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ABSTRACT

Heat transfer performance of a T-scclion infcrnal fin in a circular tubc has been
experimentally investigated. The T-scction finned tube was designed, fabricated and
installed and was heated clectrically. The same was done for a smooth tubc in order to make
* comparison. Fully developed steady state wurbulent airllow acts as a heat sink in this study.
" Data were collected in the Reynolds number range of 2.0x10* to 5.0x10* for smooth tube
and 2.2x10" to 4.5x10" 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, Nusselit
number. friction factor z.md pumping power variation were calculated and analyzed.

Friction factor and ;'Jumping power arc substantially increased in the finned tube in
comparison to the smooth tube. FFor finned tube. friction factor is 3.0 to 4.0 times and
pumping power is 3.5 10 4.5 times higher than those of smooth tube for the Reynolds
number range 2.0x10" to 5.0x10°. Heat transfer coefficient for finned tube is about 1.5 to 2.0
times higher than that of smooth tube in these Reynolds numbers. Higher heat transfer area
may be one of the rcasons for this heat transfer enhancement. The finned tube in this study

produces significant heat transfer enhancement at the cost of increased pumping power. '
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I ffcctive perimeter of smooth tube (m)

Cross sectional area of smooth tube (m”)
Cross sectional arca of finned tube (mz)
Atmospheric pressure head (in mm ot 1)
Bias limit of uncertainty

Specific heat of air (kl/kgC)

Velocity head at inlet section (in cm of water)
Hydraulic diameter (m)

fnside diameter of tube (m)

FFriction factor

Height of fin (mm)

Surface heat transfer co-ctlicient (W/m? ()
Thermal conductivity of air {W/m"C)

[ength of the tube (m)

Mass flow rate (kg/s)

N‘umbcr of fins

Pressure (N/m?). precession limit of uncertainty
Inlet static pressure (N/m”)

Rate of heat transter (W)

Nomenclature



Nu
Pr
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Chapter One

INTRODUCTION

Most of the burgeoning research effort in heat (ransier is devoted to analyzing what might be
called the “standard situation™. Ttowever. the development of high-performance thermal
systems has also stimulated interest in methods 1o improve heat transfer. Improved heat

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

Enhancement techniques can be classifed as passive methods, which 'require no direct
application of external power, or active methods, which require external power. The
effectiveness of both types depends strongly on the mode of heat transfer, which might
range [rom single-phase {ree conveetion o dispersed-Mlow film boiling. Description of

enhancement techniques are given below:

Passive Techniques:

L. Treated surfuace: 1t involves fine-scale alternation of the surface finish or coating
(continuous or discontinuous). 1. is used for boiling and condensation; the
roughness height is below that which affeets single-phase heat transfer.

n. Rongh surface: These surlaces are produced in many configurations, ranging from
random sand-grain type roughness lo discrete protuberances. The configuration is
generally chosen to promote turbulence rather than to increase the heat transfer
surface arca. The application of rough surfaces is dirccted primarily toward
single-phase {low.

B Iovtended sirface: These are routinely employed in many heat exchangers. The

g



development of non-conventional extended surfaces, such as integral inner fin
tubing, and the improvement of heat transfer coefficients on extended surfaces by
shaping or interrupting the surface as of particular interest.

Swirl-flow device. 1t includes a pumber ol geometric arrangements or tube inserts
for liquid flow that create rotating and/or sccondary flow such as inlet vortex
generator, twisted-tape insert and axial-core inseris with a screw-lype winding.
Coilod tube: 1t leads to more compact heat exchangers. The secondary flow leads

to higher single-phase cocfficients and improvements in most regions of boiling.

Active Techniques:

I

Mochanical ids: These stir the fluid by mechanical means or by rotating the
surface.

Surfuce vibration: Al cither low or high Irequency, surface vibration has been
used primarily to improve single-phase heat transfer.

Juid vibration: 10 is the most practical type of vibration cnhancement, The
vibrations range from pulsation of about | Hz to ultrasound. Single-phase fluids
are of primary concern.

Fluid injection: 1t involves supplying of gas to a flowing liquid through a porous
heat transfer surfacce or injecting similar {luid upstream of the heat transfer

section,

Two or more of these lechniques may be utilized simultancously to produce an

enhancement larger than that produced by only one technique. This simultancous use is

terined compound enhancement.

Extended surfaces are commonly used in many engineering applications to enhance heat

transier.

A number ol studies are being performed in order to increase the heat transfer

elfectiveness and to reduce the dimensions and weight of heat exchangers. ‘The necessity to

reduce the volume and weight of heat exchanger has become more important in many

engineering applications fike clectronic industry. compact heat exchanger sector. Fins have

(o8]



exténsive applications in power plants, chemical process industries, and electrical and
electronic cquipment for augmentation of heat transfer. Enhancement techniques that
improve the overall heat transfer coelticient of (urbulent flow in tubes are important to heat
exclnngu designers. Efficient dcm:n of heat exchanger with fins can improve system
performance considerably. Among several available techniques for augmentatton of heat
transfer in heat exchanger tubes, the use of internal fin appear to be very promising method

as evident from the results of the past investigations.

Extensive studies have been made both experimentally and analytically with tubes
having internal fins in laminar and turbulent flow. A comprehensive survey in this regard is
chronologically given in the Chapter. 2. The analysis for laminar and turbulent flow is based
on momentum and energy conservation in the flowing fluid. It is evident that for both
laminar and turbulent Mow regimes, the finned tube has exhibited substantially higher heat

transfer coefficient compared to smooth (unfinned) tubes.

Since finned surfaces have extensive applications in various cngineering sectors; present
work has been undertaken to study the heat transfer performance in turbulent flow regime of
air in a circular tube with finned and unfinned conditioned. Fins are specially designed with
a view 1o gelting better heat transfer compared to the internal fins ever studied. Specific
objectives of the present study are listed below:

i 1o study the variation ol friction lactor, pressure drop and temperature through

smooth tube and finned tube at constant heat flux, and

ii. (o analyze the heat transter performance of the finned tube.

'



2
LITERATURE SURVEY

Enhancement techniques that improve the overall heat transfer coefficient for both laminar
and turbulent flow in tubes arc important to heat cxchanger designers. It is evident that for
both laminar and turbulent flow regimes. the finned tubes have exhibited substantially
higher heat transfer coclficients when compared with corresponding smooth (unﬁnﬁed)
tubes.

Lxtensive studies have been performed from the beginning of the twentieth century
to determine the heat transfer characteristics inside tubes. Sieder and Tate (1936) derived an

empirical correlation for turbulent flow of forced convection through both of circular and

noncircular tube, as

0.14
Nup = 0.027Re;,"® prt (ﬂ‘l} : | 2.1)
My
where Nuj, is average nusselt number based on hyrdaulic dinmélcr, Rey is Reynolds number
based on hydraulic diameter. Pr is Prandtl number. p is viscosity of f]owiﬁg fluid and the
subscripts b and s indicates at bulk temperature and surface temperature respectably. This
co-rrelation is valid for both uniform wall temperaturc and uniform heat flux for both liquid
and gases in the range of 0.7 < Pr < 16.000 and Rej, > 6000. The correlation shows that
higher heat transfer occurs in finned tube than smooth one. Heat transfer with disturbing the

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



Shaw (1942). Experimental data for pressurc drop and heat transfer coefficient for air in
internally finned tubes have been reported by Hiding and Coogan (1964). All studies show

higher cocfticicnts in disturbed flow than smooth one.

Cox et al. (1970) used scveral kinds of enhanced Lube to improve the performance of
a horizontal-tube multiple-cffect plant for salinc water conversion. Overal! heat transfer co-
etficient (forced convection condensation inside and spray-film evaporation outside) were
reported for tubes internally enhanced with circumferential 'V grooves (35% maximum
increase in heat transfer co- —eflicient) and protubcrances produced by spiral indenting from
the outside (4% incrcusc)_. Nu increase was obtained with a knurled surface. Prince (1971)
obtained 200% increase in heal (ransfer co-efficient with internal circumferential ribs;
however, the outside (spray-film evaporation) was also enhanced. Experimental data for
pressure drop and heat {I’dnSfCI coefficient in internally finned tubes have been reported by
Bergles et al. (1971). Most of their data are characterized by the laminar flow regimes using
air, water and oil as working fluids. Enhanced fins (interrupted and perforated) were used by
Kern and Kraus (1972). They demonstrated that finned tubes have substantially higher heat

transier coeflicients than continuous finned tubes.

Hu and Chang (1973) analyzed fully developed laminar flow in internally finned
tubes by assuming constant and uniform heat flux in tube and surfaces. By using 22 fins
extended 1o ahout 80% of the tube radius. it is shown an enhancement of heat transfer as

high as 20 times than that of unfinned tube.

