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ABSTRACT

Heat transfer performance of a T-seetion internal fin 111 a circular tube has been

experimentally investigatcd. Thc T-seetinn linned tube was designed, fabricated and

installed and was heatedclectrieally. The same was donc 1'01' a smooth tube in order to make

comparison. Fully developed stcady state turbulent airflow acts as a heat sink in this study.

Data were collected in the Reynolds number range "I' 2.0x I04 to 5.0x I0
4
for smooth tube

and 2.2x 104 to 4.5x 104 for linned tube. Wall temperature. bulk fluid temperature, pressure

drop along the axial distance of the finned and smooth tube were recorded for the above

mentioned Reynolds number. From the measured data, heat transfer coefficient, Nusselt

numher. Ii'ietion factor and pumping power variation were calculated and analyzed.

Friction factor and pumping power arc substantially increased in the finned tube In

comparison to the smooth tube. For linned tuhc, ii'iction factor is 3.0 to 4.0 times and

pumping power is 3.5 to 4.5 times higher than those of smooth tube for the Reynolds

numher range 2.0x I04 to 5.0x I04. Heat transfer coemcient for linned tuhe is about 1.5 to 2.0

times higher than that of smooth tubc in these Reynolds numbers. Higher heat transfer area

may be one of the reasons for this hcat transfcr enhancement. The linned tube in this study

produces significant heat transfer enhancement at the cost of increased pumping power.
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Nomenclature

Ar Cross sectional area or lin (m2
)

Ah ErlCctive pcrimckr or linned tunc (m)

As Erleetive perimeter or smooth tunc (m)

As Cross sectional area or smooth tunc (m2
)

A,r Cross sectional area 01' linned tunc (nh

n Atmospheric pressurc head (in mm or Ilg)

B Ilias limit of uncertainly

Cp Specific heat or air (kJ/kgC)

d Velocity hcad at inlet section (in em or water)

Dh Ilydraulic diamcter (m)

D, Inside diameter 01' lubc (m)

F Friction factor

II Ilcight orfin (mm)

h Surface heat transler co-eflieicnt (W/m2
"C)

k Thermal conductivity orair (W/m"C)

L Length of the tuhe (m)

M Mass now rate (kg/s)

N Numher or fins

l' Pressure (N/m\ precession limit or uncertainty

P, Inlct static pressure (N/nh c
Q Rate oCheat transler (W)
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Q' heat input to the air per unit area (W/m2
)

R Inner radius or the tube (m). periimllance parameter (-)

(I) Specific grllvily

Room temperature ((')

T Temperature (C)
v Kinematic viscosity (m!/s)
Y Mean velocity in linned tube and smooth lube (Ill/S)

Y; mean velocity in inlet section (m/s)

W Totaluneertainty
W Width or lin (mm)
WI Wetted perimeter or lin (m)
Wn Wetted perimcter or linned tubc (m)

x Axial distance (m)

fl Co-erlieicnt or viscosity or air (N.s/m!)

f1 Density or air (kg/nh

t;p Pressure drop along axial length (N/m2
)

Subscripts

b Bulk temperature
I' Finned tube
h Based on hydraulic diameter

inlct
o outlet
s Smooth (unlinncd) tuhe
w Wall tcmperaturc
x Axial distance

Dimcnsionl,'ss Numhcrs

Nu Nussell number hllr. / K

I'r "randtl Number = fLCp / K

Re Reynolds Number h'lsed on inside diameter'c pYD; / fL

x
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1
INTRODUCTION

Most of the burgeoning research efi(lrt in heat lransl'cr is devoted to analyzing what might be

called the "standard situation". Ilowever. the development of high-performance thermal

systems has also stimulated interest in methods tn improve hcat transfer. Improved heat

transfer is referred to as heat transl'cr enhancement, augmentation, or intensification.

Enhancement techniqucs can be classilied as passive mcthods, which require no direct

application of external power, nr active methods, which require external power. The

efl'cetiveness of both types depends strongly on the mode of heat transfcr, which might

range from single-phase free convection to dispersed-Ilow film boiling. Description of

L'llhanCl'l11cnt techniques arl' given below:

l'assivl'Tcchniqucs:

1. treated sur/lice. It involves line-seak alternation of the surface linish or coating

(continuous or discontinuous). It. is used i'lr boiling and condensation; the

roughness height is below that which ~dTects single-phase heat transfer.

II. Rough surfi,cl" These surl~lces arc produced in many configurations, ranging from

random sand-grain type roughness to discrete protuberances. The configuration is

generally chosen to prolllote lurbukncc rathn than to increase the heat transfer

surl~lee area. The application 01' rough surl;lees is directcd primarily toward

single-phase flow.

Ill. I:\/I'ndnl sur/lie<' These arc routinely cmploycd in many heat exchangers. The
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dcvelopmcnt of non-conventional extended surfaces, such as integral inner fin

tubing, and the improvcmcnt of heat translCr cocfficicnts on extended surfaces by

shaping or intcrrupting the surl'lcc as of particular intcrcst.

IV. Swir/~jlow device. It includcs a number of geomctric arrangcments or tube inserts

for liquid flow that create rotating and/or sccondary Ilow such as inlet vortex

generator, twistcd-tapc insert and axial-corc inserts with a scrcw-typc winding.

\. ('oiled /uiJe: It kads 10 morc compact heat exchangers. The secondary flow leads

to higher single-phase cocrlieicnts and improvcmcnts in most regions of boiling.

Active Techniques:

I. Meclwl/ieul "ids. These stir the Iluid by mechanical mcans or by rotating the

surface.

II. Surjclce "ibm/ion: At either low or high li'equcncy, surface vibration has been

uscd primarily to improve single-phase heat transfer.

Ill. J-Iuid l'i1mtliol/' It is tk most practical type of vibration cnhancement. The

vibrations range from pulsation of about I III, to ultrasound. Single-phase fluids

arc of primary concern.

IV. Fluid injection. It involves supplying of gas to a flowing liquid through a porous

heat transfer suri'lee or injecting similar Iluid upstream of the heat transfer

section,

Two or more of thcsc techniqucs may he utili/,cd simultaneously to produce an

enhanecment largcr than that produced by only one technique. This simultancous use is

termed compound cnhaneemcnt.

Fxtended surfaces arc eommonlv used in many engineering applications to enhance heat

transl"cr. A numbcr 01' studies are being perii)rmed in order to incrcase the heat transfer

c1feetiveness and to rcduee the dimensions and weight of heat cxchangcrs. Thc necessity to

rcducc the volumc and wcight of heat exchangcr has bccome more important in many

cngineering applications like electronic industry. compact heat exchanger sector. Fins have

2



extensive applications in power plants, chemical process industries, and electrical and

electronic equipment for augmentation of heat transfer. Enhancement techniques that

improve the overall ileat transler coerJieient or turbulent now in tubes are important to heat

exchanger designers. Efficient design or heat exchanger with fins can improve system

perrormanee considerably. Among several available techniques for augmentation of heat

transfer in heat exchanger tubes, the usc of internal fin appear to be very promising method

as evident from the results of the past investigations.

Extensive studies havc becn made both experimentally and analytically with tubes

having internal fins in laminar and turbulent now. A comprehcnsive survey in this regard is

chronologically given in the Chapter. 2. The analysis fllr laminar and turbulent now is based

on momentum and energy conservation in the nowing nuid. It is evident that for both

laminar and turbulent now regimes, the finned tube bas exhibited substantially higher heat

transfer eoerfieient compared to smooth (un finned) tubes.

Since linned surfilees have extensive applications in various engineering sectors; present

work has been undertaken to study the heat transfer performance in turbulent now regime of

air in a circular tube with linned and unlinned conditioned. Fins are specially designed with

a view to getting better heat transfer compared to the internal lins ever studied. Specific

objectives of the present study are listed below:

I. to study tbe variation or friction liletor, pressure drop and temperature through

smooth tube and linned tube at constant beat nux, and

II. to analyze the heat transler perfl11'l11anCCor the finned tube.
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Chapter Two

LITERATURE SURVEY

Enhancement techniques that improve the overall heat transfer coefficient for both laminar

and turbulent flow in tubes arc important to heat exchanger designers. It is evident that for

both laminar and turbulent flow regimes, the finned tubes have exhibited substantially

higher heat transfer eoci'ficicnts when compared with corresponding smooth (unfinned)

tubes.

Extensive studies have been performed from the beginning of the twentieth century

to determine the hcat transl'cr characteristics inside tubes. Sieder and Tate (1936) derived an

empirical correlation !c)r turbulent flow of fCHeed convection through both of circular and

noncircular tube, as

(2.1)

where NUl) is average nusselt number based on hyrdaulie diameter, ReI) is Reynolds number

based 011 hydraulic diameter. I'r is I'randtl number. fl is viscosity of flowing fluid and the

subscripts band s indicates at bulk temperature and surface temperature respectably, This

co-rreiation is valid for both uniform wall temperature and uniform heat flux for both liquid

and gases in the range of 0.7 < I'r < 16,000 and Rei) > 6000. The correlation shows that

higher heat transfer occurs in linned tube than smooth one. Heat transfer with disturbing the

flow (as interrupted, cut and twisted perforated etc.) geometry has been used by Gunter and



Shaw (1942). Experimental data for prcssure drop and heat transfer coefiicient for air in

internally linncdtubes have bccn reported by Hiding and Coogan (1964). All studies show

higher eocl'lieients in disturbed ilow than smooth one.

Cox et a!. (1970) uscd several kinds of enhanced tube to improve thc performance of

a horizontal-tubc multiplc-ellect plant It)r saline waleI' conversion. Overall heat transfer co-

erticient (\t)reed convection condensation inside and spray-film evaporation outside) were

rcportcd for tubes internally cnhanced with circumfercntial V grooves (35% maximum

increase in heat trans1'er co-erticient) and protubcranccs produced by spiral indenting from

the outside (4% increase) No increase was obtained with a knurled surface. Prince (1971)

obtained 200% increase in heat transfer co-ertieicnt with internal circumferential ribs;

howcver, thc outside (spray-lilm evaporation) was also enhanced. Experimental data for

pressure drop and heat transfer coefiieicnt in internally finned tubes have been reported by

13crglcs ct a!. (1971). Most of thcir data arc charaetcrizcd by thc laminar flow regimes using

air, watcr and oil as working fluids. Enhanccd fins (intcrrupted and perforated) were used by

Kern and Kraus (1972). They demonstrated that tinned tubes have substantially higher heat

transfer coefficients than continuous linnedtubes.

