJ.J.f1"uc •• 

-...J 
--' 



TABLE 5.4 - Continued .. 

Hot Stream Experimental Results 
-Run Flowrate 

(ml/sec) HI HO U 
(W/m2o C) (W/m2o C) (W/m2o C) 

11 - 27.5 6663 4219 2420 

12 21. 5 5487 4219 2246 

13 18.5 4815 4219 2124 

14 9.6 2870 4219 1635 

15 6.3 2062 4219 1337 

* Agitator Speed (rpm) 200.0 

* Hot water inlet temperature (OC) 73.0 

* Cold water inlet temperature (OC): 15.9 

* Cold water flowrate (ml/sec) 20.3 

.. u .... ·• .. ~ .. ~ ...... ;;,:: ........... ~ .. : ............ , ..... .-

HI 
(W/m2 oC) 

; 

6988 

5693 

4932 

2744 

1909 
-

Computed Results 

HO U 
(W/m2oC) (W/m2oC) 

4738 2630 

4726 2420 

4613 2244 

4303 1605 

4225 1274 
- ----

....... 
N 



TABLE 5.4 - Continued .. 

Hot Stream Experimental Results 
. Run Flowrate 

(ml/sec) HI HO U 
(W/m2oC) (W/m2oC) (W/m2oC) 

16 27.1 5880 4016 2247 

17 19.0 4003 4016 1905 

18 16.1 3063 4016 1662 

19 10.0 2637 4016 1529 

20 6.4 1851 4016 1226 

* Agitated Speed (rpm) 200.0 

* Hot water inlet temperature (OC) 61.8 

* Cold water inlet temperature (OC): 10.5 

* Cold water flowrate (m1/sec) 19.7 

~~ __________________________________ ,-:~",,'.C::':;:'~=":',,:L~>~-!~~! ~;:. ~ '"":.Ll..!..i'::..1...LU..~~L_l:..l~!.1'~Z::":= 

HI 
(W/m2oC) 

6379 

4658 

4063 

2613 

1774 

Computed Results 

HO U 
(W/m2oC) (W/m2oC) 

4490 2464 

4372 2130 

4355 1993 

4129 1536 

4006 1192 

, 

........ 
w 



* 
* 
* 
* 

Run 

21 

22 

23 

24 

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

E X PER I MEN TAL RES U L T S 

TANK I TANK I I 

Agitator HIl HOl Ul HI2 H02 U2 Speed 
(W/m2°C) (W/m2°C) (w/m2°C) (W/m2°C) (W/m2°C) (W/m2°C) (rpm) , 

200 3225 3962 1699 4269 4194 2005 

280 3225 4901 1851 4269 5188 2208 

450 3225 6421 2033 4269 6799 2455 

500 3225 6897 2079 4269 7302 2517 
I 

I 

COM PUT E D RES U L T S I 
21 200 3246 3960 

22 280 3250 4890 

23 450 3226 6540 

24 500 3243 7059 

Hot stream flowrate (ml/sec) 
Cold stream flowrate (ml/sec) 

Cold water inlet temperature (ml/sec) 
Hot water inlet temperature (ml/sec) 

15.0 
30.0 

13.4 
72.3 

1705 

1858 

2045 

2100 

'!;.., .) •. ~:'!:"~ .. ~-!!...:~!:.;:.. :'~:;!!!':'I'" ;: ;; ,1 i ;"::: Z' ~!~l ~ 'i!'::-"",-;::' 

4202 4247 2002 I 

4225 5289 2213 

4127 7098 2443 

4125 7646 2505 
- -- -- ----- -- - -----

....... 
+=-



., 
Run 

25 
26 
27 
28 
29 

25 
26 
27 

28 
29 

TABLE 5.6 - Comparison of Experimental Results and Computed Results (TWO TANKS IN SERIES) 
- Hot stream flowrate was changed -

E X PER I MEN TAL RES U L T S 

TANK I TANK II 

Hot Stream HIl H01 U1 HI2 H02 U2 Flowrate 
(ml/sec) (W/m2°C) (W/m2°C) (W/m2°C) (W/m2°C) (W/m2°C) (W/m2°C) . 

16.6 4257 4266, 2019 4536 4830 2206 

13.5 3605 4266 1859 3826 4830 2024 

13. 1 3464 4266 1821 3713 4830 1991 

8.0 2332 4266 1450 2500 4830 1580 

5.7 1794 4266 1222 1922 4830 1328 

COM PUT E D RES U L T S 

16.6 3940 4265 1945 4813 4853 2274 
13.5 3207 4167 1731 3999 4742 2054 
13. 1 3123 4160 1705 3908 4737 2028 
8.0 1933 3983 1259 2482 4455 1530 
5.7 1415 3910 1011 1835 4303 1245 

--.----- .. ---'"~-.~~~~~.--.-.. -,~ ... ~~ 

I 

i 

• 

, 

I 

I 

, 

I 
. - --~--- - -- - ---- - - .- - ----- --- ~ 

* Agitator speed (rpm): 200.0 * Hot water inlet temperature (OC): 80.5 
* . Cold water inlet temperature (OC): 17.5 * Cold water flowrate (ml/sec) 24.0 

~-·>~~·-"''''''-.!:~.z.~l":a, "~:;::"l!.:r:.~ •• ·'I' '!'I.>.t 1'''1--''-'lt;:,::; 

-...J 
(J'1 



TABLE 5.6 - Continued ... 

E X PER I MEN TAL RES U L T S 

TANK I 

Run Hot Water HIl HOl Ul HI2 
Flowrate . (ml/sec) (W/m2°C) (W/m2°C) (W/m2°C) (W/m2°C) 

30 16.2 3444 4386 1837 3992 
31 13.4 2858 4386 1656 3313 
32 10.2 2305 4386 1454 2672 
33 8.2 1951 4386 1305 2261 
34 5.7 1451 4386 1060 1682 

COM PUT E 0 RES U L T S 

30 16.2 3605 4099 1827 4381 

31 13.4 3009 4030 1649 3732 
32 10.2 2314 3945 1405 2895 

33 8.2 . 1890 3894 1231 2383 

34 5.7 1364 3839 981 1729 

* Agitator speed (rpm) 200.0 

* Hot water inlet temperature (OC): 71.5 

* Cold water inlet temperature(OC): 15.9 

* Cold water flowrate (ml/sec) 28.0 

TANK II 

H02 
(W/m2°C) 

4587 
4587 
4587 
4587 
4587 

4589 
4518 
4374 
4281 
4151 

U2 
(W/m2°C) 

2022 
1832 
1617 
1457 
1192 

2118 
1941 
1667 
1473 
1183 

I 
I 

'" en 



TABLE 5.6 - Continued .. 

E X PER I MEN TAL RES U L T S 
-

TANK I TANK II 

Run Hot water HIl H01 U1 HI2 H02 U2 Flowrate 
(m1/sec) (W/m2°C) (W/m2°C) (W/m2°C) (W/m2°C) (W/m2°C) (W/m2°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 

COM PUT E 0 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 

* Agitator speed (rpm) * Cold water flowrate (m1/sec): 200.0 20.0 
...... 

* ...... 
Hot water inlet temperature (OC) 60.9 

* * Cold water inlet temperature (OC): Average values. 12.8 

-" .. -.. • .,~ ... "''"'l''" •• )".-. -.., 1'-'1 ,,,.· ..... 'w·-· 



5.A.2 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.I.l through A.I.5. And for single tank time versus Alpha = ~~~=~~1 
TH3-TC2 

and for two tanks in series time versus Alpha = TH2-TC2 as well as 
. TH2-TC2 tlme versus Beta = TH1-TC2 were plotted to check whether, the over-

all coefficient remains constant. At the same time Alpha l is given 

by Alpha
l 

= exp[- U A/WChPh J and Alpha and Beta are equal to 

Alpha = exp[-U1A/WChPhJ , Beta = exp[-U2A/WChPhJ . For example single 

tank set 2 average Alphal 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 are 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) reaches 

63.2 percent of its ultimate value when the time elapsed is equal 

to one time constant [32J. For example considering two tanks in 

series and experiment set 1 

for tank I 

TC = 26.0°C (value of tank temperature at the beginning) 
o 

TC = 23.7°C (ultimate value of the tank temperature) 
00 

TCl = 24.5°C (value of tank temperature after one time 
Tl constant elapsed) 

from Figure 5.13 time constant was found to be Tl = 330 sec. 
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Figure 5-13. Temperature change with time for unsteady-state heat transfer. 
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For tank II 

TC2
0 

= 45.9°C 

TC2 = 40.7°C 
00 

and TC2
L 

= 42.6°C 
2 

again from Figure 5.13 time constant was found as L2 = 195 sec. 

From computed temperatures for the same set; 

Tank I 

TCl o = 26.23°C 

TCl = 23.96°C 
00 

TCl = 24.75°C 
Ll 

and Ll = 288 sec 

Tank II 

TC2
0 

= 46.64°C 

TC2 = 40.82°C 
00 

TC2 = 42.96°C 
L2 

and L2 = 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. 

80 
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_ Set No. 

1 

2 

3 

TABLE 5.7 - Time Constant - Single Tank 

Observed 

TCl o T~~oo TCl T 
°C oCT (sec) 

43.4 36.9 39.3 99 

38.7 33.8 35.6 110 

44.7 35.6 38.9 108 

TCl o = Value of tank temperature at beginning 

TCl oo = Ultimate value of tank temperature 

Computed 

TCl o TCl 
°C ° COO 

43.37 37.09 

38.31 34.16 

44.86 35.62 

TCl = Value of tank temperature after one time constant elapsed T . 

