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ABSTRACT 

Since the geometry of roped tubes and smooth tubes 

are different, the flow chara~teristics and the heat trans­

fer coefficients associated with each tube are also dif-

ferent. Because of improved geometry it is possible to 

attain higher heat transfer coefficients in the case of 

roped tubes. However, the increase in the heat transfer 

coefficient is unavoidably associated with higher pres-

sure drops. Therefore, the use of roped tubes with the 

intention of achieving high heat transfer rates is neces-

sarily subject to justification. The intention of the 

present work is to determine, experimentally, the flow 

and the heat transfer characteristics of roped tubes se­

lected from a representatiife.class, to compare these 

characteristics with that of smooth and other profiled 

tubes, and thus to provide a quantitative basis for the 

justification of the use of such tubes to achieve high 

heat transfer rates with small size equipment. 
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DIET 

Yivli borularla duz borularln geometrileri farkll 

oldugundan, her iki tip borudaki akl9 karakteristikleri 

ve lSl ge~i9 katsaYllarl da farkli olmaktadlr. Degi 9 -

tirilmi9 geometri nedeniyle roped (yivli) borularda daha 

yU~~ek lSl geci9 katsaYllarl elde etmek mumkundur. 

Bununla beraber, yivli borularda, lSl geci9 katsaYlsln­

daki artl 9 a kar9l1lk, baslnc kaYlplarlnda da onemli bir 

artl 9 meydana gelir. Bu nedenle, yUksek lSl geci~ini 

baearmak amaclyla, yivli borularln kullanllmasl isteni­

yorsa boyle bir secimin yp.rinde olup olmadlgl arastlrll-

Bu callSmanln amaCl, numune olarak secilen 

yivli borularln aklS ve lSl geci~ karakteristiklerini 

elde ederek, bu karakteristikleri duz ve diger profil 

borularln karakteristikleriyle karSlla 9 tlrmak ve boylece 

daha kucuk bir tesisatla daha buyuk lSl gecisi elde et­

mek icin, yivli borularln kullanllmaslnln hangi ko~ullar­

da daha elveri91~ oldu~unu belirten bir kaynak sagla­

maktlr. 
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1. INTRODUCTION 

Over the last few years in every engineering de­

sign there has been ever increasing concern over the 

best method of using the world's limited resources. In 

particular, ln the design of heat exchangers, since the 

cost of non-ferrous tubing is responsbile for a substan­

tial proportion of the capital cost of the overall equip­

ment, great care has been exercised toward achieving the 

most economical method of using the limited resources of 

non-ferrous metal. This is particularly true in the 

case of heat exchanger equipment used in desalinization 

plants where the cost of non-ferrous tubes is between 

15% and 20% of the total cost of the plant. 

Such material saving consideration as well as the 

best energy utilization incentives and economic stimuli 

have led to expansion,of efforts to produce more efficient 

h~at transfer equipment. All of these efforts aim to 

improve the he~t transfer performance and to reduce the 

size of the heat exchanger to be designed for a given 

heat load. The use of profiled tubes has been the most 

fruitful among such efforts [11. 

1 
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The object of the present study is to determine, 

experimentally, the heat transfer coefficient and the 

friction factor for a representative set of roped tubes, 

to investigate the variation of this data with the Rey­

nolds number, and finally to compare the performance of 

such tubes with that of smooth and other profiled tubes 

reported in the literature. The results thus obtained 

will provide a quantitative basis for the justification 

of the use of roped'tubes to achieve high heat transfer 

~~tes with small size equipment. 

There are various techniques of augmenting heat 

transfer resulting in an increase In the convective heat 

transfer coefficient 1_2J. Enhancement techniques can be 

classified as passive methods, which require no direct 

R~plication of external power and as active schemes, 

Hhich require external power [lJ. 

Passive techniques include: 

Treated surfaces 

Rough s\~rfaces 

Extended surfaces 

Displaced enhancement devices 

Swirl floH devices 

Surface tension devices 

Fluid additives 
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The active techniques include: 

l1echanical aids 

Surface vibration 

Fluid vibration 

Electrostatic fields 

Injection 

Suction 

Two or more of these techniques may be utilized 

simultaneously (compound augmentation). It is apparent 

that enhancement may be inherent in a heat exchange sys­

tem, e.g., rough surface produced by standard manufactu­

ring, surface vibration resul~ing from rotating machinery. 

Compound techniques are a slowly emerging area of 

enhancement which hold promise for practical applications 

since the heat transfer coefficients can usually be in­

creased above each of the several techniques acting alone. 

Some examples [1]: 

Rough tube wall with twisted tape inserts 

Rough cylinder with acoustic problem 

Internally finned tube with_twisted tape inserts 

Finned tube in fluidized beds. 

The augmentation techniques were studied by va­

rious investigators and a general survey of these works 
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is g~ven by A.E. Bergles [lJ. Summary of tests with 

spirally fluted tubing in turbulent single-phase inter­

nal flow is given by A.E. Bergles [3]. Some investiga-

tions have been made with typical tubes in the spirally 

fluted category (4,17J. 