Hu and Chang (1973) analyzed fully developcd laminar flow in internally finned

tubes by assuming constant and uniform heat flux in tube and surfaccs. By using 22 fins

extended 10 about SO'Yo of the tube radius, it is shown an enhancement of heat transfer as

high as 20 times than that of untinncdtube

Nandakumar and Masliyah (1975) analyzed hcat transfer characteristics for a laminar

ItJl'ced convcction of fully developed Ilow in a circular tube having intcrnal fins of circular

shape with axially unillJrll1 heat flux with peripherally uniform temperature using a finite

c1emcnt mcthod. Thcy obtaincd It)r a givcn lin gcometry that the Nusselt number based on

inside diameter w"s higher than that of a smooth tube. They also found that for maximum

heat transfer there exists an optimum lin number It)r a given fin configuration. Heat transfer

and pressure drop mcasurcments were made by Watkinson et al. (1975) on integral inner-fin

tubes of several designs in laminar oil Ilow. Data arc presented for eighteen 12.7 to 32 mm

diameter tubes containing from 6 to 50 straight or spiral fins over the Prandt\ number range

of ISO to 250, and the Reynolds number range of 50 to 3000, based on inside tube diameter



and nominal area. At constant pumping power and thc same Reynolds number, the increase

in hcat transfer ranged from 100% to 187%.

Glodstcrin and Sparrow (1976) have studicd somc complex compact heat exchanger

SUrJ'lCCSusing mass lransl"cr mcthods, Il)r cxample naphthalcne sublimation. Internally

finned tubes can be stacked to provide multiple internal passages of certain hydraulic

diameter.

The first analytical study 10 predict the performance of tubes with straight internal fin in

turbulent airllow was conducted by I'atankar ct al. (1979). The mixing length in the

turbulent model was set up so that just one constant was required from experimental data.

Analytical efforts to Iluids of higher Prandtl number, tubes of perfectly circular and tubes

with spiral fins is still desirable. Random roughness consisting of attached metallic partiele

(50% area density and relative roughness 0.03'Yt,) was proposed by Fenner and Ragi (1979).

He obtained 300% higher heat transl"cr with R-12 compared to smooth tube.

Empirical correlations have been presented hy Carnavos (1980). lie predicted the

turbulent flow heat transl"r and pressure loss pcrllJrlnance of helical ribbed internal finned

tube within acceptable limits lor air in the overall ranges of 0 < a (helix angle of rib) < 30°,

10,000 < Re < 100.000. and 0:7 < I'r < 30. There is no strong indication that these types of

tubes arc Prandtl number sensitive. However. there is an indication that the spiral fin tubes

deviate the most from the slope of 0.8, which becomes more pronounced at the higher helix

angles and lower Reynolds numbers. The best perJl1l"merS were in the group of tubes with

the higher helix angles and internal heat translCr surf'lee relative to a smooth tube. He

esperimentally determined the heal transfer pL'l"i,)rmanee Il1l"cooling air in turbulent flow in

tubes having integral internal spiral and straight longitudinal fins. He conducted experiments

with 21 tubes and found that these tubes were potentially capable of increasing the capacity

of an existing heat transkr at constant pumping power by 12% to 66% by direct substitution

of an internal finned tube for a smooth tube.

Compact heat exchangers have large surl'lce-arca-to-volume ratios primarily through the

use of finned surfaces. An inilmnativc collection of articles related to the development of

compact heat exchanger is presented by Shah et al. (1980). Compact heat exchangers of the



plate-fin, tube and plate-fin, or tube and center variety use several types of enhanced

surfaces: offset strip fins, lowered lins, perforated tins, or wavy fins were presented by

Shah (19RO) .Cireular or oval finned-tuhe banks utili/e a variety of enhanced surfaces, with

the exception of material pertaining to smooth helical tins, data are rather limited and no

generalized correlations prcscntly cxist. Wcbb (I 9RO) providcs a guideline to such types of

geometry.

Gee and Webb (19RO) have presented experimental investigations of offset-fin arrays for

air. The effect of plate thickness on heat transICr for two-dimensional staggered fin arrays

have becn studied numerically by Prakash and Patankar (1981). They also investigated the

influence of buoyancy on heat transfer in vertical internally finned tube under fully

developed laminar flow condition.:

Numcrical predictions of dcvcloping Iluid flow and heat transfer in a circular tube with

internal longitudinal continuous fins have been reported by Chowdhury and Patankar (1985)

and Prakash and Liu (19R5) who used air as the working fluid. Kelkar and Patankar (1987)

also analp.ed intcrnally linned tubes numcrically, whose lins are segmcnted along their

length. The fin segment was dnne in the flow direction, separated by an equal distance of its

length before the next lin .. fhe analysis presents that the inline-segmented fin gives only 6%

higher N usselt number than thosc of continuos fins. Rustum and Soliman (1988) carried out

analyses of thermally developed laminar flow in internally finned tubes for incompressible

Newtonian fluid.

Edwards et al. (1994) pcrl<lrIl1ed an experimental investigation of fully developed,

steady and turbulent flow in a longitudinal finned tubc. They used a two-channel, four beam,

laser-doppler velocimeter to .measure velocity profiles and turbulent statistics of airflow

seeded with titanium dioxidc particles. They compared friction factor with different

Reynolds numbers to literature rcsults and showed good agreement for both smooth and

finned tubes.

Mali/. cl al. (1996, I99R) studied experimentally steady state turbulent flow heat transfer

pcrformance of circular tubcs having six intcgral intcrnal longitudinal lins and they found an

abrupt pressurc fluctuation ncar the entrance region of the tube. Their study indicates that

7



significant cnhancement of heat transfer is possible by using internal fins without scarifying

additional pumping powcr. Tbe author used air as the working fluid.

Uddin (1998) studied pressurc drop charactcristics and heat transfer performance of air

through an internal rectangular finned tube. He l(lll11d that the' heat transfer co-efficient

based on inside diameter and nominal area was in the range of 1.5 to 1.75 times the smooth

tube val lies. When compared with a smooth tube at constant pumping power and constant

basic geometry of the tube an improvement as high as 4% was obtained. Mamun (1999)

studied pressure drop and heat transfer performance of air through an internally in line

segmented and non-segmented finned (of rectangular cross section) tube at constant

pumping power. The results of the study show that li'iction factor of in-line finned tube is

2.0 to 3.5 times higher than that of smooth tube. Friction factor of in-line segmented finned

tube is 1.75 to 2.5 times higher than that of smooth tube. Ileat transfer for the in-line-finned

tube is two times higher than that of smooth tube for comparable Reynolds number. Heat

transfer far the in-line segmented finned tube is 1.75 to 2.0 times higher than that of smooth

tube I(lr comparable Reynolds number. The results thus show that both inline finned tube

and in-line segmented finned lube results in heat transi'cr enhancement but in-line segmented

finned tubc results in the samc heat transfer cnhanecmcnt with less pressure drop and with

less pumping power.

In linc with the above mcntioned studies in heat transfer in finned tube, present geometry

was chosen in search ofbettcr heat transfer and lower pumping power. Details of the present

experimental scheme will be discussed in chapter 4 .

.. - --~- --------~---_.--



8
Cha ter Three

HEAT TRANSFER PARAMETER

In this chapter the basic dclinition of heat transfer parameters and thermal boundary

conditions in connection with the present work have been discussed. The hydraulic diameter

and wetted perimeter of the test section. Reynolds number. pressure drop. friction factor,

amount of heat transfer. bulk temperature. heat transfer coefficient, pumping power etc. are

presented here in mathematical form.

3.\ THERMAL BOUNDARY CONDITION

Appropriate boundary and initial conditions arc nceded for the analysis of heat transfer

problcms. The boundary conditions specify the thermal condition at the boundary surfaces

of the region. The boundary conditions ,ilay be dclined by its temperature condition, heat

flux condition, convective boundary condition etc. In this work constant heat flux boundary

condition is considered. In mathematical form this condition may be defined as:

q(x,O) = constant.

where q is heat flux, x is axial direction of the tube and () is angular position the tube.

3.2 HYDRAULIC DIAMr~TER

For internal fluid flows the hydraulic diameter. Dil is usually used as characteristic length. It



is delincd as four times the cross scction area or conduit per unit wetted perimeter. As such,

the Oil for smooth tube is dclined as

4X( nOt /4 )

nO.
I

=)1)1 =1)., I

And flJr finned tube it can be expressed as

4x A f
D _ x

h Wft

1l 7
wherc,A f=-D~-6xAf

x 4 I

Wft =1!Di -6xW+6xWf

WI' = wetted perimeter of fin

W = width of lin

3.3 REYNOLDS NUMBER

(3.\ )

(3.2)

Reynolds number is the ratio of inertia force to viscous force. It is a dimensionless number

and used as a critcrion i(lr a !low' to he laminar or turbulent. For circular pipe flow the

Reynolds number Icss than 2.3x I0' is laminar flow and greater than this is turbulent flow. In

this experiment Re is used as an important parameter.

Reynolds number based on inside diameter is deli ned as

pVD.
I

fl

Reynolds number based on hydraulic diameter is defIned as

10

(3.3)



pYD
RCh = h

~l

3.4 PRESSURE DROP AND FANNING FRICTION FACTOR

(3.4)

Pressurc drop is hydraulic loss due the roughness of the surface over which the fluid is

movll1g. lligher pressure drop requires higher pumping cnergy for flowing of a fluid over a

surface. For rough surhlee the drop of pressure is high. So pressure drop at any axial

location x is given by the 1()llowing equation,

/1.1' = I';-I'(x)

where Pi = Pressure at inlet

l'(x) = Pressure at any axial location, x

The local friction factor based on hydraulic diameter is given by

The local friction factor based on inside diametcr is given by

H~P/~DF. o. ~_. __ .__ l

I 2py2

3.5 HEAT TRANSFER RATE

(3.5)

(3.6)

(3.7)

I k~l [rau,fer rale is the energy transfer III the air per unit time. Total beat input to the air

Q = Mer (T,,- T,)

II

(3.8)



For smooth tube, heat input to the air per unit area

(3,9)

The local hulk temperature oJ'the fluid Th(x) ean he defined as by the following heat balance

equation

Q'A x
'I' (.) - '1' sx - .+-'-
h 1 Me

p

The loca! heat trans!Cr cod"licient at any axial location can be dcllned as

Q'il -----
x - (Tw - Til)x

The average heat transl'cr cocflicient can be dell ned as

r; = 0__-
I\(T -T)w h av

For Ilnned tube, heat input to the air per unit area

(3.10)

(3.11)

(3.12)

(3.13)

The local bulk temperature or thc fluid TI,(X) ean he delincd by the rollowing heat balance

equation

. . . . ()' 1\ h x
I (x) = I +----
h I Me

p

The local heat trans IeI' cod"licicnt at any axial location can bc dcllncd as

Q'
il, =-----
. ('I" -'I")w h,

The avcral,\e heat trans!Cr cod"licient can be dclincd as

12

(3.14)

(3.15)



h -- Q
A(rwav - Tbav )

Local Nusselt numb~r bascd un inside diameter (I(lr both smooth and finned tube)can

be deli ned as
h D.

