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ABSTRACT

An experimental investigation was carried out for turbulent flow heat transfer in a

circular tube with perforated rectangular strip inserts. Mild steel perforated

rectangular strips with holes of different diameters were used as inserts in this

experiment. Heat transfer and pressure drop characteristics were obtained in the tube

for the turbulent flow. The flow of air through the tube was varied by using the flow

control valve. Heat transfer and pressure drop data were taken for Reynolds numbers

ranging from 1.5 x 10 4 to 4.7 x 10 4. Air velocity, temperatures, tube wall

temperatures, pressure drops were measured for the plain tube as well as for the tube

with perforated rectangular strip inserts. Heat transfer coefficients, heat transfer rate,

Nusselt numbers, friction factor, blower power and heat transfer effectiveness were

calculated using measured variables for the plain tube as well as for the tube with

inserts. Heat transfer rate was found to be increased up to 1.85 times with

corresponding increase in friction factor and blower power for the tube with

perforated rectangular strip inserts. For the comparable Reynolds number, the heat

transfer coefficient for the tube with perforated rectangular strip inserts was found to

be increased up to 2.80 times than that of the plain tube. The friction fator for the
tube with perforated rectangular strip inserts was found to be increased up to 1.8

times compared to that of the plain tube.Whereas, the required blower power for the

tube with perforated rectangular strip inserts was found to be increased up to 1.45

times than that of the plain tube. It was also found that the heat transfer effectiveness

for the tube with perforated rectangular strip inserts was increased up to 2.45 times

compared to that of the plain tube. With the experimental data, a correlation was

developed for prediction of the heat transfer in the turbulent flow for the tube with
. perforated rectangular strip inserts.
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CHAPTER-l

INTRODUCTION

1.1 General:

The internal inserts are used to modify the flow characteristics of the fluid to enhance

the heat transfer rate. Turbulent flow indicates that the motion of the fluid is chaotic in

nature involving crosswise mixing of the mainstream. In the turbulent flow, the fluid
properties such as instantaneous velocity, temperature and pressure are subjected to

fluctuations. These fluctuations increase the heat transfer rate. Turbulent flow heat

transfer in tubes with inserts has found wide engineering applications in heating or

cooling of viscous fluids in the process industries, refrigeration and air conditioning

system, internal cooling of gas turbine blades, thermal regenerators, gas cooled

reactors, aerospace engineering, automobiles, cooling of modern electronic equipments

and heat transfer in compact heat exchangers and so on. However, the insert devices

may be used to upgrade the performance of an existing heat exchanger.

Energy and material saving considerations as well as economic incentives have led to

comprehensive efforts to design high performance heat exchanger. The efficiency and.

economic competitiveness of many industrial processes depend, to a great extent, on

the performance of heat exchangers. Improvement in performance of the heat

exchanger may result in the reduction of its size and subsequently its costs. For a heat

exchanger of fixed size, improvement may allow for either an increase of heat transfer

rate or a decrease of temperature differences. The latter allows for more efficient

utilization of thermodynamic availability. In practice, an enhanced surface must

provide the desired heat transfer rate and meet the required flow rate and pressure drop
constraints.

1.2 The Enhancement Techniques:

The performance of heat exchange equipments may be substantially improved by

using different augmentation. techniques like fimled surfaces, integral roughness and

insert devices. All the techniques used. to enhance the heat transfer rate can be
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conveniently divided into three major classes: passive, active, and a combination of

these techniques. Passive techniques require no direct application of external power.

These employ special surface finish or fluid additives for heat transfer enhancement. In

active techniques, external promotors are used. One method of active techniques is

providing rectangular strip inserts. Several options are available for enhancing heat

transfer associated with internal flows. Enhancement may be achieved by increasing

the convection coefficient, h and/or by increasing the convection surface area. For

example, h may be increased by introducing strip inserts to enhance turbulence. These
cause a intensive mixing of the flow along the tube length.

Strip inserts are inexpensive to manufacture. Extensive studies have been made both

experimentally and analytically with tubes having internal inserts in laminar and

turbulent flows. The employment of different types of porous materials in forced

convection heat transfer has beeen extensively studied also. 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

The potential of perforated inserts enhanced the rate of heat transfer at constant heat

flux was studied experimentally by Pavel and Mohamad [37]. It was found that the

porosity and diameter of the pipe have a positive influence upon heat transfer and
negative impact on pressure drop. Heat transfer in turbulent flow through tube with

perforated twisted-tape inserts was studied experimentally by Ahamed [45]. It was

found that the perforated twisted-tape-inserts caused an increased of heat transfer rate
at the cost of increased pumping power.

So far very few research work has been reported in literature on heat transfer in

turbulent flow through tube with perforated rectangular strip inserts. The perforated

rectangular strip inserts may be a good candidate for heat transfer enhancement in a
heat exchanger.
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1.3 Objectives:

The study was the following objectives:

(a) To modify the test section of the existing experimental facility for studying

turbulent heat transfer and fluid flow characteristics in a tube with perforated
rectangular strip inserts.

(b) To analyze the heat transfer and pressure drop phenomena and to compare the

results with the data of plain tube giving an idea of augmentation of heat transfer

and increase of pressure drop.

ec) To compare the results of this experiment with those of previous works.

(d) To develop a correlation, which may be recommended for prediction of heat
transfer for similar cases.
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CHAPTER-2

LITERATURE SURVEY

The compact and efficient heat exchangers are very much essential in industrial

applications. In the last decade, significant effort has been made to increase the rate of

heat transfer in order to improve overall performance of heat exchangers. A high

performance heat exchanger of a fixed size can give an increased heat transfer rate. It

might also cause a decrease in temperature differences between the process fluids

enabling efficient utilization of thermodynamic availability.

Many researcher's have been studying the subject from the beginning of twentieth

century. The performance can be improved by using various augmentation techniques

such as finned surfaces, integral roughness and insert devices. To determine the

characteristics of heat transfer in the tubes, Sieder and Tate [1] derived an empirical

correlation for turbulent flow of forced convection heat transfer through circular as well

as non-circular tubes at constant wall temperature. The correlation showed that higher

heat transfer occured in finned tubes than the plain tube.

Heat transfer in turbulent flow with turbulence promotors have been studied by Gunter

and Shaw [2]. They have shown that higher heat transfer coefficient occurred in the

turbulent flow than the flow in the plain tube. Experimental data for pressure drop and

heat transfer coefficient for air in internally finned tubes have been reported by Hiding

and Coogan [3]. It was shown that higher heat transfer coefficient occured in the turbulent
flow than the plain tube.

Smithberg and Landis [4] developed a semi empirical model for friction factor, which

was based on adding the momentum losses for spiralling flow and induced fluid mixing

by inserting tapes in the flow. They have shown that the model reasonably predicted their

data for tapes having 00 :::: twist ratio (y) ::::3.62.Their developed model was the first semi

empirical model for turbulent flow heat transfer with a twisted tape insert.
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Thomas [5] tested displaced wires for turbulent flow of water in an annulus. He

concluded that the most favorable (St/f) performance was obtained when the wires were

axially spaced in pairs separated approximately nine wire diameters, followed by a

second pair separated approximately 75 wire diameter from the first pair. The

enhancement was provided by an increased velocity gradient at the surface and by the

interaction of the cylinder wake with the fluid in the boundary layer.

Lopina and Bergles [6] attempted to account for the increased speed of the flow (caused

by the spiral flow) and the centrifugal buoyancy effect using a superposition model. Cox

et al. [7] used several kinds of enhanced tubes to improve the performance of a horizontal

tube multiple effect plant for saline water conversion. Overall heat transfer coefficients

(condensation inside and spray film evaporation outside) were reported for tube internally

enhanced with circumferential V groups. No heat transfer enhancement was obtained with
a knurled surface.

Heat transfer and friction correlations were developed by Webb et al. [8] for turbulent

flow in tubes having a repeated-rib roughness. The friction correlation and the heat-

momentum transfer analogy were based on law of the wall similarity. These correlations

were found to be better than the other methods, especially in accounting for the effect of

Prandtl numbers. They shown that these correlations were especially applicable to ribs of

rectangular cross-section whose thicknesses were small relative to the rib spacing.

Prince [9] obtained 200% increase in heat transfer coefficient with internal

circumferential ribs; however the outside (spray- film evaporation) was also enhanced.

Hu and Chang [10] analyzed fully developed laminar flow in internally finned tubes by

assuming constant and uniform heat flux in the tube surface. By using 22 fins, extended

to about 80 % of the tube radius, it was shown that enhancement of heat transfer was 20
times higher than that of the unfinned tubes.

Date [II] developed a numerical model for predictions of heat transfer for twisted tape

insert in fully developed laminar flow at constant temperature with constant properties.

His analysis for loosely fitting tape with helix angle 34.9° and Prandtl number, Pr =1

showed that the Nusselt number increased with increasing Reynolds number, contrary to
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laminar flow in plain tubes, which is independent of Re and Pr. Mergerlin et aL [12]

found that bristle brushes provided enhancement ratio (h/hp) as high as 8.5, where, heat

transfer co-efficient, h for inserted tubes and hp for plain tube, where, the pressure drop
were increased a factor of28.

The first analytical study to predict the performance of tubes with straight internal fin in
turbulent air flow was conducted by Patankar et aL [13].

The mixing length in the turbulent model was set up so that just one constant was

required for experimental data. Gee and Webb [14] have shown the effect of helix angle

(a) on Stanton number (St) and friction factor (1) for single-phase forced convection in a

circular tube containing a two-dimensional rib roughness. The experiment was run by

using air as working fluid and the three-helix angles (a =30°, 45° and 70°) all having a rib

pitch-to-height ratio of 15. Their investigation indicated that helical rib-roughness showed

greater heat transfer per unit friction than traverse rib-roughness. As a increased, the

friction factor dropped faster than the Stanton number. They observed that the maximum
Stlf occurs at a = 45°.

Uttarwar and Raja Rao [15] carried out an experimental investigation on isothermal

pressure drop and convective heat transfer to Servotherm medium grade oil in laminar

flow in one plain tube and seven wire coil-inserted tubes of different pitch of wire coiL

Their investigation has indicated that, when compared with a plain tube at constant

pumping power and constant basic geometry, an improvement as high as 350 % has been

obtained in heat transfer capacity and a reduction in heat exchanger area of about 70 to 80

percent might be achieved using wire coil-inserted tubes. Plessis and Kroger [16]

conducted experiments to develop a correlation for thermally developing laminar flow in
a plain tube with a twisted tape insert.

Garimella et aL [17] conducted a survey of heat transfer and pressure-drop augmentation

for turbulent flow in spirally enhanced tubes. A geometric parameter known as severity

(q> = e
2
/pD) was used to characterize Nusselt number and friction factor enhancements., '\

1. )
An increased in e or a decreased in p or D, keeping other dimensions constant, yield a -,~

geometry that departed further from that of a plain tube. Three functions were defined,
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namely, heat transfer enhancement (eh= NutlNus), friction-factor enhancement (er= fr/fs),

and enhancement efficiency (I; = ehler),and the dependence of each of these functions on

severity was investigated. Severity was found to be a good correlating parameter for data

for over 60 different tubes from many previous studies. They showed that in turbulent

flow, the friction factor increased was usually much larger than the corresponding
increased in heat transfer.

Friction and Nusselt number data were generated and semi-empirically evaluated by

Gupte and Date [18] for twisted tape generated helical flow in annuli. Results were

obtained for radius ratios of 0.41 and 0.61 and twist ratios of 00, 5.302, 5.038, and 2.659.

The experimental results showed that for the same twist ratio (y), the increase in pressure

drop exceeds the increase in heat transfer irrespective of the radius ratios (r*). For y

=5.302, r* = 0.41 and at the same Reynolds number based on hydraulic diameter, the

increase in pressure drop and heat transfer coefficient over an empty annulus were 90 %

and 60 % respectively. At lower twist ratios both the percentages are even greater. Again

the semi-analytical expressions developed predict the Nusselt numbers with good
, agreement for y = 00 and y = 5 .302 and 5.038.

Zhuo et al. [19] found that the Smithberg and Landis friction model under predicted their

friction data (y = 3, 4.25, 5.25) by approximately 15%. Although much work have been

done on twisted tapes, papers by Manglik and Bergles [20, 21] presented an updated

understanding of the heat transfer and friction characteristics for both laminar and

turbulent flow. The papers provided correlations valid for developed laminar flow

through the turbulent regime, including the transition regime for constant wall

temperature boundary condition. In the laminar flow regime, they showed that entrance

length and buoyancy forces influence the laminar flow Nusselt number; these effects were

controlled by the magnitude of the Graetz number (Gz) and the Rayleigh number (Ra)
respectively.

Heat transfer and pressure drop characteristics in annuli with spirally fluted inner tub~s)

for the laminar, transition, and turbulent flow regimes were studied by Garimella and

Christensen [22]. Heat transfer in fluted-tube annuli for the Reynolds numbers range 700

< Re < 40,000 was investigated in that study. They found that the Nusselt numbers in

7



spirally fluted annuli were between 4 and 20 times higher than the corresponding smooth-

annulus values in laminar flow due to the induced swirl flow. For turbulent flow, the

enhancement was between 1.1 and 4.0. The fluted annulus Nusselt number increased with

an increase in flute depth, and with a decrease in flute pitch and annulus radius ratio.

Turbulent behavior was exhibited for Re values as low as 700. A Nusselt number

correlation was developed in terms of the fluted annulus friction factor and geometric

parameters. This correlation predicted 84 % of data fell within :i: 20 %, of the total 642
data points.

Agarwal and Raja Rao [23] experimentally determined isothermal and non-isothermal

friction factors and mean Nusselt numbers for uniform wall temperature during heating

and cooling of Servotherm oil (Pr =195-375) in a circular tube (Re =70-4000) with

twisted tape inserts (twist ratio, y=2.41-4.84). Isothermal friction factors were found to

be 3.13-9.71 times higher than that of the plain tubes. The Nusselt numbers were found to

be 2.28-5.35 and 1.21-3.70 times higher than that of the plain tubes in forced convection

based on constant flow rate and constant pumping power, respectively, for the minimum
twist ratio.

Huq [24] studied experimentally the steady state turbulent flow heat transfer performance

of circular tubes having six integral internal longitudinal fins and found an abrupt

pressure fluctuation near the entrance region of the tubes He found that the heat transfer

coefficient based on inside diameter and nominal area was 1.98 to 2.12 times higher than

that of the smooth tube. Based on inside diameter and nominal area, heat transfer rate for

the finned tube exceeded by 97 % to 112 % than that of the smooth tube values for

Reynolds numbers range from 2.66 x 104 to 7.86 X 104. Friction factor based on inside

diameter for finned tube was in the range of 3.2 to 4.5 times higher than that of the

smooth tube values. Their study indicated that significant enhancement of heat transfer

waspossible by using internal fins without scarifying much additional pumping power.

Dutta and Han [25] studied heat transfer in a two-pass square channel with rib-roughened

surfaces. The ribs were placed in a staggered half- V fashion and experiments were

conducted for three orientation angles 0°, 45°, and 90°. They found that staggered half-V

ribs showed a higher heat transfer coefficient compared to continuous ribs for both 600
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and 90° ribs under conditions of rotation.

Uddin [26] studied pressure drop characteristics and heat transfer performance of air

through an internal rectangular finned tube. He observed that the heat transfer coefficient

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

than that of the plain tube. When heat transfer co-efficient was compared with a plain

tube at constant pumping power an improvement of 4 %was obtained.

Buyruk et al. [27] studied numerically and experimentally the laminar flow and heat

transfer characteristics of a cylinder in cross flow. Calculations were carried out for

Reynolds numbers of 120 and 390 and blockage ratios between 0.18 and 0.47. The results

were compared with experimental value. They found that increasing blockage caused the

separation point to move downstream and experimental separation point locations did not

always agree well with the flow predictions. Increasing blockage increased the heat

transfer rate from the cylinder, increasing Reynolds number caused the point of

separation to move upstream and the overall heat transfer to increase. They also showed

that the agreement between measured and numerically predicted heat transfer

distributions was generally satisfactory except for the rear of the cylinder because of the
difficulty of predicting accurately the separation point.

Mamun [28] experimentally investigated the heat transfer characteristics of steady state

turbulent fluid flow through an internally in-line segmented and non-segmented finned

(of rectangular cross-section) tube at constant pumping power.The results indicated that

for the same Reynolds number, friction factor of in-line finned tube was 2.0 to 3.5 times

higher than that of the plain tube. Friction factor of in-line segmented finned tube was

1.72 to 2.5 times higher than that of the plain tube. Pumping power of an in-line finned

tube was 2.44 to 3.41 times higher than that of the plain tube. Whereas, pumping power

of an in-line segmented finned tube was 2.21 to 2.34 times higher than that of the plain

tube for the same Reynolds number. Heat transfer for the in-line finned tube was 1.7 to

1.8 times higher than that of the plain tube for the same Reynolds number. Heat transfer

for the in-line segmented finned tube was 1.77 to 1.9 times higher than that of the plain

tube for same Reynolds number. For the same Reynolds number, heat transfer and

convective heat transfer coefficient for in-line finned tube and in-line segmented finned
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tube were found similar but for in-line segmented finned tube, pressure drop was less than
that of in-line finned tube.

Hseih and Huang [29] studied experimentally plain tubes and tubes with square and

rectangular as well as crossed-strip inserts using water as working fluid. Their

experiment showed that transition from laminar to turbulent flow occurred at lower

Reynolds number for using insert of aspect ratio 1. Aspect ratio means the ratio of base
to height of a strip.

Aloke [30] studied experimentally heat transfer performance of a T-section internal fin in

a circular tube. He found that for finned tube, friction factor was 3.0 to 4.0 times and

pumping power was 3.5 to 4.5 times higher than those of plain tube for the Reynolds

numbers range from 2.0 x 104 to 5.0 X 104• Heat transfer coefficient for finned tube was

about 1.5 to 2.0 times higher than that of the plain tube within the same Reynolds
numbers.