In Chapter l~ the necessity of using profiled 

tubes in the design of heat exchanger due to material 

restrictions will be emphasized, as it has always been 

happening in other engineering designs since the world's 

resourses are limited. Furthermore, the intention Df 

the present work and the p~actical techniqu~s to enhance 

~~~ heat transfer in tubes will be represented. Some 

resources for several researchers m~de on spirally flu-

ted tubes including the roped tubes will be given. The 

roped tube which is a kind of profi~edtube, its usage 

and its production process wili be explained .. The ad-

vantages and disadvantages of the ,roped tube will be 

concisely discussed. The theory of the increasing of 

heat trarisfer in tubes, specially in the roped tubes, 

will be discussed. Performance evaluation criteria to 

compare the profiled tubes with the smooth tubes and the 

criterion uied in this project will be explain~d. 

Two experimental set-ups to determine the values 

in heat transfer and pressure losses in tubes will be 

explained in the seconrl chapter. The schema and the 
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phot~graphs of the experiment installations and the pic­

turesbf some individual components will be presented. 

Finally~ Chapter 2 includes the measured and calculated 

values in the experiments. 

In Chapter 3, hydrodynamic and thermal entry 

length in the tubes will be explained. 

In Chapter 4, the methods used to determine both 

the heat transfer coeffic~ent and the friction factor 

will be explained, moreover the results will be tabled 

and plotted. 

In Chapter 5, the results of the present work will 

" , compared to the results of other experiments made 

using the similar tubes by other researchers. 

In the last chapter, the general discussion about 

the conclusions of the p~esent work"will be given. 

A, ROPED TUBES) DESCRIPTION AND THEIR USE 

To improve the heat transfer, two different types 

of tubes cati be used: 

1. Exterided surface tubes 

2~ Profiled tubes 
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As it will be explained in the next section, 

there are two ways of increasing heat transfer. The 

first way is, to provide more surfaces,area per unit 

.~engthof the tube. The extended surrace tubes improve 

the heat transfer' by using this fact as it can be infer-

red from their name. The extended surface tubes are 

generally produced by making some additions to ~he 

smooth tubes. The mostly used e~tendea surface tubes 

are: finned tubes, integron tubes, innestar tubes, tubes 

, it h d i mp 1 e s, etc. Integron tubes are externally finned 

and their economical use requires in all ,cases that in-

ternal heat transfer coefficient, h. ~ is significantly 
l 

higher than external heat transfer coefficient~ h . 
o 

High 

fin integron tubes are mainly of interest when a gas or 

sometimes a slow-6oving or highly viscous liquid flows 

transversely'to'tbe tube axis. Low fin integron is used 

predominantly in shell and tube heat exchangers and in 

these the external heat transfer situation is often fairly 

c omp lex. Innestar tubes, containing an aliminium extru-

sion in'the bore, are mainly used with evaporating refri-

gerant inside and water outside the tube. 

Profil~d tubes are also known as enhanced heat 

transfer tubes. Profiled tubes are produced modifying 

the shapes of smooth tub~s. The profiled tubes (enhanced 

heat transfer tubes) mostly encountered are: roped 

tubes, fluted tubes, turbotec tubes. 
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With sufficiently high film coefficients the use 
" 

of firis is uneconomical because the resistance to heat 

trans fer through the fin becomes a- factor of maj or im-

portance. At some point, then, there is more incentive 

to increase the heat transfer coefficient, h, than the 

heat transfer surface, A, so that there is no signifi-

cant increase in metal resistance above the plain tube 

value. Furthermore, because the metal content is not 

increased, the economical use of Enhanced Heat Transfer 

;:ubes 's not require such a substant~al performance 

'ad van tage . 

If both the external heat transfer coeff.icient, 

and the in tern a 1 he at t ran sf e r co e f f i c i en t, h., are 
l 

extremely high, the resistance to heat transfer through 

the metal wall is significant even with plain tube and 

more so with Enhanced Heat Transfer tubes because of 

the higher film coefficients that are obtained. Metal 

resistance ultimately becomes a critical factor, there-

fore, but at much higher levels of film coefficient than 

is the case with finned tubes. It is therefore worth 

looking again at established'views on choice of tube ma-

terial and wall thickness, because too concervative an 

attitude may unncessarily restrict the advantage that 

can be obtained. 

There are also numerous duties with relativelY 
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low film coefficients for which the use of "integron" 
'. 

is ruled out because the external heat transfer coeffi-

cient, h o ' and the internal heat transfer coefficient, 

h., are of similar magnitude. 
1. 

In some of these, a case 

may be made for external fins if an insert is used to 

give a compensating internal advantage, but in others 

an Enhanced Heat Transfer tube may be more attractive (18). 

Profiled tubes (Enhanced Heat Transfer tubes) are 

....... ~·ted for use in sea-water desalinization plant and 

are of potential interest in numerous other applications. 

Fluted tubes are used in Vertical Tube Sea-Water 

Evaporators (steam condensing outside and salt water eva-

porating inb~~e vertical tubes). 

Roped tube is mostly uncountered profiled tubes 

in practice. Typicaly roped tubes manufactured by the 

Yorkshire Imperial Metals are illustrated in Figure 1 

and a copper roped tube manufactured by the Kanatll 

Eoru Sanayi in Turkey is illustrated in Figure 2. 

Roped tube as a profiled tube is manufactured by 

extruding the smooth tubes through the rotating three 

cylinders. These cylinders have so many rings on them, 

that these rings are precisely manufactured through lathe 

operations. To change the groove pitch and the groove 
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FIGURE 1. Typical Roped Tubes. 



- .10 -

FI GURE 2. A Typical Roped Tube. 
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deptp of the roped tube, the clearances between rings 

are modified. Regardless of the tube material this pro-

cesS can be effectively used to provide roped tubes. 

Roped tubes are manufactured in broadly the same range 

of materials as plain tubes. 

Roped tubes are being used in Multi-Stage Flash 

pre-heaters (steam condensing outside and salt water 

inside horizontal tubes) associated with Vertical Tube 

Sea Water Evaporators. They are also being evaluated 

for power plant condensers . For duties of this type the 

. performance of a wide range of profiles has been esta-

blished experimentally and data are available from York-

shire Imperial Metals [18,23J. Groove depth, groove 

pitch and helix angle can be varied widely to suit a 

diversity of applications [18J. 

When a roped profile is used in a steam conden-

sing duty, the internal heat transfer coefficient, the 

friction factor and the condensing coefficient are all 

changed from the smooth (plain) tube values. A large 

increase in the internal heat transfer coefficient, h., 
1 

can be Obtained, but will be accompanied by a high fric-

tion factor and, where possible, the greatest benefit 

internally is likely to be obtained by increasing the 

tube diameter and using a reduced water velocity in asso-

ciation with a profile having a fairly high enhancement 
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characteristics. Externally, a suitable profile can 
c 

; 

avoid "problems associated with the high surface tension 

in the condens.ate film and promote good drainage if the 

grooves are not too far out of vertical alignment and 

a much higher condensing coefficient than for a corre-

sponding smooth tube can then be obtained. The best pro-

file is a compromise between somewhat conflicting re-

quirements and can give an overall gain of well over 30% 

with ~o increase in pressure drop above the smooth tube 

value and only a mosdest increase over the smooth tube 

cost per unit length. Tests on the most recently deve-

Loped products are reported to give ev~n better 

results [18]. 

Other profiles may be more suitable for other 

duties, e.g., where there are two single-phase fluids 

with comparable values of the heat transfer coefficient, 

h, as may be the case with heat transfer between two 

water streams or two-gas streams. In such cases, roped 

tubes 'should be particularly attractive if the external 

fluid is in essentially longitudi~al flow, as in double 

pipe heat exchanger or in units containing a small number 

of relatively long tubes. 

Roped tubes may also be of inte~est if the exter-

nalheat transfer coefficient, ho' is much higher than 

the internal heat transfer co~fficient, hi' particularly 
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if t~e use of internal fins or inserts might present 
~ . 

cleaning or pressure drop problems. Ins u c h· a duty a , 

profile that gives maximum advantage would be suggested 

and the overall benefit would probably not be affected 

much by the flow direction of the external fluid. This 

type of profile should also be of interest when a flui-

dized bed is used to improve external heat transfer and 

a compensating internal improvement is justified. 

It is becoming increasingly clear that profiled 

tubes of the roped type can be effectively less costly 

than smooth tubes when steam condenses on the outside of 

horizontal tubes with cooling water in turbulent flow 

inside the tubes. Roped tubes are ther~fore of interest 

for applications such as multi-stage flash (MSF) sea 

water distillation plant and condensers for steam tur-

bines in power stations and ships [19J. ~ 

In the case of roped tubes, heat transfer rate 

Increases as an advantage, but pressure drops also in-

crease as a disad~antage. The advantage of roped tubes 

~s not depend on the provision of increased surface area 

per unit length of tube and so metal usage is particu-

larly economical. It is clear that, to obtain the roped 

tubes is a costly operation compared to the smooth tubes. 

However, the alternation cost of smooth tubes to get 

roped tubes is comparatively smaller than the total gain 
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obtained by using the roped tubes. 
\ 

B. HOW TO I NCREASE HEAT TRANSFER: -lWO ALTERNATI VE 

APPROACHES 

The rate of heat transfer, q, from a solid surface 

to an adjacent fluid, either stagnant or moving relative 

to the surface~ is given as: 

q = h A (T - T ) s 00 
( l) 

where h is the heat transfer coeffic~ent, A is the heat 

transfer surface area, T"is the surface temperature, 
s 

and T is the ambient fluid temperature. 
00 

In the absence of a clear indication that there 

may be an economical alternative, it is natural first to 

consider smooth (plain) tube. Let h be the estimated 

plain surface heat transfer coefficient in a specified 

situation and A the required amount of plain surface. 

If a more economical solution is to be investigated, 

there are two basic possibilities to consider [18J: 

1. Provide more surface area per unit length 

of tube, i.e., use of an extended surface 

tube and increase A. 

2. Obtain more heat transfer per unit surface 

area, i.e., use of an Ebhanced Heat Transfer 
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Tube and increase h. 

Figure 3 illustrates the difference among various. 

surfaces. [18J. Figure 3. a- represents a plain surface of 

unit length with a fluid boundary layer which determines 

a certain rate (indicated by the spacing of the arrows) 

of heat transfer per unit temperature difference. Figure 

3.b represents a typical situation after the addition 

of fins, the boundary layer thickness being much the 

same as before (arrow spacing unchanged), however, the 

total heat transfer is increased because of larger sur­

face per unit length of the tube [18J. 

When there is a flow in a tube, starting from the 

entrance, the boundary layer begins to develop. At the 

end of the "Entry Length", the boundary layer completes 

its growing and the "Fully Developed Flow", occures. 

Along with th,e f ormin g of the "boun dary 1 aye I'", "1 amin ar 

sublayer" develops and in laminar sublayer the flow is 

almost stagnant. Heat flows primarily by convection 

across the boundary layer and by conduction ac~oss the 

laminar sublayer. The rate of heat flow is, in general, 

in Ve rs e ly prop ort ional to the laminar sub laye l' thi ckne s s . 

If the laminar sublayer thickness can effectively be re­

duced by changing the form of the surface, more heat will 

flow per unit surface area as indicated by the more clo-

sely spaced arr6ws in Figure 3.c. The heat transfer per 
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(a) 

(b) 

( c) 

FI GURE 3. Heat Transfer from Various Surfaces [18] ., 
( a) Heat Transfer from Plain Surface 
(b) Heat Trans fer from finned Surface 
( c ) He at Transfer from Corrugated Surface 
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unit\length is increased w~thout increasing the surface 

area of the tube appreciably. 

In roped tubes, an account of spiral protuberances, 

the growing of boundary layer and laminar sublayer is 

disturbed. Being different in flow in smooth tubes; in 

roped tubes after each bulge turbulances occur, resul-

~5ng in thinne~ laminar sublayer. Apart from this, 

these turbulances cause molecular movement in the fluid 

to increase. This means an addition increase in heat 

~ransfer coefficient. 

Possible increases in the heat transfer area, A, 

or the heat transfer coefficient, h, can be regarded as 

alternative app~oaches to the problem, although they are 

not completely independent from each other. The use of 

an extended surface necessarily changes the geometry and 

therefore alters the value ~f h. The change of the heat 

tran~fer coefficient, however, is not substantial. En­

hanced heat transfer tubes, on the other hand, change 

the amount of surface area per unit length of the tube, 

although this is of secondary importance. Tubes of inter-

mediate types such as those having wires attached to the 

surface have both higher surface area, A, and heat trans­

fer coefficient, h. 

Table 1 shows the methods of increasing heat trans-

fer. 
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TABLE 1 

HOW TO INCREASE HEAT TRANSFER-

As Alternative 

to Plain Tube 

Consider Increaseing surface Increasing film 
area_, A, pe-r unit coefficient "> h 
length 

Using Extended Surface Enhanced Heat 
tube Transfer Tube 

Taking these Requires relatively Part i.c ularly 
factors into good heat transfer promising with 
account at other surface compar.ableh· at 

the two· surfaces 

Not effective with Effective with 
high h high h 

Metal content per No significant 
unit length greater increase in 
than plain tube metal content 

Large gain often Gain of smaller 
obtainable, jus t i- magni tude jus-
fying relatively tified by lower 
high cost cost 

. 
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C. PERFORMANCE EVALUATION CRITERIA 

The recent activity in enhanced heat transfer is 

truly world wide. Most of the studies referred to are 

laboratory efforts which have established that a parti­

cular embodiment of a technique is effective ~n enhancing 

a given mode of heat transfer. However, a number of the 

techniques have made the transition to full-scale indus-

trial heat exchange equipment. Numerous factors enter 

into the ultimate decision to use an enhancement techni-

que: head load increas, surface area, reduction ~ pumping 

power requirements, initial cost, mairitenan~e cost, sa-

tety, reliability, etc. Since these factors are numerous 