Nandakumar and Masliyah (1975) an.alyzcd heat transfer characteristics for a laminar
forced convection of fully developed How ina circular tube having internal fins of circular
shape with axially uniform heat flux with peripherally uniform temperature using a finite
clement method. They obtained for a given fin gcometry that the Nusselt number based on
inside diameter wus higher than that of a smooth tube. They also found that for maximum
heat transfer there exists an opllmum fin number for a given fin configuration. Heat transfer
and pressure drop measurements were made by Watkinson et al. (1975) on integral inner-fin
tubes of several designs in laminar oil low. Data are presented for cighteen 12.7 to 32 mm
diameter tubes containing from 6 1o 50 straight or spiral fins over the Prandt] number range

of 180 to 250, and the Reynolds number range of 50 to 3000, based on inside tube diameter



and nominal area. At constant pumping power and the same Reynolds number, the increase
in heat transfer ranged from 100% to 187%.

Glodsterin and Sparrow (1976) have studied some complex compact heat exchanger
surfaces using mass transfer methods, for example naphthalene sublimation. Internally
finned tubes can be stacked to provide multiple internal passages of certain hydraulic
diameter.

The first analytical study to predict the performance of tubes with straight internal fin in
turhulent airflow was conducted by Patankar et al. (1979). The mixing length in the
wurbulent model was sel up so that just onc constant was required from experimental data.
Analytical efforts to fluids of higher Prandtl nu:'nbcr, tubes of perfectly circular and tubes
with spiral fins is still desirable. Random roughness consisting of attached metallic particle
(50% area density and relative roughness 0.03%) was proposed by Fenner and Ragi (1979).

He obtained 300% higher heat (ransfer with R-12 compared to smooth tube.

Empirical correlations have been presented by Carnavos (1980). He predicted the
wrbulent flow heat transfer and pressure loss performance of hclical ribbed internal finned
tube within acceptable limits for air in the overall ranges of 0 < o (helix angle of tib) < 30°,
10.000 < Re < 100.000, and 0.7 < Pr < 30. There is no strong indication that these types of
tuhes are 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 nulmbers. The best performers were in the group of tubes with
the higher helix angles and internal heat transler surface relative to a smooth tube. He
experimentally determined the heat transfer performance for 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 transfer 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 surlace-arca-to-volume ratios primarily through the
use of finned surfaces. An informative collection of articles related to the development of

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

O



plate-fin, tube and plate-fin, or tube and center varicly use several types of enhanced
surfaces: offset strip fins, lowered fins, perforated fins, or wavy fins were presented by
Shah (1980 .Circular or oval finned-tube banks utilize él variety of enhanced surfaces, with
the exception of material pertaining 1o smooth helical fins, data are rather limited and no
generalized correlations presently exist. Webb (1980) provides a guideline to such types of
geometry.

Gee and Webb (1980) have presented experimental investigations of offset-fin arrays for
air. The effect of plate thickness on heat transler for lwo-dimensional staggered fin arrays
have been studied numerically by Prakash and Patankar (1981). They also investigated the T
influence’ of buoyancy on heal transfer in vertical internally finned tube under fully

developed laminar flow condition

Numerical predictions ol developing fluid 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 (1985) who used dir as the working fluid. Kelkar and Patankar (1987)
also analyzed internally finned tubes numerically, whose lins are scgmented along their
length. The fin segment was done in the flow dircction, separated by an equal distance of its
length before the next fin. The analysis presents that the inline-segmented fin gives only 6%
higher Nusselt number than those 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) performed an experimental investigation of fully developed,
steady and turbulent flow in a longitudinal finned tube. They used a two-channel, four beam,
Jaser-doppler velocimeter to mcasure velocity profiles and turbulent statistics of airflow
seeded with titanium dioxide particles. They compared friction factor with different
Reynolds numbers to literature results and showed good agreement for both smooth and
finned tubes.

Maliz ct al. (1996, 1998) studied experimentally steady state turbulent flow heat transfer
performance of circular tubes having six integral internal longitudinal fins and they found an

abrupt pressure fluctuation near the entrance region of the tube. Their study indicates that



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

additional pumping power. The author used air as the working fluid.

Uddin (1998) studicd pressure drop characteristics and heat transfer performance of air
through an internal rectangular finned tube. HMe found that the heat transfer co-efficient
based on inside diameter and nominal arca was in the range of 1.5 to 1.75 times the smooth
tube valucs. When comparcd with a smooth tubc at constant pumping power and constant
hasic geometry of the tube an improvement as high as 4% was oﬁlained. 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 [riction factor of in-line finned tube is
2010 3.5 times higher than that of smooth tubc. Friction factor of in-line segmented finned
tube is 1.75 t0 2.5 timés higher than that of smooth tube. Heat transfer for the in-line-finned
tube is two times higher than that of smooth tube for comparable Reynolds number. Heat
wansfer for the in-line segmented finned tube is 175 10 2.0 times higher than that of smooth
tube for comparable Reynolds number. The results thus show that both inline finned tube
and in-line seglﬁcnted finned tube results in heat transfer enhancement but in-line segmented
finned tube results in the same heat transfer enhancement with less pressure drop and with
less pumping power.

In line with the above mentioned studies in heat transfer in finned tubc, present geometry
was chosen in search of better heat transfer and lower pumping power. Details of the present

experimental scheme will be discussed in chapter 4.
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e Chapter Thee
HEAT TRANSFER PARAMETER

In this chapter the basic definition 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 Lest section, Reynolds number, pressure drop, friction. factor,
amount of heat transfer, bulk temperature. heat transfer coelficient, pumping power efc. are

presented here in mathematical form.

3.1 THERMAL BOUNDARY CONDITION

Appropriate boundary and initial conditions arc needed for the analysis of heat transfer
problems. The boundary conditions specify trhc thermal condition at the boundary surfaces
of the region. The boundary conditions may be tlicl"med by its temperature condition, heat
“flux condition, convective boundary condition cte. In this work constant heat flux boundary
condition is considered. In mathematical form this condition may be defined as:
g(x.8) = constant.

where q is heat flux, x is axial direction of the tube and 0 is angular position the tube.

3.2 HYDRAULIC DIAMITTER

For internal fluid flows the hydraulic diametey, Dy, is usually used as characteristic length. It



is defined as four imes the cross section area of conduit per unit wetted perimeter. As such,

the Dy, for smooth tube is defined as

4{;@?/4]
1 .

=Dy =D, (3.1)

And for finned tube it can be expressed as
4x A o
D W (3.2)

Wft

T2
Whuc‘Axf_ZDi ~()fo

W. =7, —6xW+6x W,
1 1 f

W [ wetted perimeter of fin

W =widthol fin

3.3 REYNOLDS NUMBER

Reynolds number is the ratio of incrtia force 1o viscous force. 1t is a dimensionless number

and used as a criterion for a low’to be laminar or turbulent. For circular pipe flow the
1. . A

Reynolds number less than 2.3x 10 is laminar Mow and greater than this 1s turbulent flow. In

this experiment Re is used as an important parameler.

Revnolds number based on inside diameter is defined as

pVD. )
Re= _FL (3.3)

Reynolds number based on hydraulic diameter is defined as

10



pVD,
Rep = ——+ - (3.4)
)

3.4 PRESSURE DROP AND FANNING FRICTION FACTOR

Pressure drop is hydraulic loss due the roughness of the surface over which the fluid is
moving. Higher pressure drop requires higher pumping energy for flowing of a fluid over a
surface. lFor rough surface the drop of pressure is high. So pressure drop at any axial

location x is given by the following cquation,
AP = P;- P(x) (3.5)

where P, = Pressure at inlet

P(x) = Pressure al any axial location, X

The local friction factor based on hydraulic diameter is given by

CAP/X)D
nziﬂ_lj_ (3.6)
! Ilp\/2

The local friction factor bascd on inside diameter is given by

oL AP, (3.7

3.5 HEAT TRANSFER RATE
Heal transler rate is the cnergy transtor w the air per unit time, Total heat input to the air

Q= MC, (To=T) | (3.8)



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

O = MCy (To =T/ AL, (3.9)
The local bulk temperature of the fluid Typ(x) can be defined as by the following heat balance
equation
Q'As‘x
Ih(x): [i +ﬂ(— | (3.10)

it
al location can be defined as

The local heat transfer coefficient at any axi

v (3.11)

- Q (3.12)

For finncd tube, heat input to the air per unit arca
Q' =MC, (Ty— T/ Apl. (3.13)

The local bulk temperature of the fuid Ty(x) can be defined by the following heat balance

cquation

h O (3.14)

The local heat transfer coclficient at any axial location can be defined as

)I
hy =7y~ Q,. (3.15)
(]' w o [ h)x .