Nu ~_X_I
X K

3.6 PUMPING POWER

(3.16)

(3.17)

Pumping power, P can be expressed as
m

3.7 PERfORMANCE PARAMETER

L'.P~-.M
P

(3.18)

Thcrc are minor gcomctric diftCrcnccs in tube configuration among various cxpcriments that

affcct spccilic performancc. Ilowcvcrto minimi/.c the influence of this and other variables

on a direct comparison. the basis choscn is the constant Reynolds numbcr criterion. In this

criterion. the performancc parameter. R is dclined as the ratio of heat transfer coefficient

with lin. hi: to the hcat transfer cocfficicnt without fin. hoI' at constant Reynolds number.

So,

R ~ hfl hof

IJ

(3.19)
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. Cha ter Four

EXPERIMENT

Lxpenmental faeility and procedore I'Jr collecting the heat transfer data for both smooth and

ell1ned lube are described in this chapter. The experimental ranges arc also mentioned here.

Unccrtainty estimates of thc mcasurands and the calculated variables arc also presented in

this chapter.

4.\ EXPERIMENTAL RIG.

Test seetion is the heart 01' the experimental rig. which is schematically shown in the Fig.

4.1. The rig is provided with inlet section Illr getting fully developed airflow in the test

section. Air supply system and heating system arc the other essential parts of the rig with a

view to fullil the objectives of this study. The overall dimension of the rig is given in Fig.

4.2. Thc' experimcnt has becn conducted betwcenthe range of Reynolds number of2.0x10
4

and 'i.Os I04 All the sections of the rig are described below.

4.1.1 Test Section

Two test sections having two difTerent geometries have been studied to compare their heat

transl'er pcr!'>r1nance. One tube is smooth and other is linned. Smooth tubc is a circular brass

tube having 70 mm inside diameter. Whilc the finned tube is one having six internal

longitudinal T-section lins as shown in FigA.). The test length of both the tubes is 1500



n1l11. Similar casting methods are employed li)r both the pipes for getting comparable

properties. Two halves of the circular tube with integral fins were casted separately and

joined together to provide the shape of a completc tube. As the two halves were joined

together at the line of symmetry. it did not provide any clTeet on thermal or hydrodynamic

performance.

All the test sections were wrapped at lirst with mica sheet and then glass fiber tape

before wrapping with Nichrome wire (of resistance 0.249 ohm/m l'or smooth tube and 0.739

ohm/m li)r linned tube used as an electric heater) spirally wound uniformly with spacing of

IG mill ~ll"llUlH.lthe tube. Then again Illiea shect. glass liber tape. heat insulating tape and

asbestos powder were used sequentially over the wrapped Nichrome wire. The test section

was placed in the test rig with the help of the bolted nanges, between which asbestos sheets

were inserted to prevent hcat Ilow in the longitudinal direction.

4.1.2 Inlet Section

The unheated inlet section (shaped inlet) cast from aluminium is of same diameter as of test

section An open end of the pipe would prohably act as a sharp edged orifice and air flow

would contract and not lill the pipe completely within a short distance from the end. This

effect was avoided here in the cxperiment by litting a shaped inlet. The pipe shaped inlet,

533 mm long (shown in the Fig. 4.4) was made integral to avoid any flow disturbances at

upstream of the test section to get fully developed now in the test section as well. The

coordinates of the curvature 01' the shaped inlet wei'c suggested by Owner and Pankhurst

( 1(77)

4.1.3 Air Supply System

A motor operated suction type fan was fitted downstream the test section to supply air that

will cool the tcst section li)r ascertaining the heat translCr performance, A suction type fan

was used hcre so that any disturbancc produecd by the li1l1docs not effect on the.test section

now, as a suction type fan is always -litted at the down stream side of the test section. A 12°

diffuser made of mild steel plate is fitted to the suction side of the fan, The diffuser was used

t 5



1,)(' minililizing head loss at the suction side, To arrest the vibration of the fan a flexible duct

was installed bctwcen the inlet section of the fan and a gate valve as shown in Fig. 4.2. The

gate valve is of butterlly type and was used to control the flow rate of air. It is fitted at the

suction side before the Ilexible duct.

4.1.4 Heating System

An electric heater (made of Niehromc wire) was used to heat thc tcst scction at constant heat

flux. The heater was supplied power by a 5 KVA variable voltage transformer connected to

220 VAC power through a magnetic contaetor and temperature controller. The Nichrome

wirc was wrapped around tbe test piece as shown in Fig. 4.2. A temperature controller was

litlL'd to sc'nse the outlet air tcmperature to provide signal for switching the heater off or on

automatically. It protects the experimental set up from being excessively heated which may

happcn at the time of experiment when the heating system is in operation continuously for

hours to bring the system in steady state condition. It also controls the air outlet temperature.

Elcetric heat input by Nichromc wire was kept constant for all the experiments.

rhe electrical power to the test section was dctermioed by measuring the current and

voltage supplied to the heating element. The voltage was measured with a voltmeter and

current by an a.e. ammeter. Figure 4.5 shows the e1cctric circuit diagram of the heating

system of the test section. The specification of the electric heater, temperature controller and

fan arc given in Appendix-A.

4.:2 MEASUREMI~NT SYSTEM

DilTerent variables were measured by dilTerent types of instrumcnts. somc of those were

manually operated and some were automatically. The detail description of all the systems

used in this studv arc described in the 1l)lIowing sections.

4.2.1 Flow Mcasuring Systcm
Flow of air through the test section was measured at the inlet section with thc help of a

traversing pitot. A shaped inlet was installed (as mentioned in the section 4.12) at the inlet to

(6



the tcst section to have an easy entry and symmetrical flow. The traversing pitot was fitted at

a distance of 4D, from the inlet according to Owner and Pankhurst (1977). The manometric

fluid used here is high-speed diesel of specific gravity 0.855. A schematic of the micrometer

traversing pitot is shown in Fig. 4.6. Arithmetic mcan method (given in Appendix-C) is

employed to determine the position of the pitot tube for determination of mean velocity.

4.2.2 Pressure Measming System

The static pressure tappings wC1'e made at the inlet of the test section as well as equally

spaced 8 axial locations of the test section as shown in the Fig. 4.8. Pressure tappings for

measurement of static pressure were fitted so carefully that it just touches the inner surface

of test section. The outside parts of the tappings were made tapered to ensure an airtight

litting into the plastic tubcs. which werc connectcd to thc manomcter. Epoxy glue was used

for proper fixing of thc static pressure tappings. U-tube manometers at an inclination of 30°

were attached with the pressure tapping. Water was used as the manometric fluid in this

experiment.

4.2.3 Temperature Measming System

The temperatures at the different axial locations of the tes! section were measured with the

help of K-type thermocouples connected with a data acquisition system as shown in Fig. 4.1.

The data acquisition system stored data at live minutes interval lar obtaining an average

value. The temperature measuring locations are-

I. Fluid bulk temperature at the outlet of the test section.

II. Wall temperature ;It 8 axialloeations of the test seetion.

III. I:in-tip temperature at 8 axial loeatioos 0[' the test sedion. Tliis measurement was

done when finned tube was set in the test rig.

The bulk temperaturc of the air at the outlet of the test section was measured USll1g a

thcl'lnocouple at the outlet of the tesl seclion to determine the locations of thermocouple for

determination of mean temperature. ltis given in i\ppendix-C.
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For smooth tube heat translCr system, 8 thermocouples were fitted at eight equally spaced

axial locations of the test section one at cach position to measure the wall temperature.

Thermal contact between thc hrass tuhc and thc lhcl'lnocouple junction was assured by

peening thermocouples junction into grooves in the wall. Thel'lnocouples were inserted' into

the holes and peen cd inlo the goovCS of the tube wall. For finned tube system, sixteen

thcrmoeouples were tittcd at eight locations as shown in the Fig. 4.10. The number of

therl1llJeouples was two in each cross section to measure the wall as well as the fin-tip

temperature of the test section.

4.3 EXPERIMENTAL PROCEDURE

The 1;111 waslirst switched on and allowed to run lar about five minutes to have the transient

characteristics died out. The !low of air through the test section was set to desired value and

kept constant with the help 01' a !low control valve. Then thc electric heater was switched on.

Thc electrical power was adjusted (if necessary) with the help of a regulating transformer or

variac. Steady state condition Ii)]' temperature at different locations of the test section was

deli ned by Gee and Webb (I 'iXO) by two measurements. First the variation in wall

thermocouples was observed until constant values wcre attained, then the outlet aIr

temperature was monitored. Steady state condition was attained when the outlet air

temperature did not dcviate over 10-15 minutes time. At the steady state condition

thermocouple readings arc automatically recorded by the data acquisition system. At the

same time, manometer readings were taken manually.

I\ner cach expcrimenlal ruo the Reynolds number was changed with the help of the

!low control valve keeping electrical pown input constant. I\nd after waiting ItJr steady state

condition. desired data are recorded as per procedure narrated above.