Liu and Jensen [31] performed a parametric study on turbulent flow and heat transfer in

internally finned tubes. A comprehensive numerical study on the effect of rectangular fins

on Nusselt numbers and friction factors in internally fined tubes was conducted over a

wide range of geometric conditions. Nusselt numbers and and friction factors increased

with an increased of the number of fins and helix angle. Larger helix angles generated

stronger circumferential velocities, which inhanced fluid mixing between the solid walls

and the core flow. Increased fin height produced larger Nusselt numbers and friction

factors, but the increased was moderate at smaller helix angles (y < 20°). When y > 200,

both heat transfer and pressure drop increased greatly within the same fin-height variation

range. In addition, the performance of three fin profiles Le. rectangular, triangular, and

semicircular with the same fin heights, widths, and helix angles were compared for

Reynolds numbers between 10,000 and 70,000. With a large number of shorter fins, the

rectangular and triangular fin profiles behaved similarly; for some geometric conditions

the round crest fin had lower friction factors and Nusselt numbers (17 % and 10 %,

respectively) than the rectangular fin. However, when the number of fins was large, the

round crest fin could have larger friction factors (about 16 %).
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Saha and Dutta [32] studied laminar swirl flow through a tube fitted with twisted tape

where a large Prandtl number viscous fluid was used as working fluid. On the basis of

constant pumping power and constant heat duty, short length twisted-tapes placed at inlet

showed better performance than the full- length twisted tapes.

Heat transfer enhancement was investigated in a coaxial-pipe heat exchanger using

dimples in the inner tube by Chen et al. [33]. Experimental investigations of six dimpled

tubes used as heat transfer augmentation devices were carried out. They obtained that all

dimpled tubes increased the tube-side heat transfer coefficient significantly above the

smooth tube values. It was shown that the augmentation was 1.25-2.37 times at constant

Reynolds number, and 1.15-1.84 times at constant pumping power. Friction factor ranged

from 1.08 to 2.35 times those for the smooth tube. Based on either constant Reynolds

number or constant pumping power, the best dimpled tube was tube 4 ( whose additional

heat transfer surface area, a = 4307.6 mm2
, inside diameter, di = 16.6 mm, wall thickness,

Ii = 1.22 mm, length, L = 1500 mm, depth of dimple, e = 1.3 mm, diameter of dimple, <p=

3.5 mm, pitch of dimple, p = 10.0), which had the largest dimple depth-to-tube inside

diameter ratio, dimple depth-to-pitch ratio, dimple depth-to-dimple diameter ratio, and

number of dimple columns N. They developed a correlation based on the results of that

work appeared to be sufficiently accurate for predicting the heat transfer coefficients and
friction factors.

Saha and Langile [34] experimentally studied the friction factors and Nusselt numbers

for longitudinal strips (full length, short length but regularly spaced) in laminar flow

under constant wall heat flux. They found that short length strip up to a limited value

(0.3) of 1 and regularly spaced strip elements for 2.5 < y < 5 and 2.5 < s < 5 perform

better than the full length strips. They also developed a correlation. The friction factor

reduced by 8-58 percent and Nusselt number reduced by 2- 40 percent for short length

twisted tape inserts compared to full length twisted tapes inserts.

Mohammad [35] numerically investigated the heat transfer augmentation for flow in a

pipe or a channel partially or fully filled with perforated material placed at the core of the

channel. It was shown that partially filling the channel with perforated substrates could

reduce the thermal entrance length by 50 % and increase the rate of heat transfer from the

walls. Alhough the perforated materials contributed to the pressure drop along the
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channel, an optimum thickness of about 60 % of the channel height was found to offer a

substantial increase in the Nusselt number at the expense of reasonable pressure drop.

Hseih et al. [36] studied experimentally turbulent heat transfer and flow characteristics in

a horizontal circular tube with strip-type inserts (longitudinal, LSand cross, CS inserts)

using air as working fluid. They conducted that the hydrodynamic entry length with a

tube insert was found to be shorter than that of a bare tube. Friction factor increased for

tubes with inserts as compared to bare tube values were typically between 1.1 and 1.5 for

6500 < Re < 19500. They also developed a correlation for friction factors by using
measuring data and compared with those existing data for bare tubes.

Pavel and Mohamad [37] experimentally investigated the potential of perforated inserts to

enhance the rate of heat transfer at constant heat flux where the fluid was air.They found

that the porosity and diameter of the pipe have a positive influence upon heat transfer and

negative impact on pressure drop. The highest increase in the Nusselt number of

approximately 5.28 times (compared to smooth tube) was obtained by fully filling the

pipe at the expense of the highest pressure drop of 64.8 Pa. In comparison with fully

filling the pipe, a partial filling has the advantages of a same increase in the Nusselt and a
smaller increase in the pressure drop.

An experimental study was performed on heat transfer and friction factor characteristics

for a helical tape insert in a circular tube using hot air as the test fluid by Eiamsa-ard et al.

[38]. They obtained that the increased in heat transfer and friction factor were strongly

influenced by swirling motion induced by the helical. As the Reynolds number increased,

the swirling flow was stronger which in tum results in an increased in the heat transfer
and friction factor while it decreased at low Reynolds number.

Sahiti et al. [39] demonstated a considerable enhancement of heat transfer by using small

cyllindrical pins on surfaces of heat exchangers. They found that the pin height to its

diameter ratio influenced the pin efficiency and the heat transfer rate of pins. Pin fins a

good compromise between the pin efficiency and the pin heat. tranfer rate and was

achieved ifthe ratio of pin height to pin diameter was of the order of 15.
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Islam [40] studied the heat transfer in turbulent flow through tube with wire-coil inserts of

varying pitches, p =12 "mm,24 mm, 40 mm, and 50 mm with corresponding helix angles

of, u = 10.01°,20.35°,35.45°, and 46.44° respectively. He observed that the heat transfer

coefficient was increased with corresponding increased in friction factor and pumping

power. The heat transfer coefficient for the tube with wire- coil inserts varied from 1.2 to

2.0 folds than that of the smooth tube for the comparable Reynolds number. Whereas, the

friction factor for the tube with wire-coil inserts varied from 1.5 to 4.0 folds than that of

the smooth tube and the pumping power was increased up to 2.5 times than that of the

smooth tube. The heat transfer effectiveness for the tube with wire-coil inserts increased
up to 2 folds in comparison to the smooth tube.

Abedin [41] studied experimentally the pressure drop and convective heat transfer in a

tube with wire coil inserts of varying pitch in turbulent flow at low Reynolds number. He

fabricated four sets of wire coil insert for different geometries (pitch, p =12 mm, 24 mm,

40 mm and 50 mm with corresponding helix angles, a = 10.01°,20.35°,35.45°,46.44°

respectively). The Reynolds number was chosen based on inlet diameter of the tube and

"was varied in the range of 6,000 ~ Re ~ 22,000. He observed that the heat transfer

coefficient was increased with corresponding increased in friction factor and pumping

power. The heat transfer coefficient increased by 2 folds in a coil inserted tube than that

of the smooth tube. The friction factor and pumping power were found to be increased by

3.5 folds and 3 folds respectively, compared to that of the smooth tube at comparable

Reynolds number. The effectiveness at constant wall temperature for the wire coil

inserted tube increased as much as 1.25 folds than that of the smooth tube. He also

proposed a correlation for the prediction of heat transfer for tubes with wire coil inserts.

Garcia et a1.[42] studied the enhancement of heat transfer with wire-coil inserts in

laminar-transition-turbulent regimes at different Prandtl numbers. In the turbulent flow

wire-coils caused higher pressure drops. But in the laminar region tube with wire coil

behaved like plain tube and transition took place at low Reynolds number( Re =700). At

costant pumping power, wire coil insert showed an increase of heat transfer rate at
Reynolds number below 30,000 over the plain tube.
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Ahmed et al. [43] studied the heat transfer for turbulent flow through a circular tube with

twisted tape inserts having different twist ratios. They found higher heat transfer rate in

the entrance region for lower twist ratio. They found the average heat transfer rate 3 times

higher than that of the plain tube.

Sarkar et al. [44] studied the heat transfer in turbulent flow through tube with longitudinal

strip inserts. They found that the heat transfer co-efficient for the tube with longitudinal

strip insert higher than that of the plain tube. For comparable Reynolds number, average

heat transfer co-efficient increased up to 1.4 times, up to 2 times and up to 3 times than

that of the plain tube for the tube with Y-shaped, X-shaped and star-shaped longitudinal
inserts respectively.

Ahamed [45] studied the heat transfer in turbulent flow through tube with perforated

twisted-tape inserts. The study revealed that the perforated twisted-tape-inserts caused an

increased of heat transfer rate at the cost of increased pumping power. For comparable

Reynolds number, the average heat transfer coefficient for the tube with perforated

. twisted tape inserts increased up to 5.5 times than that of the plain tube. The heat transfer

rate for the tube with perforated twisted tape inserts up to 1.8 times than that of the plain

tube for the comparable Reynolds number. Whereas, the pumping power required for the

tube with perforated twisted tape inserts varied from 1.2 to 2.25 folds than that of the

plain tube. At constant pumping power, the performance parameter, R increased up to

400% for the tube with perforated twisted tape inserts compared to that of the plain tube.
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CHAPTER-3

THEORY

3.1 General:

To analyze the heat transfer characteristics, some basic heat transfer parameters and

thermal boundary conditions are to be defined. In this chapter, the basic heat transfer

parameters and thermal boundary conditions, which were involved with the present work

were briefly discussed. The mathematical equations needed to calculate the variables

namely the hydraulic diameter and wetted perimeter of the test section, Reynolds number,

pressure drop, friction factor, heat transfer rate, bulk temperature, heat transfer

coefficient, Nusselt number, blower power, and effectiveness on the basis of plain tube

and tube with perforated rectangular strip inserts and performance parameter (on the basis

of constant blower power) are summarized here.

Perforated rectangular strip insert is a turbulence creator, not like fin. It acts as an

agitator. Tube will convect more heat to the fluid. The insert has an area perpendicular to

the flow is to be neglected. Tube area is assumed for the flow because the flow within the

tube is very complicated and can not be measured.

3.2 Hydraulic Diameter (Dh):

For turbulent flow heat transfer, the friction factor in a tube is dependent upon the

Reynolds number and the relative roughness of the tube surface. Both these terms are

applied to flow through conduits of various internal geometries. Here, the knowledge of

hydraulic diameter is important and it can be defined as the ratio of four times the cross

sectional area to the wetted perimeter of the conduit in the test section. For plain tube,

hydraullic diameter (Dh) can be expressed as,
,

D = 4xllD; /4
h D11 ;

(3.1)

=> Dh =D,

Where, Dj is the inside diameter of the tube.

But hydraullic diameter for tube with perforated rectangular strip inserts is different for
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different porosity of inserts. It is not constant throughout the length of the inserts. To

make it comparable with other studies, especially for perforated inserts, inside diameter of

tube is considered rather than the hydraulic diameter in defining Reynolds number and
other parameters.

3.3 Reynolds Number (Re):

The beheavior of the fluid for heat transfer characteristics depends on flow geometry and

Reynolds number. The Reynolds number represents the ratio of the inertia to viscous

force. This result implies that viscous forces are dominant for small Reynolds numbers

and inertia forces are dominant for large Reynolds numbers. The Reynolds number is

used as the criterion to determine whether the flow is laminar or turbulent. As the

Reynolds number is increased, the inertia forces become dominant and small disturbances

in the fluid may be amplified to cause the transition from laminar to turbulent.
Mathematically, Reynolds number, here is defined as

(3.2)

(Based on inside diameter of the tube)

3.4 Pressure Drop (tlP) and Fanning Friction Factor (f):

When air passes through a tube, pressure drop will occur in the tube due to the frictional

forces. Pressure drop is the hydraulic loss due to the surface over which the fluid is

moving. Pressure drop is a term used to describe the decrease in pressure from one point

in a pipe or a tube to another point in the down stream. Higher pressure drop requires

higher blower power for the flow of the fluid over the surface. For rough surface the drop

of pressure is high. From the pressure drop, friction factor can be calculated.

Pressure drop at any axial location x is given by the following equation

tlP = Pi - P(x) (3.3)
Where,

tlP = Pressure drop (N/m2)

Pi= Pressure at inlet (N/m2)

P(x)= Pressure at any axial location, x (N/m2)

The fanning friction factor is a dimensionless number used in fluid flow calculation0
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Generally In the chemical and process industries fanning friction factor is used to

determine the friction characteristics. Sometimes the fanning friction factor is called skin

friction. The friction factor (fanning) based on inside diameter is given by,

f_(-~P/x)D;
2pV'

Where,

f ~ Fanning friction factor over a length x from the inlet

x =Axial distance (m)

p = Density of fluid (kg! m3)

V =Velocity of fluid in the tube (mls)

D; = Inside diameter of the tube (m)

(3.4)

3.5 Porosity (Rp):

Porosity is a measure of the void spaces in a material, and is measured as a fraction,

between 0-), or as a percentage between 0-) 00%. Porosity increases with the increase of

pores diameter or with the decrease of central distance between the two adjacent pores .

.Higher porosity causes higher flow rate of fluid and lower porosity causes lower flow rate

of fluid. Porosity of the strip inserts can be defined as,

Porosity,

R _ Total pores area
p Total strip area

'::D'4 p

LpxWp

Where, Dp = Pore diameter (rom)

Lp = Length of the strip (m)

Wp =Width of the strip (m)

3.6 Heat Transfer Rate (Q):

Heat transfer is the passage of thermal energy from a hot body to a cold body. When a

physical body, e.g. an object or fluid, is at a different temperature than its surroundings or

another body, transfer of thermal energy, also known as heat transfer, occurs in such a

way that the body and the surroundings reach thermal equilibrium. Heat transfer rate
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means the transfer of energy per unit time. Cold fluid will absorb heat from the tube

surface' when it passes through the heated tube. When the temperature of the cold fluid is

Tj, its bulk outlet temperature is To, and the mass flow rate is m, then the total heat

transfer rate (Q) to the fluid can be defined as,

(3.5)

For plain tube of length, L heat transfer rate per unit area to the air will be

(3.6)

Where, Ws is the wetted perimeter of the plain tube.

For tube, with perforated rectangular strip inserts of same length, heat transfer rate to the

fluid will be (basis of tube inside diameter)

(3.7)

(3.8)

Where, the wetted perimeter of the tube with perforated rectangular strip inserts was'

taken same as that of the plain tube. In these experiments, the rate of energy supplied to

the tube was kept constant. But time of supply of energy was varied. Here ideally thermal

boundary conditions for costant heat flux are applicable.

3.7 Bulk Fluid Temperature (Tbx):

The mean or bulk temperature of the fluid at a given cross section is defined in terms of

the thermal energy transported by the fluid as it moves past the cross section. The rate at

which this transport occurs may be obtained by integrating the product of the mass flux

(pu) and the internal energy per unit mass (cp T) over the cross section. The bulk

temperature is the representative of the total energy of the flow at any particular location.

The local bulk temperature, Tb(X) at any location, x for the plain tube can be expressed
as:

mCpx{Tb(x)-Tj }=qsWsX

( ) qsWsX~Tb X =Ti +---
mCp

Similarly, the local bulk temperature for the tube with perforated rectangular strip inserts

at any location, x can be writtan as:

(3.9)
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3.8 Heat Transfer Coefficient (h):

Heat transfer coefficient is, in general, a complicated function of the surface and fluid

properties, the fluid flow rate and flow description, and geometry. For turbulent flow heat

transfer, the heat transfer coefficient is higher than the laminar flow heat transfer under

the similar flow field. It shows the effect of replacing a plain tube by a tube with

perforated rectangular strip inserts. The local heat transfer coefficient for the plain tube

and the tube with perforated rectangular strip inserts. at any axial location, x can be
defined as:

(3.10)

In this experiment, eight thermocouples were set at eight different locations in the test

section. To measure the average heat transfer coefficient for the plain tube and the tube

with perforated rectangular strip inserts, it can be expressed as follows:
8~:>(x)

h- I

8.0 (3. II)

For convenience in engineering applications, the average value of heat transfer coefficient

(h) is considered instead of its local values.

3.9 Nusselt Number (Nu):

It is an important criteria to analyze the heat transfer characteristics of a flow. The Nusselt

number is a dimensionless number that measures the enhancement of heat transfer from a

surface that occurs in a real situation, compared to the heat transferred if just conduction

occurred. Typically it is used to measure the enhancement of heat transfer when

convection takes place. The increase in the value ofNusselt number implies enhancement

of heat transfer by convection. For plain tube and tube with perforated rectangular strip

inserts, local Nusselt number at location, x can be defined as:

Nu(x) = h(x)D; (3.12)
k

(Based on inside diameter of the plain tube)

To caculate the average Nusselt number (Nu) for the plain tube and the tube with

perforated rectangular strip inserts, it can be expressed as follows:
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8

LNu(x)
NU-~__'---

8.0 (3.13)

For convenience in engineering applications, the average value ofNusselt number (Nu) is

considered instead of its local values.

3.10 Blower Power (Pm):

As the tube with perforated rectangular strip inserts creates resistance to flow of the air

through the tube, so the pressure drop will be increased in comparison to the flow without

the insert. Required blower power also will be higher than that of the tube without the

insert to cause flow of the air through the tube. It depends on the pressure drop, the mass

flow rate and the density of the air which passes through the tube. Mathematically, blower

power, Pmcan be defined as:

Pm= liP X m (3.14)
Pb

Where,

Pm= Blower power(Watt)

liP = Pressure drop (N/m2
)

Pb =Density of air at bulk temperature (kg/m3)

m = mass flow rate of air through the tube (kg/s)

3.11 Effectiveness (I:) :

Effectiveness is the measure of performance of heat exchanger. The wall temperature to

be considered constant and same through out the entire heated section. Effectiveness of

the heat exchanger (I:) can be defined as:

Ef'" . Actual heat transferlectlveness,6 = -----------_
Maximum possible heat transfer

m x C.(To - TJ
=------
m x Cp (Tw," - TJ

(3.15)

Where,

T0= Outlet bulk temperature of the air (0 C)
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(3.16)

Tj = Inlet temperature of the air (0 C)

Tway =Average wall temperature of the test section of the tube (0 C)

3.12 Performance Parameter (R):

The performance of the present experiment can also be evaluated on the basis of constant

blower power. The performance parameter on this basis is indicated as R . In this context,

the performance parameter (R) is defined as the ratio of Nusselt number for the perforated

rectangular strip inserts (Nup) to the Nusselt number of the plain tube (Nus) at constant

blower power. Mathematically,

NupR=-
Nus

Generally, the blower power can be defined as

Pm = (-~P I p)m

= 4fiL V' A Vp
D 2 x, (3.17)

(3.18)

For equal blower power in plain tube (Pms) and tube with perforated rectangular strip

inserts (Pmp) it can be written as:

Pms = Pmp

Therefore,

AxsfsVs3=AxpfpVp3

(3.19)

Equating the velocity ratio by Reynolds number ratio for fixed tube diameter, equation

(3.19) becomes,

To measure Axp is very complicated at every cross- section and there is a little change

occures due to the presence of insert, so it can be assumed as Axp"'Axs. Then the equation

will becomes
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Rep= Res. :: (3.20)

Rep is the equivalent Reynolds number for the tube with perforated rectangular strip

inserts at constant blower power (same as plain tube). Putting this Rep in the final

correlation developed for Nusselt number equation (5.5), Nup is to be found. Then from

equation (3.16), performance parameter, R can be obtained for the different inserts.
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CHAPTER-4

EXPERIMENTAL FACILITY AND PROCEDURE

4.1 General:

The experimental facility and procedure of collecting the different measuring data for

the plain tube and the tube with perforated rectangular strip inserts are described in this

chapter. The uncertainty estimates of the measuring items are also described in this
chapter.