T = Time constant 

.:-- -::--.-;-- ~·"·""·""1\'t:.·1j: !.,\! .... ;!' 'ia..~'r-: 

TCl T 
oCT (sec) 

39.40 -116 

35.70 113 

39.02 112 

co 
--' 
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TABLE 5.8 - Time Constants - Two Tank in Series 

o B S E R V E D 

TANK I TANK II 

Set TCl TCl TC\- L1 TC2
0 

TC2 TC2 L2 
No. °Co °C

co 
°C sec °C °C

co °CL sec 

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 PUT E D 

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 

TCl o' TC2
0 

= values of tank I and tank II temperatures at the beginning 

TCl ,TC2 = ultimate values of tank I and tank II temperatures 
00 co 

TCl ,TC2 = value of tank I and tank II temperatures after one time 
L1 L2 constant elapsed. 

= time constants for tank I and tank II, respectively. 

.' .' 
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5.B 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 

(i.e. HO:l.Ol{K/DT){NDAP/~)o.62{Cp~/K)1/3{~/~w)o.1~). 

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 factors and 

with thin wall assumption {i.e. l/U = (l/HI}+{l/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 experimentally 

observed temperatures for steady case are given in Appendix I and 

Tables A.I.l through A.I.4. 

Also computed external, internal and overall heat transfer 

coefficients with those of graphically found from the experimental 

data are given in Tables 5.3 through 5.6. 

As an example of unsteady state case computed temperature

time results are given in Table 5.2. 

For example steady-state case for single tank in Table 5.4 

(run: 9) at NRe : 29110 (agitated side) external film coefficient was 
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calculated to be W/m2°C (784 Btu/hr.sq ft.oF) and internal film coeffi

cient ~t NRe = 4800 (inside the coil) is 3284 W/m2°C (578 Btu/hr.sq !t.oF). 

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 [6J for copper. 

The physical properties of water (Cp' ~, k, p) as a function 

of temperature as given in Appendix IV. 

\ 



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 used by Cumming-West [19]. 

Cumming-West's correlation for heating and cooling fluids in 

a vessel with a single coil as heat transfer surface is given in 

Table 2.2, i.e. HO = 1.01(DT)-lk(DA2NP/~)o.62(Cp~/k)o.33(~/~w)o.14. 

The individual film heat transfer coefficients were calculated 

85 

from the experimental overall coefficients by using the Modified-Wilson 

graphical method and two computer programs were developed for computing 

film heat transfer coefficients and temperatures. These computed values 

were compared with the values obtained experimentally. It was reconfirmed 

that using the geometry factor 111.40 11 , as pointed out by Ackley [24] in

stead of 111.0111 gave better results as shown by the sample calculation 

in Table 6.1. The calculated values of IIHO II from the correlation agree 

within experimental error with the value of IIHO II from Wilson's graphical 

method. Hence the method of interpretation used appears to be sound 

for the data obtained .. Film heat transfer coefficients for the various 

conditions of testing and for the steady-state case are given for both 

:J' ., 

i 
i 
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the single tank and two tanks in series in Tables 5.3 through 5.6. 

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

Geometry factor: 1.01 

Run TC1 TC2 HI HO U 
°C °C W/m2°C W/m2oC W/m2oC 

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 35.36 2766 3115 1411 

15 28.69 31.80 1922 3060 1145 

Geometry factor: 1.40 

11 44.42 51.64 6088 4738 2492 

12 44.57 50.15 5693 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 

11 44.8 51. 2 6663 4219 2420· 

12 44.1 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.I.9 and on 

Figures A.I.l through A.I.5. As shown in the figures for single tank 

Alpha l and for two tanks in series Alpha and Beta remained almost 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 transfer coefficients 

found in this study were in agreement with the previously published 

values [17] and [19] for similar cases as shown in Figure 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 

been tnvestigated Ill.Jch 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. It is concluded that because of the 

geometric effects, turbulent flow is observed even for low 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 aDd 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) 

* DANp (H D /k)(~ /~)O.14 
Run NRe =-- y = o T w 

~ (C ~/k)O.33 
P 

1 33490 886 
2 64300 1341 
3 69200 1361 
4 73500 1459 

5 37100 941 
6 35221 929 
7 32121 860 
8 31815 849 
9 28709 788 

10 24562 732 

11 34100 920 
12 34685 912 
13 32571 882 
14 26600 762 
15 25834 760 

16 30023 767 
17 26812 745 
18 26003 741 
19 24151 720 
20 22409 698 

88 

C 

1.39 
1.40 
1.36 
1.40 

1. 39 
1.40 
1. 38 
1. 37 
1.37 
1.39 

.-.. 
1.42 
1.40 
1.40 
1.38 
1.40 

1.30 
1.34 
1. 37 
1. 38 
1.40 
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TABLE 6.2 - Continued ... (TWO TANKS IN SERIES) 

TANK I TANK II 
Run 

N* Re 
y C1 NRe 

y C2 

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 1.41 
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 1.41 

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 N* N TCl TC2 TH2 TH3 Retank I Retank II 

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 6913 8545 26.77 37.45 64.95 51.38 
26 5351 6849 25.56 .35.72 62.50 47.81 
27 5190 6682 25.57 35.74 62.62 47.64 
28 2708 3815 22.84 31.27 54.29 38.08 
29 1732 2610 21.24 28.61 48.59 32.23 

Calculated results using turbulent region equations 

25 5402 8002 30.38 49.09 53.36 34.61 
, 

26 4080 6296 27.55 45.24 49.11 30.93 
27 3998 6205 27.36 45.04 48.86 30.65 
28 2067 3421 22.34 35.96 38.69 24.04 
29 1360 2330 20.23 31.23 33.27 21.25 

Coil side. 
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During the experiments no measurements were made of 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 geometric 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 are 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 problems will be indicated. 

The systems used in the present work were small. In scaling 

up heat transfer systems, all the different quantities that can be 

used to 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. 

., 
~ 
., 



1. to obtain generalized correlation for external film 

heat transfer coefficient, extensive available data 

with 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 

liquids 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 experime~tal evi

dance is also limited in accuracy. The determination of the derived 

error from the observed error is a calculation of 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 

93 
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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), flowrates and agitator 

speed. Precision error are the "built in" errors of the apparatus, 

this type of errors arised from uncalibrated scale on digital thermo

meter and graduated cylinder. For example the digital thermometer 

was capable of measuring temperature to one decimal point. 

All 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 least five different points). 

Absolute error in diameter of agitator (oDA) 0.01 

Absolute error in diameter of coil tubing (oDH) 0.01 

Absolute error in diameter of coil (oDc) 0.20 

Absolute error in diameter of tank (oDT) 0.10 

Absolute error in agitator speed (oN) 3 rpm 

cm 

cm 

cm 

cm 

Absolute error in hot water flowrate (oW) 0.05 ml/sec 

Absolute errors in temperatures (oT) 0.4°C 

Absolute errors in coil outs i de wa 11 temperature (oTw) : 0.5°C 

In the following part of this chapter, a general functional 

relationship for the film heat tr'ansfer 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, 
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where; 

P = f(T), ~ = f(T), Cp = f(T), 

and external film coefficient is a function of below variables. 

In the simplified form of equation (6.1) 

so; 

HO = HOI + oHO 

D = T D+ + oDc 

D = A DA + oDA 

N = N' + oN 

T = T' + oT w w w 
T = T' + oT 

HO, Dc' DA, N, Tw' T = Poorest acceptable 
readings 

HO',D+,DA,N',T~,T' = Unknown true values 

oHO, oDc ' oDA, oN, oT , oT = Absolute errors 
w in HO, Dc' DA, N, Tw' 

and T respectively. 

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

error margin can be written as (Appendix V) 

oHO = 1_ oDT I 
HO DT 

, oD 
+ 11.24 ____ A I + 10.62 ~I + 

DA N 

aT 
1-0.14(~w)' ____ wi + 10.77(k)' ~I + 10.62(p)' ~I 

~w k p 



where; 

(k)', (Cp)l, (p)l, (11)1, (l1W) 1 are derivatives. 

Empirical equations used to calculate film heat transfer 

coefficient inside the coil is; 

(VH = W/3.l4l4(DH/4)) 

(6.3) 

taking partial derivative of Eq. (6.3) the following equation is 

finally developed to calculate error (Appendix V). 