The average heat transfer coeflicient can be delined as



Q .
= (3.16)
A(]wzw - Ibew) -

Local Nusselt number based on inside diameter (for both smooth and finned tube)can

be defined as
h < D.I
Nux T (3.17)
3.6 PUMPING POWER
. AP
Pumping power, Pmcan be expressedas =—M (3.18)

P

3.7 PERFORMANCE PARAMETER

There are minor geometric differences in tube configuration among various experiments that
affect specific performance. However 1o minimize the influence of this and other variables
on a direct comparison, the basis chosen is the constant Reynolds number criterion. In this
criterion, the performance parameter, R 1s delined as the ratio of heat transfer coefficient
with fin, by to the heat transfer coefficient without fin. h,r at constant Reynolds number.
So,

R=hi/her (3.19)



EXPERIMENT

L:xperimental facility and procedure for collecting the heat transfer data for both smooth and
finned tube are described in this chapler. The experimental ranges are also mentioned here.
Uncertainty cstimates of the measurands and the caleulated variables are also presented in

this chapter.

4.1 EXPERIMENTAL RIG

Test section is the heart of the experimental rig, which 13 schematically shown in the Fig.
4.1, The rig is provided with inlet section for geting fully developed airflow in the test
section. Air supply system and heating system are the other essential parts of the rig with a
view to fulfil the objectives of this study. The overall dimension of the rig is given -in Fig.
472 '!‘lwlcxpcrimcm has been conducted hetween the range of Reynolds number of 2.0x10*

and §.0x10% ATl the seetions of the rig are described below.

4.1.1 Test Section

Two test sections having two different geometrics have been studied to compare their heat
wanster performance. One tube s smooth and other is fined. Smooth tube is a circular brass
tube having 70 mm inside diameter. While the (inned tube is one having six internal

longitudinal T-section (ins as shown in Fig.4.3. The test length of both the tubes is 1500



mm. Similar casting methods are cmployed for both the pipes for getting comparable
propertics. Two halves of the circular tuBc with integral fins were casted separately and
joined together to provide the shape of a complete tube. As the two halves were joined
together at the line of symmetry. ‘it did not provide any effect on thermal or hydrodynamic
performance.

All the test sections were wrapped at first with mica sheet and then glass fiber tape
before wrapping with Nichrome wirc (of resistance 0.249 ohm/m ot smooth tube and 0.739
ohm/m for finned tube used as an clectrie heater) spirally wound uniformly with spacing of
16 mun around the wbe. Then again mica sheet, glass fiber 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 Manges, between which asbestos sheets

were inscrted to prevent heat low in the Jongitudinal dircction.

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 probably act as a sharp edged orifice and air flow
would contract and not fill the pipe completely within a short distance from the end. This
effect was avoided here in the experiment by fitting 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 scetion io’ get fully developed llow in the test section as well. The
coordinates of the curvature of the shaped inlet weie suggested by Owner and Pankhurst

(1977).

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 test scetion for ascertaining the heat transfer performance. A suction type fan
wiis used here so that any disturbance produced by the fan does not effect on the test section
flow. as a suction type fan is always fitted at the down stream side of the test section. A 12°

diffuser made of mild steet plate is fitted to the suction side of the fan. The diffuser was used



for minimizing head loss at the suction side. To arrest the vibration of the fan a flexible duct
was installed between the inlet section of the fan and a gate valve as shown in Fig. 4.2. The
pate valve is of butter(ly type and was used 1o control the flow rate of air. It is fitted at the

suction side before the {lexible ducl.

4.1.4 Heating System

An electric heater (made of Nichrome wirc) was used to heat (he test section at constant heat
flux. The heater was supplied powcr by a S KVA variable voltage transformer connected 1o
220 VAC power through a magnetic contactor and temperature controller. The Nichrome
wire was wrapped around the test piece as shown in Iig. 4.2. A temperature controller was
fitted (o sense the outlet air lemperature 1o provide signal for switching the heater off or on
automatically. It protects the experimental set up from bCil']g excessively heated which may
happen at the time of experiment when the heating system is in operation continuously for
hours to bring the system in stcady state condition. It also controls the air outlet temperature.

Electric heat input by Nichrome wire was kept constant for all the experiments.

The electrical power to the test seetion was determined by measuring the current and
voltage supplied to the heating element. The voltage was measured with a voltmeter and
current by an a.c. ammeler. Figure 4.5 shows the electric circuit diagram of the heating

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

fan are given in Appendix-A.

4.2 MEASUREMENT SYSTEM

Different variables were measured by Jifferent types of instruments, some of those were
manually operated and some were automatically. The detail description of all the systems

used in this study are deseribed in the following sections.

421 Flow Measuring System

Flow of air through the test cection was measured at the inlet section with the help of a

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

10



the test seetion to have an casy entry and symmetrical flow. The traversing pitot was fitted at
a distance of 41, from the inlet according 1o Owner and Pankhurst (1977). The manometric
(luid used here is high-speed dicsel of specific gravily 0.855. A schematic of the micrometer
traversing pitot is shown in lig. 4.6. Arithmetic mean method (given in Appendix-C) is

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

4.2.2 Pressure Measuring System

The static pressure tappings were made at the inlet of the test scction 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 pressurc were fitted. so carclully that it just touches the inner surface
of test section. The outside parts of the tappings were made tapered to ensure an airtight
fitting into the plastic tubes, which were connected to the manometer. Epoxy gluc was used
for proper fixing of the static pressure appings. U-tube manometers at an inclination of 30°

were atlached with the pressure tapping. Waler was used as the manometric fluid in this

experiment.

4.2.3 Temperature Measuring System

I'he temperatures at the different axial locations of the les:‘t 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 five minutes interval for obtaining an average
value. The temperature measuring Jocations arc-

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

i, Wall temperature at 8 axial locations of the test section.

i, Fin-tip lemperature at 8 axial lacations ol the test scetion. This measurement was

done when finned tube was sctin the test rig.

The bulk temperature of the air at the outlet of the test section was measured using a

thermocouple at the outlet of the test section to determine the locations of thermocouple for

determination ol mean temperature. fis given in Appendix-C.



For smooth tube heat transfer system, 8 thermocouples were fitled at eight equally spaced
axial locations of the test section one at each position to measure the wall temperature.
Thermal contact between the brass tube and the thermocouple junction was assured by
peening thermocouples junction into grooves in the wall. Thermocouples were inserted into
the holes and peened inlo the gooves of the tube wall. For finned tube system, sixteen
thermocouples were fitted at cight locations as shown in the Fig. 4.10. The number of
thermocouples was two in cach cross section to measure the wall as well as the fin-tip

temperature of the test seetion.

43 EXPERIMENTAL PROCEDURE

The fan was lirst switched on and allowed to run for about five minutes to have the transient
characteristics died out. The flow of air through the test section was set to desired value and
kept constant with the help of a low control valve. Then the electric heater was switched on.
The clectrical power was adjusted (if necessary) with the help of a regulating transformer or
variac. Steady stale condition for temperature al different locations of the test section was
defined by Gee and Webb (1980) by two mcasurements. First the variation in wall
thermocouples was observed until constant values were attained, then the outlet air
temperature  was monitored. Stcady state condition was attained when the outlet air
temperature did not deviate 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.

After cach experimental run the Reynolds number was changed with the help of the
flow control valve keeping electrical power input constant. And after waiting for stcady state

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

44 UNCERTAINTY ANALYSIS

Results of an uncertainty analysis ol the primary measurands (4, b, d, A, To, Ti, AP, D, x) are

presented in Table 4.1, while T'able 4.2 exhibits the uncertainites of the calculated quanties.

[8



Table 4.1 Uncertainties in measurands

. Measurands Precision limit, P Bias limit, B Total limit, W
t 1.5% 0.02% 1.50%
b 0 0.013% 0.013%
d 1.05% ] 3.0% 3.178%
AT 0 .. 052% L 05%
To }.5% 0.02% 1.50%
T, 1.5% 0.02% 1.50%
AP B 5.0% - 3.0% 5.83%
D; 0 0.02% 0.02%
T 0 0.02% 0.02%

Table 4.2 Uncertainties in calculated quantities

The details of the uncertainty

Quantity | Total uncertainty
Vv 1.71%
T T 4.41%
L I - 6.76% o

19

analysis of this experiment arc given in Appendix-D
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Figure 4.3: Test Section and its cross sectional view
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RESULTS AND DISCUSSION

Heat transler performance study of fin has been carried out by recording temperature and
pressure afong the length of the tube at cach experimental condition, which was set by a
constant heat input and Nuid flow. Alrflow i also measured at each test run. All the
necessary variabies have been caleulated from the collected data and are presented and

analyzed i this chapter.

5.1 TEMPERATURLE DISTRIBUTION
Wall temperature, butk tluid temperature and fin tip lemperature variation along the length
of the fube for different Reynolds Number are presented in Figs. 5.1-9 10 understand the

mechanism of heat transler.