4.2 Experimental Facility:

The experimental facility consists of an inlet section, a test section, an air supply system

(electric blower) and a heating arrangement. The schematic diagram of the experimental,

facility is shown in figure 4.1. The dimensions of the experimental facility are shown in

figure 4.2a. All the layers of insulation over the tube surface are shown in figure 4.2b.

4.2.1 Test Section:

The most important part of the experimental facility was the test section. A cross-

sectional view of the tube, with perforated rectangular strip insert is shown in the figure

4.3a. The isometric view of the perforated rectangular strip insert is also shown in the

figure 4.3b. The semi cylindrical plain tube made of two halves were clamped together

by flanges at the ends having 70 mm inside diameter and 1500 mm length. The mild

steel perforated rectangular strips of different pore diameters were in tum inserted at 450

angles within the plain tube. The length of the strip was 1500 mm and the width was 58

mm. The strip was inserted axially in one half of the tube, and then the two halves of the

plain tube were clamped together. In order to prevent leakage, the putting was pressed

into the joint of the tube. Then the plain tube in the test section was covered with mica

sheet to isolate electrically. A layer of glass fiber tape was put on the mica sheet.

Nichrome wire (of resistance 1.2 ohm/m) used as an electric heater was spirally wound

uniformly with spacing of 16 mm around the tube. Then mica sheet, glass fiber tape,
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heat insulating tape, and asbestos tape were sequentially put over the Nichrome wire

heater coil. These protected the radial heat losses. The test section was installed in the

experimental facility with the help of the bolted flanges with gaskets of asbestos (of

thickness 3.5 mm) to prevent the heat flow in the longitudinal direction and to prevent
leakage of air.

In the similar way, nine test specimens were made with nme different perforated

rectangular strips. The pore diameter varied from 2 mm to 12 mm. The distance between

two adjacent holes was axially 15 mm and transverse wise 18 mm (figure 4.3c). Porosity

of the rectangular strips was calculated by dividing the total pores area in a strip to the

strip area (including holes). Porosity of the different inserts varied from 1.1 % to 39 %.

4.2.2 Inlet Section:

The unheated inlet section (533 mm long) cast and machined was of aluminum with the

same inside diameter as the.test section i.e. 70 mm. The pipe shaped inlet section (figure

4.4) was made integral to avoid any flow disturbances at upstream of the test section to

get fully developed flow in the test section as well. The shape of the entrance part of the

inlet section was made, as per suggestions of Owner and Pankhurst [46] to avoid
separation and stratification of the flow.

4.2.3 Air Supply System:

Air was induced by an electrically driven centrifugal blower, which was fitted down

stream of the test section so that any disturbance produced by the blower would not

affect the flow in the test section. Air entered through the inlet section containing

traversing pitot tube and it passed successively through the heated test section and

diffuser system. A 12° diffuser made of mild steel plate was fitted to the suction side of

the blower. It was used for minimizing head loss at the suction side. To isolate the

vibration of the blower, a flexible duct was installed between the inlet section of the

blower and the gate valve as shown in the figure 4.1. The gate valve was of butterfly
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type and was used to control the flow rate of air. It was fitted ahead of the flexible duct

to control the flow rate of air through the tube.

4.2.4 Heating Arrangement:

An electric heater (made of Nichrome wire) was used to heat the test section at constant

heat flux. Power was supplied to heater by a regulated alternating current source with a

5 kVA variable voltage transformer through a magnetic contactor and a temperature

controller. Hug [24), Uddin [26), Mamun [28), Aloke [30), Islam [40) and Ahamed [45)

all used a regulated alternating current source with a 5 kVA variable voltage transformer

through a magnetic contactor and a temperature controller for power supplied to heater.

The temperature controller was used to sense the outlet air temperature by providing

signal for switching the heater off or on automatically. It was used to control the outlet

air temperature at a specified limit. This was also used to protect excessive heating of

the experimental facility. The nichrome wire for heating was wound uniformly around

the test section as shown in the figure 4.2a. Electric heat input to Nichrome wire was

kept constant for all the experiments. The electric power supplied to the test section was

determined by measuring the current and voltage applied to the heating element

multiplying by a power factor of 0.8. The voltage was measured with a voltmeter and

current by an a.c. ammeter. Figure 4.5 shows the electric circuit diagram for the heating

system of the test section. The specifications of the electric heater, temperature

controller and blower are given in Appendix-A.

4.3 Measurement Systems:

For performing the experiment three measuring systems namely flow measuring system,

pressure measuring system and temperature measuring system were involved apart from

the electric power measurement as mentioned above.

4.3.1 Flow Measuring System:

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

traversing pitot tube. The traversing pitot tube was fitted at a distance of 4Di from the
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inlet according to Owner and Pankhurst [46] where, Dj was the inlet diameter of the

tube. [n this experiment, High Speed Diesel oil of specific gravity 0.855 was used as a

manometric fluid. A schematic diagram of the traversing pitot tube is shown in figure

4.6. Arithmetic mean method (given in Appendix-C) was applied to determine the

position of the traversing pitot tube for determination of mean velocity of air. Uddin

[26], Mamun [28], Aloke [30], Islam [40] and Ahamed [45] all applied arithmetic mean

method to determine the position of the traversing pitot tube for determination of mean

velocity of air. The different positions of pitot tube for measuring the velocity head are
shown in figure 4.7.

4.3.2 Pressure Measuring System:

Static pressure varied at different axial locations along the tube. The static pressure

tappings were made at the inlet of the test section as well as at eight equally spaced axial

locations of the test section as shown in the figure 4.8. Huq [24], Uddin [26], Mamun

[28], Aloke [30], Islam [40] and Ahamed [45] all used static pressure tappings for

measurement of static pressure at the inlet of the test section as well as at eight equally

spaced axial locations of the test section. Pressure tapings for measurement of static

pressure were fitted carefully so that it just touches the inner surface of the test section.

Epoxy glue was used for proper fixing of the static pressure tappings. U-tube

manometers at an inclination of 30° were attached with the pressure tappings. Water was

used as the manometric fluid in this experiment. The friction factors were determined

from the measurement of pressure drops across the axial locations of the test section for

plain tube as well as the tube with perforated rectangular strip inserts.

4.3.3 Temperature Measuring System:

The temperatures at the different axial locations of the test section and the air inlet

temperature were measured with the help of K-type thermocouples connected with the

Rotary selector switch. Eight thermocouples were fitted at eight equally spaced axial

locations of the test section to measure the tube wall temperatures. Uddin [26], Mamun

[28], Aloke [30], Islam [40] and Ahamed [45] all used eight thermocouples at eight
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equally spaced axial locations of the test section to measure the tube wall temperatures.

Axial locations of the thermocouples are shown in the figure 4.9. Air inlet temperature

was determined by thermocouple positioned at the tube centerline, in the inlet section.

Air outlet bulk temperature was measured by traversing the thermocouple at the exit of

the test section. Arithmetic mean method (given in Appendix-C) was applied to

determine the position of the traversing thermocouple for determination of the mean

outlet bulk temperature of the air. Mamun [28], Aloke [30], Islam [40] and Ahamed [45]

all applied arithmetic mean method to determine the position of the traversing

thermocouple for determination of the mean outlet bulk temperature of the air. The

different positions of the thermocouple for outlet bulk temperature are shown in the
figure 4.1O.

4.4 Experimental Procedures:

At first the electric heater was switched on and allowed to heat for about five minutes

and then the blower was switched on. The electric power was adjusted (if necessary)

with the help of a regulatory transformer or variac. The flow of air through the test

section was set to a desired value and kept constant with the help of the flow control

valve. First the variations in wall temperatures at all locations were observed until

constant values were attained at all the eight locations. Then the bulk outlet air

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

temperature did not fluctuate over 30 minutes time. At the steady state condition,

thermocouple readings were recorded with the help of selector switch and at the same

time, manometer readings were recorded from the inclined tube manometers.

After each experimental run, the air flow rate was changed with the help of the flow

control valve thereby changing the Reynolds number. At that time, electrical power

supply was kept constant. After waiting for steady state condition, different data were
recorded in the similar way.
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4.5 Uncertainty Analysis:

Almost all engineers in the real world at same stage deal with data derived from

experiments or tests. These experimental data were processed to generate results. The

connection between primary measurements and the results was always a mathematical

function of some kind Le. if R was a result and XI, X2, and Xl were the primary

measurements of them. Uncertainty in calculating R was

R= f(XI, X2, X3H.) ; (4.1)

In the experiment, it was necessary to calculate the uncertainty in the results from the

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

"propagation of uncertainty". According to Kline and McClintock [47], the uncertainty

in R resulting from the uncertainties in XI, X2,and Xl ..... H.the following equation was
used

,
WR = [(:, wxJ +(:2wx2 r +------(;, Wxmrr (4.2)

Where, wxl, Wx2,Wxl-------are the uncertainties in the individual variable XI, X2 and Xl

In this experiment primary measurands were Too,d, b, A, To, T;, llP, D, and X. The

results of uncertainty analysis of the primary measurements are presented in Table 4.1,

while the uncertainties of the calculated quantities are presented in Table 4.2.
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Table 4.1: Uncertainties in measurands.

Items measured Precision limit, P Bias limit, B Total limit, W

(%) (%) (%)
Too 1.5 0.02 1.5

b 0.01 0.012 0.016
d 1.00 3.0 3.185
A 0.00 0.52 0.520
To 1.55 0.02 1.55
T; 1.5 0.02 1.50

t,p 5.0 3.00 5.83

OJ 0.00 0.02 0.02
X 0.00 0.02 0.020,

Table 4.2: Uncertainties in calculated quantities:

Quantity Total uncertainty

(%)
V 1.59

Q 7.80

f; 1.2

The calculation of the above values is given in Appendix - D.
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Figure 4.1: Schematic diagram of the experimental facility.
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Figure 4.2a: Schematic diagram of the experimental facility with dimensions
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Figure 4.2b: X- section of the test section with insulations.
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Figure 4.3a: X- section of the test section with perforated rectangular strip insert.

Figure 4.3b: Isometric view of the perforated rectangular strip insert with dimensions.
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Figure 4.3c: Schematic diagram of the hole position in the strip with dimensions.
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Figure 4.5: Electrical circuit diagram for the heating system.
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CHAPTER-5

RESULTS AND DISCUSSION

5.1 General:

In this experimental study the friction factors and heat transfer characteristics in

turbulent flow through a tube with and without perforated rectangular strip inserts were

analyzed. Nine mild steel rectangular strips of different pore diameters were used. The

diameter of the pores were 2 mm, 3 mm, 4 mm, 5 mm, 7 mm, 8 mm, 9 mm, 10 mm and

12 mm and hence porosity of the rectangular strip inserts varied from 1.1 % to 39 %.

Porosity of insert, Rp = 0 indicated the rectangular strip without perforation and Rp= ex

indicated the plain tube. The central distance between the two adjacent pores was fixed

as 15 mm ( axially) and 18 mm ( transverse wise). All the necessary variables were

calculated from the taken data. These data and performance characteristic graphs were
presented and analyzed in this chapter.

In the present work, in order to make easy comparison and analysis some assumptions

were made. These assumptions occured limitations in the actual results. These were:

i. Inside diameter of the tube (D;) was used instead of hydraullic diameter (Dh) in

defining Re, Nu and friction factor.

11. All the fluid properties were calculated at fluid mean bulk temperature instead

of film temperature and at atmospheric pressure instead of local pressure in the

test section which was slightly less than the atmospheric pressure.

iii. Tb was assumed to vary linearly along the length of the test section whereas, T
w

varied non-linearly along the length of the test section.

iv. Calculated blower power did not indicate the total blower power required to

run the blower for the flow. It was the power rquired to cause flow of the fluid

through the test section only.

v. It was assumed that the heat was transfered only by forced convection from

inside wall of the tube to the fluid. But there has been some conduction heat

transfer through the strip from the wall due to the cotact of the strip with the

wall. Heat was also conducted through the ends of the test section to the
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adjacent section.

5.2 Temperature Distribution:

The local wall and bulk fluid temperatures at different axial locations for plain tube,

tube with unperforated and tube with perforated rectangular strip inserts at different

Reynolds numbers are shown in figures 5.1-5.Il.The variation of tube wall

temperatures along axial distance for different porosity of inserts at Reynolds number

around 30,925 is shown in figure 5.1 I (a). The variation of tube wall temperatures with

different porosity (Rp from 0 %-39 %) of inserts for axial distance of XlL = 0.57 and at

Reynolds number around 30,925 is shown in figure 5.1I(b). The average wall and

average fluid bulk temperatures for plain tube, tube with unperforated and tube with

perforated rectangular strip inserts at different Reynolds numbers are shown in figures
5.12-5.13.

The variation of dimensionless temperature differences along axial distance for plain

tube, tube with unperforated and tube with perforated rectangular strip inserts at

different Reynolds numbers are shown in figures 5.14-5.24. The variation of

dimensionless temperature differences along axial distance for different porosity of

inserts at Reynolds number around 30,925 is shown in figure 5.24(a). The variation of

dimensionless temperature differences with different porosity (Rp from 0 %-39 %) of

inserts for axial distance of XlL = 0.57 and at Reynolds number around 30,925 IS

shown in figure 5.24(b).

5.2.1 Effect of Reynolds Numbers and Porosity of the Rectangular Strip on Local

and Average Tube Wall and Fluid Bulk Temperatures:

Variation of tube wall and fluid bulk temperatures along the axial locations in the test

section with perforated rectangular strip inserts at different Reynolds numbers are

presented in figures 5.1-5.9. Figure 5.10 shows the variation oftube wall and fluid bulk

temperatures along the axial locations for the unperforated rectangular strip insert at

different Reynolds numbers. Figure 5.11 shows the variation of tube wall and fluid

bulk temperatures along the axial locations for the plain tube at different Reynolds

numbers. The axial position of any point is non-dimensionalized by the total length of
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the test section (L). The wall temperatures were recorded directly during the

experiment. But the local fluid bulk temperatures were calculated using the equation

(3.8). Considering uniform heat flux, the variation of the fluid bulk temperature was

assumed linear throughout the test section. From the figures 5.1-5.11, it was observed

that the wall temperature increased along the axial position for a given Reynolds

number and reached its maximum at XlL = 0.577. Then the tube wall temperature

dropped slightly at the downstream due to end effect. It might be noted that for both

cases the wall temperatures were lower at the entry and the exit partly because of the

conduction losses(end effect). For both the cases the wall temperatures decreased with

the increase in Reynolds number.

Higher Reynolds number indicated higher flow rate of fluid and it was possible to take

away more heat from the tube wall. Wall temperatures in the tube with perforated

rectangular strip inserts at any location was lower than that of the plain tube for a given

Reynolds number. As the plain tube had lower wetted perimeter and less contact area

with the working fluid compared to the inserted tube, so, its ability to transfer heat was

low.

The calculated bulk fluid temperatures based on average 'q' along the axial locations of

the tube with and without perforated. rectangular strip inserts at different Reynolds

numbers increased linearly. Because air passed through the heated tube along the

length and took away heat from the tube wall. So, it increased along the tube length

for both cases (plain tube and tube with inserts). At lower Reynolds number, the bulk

fluid temperature was higher. The reason was that at lower Reynolds number there

. was less velocity of air, which provided much time for sufficient heating of air in the

test section as well as the inserts. Thus the bulk fluid temperature was higher at a

particullar location at lower Reynolds number. But at higher Reynolds number, faster

.moving of air got insufficient time for being heated.

Figure 5.II(a) shows the variation of tube wall temperatures along axial distance for

different porosity of inserts at Reynolds number around 30,925. Figure 5.11(a) showed

that the wall temperature was higher in the plain tube than that of the tube with
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inserts for any axial location of the test section. At porosity, Rp = 4.4 %, the wall

temperature was lower than that of the tube with other inserts. Tube with unperforated

rectangular strip insert was higher wall temperature than that of the tube with

perforated rectangular strip inserts.

Figure 5.II(b) shows the variation of tube wall temperature with different porosity (Rp

from 0 %-39 %) of inserts for axial distance of XIL = 0.57 and at Reynolds number

around 30,925. Figure 5.II(b) showed that the wall temperature for the tube with

porosity of 4.4 % was lower than that of the tube with other inserts. Wall temperature

lower indicated the heat transfer rate was higher. After porosity, Rp = 4.4 %, the wall

temperature increased with the increase of porosity. The figure 5.II(b) also showed

that the wall temperature was higher at the lower porosity of 4.4 %.

Figures 5.12-5.13 show the variation of average wall and average fluid bulk

temperatures for different porosity of rectangular strip inserts at different Reynolds

numbers. From the figure 5.12, it was clear that the wall temperature for the plain tube

was higher than that of the tube with inserts. The wall temperature for the tube with

unperforated rectangular strip insert was also higher than that of the tube with

perforated rectangular strip inserts. At porosity, Rp = 4.4 % the wall temperature was

lower than that of the tube with other inserts. It was also clear from the figure 5.13 that

the bulk fluid temperature of the plain tube was lower than that of the tube with inserts.

And the bulk fluid temperature of the unperforated rectangular strip insert was also

lower than that of the tube with perforated rectangular strip inserts.

5.2.2 Effect of Reynolds Numbers and Porosity of the Rectangular Strip on

Dimensionless Temperature Differences:

Figures 5.14-5.23 show the variation in dimensionless temperature differences (wall

and bulk) along the axial distance for the tube with perforated and unperforated

.rectangular strip inserts. Figure 5.24 also shows the variation in dimensionless

temperature differences along axial distance for the plain tube. From the figures 5.14-

5.24, it was clear that the plain tube had the highest temperature difference. Keeping

the other parameters fixed, the smallest temperature difference indicated the highest
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heat transfer coefficient as constant heat flux condition was assumed throughout the

test section. The blockage of the flow due to the presence of the inserts increased the

flow velocity and improved the intensive mixing of the fluid. So, the temperature

difference for the inserts was lower than that of the plain tube.

Figure 5.24(a) shows the variation of dimensionless temperature differences along

axial distance for different porosity of inserts at Reynolds number around 30,925.