96 

Numerical error values depending on the estimated error values 

are given on Table 6.4. 
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TABLE 6.4 - Numerical Error Values 

SINGLE TANK 

Run oH I (±) oHI% oHO(±) oHO% OU(±) OU% 

1 23.7 0.35 61. 9 1.32 22.2 0.8 
2 23.2 0.34 61.4 0.88 17.5 0.5 
3 22.6 0.34 62.3 0.81 16.6 0.5 
4 22.6 0.34 63.0 0.77 16.2 0.4 

5 30.0 0.41 63.4 1.29 23.9 0.8 
6 22.6 0.34 62.8 1. 31 21. 9 0.8 
7 9.0 0.17 61. 6 1.32 17.3 0.7 
8 0.8 0.02 61.2 1.32 13.5 0.6 
9 13.9 0.42 59.6 1. 34 13.9 0.7 

10 30.6 1. 73 56.5 1. 35 18.8 1.5 

11 25.7 0.37 62.3 1.32 22.8 0.8 
12 12.3 0.21 62.1 1.31 18.5 0.7 
13 4.7 0.10 61.2 1.32 15.4 0.6 
14 18.2 0.66 58. 1 1. 35 14.3 0.8 
15 27.8 1.45 57.2 1.36 17.5 1.3 

16 20.3 0.32 60.0 1. 34 21.1 0.8 
17 3.7 0.08 58.8 1.34 14.7 0.6 
18 2.8 0.07 58.6 1.34 12.9 0.6 
19 16.5 0.63 56.1 1.36 13.5 0.8 
20 25.7 1.45 54.7 1.36 16.4 1.3 

TWO TANKS IN SERIES 

TANK I 

21 22.5 0.69 54.1 1. 36 16.2 0.95 
22 22.6 0.70 53.9 1.10 15. 1 0.82 
23 22.4 0.69 55.7 0.85 14.4 0.70 
24 22.5 0.69 57.1 0.81 14.5 0.69 

25 28.7 0.73 57.6 1.35 19.0 0.97 
26 22.4 0.70 56.5 1.36 16.3 0.94 
27 21. 7 0.69 56.5 1. 36 15.9 0.93 
28 11.7 0.60 54.4 1.37 10.4 0.83 
29 7.5 0.53 53.5 1. 37 7.4 0.73 

30 25.6 0.71 55.8 1.36 17.6 0.96 
31 20.6 0.68 54.9 1.36 15.4 0.93 
32 14.9 0.65 53.9 1.37 12.3 0.88· 
33 11.4 0.60 53:3 1.37 10.2 0.83 
34 7. 1 0.52 52.6 1.37 7. 1 0·.73 I 

./ ... 
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TABLE 6.4 - Continued ... 

Run oHI(±) oHI% oHO(±) oHO% oU(±) oU% 

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 II 

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 I 
EXPERIMENTAL DATA AND COMPUTED TEMPERATURES 

SYMBOLS USED 

SINGLE TANK 

TCO: Cold water inlet temperature (OC) 

TH1: Hot water inlet temperature (OC) 

TC1: Cold water exit temperature (OC) 

TH2: Hot water exit temperature (OC) 

TWO TANKS IN SERIES 

TCO: Cold water inlet temperature to tank I (OC) 

TH1: Hot water inlet temperature to tank II (OC) 

TC1: Cold water exit temperature from tank I (OC) 

TC2: Cold water exit temperature from tank II (OC) 

TH2: Hot water exit temperature from tank II (OC) 

TH3: Hot water exit temperature from tank I (OC) 
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TABLE A.I. 1 - Agitator Speed is Variable - Single Tank - Steady State 

Observed Temperatures 

Run N W M THl TCO TCl TH2 
(rpm) (ml/sec) (ml/sec) (OC) (OC) (OC) (OC) 

1 0 200 26.5 22.3 75.6 12.6 41.6 50.5 

2 380 26.5 22.5 75.7 12.5 42.9 49.3 

3 450 26.3 22.5 75.5 12.6 43.5 49.0 

4 500 26 0.5 23.5 75.0 12.6 42.2 47.9 
---- -

Computed Temperatures 

TCl TH2 
(OC) (OC) 

42.35 50.36 

43.48 49.19 

43.60 48.79 

42.88 47.95 

...... 
o 
w 



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

Observed Temperatures 

. W THl M N TCO TCl TH2 Run (ml/sec) (OC) (ml/sec) (rpm) (OC) (OC) (OC) 

5 27.5 83.5 19.2 200 11.3 48.5 57.0 
6 25.0 81.2 18.5 200 8.9 45.0 53.5 
7 19.8 80.0 19.0 200 8.5 41.5 47.9 
8 16.0 82.2 19.5 200 10.3 40.0 45.7 
9 11.2 81. 5 20.5 200 12. 1 34.6 38.9 

10 5.6 80.1 20.0 200 12. 1 26.3 28.2 

11 27.5 73.5 21.0 200 16.0 44.8 51.2 
12 21. 5 73.3 18.0 200 17.1 44.1 50.3 
13 18.5 72.5 20.0 200 16.5 40.7 46.3 
14 9.6 73.5 20.0 200 12.1 30.9 34.9 
15 6.3 72.1 22.5 200 17.5- 29.0 30.9 

16 27.1 62.8 19.5 200 10.0 36.9 43.4 
17 19.0 62.3 20.2 200 10.9 33.2 38.4 
18 16.1 62.9 19.0 200 11 .3 33.0 37.1 
19 10.0 60.3 20.0 200 10.1 25.8 28.8 
20 6.4 60.6 20.0 200 10.3 22.8 24.0 

---

Computed Temperatures 

TCl TH2 
(OC) (OC) 

48.92 57.01 
45.72 53.72 
41.34 48.20 
39.88 45.81 
34.89 39.38 
26.33 28.73 

44.42 51.64 
44.57 50.15 
40.70 46.15 
30.68 34.46 
28.86 31.18 

36.56 43.57 
32.93 38.72 
32.58 37.62 
25.50 29.28 
21.79 24.42 

--------_ .. - ------- --- -

-

..... 
o 
~ 



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

Observed Temperatures 

Run N W M TH1 TCO TC1 TC2 TH2 TH3 
(rpm) (m1/sec) (m1/sec) (OC) (OC) (OC) (OC) (OC) (OC) 

21 200 15.0 30.2 73.4 12.2 20.8 36.6 41.7 25.1 

22 280 15.0 30.0 74.5 12.8 21.3 37.4 42.0 24.4 

23 450 1·5. 1 30.0 71.0 12.3 21.0 36.5 40.1 23.9 

24 500 15.0 30.0 70.3 15.3 22.8 37.1 39.6 25.1 

Computed Temperatures 

TC1 TC2 
(OC) (OC) 

20.52 36.25 

21.27 37.50 

21.34 36.79 

22.92 37.66 

TH2 
(OC) 

41.48 

41.80 

40'.07 

40.61 

TH3 
(OC) i 

24.00 

24.72 

24.00 

25.28 

-' 
o 
(J"1 



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

Observed Temperatures Compu~ed Temperatures 

Run W THl M N TCO TCl TC2 TH2 TH3 TCl TC2 TH2 
(ml/sec) (OC) (ml/sec) (rpm) (OC) (OC) (OC) (OC) (OC) (OC) (OC) (OC) 

. 

25 16.6 80.6 24.0 200 17.5 30.9 49.5 53.7 33.9 30.38 49.09 53.36 
26 13.5 80.8 24.0 200 17.4 27.6 45.6 49.6 29.9 27.55 45.23 49.11 
27 13.1 81. 5 24.0 200 17.5 27.3 45.4 48.1 29.5 27.36 45.04 48.86 
28 8.0 79.9 24.0 200 17.5 22.1 36.6 38.8 22.9 22.34 35.96 38.68 
29 5.7 80.0 24.0 200 17.4 20.1 31.1 32.9 20.8 20.23 31.22 33.27 

30 16.2 71.0 28.0 200 16.2 26.6 40.8 44.9 30.6 25.25 40.28 44.87 
31 13.4 72.8 28.0 200 15.8 23.5 38.8 41.7 26.1 23.24 3(.83 42.09 
32 10.2 71. 2 28.0 200 15.9 19.8 32.5 36.8 22.8 20.88 33.30 36:84 
33 8.2 71. 3 28.0 200 15.8 18.9 30.1 33.1 20.6 19.40 30.41 33.43 
34 5.7 71. 1 28.0 200 15.9 17.9 26.7 28.7 18.6 17.89 26.46 28.67 

35 16.5 60.7 27.0 200 12.5 21.4 34.8 39.4 24.4 20.99 34.31 38.97 
36 13.5 61. 7 27.0 200 12.9 19.5 31.8 35.8 21.3 19.67 32.27 36.36 
37 10.4 61.2 27.0 200 12.9 17.9 28.9 32.8 19.2 17.65 28.73 32.25 
38 . 8.6 60.9 27.1 200 12.8 16.1 25.6 29.8 18.1 16.38 26.30 29.41 
39 5.7 60.4 27.0 200 12.9 15.3 22.3 24.1 15.6 14.76 22.28 24.52 

-- --_.-

TH3 
(OC) 

34.61 
30.94 
30.65 
24.04 
21.25 

29.11 
26.44 
23.08 
21.03 
18.80 

24.81 
22.73 
19.84 
18.07 
15.66 

-' 
o 
en 



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

Set No. : 1 (Si ngl e 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 
THl( 1) : 81. 3°C 

TCO(2) 
TH2(2) 

Time 
sec 

30 
60 
90 

120 
150 
180 
210 
240 
270 
300 
330 
360 
390 
420 
450 
480 
510 
540 
570 
600 

TC1S 
43.4°C 

TCl 
°C 

41.8 
40.7 
40.0 
37.5 
38.9 
38.0 
37.B 
37.7 
37.5 
37.4 
37.3 
37.2 
37.1 
37.0 
37.0 
36.9 
36.9 

. 36.9 

36.9 
36.9 

TH2S 
49.1°C 

TH2 
°C 

45.9 
44.9 
44.3 
43.8 
43.5 
43.1 
42.9 
42.7 
42.5 
42.2 
42.1 
42.0 
41. 9 
41. 9 
41.8 
41.8 
41.7 
41. 7 
41.7 
41. 7 

* (TH2 - TC1)/(THl - TC1) ALPHAl = 

*ALPHA1 

0.162 
0.160 
0.159 
0.156 
0.163 
0.164 
0.169 
0.168 
0.164 
0.159 
0.159 
0.158 
0.158 
0.161 
0.160 
0.160 
0.159 
0.159 
0.159 
0.159 
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TABLE A.I.6- Temperature - Time Data - Observed 

Set No. : 2 (Single tank) 

N - Agitator speed . 200 rpm . 
W - Hot water f10wrate : 20.0 m1/sec 
M - Cold water f1owrate: 20.0 m1/sec 

TCO(1) 13.rC 

THl( 1) 69.0°C 

TC1S TH1S 

38.rC 43.9°C 
TCO(2) 13.7°C 
THl(2 ) 59.8°C 

Time TC1 TH2 ALPHA1 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 . 