4.4 UNCERTAIN'T'Y ANALYSIS

Results of an uncertainty ~lI1alysisof the primary measurands (t, b. d, 1\, To. Ti, e,P, OJ, x) are
presented in Table 4.1. wbile Table 4.2 exhibits thc uncertainites of the caleulated quanties.
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Table 4.1 Uncertainties in measurands

.Measurands ~ision limit, P Bias limit, 13 Total limit, W

t 1.5% 0.02% 1.50%

h 0 0.013% 0.013%

d 1.05'Yo 3.0% 3.178%
--

A 0 0.52% 0.52%
--- ..- ---- ... ---_.-----------

To 1.5% ()'O2% 1.50%

T, 1j'y" O.02°!<, 1.50%

"""
5.0% 3.0% 5.83%

.- ._-

Dj 0 0.02% 0.02%
-

x 0 0.02% 0.02%

Table 4.2 Uncertainties in calculated quantitics

Quantity Totalunccrtainty

V 1.71%

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

l) 41'd_._--
F, 6.76%

---

The details of the uncertainty analysis of this experiment are given in Appendix-D
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Data Acquisition System
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Thermocouple
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9
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Air
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1. Shaped inlet
2. Traversing pitot tuhe
3. Inclined tube manometer
4. V-tube manometer
5. Variable voltage Transformer

6. Ammeter
7. Voltmeter
8. Temperature controller
9. Heater on off lamp
10. Pressure tappings

11. Thermocouples
12. Flow conrtol valve
13. Flexible pipe
14. Diffuser'
15. Fan

16. Motor
17. Traversing thermocouple

FIGURE 4.1: Schamatic of the Experimental Rig
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4. Flexible duct
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9. Electric power supply

10. Variac

All dimension are in mm

FIGURE 4" 2: SCHEMA TIC DIAGRAM OF EXPERIMENTAL SET UP WITH DIMENSIONS
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(a) 3-DIMENSIONAL VIEW OF THE TEST SECTION

-f}:;-;:;:::\!::;::::;::{j-~=-- - ~~::::
::::========= ==========---------- ------------

A'
J()

(b) FRONT VIEW (e) T-SECTION

A

960

013 X
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(d) VIEW A-A'

Figure 4.3: Test Section and its cross sectional view
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FIGURE 4.4: SHAPED INLET
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: I SF:NSOR
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FROM UNI: 220V

HEATING
ELEMENT

LAMP

c1- Temperature controlloer
C

1
- Magnetic controller

S - Switch
V - Voltmeter
A - Ammeter

FIGURE 4.5: ELECTRICAL CIRCUIT DIAGRAM
FOR HEATING SYSTEM
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FIGURE 4..6: TRAVERSING PITOT TUBE HOLDING DEVICE
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Location of pitot tube

Equal concentric areas
~

Figure 4.7 Location of pitot tube for Measurement of Velocity
TRAVERSING PITOT TUBE

PRESSURE TAPPIN

Figure 4.8 Location of Pressure Tapping
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Equal concentric
areas

.02475m

.03196m

Location of
thermocouples

Tao - Air outlet temp
Tc - Temp. at the flange
Tw2 - wall temp at 2
Tf2 - Fin-tip temp at 2

Figire 4.9: Location of Thermocouplefor Measurement of outlet Temperature

L{Thermal insulation

Temp. sensor for Temp. control
r------------------------------------------------- ---
" I._r 9 9 9 9 9 q 9 \01 j

TC,I!: LTC, hc, :'-TCLTlL--------------------------------------------------- __ J I

Te. w - wall
f -Fin
i-Inlet
o - Outlet
a-Air
C - Coupling/Flange

Figure 4.10 Location of Thermocouples .
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5
Cha ter Five

RESULTS AND DISCUSSION

Heat transICr performance study of lin has been carried out by recording temperature and

pressure along the length of the tube at each experimental condition, which was set by a

constant hcat input and \luid \low. i\ir\low is also mcasured at each test run. All the

neccssary variables havc bccn calculated from thc collected data and arc presented and

'Illaly/ul in Ihis chaptcr.

5.1 TEMPERAl URI DISTRII3UTION

Wall tcmpcrature, bulk \luid tcmpcraturc and lin tip tcmperature variation along the length

of thc tube ItH diffcrent Reynolds Numbcr arc prcscntcd in Figs. 5.1-9 to understand the

mcchanism of hcat translCr.

5.1.1 Wall Tcmpcraturc

Figurc 5.1 shows thc variation of wall kmJlcralure along the length of the smooth tube for

live difICrcnt Rcynolds numbers at constant heat \lux condition. Each symbol represents

data It)r a particular Rcynolds numbcr 'IS shown in thc ligure. The axial position of any point

is IHln-dimensionaliLed by Ihe total length of the tube. From thc ligure it is clear that wall

temperature increases along axial distance of the test section. At about x/L = 0.55, the wall



t~mp~ratur~ g~ts its ma~imum valll~ while for ~/L = 0.55 to 0.85 the t~mperature is almost

constant. an~r whi~h th~ t~mp~ratur~ drops slightly al th~ downstream due to end effect. The

~nd erfect may h~ du~ to the physi~al conta~t (though th~r~ was two ash~stos plates between

Ih~ lesl s~~tioll and th~ dowil slr~am unheat~d tuh~, whi~h may nut ~nough Illr unexpected

heat loss) hetw~en the t~st se~tion and th~ down stream unheated tuhe. Figure 5.1 also shows

that air ~ools the tuh~ mu~h faster at higher Reynolds number.

I'igure 5.2 represents th~ varialioll of wallt~mp~rature along the length of the finned tube

1'l!' liv"Cdifferent R~ynolds numhers at constant heat Ilu~ condition. Here wall temperature

increases along the a~ial dislalle~ 01' the tesl s~etion. At high~r Reynolds numb~r the wall

t~mp~ratur~ is low b~eaus~ mor~ h~at is tak~n away by air. II is worth mentioning that at

inlet s~etion the temperatur~ gradi~nt is high 1'11" hoth th~ tubes because the cold entering air

tak~s away much heat. It is int~r~sting to not~ that unlike smooth tuhe therc is a gradual

incr~as~ in wall temp~ratur~ I,ll' the lilln~d tub~.' I:igure 5.3 exhibits this clearly for a

comparable Reynolds Nnmber as mentioned. Due to higher heat transfer from the inner

surfac~ of thc linncd tub~ Ih~ wall gelS cooled. As smooth tubc has lower wetted perimeter

and Icss mixing situation du~ to' smaller frictional area it has no such ability to transfer heat

as '1uieklv as do~s tb~ linn~d tub~. As a r~sult the wall gelS beated when it is smooth.

I-"igur~.5.4 shows the variatioll of lin-tip t~mperature along the axial distan~e of the tube.

From this Ilgur~ it is ~lear that th~ tip t~mp~ratur~ 01' lin varies.in the similar manner as in

th~ eas~ of walltemp~rature m~ntion~cI ahov~. The slop~ of these curves gradually decreases

along Ih~ axial distalle~. B~eaus~ the tcmp~rature pot~ntial between air ancl the fin tip

beeom~s low~r with longitudinal distan~e of th~ lub~. A comparison between tip and wall

lemp~rature of Ilnn~d tub~ is giv~n in I:ig. 5'" which d~monstrates that wall t~mperature is

always higllCr than that of lin tip Ill!' a particular Reynolds Numher.

It is n~e~ssary to m~ntioll that b~ltrn: ~~perim~nl, th~ radial tel1lperatur~ distribution was

che~ked at dilTerent a~ial location ol'the test section. Figure 5.6 represents the variation of

teml'~rature around the linter sur "ICC i.e. lIVl'r Ihe illsulation of the test seelion for both tubes

at XII. .- 0.83. At tllP portillil th~ temperature is higher than hottom. Due to natural

C01lvect illll top portion or [ile ksl section hecomes tlIore heated. so its temperature is higher.

I:rom tll~ ligur~ it is also ~kar that I"l' snHHlth tnb~ th~ t~mp~ratur~ is higher than finned
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tuhe. Because a lower amouot or heat was transICrred to the working lluid in smooth tube,

so relatively higher amount or heat was hound to transl.er through tlie insulation provided the

insuhlting condition is ""lle li,r hoth the tubes. As mure heat was passed through the

insulating surl'lee the surl.aee temperature ot' the smooth tube is higher than finned tube.

5.1.2 Bulk Fluid Temperature

Surnlunding cold air enters the lest section alld gcts heated as it passes through it. The bulk

Iluid temperature is calculated 1l't"11 the measured wall temperature using Eg. (3.10). The

bulk lluid temperature variation along the length or the test section is shown in Figs. 5.7-9 in

order to get efTeets of Reynolds numhcr and fin as well. From Fig. 5.7, for constant

Reynolds numher. it is clear that bulk Iluid temperature increases linearly as air passes

through the test section or smooth tuhe. Similar behavior also observed I'l[ the case of

finned tuhe as shown in Fig. 5K At higher Reynolds number the hulk lluid temperature is

lower. The slope or these cnrves (dT/dx) gradually decreases with the inerease of Reynolds

number. Because at lower Reynolds numher there is less velocity ul. air which provides

enough lime lor suriieient healing or air but al higher Reynolds number faster moving of air

makes it insufficient heating and thus it is relatively cold for a constant axial position.

Figure 5.9 represents the variation of bulk Iluid temperature distribution along the length

of the tubes for comparahle Reyuolds numher fll[ both finned and smooth tube. From the

Iigure it is clear that i'l[ smooth tuhe the bulk Iluid temperature is lower than that of finned

tube. Due to higher translCr 01' heat I.rom the inner surl.aee or the tuhe, the hulk temperature

is higher in linncd tube. Ilut smooth tuhe has lower welted perimeter and less mixing of

fluid in it than finncd tuhc. So smooth tuhe has no such ability to transfer or heat as quickly

'" finnl'd luhe and so its air bulk tempcraturl" is lo\Ver.

5.2 HEAT-TRANSFER CHARACTERISTICS

The variation or hL'at tl'ansl'cr wcriicient and Nusselt nUlllber along the axial direction of the

tuhe (Iinned and sillooth) Illr dilTcrcnt Reynolds numbers arc explained in this section. A
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comparison of these parameters of heat translCr len linned and smooth tube is also discussed

here.

5,2,1 Heat Transfer Cocfiicicnt

Both local and average hcat translCr coel'lleients arc calculated and analyzed here, Figure

5,10 shows the variHtion of local heat translCr co-el'lleient with axial direction of the ,smooth

tunc Thl' coel'llcient is lar)ll' at thl' entrance 01' thc' test section due to the development of

thermal boundary layer. The ctiel'llcient dccrcases continuously along thc axial distance up

to XII, = 0.42 aner which the thermal boundary layer could be considered as fully

developed. Alier XII. = O.Xvalue 01' the heat translCr coel'llcient increases a lillie, as such a

drop in temperature is ohserved as shown in I'i)l. 5.1.

Figurc ), 11 rcpresents the variation of local heat transrcr co-efficient with axial direction

of the finned tube. The coei'licient is large at entry of the test section as observed for smooth

tube. But the developed region starts earlier than observed in smooth tube, Here the

developing region ended at XII, " OJ. It is occulTed due to helleI' heat transfer in finned

tube.

l'igllre 5.12 shows the variation 01' heat IranslCr rate as function of different Reynolds

numher for both finned and smooth tube, From the figure it is clear that heat transfer

increases with increase of Re, ;\t higher Re there is higher mixing of air. which helps to

increase the heat transl<:r. The amount of heat translCr of linned tube is higher than that of

smooth tube. The welted perimeter of linned tohe is higher than smooth tuhe. which helps to

increase the mte 01' heat translCr.