Figure 5.24(a) showed that the dimensionless temperature difference was higher in

the plain tube than that of the tube with inserts for any axial location of the tube. At

porosity, Rp = 4.4 %, the dimensionless temperature difference was lower than that of

the tube with other inserts. Tube with unperforated rectangular strip insert was higher

dimensionless temperature difference than that of the tube with perforated rectangular
strip inserts.

Figure 5.24(b) shows the variation of dimensionless temperature difference with

different porosity (Rp from 0 %-39 %) of inserts for axial distance ofXlL = 0.57 and at

Reynolds number around 30,925. Figure 5.24(b) showed that the dimensionless

temperature difference for the tube with porosity of 4.4 % was lower than that of the

tube with other inserts. Dimensionless temperature difference lower indicated more

heat was taken away from the tube surface. After porosity, Rp = 4.4 %, the

dimensionless temperature difference was higher for the tube with porosity of other

inserts. The figure 5.24(b) also showed that the dimensionless temperature difference

was higher at the lower porosity of 4.4 %.

5.3 Heat Transfer Characteristics:

In this section, the variation of heat transfer coefficient, Nusselt number along the axial

distnce of the test section, average heat transfer coefficient, average Nusselt number

and heat transfer rate at different Reynolds numbers were calculated and analyzed. A

comparasion of these parameters for plain tube and tube with perforated and

unperforated rectangular strip inserts are discussed below:
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5.3.1 Effect of Reynolds Numbers and Porosity of the Rectangular Strip on Heat
Transfer Coefficient:

Figures 5.25-5.34 show the variation of local heat transfer coefficient (hx) along the

axial distance of the tube with perforated and unperforated rectangular strip inserts at

different Reynolds numbers. Figure 5.35 shows the variation of local heat transfer

coefficient along axial distance for the plain tube at different Reynolds numbers. The

figures 5.25-5.35 indicated that the local heat transfer coefficient was high at the

entrance region due to the development of thermal boundary layer with the entrance

section at the leading edge. Then it gradually decreased up to a certain location. Again

from the figures 5.25-5.35, it was clear that at higher Reynolds number the local heat

transfer coefficient was higher. This was expected because a higher flow rate result in

increment oflocal heat transfer from the tube surface.

Figure 5.35(a) shows the variation of local heat transfer coefficient along axial distance

for different porosity of inserts at Reynolds number around 30,925. Figure 5.35(a)

showed that the local heat transfer coefficient was lower in the plain tube than that of

the tube with inserts for any axial location of the test section. At porosity, Rp = 4.4 %,

the local heat transfer coefficient was higher than that of the tube with other inserts.

The local heat transfer coefficient for the tube with unperforated rectangular strip insert

was lower than that ofthe tube with perforated rectangular strip inserts.

Figure 5.35(b) shows the variation of local heat transfer coefficient with different

porosity (Rp from 0 %-39 %) of inserts for axial distance of X/L = 0.57 and at

Reynolds number around 30,925. Figure 5.35(b) showed that the local heat transfer

coefficient for the tube with porosity of 4.4 % was higher than that of the tube with

other inserts. After porosity, Rp = 4.4 %, the heat transfer coefficient decreased with

the increase of porosity. The figure 5.35(b) also showed that the heat transfer.

coefficient was lower at the lower porosity of 4.4 %.

Variation of average heat transfer coefficient for plain tube and tube with perforated

and unperforated rectangular strip inserts at different Reynolds numbers are shown in

figure 5.36. The figure 5.36 showed that average heat transfer coefficient increased
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with the increase in Reynolds number for the plain tube and the tube with inserts. At

higher Reynolds number, mixing of the fluid occured and more heat is taken away

from the tube surface and hence the heat transfer coefficient increased. Again from the

figure 5.36, it could be noted that the average heat transfer coefficient depend on

porosity of rectangular strip inserts. The average heat transfer coefficient was

maximum for the porosity, Rp= 4.4 % of rectangular strip insert. For porosity, Rp= 4.4

%, the heat transfer coefficient increased up to 2.80 times compared to that of the plain

tube. The higher and lower porosity than the porosity of 4.4 %, the heat transfer

coefficient decreased. Because area decreased with the increase of porosity. Lower

porosity caused less fluid pass through the hole. At high speed fluid could not pass

through the small hole.

Figure 5.36(a) shows the variation of average heat transfer coefficient with different

porosity (Rp from 0 %-39 %) of inserts for different comparable Reynolds numbers.

Figure 5.36(a) showed that the average heat transfer coefficient for the tube with

porosity of 4.4 % was higher than that of the tube with other inserts. After porosity,

Rp = 4.4 %, the heat transfer coefficient gradually decreased with the increase of

porosity. The figure 5.36(a) also showed that the heat transfer coefficient gradually

increased with the increase of porosity up to 4.4 %.

5.3.2 Effect of Reynolds Numbers and Porosity of the Rectangular Strip on
Nusselt Number:

Figures 5.38-5.47 show the variation of local Nusselt number (Nux), based on local

heat transfer coefficient (hx), along axial distance of the tube with perforated and

unperforated rectangular strip inserts at different Reynolds numbers. The figures 5.38-

5.47 indicated that the local Nusselt numbers were large at the entry of the test section

as observed in the local heat transfer coefficients in the figures 5.25-5.34. Figure 5.48

shows the variation of local Nusselt number (Nux) along axial distance for the plain
tube at different Reynolds numbers.

The figure 5.48 indicated that the local Nusselt number was large at the entrance region

of the test section as observed in the local heat transfer coefficient in the figure 5.35.
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Then it gradually decreased up to a certain point. Again from the figure 5.48, it was

clear that at higher Reynolds number the local Nusselt number was higher. This was

expected because a higher flow rate result in increment of local heat transfer from the

tube surface.

Figure 5.48(a) shows the variation of local Nusselt number along axial distance for

different porosity of inserts at Reynolds number around 30,925. Figure 5.48(a) showed

that the local Nusselt number was lower in the plain tube than that of the tube with

inserts for any axial location of the test section. At porosity, Rp = 4.4 %, the local

Nusselt number was higher than that of the tube with other inserts. The local Nusselt

number for the tube with unperforated rectangular strip insert was lower than that of

the tube with perforated rectangular strip inserts.

Figure 5.48(b) shows the variation of local Nusselt number with different porosity (Rp

from 0 %-39 %) of inserts for axial distance of X/L = 0.57 and at Reynolds number

around 30,925. Figure 5.48(b) showed that the local Nusselt number for the tube with

porosity of 4.4 % was higher than that of the tube with other inserts. After porosity,

Rp = 4.4 %, the local Nusselt number decreased with the increase of porosity. The

figure 5.48(b) also showed that the Nusselt number was lower at the lower porosity of
4.4 %.

Figure 5.49 shows the variation of average Nusselt number with porosity of the

rectangular strip inserts at different Reynolds numbers. Average Nusselt number

increased with the increase in Reynolds number. Again from the figure 5.49, it was

clear that the average Nusselt number also depend on porosity of rectangular strip

inserts. Average Nusselt number was maximum for porosity of rectangular strip insert,

Rp = 4.4 %. For porosity, Rp= 4.4 %, the average Nusselt number varied from 2.5 to

2.80 folds in comparison to the plain tube. The higher and lower porosity than the

porosity of 4.4 %, the Nusselt number decreased. So, tube with perforated rectangular

strip inserts was advantageous over the plain tube.
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5.3.3 Effect of Reynolds Numbers and Porosity of the Rectangular Strip on Heat
Transfer Rate:

Figure 5.50 shows the variation of heat transfer rate for porosity of rectangular strip

inserts at different Reynolds numbers. The figure 5.50 indicated that the heat transfer

rate increased with the increase in Reynolds number for all the cases. At higher

Reynolds number, there was intensive mixing of air, which increased the heat transfer

rate. The figure 5.50 also indicated that the heat transfer rate was higher for the

perforated rectangular strip inserts than that of the plain tube. Perforated rectangular

strip inserts created swirl flow and turbulence in the test section. Heat transfer rate for

the tube with perforated rectangular strip inserts increased up to 1.85 folds in

comparison to that of the plain tube.

Again from the figure 5.50, it could be noted that the heat transfer rate depend on the

porosity of rectangular strip inserts. Heat transfer rate was maximum when the porosity

of rectangular strip insert was 4.4 %. It decreased with the increase of porosity as well

as decrease of porosity of the rectangular strip inserts. Higher porosity caused less

turbulence. Hence the heat transfer rate was decreased with the strip of higher porosity.

Lower porosity failed to produce the necessary turbulence. At the comparable

Reynolds number, tube with porosity of 4.4 % showed higher heat transfer rate than

that of the porosity of other rectangular strip inserts within the range of porosity,

Rp=l.l % to 39 %. So, it was more useful than the plain tube.

Increasing the flow rate, the heat transfer rate was increased with the increase of

blower power required. Relation of the blower power with the increase of the heat

transfer rate was shown in the figure 5.51. Figure 5.51 showed that at the same blower

power, heat transfer rate was higher for perforated rectangular strip insert than that of

the plain tube. The figure 5.51 also showed that Qp/Qs was always greater than unity at

the same blower power. So, the use of perforated rectangular strip inserts for heat

transfer enhancement was advantageous over the plain tube.

5.4 Fluid Flow Characteristics:

Variation of pressure drop and friction factor along the axial distance of the test section
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for different Reynolds numbers for plain tube and tube with perforated and

unperforated rectangular strip inserts were analyzed. Variation of blower power

required for all the cases were also analyzed. A comparasion of these parameters for

plain tube and the tube with perforated and unperforated rectangular strip inserts are
discussed.

5.4.1 Efect of Reynolds Numbers and Porosity of the Rectangular Strip on
Pressure Drop:

Figures 5.52-5.61 represent the variation of pressure drop along axial distance for the

tube with perforated and unperforated rectangular strip inserts at different Reynolds

numbers. Figure 5.62 shows the variation of pressure drop along axial distance for the

plain tube at different Reynolds numbrs. As the blower was set at the suction side of

the test section, the pressure inside the tube was always negative The pressure drop

occured along the axial direction of the tube due to the frictional forces of the tube
surface.

Figure 5.62(a) shows the variation of the pressure drop along axial distance for

different porosity of inserts at Reynolds number around 30,925. Figure 5.62(a) showed

that the local pressure drop was lower in the plain tube than that of the tube with

inserts for any axial location of the test section. At porosity, Rp = 13.3 %, the local

pressure drop was higher than that of the tube with other inserts. The local pressure

drop for the tube with unperforated rectangular strip insert was higher than that of the

tube with perforated rectangular strip inserts but slightly less than the porosity of, Rp =,
13.3 %.

Figure 5.62(b) shows the variation ofthe pressure drop with different porosity (Rp from

0%-39 %) of inserts for axial distance of X/L = 0.57 and at Reynolds number around

30,925. Figure 5.62(b) showed that the local pressure drop was lower for the tube with

porosity of I. I %, but for the tube with porosity of 4.4 % the pressure drop was not

significantly high. The pressure drop increased up to the increase of porosity, Rp =
13.3 % and then the pressure drop decreased with the increase of porosity.
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Figure 5.63 shows the variation of total pressure drop with Reynolds number for plain

tube and tube with perforated and unperforated rectangular strip inserts. It was clear

from the figure 5.63 that at lower Reynolds number, change of pressure drop was

comparatively high, and at higher Reynolds number, it was low. This might be

explained by the fact that at lower values of Reynolds number, corresponding to lower

flow rate, air could pass all the pores and touches the strip and created high frictional

forces. At a given Reynolds number, pressure drop in the strip inserts was higher than

that of the plain tube. The increase in the pressure drop was due to the presence of

small vortices, turbulence, secondary flow and swirl for the tube with the inserts than

that of the plain tube.

5.4.2 Efect of Reynolds Numbers and Porosity of the Rectaugular Strip on

Friction Factor (1):

Figures 5.66-5.75 show the nature of friction factor with dimensionless distance for

both the tube with perforated and unperforated rectangular strip inserts at different

Reynolds numbers. Figure 5.76 shows the nature of friction factor with dimensionless

distance for the plain tube at different Reynolds numbers. From the figures 5.66-5.76, it

could be noted that the friction factor was high near the entrance region, then sharply

fell up to a certain limit and then finally it was almost constant. At the entrance region

. friction factor was high for settings of asbestos gasket between the inlet section and the

test section and the blockage created by the inserts.

Figure 5.76(a) shows the variation of the friction factor along axial distance for

different porosity of inserts at Reynolds number around 30,925. Figure 5.76(a) showed

that the friction factor was lower in the plain tube than that of the tube with inserts for

any axial location of the test section. At porosity, Rp = 13.3 %, the friction factor was

higher than that of the tube with other inserts. The friction factor for the tube with

unperforated rectangular strip insert was higher than that of the tube with perforated

rectangular strip inserts but slightly less than the porosity of, Rp = 13.3 %.

Figure 5.76(b) shows the variation of the friction fa~tor with different porosity (Rp

from 0 %-39 %) of inserts for axial distance of XlL = 0.57 and at Reynolds number
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around 30,925. Figure 5.76(b) showed that the friction factor was lower for the tube

with porosity of 1.1 %, but for the tube with porosity of 4.4 % the friction factor was

not significantly high. The friction factor increased up to the increase of porosity, Rp =

13.3% and then the friction factor decreased with the increase of porosity.

Figure 5.77 shows the variation of average friction factor with Reynolds number for

plain tube and the tube with perforated and unperforated rectangular strip inserts. From

the figure 5.77, it could be shown that the average friction factor for the tube with

perforated and unperforated strip inserts was higher than that of the plain tube for the

comparable Reynolds number. It was also clear from the figure 5.77 that the increase of

Reynolds number the average friction factor decreased. In this experimental study, it

was observed that the average friction factor for the tube with perforated rectangular

strip inserts varied from 1.08 to 1.80 folds than that of the plain tube. The presence of

small vortices for different inserts might be responsible for increase of the friction
factor.

5.5 Blower Power (Pm):

The figure 5.64 represents the variation of blower power with Reynolds number for

both the plain tube and the tube with perforated and unperforated rectangular strip

inserts. For all the inserted tubes blower power increased as the Reynolds number

increased. From the figure 5.64, it could be noted that the required blower power for

the tube with perforated and unperforated rectangular strip inserts was higher than that

of the plain tube for the comparable Reynolds number. The presence of small vortices,

turbulence and increased surface area was responsible for higher pressure drop and

blower power. The required blower power for the tube with perforated rectangular strip

inserts increased up to 1.45 times than that of the plain tube .

.5.6 Effectiveness (E):

For performance analysis, effectiveness is the measure of heat exchanger performance

where wall temperature should be considerd as constant. Considering constant wall

temperature throughout the test section, the heat transfer effectiveness for both the

plain tube and the tube with perforated and unperforated rectangular strip inserts were
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calculated using equation (3.15). Figure 5.78 shows the variation of heat transfer

effectiveness for the plain tube and the tube with perforated and unperforated

rectangular strip inserts at different Reynolds numbers.

From the figure 5.78, it was observed that the heat transfer effectiveness increased with

the increase in Reynolds number up to a certain limit (Re-15,000-22,000), after that it

decreased slighty. And finally, the heat transfer effectiveness increased slighty with the

increase in Reynolds number. From the figure 5.78, it was also clear that the heat

transfer effectiveness was higher for the tube with perforated rectangular strip inserts

than that of the plain tube. The heat transfer effectiveness for the tube with perforated

rectangular strip inserts varied from 1.50 to 2.45 folds than that of the plain tube.

5.7 Performance Parameter (R):

On the basis of constant blower power, performance parameter was calculated for

different Reynolds numbers and porosity of rectangular strip inserts. Variation of

performance parameter, (R) with blower power for different porosity of rectangular

strip inserts at different Reynolds numbers is shown in figure 5.83. Performance of the

heat exchanger with perforated rectangular strip inserts increased with the increase in

Reynolds number up to a certain limit (Re-21,000 -27,000) after that it decreased

slightly up to the Reynolds number of 31 ,000. And after that it increased slighty up to

the Reynolds number of 37,000. And then, it decreased slighty up to 40,000 and then

finally, the performance parameter increased with the increase in Reynolds number.

For the rectangular strip inserts, maximum value of performance parameter, R was
2.10.

5.8 Comparison of the Results with the Previous Results:

Results of the tube with the perforated rectangular strip inserts were compared with

that of the tube without perforation. Figure 5.37 shows the variation of average heat

transfer coefficient for different inserts like perforated rectangular strip insert (porosity,

Rp= 4.4%), longitudinal strip insert and wire- coil-inserts. From the figure 5.37, it was

observed that the heat transfer coefficint for the perforated rectangular strip insert was

approximately 1.38 times higher than that of the longitudinal strip (Y-shaped) insert by
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Sarkar et al. [44]. Heat transfer coefficient for the tube with perforated rectangular strip

insert was 1045times higher than that ofthe wire-coil-inserts by Islam [40].

Figure 5.50 showed that the tube with the rectangular strip inserts with or without

perforation gave higher heat transfer rate than that of the plain tube. Heat transfer rate

for the tube with perforated rectangular strip insert increased up to 1.44 times in

comparison to that of the tube without perforation. So, the tube with perforated

rectangular strip insert was advantageous over the tube without perforation.

From the figure 5049, it was shown that the average Nusselt number for the tube with

perforated rectangular strip insert increased up to 1.83 times compared to that of the

rectangular strip inset without perforation. Figure 5.36 showed that the average heat

transfer coefficient for the tube with perforated rectangular strip insert increased up to

1.83 times compared to that of the tube without perforation. Figure 5.64 showed that

the required blower power for the tube with perforated rectangular strip insert

generally was not significantly different from that of unperforated rectangular strip
insert.

Figure 5.65 shows the variation of blower power required for different inserts like

perforated rectangular strip insert, perforated twisted tape insert, and wire- coil _

inserts. From the figure 5.65, it was observed that the blower power required for the

perforated rectangular strip insert was 2.15 times lower than that of the perforated

twisted tape insert by Ahamed [45]. And the blower power required for the perforated

rectangular strip insert was lAO times lower than that of the wire-coil-inserts by Islam
[40].

It was shown from the figure 5.78 that the tube with perforated rectangular strip inserts

.had higher effectiveness than that of the tube without perforation. It was also shown

from the figure 5.82 that the tube with perforated rectangular strip inserts had higher

performance than that of the tube without perforation. But the performance of the tube

with porosity of 13.3 % was slighty less than the unperforated rectangular strip insert.
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So, from the figures it was observed that the tube with perforated rectangular strip

inserts had better heat transfer augmentation than the tube with rectangular strip insert
without perforation.