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 m1/sec 

TCO(l): 12.9DC 
TH1(1): 83.8DC 

TC1S TH2S 
44.7 DC 50.5 DC 

TCO(2) 
TH1(2) 

Time 
sec 

30 
60 
90 

120 
150 
180 
210 
240 
270 
300 
330 
360 
390 
420 
450 
480 
510 
540 
570 
600 

TCl TH2 
DC DC 

42.8 46.1 
41.1 44.6 
39.6 43.9 
38.4 42.8 
37.9 42.5 
37.5 41.8 
37.2 41.6 
36.9 41.1 
36.4 40.9 
36.3 40.8 
36.1 40.7 
35.9 40.7 
35.8 40.6 
35.8 40.6 
35.7 40.6 
35.7 40.5 
35.7 40.5 
35.6 40.4 
35.6 40.4 
35.6 40.4 

ALPHA1 

0.160 
0.160 
0.180 
0.175 
0.180 
0.165 
0.167 
0.158 
0.166 
0.166 
0.168 
0.174 
0.173 
0.173 
0.173 
0.172 
0.172 
0.172 
0.172 
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 

TCO( 1) : 13.2°C 
THl( 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 

Time TCl 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 38.3 41. 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 o. 161 0.136 
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 0.161 0.138 
420 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 22.5 36.8 40.4 25.2 0.151 0.144 
510 22.5 36.7 40.3 25.2 0.152 0.143 
540 22.4 36.7 40.3 25.2 0.157 0.143 
570 22.4 36.6 40.3 25. 1 0.151 0.147 
600 22.3 36.5 40.2 25.1 0.157 0.146 
630 22.3 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 

ALPHA = TH3 - TCl BETA = TH2 - TC2 
TH2 - TCl THl - TC2 



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

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(l): 13.7°C 
TH1(l) : 83.2°C 

TC1S TC2S TH2S TH3S 

TCO(2) 
TH1(2) 

Time 
sec 

30 
60 
90 

120 
150 
180 
210 
240 
270 
300 
330 
360 
390 
420 
450 
480 
510 
540 
570 
600 
630 
660 
690 

22.8°C 39.8°C 45.2°C 25.9°C 

TCl TC2 TH2 TH3 
°C °C °C °C 

22.4 38.5 41.3 25.4 
22.1 37.2 40.1 25.1 
21.8 35.9 39.3 24.7 
21.6 35.2 38.7 24.3 
21.4 34.7 38.1 24.1 
21. 2 34.2 37.7 23.8 
21.1 33.7 37.2 23.7 
20.8 33.4 ·37.1 23.2 
20.7 33.2 36.9 23. 1 
20.5 33.0 36.6 22.9 
20.4 32.8 36.4 22.9 
20.3 32.6 36.3 22.8 
20.2 32.5 36.2 22.7 
20.1 32.3 36.1 22.6 
20.1 32.2 36.0 22.6 
20.0 32.0 35.8 22.5 
20.0 31. 9 35.7 22.5 
19.9 31.8 35.6 22.4 
19.9 31.7 35.4 22.4 
19.8 31.7 ' 35.3 22.3 
19.8 31. 6 35.3 22.3 
19.8 31.6 35.3 22.3 
19.8 31. 6 . 35.3 22.3 

ALPHA 

0.159 
0.167 
0.166 
0.158 
0.162 
0.157 
0.162 
0.148 
0.148 
0.149 
0.156 
0.156 
0.156 
0.156 
0.157 
0.158 
0.159 
0.159 
0.161 
0.162 
0.162 
0.162 
0.162 
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BETA 

0.125 
0.122 
0.136 
0.136 
0.129 
0.131 
0.128 
0.134 
0.133 
0.129 
0.128 
0.130 
0.131 
0.133 
0.133 
0.131 
0.131 
0.131 
0.127 
0.123 
0.126 
0.,126 
0.126 
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APPENDIX II 

MATHEMATICAL MODELLING 

A.II.l 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.Cwpw and V = V.CwPw heat 

balance is; 

dt l 
W Tl - W T2 + Mto - Mtl = V -

de 
(A.2.1) 

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

heat transfer rate equation for the tank is 

or. 
T - tl 

ln 2 = exp[- U1A/W] = a 
T 1 - tl 
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T 2 = aT, - at, + t, 

T 2 = aT, + (' - a) t, (A.2.2) 

From Equation (A.2.') 

WT, + Mto - Mt, - V{dt,/de) 
T = -'---~----=----'---

2 W 

WT, + Mto - Mt, - V{dt,/de) - W T, - W{' - a)t, = 0 

First order linear equation with constant coefficients was obtained, 

[M + W{' - a)]t, + V{dt,/de) = W{' - a)T, + Mto (A.2.3) 

F = M + W{' - a) 

H = W{' - a)T, + Mto 

Equation (A.2.3) can be written as, 

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

then; 

Vm + F = 0 m = -F/V 

And therefore complementary function is 

t, = Aeme 

t, = Ae- F/ Ve 

The right hand side of Equation (A.2.3) is a constant and therefore 

the particular integra' is.a constant and equal to right hand side 

of Equation. (A.2.3) divided by the coefficient t" then particular 

solution; 



t = H/F = B lp 

And the complete solution is; 

where A is arbitrary constant, using following initial conditions 

it can be calculated 

at e = 0 

tl = [t ls - H/F]e- F/ Ve + -¥-

inserting W = WChPh ' 

equation, final form is, 
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WChPh(l -a)Tl + MCwpwto 

MCwpw + WChPh(l - a) 
(A.2.4) 

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

calculated. 

A.II.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. 



Tank I 

Tank II 

Heat transfer rate equations for the two tanks 

Tank I 

Tank II 

T 3 - t1 
--- = exp[ -U1A/W] = a 
T2 - t1 

T - t 
2 2 = exp[-U2A/W] = B 

T1 - t2 

T3 - t1 = aT2 - atl 

T2 - t2 = BTl - Bt2 

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

(A.2.6) 

(A.2.7) 

(A.2.8) 

have to be 

solved simultaneously. Frequency of appearance of variables 

T3 T2 t1 t2 

1 1 1 

1 1 + + 

1 1 1 

1 1 1 

2 4 3,+ 2,+ 

+, shows differential form 

T3, must be eliminated first, then T2 because t1 and t2 appear in a 

differentiated form sUbstitution of Equation-{A.2.7) into E~. {A.2.5}. 
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W{l - a}T2 + Mto + {Wa - W - M}tl = V{dtl /d8} {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) 

and 

W{l - a}[STl + T2{1 - S)] + Mto + {Wa - W - M}tl = V{dtl /d8} 

W{l - a}STl + W{l - a){l - S)t2 + Mto + (Wa - W - M)tl = V{dtl /d8) 

(A.2.10) 

(W - WS)Tl + Mtl - [W{l - S) + M]t2 = V{dt2/d8) 

tl = + [V{dt2/d8) + ({W/~1)(1 - S) + l)t2 + {WS - W)Tl] 

(A.2.1l) 

{A.2.12} 

using Equations (A.2.11) and (A.2.12) to eliminate tl and its differen

tial coefficient from Equation {A.3.10} 
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W(l - a)ST1 + W(l - a)(l - S)t2 + Mto + (Wa - W - M)[(V/M)(dt2/de) 

+ [(W/M)(l - S) + 1]t2 + ((W/M)S - (W/M)T1] = 

W2 W2 v2 d2t2 VW dt2 - [- S - -]T - [WS - W]T1 = - - + [-( 1 - S) + V]--M M 1 M de 2 M de 

d2 t £ __ 2 + [_ VW (1 
M de M 

dt 
S) + W -~ + .J!L + V] __ 2 = 

M M de 

+ [W(l - a)(l - S) + Wa + ~2 a(l - S) - ~2(1 - S) - W 

- W(l - S) - M]t2 

V2 d
2
t2 VW VM VW dt2 -M -- + [2 -M- + 2V - -M- S - -M- a] -de = 

de 2 

W2 W2 W2 W2 . 
~1t + [MS - WaS + - as - _. - a + - - - S + W - WS]T o ~1 M M M 1 
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Second order linear differential equation with constant coefficients 

is obtained. 