5.1.1 Wall Temperature

Figure 3.1 shows the variation ol wall temperature along the length of the smooth tube for
five different Reynolds numbers at constant heat flux condition. Each symbol represents
data for o particular Reynolds number as shown in the figure. The axial position of any point
i« non-dimensionalized by the total fength of (he tube. From the figure it is clear that wall

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



temperature gets its maximum value while Tor x/1. = 0.55 to 0.85 the temperature is almost
constant. after which the temperature drops slightly al the downstream due to end effect. The
end effect may be due to the physical contact (though there was two ashestos plates between
i test section and the down stream unheated tube. which may not enough for unexpected
heat loss) between the test seetion and the down stream unheated tube. Figure 5.1 also shows

that air cools the tube much faster at higher Reynolds number.

Iigure 3.2 represents the variation ol wall temperature along the length of the [inned tube
for live different Reynolds numbers at constant heat flux condition. Here wall temperature
increases along the axial distance of the test section. At higher Reynolds number the wall
emperature is Jow because more heat is taken away by air, It is worth mentioning that at
inlet section the temperature gradicnt is high for both the tubes because the cold entering air
takes away much heat. 1t is interesting Lo nole that unlike smooth tube there is a gradual
increase in wall temperature for the linned tube.” Figure 5.3 cxhibits this clearly for a
comparable Reynolds Number as mentioned. Due to higher heat transfer from the inner
surface of the finned tube the wall gets cooled. As smooth tube has lower wetted perimeter
and less mixing situation due (o smaller frictional area it has no such ability to transfer heat

as quickly as does the finned tuhe. As a result the wall gets heated when it 1s smooth.

I'igure. 5.4 shows the variation of {in-tip temperature along the axial distance of the tube.
From this fgure it is clear that the tp temperature of fin varies-in the similar manner as in
the case of wall temperature mentioned above. The slope of these curves gradually decreases
along the axial distance. Because the temperature potential between air and the fin tip
hecomes lower with Tongitudinal distance of the tube. A comparison between tip and wall
temperature of finned tube is given in I'ig. 5.5, which demonstrates that wall temperature is

always higher than that of fin tip for a particular Reynolds Number.

[t is necessary to mention that before experiment. the radial temperature distribution was
checked at different axial tocation ol the test seetion. Figure 5.6 represents the variation of
emperature around the vuter surluce L.e. over the insuiﬁlinn of the test section for both tubes
at X/1. - .83, At top portion the temperature is higher than bottom. Duc to natural
convection top portion of (he test seetion hecomes more heated. so its temperature is higher.

Irom the figure it is also clear that for smooth tube the temperature is higher than finned



tube. Because a lower amount of heat was transferred to the working fluid in smooth tube,
so relatively higher amount of heat was hound to transfer through the insulation provided the
insulating condition is same for both the tubes, As more heat was passed through the

insulating surface the surface temperature ol the smooth tube is higher than finned tube.

5.1.2 Bulk Fluid Temperature

Surrounding cold air enters the test seetion and pets heated as it passes through it. The bulk
fuid (emperature is calenlated from the measured wall temperature using Lq. (3.10). The
bulk Muid temperature variation along the length of the test section is shown in Figs. 5.7-9 in
order 1o get effects of Reynolds aumber and fin as well. From Fig. 5.7, for constant
Reynolds number. it ks clear that bulk fluid temperature increases lincarly as air passes
through the test section of smooth tube. Similar behavior also observed for the case of
finned tube as shown in Fig. 5.8 At higher Reynolds number the bulk fluid temperature is
lower. The slope of these curves {d1T/dx) pradually decrcases with the increase of Reynolds
number. Because at lower Reynolds number there is less velocity of air which provides
cnough time for sulficient heating of air but at 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 fluid temperature distribution along the length
of the tubes for comparable Reynolds number for both finned and smooth tube. From the
figure it is clear that for smooth (uhe the bulk fluid temperature is lower than that of finned
twbe. Duc to higher transter ol heat tfrom the inner surface ol the tube, the bulk temperature
is higher in finned tube. But amooth tube has lower wetted perimeter and less mixing of
fluid in it than finned whe. So smooth tube has no such ability to transfer of heat as quickly

as finned tube and so its air hulk temperature is lower.

52 HEATSTRANSFER CHARACTERISTICS

The variation of heat transler coefticient and Nusselt number along the axial direction of the

tube (finned and smooth) for dilferent Reynolds numbers are explained 1n this section. A
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comparison of these parameters of heat transfer for finned and smooth tubc is also discussed

here.
521 Heat Transfer Coclhceient

Both local and average heat transfer coellicients are caleulated and analyzed here. Figure

510 shows the variation of local heat transler co-cfficient with axial direction of the.smooth
be. The coefficient is large at the enfrance of the test su,ll(m due to the development of
therma) boundary layer. The coellicient decreases continuously along the axial distance up
to X/L = 0.42 aficr which the thermal boundary layer could be considered as fully
developed. After X/ = 0.8 value of the heat transfer coefficient increases a little. as such a

drop in temperature is ohserved as shown in Fig. 5.1,

Figure S.11 represents the variation of lacal heat transfer co-cfficient with axial direction
of the finned tube. The cocllicient is large at entry of the test section as observed for smooth
tubc. But the devcloped region starts carlier than observed in smooth tube. Here the
developing region ended at X717 0.3, It is vceurred duc to better heat transfer in finned

tube.

Fipure 5.12 shows the variation of heat transfer rate as function of different Reynolds
qumber for both finned and smooth tube. From the figure it is clear that heat transfer
inereases with increase of Re. At higher Re there is higher mixing of air, which helps to’
inerease the heat transfer. The amount of heat transfer of finned tube is higher than that of

smoath tube. The wetted perimeter of finned tuhe is higher than smooth tube, which helps to

increase the rate of heat transler.

ligure 5.13 shows the variation of average heat transfer coefficient based on Dj és a
function of Reynolds number. Present data are compared with those ot Uddin (1998), Mafiz
et al. (1998). and Mamum (1999). The heat - transler coefficient data collected in this
experiment is 2.5 to 3.5 times higher than that of ‘data collected by Uddin (1998) for his
inline rectangular fin geometry. I is about 1.5 to 2.0 times higher than that of data
measured hy Mafiz ctal. (1998) for his inline rectangular fin geometry, Mamum (1999) for
hls inline scgmented rectangular fin configuration and Mamum (1999) for inline rectangular

fin geometry. llom this comparison it can be inferred that heat transler increases almost



Nusselt is about two times higher than that ol Mamun (1999). The cause of variation of data
with Sieder and Tate (1936) may be due to fact that the surlace condition of the test section
of Sieder and Tate (1936) was perfectly smooth tube, but in this work the tube was
amoothed with zero grade emery paper. 8o this tuhe contains slightly granular surface. Due
(o this roughness ol surface small higher heat transtey occurred. So all the experimental data
from this work passes slightly above the line predicated by Sieder and Tate (1936). This
comparison concludes that hoal transfer inereases aimost lincarly with Reynolds number i.e.

disturbance of Tow increases the rate ol heal transler.

5.3 FLUID FLOW CI-IARAC'I’ER]S'I‘IC‘S

In this article pressure drop. [riction [actor and pumping power variation are presented along
the Jungitudinal direetion ol the test seetion. All these parameters are presented here for both
finned and smooth tube for five different Reynolds numbers. Comparison for different fin

geomeltry for different pumping power is also madc.

§.3.1 Pressure Drop

Iigures 3.18 -19 represent the variation of pressure drops with axial distance for smooth and
finned tube, respectively. with Reynolds number as a parameter. The pressure inside the
tube is always negative because the test section is at suction side of the fan. If there is an
ideal condition. pressure every where m the test section would be same, but due to frictional
losses a pressure drop oceurs along the axiat direction of flow. The prcssuré gradient is high
i the entrance region and gradually diminishes along the Mow direction as shown in the
figure. Vigure 5.20 shows a comparison between smooth tube and finned tube on pressure
drop characteristics for a comparable Reynolds Number. From this figure it is clear that for
finned tube pressure drop is much higher than that of smooth tuhe. It is as high as four times
compared 1o smooth b for Re 3 9x 10" Ehis may be due to higher skin friction factor in

the finned tube.
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5.3.2 Friction Factor

Figures 5.21-22 represent the variation of friction lactor with dimensionless distance for
both finned and smooth tube. The friction factor is high near the entrance region, then
sharply falls upto X/L = 0.3. afier which it then remains almost constant. [t can be noted that
as the Reynolds number inereases friction factor decreases. From the [Fig. 5.23, it is worth
mentioning that the friction (actor becomes independent of Reynolds number at higher
Reynolds number and remains constant alter the value of Re = 4.0x10*. Al the entrance
region [riction factor is high which may be due o setlings ol asbestos plate between the
shaped inlet and test cection, 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 frictional arcd is responsible for

higher skin friction factor in finned tube.