5.9 Data Reduction:

In the present work seven sets of data were taken carefully for each porosity. For nine

inserts, total (9x7) = 63 sets of data were taken. And without perforation seven sets of
data were also taken.

From the figure 5.49, it was evident that the Nusselt number for the plain tube and the

tube with the rectangular strip insert (perforation and without perforation) was a

function of Reynolds number and porosity of the strip inserts. These might be

correlated by the following Colburn equation:

Nn=CReffipro.33 (5.1)
Nu CR m~--on= ePr .

Nu
~ In(-03]) = In(CRem)Pr .

Nu
~ In(--"-33) = InC+mlnRePr.

This equation was simi liar to the straight line equation, y = mx + c. Where, the term

InC was the intercept and m was the slope of the graph. The independant variale was

In(Re) and the dependent variable was In(NuiPro.33). The slopes of the straight lines, m

and the intercepts InC were obtained on In(NuiP 0.33) Vs In(Re) for different porosity of

rectangular strip inserts ranges from 0 % to 39 %. It was found that C and m were

different for different porosity of inserts (Rp). The coefficient C was plotted against Rp
in figure 5.79 and the variation ofC with Rpwas represented by

C=I.364* 107*(Rp)9-1.725* 107*(Rp)8+8.696*I06*(Rp)7_2.24* 106*(Rpl+

3.127* I05*(Rp)5-2.281 *104*(Rp)4+744.8*(Rp)3-6.312*(Rpi -O.03467*(Rp)+O.003407
(5.2)

From the figure 5.80, it was also possible to correlate m with Rp. The variation of m
with Rpwas represented by
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m = -1.9* lOs *(Rp)9+2.334*1 OS*(Rp)s_I.124*1 OS*(Rp) 7+2.68* I07*(Rp)6 _

3.215* I06*(Rp)s+ 1.56*1 OS*CRp)4+2051*CRp)3-390.8*CRpi+8.571*CRp)+0.9758 C5.3)

Then the final correlation was obtained for the Nusselt number for the tube with

perforated and unperforated rectangular strip inserts as follows:

Nu={1 .364*1 07*CRp)9_1.725* 107*CRp)s+8.696* I06*CRp)7_2.24*] 06*CRp)6+

3.127*1 oS*cRpi-2.28] * I04*CRp)4+744.8*CRp)3-6.3 I 2*CRpi -0.03467*CRp)+O.003407
}Re {-1.9'1OS'(Rp)9+2.334'I OS'(Rp)S-I.124'1OS'(Rp)7+2.6S'107'(Rp)6-3.2IS'106'(Rp)S+1.56'1OS'(Rp)4+20SI'(Rp)3-

390.S'(Rp)2+S.S7I'(Rp)+O.97SSIxPrO.33 (5.4)

But a simplified form of the correlation could be developed from the figure 5.81, for

different porosity of rectangular strip inserts ranges from 0 % to 39%. From the figure

a straight line equation was obtained as follows:

In(NulPr.33) =1.0174 InCRe) - 5.5756

From the graph, slope, m = 1.0174"" 1.02 and InC = -5.7754

Then, C = 0.003102" 0.003

So, the correlation could be written as:

Nu=O.003ReI.02PrO.J3
C5.5)

Figure 5.82 shows the variation of the experimental Nusselt numbers with the predicted

Nusselt numbers for different porosity of rectangular strip inserts (Rp from 0 % to 39

%). It was clear from the figure 5.82 that the total data fell within 33 % to -30 % of the

predicted correlation with r.m.s. value of error 16.60 %, whereas 80 % of data fell

within + 22 % to -19 % of the predicted correlation.
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Figure 5.1: Variation of wall and bulk temperatures along axial distance for the tube
with perforated rectangular strip insert having porosity, R p = 1.1 %.
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Figure 5.2: Variation of wall and bulk temperatures along axial distance for the tube
with perforated rectangular strip insert having porosity, R p= 2.5 %.
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Figure 5.3: Variation of wall and bulk temperatures along axial distance for the tube
with perforated rectangular strip insert having porosity, R p= 4.4 %.
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Figure 5.4: Variation of wall and bulk temperatures along axial distance for the tube
with perforated rectangular strip insert having porosity, R p= 6.8 %.
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Figure 5.5: Variation of wall and bulk temperatures along axial distance for the tube
with perforated rectangular strip insert having porosity, R p=13.3 %.
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Figure: 5.17: Variation of dimensionless temperature differences along axial distance for
the tube with perforated rectangular strip insert having porosity, R p= 6.8 %.
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Figure 5.21: Variation of dimensionless temperature differences along axial distance for
the tube with perforated rectangular strip insert having porosity, R p= 27. I %.
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Figure 5.27: Variation of the local heat transfer coefficient along axial distance for the
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Figure 5.33: Variation of the local heat transfer coefficient along axial distance for the
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tube with rectangular strip insert having porosity, Rp = 0 at different Reynolds numbers.
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Figure 5.38: Variation of the local Nusselt number along axial distance for the tube with
insert having porosity, Rp = 1.1 % at different Reynolds numbers.
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Figure 5.39: Variation of the local Nusselt number along axial distance for the tube with
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Figure 5.42: Variation of the local Nusselt number along axial distance for the tube with
insert having porosity, Rp = 13.3 % at different Reynolds numbers.
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Figure 5.43: Variation of the local Nusselt number along axial distance for the tube with
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Figure 5.45: Variation ofthe local Nusselt number along axial distance for the tube with
insert having porosity, Rp = 27.\ % at different Reynolds numbers.
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Figure 5.46: Variation of the local Nusselt number along axial distance for the tube with
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Figure 5.58: Variation of the pressure drop along
porosity, R p = 22 % at different Reynolds numbers.

140 -

120 -

NE 100-
~
0.
<l 80
c:e
c 60-
l!!
::I

~ 40
0.

20 -

-+-Re- 4630
~Re-4027;

-..- Re- 3611
--Re- 3045
-..-.: Re-2632:
-+- Re-2155:
-<-Re-15631

1.201.000.800.400.20

o -
0.00 0.60

X/L
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Figure 5.61: Variation of the pressure drop along axial distance for the tube with
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CHAPTER-6
CONCLUSION AND RECOMMENDATION

An experimental investigation was carried out for turbulent flow heat transfer in a

circular tube with perforated rectangular strip inserts. The study revealed that the

perforated rectangular strip inserts caused an increase of heat transfer. The

conclusions of the present study were given below:

» The average heat transfer coefficient for the tube with perforated rectangular

strip inserts varied from 1.55 to 2.80 folds compared to that of the plain tube.

The average heat transfer coefficient was maximum for the tube with porosity of,

Rp= 4.4 %, and varied from 2.5 to 2.80 folds compared to that of the plain tube.

» Nusselt numbers were high in the entrance and exit regions of the test section.

From the entrance region it decreased gradually upto the dimensionless distance

of x/L = 0.57 and then increased gradually up to the exit region of the test
section.

» The heat transfer rate for the tube with perforated rectangular strip inserts

increased up to 1.85 times than that of the plain tube. The heat transfer rate was

maximum for the tube with porosity of, Rp= 4.4 %, and varied from 1.70 to 1.85

folds compared to that of the plain tube.

» The heat transfer effectiveness for the tube with perforated rectangular strip

inserts varied from 1.5 to 2.45 folds compared to that of the plain tube. And the.

heat transfer effectiveness was maximum for the tube with porosity of, Rp=4.4 %.

» At constant blower power, performance parameter;R increased up to 210 % for

the tube with perforated rectangular strip inserts compared to that of the plain
tube.
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}> Heat transfer rate, Q for the tube with the perforated rectangular strip inserts was

1.45 times higher than that of the rectangular strip insert.

}> The average friction factor for the tube with perforated rectangular strip inserts

varied from 1.08 to 1.80 folds compared to that of the plain tube.

}> The power consumed by the blower for the tube with perforated rectangular

strip inserts varied from 1.05 to 1.45 folds compared to that of the plain tube.

The power consumed by the blower was maximum for the tube with porosity

of, Rp = 13.3 %, and varied from 1.25 to 1.45 folds compared to that of the
plain tube.

}> The following correlation is proposed for prediction of heat transfer, based

on the results of the present work:

Nu=CRem Pr°.33

For the range of porosity 0 % to 39 % a simplified form of this correlation can be
reformed as:

Nu = 0.003 Rel.02 Pr°.33

The present work will serve as the basis of further work concerning the optimization

of perforated insert for application in heat exchangers. This will encourage the

development of simple and cheap method to build heat exchangers with perforated
insert for industrial applications.
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Recommendations for Future Work:

The following recommendations are made:

>- The experiment may be conducted by using various geometries of inserts.

>- The experiment may be conducted by using perforated cross strip. of different

pore diameters to compare the results with those of cross strip insert.

>- The experiment may be conducted by using perforated Y-shaped strip of

different pore diameters to compare the results with those of Y-shaped strip
insert.
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APPENDIX-A

SPECIFICATION OF EQUIPMENT

1. Blower:

Capacity 30 m3/min.
Pressure 125 mm of water
H.P 3
Phase 3
Current 4.1 Amp
Voltage 380 V

2. Temperature Controller:

Range 0-200°C

Input voltage 220V

3. Electric Heating System:

Heat Resistance 5.8 Ohm
Maximum Voltage lIS Volts
Maximum Current 18A
Power 1.980 kW

4. Rotary Selector Switches: OMEGA

Insulator Resistance

Contact Resistance

Continuous use Temperature

A-I

2 Mn or less

0004 n or less

I 10 °Centigrade

, ;;.



APPENDIX-B

SAMPLE CALCULATION

For Plain Tube:

Internal diameter of the tube, Di = 70 mm.

Cross sectional area, Ax= 1tD?14 = 3.85 x 10'3 m2

Perimeter, W,= 1tD;= 0.2199 m

Determination of Mean Velocity, V:
I

l1P = _ pV2 [From Bernoulli's equation]
2

(B. 1)

If V was mis, p was kg 1m3
, l1Pwas N/m2 and d was the velocity head expressed in cm

of water, then

l1P = Ywater X d

= 98.1 x d N/m2
(B.2)

Standard Atmospheric Properties at the Sea Level are:

Pressure=760 mm ofHg.

Temperature =15 °c
Density =1.225 Kg 1m3

For any temperature T~°c and pressure b mm ofHg, the value of the density in Kglm3

was calculated as-

P2T, b (273 + 15)
P2=-_PI =-_x x 1.225

PI T2 760 (273 + T~)

From equation (8.1), (8.2) and (8.3) _

V= C.,Jd

B-1

(B.3)



273 + T~
Where, C = 20.558"; ( .)

b

Room Condition:

Temperature, T~= 24°C

Pressure, b= 761 mm ofHg

Therefore,

273 + 24
C = 20.558"; ( )

761
=12.84

(BA)

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

recommended to perform with a fluid of sp.gr =0.834. For this reason a correction was
needed which was as follows-

md=m,d,

=> d = 0.8765x2.54 d, cm [d, is in inch of water]

=> d = 2.2263 d, cm

Measurement of mean velocity of I I points was as follows-

Mean inlet velocity, Vi = C _
I I

= 10.36 m/s

Mass flow rate, m = pAxVi

= I.I91524 x 3.85 x10-3 x 10.36

= 0.047499 Kg/s

[Density of air at room temperature = I. I 9 I524 Kg/m 3]

In the test section, the velocity of air would be
m

V=--- [Density at bulk mean temperature]

B-2

v
<:: "



0.047499

1.167892 x 3.85 x1O'3

= 10.568 m/s

Reynolds Number:

PbYDi
Now, R,,= ---

Jl
=46491

Friction Factor:

. [Fluid properties were calculated at its bulk temp.]

[Where liP was in N/m2]

Local friction factor based on inside diameter was given by-

2Pby2

= 0.00027 x (liP/x) [Pb of air at 28.25 °c was J .167892 kg/m3]

Table 8.1: Experimental data of fluid flow through plain tube

(B5)

Axial Tapping
distance, x Pressure(mm of Tapping Pressure Pressure drop, Friction factor,(mm) water) (N/m2

) IiP(N/m2) fi
0 6 58.658 - -
50 9 87.987 29.329 0.157
250 10 97.763 39.105 0.042
450 10.5 102.652 43.994 0.026
650 11.5 112.428 53.770 0.022
850 13 127.092 68.434 0.022
1050 14 136.869 78.211 0.020
1250 15 146.645 87.987 0.019
1450 16.5 161.310 102.652 0.019
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Heat Transfer Calculation:

Air inlet temperature, Tj= 24.2 °c
Air outlet temperature, To= 32.3 °c
Properties of air were calculated at fluid bulk temperature as-

Cp= 1005.875 J/kg °c

k = 0.026441 W/m.k

~ = 1.858326 X 10 .5 Kg/m.s

p 1.167892 Kg/mJ

Heat supplied by electrically,

Supplied Voltage, V = 80 volts

Supplied current, I =13.8 amp

Constant heat supplied, Qjn= VICose

= 80* 13.8*0.8 (assuming power factor, cose =0.8)
= 883 W

Total heat taken by air, Q = mCp (To-Tj)

= 0.047499 X 1005.875 X (32.3-24.2)

= 387 W

Heat taken per unit area, qs= Q/ (WsxL)

= 387 / (0.2199 x 1.5)

= 1173.20 W/m2

The local bulk temperature of the fluid was calculated according to the following way-

q = Q/ WS L = mCp LiT/ WsL

liT = q WsLi (mCp)

Now, fluid bulk temperature

Tbx= Tj+ (liT) x

qWsx
Tbx=Tj+---

8-4



= 24.2 + 5.4 x °c
Local convective heat transfer co-efficient was given by

q 1173.20
hx -- ------ - -----

Local Nusselt Number,

hxD;
Nux = -- = 2.65 hx

k
Table B.2: Experimental data of heat transfer for plain tube.

Local heat LocalAxial Bulk Wall Transfer Nusselt Average,Distance, Temperature, Temperature, coeff., hx number, h (W/m2 Average,x(m) Tbx(0 C) Twx(oC) (W/m20C) Nux 0C) Nu0.05 24.47 56 37.21 98.51
0.25 25.55 67 28.30 74.93
0.45 26.63 70.5 26.74 70.80
0.65 27.71 75.5 24.55 64.99 26.41 69.910.85 28.79 93.5 18.13 48.00
1.05 29.87 89.5 19.67 52.09
1.25 30.95 76.5 25.76 68.19
1.45 32.03 70 30.90 81.80

LlP
Required blower power, Pm = -- .m = 4.1749 W

Pb

Heat transfer effectiveness of the heat exchanger was calculated as

(Tbo - Tb;)8=---_
(Tw•• -Tb;)

(32.03 - 24.4 7=> 8 = -~-- __
(74.81-24.47)

= 0.150
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1txD2
Axp = 4 '

1tX 0.072

4
= 3.85 x 10.3m2

Gasket was used in the entrance and exit of the test section. So, heat was conducted

from the wall axially. But radial heat flow was to be neglected.

Inlet and out let wall temperatures were, Twi= 56 ° C and Two=700C
Atmospheric Temperature, T00=24°C

Thermal conductivity for gasket, k =0.166 W/mK

Total heat conducted through gasket, Qx = 0.166 * 2217*(. I562-.072)/4*{(70_24) + (56-

24)}/ (.0035)

= 56.49 W
Heat lost by conduction = 56.49 /387 = 14.5 %

For Tube with Perforated Rectangular Strip Insert:

For porosity of rectangular strip, Rp = 1.1%

Pore diameter, dp = 2mm, No. of holes in a row was JOO.

No. of row was 3. So, total hole in a row was 300. And thickness of the strip, t =3mm,
Width of the strip, Wp = 58 mm

Porosity,

R Total pores areap=------
Total strip area
300x 7Z" x .0022

=
4 x 0.058 x 1.5

= 0.011
=1.1%

Cross Sectional area of the tube with perforated rectangular strip insert
(Based on inside diameter of the tube)

Cross Sectional area of the tube for different inserts was different for different porosity

of inserts. So, cross sectional area of the plain tube was considered.
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Mean inlet velocity, Vi = C _
I 1

= 10.44 m/s
Mass flow rate, m = pAx Vi

= 1.191524 x 3.85 xlO-3 x 10.44
= 0.047871 Kg/s

[Density of air at room temperature =1.191524 Kg/m3]

In the test section, the velocity of the air was calculated as
m

V=---

0.047871
=
I. I 61882 x 0.00385

= 10.71 m/s

Reynolds Number:

Pb VDi
Now,R,,=---

= 46654

Friction Factor:

[Fluid properties were calculated at its bulk temp.]

Local friction factor based on inside diameter was given by-

(-~P/X)Di
fj~-._--- [Where ~p was in N/m2] (B5)

= 0.00026 x (~P/x) [Pb of air at 3 1.4 °c was 1.161613 kglm3]
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Table 8.3: Experimental data of fluid flow through tube with perforated rectangular strip
insert.

Axial Tapping Tapping Pressure
distance, x Pressure(mm of Pressure, drop, Friction(mm) water) CN/m2) ~P(N/m2) factor, f;

0 6.2 60.61
50 9.6 93.85 33.24 0.175250 11.5 112.43 51.81 0.054450 12.25 119.76 59.15 0.D35
650 13.5 131.98 71.37 0.029850 14.75 144.20 83.59 0.026
1050 15.75 153.98 93.36 0.023
1250 16.75 163.75 103.14 0.022
1450 18.2 177.93 117.32 0.021

Heat Transfer Calculation:

Air inlet temperature, Tj = 24.4 °c
Air outlet temperature, To= 38.4 °c
Properties of air were calculated at fluid bulk temperature as-

Cp = 1005.99 J/kg OC

K = 0.02657352 W/m.k

fl = 1.866334 X 10-5 . Kg/m.s

p = 1.161613 Kglm1

Total heat taken by air, Q = mCp (To-Ti)

= 0.047871 X 1005.99 X (38.4-24.4)

=674.21 W

Heat taken per unit area, 'I = Q/ (Wsx L)

= 674.21/ (.22 x 1.5)

= 2043.86 W/m2

The local bulk temperature of the fluid could be calculated according to the following
way-

q = Q/ WsL = mCp ~T/ WsL
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L'.T = q Ws1l (mCp)

Now, fluid bulk temperature

qWsx
Tbx=Tj+---

mCp

= 24.4 + 9.33 x °c

Local convective heat transfer co-efficient was given by

q 2043.86
hx -- ------ - -----

Local Nusselt Number on the basis of inside diameter,

hxDj
Nux = -- = 2.63 hx

k

Table B.4: Experimental data of heat transfer through the tube with perforated
tIt rtrec an):(uar s np lOse .