and sometimes difficult to quantize, the designer must 

make a decision based on the particular system and re-

quirements. It is possible, though, to utilize a number 

of performance evaluation criteria for preliminary de­

sign guidance. Table 2 specifies different criteria sug­

gested by Bergles et al. [24J which are used in evalua­

ting relative merits of enhanced surfaces. 

There is no ~ingle and absolute performance cri­

teria for heat transfer augmentation. The two widely 

used are Equal Pumping Power and Equal Pressure Drop. 

Both criteria compare rough pipe performance to that of 

a smooth pipe. Comparison is made by taking the ratio 

.of rough pipe heat transf€r coefficient to the smooth 
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TABLE 2 

SUMMARY OF PERFORMANCE CRITERIA EVALUATIONS 

CRITERION NUMBER 

1 2 3 4- 5 6 7 8 

Basic Geometry X X X X 

Flow Rate X X X 
'0 

(!) 

X Pressure Drop X X X .,..j 

~ 

Pumping Power X X 

Heat Duty X X X X X 

Increase H-eat 

(!) Transfer X X X 
? 

·n 
Reduce Pumping +' 

C) Power X (!) 

·n 
,.Q 

Reduce Exchange 0 

Size X X X .X 
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pipe heat transfer coefficient as pumping power is kept 

constant. The latter criterion is similar to the former 

except this time the rough and smooth pipe performances 

that are compared involve equal pressure drop and not 

equal pumping power. 

The choice as to which criterion will be used de-

pends on the particular application. Equal pumping power 

consumption criterion is used more often since pumping 

power usually constitutes a large portion of the total 

cost. However, there ar~ situations where equal pres-

sure drop criterion becomes important as in system where 

pressure losses are critical. 

The ratio o~ heat transfer coefficients for roped 

and smooth tubes can be written as h /h . aug smo Depending 

on which criterion is used, the subscripts P (Equal Pum-

ping Power), ~P(Equal Pressure Drop) or F (Equal Flow 

Rate) can be used. This ratio is a function of Reynolds 

number, Prandtl number and promoter geometry [2]. For 

example, when equal flow rate consumption is used: 

[ h J aug 

h smo F 
= f(Re,Pr,ptomoter geometry) 

In the Pfesent work, the first criterion in Table 

2 is selected: Equal Flow Rate. The basic geometry is 

the same in roped and smooth tubes and equal flow rate 
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is considered. In that criterion, the basic geometry 

and flow rate are fixed and the objective is to increase 

heat transfer. 

In heat transfer experiments, two different roped 

tubes were used. For both laminar and turbulent flows, 

~he graphs that demostrate the variation of the Nusselt 

number with the Reynolds number are plotted. In this 

particular study, no heat transfer experiments have been 

conducted with smooth tubes. Therefore, to compar~ the 

roped tubes with smooth tubes and to determine the varia­

tion of the Nusselt number with the Reynolds number, the 

empirical formulas that were ~btained by 6ther experi­

ments, using smooth tubes under the same flow conditions 

(~.e., the same flow rate, Reynolds number and Prandtl 

number) are used in this present work. Consequently, the 

first criterion in Table 2 must be chosen. 



2 I EXPERIMENTAL SET UPS 

As emphasized in the first chapter, the intention 

of the present work is to compare the heat transfer and 

pressure drop characteristics of the roped tubes and 

smooth tubes. Therefore, two different experimental 

set ups have been constructed: 

1. A set up for Heat Transfer Measurements 

2. A set up for Pressur~ Drop Measurements 

In the experiments, roped tubes manufactured by 

"Finned Tube Company" (KanatlJ. Boru Sariayi) which is a 

Turkish firm in Istanbul, were used. 

Set up for Heat Transfer Measurements: The 

experimental heat exchanger is made up of two concentric 

tubes and it consists of one roped tube as the inner 

tube and one smooth tube as the outer tube. The first 

roped tube that has been tested has an inner diameter 

of 70 mm and an outer diameter of 76 mm. The first, outer 

smooth tube has an inner diameter of 81 mm and an outer 

diameter of 89 mm.The second roped tube has diameters 

of 19 and 21 mm and the outer smooth tube has diameters 

54 and 60 mm. Figure 4 shows the experimental set up. 

23 
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An electric boiler with an· output of 35 Kw is 

used to generate steam which is used to heat the circu-

X lating water in the system through a test heat exchang-er. 

The recirculating "rater is accumulated in a constant 

level reservoir and supplies fluid to the test heat ex-

changer to keep the flow rate constant. The main reser-

voir .is below the constant level reservoir. The excess 

of water flows from the constant level reservoir through 

a pipe back into the main reservoir. Water in the main 

reservoir is pumped to the constant level reservoir 

flowing through the heat exchanger of the electric boi-

ler. On the other hand, the hot water that flows through 

the roped tube also turns back to the main reservoir by 

a hose connection. The flow rate in the roped tube can 

be controlled by a valve that is placed at the end -of 

'Lie hose is separated from the main reservoir 

to measure lout flow rate and ~ater is allowed to flow 

into a big bucket. 

Cold city water flows in the annular region. 

Another constant level reservoir is used for the city 

water in order to have constant flow rate. At the exit 

of that constant level reservoir, there is a valve which 

controls the flow rate of the city water. The flow di-

rection of the city water in the annul~p region is oppo­

site to the hot water which flows in the roped tube. 

The heated city water which flows from the test section 

I :180GAZiCi ONiVEH~iT~Si KUTUP\1ANESI 
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flows to a sink, and if desired it.is collected in a 

bucket for ten minutes so that the flow rate can be mea-

sured. 

In this experimental set up, there is a small re-

servoir before the roped tube. Hot water flows to this 

smarL reservoir from the conitant lev~l ~eservoi~. There 

is·a nozzle between the small reservoir and the roped 

tube. The aim is to obtain a uniform temperature dis-

tribution ·and a·uniform velocity profile at the_entrance 

of the rOFed tube. 

The test heat exchanger is in$u~~ted with glass 

wool ahd is wrapped by cloth. The photograph of the heat 

transfer experimental set up is given in Figure 5. 

2 . Pressure Drop Experimental Set Up: In this 

study, a two meter long heat exchanger is built for the 

heat transfer experiments. A different experimental set 

up is constructed to measure pressure losses and to de-

termine the variation of the friction factor with the 

Reynolds number. Experiments are conducted w{th 19 mm 

diameter and 6 m long roped and smooth tubes. In· commer-

cial heat exchangers, the tube length is usually two to 

three meters long. In the tubes tested, the length of 

the Entry Region for a Reynolds number of 2000, is 1.9 

meters in laminar flow, so the pressure losses are mea-



(~­

I 
I 

FIGURE 5. 

- 27 -

Heat Transfer Experimental Set Up. 
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sured both in the first 2 meter (Entry Region) and in 

the remaining 4- -meter. (Fully De_veJ:op-ed Region). _In tur­

bulent flow, the entry length is -ap-proximately 1 m long, 

providing better measurements in the fully developed re­

gion. Experimental set up for measuring pressure drops 

is shown in Figure 6 and the photograph of the test set 

up is shown in Figure 7. 

To attach- pressure tpps to the tube,plexiglass 

pieces are stuck to the tube and the tops are screwed 

into these pieces. 1.5mm holes are ~pened on the tube 

wall and the plexiglass pieces. The pressure taps are 

connected to a manometer by pieces of plastic boses. 

Figure 8 shows the attachment of the pressure taps to 

the tube wall. 

used. 

In the experiments, the city water at 20
0

C is 

The kin~matic viscosity is proportional to the 

temperature of the water. To get high Reynolds numbers, 

the kinematic viscosity should be low. For this reason, 

-water is heated to increase the Reynolds number. 

Pressure Drops Experimental set up is mainly si-

milar to the Heat Transfer Experimental set up. It should 

be emphasized that, the water entrance to the roped (or 

to the smooth tube) tube is very important to get uni-

form velocity profile at the tube entrance. Two nozzles 
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FIGURE 7. Pressure .Drops Experimental Set Up. 
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FIGURE 8. Attaching Pressure Taps to the Tube Wall. 

are used to get uniform velocity profile. The steel 

I 
I· 

I , 
i 
I 
I 

nozzle is attached to the small reservoir with screws 

an~ nuts and welding attachment is avoided to have water 

Qnter into the tube smoothly. A plexiglass nozzle is 

attached to the steel nozzle and it is screwed into the 

tube. 

A, ROPED TUBE CHARACTERISTICS 

Th~ dimensions 6f·the roped tubes tested ln the 
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heat transfer experiments are given in Table 3. 

TABLE 3 

DIMENSIONS OF ROPED TUBES 

Roped Inside Outside 
Length Groove Groove 

Tube Diameter Diameter Pitch Depth 
No. (mm) (mm) (mm) 

(mm) (mm) 
-. - .-

-

1 70 76 2000 26.5 4.0 

2 19 21 2000 8.5 0.5 

The calculation of the cross sectional area of a 

roped tube is complicated. However, it can be assumed 

to be the same as the cross-sectional area of a smooth 

tube of the same dimensions. In fact, the difference 

between these two areas is negligible: Roped tube is 

manufactured from the smooth tube. In the present work, 

-the diameters of the roped and smooth tube are assumed 

to be equal. 

For the annular region, a hydraulic diameter: 

D 
h 

= 
4 A 

P 
(2) 

where A is the cross-sectional area of the annular re-

gion and P is the wetted per~meter, is used in the cal-

culations. 
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B. MEASURE AND CALCULATED QUANTITIES AND MEASUREMENTS 

The following quantities are measured in the 

experiments: 

8 
00 

8
1

, 
ln 

8 lout 

8
2

, 
ln 

8 
20ut 

!J.p 

Ambient temperature -(oC) 

Inlet temperature of the hot water (oC) 

Outlet temperature of the hot water (oC) 

Inlet temperature of the cold water (oC) 

o 
Outlet temperature of the cold water ( C) 

Press1.ire drop (mm." o"fwater) 

Masi flow rate of the water inside the roped 

tube (kg/h) 

m
2 

Mass flow rate of the water in the annular 

region (kg/h) 

Surface temperature in the entrance of the hot 

o water ( C) 

Surface temperature in the exit of the hot 

. 0 
water ( C) 

8 Average temperature of the water inside the 
w 

o 
tub e ( C) 

CALCULATED QUANTITIES 

The following quantities are calculated: 

Q
l 

Energy transferred from the hot water (Kcal) 

Q
2 

Energy trans fe rred to "the co Id wa te r (Kcal) 

!J.8 Logaritmic mean temperature difference 
m 
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hi Internal heat transfer coefficient (Kcal/m2h o C) 

ho ExternaJ, .heat transfer coeff'icient (Kcal/m2h o C) 

v l Mean velocity of the water inside the roped 

tube (m/s) 

v2 Mean velocity of the water in annular region (m/s) 

Re Reynolds number 

NuNusselt number 

f Fanning friction factor 

~ Moody~rrircy friciion fac~or 

Dh Hydrolic diameter 

The ambient- temperature, t·he inlet and outlet 

temperatures o£ the hot and cold water streams were 

measured by means of thermometers calibrated'to one 

tenth of a degree. In order to find-heat transfer coef-

ficients~ the surface temperatures of the inner tube 

were measured at two locations by thermoscouples. Figure 

9 shows the location of the thermometers and the thermo-

Thermocoupl~S - 010cJt e;? Q,lJer tube 

-
I~ner tu be ~,'rt 

'---- -E7 % -t~ 
I /" - = .1:;-- . '- c--- -..---. --.---c>-.-----. ___ -- -I-- --. - -- -- 7 [ ~J "":~ 

1975mm. 
-i>-

2 QOOmm 
• 2100mm 

-------
~ 

FIGURE 9. Locations of the ThBrmometers and Thermocouples. 
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couples. In the experiments, iron-constant thermocouples 

that were previously calibrated,-were used. The varia­

tion of output voltage with temperature is given in 

Figure 10. As can be seen in Figure 10, when the tem­

perature increases lOC, the voltage increases 50 mV. 

Thermocouple outputs ~ere measured by means of a special 

potentiometer. Readings are with respect to the ambient 

temperature. The thermocouples are welded to the inner 

tube wall such that the junctions are at the midpoint of 

the tube wall thickness. In the calculation of the heat 

transfer coefficient, it is assumed that temperature does 

not vary across the inner tube wall. The junction of 

the thermocouple is shown in Figure 11. 

All the measurements are taken under steady state 

conditions. On the average a th~ee hour period is ne-

cessary for the establishment of the steady state condi-

tions. When the system reaches steady state conditions 

the temperatures are read in five minute intervals and 

the flow rates are measured in ten minute intervals and 

the the averag~ values are calculated in for a one hour 

period. 

The outlets of the test heat exchanger are accumu­

lated in buckets for flow rates measurements. 

Pressure losses along the roped and smooth tubes 
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Thermocoupl es 

.~. - ._-.-_.---f>. --. -- . ---\1>.--. 

FIGURE 11. Junction of Thermocouple. 

were measured by means of several manometers. In the 

experiments, three different manometers were used: 

1. A U-type differential manometer 

2. An inclined manometer 

3. A Prandtl manometer. 

When a U-type differential manometer is used, it is very 

difficult to measure the pressure losses precisely due 

to the fluctuations in the manometer's fluid level. 

Therefore, the Prandtl manometer which absorbs these 

fluctuations by use of capillary tubes is used. Further-

more, using Prandtl manometer, it is possible to make 

precise measurements up to one-twentieth of a "milimeter 

water column". The Prandtl manometer contains carbon 

l' 
i' 
I' 
i i 
I 

i 
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Tetrachloride inside as manometer's fluid~ Carbon tetra-

chloride (CC1 4 ) is colored by iodine for better viewing. 

The interface plane of water and CC1 4 is viewed through 

lenses. Figure 12 shows the schematic drawing 6f the 

Prandtl manometer. 

Plastic hose 

Steel tube 
Lens 

An 

Water 

o 

FIGURE 12. Schematic Drawing of the Prandtl Manometer. 
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As it will be explained in the fourth chapter, 

pres?ure losses are proportional to the square of the 

velocity. If tha velocity increases, pressur~ losses 

increase. For high velocit~, the Prandtl manometer could 

not be used to measure pressure losses since its height 

i~ not sufficient. For that reason, a special inclined 

manometer which is shown in Figure 13 lS used to measure 

high pressure losses. Inclined manometer has mercury as 

the manometer fluid and its inclination can be changed. 

FIGURE 13. Photograph of the Inclined Manometer .. 



3. HYDRODYNAMIC AND THERMAL 
ENTRY-- LENGTH 

For both laminar and turbulent flow ln the tubes, 

the wall shear stress is very large at the entrance of 

the tube and decreases in the direction of flow to a 

constant value. The magnitude of the pressure gradient 

dp/dx also decreases in the flow direction to a fixed 

val_ue. If-the tube entrance is well designed,~he velo-

city profile is constant at the tube entrance. In the 

flow direction, ~he velocity profile changes, and even-

tually it becomes adjusted to a fixed profile. The wall 

shear stress, the pressure gradient, and the velocity 

profile all approach their fixed values asymptotically, 

and thus it is difficult to set a precise length for th~ 

Hydrodynamic Entrance Region. It could be defined as 