(:igure 5.13 shows the variation of average heat transrcr eoel'lleient hascd on OJ as a

Ill\1cti,ltl of Rcynolds numher. Prl'Sl',,1 data arl' ""'''pared with those of llddin (1998), Mafiz

et al. (1998). and Mamum (1999). The heat translCr coeflicient data collected in this

cxperimcnt is 2.5 to 3,5 timcs higher than that of data collected by Uddin (1998) for his

inline rectangular lin geometry. It is ahout 1.5 to 2.0 timcs higher than that of data

measllrl'd hy Malil. ct al. (I')')X) Illt' his inline reel,nlglliar lin gcometry. Mamum (1999) for

his inlinc scgmented rcctangular lin conliguration and Mamum (1999) for illline rectangular

lin geometry. From this comparison it can be inICrred that heat transrcr increases almost



Nussclt is about two tim~s bigher than that or Mamun (1999). Tbe eause or variation of data

with Sieder and Tatc ( I 'nr,) may b~ du~ to lilct that th~ surface condition or tbe test section

or Si~d~r and Tat~ (I 'nl,) was perkctly smootb tub~, but in tbis work the tube was

smooth~d with zcnl gradc' cmery pap~r. So this tube ~ontains slightly granular surface. Due

to this roughness or SUrl"c~ smelll high~1 heat transkr o~curred. So all the experimental data

from this work passes slightly above the line predi~at~d by Sieder and Tate (1936). This

c(l1nparison concludes that h~at translcr inereas~s almost linearly with Reynolds number i.e.

disturbance or Ilow inereas~s th~ rat~ or heat transkr.

53 Fl.UID Fl.OW CHARACTERISTICS

In this arti~1c prc'ssulT drop. I'riction I'letor and pumping power variation are presented along

lhe longitudinal dir~etion or the lest scction. i\lIthes~ paramcter,; ar~ pr~sented here for both

Iinned ami smooth tube 1'01 lile dil'ICrent R~ynolds numbers. Comparison ror different lin

geometry for diflcrent pumping power is also made.

5.3. I Pressure I)I'or

I'igures 5.1 g .1 ') r~pr~sent th~ variation 01' pressure drops with axial distance ror smooth and

finned tub~, respectively. with I{eynolds nuinber as a parameter. The pr~ssure inside the

tube is always negative bee:llls~ th~ t~st section is at suction sidc of th~ 1'1Il. If there is an

iekal condition, rressLll'~ ~vcrv IVh~r~ in the t~st s~ction would be sam~. but due to Ifictional

loss~s a pressur~ drop ocelli'S along th~ 'I,iai dir~ction or Ilow. The pressur~ gradient is high

in the entrance region ami gradually diminish~s along th~ !low direction as shown in the

ligure. i"igurc 5.20 shows a comparison bctween smooth tube and linn~d tube on pressure

drop characteristics ror a comparable Reynolds Number. From this figurc it is clear that for

finned tubc pressLll'e drop is much high~r than that or smooth lub~. It is as high as four times

compared 10 snHl(lth IIIhe' I(lr I{c' 2'), III'. Illis may he du~ to higher skin rriction factor in

th~ linned tube.

-0.'.
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5.3.2 Friction Factor

Figures 5.21-22 represcnt thc variation 01' fricti<in lilctor with dimensionless distance for

both linncd and smooth tubc. The friction lilctor is high ncar the entrance region, then

sharply falls upto X/L = 0.3, alier which it then remains almost constant. It can be noted that

as the Reynolds number increases friction liletor decreases. From the Fig. 5.23, it is worth

mentioning that the friction factor becomes independent of Reynolds number at higher

Reynolds number and remains constant aller the value of Re "' 4.0x I0.
1
. At the entrance

region friction factor is high which may be due to settings of asbestos plate between the

shaped inlet and test section. In this study it is observed that the friction factor is 2.0 to 7.0

times higher in finned tube than smooth tube. The higher li'ietional area is responsible for

higher skin friction factnr in linned tube.

A comparison has been mack I"l' experimental' data I"l' both linned and smooth tube with

that of Mamun (1999) for in line linned tube. For all types of test section the friction factor

is higher at the entrance section as shown in the Fig. 5.24. The cause may be due to the

settings of asbestos plate explained earlier. The experimental data Ii)!"linned tube is 3.0 to

4.0 timcs higher than those li)r smooth tube and 1.0 to 2.0 times higher for Re = 2.9x 10
4

than that of Mamun (1')99). The higher frictional area contributes higher friction factor.

5.3.3 Pumping Power

Pumping pnwer required for a Iluid to pass through an internally 1-lI1nedtube is very

important to be c:;timalcd in ordn to estimate the heat transiCr periimlJance of the tube.

Iligh heat transiCr li)llowcd by less pumping power is always desirable. Figure 5.25 shows

the variation of [Jumping powcr with Reynolds Number fiJI' both finned and smooth tube.

From the ligure it is seen that the pumping power of linned tube is much higher than that of

smooth tube. It is about 4.5 times higher Ii)!"Re = 3.9x]04 than that of smooth tube. Due to

increasL' 01' ivetted pcrilncter ti,C i'rictional arca increases which is responsible for higher

pressure drop and consequently the pumping power increases. Figure 5.26 also shows a



comparison of pumping powcr of cxpcrimcntal data of linned tube with that of Mamun

(1999). The value of pumping pown of inline finned tube of Mamun (1999) is about 1.0 to

}'5 times higher and li,r inlinc segmcnted linned tuhe of ManulIl (1999) is ahout 1.0 to 2.25

timcs higher than that of experimcntal value. It can he noted that the experimcntal friction

lilctur value of linned tuhc is highcr than that of ManulIl (1999) as shown in the Fig. 5.24,

but the pumping powr~r is low, it is not yet clear what actually happened, it may due to

smaller flow rate of air through the linned tuhe than thai of Mamun (1999).

5.4 PERFORMANCE PARAMETER

Thc perforJnanee of a fin indicates whether a tuhe having lin provides heller hcat transfer

and less pressurc drop during its flow. The perlill'lnanee parametcr of a linned tube is

expressed as the ratio of heat transfer coeflicient of test seetion with fl11to that without lin.

Figure 5.27 represents a comparison 01' perl'ormance paramcter lill' experimental data with

thaI 01 ~.lamun (199'»). lis valuc is ahout 0.75 timcs less than that 01' inline linned tube of

Mamun ( 1999) and ahout 0.9 times less than that 01' inline scgmcntcd linned tuhe of Mamun

(1999). Ii may occur due to the lilcl that thc smooth tube used in the present work was not

perfectly smooth as explained earlier, whieh provides bettcr heat transfcr. Due to this higher

heat transl'er from smooth tube the ratio 01 hI' I hoI'dccraeses, though thc heat transfer from

linncd tuhc is highcr than that 01' ManulIl (1999). Ii can be noted here that the surface

propcrties 01 finned tuhe arc simi lar to those 01 smooth tubc. So due to roughness of surface,

the heat transfer also increases in linned tubc but relatively higher incrcase of hoI' value the

valuc 01 hi I hoI'dccrcascs.

_.--------~-_.,~-----
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6
Cha ter Six

CONCLUSIONS

St~ady state !luid !luw and h~at transkr p~r1lll"l1lan~~ 01' a smooth tube as well as a tube

having int~rI1al int~grallongiludinaIT-s~~tion lins wcrc studicd experimentally. Results of the

expcrim~nt arc wcll prcs~ntcd and analY/.ed in thc previous chapter. In this chapter summary

of the analysis and some recommcndations arc enlisted.

6.1 CONCLUSIONS

In this article a quantitative ~ompanson will be made Illr friction factor, heat transfer

coefficient and pumping power 1(11'linned and smooth tube. All the findings are summarized

below:
I. The friction factor or linncd tub~ is about 3.0 to 4.0 times higher than that of smooth

tubc I(lr Rcynolds number rangc 2.0x 104 to 5.0x 104 But the slope of the friction

lilctor or fmned tube is very ncarly equal to that or the smooth tube at every location of

the test section.

2. The I'rietion factor is high near the inlct section and drops gradually to the value

corresponding to the I'ully developed !low.

3. NUSSL'1i number is high in the cntrancc rcgion and it decreases with increasing axial

distance approaching asymptotically upto the corresponding value of fully developed

flow.



4. The heat transfer cocflicicnt for linned tuhe is ahout 1.5 to 2.0 times higher than that

of smooth tuhe for thc ahow mentioned Reynolds number range.

5. The pumping power of linned tube is about 3.5 to 4.5 times higher than that of smooth

tuhe for those Reynolds numbers.

This experimental study has revealed that heal transfer coeflicient of tinned tube is large in

the entrance region and the enhancemcnt of hcat transfer in the fully developed region is

remarkable due to lin effects.

6.2 RECOMMENDATIONS

I. With some modifications of the experimental set up, the test section can be replaced

by another one of varying tuhe diameter, number of tins, fin height, length of test

scction, working l1uid, heating condition de.

II The pitot tuhe can he rc'placed by a hot-wire anemometer for measurement of velocity

at inlet section of the test piece .

..- -_ .. -----,-----------
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APPENDIX-A

SPECIFICATION OF EQUIPMENT
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4. Data Acquisition System:

Cole-Parmer (USA origin)

Number of inputs

Resolution

Accuracy

Linearity

Input Impedance

Binary Input.s

Closure

Power

14 Model PCA-14

16 Bits

i 0.02°;', of range

i 0.015 %

10000 Megaohms/O.l U F

liON-OFF TTL or Contact

or 10 -Bit pulse counter

120 V 50/60 lIz 0.5 A

-_._--_._----
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APPENDIXB

SAPMLE CALCULATIONS

For smooth tube:

Internal diameter of the tube, Di = 70 mm

21lD.. 1l 2 -1
Av = __ I = -(0.07) = H4X5 x 10 . sq.m
, ~ ~

As = 1lDi = 1l(O.O7)= 0.2199m

Hydraulic Diameter:

Dh = D, = 0.07 m

Determination of Mean Vclocity. V:

~p=.!.-pV'
~

\From 13ernouiii's equation\
(B.l )

If v is m/s. p is Kg/ny', t.p is N/m2 and d is.the velocity head expressed in em of water,

then-

~l) = Y x d\\al~1

. d '
=9,XlxiO' x---- =9X.lxd N/m

I0'

(B2)

Standard atmospheric properties at the sea level are pressure = 760 mm of Hg

Temperature = 15"C

Density = 1.225 Kg/m
1

For anv other temperature. t "(' and pressure. h mm of Ilg, the value of the velocity in .