A comparison has been made for experimental data for hoth (inned and smooth tube with
that of Mamun (1999) for in line finned tube. For all types of test section the friction factor
is higher at the entrance section as shown in the Fig. 5.24. The causc may be due to the
settings of asbestos plate explained carlier. ‘The experimental data for finned tube is 3.0 to
4.0 times higher than those for smooth tube and 1.0 1o 2.0 times higher for Re = 2:9)(104

than that of Mamun (1999). The higher frictional arca contributes higher {riction factor.

5.3.3 Pumping Power

Pumping power required for a (uid 1o pass (hrough an internally finned tube is very
important to be cetimated i order to estimate the heat transfer performance of the tube.
[igh heat transfer followed by less pumping power is always desirable. Figure 5.25 shows
the variation ol pumping power with Reynolds Number for both finned and smooth tube.
From the ligure it is seen that the pumping power of finned tube is much higher than that of
smooth (ube. It is about 4.5 times higher for Re = 3.9x 10* than that of smooth tube. Due to
nercase of wetted perimeter the [rictional arca increases which is responsible for higher

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

Y
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comparison of pumping powcr ol experimental data of (inned tube with that of Mamun
(1999). The value of pumping power of inline finned tube of Mamun (1999) is about 1.0 to
3.5 times higher and for nline segmented finned tube of Mamun (1999} is about 1.0 to 2.25
times higher than that of experimental value. It can be noted that the experimental friction
factor value of finned tube is higher than that of Mamun (1999) as shown in the Fig. 5.24,
but the pumping power is low. it is not yet clear what actually happenced, it may due to

smaller Tow rate of air through the finned tube than that of Mamun (1999).

5.4 PERFORMANCLE PARAMETER

The performance of a fin indicates whether a tube having fin provides better heat transfer
and less pressurc drop during its llow. The performance parameter of a finned tube is
expressed as the ratio of heat transfer coefficient ol test section with fin to that without fin.
Figure 5.27 represenls @ comparison of performance parameter for experimental data wil.h
(hat ol Mamun (1999). Hts value s about 0.75 times less than that of inline finned tube of
Mamun (1999) and about 0.9 times less than that of inline scg,_mcnted finned tube of Mamun
(1999). It may occur due to the fuet that the smooth tube used in the present work was not
perfectly smooth as explained carier, which provides better heat transfer. Due to this higher
heat transfer from smooth tube the ratio of hy /7 hyr decraeses, though the heat transfer from
finned tube is higher than that of Mamun (1999). It can be noted here that the surface
propertics of finned tube arc similar to those of smooth tube. So due to roughness of surface,

the heat transfer also increases in finned tube but relatively higher increase of hyr value the

value ol hy 7 hyp decreases.
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Figure 5.9 : Bulk temperature distribution along the length of the tube
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Figure 5.11: Local heat transfer cofficient along the axial length
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Figure 5.12: Variation of heat transfer with Reynolds Number
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Figure 5.13: Comparison of average heat transfer coefficient for finned tube
(based on D,) with others experimental values.
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Figure 5.14: Local Nusselt number along the length of the smooth tube
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Figure 5.15 : Local Nusselt number along the length of the finned tube
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Figure 5.20: Pressure drop along the length of the tube
for comparable Reynolds number
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Figure 5.21: Friction factor along the axial length of the smooth tube
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Figure 5.22: Friction factor along the length of the finned tube
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Figure 5.23: Variation of friction factor with Reynolds number for smooth tube
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Figure 5.24: Comperison of friction factor for differenr test sections along
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CONCLUSIONS

Steady stute Nuid flow and heat wransfer performance of a smooth tube as well as a tube
having internal integral longitudinad T-section lns were studied experimentally. Results of the
experiment are well presented and analyzed i the previous chapter. In this chapter summary

of the analysis and some recommendations are enlisted.

6.1 CONCLUSIONS

In this article a quantitative comparison will be made for friction factor, heat transfer

coeflicient and pumping power for finned and smooth tube. All the [indings are summarized

below;

1. The Iriction factor of finned tube is about 3.0 to 4.0 times higher than that of smooth
tube for Reynolds number range 2 0x104 to 5.0x10%. But the slope of the friction
factor of finned tube is very nearly equal 1o that of the smooth tube at every location of
the test section.

7 T'he friction factor is high near the inlet section and drops gradually to the value

corresponding to the fully developed flow.

3. Nusselt number is high i the entrance region and it decreases with increasing axial
distance approaching asymptotically upto the corresponding value of fully developed

flow.



4 The heat transfer coetficient for finned tube is about 1.5 to 2.0 times higher than that

of smooth tube for the above mentioned Reynolds number range.

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

tube for those Reynolds numbers.

This experimental study has revealed that heat transfer coefficient of finned tube is large in
the cntrance region and the enhancement of heat transfer in the fully developed region is

remarkable due to fin effects.

6.2 RECOMMENDATIONS

.. With some modifications o the experimental set up, the test section can be replaced
by another one of varying tube diameter, number of fins, fin height, length of test
section, working (luid, heating condition cte.

i The pitot tube can be replaced by i hot-wire anemometer for measurement of velocity

at inlet section of the test piece.

S
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APPENDIX-A

”

SPECIFICATION OF EQUIPMENT

1. Fan:
Capacily
Pressure
TP
Phase
Current

Voltage

2. Temperature Controller:

Range

fnput voltage

3. Electric Heating System:

Teat Resistance
Maximum Vohage
Maximum Current

Power

A-d

30 m’'/min.

125 mm of water
3

3

4.1 A

380V

0-200"C

220V

5.727 Ohm
220 Volts
25 A
5.5kW



Data Acquisition System:

Cole-Parmer (UJSA origin)

Number of inputs : 14 Model PCA-14
Resolution : 16 Bits

Accuracy : + 0.02% of range

f.incarity : +0.015%

Input Impedance : 10000 Megaohms/0.1 UF
Binary Inputs : 11 ON-OFT TTL or Contact
Closure or 10 — Bit pulse counter
Power ' : 120 V 50/60 Hz 0.5 A



APPENDIX B

SAPMLE CALCULATIONS

For smooth tube:

Internal diameter of the tube. 1Y, = 70 mm

y
alo.
A= :%(0.07)2 38485107 sqm

Ag =1y = n(0.07) = 0.2199m

Hydraulic Diameter:
Dy=D;=007m
Determination of Mean Velocity, V.

AP = ];sz | [I'rom Bernoulli's equation) (B.1)

If vis m/s, pis Kg/m". Ap s N/m? and d is the velocity head expressed in cm of water,
then-

AP =Y, ¥4

=981x 10 xvﬂ)— =98 Ixd N’ (B2)
10

Srandard atmospheric propertics at {he sca level are pressure = 760 mm of Hg

Temperature = 15°C

Density = 1.225 Kg/m’

For any other temperature. | “Cand pressure, b mm of 11, the value of the velocity in

Kg/m" can be cateulated as-

o, - txtip - b 273215) 905 | (B.3)

P, PT 9607 (273 +)

13- 1



From equation (B-1). (B-2) and (B-3)
lx—E—xMxl.ZZSX v?=98.1xd
57760 (273+4)

l
v =20.558 LIERANN]

:>V>-C«/a

273+ 1
where, C = 20.558, _,BL (B.4)

Room condition:

Temperature. 17 29.5°C

Pressurc. b =741.5mm ol Hg
273+29.5

L C=20588 0 T 13.131
741.5

The experiment was conducted using a manometric {luid of sp. gr = 0.855 but it was

recommended 10 perform with a fluid of sp. gr = 0.834. For this reason a correction is

need which is as follows:

wd = o1dy

— 0.834 d = 0.855 du

— d=1.0252d,=0. g55 % 1.0252x &1 =0. 8765 dy .

— d=08765x254 dyem  diisin inch of water|

= d=22263dcm

Measurement of mean yelocity of H points 1s as follows:

(\[dﬁ\/&j J—+ ........ J_;)

Mean velocity , Vi =
:7.0878 m/s

Mass (low rate, M = pAx Vi
N pof air a1 3025k (room temp.)
11684 % 3.8485x107 x 70878 .
=1.1684kg/m’

= (1.031871 kg/s

Reynolds N umber:

pV Dy
Re = PY Vi 99165.68, where V= M
H pPHAxX

Propertics of fluid are calculated
’ at its fluid bulk temp.



Friction Factor:

Local Iriction factor basced on inside diameter is given by
_AP/XT

_ar/gn.