the region or length required for anyone of th~se three 

quantitites to reach a fixed value. ~5J. 

On the- other hand, the boundary layer will grow 

along the tube. At some point, the boundary layer from 

the wall will meet at the center of the tube. Beyond 

this point the velocity profile will not change its form. 

When the wall shear stress, the pressure gradien~and 

40 
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the velocity profile have reached their constant values, 

the flow is called "Fully Develope-d Flow". The develop­

ment of the velocity profile and the growth of the boun­

dary layer in the Entrance Region (Entry Length} are in­

dicated in Figure 14. 

In technical applications, one often is more con­

cerned about the development of the hydrodynamic and 

thermal boundary layers together, rather than merely the 

hydrodynamic boundary layer alone. Thermal Entry Length 

(Thermal Entrance Region) can be defined as the length 

or region required ~or the temperature profile to reach 

its final form. 

If the Prandtl number is greater than 1, it must 

follow that the velocity profile develops more rapidly 

than the temperature profile that even if both tempera­

ture and velocity are uniform at the tube entrance. Of 

course, the opposite also holds, and for a fluid with Pr 

number less than 1, the temperature profile develops 

more rapidly than the velocity profile. If the Pr num~ 

ber is 1, then heat and momentum are diffused through 

the fluid at the same rates, and the velocity and the 

temperature profiles will develop together. In the pre­

sent experiments, Pr number is greater than 1, so the 

velocity profile develops much faster than the tempera-

ture profile. 
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FIGURE 14. Boundary Layer and Development of the Velo­
city Profile in a Tube. 

(a) In Laminar Flow 
(b) In Turbulent Flow 
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A good approximate formula for the length of tube 

necessary for the development of-the laminar velocity 

profile is [26J: 

x 
D 

= Re 
20 ( 3 ) 

where x is the length of the Entry Regibn, D is the tube 

diameter and Re is the Reynolds number that is calculated 

as~ 

Re = v D 
v ( 4 ) 

where v is the mean velocity, D is the tube diameter 

and V is the kinematic viscosity. 

A simple expressi6n for the Entry Length, deri-

ved by Langhaar [27] in laminar tube flow is: 

x = 0.057 Re D ( 5 ) 

So for Re = 2000, the highest value at which la-

minar flow can be conducted on, the Entry Length is about 

114 times the tube dimater. For turbulent flow, the 

final state is reached sooner, the Entry Length is less 

dependen~ on the Reynolds number and a value of about 

50 times the tube diameter is common for smooth tubes. 

If, however, the entry is sharp-edged or there are other 
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factors producing turbulence at the inlet, the Entry 

-Length is reduced (27]. For example, the Entry Length 

is reduced in the roped tube since it has spiral protu­

berances. 

In the present experiments, a roped tube which 

has an inner diameter of 19 mm and an outer diameter of 

21 mm and 6 meters length, and a smooth tube which has 

the same dimensions, are tested to get the variation of 

friction £actor as a functiQn of the Reyno14s numbe~. 

For these two tubes, using formula (3), the Entry Length 

is found to be 1.9 meters for Re =2000. In turbulent 

flow the Entry Length is shorter than laminar flow and 

it is possible to make measurements precisely in Fully 

Developed Region. As mentioned in Chapter 2, the pres-

sure losses are measured in the first two meters length 

of the tubes and in the remaining 4 meters length of the 

tubes. 
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4. DETERMINATION -OF HEAT THANSFER COEFFICIENT~' 

FRICTION FACTOR AND RESULTS 

A, DETERMINATION OF HEAT TRANSFER QUANTITIES AND RESULTS 

The inner and outer heat transfer coefficients 

for the roped tube and annular region can be determined 

by using the following relation: 

Q - h A lie 
m 

(6 ) 

where h is the heat transfer coefficient, A is the heat 

transfer surface area, ~e is the logaritmic mean tempera­
m 

ture difference. Figure 15 shows the temperature pro-

files of the test heat exchanger. 

B.jin 
~ts I---------===~~out 

B
2tS 

FIGURE 15. Temperature Profiles of the Test Heat Exchanger 
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Logaritmic mean temperature difference is 

lated as 

68m. 
l 

68m 0 

= (e lin - 81ts ) - (8
1out 

8. - 8 
lln lts 

8 - 8 lout 2ts 

( 81 ts - 8
2out

) - (B
2ts = 

81 ts - 8 
.Q,n 20ut 

8 - 8
2 

• 
2 ts .J.n 

- 8
2

, ) 
In 

calcu-

( 7 ) 

(B) 

Using Equations (6), (7) and (8) ,the- internal 

heat transfer coefficient, h., and the external heat 
l 

transfer coefficient, ho' can be written as: 

h. = 
Q

l ( 9 ) 
l A. 68 

l m, 
l 

h 
Q2 

= (10) 
0 A 68 m 0 

0 

Q
l 

is the energy transf~rred from the hot water 

and it lS calculated a~: 

(11) 

where m
l 

is the mass flow rate o~ the hot water inside 

the roped tube, c
l 

is the specific heat of the hot water 
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at constant pressure. 

Q 2 is the energy transferred to the cold water 

and it is calculated as: 

(12) 

where m2 is the mass flow rate of the cold water in the 

annular, and c 2 is the specific heat of the cold water 

at constant pressure. 

The mean velocitY.of the bot wateT' inside the 

rope d tube is: 

v = 1 
( 13) 

where Sl is the cross-sectional area of the roped tube. 

The mean velocity nf the ~old wate~ in .annular . 

is,: 

v = 2 
(14) 

where S2 is the cross-sectional area of the annular re-

gion of the test heat exchanger. 

The non-dimensional quantities can be obtained as: 
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v
l 

D. 
Re. = l. 

l. 
( 15 ) 

\). 
l. 

Re 
v 2 Dh 

= 
0 

\) 

. (16) 

0 

where \). 
l. 

and \)0 are kinematic viscosities of water in-

side the roped tube and in the "annular respectively, D. 
l. 

is the diameter ~f roped tube and Dh is the hydrolic 

diameter of the annular and it is calculated using Equa-

tion (2). The kinematic viscosities are taken from the 

table [28J. 

Nu numbers. can be written as: 

h. D. 
Nu. 

l.. l. 
= ( 17 ) 

l. k. 
l. 

h ,D
h 

Nu 
0 = (18 ) 

0 k 
0 

where'k. and k are thermal conductivity of water inside 
l. 0 

the roped tube and in annual respectively, and they are 

taken from the tab le [28]. 

To compare the roped tubes with smooth tubes, the 

ratio of the internal heat transfer coefficient of the 

roped tube to the internal heat transfer coefficient of 

the smooth tube should be found. This ratio (h d l rope 

h ) shows the increment of the heat-transfer rate 
smooth 
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in the case of roped tube. As mentioned in Chapter l~ 

in this particular study, no heat transfer experiments 

have been conducted with smooth tubes. -Therefore, the 

empirical formulas that were given in the literature by 

other experiments for the smooth tubes, are used to com-

pare :the smooth tubes to the rope d tubes. 

On the other hand, the following ratios: 

Nu. 
1 

P 0.4-r. 
1 

or 
Nu. 

1 

P 0.333 r. 
1 

versus the Reynolds number are plotted ln logaritmic 

scale to compare different tubes~ 

Nusselt numbers and internal heat t~ansfer coef-

ficients of the first roped tube and the smooth tube, 

and the rat io of h. 
1 

roped 
to theh. 

1 
smooth 

in the turbu-

luent flow, are given in Tatile 4-. As can be seen from 

Table 4-, the ratio of h. to the h. depends 
1 - 1 

rope d smooth 

on the Reynolds number and average value of that "ratio 

is 1.78. I T bl 4 N lS calculated from [28J: n a e , u. 
lsmooth 

Nu 
o ~ p~1/3 D 0.055 

= 0.036 Re' .. (L) (19) 

where L is the length of the tube and D is _the tube 

diameter. 
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TABLE 4 

INTERNAL NUSSELT NUMBER AND HEAT TRANSFER 

COEFFICIENT IN THE FIRST ROPED 

TUBE IN TURBULENT FLOW 

Reynolds Nu. Nu. h. h. l 1 1 l Number roped smooth roped smooth 
.. 

46417 340.0 205.17 2812 1597 

41580 304 187.32 2517 1550.7 

23397 194 117.67 1607 975 

21896 194.6 117.0 1596 960 

18906 161.9 98.35 1344 816.3 

15178 170.6 88.24 1395 721.4 

14442 142.8 83.46 1173 685 

9817 148.37 61.7 1216 505.6 

Average Value 

h. 
1 

roped 
h. 

l 
slTLO.oth 

1.65 

1.62 

1.65 

1. 66 

1. 646 

1. 933 

1. 71 

2.405 

1. 78 
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Internal Nusselt 

Pr.
O

.
4 

and the ratio of 
1 

number, the ratio of Nu. to the 
1 

NU i to the_Pr
i
o. 33 for the first 

roped tube in turbulent flow are given in Table 5. 

c ien t, 

Internal Nusselt number and heat transfer coeffi­

the ratio of Nu. to the Pr.O. 4 and the ratio of 
1 1 

Nu. 
1 

to P ~.O.33 fo~ h . 
~l ~ t e flrst roped tube in transition 

flow, are given in Table 6. 

External Reynolds number, Nusselt number, heat 

transfer coefficientNu /Pr 0.4, Nu /Pr 0.33 values are 
o 0 0 0 

given in Table 7. The mean velocity of water in annular 

region is low since the cross-sectional area of the an-

nular is very small and the height of the constant level 

reservoir which supplies cold water to the annular is 

smail. The flow and heat transfer in annular region of 

the teste§ heat exchanger is not the object of the pre-

sent study. 

Heat transfer characteristics of the first roped 

tube in transition and turbulent flow (the variation of 

the ratio of Nu. 
l 

Figure 16. 

P 
0.4 

to r. versus 
1 

Re. ) 
. 1 

are given in 

Nusselt numbers and internal heat transfer coeffi-

cients of the second roped tube and smooth tube, and the 

ratio of h. 
l 
roped 

to the h. 
lsmooth 

in t urbulen t flow are 
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l 

46417 

W1580 

23397 

21896 

18906 

·15178 

14442 

9817 
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. TABLE 5 

HEAT TRANSFER RESULTS OF THE FIRST ROPED 

TUBE IN TURBULENT FLOW 

Nu. . Nu. 
Nu. l l 

l 

Pro 0.4 
Pro 0.33 

l l 

340.0 255.0 270.0 

304.0 ! 230.0 254.0 

194.0 147 .. 0 154.0 

194.6 140.0 147.8 

161.9 124.0 130.0 

170.6 120.0 12B.2 

142.8 103.0 109.0 

148.4 106.0 112.0 



Re. 
1 
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TABLE 6 

INTERNAL HEAT TRANSFER RESULTS FOR THE FIRST 

ROPED TUBE IN TRANSITION FLOW 

h. 
1 

Nu. 
1 

Nu. 
1 

P 0.4 r. 
1 

Nu. 
1 

P 
0.33 r. 

1 

, -

'--=========::l=========F=====f====j====j 
I 
i 858_6 ____ +-__ 1_1_5_1 __ -+ __ 1_4_1 __ .6 __ +-____ 9_7_._6 ____ -t _____ 1_0_4_._2~ r----

71~' 8 1065 128.8 
f----:.- .. ----+-------1;-----+-------t-------t 

,9f>.0 100.9 

6664 1076 130.6 95 .. 9 1-01 .. 0 

4743 1013 123.3 89.3 94.3 

4150 996 121. 3 89.4 92.6 

3352 967 117.5 85.0 90.0 



Re 
0 

597 

594 -
537 

50 7 

500 

497 

460 

459 

444 

443 

398 

390 

335 
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EXTERNAL HEAT TRANSFER RESULTS FOR THE 

FIRST ROPED TUBE 

Nu 
Nu h 0 

0 0 

Pr 0.4 
0 

5.38 591.4 3.13 

4.55 499 2.66 

3.24 351 1. 78 

2.86 311 1. 59 

3.63 395 2.02 

3.46 376 2.06 

2.40 259 1. 29 

2.76 278 1. 49 

2.87 310 1. 56 
~ 

2.64 285 1. 43 

1. 73 217 0.72 

2.10 226 1.12 

2.18 239 1. 25 

Nu 
0 

Pr o .33 
0 

3.45 

I 2.91 
I 

1. 9 7 -I 
I 

1.76 I 
2.25 ! 

I 

2.26 I 
I 

1. 44 

1. 66 

1. 73 

1.59 

1. 03 

1. 25 

1.38 
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given in Table 8. The average value of the ratio of 

hi to hi is 1.22, i.e., the increment of the 
roped smooth 

heat transfer rate is iO% in the case of roped tubes. 

In table 8, NU i is calculated using Equation (19). 
smooth 

Internal Nusselt 

Pr.O. 4 (Nu./Pr.O. 4 ) and 
l l l 

number, the ratio of Nu. to 
l 

the ratio of Nu. to Pr.O. 33 
l l 

(Nu./Pr.O.
33

) for the second roped tube in turbulent flow 
l l 

are given in Table 9. 

Internal Nusselt numbei and heat transfer coeffi-

cient, / 
0.4 / 0.33 Nu. PI'. ,Nu. PI'. values for the second l l l l 

roped tube in transition flow are gi~en in Table 10. 

It should be noted that, the heat transfer results of 

the two roped tubes tested in the present experiment, 

are di ffe ren t . The results of the second roped tube are 

better than the first one. 

Internal heat transfer coefficient, Nusselt num­

ber, the ratio of NU
i 

to pr
i
o. 4 

and the ratio of NUi to 

. 0.33 
PI'. for the second roped tube in laminar flow, are 

l 

given in Table 11. 

External heat transfer coefficient, Nusselt nUffi-

0.4 d h . f N / b I' t he ratio of Nu to PI' an t e ratlo 0 u e , 0 0 0 

PI' 0.31 for the second roped tube (in annular region) 
o 

are given in Table 12. 



Re. 
J. 

35594 

32931 

27586 

22193 

"' 
20634 

14797 

12104 
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TABLE 8 

INTERNAL NUSSELT NUMBER AND HEAT TRANSFER 

COEFFICIEUT -OJ'J.HESECOUD ROPED TUBE 

IN TURBULENT FLOW 

-
Nu. Nu. ~ h. h. J. J. J. J. roped smooth roped smooth 

209.0 147.15 6383 4492 

181.7 141.82 5566 4344 

142.33 123.0 4360 3767 

145.0 107.8 4470 3524 

116.0 101. 23 3424 3076 

84.24 75.33 2574 2301 

70.55 64.14 2154 1964 

Average Value 

h. 
J. 

roped 
h. 

J. 
smooth 

1. 42 

1. 28 

1.157 

1. 344 

1.145 

1.118 

1.10 

1. 22 
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TABLE 9 

HEAT TRANSFER RESULTS OF THE SECOND 

ROPED TUBE IN TURBULENT FLOW 

Nu. Nu. Re. Nu. l l 
l l 

Pro o .4 
Pro 0.33 

l l 

35594 209.0 166.7 173.0 

32931 181.7 140.6 147.0 

27586 142.33 110.14 115.2 
, 

22193 145.0 106.75 112.6 
.-

20634 116.0 85.88 90.5 

14797 84.24 64.6 67.7 

12104 70.55 54.13 56.7 
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TABLE 10 

INTERNAL HEAT TRANSFER RESULTS FOR THE SECOND 

ROPED TUBE IN TRANSITION FLOW 

Re. h. Nu. Nu. Nu. l. l. l. l. l. 
0.4 0.33 Pro Pro J. J. 

. 
8866 1362 44.6 34.0 . 35.7 

7771 1396.8 45.87 34.28 36.0 

6570 1160 38 28.4 30.0 
/ 

5427 1102 36.28 26.66 28.0 

4675 836.8 27.5 20.0 , 21.46 
- ._--

3072 676.5 22.36 16.12 17.0 
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TABLE 11 

INTERNAL HEAT TRANSFER RESULTS OF THE SECOND 

ROPED TUBE IN LAMINAR FLOW 

Nu. Nu. h. Nu. l l 
Re. 

l l l 
Pro 0.4 

Pro 0.33 
l l 

2174 583 19.27 13.9 14.7 
1776 500 16.6 11.76 12.5 

1439 493 16.4 11.45 12.2 

950 466 15.67 11.0 11. 7 

730 391 13.2 8.55 9.2 

482 304 10.3 6.5 7.0 

200 195. 6.67 4.0 4.4 

'-
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TABLE 12 

EXTERNAL HEAT,TRANSFER RESULTS OF 
-THE SECOND ROPED TUBE 

Nu Nu Re ho Nu 0 0 0 
0 0.4 0.33 Pr Pr 0 0 

2532 118.8 7.49 3.12 _ 3.64 
2444 121. 5 7.66 3.19 3.71 
2329 195.8 9.19 3.83 4.47 

2328 163.7 10.31 4.29 5.01 

2292 193.0 12.16 5.26 6.10 

2278 142.5 8.97 3.75 4.37 

2256 168.5 10.63 4.43 5.16 
I 

2245 213.0 13.42 5.80 6.73 

2185 196.0 12.35 5.19 6.04 

2092 154.3 9.74 3:94 4.65 

2015 180.0 11. 32 4.68 5.44 
-

2013. 208.0 13.10 5.39 6.30 

1988 135.0 8.52 3.49 4.08 

1984 272.0 17.12 7.16 8.35 

1966 240.0 15.0 6.27 7.30 

1927 294.4 18.5 7.83 9.10 

1778 137.0 8.59 3.58 4.19 

1717 144.0 9.06 3.79 4.44 

1674 355 22.50 9.23 10.78 

1408 268.6 17.0 6.47 8.15 
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Heat transfe~ results of the second roped tube in 

transition and turbulent flow are given in Figure 17. 

For fully developed turbulent floH in smooth tubes the 

following relation is recommended by Dittus and 

Boelter [29J: 

Nu = 0.023 ReO. 8 Prn 
( 2 0) 

The properties in this equation are evaluated at the 

fluid bulk temperature and the exponent n has the fol-

10Hing·values: 

n = 0.4 for heating 

n = 0.3 for cooling. 

To calculate the Nusselt number of the smooth tube in 

Figure 17, Equation (19) and ~quation (20) are used. 

Comparing the resul.ts obtained from Equations. (19) and 

(20), it is possible to emphasize that, heat transfer 

rate in Entrance Region is higher than in the Fully De-

veloped Region. As can be seen in Figure 17, experimen-

tal points obtained in this particular study are above 

the smooth tube results, i.e., heat transfer rate in tur-