(V 2/M)(d 2t 2/d8 2) + [2(VW/M) + 2V - (VW/M)S - (VW/M)a](dt2/d8) 

+ [M + W - (W 2/M)S + (W 2/M) + (W 2/M)aS - (W 2/M)a - WaS]t2 = 

Mto + [(W 2/M)aS - WaS - (W 2/M)a + (W 2/M) - (W 2/M)S + W]Tl 

(A.2.13) 

F = M + W - (W 2/M)S + (W 2/M) + (W 2/M)aS - (W 2/M)a - WaS 

E = Mto + [(W 2/M)aS - WaS - (W 2/M)a + (W 2/M) - (W 2/M)S + W]Tl 

Auxjliary equation 

if, 

(d 2t2/d8 2) + [2(W/V) + W(M/V) - (W/V)S - (W/V)a](dt2/d8) 

+ [(M2/V2) + (MW/V 2) - (W 2/V 2)S + (W2/V2) - (W2/V2)aS 

- (W2/V2)a - (WV/V 2)aS]t2 = a 

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

DP = (M2/V2) + (MW/V 2) - _(W2/V2)S + (W2/V2) - (W2/V2)aS 

- (W2/V2)a - (WM/V2)aS 

Then above equation can be written as 

m2 + BPm + DP = a (A.2.14) 
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The roots of Equation (A.2.l4) are 

m = -BP ± iBp 2 
- 4DP 

1,2 2 

and therefore the complementary function is 

The right hand side of Equation (A.2.l3) is a constant and therefore 

the particular integral is a constant and equal to the right hand 

side of Equation (A.2.l3) divided by the coefficient t 2, then parti

cular solutionis; 

t = E/F = CP 2p 

And the complete solution is, 

(A.2.l5) 

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

initial conditions 

at e = 0 
{After reaching steady-state} 

Mt + (W - WaS + (W2/M) - {W 2/M)a - (W 2/M)S + (W 2/M)aS)Tl CP = _0=--____________________ ----'-

M + W - WaS - (W 2/M)a + (W 2/M)aS- (W 2/M)S+ (W2/M) 

e = 0 Equation (A.2.l5) 

t 2s ,= A + B + CP 

A = t - B - CP 2s 
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Substituting Equation (A.2.'5) to Equation (A.2.") 

+ ((W/M)B - (W/M)T, (A.2.'6) 

t,s = (V/M)(m,A + m2B) + [(W/M)(' - B) + ,J(A + B + CP) 

+ ((W/M)B - (W/M))T, 

t,s = (V/M)[m,{t2s - B - CP) + m2B] + [(W/M)(' - B) + 'Jt2s 

+ ((W/M)B - (W/M))T, 

+ ((W/M)B - (W/M))T, 

t,s = ((W/M)S - (W/M))T, + ((W/M)(' - B) + , + (V/M)m,)t2s 

+ (V/M)(m2 - m,)B - (V/M)m,CP 

B = t,s + ((W/M)-(W/M)B}T, ,- (V/M)m,CP - [(W/M)('-B) + (V/M)m,+'Jt2s 

(V/M)(m2 - m,) 

Using Equations (A.2.7), (A.2.8) and (A.2.'5), (A.2.'6) and substitu-

ting M = MCwpw' W = ~ChPh and V = VCwPw unknown temperatures are 

calculated. 
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IJ V:]LU",I.::iF Ll~UID I:i EAC~ TI\N~ (,\**3) 
J=1 I~~IC~T~S STeADY-STATE CASf 
J=2 I~JIC~TES U~~TfAOY-STATE CASS 
ICOUNT I~&!CATrS STEPS FOR STE.\DY-STATE CASE 
~L I,i!1IC-HES STEPS FOR U:ISTEAiH-STATF. C.\S:: 

DI,·',i:.NSla~ Trl::TA(2),TH1 (2),TCO(2) 
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~: E. AL'I UH , '. U C , v.. H , I( C , " R E. oi, :~ P "fj , N U D H, ~IJ i> C , L , '\ , ~ I, "l1 , "\ 2, ~l, ~, ;~ u ',./ 

1~ i:. A [I (5 , * ) 0 C, ~ H , D T , L, D A , N , X ,0( , v , ~,! , .. , Teo ( 1 ) , T H 1 e 1 ) , T CO (2 ) , T H 1 ( 2 ) 
~~IT~(6,S) CC,OH,DT,L,~A,~,K,V,W,~,TCJ(1),TH1(1),TCC(~),TH1(2) 

F J R ': ~ T (2 ,) x " :> C = ' , F' 7 • 4, 6)( , , ('!)' , I , Z fl/. , , :J H =' , E:. 11 • 4 , 2 x, , ( M) , , 1 
,i';;)X,'::T =',F7.4,6,<,'(1)',1,2;)x,'L =',F7.4,6x,'(".)',1,2r.X,'OA =' 
;:11.4,2x,'(~)',1,2C.,'(,' i =',F7.4,ox,'(o.:IJ/SEC)',1,2;~x,'X =', 
F 7 • 4 ,6 X, , ( , !) " 1 ,2 J x, , v = ' , Ell. ;. , 2 X , , ('f, * * 3) , , / , 2 j X, , W = ' , F 1 1 • 4, 
:: x " (,~ * * :3 / S t. C) , , 1 , 2 C; X, , .! = ' , Ell • 4 , :: X , , (": * * 31 SEC) , , 1 , Z J x, 'T C:) (1 ) = ' 
, F 5. 2, oX, , (C ) , , I ,:! (: I. , , iH 1 (, ) = ' , F 5. 2, 6 X , , e c ) , ,1 , 2 (~x , , Tee ( 2) = , , f s. ::, 
-:.ox,' (C)',I,,:-:X, 'Trl1(~)=',F5.?,6X,' (C)',II) 

iH::T t..C 1) =5 'iJ ,i~l. 
THO!\(~) =:io 
1 C OJ ~IT = J 
A=1. 

ST~ADY-STATE CAS: 

J=1 
:J:i = " I ( C3 • 1 41 6 * D rl * D H) It..) 
'lOC=F~lJ(TC\J(J) ) 
;,:)H= FRO( TH 1 (J» 
:,: U C = F ,'I U ( TC ,) ( J) ) 

'0', U H = f J U ( Ttl 1 ( J ) ) 
Cf'C=FCP(TCJ(J) ) 
CPH=FCP(TH1<J) ) 
r-C =F< (TC,)eJ» 
I(H,=Fr< (T~1<J» 
',HI: 1. 

, iUC=1. 
;;u rl= 1. 
IF(ICCU~ToEJ.~)GO TJ 66 



) 

) 

) 

D0C 67 
00[163 
00r61 
JOIJ71 
00071 C 
G (1[: 72 
::lN17; 
~ rJG 7~ 
)0875 
1)007) 
CI ~('l77 
c: 0::;; 3 
J OJ 7t 

:' CC;:'1 
~; 0::: 2~ 
)0l S3 
J~:J Sft C 
~n~ 85 
J('lf'l3S 
:(lJ67 
J0:' S3 
Jr:U;H 
~!)C9)C 

J"1~ 91 
Jr.on 
CI r:-C, 93 
8r:r.9~ 
C1flC' 95 
Q:}C?SC 

11 THO=<TH2+TH1<J»/2. 
IFeJ.GT.1) GO TO 33 
Xl =TC1 
x2 =T HZ 

33 R:)C=FRoeTC1> 
R:lH=FRoeTHO) 
i'W C = F ~ U eTC 1) , 
'lU H = F"l U e THO) 
CPC=FCP(TC1> 
CPH=FcpeTHO) 
KC = FK (TC 1> 
KH = FK <T HC) 
tF(ICOU~T.EJ.1) GO ro 6~ 
"tUw=F>lueT .... ) 

66 HR[H=(DH.(W/«3.1416*DH*DH)/4.».ROH)/~UH 

NP RH = e CP rl* "llfri> I KH 
L·Hl!:'i ~ R FL 0 .... 

IF(~REH.GT.1~D)GO TJ 83 
f~ U D H = 1 • g 6 * ( ( ; If' l H '*:1 P 11 H ) I ( LI 0 H ) ) ** ('I. 33 
HI=(!(H*'IU04) IDH 
GJ TO 55 

TR ,\NSI Tl ON P. EG to;1 
77 IF (li!?':H.GT.1:Jf)O~) GO T:) 83 

E = (0. 11 5. ( ( ~1I: i. H ) ** Q • 6 7 - , 2 5. ) I :~ F. E H 
X = (3 .1 41 6" R J d * V H * C P Ii * D H * D H ) I (4 • • KH ·L ) 
HI =1 .75 * t<H I ~ Ii * ( <3.1416.il H) Ie 4 •• L) *' ~I ~ :; H. N P R H) **.33 
GO Tv 55 

::n~97C TUF:GULE~H FLO" 
JG29~ 83 NUDH=C.~23'*N~EH*·~.5*NPRH**O.33*(MU~/~U~)**Q.'4 
J ij r ');- HI = ( e K Ii * '; '.J D rl )J :J H ) * (1 + 3 • 5 '* 0 Ii I DC) 
:' n 1 r J :; 5 to = ( K C lOT) • 1 .4 O. ( e (D " • *2 ) * ~* RO c> n U C ) ** J • ~ 2 

.> 0 C 1 ;, 1 + • ( (C PC. "I U C )/ I( C ) ... ~l • 3 3 * ('.~ U C / ., U 1'1> ** Q • 1 4 

) 

) 

.J 

[,111 r 2 
8::1'C-3 

If (lCOU':T.Sl.O) G:J ra;6 
:) E LT = ( TH 0 - T C 1 ) I (1 • + e H I I H (j) ) 

J010~ TW=TH~-D~LT 
f''1F') 55 u=1./(1./rlI+1./H0+2.6E-5) 
r G1 f ) ALPH4=EXP(-U*(3.141~*D~*L)/(J*~CH*CPH» 
J C 1 :-'7 C 
C' l1 :}3 
~i '~1 ::7 
J'l11) 
C )111 
[0112 
:"r115 
2!'11H 
8!!115 
e011 ~ 
t.: 0117 

vI =1, *1' OC 
wI =\0/ *R ,Jrl 
-iI ='1 *R ,)C 
G=vl*CPC 
F = on * C PC + ,J I * C? II '* ( 1 • - ,A L i' H A ) 
H=~I*C?~·(1.-'LPHA)*TH1eJ)+~!*CoC*TCO(J) 