Kg/ny' cal; be calculated as-

1', '1', b (273+ 15)
p, =_' ._=.p =_x------xl.225
- 1', '1', ' 760 (271 + t)

ll. I

(8.3)



From equation (B-1), (B-2) and (B-3)

.!-x~x(273+15)xl.225xV) ~98.1xd
2 760 (273+t)

J273 + l r
=:> V ~ 20558 --.-h.-. '-Id

=:> V ~ cJd

~

-

,_ 273+ \
wherc, C ~ LO.558 b

(13A)

Room condilion:

Temperalure. l ~ 29.5"('

b ~ 74 \ 5n1l11ol'llg

Thc expcriment was conductcd using a manomctric f1uid of sp. gr ~ 0.855 but it was

rccml1mcnded to perform with a f1uid of sp. gr ~ 0.834. For this reason a correction is

need which is as \()I\ows:

:.C~20.558 273+29.5 ~\3131
741.5

=:> eI= 0.8765 x 2.54 eI, cm lei, is in inch ofwatcrl

=:> d ~ 2.2263 d, em
Measurcment ofmcan velocity of 11 points is as fol\ows:

. U~+[cl; +Jd; +H'+~)
Mcan velocity, V ~ ~------~-_._-~---'-

'. 1 1
~ 7.0878 m/s

=:> 0.834 d ~ 0.855 d,

=:> d ~ 1.0252 d, ~ 0.855 x 1.0252 x dl ~0.8765 d,

Mass now ratc, M ~ pA, V I Ipol' air at 302.5k (room temp')1
L ~ 1.1684 kg/m)

~ 0.03 \ 871 kg/s

Reynulds Number:

pV Di
Re ~ _-- ~ 29165.68,

~l

M lPropcrl.iCS of f1uiel are calculated 1
where V~---,p b A x at its tluid bulk temp.
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Friction Factor:

Local ii'ietion !"aelor based on inside diameter is given by

F ~ (-t:")/~Il;
, 2fl V'

IwbereC:.Pis in N/m' I
([3.5)

~ 5.%2X5x 10 '(_C:.P/~

II' oi"watcr aI29.5"(' (room temp.) is 995.X4 kg/m
1

J

Table n.\ Experimental dahl of fluid flow of smooth tube

.. --_. --- .-
Pressure

drop,t.P 1',
(N/m2

)

- -'-

- •..-- - .
5.37 0.064

--
10.26 .02445

13.6X 0,0181
.-

17,1 0,0157

20.52 0.0144
._-- -

21.98 0.0125
-- .

-
22.47 0.0107

23.45 0,0097
77.177

7X.154

73.269

60.569

5XJ>I5

pres>ure

(N/nh

Tapping

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

----------

----'--_. --- ----_ .

XO
7.0

7.0

5.(,

7X5 75711

no 74.246

7.35
---------------------

X50

450

0.0

--------------- ------

1050

1250

1450

(,50

50
--- . - .- _._----------- -

--_._-- ---,.-- -_. -

Axial distance. Tapping

x(mm) presslll"e

(mm 01' walcr)

------

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

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

- - --- - -- ,---_ ... -------

Beal transfer calcu"ltion:

Air inkl tcmperature (room tcmperaturc). T, ~ 29.5"('

Air outlet temperature. T" - 54.71 ,\.

Properties 01' air mc e,i1cuLiIL'd"I iluid hulk iL'mpn"turL' "s-

fl

I'

~

1.00669 k.l/Kg."('

O,0273X W/mk

2.018 x Hr' kg/m.s
\1.1232 kg/m

Tolal beat taken by air. <) Mel' (T,,-T;)

OOjlX71 x LOOM9 x 101 (54,71-29.5) W

XOXX43 W
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Ilcattaken of per unit area ,Q' = - Q -AsL
XOX.X4}

- ._----
0.21 'i'i x 1,5

= 2452.154 W/m2

The local bulk temperature of thc Iluid ean bc calculated according to thc following way-

Q' =~:L= MCp(AT)
l\sL As!'

Q'A L
=:> I.\T s

Mel'
Now, bulk tcmpcrature.

Tbx = Ti + (t.T)x

. . Q'As'x= I. + .--~-_.
I MCp

2452154x (02I'i'i)x
.. 2')j I

O.O}\ X71;<1006(>') x IO}

= 29.5 + 16.X066x 0 C
Local convcctive hc"t translCr co.crlicicnt is givcn by

(8.6)

Q' 2452154
h x = ----- = -----

(Iw -lb)X (Iw -lb)X

hxDh
Local Nussclt Number is. Nux - -~~

K
O.07h x= - 2.5566h x
O.027}X '

Tahle B.2 Experimental data of heat transfer of smooth tuhe

-

'(') '1'\\\(') I /' "c Nux1,(w Ill' .. )

.. .. -- - . . - --

4 6XSi 64.109 163.901

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

0 7(>.71 57.014 145.762
"-- -------------- ...-"

16 'iX.X} }'i.69X 101.492

2 121,77 30.143 77.064

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

6 125'i4 29.X388 76.286
.

5 123.43 32.147 82.187
.

1 12l5} 34.528 88.274

..-- - --_. - .,,-- .. ---------
7 110.77 43.096 110.179

._" -----_.---~-_._----- .
53.X

.-
471

50.5

40.4

4}7

1,45

O.X5

1,05

125

ONi

._-_ ...--- --
----_. __ .------- --

,
I X (m) "II" ('

~ ::;---'--' .._~~.~

0,45 ,71
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Avcrage heilt transfer c{)cr1icienL

h
Q

= ;\(111',;;-= 'hal' )
Q'

-

(Iwav- 'Ihal).
2452154

=------

2452.154
=--------
106.01 -- 4205625

= 38.3426

;\ verage Nusscit number.

=98.0267

61'
Pumping Power, I' =-.M =0.(,396 W

m r
For Finncd Tubc:

Ilydraulic diameter,

1lere, welled perimeter or linned lube. Wn = TID; - 6 XII' + 6 x 11'1'

= 531.91 mm

= 0.53191m

Cwss sect ion'll area 0 I' tbe Iinned tube. ;\, I' = J1 J)
2 - (, x ;\ I', 4 I

= 3362.451mm2

= 3.3(,2 x 10-3m2

. . 4xl.3(,2x 10 '
:.llydrauhedrameter.D =.- --- .

" 053191
_ O.025282m

.' . Ud>P~I-Jd;+.. ... +~)
Mean vciocllyat Inlet section. V = ------~-----.------, II

__(1.204() 1l1/s

Mass now rate. M = r;\, V I

= 0.02697') Iq;/s

Il'ropertics or air arc calculated at roomtcmperature 29.5"C; P =1.1298 Kg/m
J
]

11- 5
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Mean velocity inside test seetion, Y ~-~- ~ 7.49Im/s
pA xf

[p at fluid bulk temperature 46.205"C ~ 1.0712 kg/m'l

and p ~ I9J6623(, x 10" N.s/m
2

. '. flYD'
IZeynolds Number based on InSide diameter, Re ~ .... _... 1. ~ 29004J5

P

Friction Factor

Local ii'ietion factor based on inside diameter may be given by

(B-7))

111 of air is at fluid bulk temperature and that of water at 29.5°C (room

temperature) is 9')5.84 Kg/nl']

Tahle B-3 Experimental data of fluid now of finned tuhe

Tapping Pressure drop,

pressurc t.P F;

(N/m2) (N/m2)
3'!.O76
---'--
54,707 15631 0.1788

-
73.36 34.285 0.D705

8304 43.964 0.0568

.

91.74 5266 0.0525

110J') 71.314 0,0488

---_._~---_.
12:l.0') 84014 0.0466

.-~--- _.-- ----"
136.77 97.69 0.0451

14165
... ._---------- ---

102.58 0.0439

--------

ng
Ire
vater)

------

Axial distance Tappi

x (mm) .pressl
(mm or,

----
0.0 4.0
----- -_.----
50 5.6

250 7.5

c-- _._-" ---_.
450 8.5

_._----" --- ----- --" - ._-
650 9.4

------
850 IIJ

._--
]()')O 12(,

\-----; 250---
--.,.----

14l -.1450' -- . . -
14.5

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

lIeat transfer Ca1cull,tion:

"-. ~~')~"('I _.-

T" ~ 62.9 IPC

11-(,



Propcrties of air arc calculated at lluid bulk Icmperature of 46.205"C.

Cr = 1014.93 J/Kg K

K = 00::'693 W /mk

p = 19.36(,2 x Ill''' N .s/m2

p = 1.0712 Kg/m'

Total heat takcn by air, Q = MCI'(T" - Ti)

= 914X26 W

I
., ()

Local leat trans ICr per Ul1lt area, Q = --.:--wnxl.

914.X::'6-_ ...---.-
0.53191 x 1.5

= 1146.592 W/m 2

lire lucal bulk lempcrallll'c uf lluid can be calculaled according to the il)Jiawing way

r)' = --~-wnxL
Mcp(LiT)

wnxL
=:>t.T =9'wn x L

MC P

Now. hulk tcmpcrature

Tbx = Ti + (LiT)x
.. Q'wn xL

= Ii +-----.
M.ep
114ri.X::,r" O.~3 I'll x x

= 29.5 + --_ --.- -
0.026'!7') x 10 14'n

~. 2<)~ + 2::'2777"" ('

Local con\'cclivc heat translCr co.crlieienl is given by

(11 .. X)

1146.~')2
.. (Iw -I,,)x

I.acal Nusscll number

(Nl') = !2.x Dh = O.0252X2 h x_..__..__ ~ = 0.93XX Ir x
x K 0.02693
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Tahle IlA Experimenh.l data of heat transfer of finned tuhe

x Til, T\\", h, Nux (Tw-Tb)x

(m) ("C) ("e) (W/n/."e)
------- _._---~-- --------_._--_. -_.--~-_.-

0.05 ]0.61 5431 4X.]79 45.41 X 23.7

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

025 ]507 70.49 ]2]71 30.]89 35.42

0.45 ]9.52 XI92 27042 25.]9 42.4

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

0.65 43.9X X7.17 26.547 24.922 43.19

0.X5 48.43 94.59 24.839 23.319 46.16

.- --- -

1.05 52X9 99.23 24.74] 23.229 46.34

..- -- ------

125 5734 lOUX 24.6]6 23.128 46.54

___ - ___ • _0 •• -- --- ----_ .•---_ .. - - - -

1.45 61.XO 11005 2].764 22.309 48.25

l--_

.