bulent flow in the roped tube is higher than in the 

smooth tube. It should be noted that the increment of 

the heat transfer rate in the roped tube due to the 

smooth tube, d~pendson the Re number. If the Re number 
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increases, the ratio of the heat transfer coefficient of 

the r~ped tube to the heat transfer coefficient of the 

smooth tube increases. 

In the literature, there are no correlation avail-

able to calculate the Nu number in transition flow in a 

tube, therefore, it is necessary to make experiments 

using both roped and smooth tube in transition flow. 

Heat transfer results of the second roped tube 

in' laminar flow are presented in Figure 18. To calcu-

late the Nusselt number of the smooth tube, the following 

empirical relation presented by Housen [29] is used: 

Nu = 3.66 + O.0668(D/L)RePr 

1 + O.04!(D/L)RePr!2/3 
(21) 

B. DETERMINATION OF FRICTION FACTOR AND RESULTS 

The friction coefficient f is def-ined by [29J 

ll.P = f L P 
D 

2 
v (22 ) 
2g 

where ll.P is pressure drop along the tube, L is the length 

of the tube, D is the diameter of the tube, pis the 

fluid density (mass per unit of volume), v is the mean 

flow velocity and g is the acceleration of gravity. 
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Three friction coefficients are indicated: f) 

f , f 
x app The local friction coefficient is described 

as fx and is base,d on the, actual local wall shear stress 

at x. In computing the pressure drop in a tube, the 

integrated mean wall shear stress from x=O to the point 

of interest is of more utility than the local shear 

stre ss . The mean friction coefficient from x=O to x is 

described by f. Part of the pressure drop in the en-

trance region of a tube is attributable to an increase 

in the total fluid momen tum flux, wh i ch .is asso ci ate d 

with the development of the velocity profile. Pressure 

drop calculations in this region must consider the varia-

tion in momentum flux as well as the effects of surface 

shear forces. The combined effects of surface shear 

and momentum flux have been incorporated in a single ap-

parent mean friction coefficient) ¥ app 
The pressure 

drop from 0 to x can then be evaluated from 

6P 
-

= f app 
x 
D 

p 
2 

v 
2g 

Fanning friction factor is evaluated from 

(23) 

1 6P D g ( 24) 
f = "2 p L"2 

v 

. . f t 'is about 4 times and Moody-Darcy fr~ct~on ac or) A) 

the fann in Ii fri ction fac tor 

, A = 4f ( 25) 
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The variation of fanning friction factor as a 

function of Reynolds number is plotted ,in logaritmic 

scale. In the experiments, a -typical roped tube and a 

smooth tube which has the same dimensions, are tested. 

The experiments are conducted both in the entrance region 

and the fully developed region. 

In fully developed laminar flow in circular tube, 

the fanning friction factor can be evaluted by the fol-~ 

lowing relation [26]: 

16 
f = Re 

(26) 

The relation between friction factor and the 

Reynolds number can be written as [30J: 

,\ = a + b Re n ( 2 7 ) 

where a, band n are constants and they all are found 

from the experiments. In fully developed turbulent flow, 

the relations between friction factor and the Reynolds 

number in the smooth circular tube, are presented by H. 

Richter [30). Some of them are given in Table 13. 

- A commonly used relation is given by A.E. Bergles 

-0.2 
f = 0.046 Re , (28) 



Researcher 

Jacob 

Kozeny 

Blasius 

Lees 

Hermann 

Nikuradse 

Harris 

TABLE 13 

RELATIONS BETWEEN FRICTION FACTOR AND THE REYNOLDS NUMBER 

Year Range Fluid or Gas Relation 

1922 Re < 70000 Water and Air A = 0.3270 Re- 0 . 254 
-

1925 Re < 400000 Water A = 0.00648+0.54Re -0.333 
-

1913 Re < 10
5 Water and Air A = 0.3164 Re- 0 . 25 

-
1915 Re < 430000 Water and Air A = 0.0072+0.06105Re 

-0.35 
-

1930 Re < 1900000 Water A = 0.0054+0.3964Re- O .
3OC 

-

1932 Re < 3240000 Water A o .0032 + 0 . 221 'Re -0.237 = -

1949 105 < Re 10 6 Water A = 0.0061+0.55Re 
-0.333 

< - -

en 
co 

I.· •• 
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Fanning friction factor data of the smooth tube in 

the entrance region, in laminar flow are given in Table 

14. The smooth tube data in laminar flow are in good 

agreement with the usual correlation f = l6/Re. 

Fanning friction factor data of th~ smooth tube in 

~he ent~an~e r~gion in transition flow are presented in 

Table 15. Fanning friction factor data of the smooth 

tube in the entrance region in turbulent flow are pre­

sen~e~ in Tabl~ 16. SmQoth .tube fanning friction" fac~or 

is calculated using Equation (28) and Blasius' Equation 

in Table 13 to compare the results obtained to the other 

researchers' results. 

Fanning friction factor data of the roped tube 1n 

the entrance region in laminar flow are given in Table 17. 

Table 18 represents the results of the roped tube in the 

entrance region" in the Critical Region. Fanning friction 

factor results of the roped tube in the entrance region 

in transition and in turbulent flow are given in Table 

19 and in Table 20 respectively. 

The comparison of Fanning Friction Factor Results 

of the roped and smooth tube is presented in Figure 19. 

The results given in Table 17 and Figure 19, indicate 

that the pressure drops with the roped tube are as much 

as 1.5 times the smooth tube values in laminar flow. The 



Re 

1932 

1864-

1628 

lS20 

1378 

1318 

1151 

977 

913 

890 

828 

813 

771 

767 

TAB LE 14-

FRICTION FACTOR RESULTS OF THE SMOOTH TUBE IN ENTRANCE REGION LAMINAR FLOW 

t:,p f 
smooth 

f 16 
Re 

Re t:,p f 
smooth 

f 16 
[\e 

2.1S 0.00966 0.00828 661 0.708 0.0232 0.0242 
2~124 0.010S7 0.00858 663 0.737 0.0273 0.024-1 
1.68 0.01063 0.0098 , 647 o .708 0.0268 0.024-7 
1. S 9 0.0114- 0.010S2 632 0.796 o .0236 0.0253 

-. 
1.4-75 0.0130 o .0116 54-6 0:560 0.0295 0.0293 
1. 38 0.0132 0.01213 502 0.501 0.03117 0.0318 
1.18 0.01473 0.0139 442 0.472 0.0371 0.0362 
1. 00 0.0155 0.1637 411 0. 4 4-2 0.040 . b.0389 

0.944 0.0184- 0.0175 340 0.354- 0.04-4- 0.04-70 
0.885 0.0182 0.0179 278 0.324- 0.064- 0.0575 
0.826 0.0194- 0.0193 24-1 0.280 0.062 0.0664-
1. 00 0.0185 0.0196 205 o .236 0.073 0.078 
0.826 0.0196 0.0207 185 b.295 0.0979 0.0865 
0.855 0.0195 0.0208 

-.j 

a 



Re 

9806 

9729 

8970 

8956 

7884 

7866 

7110 

I 
6912 

6050 

5985 

5931 

5328 

5199 

5182 

~8 
4778 

4656 

4549 

4287 

4282 
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TABLE 15 

FRICTION FACTOR DATA OF THE SMOOTH TUBE IN 

ENTRANCE REGION IN TRANSITION FLOW 

-
/:,p f smooth Re /:,p 

50.1 0.0082 4196 1 11.5 
I 

52.6 I 0.0085 4054 10.2 

43.6 0.00814 3844 1 
9.5 ! 

4.5,.6 0.00873 3756 ! 8.8 1 

35.9 I 0.00898 I 3586 I 7.8 
1 I 

I 

35.3 ! 0.00858 .1 3497 I 8.0 1 

i 1 

1 30.0 0.00888 ! 3227 6.68 
1 

i ! 

! I 3214 , 1 
28.9 I 0.00945 6.6 

I 1 i 3206 . 
j 

24.1 0.0094 : 1 6.7 I 
; I 

22.4 I 0.00997 i l3181 I 6.35 I 
I I 

I , ! 3122 
1 

20.'8 I 0.00958 I I 6.3 
1 , 

18.3 0.01036 ! l2963 I 5 .2 
, 

17.5 0.0106 , i 29'32 5.48 1 
i 

19.3 0.010 i I 2728 
, 

4.4 
; I 

15.6 I 0.00977 I 2568 4.0 

15.5 0.01028 I 2487 I 3.2 
I 

: 2301 13.1 0.0100 i 2.74 

13.0 0.0100 2275 2.97 

13.9 o .0108 2154 2.47 

11. 4 o .0103 

f smooth 

0.0102 

0.01037 

0.0104 

0.0105 I 

o .0103 

0.0106 

0.0105 

0.0096 

0.0107 

0.0104 

0.0109 

0.0097 

0.0105 

o .0098 

0.0087 

0.0090 

0.0086 

0.0094 

0.00898 



I 

, 

I 
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. TABLE 16 

FRICTION FACTOR DATA OF THE SMOOTH TUBE IN 

ENTRANCE REGION IN TURBULENT FLOW 

Re 6P f 0.046 0.0791 = f = Re 0.2 Re O. 25 

I 24786 243.6 0.00608 0.0063 I ._--
22770 243.4 0.0062 0.00644 
22332 237.2 0.0062 o .00647 
21354 211. 9 0.,00626 0.00654 I 

, 20327 212.2 0.00632 0.00662 
20254 207.0 0.00633 0.00663 1 , 

1 19274 179.0 0.0064 -+ 0.00671 , 
19048 I 199.5 0.0064 0.00673 
18036 I 156.2 0.00648 0.00682 , 

I 
17826 175.5 0.0065 0.00684 
16960 139.6 0.00656 0.00693 I 
14845 111.6 I 0.00673 0.00716 I 
14834 122.3 0.00673 I 0.00716 ! , 
14528 i 115.8 0.00676 0.0072 i 

i .----. 

I I 14300 126.0 0.00678 0.00723 

14078 ! 113.6 I 0.0068 0.00726 i 
I 

i 13610 102.2 0.00685 0.00732 1 
I 

13139 I 99.4 0.0069 0.00739 

13073. 101. 3 -+ 0.0069 0.00739 

12658 88.7 0.00695 0.00745 

11380 71. 3 0.0071 0.00765 

10242 59.3 0.00725 0.00786 

f 
smooth 

I 
0.00676 

0.0070 

0·.0()7()h 

0.00694 

0.00663 

0.00697 

o .00723 

0.0068 

0.00725 

0.00705 

0.00737 I 
0.0077 I 
0.00772 

0.00775 , 
1 

0.00758 

I 0.00763 

0.00783 I 
0.00791 

0.0076 I 
O'.0080W. 

0.00795 

0.00844 



Re 

2013 

1994 

1974 

1963 

1830 

1825 

1667 

1657 

I 1539 

1410 

1365 

1237 

1158 

972 

969 

872 

840 

792 

718 

663 

642 

534 

456 

445 

416 

288 

277 

272 

215 

200 

180 
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TABLE· 17 

FANNING FRICTION FACTOR DATA OF THE ROPED TUBE IN 

ENTRANCE REGION IN LAMINAR FLOW 

16 f 
rope d f = f Re roped f~ 

Re 
0.00795 0.01230 1. 54 
0.00802 0.01280 1.59 

0.00810 0.01280 1.58 
0.00815 0.01449 1. 77 
0.00874 0.01467 1.68 

0.00876 0.01262 1.44 

0.00959 0.01433 l.49 

0.00965 0.01515 1.57 

0.01039 0.01437 1. 38 

0.91134 0.01546 l. 36 

0.01172 0.01610 1.37 

0.01293 0.01857 1.43 

o .01381 0.01900 1. 37 

0.01646 0.02317 1.40 

0.01651 0.02555 l. 54 

0.01834 0.02600 1. 42 

0.01900 0.02760 l. 45 

0.02020 0.03025 1. 49 
-

0.02228· 0.03100 1.39 

0.02413 0.03695 1. 53 

0.02490 0.03534 l. 42 

0.02979 0.04970 1.66 

0.03508 0.04550 l. 30 

0.03595 0.05018 1.39 

0.03846 0.05106 1. 32 

0.05555 0.07293 1. 33 

0.05776 0.08300 1. 43 

0.05882 0.08757 1. 48 

0.07440 0.08195 1.10 

0.08000 0.11063 1. 37 

0.08888 0.12610 1. 42 
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TABLE 18 

FANNING FRICTION FACTOR RESULTS OF THE ROPED 

TUBE IN ENTRANCE REGION IN 

CRITICAL REGION 

Re f 
roped Re f 

roped 

214-5 0.01183 2325 0.01763 

2225 0.01825 2665 0.03605 

2314- 0.01532 2800 0.03556 



Re 

9896 

9220 

8676 

8210 

7573 

6624 
: 

6550 

5952 

5109 

5052 

4534 
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TABLE 19 

FANNING FRICTION FACTOR RESULTS OF THE ROPED TUBE 

IN ENTRANCE REGION, IN TRANSITION FLOW 

f 
roped Re f 

roped 

0.04965 4300 0.04747 

0.05047 4015 0.04533 

0.05094 3911 0.04518 

0.05000 3797 I 0.04628 I 
I 

I 
, 

0.04940 3426 0.04625 I 

i 
0.05032 3328 0.04033 I , I 

I 0.05050 3208 0.04567 

0.04928 3041 0.04028 

0.04950 2933 0.04000 

0.04927 2861 0.03566 

0.04773 2665 0.03605 
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TABLE 20 

FANNING FRICTION FACTOR RESULTS OF THE ROPED TUBE 

IN ENTRANCE REGION IN TURBULENT FLOW 

f 
smooth f f 

roped Re 
= .0.0791/Reo. 25' 

roped 
f f smooth 

26028 0.00£22 0.05460 8.77 
24943 0.00629 0.05434 8.64 
23154 0.00641 0.05386 8.40 
22403 0.00646 0.05404 8.36 
21970 0.00649 0.05400 8.32 
21319 0.00654 0.05373 8.21 
20170 0.00663 0.05431 8.19 
19431 0.00669 0.05474 8.18 
19032 0.00673 0.05240 7.86 
18303 I 0.00680 0.05264 7.74 .... 

I 17595 0.00686 0.05237 7.63 1-----
I , 

7.58 16537 I 0.00697 '0.05285 
I 

15328 I 0.00712 0.05169 I 7.26 I 
14620 0.00719 0.05139 I 7.14 
13795 0.00729 0.05158 7.07 
12468 0.00748 0.05163 6.90 
11981 0.00756 I 0.05118 6.77 ! 

11678 0.00761 0.05019 6.59 
11237 0.00768 0.04946 ,6.44 
10926 0.00773 0.04923 6.38 
10223 ' 0.00786 0.05100 6.48 
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roped tube results are in good agreement with the fol-

lowing correlation: 

f = 24-
Re (29) 

If the Reynolds number is between 2100 and 2600, 

the manometer's fluid fluctuates for both tubes, especial-

ly in the roped tube and it is not possible to measure 

pressure drop as a constant value. For that reason, for 

every 15 second interval, the manometer's fluid is ob-

served, and the average value of the pressure drop is 

calculated. Friction f~ctor of the" smooth tube decre~ses 

in transition flow, in the roped tube, however, it in-

creases and reaches a constant value. The friction fac-

tor of the roped tube is about 5 times the smooth tube 

friction factor in transition flow. Friction factor o£ 

the smooth tube also decreases in turbulent flow. Ex-

perimental results of the smooth tube in turbulent flow 

are in good agreement with the Blasius equation in Table 

13. In the case of the roped tube, water is heated to 

obtain a high Reynolds number. If the temperature of 

the water is increased, the kinematic viscosity of water 

decreases and the Reynolds number increases. I t should 

be noted that, friction factor of the roped tube is al-

most constant in turbulent flow, and it is about 6-9 

times the smooth tube friction factor. 
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Fanning friction factor results of the smooth tube 

in fully developed laminar flow are given in Table 21. 

The ~mooth tube results in fully developed laminar flow 

are in good agreement with the usual correlation f=16/Re. 

·The results in critical region are given in Table 22. 

Fanning friction factor results of the smooth 

tube in fully developed transition ~low and in fully de­

veloped turbulent flow are given in Tables 23 and 24 re­

spectively. 

Fanning friction factor results of the roped tube 

in fully developed laminar flow, critical region, transi­

tion flow and turbulent flow are given in Tables 25, 26, 

27 and 28 respectively. 

The comparison of Fanning Friction Factor Results 

of the roped tube and smooth t.ube in fully developed fi?w 

is presented in Figure 20. The smooth tube results in 

fully developed laminar flow are in good agreement with 

the usual correlation f = 16/Re. The results given ln 

Table 25 and Figure 20 indicate that pressure drops with 

the roped tube in fully developed laminar flow are as much 

as 1.6 times the smooth tube values. The roped tube re-

suIts are in good agreement with the following correla­

tion: 
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f = 25.6 
Re 

(30) 

.The smooth tube friction factor in fully developed 

transition and turbulent flow;decreases if the Reynolds 

number increases. However~ the roped tupe friction fac~ 

tor in fully developed turbulent flow is almost constant 

and it is about ~-g times the smooth tube friction factor. 
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TABLE. 2J 

FRICTION FACTOR RESULTS OF THE SMOOTH TUBE IN 

FULLY DEVELOPED LAMINAR FLOW 

Re £ 
smooth 

£16 Re f f16 
Re smooth -Re 

2091 0.00764 0.00765 1071 0.01355 0.Oi493 

2080 0.00752 0.00770 1015 0.01413 0.01576 

2051 0.00834 0.00780 959 0.01623 0.0166B 

I 186 B 0.00901 0.00856 904 0.01820 0.01770 . 
IB13 0.00940 0.00880 796 0.01964 0.02010 

1805 0.00857 0.008B6 708 0.02127 0.02260 

1693 0.00950 0.00945 696 0.02000 0.02298 

1626 0.01000 0.00984 579 0.02421 0.02760 

1610 0.01058 0.00993 451 0.03680 I 0.03547 

1559 0.01154 0.01020 377 0.03900 0.04244 

, 1439 0.01130 0.01110 308 0.04950 0.05194 , 
--

l390 0.01180 0.01150 274 0.06220 0.05839 
-

1270 0.01175 0.012598 254 0.07016 0.06299 
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TABLE 22 

FRICTION FACTOR RESULTS OF THE SMOOTH TUBE IN 

FULLY DEVELOPED CRITICAL REGION 

Re f1p f 
smooth 

2907 10.4 0.01157 

2905 6.1 0.00686 

2878 8.96 0.00880 

2765 7.6 0.00770 

2662 8 . 5 0.01160 

2584 7.14 0.00800 

2554 7.8 0.00910 

2445 4.78 0.00656 

2424 4.7 0.00750 
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TABLE 23 

FRICTION FACTOR RESULTS OF THE ,SMOOTH TUBE IN 

FULLY DEVELOPED TRANSITION FLOW 

Re f 
smooth Re f 

smooth 

9752 0.00872 4832 0.00990 

9080 0.00884 4442 0.01024 

8470 0.00918 4435 0.01100 
I 

7842 o .00910 J 4424 0.01120 

7212 0.00950 I 4237 0.01000 

7070 0.00920 4045 0.01160 I 

6231 0.00963 3690 0.01300 

5866 0.00970 : 
3672 I 0.01200 

3600 
! 

5741 0.01000 0.01220 ---
5656 0.01040 3352 0.01079 

5346 0.01000 3315 0.01200 

5166 0.01040 3296 0.01230 

51~9 0.01000 3191 0.01110 
-

5125 0.01060 314,2 0.01140 
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TABLE 24 

FRICTION FACTOR RESULTS OF SMOOTH TUBE IN 