Vv .
=5.96285% 10 (- AP/¥

|where APis in N/m” |
(13.59)

[p of water at 29 5°C (room temp.) is 995.84 kp/m']

Table B.1 Experimental data of fluid flow of smooth tube

Heat transfer calculation:
Air inlet temperature (room emperature), 1 = 20.5"C
Air outlet temperature, 1, - 54.71°C

Propertics ol air are caleulated at fuid bulk temperature as-

Cp = 1.00669 kI/Kg."C
K = 0.02738 Wim.k

| = 2.018 x 107 kg/m.s
P 11232 kp/m®

Total heat taken by air, Q = MC, (113

0.031871 x 100669 x 107 (54.71-29.5) W

808843 W

i

Al distance. | Tapping T T Tpapping | Pressure R
x(mm) pressure pressure drop,AP Fi
(mm ol water) (N/m?) (N/m?)

00 T 56 I B
s T T T s a6 5.37 0.064
g T Tees 60.569 10.26 02445
450 7.0 66430 13.68 0.0181
630 35 T 7209 17.1 0.0157
%0 | 770 T 74246 20,52 0.0144
1050 785 75700 | 2198 0.0125
1250 7.0 - 77177 22.47 0.0107
1450 g0 | 78154 | 23.45 0.0097




[leat taken of per unitarca ,Q" = Q2
Al

808 843
02199 1.5
2452.154 Wim’

The local bulk temperature of the uid can be caleulated according to the following way-

, MCp(AT
oo MCPAD)
Al Al

‘Agl
:>z_\T:QAS
MCp

Now, bulk temperature.

Tpy =Ti +(AT)X
MCp

2452154 % (0.2199)x

i

~205 ¢ .
0.031871:1.00669 % 107
~29.5+16.8066x C (B.6)
Local convective heat transler co-cliicient is piven by
f 2452154 :
hy =———"7 Q, : == ‘45 ,1_5 W/m2 v
hyD
Local Nusselt Numberis. Nyx = —]—\—Kll—
_00Thy _ 2.5566h
0.02738 ’
Table B.2 Experimental data of beat transfer of smooth tube
re . N T - T - s T 3 ""—_\v—‘———'__'"—._._—l
| X (m) T (1CY T ("CY hy (w/m”."C) Nux
oS T T Ta0m4 T o8s9 N TTea09 | 163.901
025 — 370 | 7671 | 57014 145.762
0.45 37.00 08.83 739698 | 101.492
0.65 T 4042 121.77 30.143 77.064
085 43.76 C T 72594 | 29.8388 76.286
1.05 47.15 123.43 32.147 82.187
1.25 50.51 121.53 34.528 88.274
a5 T 8T ]—"'11'0.77_"' 43.096 110.179




Average heat transfer coellicient.

_ Q

h ER S
/\(l‘wzw _'I‘hn\f)

~

Q
(Fwav = Thav )
2452.154

Twav Thav
a 2452.154 7
106.01 -42.05625

AP
= 38.3420 Wi~ o C
Average Nusselt number,

N, 2.5566 h

=9§.02067
. AP
Pumping Power, Pm =— M=0.6396 W
»
For Finned Tube:
dx Ay

Hydraulic diameter, Dy = -
Wit

Here, wetted perimeter ol finned tube, Wy = Dy = 6 xw + 6 x wp
=531.91 mm
=(.53191Im

2

S —OxAY
1

&l M ! g j—[
Cross sectional area of the finned tube. Ay = 4 v

= 3362.4511111112

£3362x107 m?

- 4x3.302x 10
- Hydraulicdiameter, 1) =+ ronen
{1.53191

~0.025282m

(JJT+\/J:| dy + o + d”)

Mecan velocityat inlet section, V, = v

~ 62049 m/y

Mass flow rate. M = pAY;
= 0.026979 kg/s

[Propertics of air are calculated at room {emperature 20.5"C; p =1.1298 Kg/m“]



Mean velocity inside test section. Vv =_[\—A~— =7.49Tm/s
PA xf '

[p at fluid bulk temperature 46.205°C = 1.0712 kg/m'|

and 1 = 19.366236 x 10 N.s/m’

pVD

Reynolds Number based on inside diameter, Re = - =29004.35

Friction Factor

Local friction factor based on inside diameter may he given by

I = @23/{’?;9‘ —5.872612471x10"" x (Ap/¥) (B-7))
o~

[p of air 15 al luid bulk temperature and that of water at 29.5°C (room

femperature) is 995.84 Kg/m}]

Table B.3 Experimental data of fluid flow of finned tube

meg T”T‘Hf)ﬁﬁg W
X {mm) Jpressure pressurc _ AP F;
| (wmolwater) N | (N
0.0 4.0 19.076
750 56 54707 15.631 0.1788
sy | 75 ’”TT_H 34285 T 0.0705
e T 00568
450 g5 83.04 43.964 0.0568
S IS I S I B
650 9.4 01.74 52.66 0.0525
o I G B Ry vrre
850 1.3 170.39 71314 0.0488
1030 | IR T30 | 84014 1T 0.0466
— sy | 14 T 13677 9769 0.0451
{" Thaso Tl as CUVAes | 10258 | 0.0439

Heat transfer Calculation:
T:=20.5C

T,=06291°C -
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Properties of air are caleulated at fluid bulk temperature of 46.205"C.
Cp=1014.93 JKg K

K =0.02693 W/mk

W= 19,3662 x 107 Nos/m’

1.0712 Kg/m"

1l

P
Total heat taken by air, Q = MC(T, - T

=914826 W
: : : Q
Local heat trans fer per unit arca, Q' = ~—————=
w x|
914826

T 053191 1.5

= 1146592 Wim 2

| e local bulk temperature of uid can be calculated according to the following way

o o9
Wi X L
MCp, AT)
h W“ X L.
MCp

Now. bulk temperature
Thy = 1i +@T)
Q wp x L.
M.Cp
1146820 0.53191x X
0.026979 % 1014.93
=205+ 22277730 C (3-8}

=1 +

=295+

Local conveetive heat transfer co-cllicient ts given by

o 146.592
hy - Q - o= -] 4-) \?\’/1112 o

(l\’\v’_l())x ('\V—l() X
1.ocal Nusselt number

D 00252821
(Nu), = xPh o 2R - 0.9388
K 0.02693

13-7



Table B.4 FExperimental data of he

Average heat transfer cocfhicient b

B X Tos
(m) (0)
(.05 30.61
005 | 35.07
.45 39.52

TTT06s | 4398
0.85 48.43
1.0 5289
s | 5134

L 1.45 —L 61.80

Qe
A ( Pway ~ Thav )

914.82

at transfer of finned tube

" {87705~ 46.205) 0329867

_ 66.826 W/mZ.oC

Average Nusse

ﬁDi

NU

Pumping Power, P N
1

K
66.826 % (1L07

(0.02095

=173.7029

P

It humber based on inside diameter

H
zﬁl M =25835W

T h,
o |t |
54 31 48379

T70.49 an |
q1 o2 | 27042
1Ra7 | 20547
0459 | 24839
o923 | 24743
“TU038S | 24636
7005 ) 2364

Nux (TwTok

45418 237
T30389 | 3542
25.39 424
24922 43.19
23319 | 4616
T 3220 | 4634
3028 | 4654

22.309

B-%

and nominal area,

48.25
—

ased on inside diameter and nominal area,

—




APPENDIX-C

N

DETERMINATION OF LOCATION OF
MEASURING INSTRUMENT

PLIOT TUBE
For the measurement of velocity head, the ube diameter was divided into five equal

concentric areas, and their centeres were found by using Arithmetic mean method. The

locations for the traversing pitot is shown in the Fig. 4.7. Arithmetic mean method is given

bellow:

1

“ar? = m‘,z
q

r = 0.447R

[ 7 2
=R =mry — 7y

= -;1{3 L (044TR) =15
1'2 = (}.()32[{

Stmilarly
ry = 0.774R, 1y = 0.894R, and rs = IR

Now

A AR+ n(0.894R)
gy = _2 )

srhog =0.948R

C-|



o n(0.894R)" + x(0.774R )"

T“*"'___________———v

2

I':;__-; =0.836R
Again, Similu:‘ly
ri_y = 0.7065R

r)_1=0.547R

l'l' v “ﬁ\]()R

THERMOCOUPLE

To find out the location of thermocouple for measurement of outlet air temperature, the tube
diumeter was divided into three cqual coneentric areas and then their centers were found out
by using an arithmetic mean method. The locations of the thermocouples are. shown in the
Fig. 4.9. The arithmetic mean method is given below:

D=007m

rn=.035m

A - mry - 0038485

A
= Al = A]: A:\: 00]2823

3
A= nr~,2 - m‘zz
A= m‘f — 7'(['32
A= m'_zz
Q1= AVpC, (T - 1)
Q, = A VpCy (Thz - 1)
Or = AVpCy (T — 1)
Q= AVPCy (Thaw = T = Q1 Q2 Qs = AVpCy (Tor + Toa + Ths - 3T)
D Ty =10 = (= T2 3 -31)

A4
T+ T 4 T

Lhav = 7

2 2
Ay=nry —nn



0.0012828 = 1(0.035)" — o’
;= 0.0286m

A= T[I'gz - m‘;z

0.0012828 = 7(0.0286)° — mr’
ry = 0.02024m

Now,
anz _ nrl2 + nrzz_
2
R[ =(.03196
- 2 + 2
2
k3 = ARELE
- 2
R~ =0.02475
R;=0.0143

R1=0.035-R, = 0.00304m
RH>=0.035-R;=0.0 1025m
Ry 0035 Ry= 0.02068m

Mean outlet temperature was measured by traversing the thermocouple along the diameter

of the pipe at seven measuring points.