?= ~I F 
IF(ICOU-.T.C'J.J) GO TO 21 
TC1S=TC1 
,~,=TC1S-3 

S!l113 21 TC1=A*£;t.P(-( FlG)*Trlt:TA (J» 1"3 
Cf.111;1 
:iC1 n 
?'1121 
!:G122 
V1?) 
.:: :11 2'. 
:jr125 
=''J12S 
~"'1 27 
~r1 2~ 
0'112? 
[I i 13) 
[l'J131 
00132 

TH 2= -\L P~ '* TH 1 (J ) + ( 1.:"'A L? riA ) * TC 1 
IFeJ.E.l.1>GO TO 7 
~J q IT E ( oS, 1) T II r T .l. ( 2 ) , TC 1 , T H 2 
F 011'1 q <7 X, F 7 • Z , 1111. , F 6. 3,1 u .<, F 6 • 3 ) 
:j(; TJ 1)1 

7 IF(ICCJ~T.~Q.U) GO TO 3 
DIFR1=x1-TC1 
DIF~2=,~2-TH2 
!F([)IF~1.:;T.q.OUfl1) GO TO 3 
IF (OIFRZ.:iT.,"l.(lO;1). GO TO 3 
IF(A.':,=.:J)GO TO .) 
Io/rnTE(6,,~) TC1,TfI2 

SF:) P:i AT (1 ., x , I T CIS = I , F 6. 3, 5 x , I T H ? S = I , F 6. 3) 

GO TO '79 
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C 0133 3 
00134 
80135 99 
GG13~ 2 

.) on137 i' 
G0133C 
0f)1 3~ C 
0014)C 
(10141 
Q 01 42 

) 00143 1'"11 
:.J 81 4~ 
~r'145 
3n14~ 

Or:147 
CQ143 111 
ar14~ 
(1:115) 
:jC151 
J ~1 52 
C !J1 53 
:J:" 1 5r. 

) Q ·"'1 55 
::0::155 
::J 0157 
::r.153 
J:11 5~ 
:'01 oj 
,j ~1 61 
:) 0162 
: :-1 6) 
Q :~1 ~'. 

J (' 1 65 

) 

) 

.J 

ICOuNT=ICQUNT +1 
GO TO 11 
loIRITE(6,2) 
FO R~ H (1 a X,' TI ME' , 10 x, • T CO LO 1 • ,1 n X,' TH OT 2' , 
1,1 U X, 4 C • _ .) ,10 X, 6 (. _ • ),1 Q x, 5 C • _ .) ) 

UNSTEADY-ST~TE CASE 

J= 2 
KL =0. 
THETACJ)=THETACJ)i'38. 
IF <T ~f r. TA (J ). G T • 1 8:J 0 ) G 0 TO 1 11 
KL=KLi', 
IF(KL.GT.1) GO TO 21 
GO T l) 11 
STOP 
E~l 0 
FUNCTION FCPCT) 
FCP=.'19313Ei'4-.744578*T+.1D0g75~-1*T*T 
R~ TU RN 
E'H) 
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FUNCTIO'l F~IU(T) 

f~U=.14S237E-2-.2?5743C-4*Ti'.25~156~-6*T*T-.822939E-?*T*T*T 

RETUR"I 
E"i 0 
FlIdCTION FRO(T) 
FRO=1./C.997426[-3i'.135802E-6*Ti'.325184C-8*T*T) 
HETURN 
:;'~ D 
FUNCTIC'l FK(T) 
FK=.57067'i'.17809JE-2*T-.634359E-5*T*T 
1-1: TU ~ ~I 
E~ 0 

, r..199KLNS. 



J nJ.1I 
.) n.Jr·~ C 
:'(.:::[.3 C 
j(12i)~ C 
C f"!j "'5 C 
JOenS c 
::.:1srr c 
JrG[~c 
;j('\::O c 
:,r::1J c 
J r"~111 r. 
j .... j1~ c 
~Y'L 15 C 
:: r: ~ 1~ C 
:o ne1; c 
..; 0~i 1) C 
j CL 17 C 
:' ('1:: 1 ) r. 
:J,r"1i C 
·,nf' """I" __ '\ (. J C 
:' ,~:": 21 r. 
,~·~~'2Z c 
.. ' r~: 25 C 
, .., 

2~ r. '-' -~ f'\ ~-- ,','.::) C 
.:: :~:, Z ~ C 
:.i ,1:' ,7 C 
:: -; ~ ,3 ,. 

" 
~'!' ,:' 2 il C 
:. r. .. : :;) C 
:: "1:: 31 C 
~(~'~; 3~ c 
J~'::) C 
..... t"'I ~ :!, - . __ 'i 

- -35 + . ",.,-
_, I_ 3, ~ 
. ' , 

~ 37 + 
~ .... ~:> - .. oJ.' 

~: C':.'::;> C 
:: ~:' 4J r. 
-,1""'41 

--, ~ 4~ 
- ..,' 45 - .. 
., !""I-

-4!. + ~ - 45 + -
'"': I.) + 
,~, 47 + 
- 43 + ... 
;< 41 + 
f~~: 5 j C 
,~," ;; I C 
,-

0' 5~ 

" - ~5 - c, - ~~ 

~~. 5:; 
) j- ~) 

.- . 
';7 

" ;;~ C 
r;H 

" ~ to) C 
,.. 'J () 1 
'1~. t; 2 
"1:'63 
:;: 64 

) :~ ~) -' 6; , 

~ 
,J 

PROGRA~ rllAT(OATA,~ESULT~TAP~5=OATA,TAPE6=RESULT) 

DETER!1I,~"TIO\j OF IlEAT TRA'ISFER COF.FFICIENT 
F)R T~O TA~<S I\j SERIES 

THI THE lilLO rr;\PEr:ATURE OF HGT SnE •. ~ TO HoNK ~(c> 
THe: THE i:.)(lT TE:'Pf.R,HUPE Cf HOT snCA11 FRO:-l T."riK 2(0 
T II 3 T H 10 E)I, 1 T TE : 1 PeR ,\1 U R E C'F I-j () T S Ti\ ~ ,.. i-I FRO '1 T" N K 1( 0 
TCO THE l~LST TE~PE~ATURE OF COLD STQEAM TO TANK 1(C) 
TCI THE EXIT TE~prRhTURE OF COLD STREA~ FRO~ TA~K1(C) 
T C 2 T rl E U 1 T T C: P ~ RAT U H 0 Fe:) L D S rr. E A M FRO '1 ; A N K Z ( C ) 
:; f L Q,J RAT r:: 0 F C () L D S T R ~ ; .. 1 C'A. + 3 1 $ : C) 

~ fL0W R~T~ Of C0L~ STREAM (~.*3/S~C) 
o T 01.\;<. CT;:i\ :jf TIl i~r( ( 1) 

D CD!.' ~~ F. T E; 0 Fe:> I L ( ") 
D H D I b F.T l: K 0 F T.ll i: £:: 
0,\ "l~,:;:::l::=1 i.lF ,',Grr':'TJR 
~ ~GITArQR SPl~O 

x THIC<'i::SS Of TIJ3!O 
L LE :~::; T-l ,)F T U'![ 

( 'i) 
( ;) 

(':'EVISr.O 
( ') 

( ,j) 

f.. T"::~ '~L C:)'l\lUCrIVIT'f OF TU"L ·,i:PKIA.L (..I/C.") 
VH V~L~CITY OF YJT ST~EA~ (~/SLC) 

C P HE AT C ,\.0 \ CIT Y ( J I K:; • C ) 
;:.; ;J, DE.'1 S Il Y ( 1(:; ;;,~ .. 3) 
',U VI seo:; IT f «S 1",+$ rc) 
v v 0 LJ '. i:. ~ F L I '" u I ~ 1 :'/ rio C rl T A 'j K ("i * * 3) 
J=l !':DIC'IT:S STi:,/o,OY-STnf CAS;:: 
J=Z I'j()lCi.r:s U'ISHADY-STATC: C:\$£ 
I I'.)ICH':S r:,:~,< ':U'c~f;; 

1'::1'.)'.: !<D:OF:; ST!"?S Fe'? ST::'\DY-STAT:: CA.:;~ 
KL LI"-IUFS SEPS fOP U~jC;F"'DY-STATf. usc 

D ~ :' [ '; S D:l :: J C ( 2 ) , t·: C; ( ;:: ) ,';:J C ( ?> ,~ lI'i (2 ) , T tl I) ( ?) , T C ( '! ) , 
" C ( ~) , 'f., ;1 ( 2) , 'l ~ L Ii ( 2) , t.[' R I; ( 2) , i\ U 0 H ( ~) , s U) C ( 2) ni I ( ;:) , 
r. ,H :;) , J <? ) , C? C (2) , C PH ( Z ) , , u ;/( 2) , T 'i [. T A ( 2 ) , T H 1 ( 2) , 
TCJ(Z),)::LT(Z),T,,(Z) 

R I: .A L " tJ h , '~ U C , I< H , K C , :'i " t. H, N? ;H , S lJ:l :-i , ,'~:.J 0 C , L , 'I , :~ I , :'~ 1 , -: ~ , .;, -: , .' Ll .,J 

PE~~(S,*)0C,~rl,DT,L,DA,S,X,~,V,~,1,TCO(1),TH1(1),TC~(2),:H1(~) 