FULLY DEVELOPED TURBULENT FLOW 

-
Re f 

0.046 
f 

0.0791 = = f 
Re 

0.2 Re O. 25 smooth 

-
22929 0.00617 0.00642 0.00685 

21135 0.00627 0.00656 0.00730 

20710 0.00630 0.00660 0.00730-

20323 0.00632 0.00662 0.00737 

19541 0.00637 0.00669 0.00728 

19245 0.00640 0.00671 0.00735 

18266 0.00646 0.00680 0.00740 

17772 0.00650 0.00685 0.00740 

16958 0.00656 0.00693 0.00765 

15672 0.00666 0.00707 0.00770 

14532 0.00676 0.00720 0.00749 

.14290 0.00678 0.00723 0.00760 

14090 0.00680 0.00726 0.00800 

13200 0.00690 0.00738 0.00782 

12591 0.00696 0.00746 0.00817 

12272 0.00700 0.00751 0.00804 

11701 0.00706 0.00760 0.00847 

11462 0.00709 0.00764 0.00824 

10614 0,00720 0.00779 0.00847 

10498 0.00722 0.00781 0.00847 



Re 

174-0 

1709 

1640 

1584 

1570 

1504-

1433 
>--. 

" 
~v.~ 

1332 

1272 

1262 

1247 

1161 

1101 

f-
94-5 

887 

843 

842 

722 

674 

601 

556 

4-27 

361 

298 

225 

159 

- 85 -

TABLE· 25 

FRICTION FACTOR RESULTS OF THE ROPED TUBE IN 

FULLY DEVELOPED LAMINAR FLOW 

16 f roped-f = - f Re roped f~ 
Re 

--
0.00919 0.01518 1. 65 

0.00936 0.01539 1.64-

0.00975 0.01693 1. 73 

0.01010 0.01625 1. 60 

0.01019 0.0164-8 1. 62 

0.01063 0.01820 1.71 

0.01116 0.01856 1. 66 

0.01199 0.01870 1.56 

0.01201 0.02029 1.-69 

0.01257 0.02063 1. 64-

0.01267 0.02031 1. 60 

0.01283 0.02021 1. 57 

0.01378 0.02212 1. 60 

0.014-53 0.02272 1. 56 

0.01693 0.02546 1.50 

0.01803 0.03150 1. 74 

0.01897 0.03043 1. 60 

0.01900 0.03046 1. 60 

0.02216 0.03852 1. 74-

0.02374- 0.03600 1. 51 

0.02662 0.04668 1. 75 

0.02871 0.04396 1. 53 

0.03747 0.06199 1. 65 

o .044- 32 0.06880 1. 55 

0.05369 0.08311 1. 55 

0.07111 0.01910 1. 53 

0.10062 0.17252 1.71 

. 

i 
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TABLE 26 

FRICTION FACTOR RESULTS OF THE ROPED TUBE IN 

FULLY DEVELOPED FLOW IN CRITICAL 

REGION 

Re f 
rope d 

-

2070 0.02760 

2067' 0.03000 

1926 o .01865 

1881 0.01462 

1'819 0.01568 

1786 0.02340 



Re 

9736 

8847 

7633 

6987 

6867 

6783 

6513 

6380 

6206 

5959 

5941 

5572 

5280 

4965 
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TABLE 27 

FRICTION FACTOR RESULTS OF THE ROPED TUBE IN 

FULLY DEVELOPED TRANSITION FLOW 

f 
roped Re f 

rope d_. 

0.05191 4634 0.04744 

0.05118 4348 0.04735 

0.04915 4071 0.04690 

0.04794 3860 0.04652 

0.05040 3607 0.04560 

0.05030 3288 0.04500 

0.04871 3070 0.04411 

0.04877 2829 0.04309 

0.04913 2647 0.04243 

0-.04892 2498 0.04033 

.0.04831 2452 0.04240 

'0.04815 2395 0.03941 

0.04825 2256 0.04080 

0.04815 
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TABLE 28 

FRICTION FACTOR RESULTS OF THE ROPED TUBE IN 

FULLY DEVELOPED TURBULENT FLOW 

o .0791 ·f 
roped Re f = f 

Re 0.25 roped f 
smooth 

26347 '0.00620 0.05284 8.52 

23517 0.00638 0.05300 8.30 

22273 0.00647 0.05275 8.15 

20844 0.00658 0.05314 8.07 

19200 0.00671 0.05315 7.92 

18685 0.00676 0.05353 7.91 

18195 0.00681 0.05300 7.78 

17309 0.00689 0.05349 7.76 

16995 0.00692 0.05278 7.62 

16572 0.00697 0.05275 7.56 

1 16023 0.00703 0.05300 7.54 

15289 0.00711 0.05260 7.39 

14688 0.00718 0.05241 7.23 

14129 0.00725 0.05219 7.19 

13431 0.00734 0.05260 7.16 

12561 0.00747 0.05199 6.95 

11896 0.00757 0.05203 6.87 

11211 0.00768 0.05175 6.73 

10542 0.00780 0.05176 6.63 
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5. COMPARISON OF ROPED TUBES filTH TURBOTEC 

AND SPIRALLY FLUTED" TUBES 

The mostly encountered profiled tubes (enhanced 

heat transfer tubes) in heat exchanger equipment are roped 

tubes, turbotec tubes, and fluted tubes. Turbotec tubes 

are part of a class of tubes which have multiple-start 

spiral corrugations along the tube length. Created by 

various manufacturing process, tubes within this class 

are referred to by such terms as IIspirally fluted ll , IICon­

voluted ll , IIcorrugatedll, IIhelically fluted '!, "spirally 

gro ove dll . Their common characteristic is that both 

sides of the tube are geometrically modified so that, in 

the usual application of a two-fluid heat exchanger, 

there is potential enhanc~ment of the heat transfer coef­

ficient on either side. 

Roped tubes are compared with turbotec and spi­

rally fluted tubes. Lengthwise and axial photographs of 

a typical turbotec tube are shown in Figure 21. 

spirally fluted tubes are shown in Figure 22. 

Se ve ral 

Heat transfer characteristics of the roped tubes 

and turbotec tubes are compared in Figure 23. Curve 1 

90 
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a. Lengthwise view. 

b. Axial view. 

FIGURE 21. Photographs of Turbotec Tubes. 
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A B 

c D E 

F G 

FIGURE 22. Typical Tubes in the Spirally Fluted Category. 
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1 First Roped Tube 
2Second Roped Tube 
3/4/1j·Maeda Ironworks[321 

.6 Marto et allI16J 

0.8 0.4 
Nu=Q 023 Re Pr 
(Smooth tube) 

FIGURE 23. Composite of Internal, Turbulent Flow Heat 
Transfer Characteristics for Roped and 
Turbotec Tubes. 
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and Curve 2 indicate heat transfer characteristics of 

the first and second roped tube tested in the presen~ 

study. Three tur.botec tubes tested by Maeda Ironworks Co. 

[32J exhibit Nusse1t numbers which are 75-125% above Lhe 

smooth tube values, and their heat transfer characteris-

tics are indicated by Curves 3, 4 and 5. 11arto et al. 

[16J have conducted the most recent study of turbotec 

tubes and Curve 6 indicates that the Nusselt number of 

turbotec tube tested by Marto et al. is as much as 400% 

above the smooth tube results. It should be noted that, 

no direct comparison is possible since no tubes are iden­

tical in studies. Heat transfer improvement depends on 

the g~ooYe depth, the groove pitch oi the tubes. 

Pressure drop characteristics of the roped and 

turbotec tubes are compared in Figure 24. T-1, T-2, T-3 

and T-4 present different turbotec tubes tested by Marto 

et al. [16J. Pressure drops with turbotec tubes are as 

much as 4-15 times the smooth tube values. A-l presents 

the roped tube tested in the present study and pressure 

drop with roped tube is above 7 times the smooth tube 

values. 

Numerous studies have considered the augmentation 

of single-phase turbulent flow in spirally fluted tubes. 

Since a detailed comparison is not within the scope of 

the present work, only a tabuler summary of the available 
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<If> ",. <f' .T-3 o Roped Tube 
l> r·t T-2,T-3,T-4 tl--J> a> ~ ~T-4 
I) cA-1 Turbotec T ubes[16] 

Q,. • <& 0 ~T-2 

<J~ ~ 4~T-1 

FIGURE 24. Pressure Drop Characteristics for Roped and 
Turbotec Tubes in Fully Developed Turbulent 
Flow. 
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information derived from t~e bibliography in Ref. [34] 

will be given. Table 29 indicates the type of tubing, 

test fluid, test procedure and approximate improvement 

in heat transfer coefficient. There are many spirally 

fluted tubes which exhibit improvements in turbulent heat 

transfer coefficient of the order of 100%, that is, the 

same order of magnitude in coefficient displayed by the 

turbotec and roped tubes in Figure 23. A full comparison, 

of course, requires consideration of such factors as 

pressure drop, fouling potential and cost. 



r 1\ ;. 29 

SUMMARY OF OTHER TESTS WITH SPIRALLY FLUTED T,' ;ING IN TURBULENT SINGLE-PHASE INTERNAL FLOW 

Study, 

Lawson et al 14\ 

Bl umenk ron tz 
et al. lsi 

Kidd \6\ 

Withers and 
Young \71 

Kalinin and 
Yorkho lsi 

Kramer an d 
Gater 191 

Newson and 
Hodgson \101 

Robles 1111 

Tube Designation 

Spirally indented 

Spirally grooved 

Spirally corrugated 

Corrugated 

Annular Diaphragms 

Helical and Annular 
convoluted 

Fl id 

Heat ng of Water 

He ad n g of Ai r, 
Water f, Light Oil 

Air 

Heating of Water 

Heating of Water 

Heating of Water 

Swage d or rope d 
helical, multifluted Heating of Water 

Helical convoluted Heating f, Cooling 
of Water 

Improvement in 
Heat Transfer Designation 

Over Smooth Tube in Figure 22 

100% 

40% for Wa ter D 

Up to 90% 

Up to 173% E 

Up to 150% 

300% C 

Up to 150 9" B 

400% for Heating, 
less for cooling C 

lD 
-..J 



TABLE 29 (Continued) 

Imp rovemen t in Designation Study Tube Designation Fluid Heat Transfer 
Over Smooth Tube in Figure 22 

Hitachi 1121 Circumferential Heating of Water Up to 133% 
groove, corrugated Heating of Water Up to 173% 

Watkinson Spirally indented Heating of Water Up 75% et al. 1131 to D 

Yoshitomi Embossed spiral Heating of Water 130 % F 
al. 1141 Up to to 

et ro 

Cunninham and 
Roped (Yorkshire) Heating of Hater Up 70% A 

Milne 1151 
to 

Marto 
Corr'ugated Heating of Water 

Up to 160% E 
et al. 1161 Up to 228% 

Mahta and Sp irally enhanced Heating of Water Up to 150% G 
Rao 1171 



6. CONCLUSION 

On the basis of the pres~nt work, the following 

conclusions can be reached: 

1. The heat transfer rate and pressure losses 

.in the roped tubes are much greater than the smooth tube. 

2. The improvement of the heat transfer rate de­

pends on the groove depth and groove pitch of the roped 

tube. As ~he groove depth increases and the groove 

pitch decreases, the heat transfer rate increases. The 

two roped tubes with different groove depth and groove 

pitch are tested in the experiments. In the first roped 

tube with the lnner diameter of 70 mm and outer diameter 

of 76 mm, the groove depth is much greater than the se­

cond roped tube with the inner diameter of 19 mm and the 

outer diameter of 21 mm. As can be seen from Table 4, 

the average value of the ratio of the internal heat trans­

fer coefficient in the first roped tube to the internal 

heat transfer coefficient in the smooth tube, is 1.78 

in turbulent flow. 

Table 8 shows that the average value of the ratio 

of the internal heat transfer coefficient in the second 

99 
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roped tube to the internal heat transfer coefficient in 

the smooth tube is 1.22 in turbulent flow. Figure 18 

shows that the heat transfer coefficient of the roped 

tube in laminar flow is about 1.5 - 2.5 times the smooth 
/ 

tube heat transfer coefficient. For very low Reynolds 

number in laminar flow, internal heat transfer coeffi-

cients of the roped and smooth tube are almost equal. 

If the Reynolds number increases, the ratio h d l rope 

h h increases. smoot 

3. Pressure losses experiments have been conduc-

te d with a rope d tube and a smoo th tube. The two "tubes 

tested have the same diameter and length. Friction fac-

tor results of the smooth tube for both in Entrance Region 

Laminar flow and fully developed lam~nar flow, are in 

good agreement with the usual correlation f = l6/Re. 

Friction factor results of the smooth tube for both the 

Entrance Region turbulent flow, are in good agreement 

with Blasius' equation and the other researchers' results. 

4. Fanning friction factor of the roped tube ln 

entrance region laminar flow is above 1.5 times the 

fanning friction factor of the smooth tube. Fri ct ion 

factor of the roped tube in the entrance region turbulent 

flow are as much as 6-9 times the smooth tube values. 

Fanning friction of the roped tube ln fully deve-
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loped laminar flow is 1.6 times above the smooth tube 

~alue and in fully developed turbulent flow is 6-9 times 

above the smooth tube value. 

5. Figure 19 and Figure 20 show that laminar 

flow in roped tubes is disturbed for smaller Reynolds 

number than in smooth tubes, in other words, transition 

flow Occurs' at lower Reynolds number in the case of roped 

tube due to turbulence in it. 

6. Fanning friction factor of the roped tube for 

both the entrance region and fully developed turbulent 

_:ow is almost constant. Due to laboratory conditions, 

high Reynolds numbers could not be reached. It would be 

very interesting to examine the trend of friction factor 

for high Reynolds numbers. 

7. The most convenient spirally fluted tube 

sh6uld be chosen for a specified heat duty considering 

pressure drop, fouling potential, cost, etc. 

8. Alternative designs on smooth and roped tubes 

for a specified duty will lead to heat exchangers of dif-

ferent length and diameters. For example, with a single 

passe unit, if the tube diameter can not be varied, the 

roped ,tube design will be of somewh~t larger shell dia­

meter but significantly shorter length than ~he smooth 
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tube. However, if circumstances permit, it is usually 

good practice to increase the tube diameter when changing 

from Bmooth to roped tubes. 



NOMENCLATURE 

English letter symbols 

A 

c 

D 

F 

g 

h 

k 

L 

m 

2 Heat transfer surface area, m 

Specific heat at constant pressure; Kcal/KgOC 

Diameter, m 

Hydrolic diameter, m 

Fanning friction factor 

Heat transfer surface area, 2 
m 

Gavitational acceleration, m/S2 

2 0 Convective heat transfer coefficient, Kcal/m h C 

o 
Thermal conductivity, Kcal/mh C 

Length, m 

Mass flow rate 

Mass flow rate of water in tube, Kg/h 

m2 Mass flow rate of water in annular region, Kg/h 

P Pressure 

P Wetted perimeter, m 

Q Heat transfer rate, Kcal/h 

Q
I 

Energy-transferred from hot water (Kcal/h) 

Q
2 

Energy transferred to cold water (Kcal/h) 

s Cross sectional area, 

v Mea~ velocity, m/s 

2 
m 

vI Mean velocity of water inside the roped tube, m/s 

103 

, 



- 104 -

v 2 Mean velocity of water in th~ annular region, m/s 

x Length of entry region, m 

Greek letter symbols 

flP 

Difference 

Pressure losses, mm. water column 

Logaritmic mean temperature difference 

o Temperature, C 

8
00 

Ambient temperature, °c 

8
1

. 
ln 

8 
lout 

8
2

. 
In 

8 20ut 

8 
Its 

8 
2ts 

v 

p 

o Inlet temperature of hot water, C 

Outlet temperature of hot water, °c 

Inlet temperature of cold water, °c 
o Outlet temperature of cold water, C 

Surface temperature 
o 

at the inlet of hot water, C 

o 
Surface temperature at the outlet of hot water, C 

Moody-Darcy friction factor 

Dynamic viscosity, Kg/ms 

Kinematic viscosity, m2 /S 

3 
Fluid density, mass per unit of volume, Kg/m 

Subscripts 

aug Augmen te d 

i Inner or internal condition 

in Evaluated at inlet of the tube or annul-ar region 

o Outer or external condition 

out Evaluated at the Qutlet of the tube or annular 

re gion 
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rop Roped tube 

s Evaluated at surface 

smo smooth 

Dimensionless Groups 

Re 

Nu 

Pr 

t:,8 
m. 

1 

68 
IT! o 

Reynolds number = 

Nusselt number = 

V.D 
V 

h D 
·k 

Prandtl number = ck~ 

Inner logaritmic mean temperature difference 

t:,8 
ID. 

1 

= 
(8

1in 
- 8

its
) - (8 1out - 82ts ) 

8
1in 

- 81ts 
8 - 8 lout 2ts 

£n 

Outer logaritmic mean temperature difference 

(8
1ts 

- 8
2out

) - (8 2ts - 82in ) 

8 - 8 lts 20ut 
£n 



APPENDIX A 

EXAMPLE OF CALCULATION OF THE HEAT TRANSFER 
COEFFICIENTS~' FRICTION FACTOR AND 

THE OTHER QUANTITIES 

A. Calculation of the Heat Transfer Coefficients: 

The test data during a typical experiment are: 

o 0 . 0 0 
8 = 15.0 C, 8 1 . = 86 C, 8 1 t = 77.65 C, 8 2 . = 6.5 C, 

00 ln ou ln 

o 
820ut = 14.1 C, ffi l = 409.5 Kg/h, m2 = 458.0 Kg/h, 

81ts~ 3230mv, 8 2ts • 3200mv. 

Using the calibration curve of the potentipmeter. 

that has b~en used to record the temperature data, 81ts 

and 82ts are found as follows: 

3230mv ~ 81ts = 61 + 8
00 

= 61 + 15 81ts 

= 60.5 + e 
00 

o 
= 60.5+15 8 2ts = 75.5 C 

The tempeTature profiles of that typical experiment are 

shown below: 

106 
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The heat quantity that the inner heat transfer 

fluid released in the roped tube is calculated as follows: 

Q
l 

= 409.5 (86.0 - 77.65) 

Q
l 

= 3420 Kcal/h 

The heat quantity that the outer heat transfer 

fluid absorbed in the annular region is calculated as 

follows: 

Q
2 

= 458.0 (14.i - 6.5) 

Q
2 

= 3390 Kca1/h) 

Inner Logaritmic mean temperature difference of 