APPENDIX-D

UNCERTAINTY ANALYSIS

Inergy measurement contains certain error, so it requires description of inaccuracies. It is
generally accepted  that an appropriate - coneept for expressing inaccuracies is an
“uncertainty” and that the value should be provided by an “uncertainty analysis”. An
uncertainty is not the same as an crror. An error in measurement is the difference between
the true vatue and the recorded vatues an error is a fixed number and can not be a statistical
variable. An uncertainty is a possible value that the error might creep into a given
measurement. Since uncerlainty can take on various values over a range, it is inherently a

statistical variable.

+

1. Uncertainties in measurands

Now-a-days experimenlers are advised to report the uncertainties in every measurand

considering the following information:

a. Precision limir, P2 This is an estimate of the lack of repeatability caused by random
crrors and process unsteadiness. This clement can be sampled with the available
procedure and apparalus, and should be based on statistical estimates from samples

whenever possible.

-1



b. Bias limi, B. . The bias limit is an estimate ol the magnitude of the fixed constant
crror. This element can not be sampled within available procedurc and
its existence is what mandates the need ol cross-checks.

c. Uncertainty, W2 The £5 interval about the nominal results is the band within which

the experiment is 95% confident that the true value of the result lies. And it is

cateulated from the following:
w=[p? e 34" (D-1)

2. Propagation of uncertaintics into results:

in calibration experiments. one IMCAsUres (he desired result dircctly. No problem of
uncertainty then aries; we have desired results in hand once we complete measurements. In
nearly all other experiments. il is necessary to compute the uncertainty in the results from
the estimates of uncertainty in the measurands. ‘This computation process s called
“propagation of uncertainty”.

According to Kline and MecClintock (1953), the propagation equation of a result R
compuled from n measurands X;. Xo. X3 o x,, having absolute uncertainly Wr is given by

the following equation;

5 2 2 3 '
AR oR R (D-2)

—- Wy | —Wy2 F it
(7xl 8X2 n

R =
Which can be considered separately i computing the precision and bias components of

uncertaintics when the Tunction ol R is known

KE Caleulation of uncertainties in the present experiment

Results of an uncertainty analysis ol the primary measurements (4, b. d. A. T, Ti, AP, Dy, %)

are presented in the following table:



Table 5.1 uncertainties in measurands

Micasurands | _Precision timit, D[ Tias limit, B Total timit, W

t _.I.;Si/”__.,, ol _'”JU.(}?,(%J 1.50%%
S S M N I 0.013%

d I __l.[)_?‘y_nm___ _}_.9% 3.178%

A T 0.52% 0.52%
T | o0 .50%
L T 1.5% (.02% 1.50%

AD TS0 3.0% 5.83%

D 0 T 0.02% 0.02%

X -0 0.02% 0.02%

Table 5.2 Uncertainties in calculated quantitics

Quantity Total uncertainty ]
oy T T T
0 T 4%
o ().7()“’ b

Determination of Mean Velocity:

. ,) _2) 172 .
% :2(;.558(“7‘l+1)- (Y-

Al

Room Temperature
{=29.541.50013% “C
Atmospheric pressurc

b - 7415+ 0.013% mmolllg
d=0.33265+3.178% cmof [fuid

[Since. Mean value of d = 0.33265cm of working fluid]

The uncertainty in this vi
w = 0.4425 °C

wp = 0.1 mmoflig

wy = 0.01057 cmof (uid

Change of velocity with respeet o lemperature

-3

Jue is caleulated as follows. The various Lerms are:




oV 1oy
(——=20.5sxx_(~7'_l'f‘-J ()"
b

AN 2 b
2 o 2()5 " I3
=20.558x ! [ B ] L ((133265)"
20 7415 741.5
= 00125177 |
Change of velocity with respect o Atm, pressure
N L(273+1) .
lf’—:20.558><x£ *! (273 +u)b Yy
ah 2 b
112
{273+ 295 , )
= 20.558x = = *—--4] (273 +29.5)(741.5) V1(0.33265)"
741.5
=10.139058

Change of velocity with respeet to manometric head

od
27342953 .
:20.558[_3—-?)- } D 0.33265)
741.5 2
=11.3%32

| hus. the uncertainty in the velocity is

= [(0.0125 177 % 0.4425F +{0.139058 x 0.1)* +(1 1.3832 x 0.01057) ]%

=(.12125 m/s

212
Now. Wy o O-lhl‘,'S

S o
Total Heat input to the air
Q MC(F 1)

QO pAVC (T T

Ay = 00038485 & (.52%,

Vo 7.0878 £ 1.71%

1= 5471 £ 1.50013%

T,=29.5 1 1.50015%

13-4l



The uncertainty in this value is culcutated as follows.
The various terms are:
wy o (.00002

wy = 0.12125
Wi = 54,71 % 0150013 = 0.82072

wy = 29.5 x 0.0150013 = ().44254

Change of total heat input with respect 1o arca

oQ e
B = pV(.p(rln - li)
~ 11689 x 7.9878 x 1006.69 x (54.71 -~ 29.5)

= 021017 x 10°

Change of total heat input with respect o velocity

""" = p/\('p (-l‘u'['i )
= 1.1684 x 0.0038485 x 1006.69 (54.71-29.5)

= 114.1173

Change ol total heat input with respect to outlel temperature

_(1(2" = pAVCp
Jly
=1.1684 x 0.0038485 x 7.0878 x 1006.69

= 32.08412

Change of total heat mput with respeet o inlet lemperature

R

211684 x 0.0038485 x 70878 x 1006.69

7
A —pAVC,

- 32,0841

T'hus. the uncertainty in the Total Heat Input to the air
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=332279 W
Now _\:I_Q_:E__'zz:fgzd_lnu
Q 808.843
Friction Factor:
L ocal triction Lactor based o inside diameter 1s given by
C2apixb,
I = e
pVv
AP = 537+ 5.83%
x = (.05 £0.02%
1), =007 £0.02%
V=70878 & L71%
W 0.313071
w, = 0.00001
wp, = 0.00001
wy - 01212
Change of friction factor with respeet to pressure drop
AF pAN 2x 0.07 '
oL Sie s _________,,___,’f___,__'_,,,____,,,: 0.047702
DAP  pV'x 11084 x (7.0878 ) x 0.05
Change of friction factor with respect to axial distance
o —.ZAJPEE' = = 2x 33T (‘)'()7 =51
O pVia L1681 < (7.0878) = (0.05)
Change of Iriction Tactor with respeet o mside diameter
Al 2AP 2x5.37
LT 22 23,659
ap, pVix 11684 % (7.0878) x0.05
Change of [riction factor with respect to veloeity
ot APD.(2 —4(5.37)x 0.07
U YCTRE L
oV pV'x 11684 x(7.0878) x0.05

-6



Thus. the uncertainty in the Friction factor

oF o Y (o e VO
W=l W Shw | | oW, Lt — W,
Claar M) Lax ap, ") \av
1

~ (0.0477*02><0.313071)%(5.123><0.00001)2+(3.659><0.00001)2 %
+(0.0722%0.12125)

=(0.01731
- 00173
Now, Wi - E Qi"," l =06.76%
B (.256

-7



APPENDIX-E
—
EXPERIMENTAL DATA

DATA FOR SMOOTH TUBE

R
Pressure drop, Ay (N/m”)

Re
X/L 19139 | 29165 I 40005 l 47445 | 50379
0.0333331 5.85 5.37 29 2.44 1.95
0.166667 | 11.23 10.26 4.39 4.39 3.91
0.3 15.03 13.68 831 5.96 5.37

1.433333| 20.02 17.1 11.23 7.33 6.84
0.566667 | 24.42 20.52 £3.68 9.28 8.012

0.7 27.84 21.98 15.14 10.75 8.99
0.833333| 30.58 2247 16.12 11.72 9.87
0.966667 | 3224 23.45 16.61 12.21 10.75

Friction factor, F (-)

Re

XL | 19139 | 29165 | 40005 | 47445 | 50379
D.033333] 0.16175 | 0.064 | 0.01865 | 0.01098 | 0.00775
0166667 | 0.06225 | 0.02445 | 0.00558 | 0.00395 | 0.00313
0.3 0.048 | 0.01812 | 0.00585 | 0.00298 | 0.00238
0.433333 | 0.04275 | 0.01567 [ 0.00548 | 0.00253 | 0.0021
0.566667 | 0.03975 | 0.0144 | 0.0051 | 0.00245 | 0.00188