Local heat Local
Axial Bulk Wall Transfer Nusselt Average,Distance, Temperature, Temperature, coeff., number, h (W/m2 Average,x(m) TbX<°C) Twx(oC) hx(W/m2oC) Nux 0C) Nu0.05 24.87 52 75.33 198.43
0.25 26.73 59 63.34 166.86
0.45 28.60 62.5 60.29 158.82
0.65 30.47 67 55.95 147.37 62.10 163.580.85 32.33 81 42.00 110.63
1.05 34.20 76 48.90 128.80
1.25 36.07 65.5 69.44 182.92
1.45 37.93 63 81.54 214.79

L'.P
Required blower power, Pm = -- .m = 4.83 W

Pb
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Heat transfer effectiveness of the heat exchanger was calculated as
(Tbo - Tb,)8=----
(Twov - Tbi)

(37.93 - 24.87)=>&=-----
(65.75 - 24.87)

= 0.32

Gasket was used in the entrance and exit of the test section. Heat was conducted from
the axially. Heat lost by convection was neglected.

Inlet and out let wall temperatures were Twi= 52 ° C and Two=630C

Atmospheric Temperature, T",= 24°C

Thermal conductivity for gasket, k =0.166 WImK

Total heat conducted through gasket, Qx = 0.166 * 22/7*(. I562-.072)/4*{(63_24) + (52-

24)1 (.0035)}

=48.527 W
Heat lost by conduction = 48.527 1 674.21 = 7%

Constant Pumping Power Result:

Equivalent Reynolds number for the Tube with perforated rectangular strip insert on the
basis of constant blower power, from equation (3.20)

( J
1/3

Re =Re ~
P 'f

P

( J
"3

::::> Re = 46491 x 0.041
P . 0.048
=44077

This Reynolds number had the same pumping power. Using the correlation equation
(5.5) for perforated rectangular strip insert,

Nup= 0.003 x 44074102 x 0.7°.33

= 146.45

For plain tube constant blower power, Nus=69.91

So, Performance parameter(R), Using equation (3.16)
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NupR=-
Nu,
146.45
69.91

=2.09
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APPENDIX-C
DETERMINATION OF LOCATION OF MEASURING

INSTRUEMENTS

1. Location of Pi tot Tube for Velocity Measurement:

When fluid flowed through tube, velocity head varied from wall to center of the tube. To

obtain the mean velocity, the tube diameter was divided into five equal concentric areas,

and their centers were calculated by using arithmetic mean method. The locations of the

traversing pitot tube are shown in Figure. 4.7. The locations were calculated as follows:

Considering R is the radius of the whole tube and r) is the radius of a circle of equal
concentric areas.

So, I , ,
-71R = 7lr,
5

~rl=0.447R

And r2 is the radius of another concentric circle, then

I , , ,
-71R = 7lr, -7lr)
5

~ r, =O.632R

Similarly,

r3 =O.774R, r4= O.894R and rs= IR

Now, to find the center of these circles,

, 7lR' + 7l(O.894R)'
7lr'_4 = 2

~ r'_4 = O.948R

, 7l(O.894R)' + 7l(O.174R)'7lr4_3 = 2

~ r4_3= O.836R

Similarly,
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r3_2 = 0.7065 R

r,_, = 0.547 R

r,_o= 0.316R

2. Location of Thermocouple:

Temperature of the flowing fluid also changed with radial locations of the thermocouple.

Tube diameter was divided into three equal concentric areas to determine the outlet

temperature of the air. The arithmetic mean method was used to find out the centers of

the areas. The locations of the thermocouples are shown in Figure 4.10. The arithmetic
mean method was as follows:

D=0.07m

R, = 0.035 m

A=:rR/ = 0.003848 m'

A/3= A, = A, = A3 =0.0012828 m'

AI= :rRI'-:rR,'

And A, = :rR,' - :rRl

A3 = :rR3'

Now volume flow rate,

Q]= A]VpCp(TwT;)
Q, = A, VpCp(Tb2-T;)
Q3= A]VpCp(TwT;)

Now total
Q = Q] + Q2+Q3 = A,VpCp(Tb]+Tb2+Tb3-3T;)
=> AVpCp (Tbavg-T;)= A]VpCp(Tb,+Tb2+Tb3-3T;)
=>3A](Tbavg-T;)= A,(Tbl+Tb2+Tb3-3T;)

T Tb, +Tb2 +Tb3=> bavg - 3
, ,

A, = 7tR, -7tR,
=>0.0012828 = :r(O.035)2_:rR,'
=>R2=0.0286 m, ,
A, = 7tR, -7tR3

=>0.00 12828 = :r (O.0286)2_:rRl
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Now for center, , ,
, nR, + nR,

nr, = ---2--

=>rI= 0.0319 m

Similarly,

, nR,' +nR,'
7tT, =--2---

=>r2= 0.02475 m and r3= 0.0143 m

r; =0.035 - rI =0.00304 m

r; =0.035-r, =0.01025 m

r; = 0.035 - r3 = 0.02068 m

Mean outlet temperature was measured by traversing the thermocouple along the

diameter of the tube at seven measuring points.
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APPENDIX-D

UNCERTAINTY ANALYSIS

In this experiment there might be some inaccuracies in measuring the primary data. It

needed a description of such inaccuracies. It was known that an appropriate idea for

expressing inaccuracies was an "uncertainty" and the actual value should be provided by

an "uncertainty analysis". An uncertainty was not the same as an error. The error in the

measurement was the difference between the true value and the measured value. Since

uncertainty could take on various values over a range, it was inherently a statistical
variable.

A more precise method of estimating uncertainty in experimental results was presented

by Kline and McClintock [47] .The method was based on a careful specification of the

uncertainties in the various primary experimental measurements. When the plus or

minus notation was used to designate the uncertainty, the person making this designation

was stating the degree of accuracy with which he or she believed the measurement was

made. We might note that this specification was in itself uncertain because the

experimenter was naturally uncertain about the accuracy of these measurements.

To add a further specification of the uncertainty of a particular measurement, Kline.and

McClintock [47] proposed that the experimenter specified certain odds for the
uncertainty.

It was important to note that the specification of such odds could only be made by the
experimenter based on the total laboratory experience.

1. Uncertainties in Measurands:

As we could eliminates the uncertainties in the experiment so experimenters were

advised to report the uncertainties in every measurands. For measuring the uncertainties
following information should be considered:
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a. Precision limit, P: This is an estimate of the lack of repeatability caused by

random errors and process unsteadiness. This element can be sampled with

the available procedures and apparatus. It should be based on statistical
estimates from samples whenever possible.

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

constant error. This element can not be sampled within available procedure

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

c. Total uncertainty, W: The :t 5 interval about the nominal results is the band

within which the experiment is 95% confident that the true value of the

results lies. And it is calculated from the following way:

W = [P2 + B2]'12 (D-I)

2. Propagation of Uncertainties into Results:

In nearly all other experiments, it was necessary to compute the uncertainty in the results

from the estimates of uncertainty in the measurands. This computation process was
called "propagation of uncertainty".

According to Kline and McClintock (47), the propagation equation of a result R

computed from m measurands XI, X2, and X3, -----------xm having absolute uncertainty

WR was given by the following equation:

I

W =[(~w )' +(~w )' +------(~w )']2 [D-2]R oX xl oX x, oX xm
I, m

3. Calculation of Uncertainties in the Present Experimeut:

Primary measurands were Too, b, d, A, To, T;, liP, D" and x. Results of these

uncertainties was presented in the Tables 4.1 and 4.2. From these results, uncertainty in

velocity, heat transfer rate and friction factor were calculated.

Determination of Mean Velocity:

( )

1/'
V = 20.558 273: Too Jd

D-2
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Room temperature, T00=24:t 1.5% °c
Atmospheric pressure, b=76 1:t 0.016 % mm ofHg

Velocity head, d= 0.65051 :t 3.18%. The uncertainties in these values were calculated
as follows:

WT=0.36 °c
w d = 0.020686 cm of fluid

wb=O.l2176mmofHg

Now, change of velocity with respect to temperature,

av =20.558X~(273+T~)-1/2 x~.Jd
aT 2 b b

=:> av = 20.558X~(273+24)-1I2 x-I-.J0.65051
aT 2 761 761

= 0.017437

Now, change of velocity with respect to manometric fluid head,

( )

'/2av =20.558x~ 273+T~ Xd-1I2
act 2 b

=:> av = 20.558 x ~(273 + 24)112x 0.6505 r'/2
ad . 2 761

=7.96177

Now, change of velocity with respect to atmospheric pressure,

av =20.558x~(273+24t2 xb-3/2.jd
ab 2

= 0.006805798
Thus, the uncertainty in the velocity was

= 0.1648188

Now,
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Wy = 0.1648188 -1.59%
Y 10.3584

Total Heat transfer rate,

Q = mCp (To - T,)

Q = pAYCp(To -T;)

A = 0.0038485:t 0.52 % m2

Y = 10.3584 :t 1.59 % m/s

Ti = 24.2:t 1.5 % °c
To= 32.3:t 1.55 % °c

The uncertainties in these values were calculated as follows:

WA = 0.00002

wy=0.16366

WTi = 0.363

WTO = 0.50065
Change of total heat transfer rate with respect to area

8Q
- = pYCp(To -Ti)8A

= 1.191524 x 10.3584 x 1005.875 x (32.3-24.2)

= 100559.82

Change of total heat transfer rate with respect to velocity

8Q = pACp(To - T;)
8Y

= 1.191524 x 0.0038485 x 1005.875 x (32.3-24.2)

= 37.3614

Change of total heat transfer rate with respect to outlet temperature

8Q =pYCpA
8To

= 1.191524 x 0.0038485 x 1005.875 x 10.3584

= 47.77833
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Change of total heat transfer rate with respect to inlet temperature

aQ =pYCpA
aTi

= 1.191524 x 0.0038485 x 1005.875 x 10.3584

= 47.77833
Thus the total uncertainty in the total heat transfer rate was

= 30.239179 watt

Now,

WQ = 30.239179
Qi 387

= 7.80 %
Friction Factor:

Local friction factor (fanning) based on inside diameter was given by

(-i'lP Ix)O,
2PbY'

Where,

!'.P = 29.329:!: 5.83% N/m2

x = 0.05:t 0.02% m

0i = 0.D7 :t 0.02% m

Y = 10.3584 :t 1.59 % mls

So, W~p= 1.70988

Wx=O.OOOOI

WDi = 0.000014

Wv=0.164698

Change offriction factor with respect to pressure drop

2 x 0.07 = 0.022344
1.167892 xl 0.3584' x 0.05
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Change of friction factor with respect to axial distance

af, = - 2D,L\P _ - 2 x 0.07 x 29.329 = -13.1068
ax Pby'x' 1.167892 x 10.3584' x 0.05'

Change of friction factor with respect to inside diameter

8f 2M
-'=--aD, PbY'X

-2x29.328 =9.3620
1.167892 x 10.3584' x 0.05

Change offriction factor with respect to velocity

8f, =-2 2D,L\P =-2x 2xO.07x29.329 .12653
ay Pby3x 1.167892 x 10.35843 x 0.05

Thus, the total uncertainty in the friction factor was

=0.0018939

Now; Wfi = 0.0018939 -1.2%
fi 0.157
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Plain Tube

APPENDIX-E

DATA TABLES

Local Wall Temrerature, Twlo C)
Re- Re- Re- Re- Re- Re- Re-

X/L 46491 40319 36384 30925 26447 21655 15285
0.03 56 57.5 60 62 63.5 65.5 67
0.17 67 70 73 77.5 80.5 83.5 86

.

0.30 70.5 74 77 81 84.5 88 92
0.43 75.5 79 82.5 86 90 94 98.5
0.57 93.5 97.5 101 105 109 113 116
0.70 89.5 93.5 97 101.5 106 109 112
0.83 76.5 80 84 89 94 98.5 101.5
0.97 70 73 76 80 86 89 92

Local Bulk TemDerature, Tbx (0 C)
Re- Re- Re- Re- Re- Re- Re-

XlL 46491 40319 36384 30925 26447 21655 15285
. 0.03 24.47 24.29 24.21 24.15 24.16 24.08 24.04
0.17 25.55 25.47 25.45 25.53 25.60 25.62 25.79
0.30 26.63 26.64 26.68 26.91 27.04 27.16 27.54
0.43 27.71 27.81 27.92 28.29 28.48 28.69 29.29
0.57 28.79 28.98 29.15 29.67 29.91 30.23 31.05
0.70 29.87 30.15 30.39 31.05 31.35 31.76 32.80
0.83 30.95 31.33 31.63 32.43 32.79 33.30 34.55
0.97 32.03 32.50 32.86 33.81 34.23 34.84 36.30
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20Local Heat Transfer Coefficient, hx (W1m C)
Re- Re- Re- Re- Re- Re- Re-XlL 46491 40319 36384 30925 26447 21655 15285

0.03 37.21 33.24 29.36 26.39 22.68 18.87 14.65
0.17 28.30 25.36 22.10 19.22 16.25 13.50 10.45
0.30 26.74 23.81 20.88 18.47 15.53 12.85 9.77
0.43 24.55 22.00 19.25 17.31 14.50 11.97 9.10
0.57 18.13 16.35 14.62 13.26 11.28 9.44 7.41
0.70 19.67 17.71 15.77 14.18 11.95 10.12 7.95
0.83 25.76 23.16 20.06 17.66 14.58 11.99 9.40
0.97 30.90 27.95 24.36 21.62 17.24 14.43 11.30' \

, \

\Local Nnsselt Nnmber, Nux
Re- Re- Re- Re- Re- Re- Re-

X/L 46491 40319 36384 30925 26447 21655 15285
0.03 98.51 88.03 77.72 69.72 59.80 49.65 38.53
0.17 74.93 67.14 58.50 50.78 42.85 35.52 27.49Y
0.30 70.80 63.05 55.28 48.79 40.94 33.79 25.68
0.43 64.99 58.24 50.96 45.73 38.24 31.48 23.92
0.57 48.00 43.29 38.72 35.03 29.75 24.84 19.48
0.70 52.09 46.88 41.76 37.46 31.51 26.62 20.90
0.83 68.19 61.31 53.11 46.65 38.43 31.54 24.72
0.97 81.80 74.00 64.48 57.13 45.44 37.96 29.72

2Pressure dro , L'>P (N/mO)
Re- Re- Re- Re- Re- Re- Re-XlL 46491 40319 36384 30925 26447 21655 15285

0.03 29.33 24.44 19.56 17.60 13.20 9.29 6.36
0.17 39.11 34.22 29.33 22.00 16.62 11.73 9.78
0.30 43.99 39.11 34.22 29.33 22.49 16.62 14.67
0.43 53.77 48.89 39.11 34.22 27.87 23.47 19.56
0.57 68.43 58.67 48.89 41.56 35.20 28.36 24.45
0.70 78.21 68.44 56.22 48.89 40.09 33.24 29.34
0.83 87.99 73.33 61.11 53.78 47.42 41.07 34.23
0.97 102.65 85.56 72.36 61.11 51.82 45.96 39.12

E-2



Friction Factor, fi
Re- Re- Re- Re- Re- Re- Re-XlL 46491 40319 36384 30925 26447 21655 15285

0.03 0.157 0.174 0.171 0.212 0.216 0.226 0.310
0.17 0.042 0.049 0.051 0.053 0.054 0.057 0.095
0.30 0.026 0.031 0.033 0.039 0.041 0.045 0.079
0.43 0.022 0.027 0.026 0.032 0.035 0.044 0.073
0.57 0.022 0.025 0.025 0.029 0.034 0.041 0.070
0.70 0.020 0.023 0.023 0.028 0.031 0.038 0.068
0.83 0.019 0.021 0.021 0.026 0.031 0.040 0.067
0.97 0.019 0.021 0.022 0.025 0.029 0.039 0.066

Average heat transfer coefficient, Nusselt number, Pumping power, Total heat
fttransfer rate, E ectiveness, Total pressure drop and Avera e friction factor

Re h Nu Pm QOU1 E ~p fj

15285 10.00 26.31 0.53 207.63 0.171 39.12 0.104
21655 12.90 33.93 0.88 257.84 0.157 45.96 0.066
26447 15.50 40.87 1.21 294.34 0.155 51.82 0.059
30925 18.51 48.91 1.66 329.51 0.158 61.11 0.056
36384 20.80 55.07 2.30 346.61 0.152 72.36 0.047
40319 23.70 62.74 3.02 364.16 0.155 85.56 0.046
46491 26.41 69.91 4.17 387.00 0.150 102.65 0.041

Tube with Rectangular Strip Insert
oLocal Wall Temnerature, Twx('C)

Re- Re- Re- Re- Re- Re- Re-XlL 46687 40152 36166 30424 26686 21664 15310
0.03 54 57 60 62 63 64 65 n

. "0.17 62 64.5 67 69.5 72.5 75.5 77.5
0.30 69.5 71.5 73.5 76 79 81.5 84
0.43 73 75.5 78 80.5 84 86 88
0.57 83 88 92 96 98.5 101.5 105
0.70 80.5 84.5 89 93 96 99 102
0.83 69 74 78 82.5 86 88.5 92
0.97 66 70.5 73.5 76.5 78.5 81 84
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oLocal Bulk Temperature, Tbx('C)
Re- Re- Re- Re- Re- Re- Re-XlL 46687 40152 36166 30424 26686 21664 15310

0.03 24.47 24.50 24.52 24.45 . 24.56 24.51 24.42
0.17 25.94 26.09 26.19 26.26 26.41 26.54 26.50
0.30 27.41 27.67 27.86 28.07 28.26 28.57 28.58
0.43 28.88 29.26 29.53 29.88 30.11 30.60 30.66
0.57 30.36 30.85 31.19 31.68 31.97 32.62 32.74
0.70 31.83 32.44 32.86 33.49 33.82 34.65 34.82
0.83 33.30 34.03 34.53 35.30 35.67 36.68 36.90
0.97 34.77 35.61 36.20 37.11 37.52 38.71 38.98

20Local Heat Transfer Coefficient, hx (W/m C)
Re- Re- Re- Re- Re- Re- Re-XlL 46687 40152 36166 30424 26686 21664 15310

0.03 54.37 45.88 39.83 34.33 30.13 26.14 18.43
0.17 44.53 38.82 34.63 29.81 25.13 21.09 14.66
0.30 38.15 34.03 30.96 26.89 22.82 19.50 13.50
0.43 36.40 32.25 29.15 25.46 21.49 18.63 13.04
0.57 30.50 26.10 23.24 20.04 17.40 14.99 10.35
0.70 32.99 28.65 2517 21.66 18.62 16.04 11.13
0.83 44.98 37.31 32.51 27.31 23.01 19.92 13.57
0.97 51.42 42.75 37.89 32.72 28.26 24.41 16.61