,./ i'. ! T E ( ~, 3) a r., D Ii, D T, L, L> a, , '; , :(, V, ,J , ~ , T C J (1 ) , T Ii 1 ( 1 ) , T C U (2 ) , TH 1 (2) 
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F 'J P. '" A, T (;:1) " 0 C =' , F 7. I., 6 J( , , ("\) , , I ,2 n X , , D H = ' , E 11 • It , , !., , ( ~,) , , I 
, 2.) ,~, , ~ T = ' , f '/ • 4 , {) f." , ( J) , , I, 2 C. )(, , ~ = ' , F 7 • 4 , !> X, , ( .) , , I 2 ex, , 0" = ' , 
:: 11 .4,;: X, '( ~) , , I ,2 j x, , ;, = ' , f 7.4,0 oX, , ( :) ( V I S C:. C) , ,1, ?~"~' , X = ", 
F7.4,6X,' (Q',1,2lx,', =',E11.4,2,(,'( '**3)',1 2

'
1"',, =',<.11.4, 

Z X, , (' * .. : 1 S ::: C ) , , 1 , 2 C1 X , , " =' , t: 11 • 4 , 2 ;(, , ( .. * .. 3 1 S C)', I , ~ ,~ X , , T C (' ( 1 ) = ' 
,f5.2,I;X,'(C)',1,2:]x,'TH1(1>=',f:;.2,5X,'(C)',I, .Jx,'TC;.(Z)=',F5.'-, 
:; x, , ( C) , , I, 2'j ,\ , , T d 1 (2) = ' , F S .;: , 6(, , ( C) , , II ) 

T,-;::T 4,( 1) =1 :;,i I • .t. 
Tt~ ;:: T \ ( 2) =: • 
A=1. 
.3=1. 
1=1 
I C r)lj 'IT =.:. 

J=1 
VH=',JI( <3.141 f,*CH-U!O 14.f 
~'J C ( 1 ) :;: F c:: J <r C'~ ( J ) ) 
;1011(1) =F;1;i (Td1 (J» 
1 U C ( 1 ) = r 1'J (T C '.1 ( J ) ) 
hJrH1> =F W(Tt!1 (J» 



) 

, l 

) 

) 

CGJ67 J74i1 
:J (lJ 6l 
GI1~(';1 

J '1c. 7) 
en,,,)71 
:~::n 

J!'IJ 75 
C 0(174 
Ll:iJ 75 
JG:J7S 
:YC77 
JrJ73 
~:-<'n 

CrC(1 )=FCP(TCO(J» 
CPH(1) =FCP<T111 (J» 
1« (1) =FI«TCO(J» 
Kif (1)=FK (TH1 (J» 
cC=CPC(I) 
CH=CPH(1) 
RC = R ,J C (1 ) 
Q H =R OH (1 ) 
'o1U.H 1 ) =1 • 
'IV H ( 1 ) =1 • 
~'U C ( 1 ) = 1 • 
~IU \01 ( 2) =1 • 
,'II =c\ 

.' " ~'J IJI =.J 

:: r..:> 31 VI =1/ 
.! :!j 1:2 C 

131 

) .!~:-:,~~ IF (1 COU~T. ::J • .(o) GO T:J 66 
)'1::% 11 1=1 
J~~3i THO(1)=(TH3+THZ)/2. 

) :~,i:':3:) THO(Z)=(TH2+ T H1(J»/2. 
:,(':'27 TC(1)=TC1 
J -'1'.; l·3 
~! :.:-' ~ i 
~ ':1:-: 9) 

Y'::: 91 
:: 1"172 
~,,-;~, 93 
Jr.:~?~C 

T( (2)=TC2 
IF(J.GT.1) G,1 TO 33 
X1=TC2 
X~ =T C1 
x3 =T If? 
)(4 =T H3 

Jr.['Q3 35,OC(I>=F~J(TC(!» 

~,r;'J9S R~H(I>=PJ(THCJ(I» 
~:,-:'97 ,'lVC(I)=F~u(TC<I» 

: 'l:! ? 3 II U H ( I> = F '~U (T H 0 ( I ) ) 
~, ;0 ~, 9 ~ C P C ( I) = F C:> (T C ( I ) ) 
Jo'n") CPH(!)=FC:>(Til;)(I» 
~ r: 1 '~1 K C (I) = F '< < T ( ( ! ) ) 
,',:"1F? KH (!)=FK(TH0(!» 
.F11 .... 3 IFc!CCU:-;T.E~.1) G::l T'J 6:, 
:.. r 1 ~,; 1 U ;.; ( I> = F '11J (T ',J( ! ) ) 
~ -, 1 r 3S:) ,;; f H (I ) = (v H .. (Ii / { (3 • 1 41 f.- .. D rl ... D II) 14 • ) ) .. R J H ( 1 ) ) / ':.J H ( I ) 
:':~l:-S :-JP~H (I)= <CPr! (I) "':U:,j( 1»/ KI-f<I) 
~Clr?C LA~I~AR rLJ~ 

:"-:1 ":3 
: :-, r' ':f 

: '" 11 ) 
~ ,", 111 
_,~112C 

: 1115 C 
:r'1114 
:.. r j ~ 5 
:"11) 
'~ "11 7 
:,;-'1 E 
: ~11t C 
J~12J( 

: ~1 21 
.: " 1 ;: ~ 
,:,,", n 
'-J '1 Z ~ ... 
/12) 
:1" 1 ~s 
~11(:7 

~ ~1 23 
/'1n 
: \"11 ~) 
L."1 31 
,111 3~ 

IF<~cREH(I).;'T.1:,Y~)G::l T;) ,'3: 
:I;JOH <I )=1. )~ .. ( (1:":,:H( I) ":iPi\ Ii ( !»f (L/:)H) ) 1H t:'.33 
Hl(l)=«<1(I)"'~UDH(I»/)i 

G;) Ti) S5 

r 2;.:I',,r T r:: r; ~!; GI 0', 
n ! F (l,c' i' H <1 ) •. j T • 1 ~ J 1 ~) (j 0 T 03 e, 

;: = :'. 11 6 .. ( ( 'i;': ~ Ii ( 1 ) ) .... r, • .) 7 -1 25 • ) /~. ~ " !1 ( I ) 
;J. = ( 3 • 1 I, 1 oS .. ~ j H ( I ), ... 1/ H .. C P II ( I ) ... D ;j .. i'li ) I (4 • ., .( H ( 1 ) .. L) 
rl r (I ) = 1 • 7 S ... K H ( I ) / 0 H" ( ( ;;. 1 4 1 ? ... !J H ) / ( -'+ ... L ) .. '. R r H ( I ) .. '1 P ;: '1 (1 ) ) ..... :5 :; 
GO T u 55 

TUF:]ULtnT FLJ'../ 
~~ ·jU')H(I)="'J.~23"'j~'EH<I)""J.5*"PF'HO"'~:1.33 

ell ( 1 ) = ( ( K'~ (I ) .. :, U 0:1 (I ) ) I!J H) .. ( 1 +5. ') .. D 11) C ) ... ( :, U d ( ! ) / '1 U t' ( I ) ) .... r. 1 4 
r; 5 H:) < I ) = « C ( 1 ) leT) .. 1 • 4 ...... ({ (.' /I'" .. ;.: ) .. ,"j .. '/ ) C ( I ) J / " J C ( 1 ) ) .... ,-' • :; 2 

.. ( ( (? C ( I> ":r," C ( 1> ) / < 'C ( I) ) .... 0 • 3 ~ .. ( ., :J C <I ) /' U ,I( I) ) .... :) • 1 4 
If ClC()U'IT.El • .j) C) TO 'i? 
!) E L T (1 ) = ( T ii:; ( I ) - T C (I ) ) I ( 1 • + ( :i I ( 1 ) I rl 0 ( 1 ) ) ) 
h (1 )=THI)(:) -0 rLT( I) 

5S IJ( 1) =1./ <l./ilI (I)+1./Hu( 1) +2.6r'-5) 
IF (!COU'IT.i:J.!J) :;0 Te 4.3 
I=I+1 
1 F ( 1 • G T • :?) G 1.1 Ttl 4 4 
GO T;) )3 



) 

) 

) 

::r'1 33 ltd 
onl 3~ 
;J ~ 1 3> 
G~1 3~ 44 
:..r137 
Gr:'l 3~ C 
:1"131 
:,f')14)C 
QI'!141 22 
Jr.14~ 
[jC143 
j i' 1 4~ 
.:; ['145 
:, r:1 4S 
:; ~1 47 
J,1143 
c' ~ 1 4 t 
:;"15) n 
. >~1 51 
;':115~+ 

:: ~., 53 
: "', 54 
:! '~1 5; 
J", 5:> + 
'~'-157+ 
J ~1 5 ~ 
j ~ 1 5 f 
::r]1 6J 
j~l 61 
~ ~~1 u2 
J ~1 63 
:: :-'1 6!t 
>116; 
;.' "1 6:l 21 
~ :1 t7 
.. :l1t.3+ 
:.. ~'1 tf 
:; '117) 
:,0171 
v"" n 
._ .., 1 73 
,,;,~ 1 7~ 
.J -, ;) 
:J '~1 7:> 
J'" 1 77 
:.; -,; 1 73 
:.0 ·'17'; 
:: ,-, .: j 

:: r 1 ,'1 
j:", ~.~ 

~:'-'.;,3 

U(2)=U(1) 
CPH( 2) =CPH (I) 
~Olj(~) =ROH (1) 
A L PH ,,= 0, P ( -u (1 ) " C3 • 1 41 o. i> H "L ) I (\oj .. R ,)rl ( 1 ) .. C P 11 ( 1 ) } ) 
8ETA=[XP(-U(2)"(3.1410·~H"L)/(~*RJH(2)"CPH(2)}) 

IF<ICOUNT.::J.U) GO TQ 72 

TCL=(TC1+TC~}/2. 
TrlL=(Trll (J ) .. TH3)12. 
CC=FCP(TCL> 
CH=FCP(T~L) 

I?C=F,~J(TCL) 

~H =F~:) (T HL> 

1': 1 =', ... C C" R C 
'-II =<I"'C If. RH 
VI=V*CC*RC 
i.lP = 2 • * ('1 I I V I ) .. ( W I I V I ) * (2 • - B:: TA -A L PH r, ) 
D? = ( n ...... !) I< V I * V n .. ( (;~ ! * 10 I) I (V I" 'I I » ,,( 1 - ALP H A.. 3 E T I\) .. 