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

Average heat translCr coenieient based nn inside diameter and nominal area,

h
Q

=
A(Twav. TlxlV)

914.X2
= (87705 - 462(;5 )~-tiJ2<)X6 7

= 66.826 W/m2.oC

Average NusscJt number based on inside diamctcr and nominal area,

Nu
hDi

=--
K
hO.X26x 0.07

== .-" ---- --- --
0.02C>'iJ

= 17.1.7029

Pumping Powcr, I' = 1\1' .M = 2.5X]5 W
III P

!l-X



APPENDIX-C

DETERMINATION OF LOCATION OF
MEASURING INSTRUMENT

PIIOIIUBE

For thc measurcment or vclocity head, thc tuhe diameter was divided into five equal

conccntric arcas, and their ccntcres wcre f()lll1d ny using Arithmetie mean method. The

locations lor thc traversing pitl)t is shown in the Fig. 4.7. Arithmetie mcan method is given

nellow: .

I , ,
--nR- =mt
5

r1 = OA47R

I ') ') ')
---nR - = m-i" -- ml-
5 -

1 '"'l ')...,

=>-R- -+-(OA471{)- =ri
5 -

.'. r2 = O.iJ.12R

Similarl)

r.10' O.774R, r.' = O.S'!4R. and r,". 1R

Now

,c nR C -+- n((Ui')41{ f
nr, I ~ _.. --_.

J-' 2
... r5-4 = O.94RR

C-I



. r4-3 ~ O.836R

Again. Similarly

r3-4 ~ O.7065R

r2-I~U)47R

ri 1I ,(lJl(,[~

THERMOCOUPLE

To lind out thc location or thcrmocouplc lilr mcasurcmcnt of outlet air temperature, the tube

diameter was divided into three cLJual conccntric areas and thcn thcir centcrs were found out

by using an arithmetic mean method. The locations or the thermocouples are. shown in the

Fig. 4.9. Thc arithmetic mean mcthod is givcn helow:

J) ~ (l.O? 111

rl = .035 111

A. nil' ...003XclX5

QI=AIVrCpcr",-.T,)

02 ~ A2Vpep (T"2 _. T,)

QJ ~ A,VrCp cr",- T,)
Q ~ AVpCp Cf,,,,, - T,) ~ Q, + Q2 I- OJ = i\IVrCp (T", + T"2 + Th] - H,)

A
A.(Ibav - '11) ~ (Ibl + Tb2 +lb3 - 3T1)
, I

_ Tbl+Tb2+Tbl
Ihay =.----3---

C-2



0.0012828 ~ re(0.035)2 - rcr/

r) = 0,0286111

A-.2re)2- 7tI2 - r.1

0.00 12828 ~ re(0.0286)2 - rcr/

r) ~ 0,02024111

Now,
1 ', rcrl- + rcri

reRi ~-----
1

, ,
I" rcri + rer)re" ~ -----
- 2

R, ~ 0,02475

R)~O,0143

R', ~ 0.035 - R, ~ 0.00304111

R', ~ Oo:J5 - R2 ~ 0.01025111

WI 0,0,5 1<.,. 0.020681ll

Mean outlet temperaturc was mcasured by travcrsinl\ the thermocouple along the diameter

of the pipe at seven mcasurinl\ points.

(. "- ,



APPENDIX-D

UNCERTAINTY ANALYSIS

I:ncr~y mcasurement contains certain error, so it requires description of inaccuracies. It is

gcncrally acccpted that all apprllpriate conccpt I,ll' expressing inaccuracies is an

"uncertainty" and that the value should be provided by an "uncertainty analysis". An

uncertainty is not the same as an error. An error in measurement is the difference between

the true value and the reeorded valuc: an crror is a lixcd number and can not be a statistical

variable. An uncertainty is a possible valuc that thc error might creep into a given

measurcment. Since unccrtainty ean takc on various values over a range, it is inherently a

statistical variable.

I. lincertainties in measllrands

Now-a-days experimenters arc advised to report thc uncertainties 111 every measurand

considering the followin~ information:

a. I'recisiol7lil11il. P: This is an estimatc ofthe lack of repeatability caused by random

errors and proccss unstcadiness. This clcment can be sampled with the available

procedure and apparatus, and should be based on statistical estimates from samples

whenever possible.

[l-t



b. Bias limit, 13.: The bias limit is an estimate of the magnitude of the fixed constant

crror. This clcment can not be sampled within available procedure and

its existence is what mandates the need of cross-checks.

c. Uncer/oin/y, W: The:+:5 interval about the nominal results is the band within which

the experiment is 95'Y., eonlident that the true value of the result lies. And it is

calculated from the !()lIowing:
(0-1)

2. I'ropa~ation of unccrtaintics into rcsults:

In calibration experiments. one measures the desired result directly. No problem of

unccrtainty then aries: we have desircd results in hand once we complete measurements. In

nearly all other experiments. it is necessary to compute the uncertainty in the results from

the estimates of uncertainty in the measurands. This computation process is called

"propagation of uncertainty".

According to Kline and McClintock (1953), the propagation equation of a result R

computed from n measurands XI. X2, Xl ..... x" having absolute uncertainty WI( is given by

the following equation:

(0-2)

Which can be considered separlltely in computing thc precision and hias components of

uncertaillties when the function 0[' R is known

3. Calculation of uncertainties in the prescnt experiment

Results of an uncertainty analysis 0[' the primary measurcmcnts (t. b. d. A. T", Tj, "'P, OJ, x)

are presented in the following table:
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Table 5.1 uncertainties in measurands

-- _ ..

Ilias limit. B Total limit. W
.- .. ,- ..- ._ ..---

II 02'Y., 1.50%
----- ..----_.

0.013% 0.013%
--

3.0% 3.178%
----- --""----

0.52% 0.52%
o .O2°!<, 1.50%

- .-- ... -----
0.02% 1.50%

-
3.0% 5.83%

-_._----
0.02% 0.02%
0.02% 0.02%

_._--_._---_ ..~---

1.5%-- --- -'-'--
1.5%-_.------
5.0%
o------- o

--_.------- ----- -----_ .._---"

t 1.Y~1)--------- --_.__ .. ---,---_.------ -

b 0--------- ------- ---" - -- -_._----- -------
d 1.05%------- --- - -- --- _._- ._------
A II

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

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

Measurands I'recision limit, I'

Table 5.2 Uncertainties in calculated quantities

Quantity Total uncertainty
--- - ------------

1.71'10v
()

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

6.76%

Determination of Mean Velocity:

(
?71 )'/2V~2055X-b+~' (d)'2

Room Temperature

t ~ 29.5:t 1.50013'Y., "<.:

Atmospheric pressure

b 0 741.5 :t 0.013% mm or Ilg

d ~ 0,33265 :t 3.178% em or Iluid

ISince. Mean value or d ~ O.33265cm or working fluid]

Thc uncertainty in this value is calculated as ",liows. The various terms are:

", ~ 0,4425 "c
Wb ~ 0.1 mm or Jig

Wei ~ 0.01057 cm or Iluid

Change or veiociLy with respect to temperature

I).]



f'V = 20.55X x ~(2~) '" ~(d)"
i't 2 h h

1"
" cco 1 (273+2().'i)' 1 (,'"(C '''.= .0..'.'0 X . _.-" -- -- (1.,.'")J)

2 7415 7415

=0.0125177

('hange of velocity with respect to Atlll. pressure

fN =20.558X~(273+t) "(273+I)b "'(d('
(lh 2 h

(' '. )In) ,,,= 20.558x~ ~7J \-=..:':'" (273+29.5)(7415) "'(0.33265)'12
2 7415

= O.13905X
Change of velocity with respect to Illanullletrie head

~y_= 20.558(273\_~)'" ~(d) 'I'
(ld h 2

(
)n 29 ~ )1.' I .

= 20.55X:-~il.'i2 (033265) "

= II.3X32

I hus, the uncertainty in the velocity is

[(
av )' ('JV )' (DV )' J,v,\\' = -w .+ ~-w +-w, ",' "h" "I"(ll .() Ol

= [(0.0125177 x OA425)' +(0.139058 x 0 1)' +(11.3832 x 0.01057)' ]Ii
= 0 12125 Ill/s

. wy __ 0.12125 _ "Now, . _. - . -- . --1.711.,
v 7.0X7X

Total lIeat input to till' air

() Mel' (T" T,)

() pA, VCI' (T" -- T,l

V' 7.0X7X i UI %

I" ~ 54.7\ :t 1.5001:J%

I, ~ 295 :t 1.500 I:J%
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Thc unccrtainty in this valuc is calculatcd as iillinws.