Local Nusselt Number, Nux
Re- Re- Re- Re- Re- Re- Re-XlL 46687 40152 36166 30424 26686 21664 15310

0.03 143.95 121.33 105.23 90.59 79.44 68.82 48.51
0.17 117.89 102.66 91.48 78.66 66.26 55.51 38.60
0.30 101.01 89.98 81.80 70.96 60.19 51.35 35,52

,

0.43 96,36 85.29 77.02 67,19 56,67 49,06 34,33
0,57 80.75 69.00 61.40 52,88 45,89 39.46 27,24
0.70 87,34 75.75 66.51 57,16 49,11 42,24 29,30
0,83 119,08 98.65 85,90 72.06 60,67 52.45 35.73
0,97 136,13 113,04 100.11 86.34 74,51 64.27 43,72

o
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. Pressure dro~, c,P (N/m2)
Re- Re- Re- Re- Re- Re- Re-XlL 46687 40152 36166 30424 26686 21664 15310

0.03 46.94 36.67 29.34 24.45 19.56 16.63 10.76
0.17 70.41 53.79 46.45 39.12 29.34 25.43 14.67
0.30 85.08 66.01 51.34 46.45 36.19 31.30 20.54
0.43 96.81 75.30 60.63 53.79 42.06 37.17 26.90
0.57 109.53 88.01 72.37 58.67 50.86 43.03 34.24
0.70 119.31 97.79 82.14 65.52 56.73 50.86 39.13
0.83 128.11 104.64 88.01 70.41 61.62 55.75 44.02
0.97 135.93 110.50 92.90 75.79 66.51 60.64 48.91

fif" fFannID!! rIction actor, I
Re- Re- Re- Re- Re- Re- Re-XlL 46687 40152 36166 30424 26686 21664 15310

0.03 0.250 0.263 0.259 0.304 0.315 0.405 0.524
0.17 0.075 0.077 0.082 0.097 0.095 0.124 0.143
0.30 0.050 0.053 0.050 0.064 0.065 0.085 0.111
0.43 0.040 0.042 0.041 0.051 0.052 0.070 0.101
0.57 0.034 0.037 0.038 0.043 0.048 0.062 0.098
0.70 0.030 0.033 0.034 0.039 0.044 0.059 0.091
083 0.027 0.030 0.031 0.035 0.040 0.054 0.086
0.97 0025 0.027 0.028 0.032 0.037 0.051 0.082

:~
Average heat transfer coefficient, Nusselt number, Pumping power, Total heat

transfer rate, Effectiveness, Total Dressure droD and Avera e friction factor
Re h Nu Pm QOU! E c,o fj

15310 13.91 36.62 0.66 246.71 0.232 48.91 0.154
21664 20.09 52.90 1.16 340.57 0.236 60.64 0.114
26686 23.36 61.59 1.56 381.99 0.225 66.51 0.087
30424 27.28 71.98 2.03 425.17 0.230 75.79 0.083
36166 31.67 83.68 2.95 466.16 0.225 92.90 0.070

.40152 35.72 94.46 3.89 491.95 0.228 110.50 0.070
46687 41.66 110.31 5.55 529.64 0.228 135.93 0.066
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Tube with Perforated Rectangular Strip insert
For Porosity, Rp= 1.1 %

oLocal Wall Temperature, Twx C C)
Re- Re- Re- Re- Re- Re- Re-

X/L 46654 40123 36160 30731 26668 21612 15375
0.03 52 53 55 57 58.5 60 61.5
0.17 59 62 65 67.5 69.5 72.5 74.5
0.30 62.5 65 68.5 71 73 76 78.5
0.43 67 69 72.5 75.5 78 80.5 83
0.57 81 84.5 88 92 95 97.5 100.5
0.70 76 80.5 84.5 88.5 90.5 94 96.5
0.83 65.5 69 73 76 78 82.5 86.5
0.97 63 66 70 72.5 74.5 78.5 81

Local Bulk Fluid Temperature, Tbx(OC)
Re- Re- Re- Re- Re- Re- Re-

X/L 46654 40123 36160 30731 26668 21612 15375
0.03 24.87 24.81 24.84 24.96 24.99 24.95 24.94
0.17 26.73 26.83 27.01 27.19 27.37 27.53 27.52
0.30 28.60 28.86 29.18 29.43 29.74 30.12 30.09
0.43 30.47 30.89 31.34 31.66 32.11 32.71 32.66
0.57 32.33 32.91 33.51 33.89 34.49 35.29 35.24
0.70 34.20 34.94 35.68 36.13 36.86 37.88 37.81
0.83 36.07 36.97 37.84 38.36 39.23 40.47 40.38
0.97 37.93 38.99 40.01 40.59 41.61 43.05 42.96

20Local Heat Transfer Coefficient, hx (W1m C)
Re- Re- Re- Re- Re- Re- Re-

X/L 46654 40123 36160 30731 26668 21612 15375
0.03 75.33 67.77 61.13 50.44 44.54 37.67 25.56
0.17 63.34 54.34 48.52 40.10 35.42 29.37 19.89.

0.30 60.29 52.87 46.88 38.88 34.50 28.78 19.30
0.43 55.95 50.13 44.79 36.87 32.53 27.63 18.57
0.57 42.00 37.04 33.83 27.82 24.66 21.23 14.32
0.70 48.90 41.94 37.76 30.86 27.82 23.53 15.92
0.83 69.44 59.65 52.43 42.94 38.50 31.41 20.26
0.97 81.54 70.75 61.47 50.65 45.37 37.25 24.56
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Local Nusselt Number, Nux
Re- Re- Re- Re- Re- Re- Re-XlL 46654 40123 36160 30731 26668 21612 15375

0.03 198.43 178.28 160.55 132.36 116.70 98.50 66.85
0.17 166.86 142.93 127.45 105.22 92.81 76.79 52.02
0.30 158.82 139.08 123.12 102.01 90.39 75.26 50.48
0.43 147.37 131.88 117.64 96.74 85.22 72.24 48.55
0.57 110.63 97.43 88.85 72.99 64.62 55.50. 37.45
0.70 128.80 110.32 99.17 80.97 72.90 61.52 41.64
0.83 182.92 156.91 137.72 112.67 100.87 82.14 53.00
0.97 214.79 186.11 161.44 132.91 118.88 97.40 64.24

2Pressure dro , liP (N/m")
Re- Re- Re- Re- Re- Re- Re-XlL 46654 40123 36160 30731 26668 21612 15375

0.03 33.24 29.33 22.00 19.56 15.64 11.73 7.82
0.17 51.81 43.99 34.22 28.36 22.00 16.62 12.71
0.30 59.15 53.77 39.11 33.24 26.89 21.51 17.11
0.43 71.37 60.61 48.88 38.13 31.78 26.40 21.51
0.57 83.59 70.88 58.66 45.96 39.11 31.29 26.89
0.70 93.36 80.65 68.43 50.84 44.00 36.18 31.29
0.83 103.14 86.03 70.88 57.69 48.89 42.04 36.18
0.97 117.32 95.32 80.17 65.51 53.78 47.91 42.05

Friction Factor, fi
Re- Re- Re- Re- Re- Re- Re-XlL 46654 40123 36160 30731 26668 21612 15375

0.03 0.175 0.208 0.191 0.234 0.248 0.281 0.371
0.17 0.054 0.062 0.059 0.068 0.070 0.080 0.121
0.30 0.035 0.042 0.Q38 0.044 0.047 0.057 0.090
0.43 0.029 0.033 0.033 0.035 0.039 0.049 0.078
0.57 0.026 0.030 0.030 0.032 0.036 0.044 0.075
0.70 0.023 0.027 0.028 0.029 0.033 0.041 0.071
0.83 0.022 0.024 0.025 0.028 0.031 0.040 0.069
0.97 0.021 0.023 0.024 0.027 0.029 0.040 0.069
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Average heat transfer coefficient, Nusselt number, Pumping power, Total heat
f; En' TId d A f" ftrans er rate, ectIveness, otal Dressure rODan vera e fictIon actor

Re h Nu Pm QOU1 E ~p fj
15375 19.80 51.78 0.58 308.27 0.312 42.05 0.118
21612 29.61 77.42 0.93 435.58 0.328 47.91 0.079
26668 35.42 92.80 1.28 492.33 0.319 53.78 0.067
30731 39.82 104.48 1.79 533.17 0.312 65.51 0.062
36160 48.35 126.99 2.58 608.09 0.321 80.17 0.053
40123 54.31 142.87 3.39 630.31 0.324 95.32 0.056
46654 62.10 163.58 4.83 674.21 0.320 117.32 0.048

For Porosity, Rp= 2.5 %
oLocal Wall Temlerature, Twx('C)

Re- Re- Re- Re- Re- Re- Re-
X/L 46360 39940 36046 30643 26562 21390 15469
0.03 50.5 52.5 55 56.5 58.5 60 61
0.17 55.5 58 61 63 66 69 72
0.30 58.5 62 64.5 67 70 74 77
0.43 63 66 69 71.5 75 79.5 82.5
0.57 77 82 86 89.5 93.5 98 99.5
0.70 72.5 78 81.5 84.5 89 93 97
0.83 65 68.5 72 75.5 79 84.5 89.5
0.97 58.5 62 65 67.5 71 76 79.5

oLocal Bulk Fluid Temperature, Tbx(C)
Re- Re- Re- Re- Re- Re- Re-

XlL 46360 39940 36046 30643 26562 21390 15469
0.03 24.08 24.23 24.36 24.30 24.53 24.40 24.12
0.17 26.00 26.34 26.62 26.72 27.07 27.18 27.02
0.30 27.92 28.46 28.87 29.13 29.60 29.97 29.91
0.43 29.84 30.57 31.12 31.54 32.13 32.76 32.80
0.57 31.76 32.68 33.38 33.96 34.67 35.54 35.70
0.70 33.68 34.80 35.63 36.37 37.20 38.33 38.59
0.83 35.60 36.91 37.88 38.78 39.73 41.12 41.48
0.97 37.52 39.02 40.14 41.20 42.27 43.90 44.38

-.j
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ILocal Heat Transfer Coefficient, hx (W1m2 00 !

Re- Re- Re- Re- Re- Re- Re~:X1L 46360 39940 36046 30643 26562 21390 15469 !

0.03 78.95 70.11 62.35 54.09 46.73 39.56 28.69
0.17 70.71 62.61 55.56 48.00 40.77 33.68 23.52
0.30 68.21 59.09 53.61 45.99 39.29 31.99 22.47
0.43 62.90 55.94 50.43 43.58 37.03 30.13 21.29
0.57 46.11 40.19 36.30 31.35 26.98 22.55 16.58
0.70 53.73 45.88 41.65 36.18 30.64 25.76 18.11
0.83 70.95 62.74 55.99 47.43 40.42 32.47 22.03
0.97 99.42 86.26 76.83 66.21 55.24 43.88 30.12

Local Nnsselt Number, Nnx
Re- Re- Re- Re- Re- Re- Re-X1L 46360 39940 36046 30643 26562 21390 15469

0.03 208.32 184.56 163.85 141.93 122.39 103.40 74.96
0.17 186.57 164.82 146.00 125.95 106.78 88.04 61.45
0.30 179.99 155.55 140.89 120.67 102.90 83.61 58.70
0.43 165.98 147.26 132.53 114.37 96.98 78.76 55.62
0.57 121.66 105.80 95.39 82.27 70.66 58.94 43.33
0.70 141.78 120.77 109.44 94.95 80.25 67.34 47.33
0.83 187.21 165.16 147.14 124.46 105.87 84.85 57.57
0.97 262.34 227.08 201.90 173.73 144.68 114.69 78.70

2Pressu re dro , L'.P( N/m.)
Re- Re- Re- Re- Re- Re- Re-X1L 46360 39940 . 36046 30643 26562 21390 15469

0.03 39.13 31.30 24.45 22.01 17.12 12.72 9.78
0.17 53.80 46.46 36.68 30.32 24.46 18.59 13.70
0.30 61.14 55.76 41.57 36.19 29.35 23.48 18.59
0.43 75.81 63.58 50.87 42.06 34.24 28.37 23.48
0.57 94.89 75.81 63.58 48.91 41.09 34.24 27.40
0.70 103.69 88.04 73.36 54.78 45.98 39.13 32.29
0.83 114.94 92.93 78.26 60.65 51.36 44.03 37.18
0.97 122.27 97.82 83.15 68.47 56.25 49.90 43.05
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Friction Factor, fj
Re- Re- Re- Re. Re- Re- Re-XlL 46360 39940 36046 30643 26562 21390 15469

0.03 0.209 0.224 0.214 0.265 0.273 0.311 0.457
0.17 0.058 0.067 0.064 0.073 0.078 0.091 0.128
0.30 0.036 0.044 0.040 0.048 0.052 0.064 0.097
0.43 0.031 0.035 .0.034 0.039 0.042 0.053 0.084
0.57 0.030 0.032 0.033 0.035 0.039 0.049 0.075
0.70 0.026 0.030 0.031 0.031 0.035 0.046 0.072
0.83 0.025 0.027 0.027 0.029 0.033 0.043 0.069
0.97 0.023 0.024 0.025 0.028 0.031 0.042 0.069

Average heat transfer coefficient, Nusselt number, Pumping power, Total heat
~ t En f Ttl d d A f" ftrans er ra e, ec Iveness, o a I pressure rop an vera e rJctlOn actor

Re- h Nu Pm Qout E Lip fj
15469 22.85 59.71 0.60 348.98 0.348 43.05 0.132
21390 32.50 84.95 0.96 464.61 0.356 49.90 0.087
26562 39.63 103.81 1.33 523.55 0.350 56.25 0.073
30643 46.60 122.29 1.87 574.45 0.355 68.47 0.069
36046 54.09 142.14 2.66 630.14 0.351 83.15 0.059
39940 60.35 158.87 3.46 653.82 0.353 97.82 0.060
46360 68.87 181.73 4.99 688.05 0.349 122.27 0.055

For porosity, Rp= 4.4 %
oLocal Wall Teml erature, Twx("C)

Re- Re- Re- Re- Re- Re- Re-
X/L 46169 39984 36081 30329 26251 21372 15307
0.03 49.5 51.5 53 55 56.5 58 59 L.
0.17 55 57 60 62 65.5 68.5 70.5'''"
0.30 58 61 63.5 66 69 73 75
0.43 62,5 65 68 71,5 74,5 78 80
0.57 75.5 81 85 89 93 96 97.5
0.70 72 77,5 81 84 89 91,5 93.5
0.83 63.5 68 71 75 79 82 84,5
0.97 57.5 61 64 67 70.5 73.5 75.5
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Local Bulk Fluid Temperature, Tbx(OC)
Re- Re- Re- Re- Re- Re- Re-

XlL 46169 39984 36081 30329 26251 21372 15307
0.03 24.49 24.54 24.48 24.43 24.46 24.42 24.24
0.17 26.45 26.70 26.78 26.93 27.12 27.28 27.21
0.30 28.41 28.86 29.09 29.43 29.77 30.15 30.18
0.43 30.37 31.02 31.40 31.93 32.42 33.02 33.14
0.57 32.33 33.18 33.70 34.43 35.08 35.88 36.11
0.70 34.29 35.34 36.01 36.93 37.73 38.75 39.08
0.83 36.25 37.50 38.32 39.43 40.38 41.61 42.04
0.97 38.21 39.66 40.62 41.93 43.04 44.48 45.01

20Local Heat Transfer Coefficient, hx (W/m C)
Re- Re- Re- Re- Re- Re- Re-XlL 46169 39984 36081 30329 26251 21372 15307

0.03 84.91 75.32 68.68 58.46 51.33 43.14 30.91
0.17 74.38 67.01 58.97 50.96 42.84 35.15 24.82
0.30 71.76 63.18 56.93 48.87 41.92 33.81 23.97
0.43 66.09 59.76 53.52 45.17 39.08 32.21 22.93
0.57 49.19 42.46 38.19 32.75 28.39 24.10 17.50
0.70 56.31 48.16 43.54 37.97 32.07 27.46 19.74
0.83 77.93 66.57 59.94 50.24 42.58 35.87 25.30
0.97 110.08 95.15 83.80 71.28 59.87 49.93 35.24

Local Nusselt Number, Nux
Re- Re- Re- Re- Re- Re- Re-

XlL 46169 39984 36081 30329 26251 21372 15307
0.03 223.69 198.00 180.32 153.22 134.31 112.66 80.68
0.17 195.95 176.17 154.84 133.56 112.10 91.79 64.78
0.30 189.07 166.09 149.47 128.09 109.68 88.29 62.56
0.43 174.12 157.09 140.51 118.38 102.26 84.11 59.85
0.57 129.59 111.63 100.27 85.84 74.28 62.93 45.68
0.70 148.35 126.61 114.32 99.52 83.92 71.72 51.53
0.83 205.30 175.02 157.37 131.69 111.42 93.68 66.05
0.97 290.02 250.14 220.02 186.83 156.67 130.38 91.97

, }-~•
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2Pressure dro , tlP (N/m")
Re- Re- Re- Re- Re- Re- Re-

X/L 46169 39984 36081 30329 26251 21372 15307
0.03 44.01 34.23 27.39 23.47 18.59 14.67 9.78
0.17 57.71 48.90 39.12 33.25 26.90 22.01 14.68
0.30 67.49 58.68 45.97 38.14 31.79 26.90 19.57
0.43 83.13 68.46 53.79 44.01 37.17 31.30 24.46
0.57 100.25 83.13 68.46 52.82 44.02 37.17 29.35
0.70 112.48 92.92 78.24 57.71 48.91 42.06 34.25
0.83 119.81 97.81 83.13 63.57 53.80 47.93 39.14
0.97 127.15 102.70 88.03 71.40 58.69 52.82 44.03

Friction Factor, fj
Re- Re- Re- Re- Re- Re- Re-

X/L 46169 39984 36081 30329 26251 21372 15307
0.03 0.236 0.244 0.238 0.288 0.303 0.359 0.466
0.17 0.062 0.070 0.068 0.082 0.088 0.108 0.140
0.30 0.040 0.046 0.044 0.052 0.058 0.073 0.103
0.43 0.034 0.037 0.036 0.042 0.047 0.059 0.090
0.57 0.032 0.035 0.035 0.038 0.042 0.053 0.082
0.70 0.029 0.031 0.032 0.034 0.038 0.049 0.078
0.83 0.026 0.028 0.029 0.031 0.035 0.047 0.074
0.97 0.024 0.025 0.026 0.030 0.033 0.045 0.072