( ('1 I * til ) I ('J !. V 1) } .. ( 1 .. \ l P:1 A * -3L T " -~, L? H A - ~ F. T A ) 
i'l =(-~P .. «OP .jP}-(/."DP» *.r,. 5) 12. 
;1;;: = (-3 P - ( ( S? '" 3 P ) - (4"::> p ) ) **!"!. j) 12. 
C P = ( " I ... T C 'J (J ) .. T H 1 ( J) * ( .,J 1- tI I'" ~ L PM ,\ " [,::. T., .. ( (w I " ':~ 1 ) I .~ I ) 
* (1 - ALP rP, -:, !" T ft. ".' l P H ~ * J E TIl ) ) )t (:H" '.II -" I * 'l PH ,\ • i3 £ HI + 
( (I'i I " .... ! ) I ! 11 }. ( I -" l P H,I -3 [T A" \ l P Il \ * 3:' T ... ) ) 

IF <l CO :J '. T • :;'J .~)} G:) T I) ~ 1 
TC1S=TCl 
TC25=TC2 
r.. = (" It 11)· (::l ;: T ~. -1 • ) 
iJ 1 = T C 1 ') - V T H 1 ( J ) - ( 1 - 0( ) ... r C 2 S .. (V II '11 ) " . q ... ( C P - T C 2 S ) 
2;'- =( 'Ill'" I) *( '~2-1~ 1) 
3=:31/32 
,\=TC2S-:;-CP 
TC 2 = '* t:.( P ( ': 1 ... T Ii C -: A, ( J ) } + J * :: ,( P C." ~ ... T ri c: T .\ ( J ) ) + C p 
TC i = (V r I .~ I ). (" 1 * A * E.( P (' 1 * T H::: T A, (J ) ) .. ~ 2 ... g" ex? ( .~ Z ... T H': T A ( J ) ) ) 

.. HZ .. (./I/·li }.(1-3rrA)*(TCZ-TH1CJ» 
TH2=:3£TA·THI (J) +(1-30A) *TC::: 
TH3=ALP1A"TH2·(1-~LPMA)"'TC1 . 
IF(J.E:~.1>G:; TI) 7 
;1 iI IT r:: ( 6, 1) T f r. T,.\ ( 2 ) , TC 1 , TC 2, n ::, Tin 
FJP'· .. U (7(, F7 .2,I"X,F'S. 5,1L;X, Ft.3,;: 0'(, Fo.3}) 
G:J T) 1'.;1 

)1 F~ 1=.x.i-TC2. 
DlfR2=:C-TCI 
~~ fR :s= X3-T12 
JIF,,4=X'.-Td3 
r f (D If? 1 • G T. '. :'l L::' 1) G (, T (j '< 

If()IFRZ.:;".".:;C-I) :;C TO:5 
! F (c, IF ;;. 3 • 'j T. 1. r i :;-' 1) :; 0 T 0 3 
IF (D IF ~ 4 • G T. 'I. r v-II) S t.: TO :3 
;1~ITEU".s) TC1,TC2,TH'2,nf3 
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_ '"': 1 ~~!t 
}"'P;5 SF:> ~ ': .... T ( , ~ ~ , • Tel S = • , F ~. 3, 5 1. , • T C 2 S = • , F [). 3, ~ x , • T H 2 S = • , F ,. -; , 
J ..... , d + 

j'-' (,7 
.j -J 1 j ~ 
:; "I E} 
:i "I -:]) 
Fl'';! 
;, -'1 9 ~ + 
,"-'19.5+ 

) .i"'I~~C 

J 

~:-1?5C 
)rl?~C 

_:("1'17 
~ .., I.?~ 

:5 

5 X, • T ·f ~ ') = • , r 6 • 3) 
I~:; T ') ,/9 
IC:)U:cr =1 ;::: ;j'j" .1 
j:J T i) 1 I 
;Jp.IT!:(fu!:) 

F J J; ': " T ( 1 .;;. , • T I :' : • , 1 oJ X, • T C;) l D 1 ' , 1 ., x , , Tee l D ~ , , 1 :' ,(, • T ~f () T;C , , 
1 n.( " T'i:) r ~' , I , 1 ,1 X , I. ( , _ ' ), 1 ~j .(, 6 ( • _ • ) , 1 .-, I. , 6 ( , _ • ) , 1 J .(; 'i ( , _ • ) , 
1'.'x,S('_'» 

. J = 2 
KL =,J. 



) 

) 

) 

) 

J 
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:J:119~ 101 
') '1ZC) 
:. r2i:l 
C 02("2 
:1 ("I zr' 3 
Jr.'C'4 111 
J(l~(i5 

::;r:;:('~ 

J n;:r7 
;:; 1'12r3 
Gn~ ;:j 
J"21J 
J r.'211 

]f'l213 
~~214 
:;r.215 
~('\21S 

::;0<: 17 
:) ~213 
Jr:e: n 
J ~2 2) 

THET'(J)=THETA(J)+30. 
IF<TuETA(J).GT.2400> GO TO 111 
KL=KL+1 
IF(I<L.GT.1> GO TO 21 
GO TO 11 
STOP 
END 
FUNCTlO~ fCP(r> 
FCP=.41131SE+4-.744673*T+.1J0875C-1 k T**2. 
Rl TU PI: 
END 
FUNCTIOl.l r'hJ(T) 
F~U=.143237C-2-.295743~-4.T+.253156E-~*T.T-.322939~-9.T.T·T 
Rl TU 1\:4 
f'''i D 
FU:-'C TI 1)'1 F RU (T > 
FRO=1./(.7q14Z6~-3·.t3S502E-6*T+.3251~4E-8*T·T) 
P.l TU ~~I 

fUNCTl.)'J fK~:) 

F~=.57l~71·.17869J:-2*T-.684359E-5*T·T 
R::TU~'i 

30221 EN;) 
:;').51.4'f.LJCLP, A~, P.~4 , 'l.255<L~:;. 

t 



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 + 0.178690x10- 2T - O.684359x10- sT2 

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. 

134 

~ = O.148237x10- 2 
- O.295743x10- 4T + O.258156x10- GT2 - O.822939x10- 9T3 

A.4.C FUNCTION FCP(T) 

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

temperature, using following equation. 

CP = O.419318x104 
- 0.744678T + O.100875x10- 1T2 



A.4.D FUNCTION FRO(T) 

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

temperature, using following equation 

p = 1/(O.997426xlO- 3 + O.135802xlO- 6T + O.325l84xlO- ST2
) 
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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, 

where 

p = f{T), ~ = f{T), Cp = f{T), 

and 

(A.5.l) 

Taking the partial derivatives of Eq. {A.5.l} 

af af af af af 
dHO = an-- dDT + ~ d~A + ~ dN + -ar- dT + ar-- dTw TAw 

(A.5.2) 



where, 

(~w)', (~)', (k)', (Cp)', (p)' are derivative values. 

Provided the errors oHO, oDC' oDA, oN, oT and oTw are small, dHO, 

dDc ' dDA, dN, dT, dTw can be replaced by them in Equation (A.5.2). 

Thus 

+ (O.77((k)'/k) + O.62((p}'/p} + O.33((Cp}'/Cp} 

finally; 
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+ l'O.77(k}'(oT/k)1 + IO.62(p)'(oT/p}1 + IO.33(Cp}'(oT/Cp}1 

+ I-O.15(~)'(oT/~}1 



is found. Knowing the all other variables HO and so, unknown true 

value of HOI can be calculated. 

Empirical equation used to calculate film heat transfer co-

efficient in the coil side is; 

v - W H -
(3.1416/4)OH 

138 

(A.5.3) 

It can be shown that 

Taking the partial derivative of Equation (A.5.3) 

(A.5.4) 

afl 

aOH 

af
l -- = O.023[O.8Wo.2]ko.77lJ-O.33C~.33lJ~O.11jOHl.8 

aVH 
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af 
---~ =·O.098[O.77(k)'k-o.33~-o.33cp.33 _ O.33(~)I~-1.33ko.77Cp.33 

aT 

Provided the errors oHI, oDc' oDH, oW, oT, oTw are small enough 

dHI, dDc' dDH, dW, dT, dTw can be replaced by them in Equation 

(A.5.4). Thus 
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+ 0.8(oW/W) - 0.14(ow)'(oTw/~w) + (0.77((k)'/k) 

and final form of the equation is, 

+ 10.77((k)'/k) + 0.33((Cp)'/Cp) - 0.33((~)'/~) loT] 
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