this experiments: 

6e = m. 
1 

6e m. = 
1 

6e m. = 
1 

(e
1in 

- e
1ts

) - ce 10ut - e2tS ) 

e1 · - e1ts 9.n ln 
e
10ut 

- e2ts 

(86.0 - 76.0) - (77.65 - 75 .5) 

86.0 - 76.0 
9,n 

77.65 - 75 .5 

5.1 
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Outer Logaritmic mean temperature difference: 

t:.e = m 
o 

(8 - e ) - (e 8) Its 20ut 2ts - 2in 

elts - 8
20ut 

t:.e 
(76.0 - 14-.1) - ( 75.5 - 6.5) 

= m 
0 

in 76.0 - 14-.1 

75.5 6 . 5 

t:.8 m = 65.3 
0 

The heat quantities can be written as: 

Q1 = h.F. t:.8 
1- 1- m. 

1-

Q2 = h F t:.e 0 0 m 
0 

The ~nner and outer heat transfer surfaces are: 

F. = 'IT D. L 
1- 1-

F. = 3.14- x 0.019 x 2.0 0.119 2 
= m 

1-

F = 'IT D L 
0 0 

- 0.132 
2 

F = 3.14- x 0.021 x 2.0 = m 
0 

F = 0.0132 
2 

m 
0 

Internal heat transfer coefficient can be found as 

follows: 

h. = 
1- F. t:.8 

1- m. 
1-
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h. = 
34-20 

~ 0.15 x 5.1 

h. = 4-770 
2 0 

Kcal/m h C 
~ 

External heat transfer coefficient can be calculated as 

folloHs: 

h = o 

h = o 

F !J.e 
0_ m 

o 

3390 

0.16 x 65.3 

2 0 = 355 Kcal/m h C 

Calculation of the inner Nusselt number: 

h. 
l 

Nu. = 
~ k. 

~ 

D. 
~ Nu. = 

~ 

4-4-70 x 0.019 

0.586 

Hhere k. = 0.586 for e = 81.8 \28\. 
~ 

Nu. 
~ 

= 14-5.0 

Calculation of the hydrolic diameter of the annular 

re gion: 

D = ~ h P 

Hhere A is the cross sectional area of the annular region 

and P is the~Hetted perimeter. 

Cross-sectional area of the annuiar region 

A = 0.00185888 
2 

m 
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Wetted perimeter 

P = TI (0.053 + 0.021) P = 0.2323 m. 

Hydrolic diameter: 

Dh 
= 4 x 0.00185888 

0.02323 
Dh = 0.032 m. 

Calculation of the outer Nusselt number: 

= 355 x 0.032 
= 22.5 

0.505 

k 0 = O. 505 for e = 10. 3 \2 8 \ . 

The non-dimensional quantities: 

Nu. 
145.0 Nu. Nu. 

l l l = = 106.75 = 112.6 

Pr. 0.4 2.15 0 . 4 Pr. 0.4 
Pr. 0.33 

l l l 

Nu 22.5 
Nu Nu 

0 0 
9.23 

0 
10.78 = = = 

Pr 
o . 4 9.28 0 . 4 

Pr 
o . 4 

Pr 0.33 
0 0 0 

The velocity of water in the roped tube is calculated as 

follows: 

409.5 
= 

970.515 x 3600 x 0.0002834 
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where 51 is the cross-sectional area of the roped tube 

and is calculated as: 

and p 

1T D. 2 
~ 

4 

2 = "3.14 x (0.019) 

4 

3 = 970.515 kg/m for.8 = 81.8 \28\. 

VI = 0.4135 m/s 

0.00028339 
2 

m 

The velocity of water in annular region is calculated 

as follows: 

52 

where 52 is the crosssection~l area of the annular re-

gion and it is calculated as: 

52 = 0.00185888 
2 

m 

Then v
2 

can be calculated as: 

458.0 
v 2 = 1000 x 36000 x 0.00185888 

Inner Reynolds number is calculated as: 

Re. = 
~ v . 

~ 

v
2 

= 0.068 m/ s 
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where Vi is kinematic viscosity of water in roped tube 

and is taken from \28\ 

V. = 
l. 

0.355 x 15 6 
m

2 /s for e = 81. 8 0 C 

Then: 

Re. o .4135 x 0.019 
10 6 22133 = Re. = l. l. 0.355 

Outer Reynolds number is calculated as: 

Re = a 
V 

a 

where V is kinematic viscosity of water in annular re­
o 

'y gion and is taken from 1281. 

Re = 
a 

0.068 x 0.032 

1.3 

V 
a 

Re 
a 

= 1674 

Nusse1t number o£ the smooth tube is ca1culdted as fol-

lows: 

Nu. 
l. 

smooth 

Nu. 
l. 

smooth 

o 333 (0.019)0.055 = 0.036 x 22193 0 . 8 x 2.15 . 
2 

Nu. - 107.8 .. 
l. 

smooth 
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Internal heat transfer coefficient of the smooth tube 

can be found as follows: 

h. . = 
1 smooth 

Nu. k. 
1 1 

D. 
1 smooth 

k. = 0.586 Kcal/mhoC for e = 
1 

81.8 \28\. 

h. = 
107.8 x 0.586 

o .019 1 smooth 

h. 
1 smooth 

2 0 = 3324- Kcal/m h C 

The ratio of the internal heat transfer coefficient of 

the roped tube to the internal heat transfer coefficient 

of the smooth tube is: 

h. 
1 roped 

h. 
lsmooth 

= 
4-4-70 = 1. 34-
3324-

B. Calculation of the Fanning Friction Factor: 

Test data during atypical experiment are: 

fjP = 365.0 mm.w.c. e = 17.5
0

C m = 4-4-0.625 

3 10- 6 2 for 
p = 998.65 Kg/m \J = 1.0765 x m /s , 

e = 17.5
0

C \ 28\ . 

kg/h 



- 114 -

The velocity of the water inside the roped tube is cal-

culated as: 

v = m 
S 

where m is the mass flow rate of the water and S is the 

cross sectional area of the roped tube. 

440.625 
v = 

998.65 x 3600 x 0.002834 

v = 0.432467 m/S 

2 
S = 0.002834 m 

Reynolds number can be calculated as follows: 

Re = 
v D 

Re = 7633 

= 0.432467 x 0.018 

1.0765 

Fanning Friction Factor is calculated as: 

f 
1 6,p D L = 2 P L 2 

v 

1 365.0 0.019 9 . 8 
f = 3.7 (0.432467)2 2 998.650 

f = 0.04917 
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Time 
8

00 
8

1
, 0 In 

( mi n ) ( 0 C) ( 0 C) 

I 
I 0 23.3 . 84.7 

5 23.4 85 

10 23.5 85.5 

15 23.5 85.8 
1 

20 
I 

23.5 85.'8 

25 23.8 84.8 

30 23.8 83.9 

35 23.9 84 

40 23.9 83.9 

AI HEAT TRANSFER DATA FOR THE FIRST ROPED TUBE 
8

2
, e m

1 
m

2 
8 lout In 20ut lts 

( 0 C) ( 0 C) ( 0 C) (kg/h) (kg/h) Cm.volt) 

.. . . 

TEST NO. 1 

~ 70.5 21 I 49.7 

71 21 i 49.6' 126.0 3075 I i 297.1 
; , 

70.5 21 i 49.6 ! 3080 I 

71 21 
; 

.49.8 297.0 126.5 3090 : 
i 71. 2 21 i 49.7 
1 

70.5 21 49.4 297.5 127.0 3020 

70 21 49.1 

69 

-I 

21 48.5 301 3000 

69 21 48· 

e 
2 ts 

(m.volt) 

2040 

2050 

2000 

2000 

/-J 
f-' 
OJ 



8 8
1

, G 8
2

, e 
Time 00 ln lout l.n 

( mi n ) ( ° e) ( ° e) (oe) ( ° e) 

0 24.0 87.1 72.3 21 

5 24.1 87.2 71. 3 21 

10 24.2 87.1 71. 7 21 

15 24.5 86.5 71. 5 21 

20 24.2 .86.0 71. 0 21 

25 . 24.0 86.1 71. 0 21 

30 24.0 86.2 71. 5 21 

'----- _. --

2 out 
m

l 
m2 

(oe) (kg/h) (kg/h) 

.. . . 
TEST NO. 2 

52.4 

52.2 337.5 132.32 

52 .5 

52.2 337 132.12 

52.0 

52.5 336 131.0 

52.6 

8 
Its 

(m.volt) 

. 
3050 

3000 

2970 

2960 

2920 

8 
2 ts 

(m.volt) 

1680 

1600. 

1540 

16~0 

1510 

...... 

...... 
-.J 



Time 
8 8

1
, 8 8

2
, 

00 ~n lout ~n 

(min) (oC) ( ° C) (oC) ( ° C) 

0 24-.8 92.5 69.5 21.0 

5 24.8 92.6 69.8 21. 0 

10 24.8 92.7 69.9 21.0 

15 24.8 92.8 69.9 21.0 

20 24.8 92.6 69.5 21. 0 

25 24.7 92.2 69.5 21.0 

30 24.7 92.1 69.5 20.9 

35 24.7 92.1 68.9 20.9 

40 24.7 92.0 68.8 20.8 

45 24.5 92.0 68.8 20.8 

50 24.4 91.9 69.0 20.8 

55 24.2 91. 8 69.0 20.8 

60 24.4 91.8 68.8 20 .8 , 
~ .. ~.I--

8 2 out 
m

1 
m

2 

( °C) (kg/h) (kg/h) 

TEST NO. 3 
55.7 

55.3 

55.0 231. 75 135.06 

54.7 

54.2 

54.0 230 .21 135.96 

53.6 

53.3 

52.9 231. 0 137.0 

52.5 

52.5 229.0 138.66 

52.5 

52.2 

8 
Its 

(m~volt) 

3270 

3240 

3260 

3270 

3280 

3250 

3240 

3250 

8 
2 ts 

(m.volt) 

1350 

1360 

1370 . 

].370 

1370 

1380 

1400 

1400 

I-' 
I-' 
CD 



e 8
1

, e 8
2

, e 
Time co 1n lout 1n 

( mi n ) 
( ~ C) ( 0 C) (0 C) ( °C) 

0 23.2 91. 8 76.9 21.9 

5 23.2 91.6 76.6 21.8 

10 23.3 91. 5 78.0 21. 7 

15 2,3.3 91. 2 76.8 21.7 

20 23.3 .90.6 76.0 21. 6 

25 23.4 90.4 77.0 21. 5 

30 23.6 90.4 76.0 21.4 

35 23.6 89.8 75.8 21. 3 

40 23.6 89.5 76.5 21. 2 

45 23.7 89.7 75.6 21.1 

50 23.7 89.2 75.5 21.1 
~ 

55 23.7 89.0 76.3 21. 0 

2 out 
m

l 
m

2 

( °c ) (kg/h) Ckg/h) 

TEST NO. 4 
57.9 

57.4 470.3 

57.5 152.8 

57.0 

56.8 477.0 

56.3 

55.7 154.0 

55.3 470.0 

55.3 154.3 

55.2 

55.1 471. 0 

55.0 154.0 

.-

8 
lts 

(m.volt) 

3270 

3260 

3230 I 
3220 

3210 

3180 

3170 

3150 

e 
2 ts 

(m.volt) 

1590 

1630 ; 

1620 

1620 

1580 

1580 

1 5 75 

1570 

I 

! 

f-' 
f-' 
lD 



Time 
8 8

1
, 0 

00 ln lout 
( mi n ) ( ° e) ( ° e) (oe) 

0 ! 24.0 88.3 74.3 

5 24.0 88.3 74.8 

10 24.0 I 88.1 75.0 

15 24.1 1 88.2 75.5 

20 24.3 I 88.3 74.8 

25 24.1 88.3 75.9 

30 24.1 88.5 75.3 

35 24.3 88. 3 75.0 

40 24.2 88.2 74.0 , 

45 24.3 88.2 75 .0 

50 24.5 I 88.5 74.8 , 

55 24.6 88.5 74.8 

60 24.5 88.7 , 75.0 

65 24.5 88.8 75.0 

8
2

, 8 m 
In 2 out 1 

( ° e) (oe) (kg/h) 

TEST NO I 5 
20.9 1 54.0 

20.9 54.3 
I 

20.9 54.1 452.6 

20.9 54.3 

20.8 54.0 

20.8 54.0 454.0 

20 .7 54.0 

20.7' 53.7 

20.7 53.2 
I 

20.7 I 53.3 456.3 

20.7 53.3 

20.7 53.2 

20.7 53.2 454.0 

20.7 53.2 

m
2 

8 
lts 

(kg/h) (m.volt) 

142.2 3080 

3080 

142.5 

3110 

3120 

141.8 

3110 

142.0 

3090 

141.5 3120 

3140 

-

e 
2 ts 

(m.volt) 

1540 . 
1540 

1550 

1540 

1510 

1540 

1540 

1560 

I--' 
tv 
o 



8 8
1

, f) 8
2

, 
Time co In lout In 

( mi n ) ( ° e) ( ° e) (oe) ( ° e) 

0 25.6 92.4 88.2 21.1 

5 25.6 92.7 88.9 21.1 

10 25.6 92.5 

I 
88.6 21. 3 

15 25.7 92.2 88.5 21. 2 
I 

20 25 .6 92.7 88.7 21.1 

25 25.5 82.8 88.8 x20.9 

30 25.5 93.2 88.8 20.8 

35 25.4 93.1 88.2 20.8 

40 25.3 92.8 83.8 20.8 

45 25.2 92.8 88.9 ·20.8 

G 
2 out 

m
1 

m
2 

( °e ) (kg/h) (kg/h) 

TEST NO I 6 
67.1 

~ 67.5 1155.0 

67.8 

67.2 92.0 

68.1 1156.0 

67.8 

67.5 90.0 

67.5 1154.0 

67.3 

67.2 

e 
Its 

(m,volt) 

3430 

3460 

3430 

3460 

3490 

3450 

e 
2 ts 

(m.volt) 

2510 

2500 

2470 

2500 

2510 

2500 

I-' 
IV 
I-' 



Time 
8 8

1
, . 0 8

2
, 

00 In lout In 
( mi n) ( ° e) ( ° e) cOe) ( ° e) 

0 24.7 90.6 86.5 20.7 

5 24.8 90.5 86.0 20.7 

10 24.9 90.6 86.2 20.6 

15 24.9 90.4 . 86.3 20.5 

20 I 25.1 90.6 86.3 20.5 

25 25. 3 89.8 85.7 20.5 

30 25.3 89.8 85.6 20.5 

35 25.4 90.0 86.0 20.5 

40 25 .1+ 90.0 85.8 20.5 

45 25.5 90.1 86.2 20.5 

50 25.6 89.5 85. 8 20.5 

55 ! 25.7 89.8 86.0 20.6 

60 I 25.5 ~O.O 86.2 20.6 

65 i 25.4 90.1 86.2 20.6 

70 25.3 89.9 86.0 20.6 

75 25.3 89.3 85. 8 20.6 

80 25.4 89.6 85.5 20.6 

85 25.4 89.9 85.6 20.6 

90 25,.3 90.0 86.0 20.5 

I 

8 
2 out 

m
l 

m
2 

C °e ) (kg/h) (kg/h) 

TES T NO. 7 
59.5 146.7 

.59 .0 1472.5 

59.0 

59.1 148.0 

59.1 

58.5 1475.0 

58.5 

58.7 146.2 

59.4 

59.6 1476.5 

59.5 147.8 

60.2 

60.4 

60.2 1480.5 

59.7 148.0 

58. 7 

58.5 1477.5 

58.6 148.2 

58.6 

.-

0 
lts 

Cm,volt) 

3380 

3370 

3360 

3370 

3330 

3380 

3330 

3300 

3310 

3350 

3330 

3310 

3330 

3330 

e 
2ts 

(m.volt) 

2140 

2140 

2100 

2110 

2070 

2060 

2080 

2140 

2110 

2140 

2110 

2140 

2110 

2100 

! 

! 

I-' 
1'0 
1'0 



Time ° 8
1

, 0 °2' 00 In lout In 
( mi n ) CO e) ( ° e) COe) ( °e) 

I 

- -"" 

0 24.8 88.6 85.5 20.7 

5 24.8 88.4 85.0 20.7 

10 24.8 88.l 85 .0 20.5 

15 24.6 88.9 . 85.5 20.5 I 
20 24.6 88.6 85.0 20.4 I 
25 24.6 88.4 85.1 

_._- -

20.4 

0 2 out 
m

1 
m

2 

( °e ) (kg/h) (kg/h) 

TEST NO, 8 

72.9 

72.9 2655.0 

72.3 l58.0 

72.5 

72.1 2653.0 

72.0 157.0 

0 
lts 

(m.volt) 

3320 , 

3300 

3330 

3320 

0 
2 ts 

(m.volt) 

2080 

2080 

2060 

2080 

f-' 
N 
W 



, 

8 8
1

, 0 
Time 00 l.n lout 

(inin) ( ° e) ( ° e) (oe) 

0 24.5 87.8 84.8 

5 24.6 87.7 84.7 

10 24.7 87.7 84.7 

15 24.9 87.7 84.7 

20 24.9 87.8 84.9 

25 24.9 87.6 84.7 

30 25.1 87.6 84.6 

35 25.2 87.5 84.5 

40 25.4 87.7 84.5 

45 25.5 87.6 84.5 

50 25.6 87.5 84.4 

55 25.7 87.5 84.5 

60 25.7 87.5 84.5 
--- - ---- -

8
2

, 8 ffi
1 

m
2 l.n 2 out 

( °e) ( °e ) (kg/h) (kg/h) 

TEST NO. 9 
20.8 70.9 157.5 

20.7 70.8 3002 

20.7 70.9 

20.7 70.9 157.3 

20.7 71. 4 3000 

20.7 71.4 

20.7 71.3 3001 157.3 

20.7 71. 3 

20.7 71. 3 157.2 

20.7 71. 3 3000 

20.7 71.,1 

20 .7 71.1 157.3 

20.7 71.0 

e 
1 ts, 

(m.vol t ) 

3290 

3290 

3280 

3270 

3260 

3250 

3240 

3230 

3230 

e -
2 ts 

(m.volt) 

2110 

2090 

2100 

2100 

2090 

2100 

2060 

2080 

2050 I 

f--' 
N 
~ 



Time 
8 8

1
, G e . e 

00 In lout 2 J. n 
( mi n ) (oC) ( ° C) (0 C) ( 0 C) 

0 23.8 78.2 76.0 21. 5 

5 23.8 78.5 76.0 21. 5 

10 23.9 78.9 75.8 21.5 

15 24.0 78.2 75.8 21.5 

20 24.1 78.0 76.0 21.5 

25 24.1 79.0 76.0 21. 5 

30 24.2 79.3 76.0 21.5 

35 24.5 79.1 75.8 21. 5 

40 24.8 79.0 75 . 6'~ 21.5 

45 24.9 79.1 76.0 21.5 

50 25.0 79.0 75.5 21. 5 

55 25.3 79.0 75.5 21. 5 

60 25.4 78.9 75.6 21. 5 

65 25.4 78.8 75.0 21. 5 

2 out m
1 

m
2 

( °c ) (kg/h) (kg/h) 

TEST NO, 10 
58.0 145.0 

58.4 . 1580.0 

59.0 

59.4 146.1 

58.4 1584.0 

58.0 146.0 

58.4 1584-

89.0 

59.4 

60.3 144.0 

60.0 1580 

60.0 

60.1 145'.0 

59.5 1582 

8 
Its 

(m.volt) 

2720 

2730 

2730 

27.30 

2730 

2730 

2700 

2650 

2660 

2680 

8 
2 ts 

(m.volt) 

1790 

1730 

1680 

1680 

1670 

1660 

1680 

1700 

1670 

1670 

i 

I--' 
IV 
(J1 



8 8
1

, e e , 
Time 00 l.n lout 21n 

( mi n ) ( 0 C) ( 0 C) (0 C) ( 0 C) 

0 25 .3 81.0 73.5 21.6 

5 25.4 81.2 73.0 21. 7 

10 25.5 81. 5 73.5 21.7 

15 25.5 80.7 73.0 21. 7 

20 25.5 80.5 72.0 21. 7 

25 25.5 80.8 72.5 21.7 

30 25.6 80.0 73.5 21.7 

35 25.5 80.0 72.0 21.7 

40 25 .5 80.0 73.5 21. 7 

45 25 .5 80.0 73.0 21. 7 

e 
? out 

m
l 

m
2 

( 0 C) (kg/h) (kg/h) 

TEST NO_I lJ 
61.0 110.0 

61. 3 715.0 

61. 8 

61.4 713.1 109.5 

61.0 

60.8 108.2 

61.0 713.0 

60.8 

61. 0 109.2 

L 1
,0 __ 

711.0 

e 
Its 

(m,volt) 

2670 

2710 

2720 

2710 

2740 

2700 

2720 

2700 

e 
2 ts 

(m,volt) 

1550 

1530 

1550 

1510 

1520 

1510 

1530 

1520 

i 
I 

I-' 
tv 
(J) 



8 8
1

, 0 o. e , Time co In lout i.n 
C mi n ) cOe) ( ° C) ( ° c) ( ° C) 

-- --

0 25.1 83.2 72.5 21. 8 

5 25.3 83.1 72.0 21. 8 

10 25.2 83.0 72.1 21.8 

15 25 .3' 83.0 72.0 21. 8 

20 25.1 82.9 71. 9 21. 8 

25 25.2 82.9 71. 8 21.8 

30 25.2 : 8 3.0 71.7 21. 8 

2 out 
m

l 
m

2 

( °c ) (kg/h) (kg/h) 

TEST NO. 12 

51. 5 557.0 

51. 4 149.9 

51. 6 

51. 5 149 .1 556.0 

51. 6_ 

51. 4 558.0 

51.5 150.3 x 

8 
lts 

(m,volt) 

2800 

2750 

2730 

2710 

2720 

G 
2 ts 

(m.volt) 

1550 

1530 

1540 

1520 

I f-' 
I\.) 

-..J 



8 8 1 ' 0 8
2

, 
Time co In lout In 

( mi n ) ( 0 C) ( ° C) ( ° C) ( °C) 

-

0 25.4 77.0 72.5 21.8 

5 25.4 77.8 72.6 21.8 

10 25.5 78.0 72.5 21. 8 

15 25.4 77.3 72.8 21.9 

20 25.2 ,7 7.0 72.5 21.9 

25 25.4 77.0 72.0 21. 9 

30 25.3 77.0 72.5 21. 9 

35 25.5 76.7 72.8 22.0 

40 25.4 76.5 72.3 22.0 

45 25.4 76.2 72.5 22.0 

.~. ~ 

e 2 out 
rn

1 

( °c ) (kg/h) 

TEST NO. 13 

53.5 

53.4 1135.1 

53.2 

53.2 1130.2 

53.1 

53.0 1131.1 

53.1 

53.4 1129.0 

53.2 

53.2 1131.1 

m
2 

e 
lts 

(kg/h) (rn.volt) 

136.5 2590 

2600 

2580 

136.6 2540 

2530 

136.7 

2560 

136.6 

2520 

e 
2 ts 

(m.volt) 

1690 

1650 

1680 

1650 

1640 

1630 

1650 

I 

! 

I 

f-' 
10 
CD 



, -

Time ° 8
1

, e °2 , 00 l.n lout ,n 

( mi n ) ( 0 C) ( 0c) (0 C) (oC) 

, 0 25.3 80.7 75.2 21. 7 

5 25.4 80.9 75.8 21. 7 

10 25 .5 80.7 75,2 21.7 

15 25.5 80.7 75.1 21.7 

20 25.5 80.6 75.3 21.7 

25 25.6 80.5 75 .8 21. 7 

30 25 .7 8'0.5 75 .2 

I 
21.7 

-

8 2 out 
m 

1 

( °c ) (kg/h) 

, , 

TEST NO I 14 

56 .5 1030.4 

56 .7 

56.5 1031. 7 

56 .5 

56.5 I 1030.7 Sl 56.3 

m
2 ° Its 

(kg/h) (m,volt) 

2720 

147.6 2710 

147.7 2700 

2700 

147.9 

2680 

e 
2 ts 

(m.volt) 

1620 

1600 

1580 

1600 

1600 
! 

f-' 
IV 
ill 



8 8
1

, 0 
Time ro In lout 

( mi n ) 
( 0 C) ( °C) (oC) 

0 25.4 74.7 67.8 

5 25.4 74.9 67.9 

10 25.4 75.0 68.0 

15 25.5 75.2 67.5 

20 25.5 74.9 67.9 

25 25.6 75.0 68.0 

30 25.7 75.1 68.0 

35 25.8 75.3 68.2 

40 I 25.9 75.2 67.9 

45 
L2: .9 

75.0 68.0 

--

8
2

, 
In 8 2 out m

l 

( °C) . ( °c ) (kg/h) 

TEST NO. 15 
, 

21.7 48.2 

21.7 48.3 663.6 

21.7 48.4 

21.8 48.5 671.1 

21.8 48.1 

21. 8 48.2 

21. 8 48.0 665.7 

21.8 47.7 

21 .. 8 47.6 

21.8 4>7.5 '. 666.0 

---- ---

m
2 

8 
Its 

(kg/h) (m.volt) 

131.2 2420 

2430 

130.8 2430 

.-

2450 

130.0 

2450 

129.5 

2430 

;" 

e 
2 ts 

(m.volt) 

1880 

1860 

18.60 

1850 

1890 

1850 

I 

, 

I 
I 

f-' 
W 
o 



I e e 1 . I Time co In 
I ( mi n ) (oC) ( ° C) 

0 15.0 86.0 

5 15.0 86.1 

- 10 - . 15.0 86.2 

15 15.0 86.0 

20 14.7 86.0 

25 14.8 86.0 

30 15.0 86.0 

35 15.0 86.0 

40 15.1 86.0 

B. HEAT TRANSFER DATA FOR THE SECOND ROPED TUBE-
0 8

2
, e m

1 
m

2 
e 

lout In 2 out lts 

(0 C) ( °C) ( °c ) (kg/h) (kg/h) (m.volt) 

TEST NO. 1 

77.9 14.1 410.4 3230 

77.8 14.1 459.4 3240 

77.7 14.1 3230 

77.8 14.1 409.0 455.0 

77.5 14.1 3250 

77.4 Ill- .1 409.5 455.7 

77.8 14.1 3220 
, 

77.5 14.1 458 

77.5 14.1 408.7 3230 

-----

e 
2 ts 

(m.volt) 

3200 

2190 

3200 

3200 

32PO 

3200 

I-' 
W 
I-' 



0 e I' 0 ( 0 
Time co In lout ' :! in 

( min) ( ° C) ( ° e) (oe) . 0 e) 

0 15.6 86.4 79.0 6.8 

! 5 15.7 86.4 79.0 6.7 

10 15.6 86.6 79.2 6.8 

15 15.4 86.4 79.2 6.8 