0.7 | 00365 | 0.01247 | 0.00458 | 0.0023 | 0.0017 -
0.833333 | 0.03375 | 0.0107 | 0.00408 | 0.00213 | 0.00158
0.966667 | 0.03075 | 0.00965 | 0.00363 | 0.0019 | 0.00148




© Wall temperature, 'l““("(,‘)

Re

XL | 19139 | 29165 | 40005 | 47445 | 50379

0.0333331 72.39 68.59 60.39 58.51 57.46

0.166667 | 80.00 76.71 68.66 65.06 63.72

0.3 112.01 98.83 87.36 82.01 80.36

0.433333] 12068 | 12177 | 107.78 102,79 1 101.56

0.566667 | 133.45 | 12594 | 111.08 10533 | 103.82

.7 12824 1 12343 | 10938 | 10347 102.25

0.833333 12439 | 121.53 | 107.22 102.62 | 101.19

0.966667 | 11187 | 110.77 | 98.82 95.31 93.88

Bulk temperature, Ty, (”('I)

Re

XIL | 19139 | 29165 | 40005 | 47445 | S0379

0.033333| 30.357 | 3034 30.16 | 30.116 | 30.081

0.166667 | 33.785 33.7 32.8 32.582 | 32.405

0.3 37.213 37.00 3544 | 35.047 | 34.729

0.433333 | 40.641 40.42 38.08 | 37.512 | 37.053

0.566667 | 44009 | 43.76 40.73 39.978 | 39377

0.7 47497 1 47.15 43.37 42.44 | 41.701

0.833333| 50.925 50.51 46.01 44 91 44025

0.966667 | 54.353 | 53.87 48.65 47.374 | 46.349

Local heat transfer coefficient, by (Wmt"C)

Re

L T 19139 | 29165 | 40005 | 47445 | 50379

0.033333] 39.04 | 64.109 | 87.44 103.04 | 106.96

0.166667| 3139 | 57.014 | 73.71 90.083 | 93.515

03 .| 2194 |39.09841 5091 62.298 | 64.176

0.433333| 18.43 30.143 17.92 | 44.819 | 45397

0566667 | 1836 |29.8388 | 37.57 44768 | 45.442

0.7 20325 1 32,147 | 40.04 47.94 | 48.365

0.833333| 22.34 34.528 43.18 50.697 | 51.227

0.966667 | 28.53 43.096 52.09 61.03 61.61




L.ocal Nussclt number, Nu (-)

Re

X/L | 19139 | 29165 | 40005 | 47445 | 50379

0.033333] 99.81 | 163.901 | 223.55 | 205.43 27345

0.166667| 80.25 | 145.762 | 188.45 | 230.306 239.08

0.3 56.09 | 101.492 | 130.16 | 159.27 | 164.07

0.433333( 47.12 | 77.064 | 96.95 114.58 | t16.06

0.566667 | 4694 | 76286 | 90.05 11445 | 116.17

0.7 S1.96 | 82,187 | 102,37 | 122.563 | 123.65

(.833333| 57.11 88274 | 110,39 | 129.6] 130.97

0.966667| 72.94 | 101.179 | 134.707 | 156.029 157.51

Heat transfer coefficient, h, Nussclt number, Nu (-)
and Pumping Power, Pm ‘

Re h Nu Pm
O _Jwmol 0 | W
19139 | 25.044 | 64.028 | 0.577]
20165 | 38.343 [ 98.0267 [ 0.6396
40005 | 52.934 | 13533 | 0.6215
47445 | 63.0845 | 161.282 | 0.5418
| 50379 | 04586 | 165.122 ] 0.5065




DATA FOR FINNED TUBE

Pressure drop, AP ( N/m?)

Re

X/L | 22110 | 29004 | 39425 | 44028 | 45434

0.033333] 16.05 §5.631 13.37 12.43 9.94

0.166667 | 40.3817 | 34.285 | 30.735 | 21.873 | 20.894

0.3 53.77 | 43.964 | 37.606 28.83 27.37

0433333 67.83 | 52.664 | 45.08 | 37304 | 36.355

0.566667| 81.62 | 71.314 | 60.11 50.389 | 42.952

0.7 96.76 | 84.014 | 75.55 65.89 | 55.964

0.833333| 113.81 97.69 85.89 67.29 56.876

0.966667 | 120.66 | 102.58 87.05 68.490 60.59

Friction factor, F (-)

Re

X/L | 22010 | 29004 | 39425 | 44028 | 45434

0.033333| 0316 | 0.1788 | 0.0865 | 0.0649 0.0488I

0.166667 | 0.15 0.0705 | 0.0398 | 0.0228 | 0.0205

0.3 0117 | 00568 | 0.027 | 0.0167 | 0.0149

0.433333| 0103 | 00525 | 0.0244 | 0.0149 | 0.0134

0.566667 [ 0.0944 | 0.0488 | 0.0228 | 0.0155 | 0.0124

0.7 0.091 0.0466 | 0.0233 | 0.0163 | 0.0131

0.833333 0.0895 | 0.0451 0.0222 | 0.0141 | 0.0112

0.966667 | 0.0818 | 0.0439 | 0.0194 | 0.0123 [ 0.0103

Wall temperature, Twy (“(.7)

Re

X/, | 22110 | 29004 | 39425 | 44028 | 45434

0.033333 | 58.52 54.31 46.03 45.27 45.03

0.166667 | 76.15 70.49 6l1.14 56.99 55.8

0.3 85.48 81.92 67.62 65.82 63.06

0.433333 | 97.06 87.17 72.47 69.22 07.2

0.566667 | 102.65 94.59 76.27 73.49 72.15

0.7 108.52 | 99.23 79.99 76.98 75.79

0.833333| 113.74 { 103.88 83.57 80.71 79.02

0.966667| 11941 | 110.05 87.38 84.51] §2.44
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Buik temperature, Tw, ("C)

Re

/L | 22110 | 29004 | 39425 | 44028 | 45434

0.033333| 30.79 30.61 - | 30.37 30.308 | 30.287

0.166667 | 35.94 35.07 33.85 33.54 33.43
- 0.3 41.09 39.52 37.35 36.772 | 36.586

0.433333 1 46.24 43.43 40.83 | 40.004 | 39.74

0.566667 | 51.3Y 48.43 44.32 43236 | 42.88

0.7 56.55 52.89 4781 46.468 | 46.034

0.833333| 6169 | 5734 51.3 49.7 49.183

0.966667 | 66.85 618 5479 { 52932 | 5233

Fin tip temperature, Ty ")

Re

XL | 22110 | 29004 | 39425 | 44028 | 45434

0.033333| 53.79 50.84 4497 42.27 40.92

0.166667 | 71.01 66.96 57.63 57.03 55.29

0.3 83.75 74.86 60.21 58.03 57.19

0.433333 | 88.78 83.006 66.49 64.05 62.93

0.566667] 9651 90.06 71.32 08.60 64.3

0.7 08.63 91.15 70.99 70.1 66.61

0.833333] 10464 | 97.16 75.91 72.89 71.18

0.966667 | 110.66 | 103.29 | 80.52 77.01 75.15

i
Local heat transfer coefficient, by (me?' 'C)

Re

XL | 22110 | 29004 | 39425 | 44028 | 45434

0.033333| 36.06 | 48379 7431 83.50 85.21

0.166667| 2528 32.371 44.28 53.31 56.16

0.3 24.74 27.042 39.92 43.03 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| 16479 | 24.636 37.45 40.31 42.103

0.966667 | 15207 | 23.764 | 37.07 3059 § 41.722




Local Nusselt number, Nu (-)

Re

X/L | 22110 | 29004 | 39425 l 44028 | 45434
0.033333| 34.178 | 45418 70.41 79.38 81.01
0.166667 | 23.57 3t1.389 41.96 50.64 53.39
0.3 23.06 | 25.39 37.83 40).88 45.11
0.433333 | 2049 24922 | 36.18% 4).65 43 49
0566667 1844 { 23319 | 3584 39.25 40.81
0.7 16,759 | 23.220 | 35.58 | 3897 40.14
0.8333331 15306 | 23128 | 3548 38.29 40.03
0.966667 | 14.17 | 22309 | 35.13 37.61 39.67

Heat transfer coefficient, h,
Pumping Power, Pm and Performance Parameter, R

Nussclt number , Nu (-},

Re h Nu Pm R
¢ {wm'ol () (W) (-)
22110 53.023 -] 136.873 | 2.3479 2.3479
29004 66.826 1 173.703 | 2.5835 2.5835
319425 09.729 | 261.653 1 2.925 2.025
44028 109941 | 289.173 | 2.5575 | 2.5575
45434 115.743 | 304.68 2.33 2.331
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