TIll' \'mi(lus terms arc:

"A 0.0000"

WI' = 0.12125

'1',,, = 54.71 x O.1500!l ~ (l.X2072

w,; = 2'1.5 x 0.01500 Il = OA4254

Changc nr tntal hcat input with respect tn area

DQ =ve (T -T)DA I' P () I

= 1.1689 x 7.987X x 1006(,9 x (54.71 ... "9.5)

" 02101 7 x 10"

('hange nrtntal heat input with respccttn velncity

:~3= pAl' p (T"I; )

= 1.1684 x 0.OOlX4X5 x I006.6'J (5471-29.5)

= 114.117l

Change or total heat input with respcet tn nutlet temperature

cJQ = AVe
0'1' I' p() ()

= 1.1684 x 0.OrnX4X5 x 70X7X x 1006.69

= l20X412

Change nr Inial hL'at input wilh respect tn inlcttemperaturc

-1.1684 x 0.00.,8485 x 7.087X x 100(,,!>9

-.,"0841

Thus, the uncertainty in the Total Heat Input tn the air

D-)



Now

WQ +;~W A ]' • (:~ W. )' {~~W'W]' {~ Woe)' t
= :13.2279 W

wQ = 33.22_~ = 4.1%
Q 808843

Friction Factor:

I.<'cal rrielion 1~lclor based on inside dialllc1l'r is given by

. 2(L\I'/X)l)j
I' = --_._"'-

J 2pV

",I' = 5.37 :t 5,83'V"

x = 0,05 :t 0,02';'0

1\ = 0,07 :t 0,02%

V " 7,0878:t 1.71%

\\1 \p .-"'-OJ 1]071

W, = 0,00001

WI>, = 0,0000 I

\Iv' 0.12]2

Change or ii'ielion 1~lctor with respecl to pressure drop

iW, = _~r:. '- .. , __ .__2.~07 = 0 047702
Dt.P pV' x I. ](,84 x (7,0878 )' x 0,05 '

Change or ii'ietion raelor with respect to axial distance

- 2t.1'1),
- . ---- .-----

pV'A'

'2x'd7xO,07='i I'),
11 (,84 x (70878)' x (005)' .'-

Ch'Jllgc or l'rictioJl raclor \I illl rcspect 10 inside' diallleler

('I',
('11).. ,

=
2x537

I.IM\4x(7,osny xO,05
= 3,659

('hange' 01' rriction raetor with rcspeel to velocity

"I, = -2 t.I'Di (21 =
iN pV'x

-4(5J7)xO',07 .. = -O,On2
1(,84 x (70878) x O,OS

1l.6



Thus, the uneerl~inly in the Friction !:,elor

w.l:>. r "(~;wJ+[~,\W,J +[::; w, J'r
= [(0.047702 x 0.313071)' +(5.123 x OOGOO])' +(3.659 x O,OOOOl)' lY,

+ (0.0722 x 0 12125)'

=0.01731

Now, _~I; = fLO In I = ('.7M'i,
F; 0.25(,
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APPENDIX-E

EXPERIMENTAL DATA

DATA FOR SMOOTH TUBE

Pressure drop, ~P (N/m2
)

Rc
X/L 1913') 29165 40005 47445 50379

0.033333 5.85 537 2.9 244 1.95

0.166667 11.21 10.26 439 439 3.91

0.3 1563 13.68 831 5.96 5.37

0.433333 20.02 17.1 11.23 7.33 6.84

0.566667 2442 2052 1368 9.28 8.012

0.7 27.84 21.98 1514 10.75 8.99

0.833333 30.58 2247 16.12 11.72 9.87

0.%6667 3224 2345 16.61 12.21 10.75

Friction factor, F (-)

Rc
X/L 19139 2')\65 40005 47445 50379

0.033333 0.16175 0.064 0.0 1865 0.0 I098 0.00775

0.166667 0.06225 O'()2445 0.00558 0.00395 0.00313

0.3 0.048 0.01812 0.00585 0.00298 0.00238

0.433333 0.04275 0.01567 000548 0.00253 0.0021

0.566667 0.03975 0.0144 0.0051 0.00245 0.00188

0.7 0.0365 0.01247 000458 0.0023 0.0017 .

0.833333 0.03375 0.0 I07 0.00408 0.00213 0.00158

0.966667 0.03075 0.00965 0.00363 0.0019 0.00148

1:-1



"Wall temperature, '1;,,( C)

Re

XIL II) 131) 21)165 40005 47445 50371)

0.033333 72.39 68.59 60.39 58.51 57.46

0.166667 8(,.O6 76.71 68.66 65.06 63.72

0.3 112.01 98.83 87.36 82.0 \ 80.36

0.433333 129.68 12177 \ 07.78 \ 02.79 101.56

0.566667 133.45 12594 111.08 105.33 103.82

0.7 128.24 123.43 IO'U8 103.47 102.25

0.833333 124.39 12153 \07.22 102.62 101.19

0.966667 111.87 110.77 98.82 95.31 93.88

Hulk temperature, T1" (' C)

Re

XIL 19131) 29165 40005 47445 50379

0.033333 30.357 30.34 30.16 30.\16 30.081

0.166667 33.785 33.7 328 32.582 32.405

0.3 37213 37.06 35.44 35.047 34.729

0.433333 40.641 40.42 3808 37.512 37.053

0.566667 44069 4376 40.73 39.978 39.377

0.7 47.497 47.\5 43.37 42.44 41.701

0.833333 50.925 50.51 46.01 44.91 44.025

0.966667 54.353 53.87 48.65 47.374 46.349

Local heat transfer coefficient, h, .(W/m
2
"C)

Re

X/L II) 131) 21)165 40005 47445 50371)

0.033333 39 04 64.\ 09 87.44 103.04 106.96

0.166667 31.39 57.014 73.71 90.083 93.515

0.3 21. ')4 39.6984 50.9 I 62.298 64.176

0.433333 18.43 30.143 3792 44.819 45.397

0.566667 \8.36 29.8388 37.57 44.768 45.442

0.7 20.325 32.\47 4004 47.94 48.365

0.833333 22.34 34528 43.18 50.697 51.227

0.1)(,(,667 2853 43.096 5269 6103 61.6\

1-2



Local Nusselt lIumher, Nu (-),

Rc
XII, 19139 29165 40005 47445 50379

0.033333 'N.XI 163.901 223.55 265.43 273.45

0.166667 80.25 145.762 18X.45 230.306 239.08

0.3 5609 101.492 130.16 159.27 16407

0.433333 47.12 71.064 96.95 114.58 116.06

0.566667 4694 76.286 96.05 114.45 116.17

0.7 51.96 X2.1X7 102.37 122.563 123.65

IUl33333 5711 XX274 IIIU9 12961 13097

0.966667 72.94 101.179 134.707 156.029 157.51

lIeat transfer coefficient, h, Nusselt numher, Nu (-)
and Pumpin~ I'ower, Pm

Re h Nu I'm
(-) (W/m"C) (-) (W)

19139 25.044 6402X D.5771
2916<; 3XJ43 98.0267 0(,396

40005 52.934 135.33 0.6215

47445 63.0X45 161.282 0.5418

50379 M.5X6 165.122 0.5D65



DATA FOR FINNED TUBE

Pressure drop, AI' ( N/m~)

Re
XII, 22110 29004 39425 44028 45434

0.033333 16.05 15.631 13.37 12.43 9.94

0.166667 40.3817 34.285 30.735 21.873 20.894

0.3 53.77 43.964 37.66 28.83 27.37

0.433333 67Kl 52.664 45.08 37.304 36.355

0566667 81.62 71.314 60.11 50.389 42.952

0.7 96.76 84014 75.55 65.89 55.964

lUI33333 11)81 97 H) 85.89 67.29 56.876

0.966667 120.66 102.58 87.05 68.496 60.59

FrictioIl ractor, F (-)

Re
X/L 22110 29004 39425 44028 45434

0.033333 0.316 01788 0.0865 0.0649 0.0488

0.166667 0.15 0.0705 0.0398 (UJ228 0.0205

0.3 0.117 0.0568 0.027 0.0167 00149

0.433333 0.103 0.0525 0.0244 0.0149 0.0134

0.566667 0.()')44 0.0488 0.0228 0.0155 0.0124

0.7 0.091 0.0466 0.0233 0.0163 0.0131

0.833333 0.08')5 0.0451 0.0222 0.0141 0.0112

0.966667 O.08IX 0.0439 0.0194 00123 0.0 I03

Wall temperature, '1'", ('C)

I~e
XII, 22110 29004 39425 44028 45434

0.033333 58.52 54.3 I 46.63 45.27 45.03

0.166667 7615 70.49 61. 14 56.99 55.8

0.3 85.48 81.92 67.62 65.82 63.06

0..l33333 'J7.0(, 87.17 72.47 (,9.22 67.2

0566667 102.65 94.59 76.27 73.49 72.15

0.7 108.52 99.23 79.99 7698 75.79

0.1l33333 113.74 I03.X8 83.57 80.71 79.02

0.966667 119.41 110.05 87J8 84.51 82.44

1'-4



Bulk tcmpcraturc, T"., (' C)

Hc
X/L 221lO 29004 39425 44028 45434

0.033333 30.79 30.6\ . 30.37 30.308 30.287

0.166667 3594 35.07 33.85 33.54 3343

03 4 J.()9 39.52 37.35 36772 36.586

0.433333 46.24 4343 40.83 40.004 39.74

0.56(,(,67 5 I3') 4843 4432 43.236 42.88

0.7 56.55 52.89 47.8\ 46.468 46.034

0.833333 61N) .57.34 513 49.7 49.\83

0.966667 66.85 61.8 54.79 52.932 52.33

Fin tip tcmpcraturc, T" ('C)

Hc
X/L 22110 29004 39425 44028 45434

0.033333 5379 5084 44.97 42.27 4092

0.166667 7101 66.96 57.63 57.03 55.29

03 83.75 74.86 M1.21 58.03 57.19

0.433333 88.78 83.06 66.49 6405 62.93

0.566667 96.51 90.06 7132 68.66 64.3

0.7 98.63 91.15 70.99 70 1 . 66.61

0.833333 104.64 97.16 75.91 7289 71.18

0.966667 110.66 103.29 80.52 no I 75. I 5

2"
Local hcat transfcr cocfficicnt, h, (W/m C)

Hc

X/L 221lO 29004 39425 44028 45434

0.033333 36.66 48.379 74.31 83.56 85.21

0.166667 25.2K 32371 44.28 5331 5('.16

0.3 24.74 27042 39.92 4303 47.45

0.433333 21.985 26.547 38.19 42.79 45.75

0.566667 19.78 24.839 37.82 41.32 42.92

0.7 17.976 24.743 37.55 40.97 42.22

0.833333 16.479 24.636 3745 40.31 42.103

0.96(,667 15.207 23.7(,4 ]707 39.59 41.722

E-5



LOC'11 Nussclt numhcr, NuJ-)

I{c

XIL 22110 2'J1I1I4 3'J425 44112S 45434

()'()33333 34.17X 45.418 70.41 79.38 81.01

11.166667 23.57 30.389 41.96 50.64 53.39

11.3 2306 25.39 37.83 40.88 45.11

11.433333 20.49 24.922 36.188 40.65 43.49

11.566667 18.44 23.319 3584 3925 40.81

11.7 16.759 2J.229 35.58 . 38.97 40.14

n.S33333 15.36 2J.128 35.48 38.29 40.03

n.lJ66667 14.17 22.309 35.13 37.61 39.67

Heat transfer coefficient, h, Nusselt number, Nu (-),
Pumping Power, Pm and Performance Parameter, R

Re h Nu Pm R

(- )
," (-) (W) ( - )

(W/nr C)

22110 53.023 . 136.873 2.3479 2.3479

29004 66.826 173.703 2.5835 2.5835

39425 99.729 261.653 2.925 2 925

44028 109.941 289.173 2.5575 2.5575

45434 115.743 304.68 2.331 2.331

1':-6.
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