20 15.4 86.4 79.2 6.8 

25 15.6 86.8 79.4 6.8 

30 15.7 86.7 79 .3 6.8 

35 15.6 86.9 79.4 6.8 

40 15.6 86.0 79.8 6.8 

0 21.5 95.8 89.5 9 .5 

5 21. 7 95.8 89 .6 9.5 

10 21. 8 95.3 89.3 9.5 

15 21. 8 94.8 88.9 9 .5 

20 21. 8 94.6 88.4 9.4 

25 21. 8 94.6 88.4 9.3 

30 21. 8 
I 

94.8 88.5 9.1 

35 21.9 I 94.9 
88. 7 1:'1 40 21.9 95.1 88.8 9.1 

45 21. 9 95.3 89.1 9.1 

~m I m
2 2 out 

(kg~h) I ( °c ) (kg/h) 

TEST NO I 2· 
13.7 383.0 

13.7 377.1 

13.6 383.0 

13.9 376.0 

13.9 383.0 

13.9 376.0 

13.9 382.0 

13.9 375.0 

13.8 

TEST NO, 3 
17.0 534.8 

17.0 486.2 

17.2 538.6 

17.0 

16.5 488.4 

16.0 538.6 

16.0 489.2 

16.0 539 .9 

16.0 489.1 

16.0 

e 
Its 

(m,volt) 

3210 

3190 

3210 

3230 

3260 

3290 

3480 

3500 

3400 

3390 

3460 

3400 

3440 

3440 

0 
2 ts 

(m.volt) 

3150 

3160 

3190 

3160 

3160 

3190 

3510 

3490 

3450 

3450 

3460 

3480 

3470 

3470 

f-' 
w 
I'V 



[ 

e e 1 . 8
2

, e 
Time 00 In lout In 

( mi n ) COe) ( ° C) °C) ( °C) I 
-" . 

0 21. 3 95.0 8 b .2 9.1 

5 21. 3 95.1 88.2 9.1 

10 21. 3 95.2 88. 1, 9.0 

15 21. 3 95.3 88.6 9.0 

20 21. 1 95.5 88.7 9.0 

25 21. 3 95.4 88.8 9.0 

30 21.4 95. 3 88.7 9.0 

35 21. 3 95. 3 88.8 9.0 

40 21. 3 95.3 88.8 9.0 

45 21. 3 95.3 88.9 9.0 

0 21. 3 91.0 86.3 9 .3 

5 21. 4 91. 0 86.4 9.2 

10 21.5 91.1 86.4 9.1 

15 21.6 91.1 86.5 9.0 

20 " 21.6 91.2 86'.9 8.9 

. 25" 21. 5 91.0 86.3 8.9 
" 

,30 21.6 90.8 86.0 8.9 

35 21.5 90.4 86.1 8.9 

2 out m
1 

m
2 

( °c ) (kg/h) (kg/h) 

TEST NO. " 4 
15.2 452.4 

15.2 502.8 

15.2 451.6 

15.0 504.0 

15.0 451.1 

15.0 505.5 

15.0 450.0 

15.0 506.0 

15.0 449.8 

15.0 

TEST NO I 5 
14.9 603.7 

14.8 - 513.4 

14.5 603.7 

14.3 516.0 

11+.2 603.7 

14.0 516.7 

1l~ .0 603.7 

14.0 519 .0 

8 
Its 

(m.volt) 

3390 

3450 

3440 

3440 

3410 

3240 

3260 

3240 

3230 

3220 

3220 

e 
2 ts 

(m.volt) 

3450 

3470 

3500 

3470 

3500 

3310 

3300 

3280 

3290 

3280 

3250 

I 

f-' 
w 
w 



82in ! 8 8
1

, 0 Time 00 ~n lout 
( min) ( ° C) ( ° e) ( ° e ) ( ° e:-../ 

0 22.1 95.8 . 86.J. 9 .8 

5 22.2 95.9 86.4 9.7 
: 

10 22.2 95.7 86.3 9.6 

15 22.2 95.3 86.3 9.5 
, 

20 22.3 95.0 85 .0 9.4 

25 22.3 ·95.2 85.3 9.4 

30 22.3 95.1 85 .4 9.3 

35 22.3 95.1 85.4 9.3 

40 22.3· 95.0 85 . 3 9.3 

45 22.3 95.0 85.3 9.3 

50 22.3 95.0 85 .8 9.2 

55 22.4 95.0 85.8 9.2 

e 2 out m
1 .m2 

(oe) (kg/h) (kg/h) 

TEST NO. 6 
13.8 201.3 

13.7 539.0 

13.5 200.0 

13.4 

13.2 540.0 

13.1 205.1 

13.2 

13.0 538.0 

13.0 200.0 

13.0 

13.0 539.0 

12.5 

e 
Its 

(tn.volt) 

3150 

3200 

3170 

3130 

3130 

3120 

3140 

e 
2 ts 

(m.volt) 

3190 

3190 

3160 

3200 

3140 

3190 

3160 

I-' 
w 
-l= 



o I 
, 

Time 
e 8

1
, 

°2 i , e 
QO ~n lout 

( mi n ) ( 0 C) ( 0 C) (0 C) 0 
( '.) 

--. 

0 21.8 93.2 84.3 8.8 

5 21. 8 93.2 85.2 8 . 8 

10 21. 8 93.2 85.1 8.8 

15 21.8 93.2 84.8 8.8 

20 21. 8 93.2 84.2 8 .8 

25 21. 8 93.2 83.8 8.8 

30 21. 8 93.2 83.5 8.8 
i 

20ut 
m

1 1'1
2 

( °c ) (kg/h) (kg/h) 

\ .. 

. TEST NO I 7 

13.0 253.2 -
13.0 534.7 

13.0 253.1 

13.0 534.9 

13.0 253.3 

13.0 534.8 

13.0 

e 
Its 

(m,volt) 

3190 

3190 

3170 

3110 

e 
2ts 

(m~volt) 

3220 

3200 

3190 

, 
3140 

.1 

f-' 
OJ 
U1 



Time 
8 8 1 ' 10 lout 00 In 

C mi n ) ( ° C) C 0c) cOe) 

0 22.3 94.3 83.0 

5 22.3 94.3 83.0 

10 22.3 94.4 83.3 

15 22.3 94.3 83.2 

20 22.3 94.1 83.1 

25 22.3 94.1 83.1 

30 22.3 94.2 82.2 

35 22.3 94.3 83.3 
I 

40 22.3 94.3 83.6 

45 22. 3 94.4 83.2 
-

'" 

8
2

, G m
1 In 2 out 

C ° C) ° ( C) ( (g/h) 

TEST NO. 8 

9.1 12.0 152.8 

9.0 12.0 

9.0 1. 20 150.4 

9.0 12.0 

9.0 12.0 150.0 

9.0 12.0 

9.0 12.0 150.8 

9.0 12.0 

9.0 12.0 148.0 

9.0 12.0 

m
2 

8 
lts 

(kg/h) (m,volt) 

2990 

568.6 

3000 

568.8 

2970 

568.7 

3000 

568.7 

3000 

0 
2ts 

(m,volt) 

3030 

2990 

3030 

3000 

3050 

f-' 
W 
(j) 



8 8
1

. e ! 8
2

. 8 Time co In lout In 
( mi n ) (oe) ( ° e) (oe) ( °e) 

0 21. 8 91. 5 76,8 10.3 

5 21. 8 91. 6 76.7 10.3 

10 21.9 91. 7 77.1 10 .2 

15 22.0 92.1 77.3 10.1 

20 22.1 92.0 77.3 10.1 

25 22.0 92.3 77.6 10,1 

30 22.3 92.5 77.9 10.1 

35 22.2 92.4 78.3 10.1 

40 22.4 92.3 78.5 10.1 

2 out 
m

1 m
2 

( °e ) (kg/h) (kg/h) 

TEST NO. 9 

13.9 136.·6 

13.8 
I(( 

582.4 

13.7 138.1 

13.7 583,0 

13.6 138.3 

13.6 585.8 

13.6 138.5 

13.5 582.0 

13~5 139.7 

8 
Its 

(m.volt) 

2760 

2790 

2780 

2820 

2820 

2810 

2800 

e 
2 ts 

(m.volt) 

2670 

2640 

2680 

2640 

2690 

2680 

2670 

I 

I 

I-' 
(J.) 
-...J 



° Olin 0 °2' e 
Time "" lout in 

( mi n ) 
( 0 C) ( 0 C) ( 0 C) ( °C) 

0 22.9 91. 8 74.1 10.3 

5 22.9 91.7 74.1 10.2 

10 22.8 91. 7 73.7 10.2 

15 22.8 91. 8 74.1 10.2 

20 22.8 91.9 74.2 10.2 

25 22.8 91. 7 74.2 10.2 

30 22.8 91. 6 74.2 10.2 

35 22.8 91.6 74.4 10.2 

40 22.7 91. 7 74.1 10.2 

--- - ------ - ----~--~- -------- -- -----

. " 

2 out 
m 

( 0 C) (kg/h 

... . . 

. TEST NO. 10 

12.9 84.8 

12.7 

12.8 85.3 

12.8 

12.8 85.3 

12.8 

12.8 85.8 

12.8 

12:8 

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

m
2 ° its 

(kg/h) (m.volt) 

2490 

588.0 2500 

586.4 2500 

586.4 2510 

584.8 2500 

-

e 
2 ts 

(m.volt) 

2360 

2340 

2370 

2360 

2360 

-~ 

f-' 
w 
0:> 



Time 
e 6

1
, e 6

2
, 6 co In lout In 

( mi n ) (oC) ( °C) CoC) ( °C) 

0 22.8 93.2 77.3 ' 10.2 

5 22.8 93.1 77.2 10.2 

10 22.8 93.0 77.2 10.2 

15 22.8 92.9 77.2 10.2 

20 22.8 92.9 77.4 10.2 

25 22.8 92.6 77.2 10.2 
"\:-

30 22.8 92.6 77.2 10.2 

35 22.8 92.7 77.3 10 .2 

40 22.8 92.7 77.4 10.2 

20ut 
m

i 
m

2 

( °c ) (kg/h) (kg/h) 

TEST NO. 11 

13.2 117.3 

13.3 597.8 

13.3 116.8 

13.4 594.2 

13 .3 116.8 

13.3 594.2 

13.4 116.4 

13.3 588.6 

13.2 

e 
Its 

(m.volt) 

2710 

2710 

2710 

2730 

2680 

2710 

2720 

e 
2 ts 

(m.volt) 

2600 

2570 

2600 

2580 

2580 

2580 

25,80 

, 

I 

I 

I-' 
W 
<.0 



El 6
1

, 0 °2 , Time (0 in lout in 
( min) 

( (1 C) ( 0 C) ( 0 C ) ( 0 C) 

0 22.4 '90.0 72.6 11. 1 

5 22.4 90.0 72.9 11.0 

10 22.4 90.0 73.0 10.8 

15 22.5 90.0 73.0 10.6 

20 '22.4 90.0 73.0 ' 10.8 

25 22.5 90.0 73.0 10.8 

30 22.7 90.0 73.2 10.7 

35 22.6 90.0 73.3 10 .7 

40 22.5 90.0 73.2 10.7 

.. -
0 2 out 

m
1 

( 0 C ) (kg/h) 

, , 

TEST NO, 12 

14.3 100.4 

14.1 

14.4 100.0 

14.1 

13.9 100.2 

14.0 I 

13.8 100.1 

13.7 

13.6 

m
2 

e 
Its 

(kg/h) (m,volt) 

2580 

562.0 

2590 

563.0 

2570 

562.0 

2570 

561. 0 

2550 

0 
2 ts 

(m , vo 1 t ) 

2400 

I 2360 

2390 

2380 

2360 
~ ---

I 

I-' 
.j:" 

o 



,. 

8 8
1

, 0 8
2 

. 
Time _ (0 In lout In 

( mi n ) (oe) ( °C) (oe) ( °e ) 

0 22.5 89.0 66.9 10.6 
. 

5 22.6 89.1 67.2 10.6 

10 22.6 89.1 66.9 10 .6 

15 22.7 89.1 66.8 10.6 

20 22.7 89.0 66.9 10.6 

25 22.7 89.0 67.0 10.6 

30 22.7 89.0 67.2 10.6 

35 22.7 89.0 67.9 10.6 

40 22.7 89.0 67.9 10.6 

8 20ut 
m

1 
m

2 

( °c ) (k g /h ) (kg/h) 

TEST NO. 13 
---

12.7 59.9 

12.7 608.4 

12 -.7 60.3 

-12.7 608.6 

12.7 59 ; 6 

12.7 608.2 

12.7 59.9 

12.7 

12.7 608.4 

o-

e 
Its 

em.volt) 

2290 

2290 

2290 

2260 

2320 

2290 
j 

e 
2 ts 

(m.volt) 

1970 

1980 

1940 

1960 

2040 

1980 

! 
I-' 
+" 
I-' 



·_ .. -
\ 0 e l' 0 8

2
, 8 

i Time 00 ~n lO\lt ~n 

I ( mi n ) ( 0 C) ( 0 C) .( 0 C) ( °c ) 

0 21. 7 90.0 60.6 11.2 

5 21. 7 90.0 60.5 11.2 

10 21. 7 90.0 60.8 11. 2 

15 21. 7 89.9 60.6 11.2 

20 21. 7 84.8 60.7 11. 2 

25 21.7 89.8 60.8 11. 2 

30 21.7 89.8 60.9 11. 2 

35 21. 7 89.7 60.8 11.2 

40 21. 7 89.7 60.9 11.2 

.. 

2 out 
m

1 
m

2 

( °c ) (kg/h) (kg/h) 

.. 

TEST NO. 14 

13.0 35.4 

13.0 589.0 

13.0 35.7 

13.0 591.6 

13.0 35.7 

13.0 591.0 

13.0 35.7 

13.0 593.0 

13.0 36.0 

e 
lts 

(m.volt) 

2250 

2210 

2200 

2190 

2230 

2230 

e 
2ts 

(m.volt) 

1650 

1640 

1620 

1640 

1670 

1680 

f-' 
.f:" 

'" 



Time 
EJ 8 1 " 6 6 2 " e 

co ln lout In 
C mi n ) cUe) ( 0c) (0 C) ( °c ) 

0 21.7 80.6 4 L~ • 3 11.0 

" 5 21.7 80" 7 44.4 11. 0 

10 21.7 80.7 44.5 11. 0 

15 . 21. 7 80.7 44.7 11.0 

20 21. 7 80.8 44.9 11.0 

25 21.7 80.9 Lt 4 .9 11. 0 

30 21. 7 81.0 45.3 11. 0 

35 21. 7 81.1 45.4 11. 0 

40 21. 7 81. 3 45.7 11.0 

.- -' 

2 out 
m

l 
m

2 

( 0 C) (kg/h) (kg/h) 

TEST NO. 15 

12.3 22.1 

12.3 
I 

608.9 

12.3 22.3 I 
12.3 I 612.4 

I 12.3 22.1 

12.3 608.0 

12.3 22.5 " 

12.3 605.4 

12.3 

e 
Its 

(m.volt) 

1710 

1730 

1730 

1740 

.1740 

1760 

e 
2 ts 

(Ill.volt) 

9 70 

970 

9 BO 

980 

1010 

1030 

I 

I-' 
.s= 
w 



EJ e , 0 8
2

, G 
Time co Iln lout in 

( min) (oC) ( 0c) ( 0 C) ( 0 C) 

__ 1 
I 

i 
0 21.8 76.8 38.5 11.0 

5 22.1 76.6 88.5 11.0 

10 22.2 76.3 38.3 11. 0 

15 22.1 76.1 38.2- 11. 0 

20 22.2 76.0 38.0 11.0 

25 22.3 75.8 37.8 11.0 

30 22.3 75.7 37.8 11. 0 

35 22.3 75.6 37.6 1}.0 

40 22.4- 75.5· 37.6 11.0 

2 out 
m

l 
m

2 

( ° C) (kg/h) (kg/h) 

TEST NO, 16 

12.3 12.8 

12.3 520.5 

12.2 12.2 

12.2 520.5 

12.2 12.8 

12.2 521.2 

12.2 13.4 

12.2 519.9 

12.1 
---- -

e 
Its 

(m.volt) 

1510 

1510 

1480 

1480 

1460 

e 
2 ts 

(m.volt) 

630 

610 

pl0 

580 

560 

I 

I 
1 1-' 

4= 
4= 



(J e l' 0 
Time r.o ~n lout 

C mi n ) CO C) ( ° C) cOe) 

0 22.7 87.6 57.0 

5 22.7 87.7 57.1 

10 22.7 87.8 57.2 

15 22.7 87.8 57.5 

20 22.7 87.8 57.3 

25 22.7 87 .9' 57.5 

30 22.7 87.9 57.3 

35 22.7 87.9 57.7 

. 40 22.7 88.0 57.7 

- ------

e
2

, 0 m
1 ~n 2 out 

( °C) ( °c ) (kg/h) 

TEST NO, 17 

11.0 13.0 29.9 

11. 0 13.0 

11.0 13.0 30.0 

11.0 13.0 

11. 0 13.0 29.8 

11. 0 13.0 

11.0 13.0 29.9 

11. 0 13.0 

11. 0 13.0 

~- - -

m
2 

e , 
its 

(kg/h) (m.volt) 

2110 

470 '.1 2100 

2100 

470.2 2090 

471.1 2110 

2120 

473.4 

2120 

e 
2ts 

(m.volt) 

1480 

1520 

1530 

1530 

1530 

1550 

1560 

I 

I-' 
+" 
()1 



Time 
E3 e 1 ' 0 

00 1n lout 
( mi n ) ( 0 C) ( 0 C) ( 0 C) 

0 22.4- 90.8 64.5 

5 22.4 91.0 64.9 
-

10 22.4 91.0 65.0 

15 22.4 91.1 65.3 

20 22.4 91.1 65.2 

25 22.4 91.2 65.7 

30 22.4 91. 3 65.7 

35 22.4 91..3 65.9 

40 22.4- 9l.3 65.7 
-- ~-

8
2

, e m
1 1n 2 out 

( 0 C) ( 0 C) (kg/h) 

TEST NO. 18 

11.1 13.5 41.6 

11.1 13.5 

11.1 13.5 41.8 

11.1 13.5 

11.1 13.5 41. 8 

11.1 13.5 

11.1 13.5 42.1 

11.1 l3.5 

ll.1 13.5 

"1
2 

e 
its 

(kg/h) Cm.volt) 

2380 

449.0 

2390 

445.0 2380 

- 2390 

444.0 

2400 

44l.3 

2400 

e 
2 ts 

(m.volt) 

1920 

1920 

1940 

1930 

1970 

·1960 

I 

I 

I 
I 

I 

I-' 
./:= 
(j) 



I 
Ti me 

II 8
1

, 0 
co in lout 

( mi n ) (oe) ( 0c) (0 C) 

0 20.2 78.6 41.8 
-

5 20.2 78.7 41.8 

10 20.2 78.8 42.1 

15 20.2 78.8 42.1 

20 20.2 78.8 42.0 

25 20.2 78.8 42.0 

30 20.2 78.9 42.0 

35 20.2 78.9 42.0 

40 20.2 78.9 42.0 

-
o , 

21Tl 
11 

2 out 
rn

l 

(oe) ( °e ) (kg/r) 

TEST NO. 19 

11. 3 12.2 17.8 

11.3 12.2 

11.2 12.1 17.9 

11.2 l2.1 

11.2 12.1 17.9 

11.2 12.1 

11. 2 12 .1 18.0 

11.1 12.1 

11.1 12.1 

rn
2 

0 
Its 

(kg/h) (m,volt) 

1670 

663.6 

1690 

664.0 1670 

662.0 1640 

663.8 1680 

1680 

0 
2 ts 

(m,volt) 

920 

910 

920 

'930 

920 

920 

f-' 
-I=" 
-..J 



0 () 8
2

, e 1 . Time rY) . 1 n . lou \. in 

( mi n ) (oC) ( ° C) ( 0 c; ) ( ° C) 

0 20.3 77.3 29.6 11.1 

5 20.5 76.6 28.4 11.1 

10 20.4 76.1 28.5 11.1 

15 20.4 76.1 28.1 11.1 

20 20.4 76.1 28.2 11.1 
2'5 20.4 76.2 28.3 11.1 

30 20.3 76.3 28.2 11.1 
35 20.4 76.4 28.2 11.1 
\ 

40 20.4 76.6 28.2 11. 1 

0 2 out 
m

i 

( °c ) (kg/h) 

.. . . 

TEST NO. 20 

11. 8 5.7 

11. 8 

11. 8 5.6 

11.8 

11. 8 5 . 5 

11. 8 

11.8 5.4 

11. 8 

11. 8 

rTi2 e 
its 

(kg/h) (m.volt) 

1420 

646.8 

1440 

640.8 

1450 

643.3 

1430 

640.2 

1430 

B 
2ts 

(m.volt) 

280 

280 

290 

270 

280 

! 

I--' 
-l= 
CD 



APPENDIX C 



A, CALCULATED QUANTITIES FOR THE FIRST ROPED TUBE 

Q1 Q,.., h. h v
1 

v
2 

Test L. t.e t.e l 0 

(kcal) (kcal) m. m ( kcal)' ( kcal) ( ~) (~) Re. Nu. 
No l 0 l l 

h h m2hoC m2 h °c S S 

1 4336 4330 8.7 32.1 996 226 0.021 0.056 4056 121.3 

2 5253 5200 10.3 31. 6 1013 259 0.024 0.059 4600 128.3 

3 5280 5150 10.9 31. 4 967 285 .5 0.016 0.061 3200 117.5 

4 6625 6600 12.4 30.4 1063 351 0.034 0.069 6879 128.8 f-' 
U1 
0 

5 6112 6015 11. 3 31. 3 1076 298.4 0.032 0.064 5700 130.6 

6 4618 4540 6.8 35.5 1344 239 0.083 0.041 18126 161 ~ 9 

7 5900 5723 7.3 36.8 1607 311 0.10 0.06 22484 194 

8 8760 8680 6.9 26.9 2517 499 0.19 o .07 40119 304 

9 9000 8888 6 . 4 27.3 2812 591. 4 0.21 0.071 44786 340 

10 5380 5368 6.7 27.2 1596 395 0.114 0.065 20176 194.6 

11 5351 5312 8.8 23.5 1216 366 0.05 0.049 9572 148.3 

12 6070 5960 10.4 33.3 1158 267 0.04 0.067 7500 141. 2 

13 5090 4875 7 . 3 27.6 1395 310 0.081 0.061 14804 170.6 

14 5356 5143 9.1 27.3 1173 376 0.074 0.066 14071 142.8 

15 4732 4503 4.4 31. 3 2151 217.4 0.048 0.058 8215 264.6 



e. e 
10 6 v. 10 6 \) 

k. k 
lD out l ° 

Test ave. ave l ° 
Pro Pr 

(m 2 ;S) (m
2

;S) 
(~) (kcal) l ° 

No (oC) ( ° C) mhoC mhoC 

1 78.1 35.3 0.370 0.728 0.574 0.537 2.27 lj..80 

2 78.4 36.6 0.370 0.705 0.575 0.539 2.2lj. 4.67 

3 80.7 37.3 o .365 0.695 o .576 0.5397 2.20 lj..60 

4 83.4 33.7 0.348 0.647 0.577 0.541 2.08 4.44 

5 81.6 37.2 0.355 0.697 0.576 0.5396 2.16 4.61 
f-' 

6 90.7 44.3 0.322 0.611 0.581 0.547 1. 94 3.98 
tTl 
f-' 

7 88.0 39.8 0.330 0.656 o .580 0.543 2.12 4.30 

8 86.8 46.4 0.334 o .589 0.579 0.549 2.02 3.82 

9 86.1 45.9 0.337 0.594 0.579 0.549 2.02 3.85 

10 77.1 40.0 0.375 0.656 0.574 0.543 2.30 4.30 

11 76.7 41. 4 0.376 0.641 0.573 0.555 2.31 4.29 

12 77.5 36.6 o .373 0.705 0.574 0.539 2.28 4.67 

13 74.7 37.5 0.386 0.692 o .572 0.540 2.37 4.57 

14 78.1 39.1 0.370 0.669 0.574 0.542 2.44 4.4 

15 71. 5 35 0.409 0.728 0.569 0.538 2.53 4.84 



B. CALCULATED JUANTITIES FOR THE SECOND ROPED TUBE 
Ql 

Q2 
h. h v

l 
v

2 Test ll8 ll8 
~ ° 

No ( k.~al) (kcal) m. m ( k ca 1) ( k cal) (E! ) (E! ) 
~ ° 

Re. Nu. 
h m2 hoC m2hoC S S ~ ~ 

1 3420 3480 5.10 65 ,3 4470 355.0 0.40 0~068 21408 145 

2 2707 2580 5.12 66.5 3524 268.6 0.368 0.057 19977 ll6 

3 3340 3268 4.0 74.0 5566 294.4 0.527 0.072 31740 181. 7 

4 3022 3020 4.62 74.0 4360 272.0 0.442 0.075 26587 142.3 

5 2777 2738 5.56 76.0 6383 240.0 0.591 0.077 38064 209 

6 1933 1920 6 .95 70.9 1854 180.0 0.197 0.080 1164l 60.6 
I--' 

7 2283 2215 5.77 71.0 2574 208.0 0.248 0.080 14453 84.2 U1 
10 

8 1670 1590 8.17 68.7 1362 154.3 0.147 0.085 8590 44.6 

9 2003 1980 9.56 62.0 1397 213.0 0.135 0.087 7535 45.8 

10 ·1500 1466 11. 95 58.0 837 168.5 0.083 0.087 '4500 27.5 

11 1835 1780 10.54 61. 5 1160 193.0 0.114 0.088 6370 38.0 

12 1707 1686 10.32 57.3 1102 196.0 0.098 0.084 5266 36.3 

13 1307 1277 12.88 52.0 676 163.7 0.058 0.090 3013 22.3 

14 1041 1005 13.88 47.0 500 142.5 0.035 0.088 1727 16.6 

15 801 791 11.45 36.2 466 145.8 0.022 0.091 917 15.6 

16 487 424 10.66 30.7 304 135.0 0.012 0.077 482 10.3 

17 910 943 12.30 45.6 493 137.0 0.029 0.070 1405 16.4 

18 1080 1113 12 . 34 ' 51. 5 583 144.0 0.041 0.066 2108 19.3 

19 660 597 11. 24 33.5 391 118.8 0.017 0.099 708 13.2 

20 266 250 9.10 24.7 195 121.5 0.005 0.096 200 6.6 



e. e 
'I 

out 10 6 
'J. 10

6 
'J 

k. k 

Test 
In 

l ° 

ave. ave. l ° 

(m2 ;S) (m2 ;S) 
( k c:..a1 ) (~) 

Pro Pr 

No (oC) ( °C) 

l ° 

mhoC mhoC 

1 81.8 10.3 o .355 1. 300 0.576 0.505 2.15 9.28 

2 82.9 10.3 0.350 1.300 0.577 0.505 2.12 9.28 

3 92.0 13.0 0.316 1.210 0.582 0.509 1. 89 8.58 

4- 92.0 12.0 0.316 1.24-0 0.582 0.508 1.89 8.81 

5 88.7 11. 7 0.327 1.253 o .580 0.507 1. 76 8.88 

6 90.4- 11.2 o . 322 1. 270 . 0.581 0.507 1. 94- 9.05 

7 89.0 11. 0 0.326 1. 270 0.580 0.506 1. 94- 9.28 I-' 
tTl 

8 88.7 10.5 0.327 1.300 o .580 0.505 1. 96 9.28 
w 

9 85.0 12.0 0.34-1 1. 24-0 0.578 0.507 2.07 8.11 

10 83.0 11.5 0.350 1.24-0 o .577 0.507 2.12 8.93 

11 85.0 12.0 o . 34-1 1. 2 l~O 0.578 0.507 2.07 8-.11 

12 81. 5 12.4- o .355 1. 230 o .577 0.508 2.16 8.72 

13 78.0 11.6 0.370 1. 250 0.574- 0.507 2.26 8.90 

14- 75.0 12.1 0.385 1. 2 4-0 0.572 0.507 2.36 8.81 

15 63. a 11. 6 0.4-53 1. 250 0.565 0.507 2.4-0 8.90 

16 57.0 11. 6 0.4-95 1. 250 0.560 0.507 3.14- 8.90 

17 72.6 12.6 o . 397 1.24-0 0.571 0.508 2.45 8.81 

18 78.2 12.3 0.370 1.230 
0.574 0.508 2.26 8.74 

19 60.4 11. 6 0.4-71 1. 250 
0.563 0.507 2.96 8.90 

20 52.1+ 11. 4 0.532 1.24-0 
./ 0 .555 0.507 3.54- 8.90 
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