Average heat transfer coefficient, Nusselt number, Pumping power, Total heat
t a .trans er rate, E ectiveness, Total pressure drop and Avera e frictIOn factor

Re h Nu Pm Qou! E tlp fj
15307 25.05 65.39 0.61 354.41 0.376 44.03 0138
21372 35.21 91.95 1.01 477.90 0.378 52.82 0.099
26251 42.26 110.58 1.38 542.42 0.370 58.69 0.080
30329 49.46 129.64 1.93 589.62 0.374 71.40 0.074
36081 57.94 152.14 2.82 646.18 0.369 88.03 0.064
39984 64.70 170.10 3.64 669.80 0.371 102.70 0.065
46169 73.83 194.51 5.18 700.47 0.369 127.15 0.060
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For Porosity, Rp= 6.8 %
oLocal Wall Temr erature, Twx('C)

Re- Re- Re- Re- Re- Re- Re-
XlL 46545 39925 36091 30612 26610 21613 15574

0.03 51 52.5 55 56.5 59 61 62.5

0.17 56 58 61.5 64.5 67.5 70 72

0.30 59.5 62.5 65.5 68 71 74 78

0.43 64.5 67.5 71.5 73.5 76.5 80 83.5

0.57 78 83 87 91 95 99 101.5

0.70 73 79 82.5 85.5 89.5 94 98

0.83 66 69.5 72.5 76.5 81 85 89.5

0.97 60 64 66.5 68.5 72 77.5 80.5

Local Bulk Fluid Temperature, Tbx("C)
Re- Re- Re- Re- Re- Re- Re- o

XlL 46545 39925 36091 30612 26610 21613 15574 ~

0.03 24.77 25.02 25.06 25.07 24.91 24.77 24.49

0.17 26.67 27.08 27.28 27.36 27.34 27.47 27.27

0.30 28.56 29.15 29.51 29.65 29.78 30.17 30.04

0.43 30.45 31.22 31.74 31.94 32.21 32.86 32.81

0.57 32.35 33.28 33.96 34.22 34.64 35.56 35.59

0.70 34.24 35.35 36.19 36.51 37.08 38.25 38.36

0.83 36.13 37.42 38.42 38.80 39.51 40.95 41.13

0.97 38.03 39.48 40.64 41.09 41.94 43.65 43.91

20Local Heat Transfer Coefficient, hx (W1m C)
Re- Re- Re- Re- Re- Re- Re-

X/L 46545 39925 36091 30612 26610 21613 15574

0.03 78.89 70.64 63.24 52.54 44.82 37.91 26.87

0.17 70.53 62.79 55.34 44.46 38.05 32.29 22.83

0.30 66.87 58.21 52.62 43.06 37.06 31.33 21.29

0.43 60.77 53.51 47.62 39.73 34.50 29.14 20.15

0.57 45.32 39.05 35.70 29.09 25.31 21.65 15.49

0.70 53.38 44.48 40.89 33.71 29.15 24.64 17.12

0.83 69.27 60.51 55.56 43.80 36.83 31.18 21.11

0.97 94.16 79.19 73.24 60.24 50.83 40.57 27.91
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Local Nusselt Number, Nux
Re- Re- Re- Re- Re- Re- Re-

X/L 46545 39925 36091 30612 26610 21613 15574
0.03 207.81 185.62 165.90 137.75 117.38 99.43 70.22
0.17 185.80 165.01 145.18 116.57 99.65 84.69 59.66
0.30 176.15 152.97 138.03 112.88 97.07 82.17 55.65
0.43 160.08 140.60 124.93 104.16 90.35 76.41 52.65
0.57 119.38 102.61 93.67 76.25 66.30 56.77 40.49
0.70 140.61 116.87 107.27 88.37 76.33 64.61 44.75
0.83 182.48 159.01 145.75 114.83 96.45 81.77 55.18
0.97 248.04 208.08 192.13 157.93 133.14 106.39 72.93

2Pressure dro ,tlP (N/m.)
Re- Re- Re- Re- Re- Re- Re-

X/L 46545 39925 36091 30612 26610 21613 15574
0.03 46.94 36.18 29.34 24.45 21.52 16.63 11.74
0.17 66.01 51.34 42.05 37.17 30.32 24.45 14.67
0.30 80.68 61.12 48.90 44.01 34.23 29.34 20.54
0.43 95.35 73.34 58.67 48.90 41.57 33.25 25.43
0.57 112.46 88.01 72.37 56.24 46.95 41.08 30.32
0.70 122.24 97.79 83.12 66.02 51.84 45.97 35.22
0.83 129.57 103.66 88.01 70.91 56.73 50.86 40.11
0.97 136.91 110.02 90.95 75.80 61.13 55.75 44.02

Friction Factor, f;
Re- Re- Re- Re- Re- Re- Re-XlL 46545 39925 36091 30612 26610 21613 15574

0.03 0.248 0.258 0.255 0.294 0.342 0.402 0.541
0.17 0.070 0.073 0.073 0.090 0.096 0.118 0.135
0.30 0.047 0.048 0.047 0.059 0.060 0.079 0.105
0.43 0.039 0.040 0.039 0.045 0.051 0.062 0.090
0.57 0.035 0.037 0.037 0.040 0.044 0.058 0.082
0.70 0.031 0.033 0.034 0.038 0.039 0.053 0.077
0.83 0.027 0.030 0.031 0.034 0.036 0.049 0.074
0.97 0.025 0.027 0.027 0.031 0.034 0.046 0.070
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Average heat transfer coefficient, Nusselt number, Pumping power, Total heat
~ En TId d A f" ftrans er rate, ectlveness, ota. pressure rop an vera e rIctlOn actor

Re h Nu Pm QDU! E t,o fj

15574 21.60 56.44 0.62 336.87 0.331 44.02 0.147
21613 31.09 81.53 1.07 453.05 0.341 55.75 0.109
26610 37.07 97.09 1.45 504.02 0.331 61.13 0.088
30612 43.33 113.59 2.07 544.73 0.334 75.80 0.079
36091 53.03 139.11 2.92 624.66 0.345 90.95 0.068
39925 58.55 153.85 3.90 640.39 0.345 110.02 0.068
46545 67.40 177.54 5.63 682.50 0.342 136.91 0.065

For porosity, Rp= 13.3 %
oLocal Wall Temr erature, Twx(' C)

Re- Re- Re- Re- Re- Re- Re-
X1L 46432 40150 36197 30278 26298 21606 15292
0.03 51.5 53 56 57.5 60 61.5 63
0.17 58 59.5 62.5 65.5 68.5 71 73
0.30 61.5 64 67 70 72.5 76 79
0.43 66 68.5 73 75 79 82 85
0.57 80 84 89 92.5 96 99.5 102
0.70 75 80 84.5 87.5 91 95 98.5
0.83 66.5 70 74.5 77.5 81.5 85.5 89.5
0.97 62 65 68 70 73 78 81.5

Local Bulk Flnid Temperature, T bx(OC)
Re- Re- Re- Re- Re- Re- Re-

X1L 46432 40150 36197 30278 26298 21606 15292
0.03 23.67 23.61 23.45 23.67 23.61 23.37 23.38
0.17 25.57 25.66 25.66 25.96 26.07 26.03 26.08
0.30 27.46 27.70 27.87 28.25 28.53 28.70 28.79
0.43 29.35 29.74 30.08 30.54 30.99 31.37 31.50
0.57 31.25 31.79 32.28 32.82 33.44 34.03 34.20
0.70 33.14 33.83 34.49 35.11 35.90 36.70 36.91
0.83 35.03 35.88 36.70 37.40 38.36 39.37 39.62
0.97 36.93 37.92 38.91 39.69 40.82 42.03 42.32
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20Local Heat Transfer Coefficient, hx (W1m C)
Re- Re- Re- Re- Re- Re- Re-

XlL 46432 40150 36197 30278 26298 21606 15292
0.03 73.94 65.43 57.60 48.10 41.77 35.58 24.60
0.17 63.44 56.82 50.89 41.15 35.82 30.17 20.78
0.30 60.44 52.97 47.91 38.97 34.56 28.68 19.42
0.43 56.14 49.61 43.67 36.59 31.65 26.79 18.22
0.57 42.20 36.83 33.05 27.26 24.29 20.72 14.38
0.70 49.15 41.65 37.49 31.06 27.58 23.27 15.83
0.83 65.39 56.35 49.59 40.57 35.23 29.41 19.54
0.97 82.06 71.01 64.44 53.67 47.22 37.72 24.88

Local Nusselt Number, Nux
Re- Re- Re- Re- Re- Re- Re-

XlL 46432 40150 36197 30278 26298 21606 15292
0.03 195.38 172.67 151.82 126.59 109.77 93.37 64.55
0.17 167.63 149.94 134.13 108.30 94.14 79.18 54.51
0.30 159.72 139.79 126.27 102.57 90.83 75.27 50.94
0.43 148.36 130.93 115.12 96.31 83.19 70.32 47.80
0.57 111.52 97.19 87.12 71.76 63.85 54.38 37.72
0.70 129.88 109.91 98.81 81.74 72.49 61.07 41.52
0.83 172.78 148.71 130.72 106.79 92.58 77.18 51.27
0.97 216.84 187.38 169.85 141.28 124.10 98.99 65.28

2Pressure dro , tlP (N/m<)
Re- Re- Re- Re- Re- Re- Re-

X/L 46432 40150 36197 30278 26298 21606 15292
0.03 48.92 39.13 31.30 25.44 22.01 18.59 14.68
0.17 75.82 53.80 44.02 39.13 31.31 26.90 19.57
0.30 90.50 63.58 50.87 44.03 36.20 31.31 24.46
0.43 105.17 78.26 63.58 50.87 42.07 35.22 29.35
0.57 120.34 97.82 78.26 58.70 51.85 44.03 34.24
0.70 127.18 107.60 90.48 68.48 56.25 48.92 39.13
0.83 136.97 114.94 96.84 75.82 60.66 53.81 44.03
0.97 143.82 122.27 105.16 81.20 66.04 58.70 48.92
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Friction Factor, f,
Re- Re- Re- Re- Re- Re- Re-

X/L 46432 40150 36197 30278 26298 21606 15292
0.03 0.262 0.279 0.274 0.317 0.362 0.451 0.710
0.17 0.081 0.077 0.077 0.097 0.103 0.130 0.189
0.30 0.054 0.050 0.049 0.061 0.066 0.084 0.131
0.43 0.043 0.043 0.043 0.049 0.053 0.066 0.109
0.57 0.038 0.041 0.040 0.043 0.050 0.063 0.097
0.70 0.032 0.037 0.038 0.041 0.044 0.056 0.090
0.83 0.029 0.033 0.034 0.038 0.040 0.052 0.085
0.97 0.027 0.030 0.032 0.035 0.037 0.049 0.082

Average heat transfer coefficient, Nusselt number, Pumping power, Total heat
~ EU' TId d A f . f ftrans er rate, ectIveness, otal nressure ron an vera e rIC Ion actor

Re h Nu Pm QDU!
, E 1'>0 f,

15292 19.71 51.70 0.67 321.59 0.313 48.92 0.187
21606 29.04 76.22 1.13 447.50 0.324 58.70 0.119
26298 34.77 91.37 1.54 501.31 0.318 66.04 0.094
30278 39.67 104.42 2.18 536.69 0.315 81.20 0.085
36197 48.08 126.73 3.36 618.40 0.320 105.16 0.073
40150 53.83 142.07 4.32 634.31 0.322 122.27 0.074
46432 61.59 162.76 5.86 678.69 0.320 143.82 0.071

For porosity, Rp=17.4 %
oLocal Wall Temr erature, Twx("C)

Re- Re- Re- Re- Re- Re- Re-
X/L 46316 40149 36219 30759 26469 21384 15341
0.03 52 54 57.5 59.5 61 62 63
0.17 59.5 61.5 64 67 70.5 73 75
0.30 63.5 66 68.5 71.5 74 78 81
0.43 68 71 75 77 81 83.5 86.5
0.57 81.5 85.5 90.5 94 97 100 102.5
0.70 77 82 86.5 90 93.5 96 99
0.83 67 71 76 78.5 82 86 90
0.97 64 67 70.5 72 75 79 82
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Local Bulk Fluid Temperature, Tbx(OC)
Re- Re- Re- Re- Re- Re- Re-

X/L 46316 40149 36219 30759 26469 21384 15341
0.03 25.16 25.29 25.03 25.04 24.49 24.54 24.45
0.17 27.00 27.27 27.15 27.22 26.84 27.09 27.03
0.30 28.84 29.24 29.27 29.39 29.18 29.64 29.61
0.43 30.68 31.21 31.39 31.56 31.53 32.19 32.20
0.57 32.52 33.19 33.51 33.74 33.88 34.74 34.78
0.70 34.36 35.16 35.63 35.91 36.23 37.29 37.37
0.83 36.20 37.13 37.75 38.08 38.58 39.84 39.95
0.97 38.04 39.11 39.87 40.26 40.92 42.39 42.53

20Local Heat Transfer Coefficient, hx (W1m C)
Re- Re- Re- Re- Re- Re- Re-

X/L 46316 40149 36219 30759 26469 21384 15341
0.03 74.56 64.90 55.65 45.68 40.08 34.35 24.26
0.17 61.57 54.42 49.03 39.56 33.51 28.03 19.50
0.30 57.73 50.68 46.06 37.37 32.65 26.61 18.20
0.43 53.62 46.83 41.43 34.64 29.58 25.08 17.22
0.57 40.85 35.61 31.70 26.12 23.18 19.72 13.81
0.70 46.93 39.78 35.52 29.10 25.55 21.92 15.17
0.83 64.97 55.01 47.24 38.94 33.70 27.88 18.69
0.97 77.08 66.79 58.99 49.58 42.94 35.15 23.70

Local Nusselt Number, Nux
Re- Re- Re- Re- Re- Re- Re-

XlL 46316 40149 36219 30759 26469 21384 15341
0.03 196.28 170.58 146.15 119.89 105.18 89.94 63.52
0.17 162.10 143.04 128.77 103.84 87.95 73.39 51.05
0.30 152.00 133.21 120.96 98.10 85.69 69.67 47.66
0.43 141.16 123.07 108.81 90.92 77.63 65.67 45.10
0.57 107.56 93.60 83.27 68.55 60.84 51.63 36.16
0.70 123.55 104.54 93.28 76.37 67.06 57.39 39.73
0.83 171.05 144.59 124.06 102.21 88.44 73.00 48.93
0.97 202.94 175.55 154.92 130.14 112.70 92.04 62.05
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2Pressure dro , ~P (N/m')
Re- Re- Re- Re- Re- Re- Re-

X/L 46316 40149 36219 30759 26469 21384 15341
0.03 44.96 34.21 29.33 23.46 19.56 16.62 13.69
0.17 65.49 51.32 41.55 36.17 29.33 24.44 18.58
0.30 75.27 61.09 46.93 41.55 34.22 28.36 23.47
0.43 97.75 75.27 60.61 48.88 39.11 33.24 27.38
0.57 112.41 95.31 75.28 56.21 48.89 40.09 32.27
0.70 122.19 104.59 87.99 65.99 53.78 45.96 38.13
0.83 131.96 110.46 94.83 71.37 58.67 50.84 42.04
0.97 138.80 119.25 102.65 78.21 65.51 55.73 48.89

Friction Factor, fi
Re- Re- Re- Re- Re- Re- Re-

X/L 46316 40149 36219 30759 26469 21384 15341
0.03 0.239 0.241 0.254 0.281 0.316 0.409 0.654
0.17 0.070 0.072 0.072 0.087 0.095 0.120 0.178
0.30 0.045 0.048 0.045 0.055 0.061 0.078 0.125
0.43 0.040 0.041 0.040 0.045 0.049 0.063 0.101
0.57 0.035 0.040 0.038 0.040 0.046 0.058 0.091
0.70 0.031 0.035 0.036 0.038 0.041 0.054 0.087
0.83 0.028 0.031 0.033 0.034 0.038 0.050 0.080
0.97 0.025 0.029 0.031 0.032 0.037 0.047 0.081

Average heat transfer coefficient, Nusselt number, Pumping power, Total heat
1< En' TId d A f" 1:trans er rate, ectIveness, ota Dressure roo an vera e fIctIon actor

Re h Nu Pm Qout E ~p fj
15341 18.82 49.28 0.67 308.49 0.299 48.89 0.174
21384 27.34 71.59 1.06 424.43 0.310 55.73 0.110
26469 32.65 85.69 . 1.54 482.71 0.300 65.51 0.085
30759 37.62 98.75 2.14 519.15 0.297 78.21 0.076
36219 45.70 120.03 3.30 596.02 0.306 102.65 0.069
40149 51.75 136.02 4.25 614.58 0.311 119.25 0.067
46316 59.66 157.08 5.69 660.09 0.311 138.80 0.064
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For porosity, Rp=22 %
Local Wall TemI erature, Tw,f.lC)

Re- Re- Re- Re- Re- Re- Re-X!L 46617 40054 36194 30739 26598 21632 15204
0.03 52 54.5 57.5 60.5 61 62.5 63.5
0.17 60.5 62.5 65 68 71 73.5 75.5
0.30 63.5 66.5 69 72 75 79 81
0.43 68.5 71.5 76 79 82 84 86
0.57 82 86 90.5 95 97.5 100 103
0.70 79 82.5 88.5 90 95 97 100
0.83 68 71.5 77 79 83 87 91
0.97 64 67.5 70.5 73 77 79.5 83

Local Bulk Fluid Temoerature, Tbx(OC)
Re- Re- Re- Re- Re- Re- Re-X!L 46617 40054 36194 30739 26598 21632 15204

0.03 24.35 24.38 24.42 24.63 24.67 24.82 24.43
0.17 26.15 26.32 26.49 26.74 26.95 27.28 26.97
0.30 27.95 28.26 28.57 28.85 29.23 29.74 29.51
0.43 29.75 30.20 30.64 30.96 31.51 32.20 32.04
0.57 31.55 32.13 32.71 33.07 33.79 34.66 34.58
0.70 33.35 34.07 34.79 35.18 36.07 37.12 37.11
0.83 35.15 36.01 36.86 37.29 38.35 39.58 39.65
0.97 36.95 37.95 38:93 39.40 40.63 42.04 42.19

20Local Heat Trausfer Coefficient, hx (W1m C)
Re- Re- Re- Re- Re- Re- Re-X!L 46617 40054 36194 30739 26598 21632 15204

0.03 71.09 60.44 53.27 42.51 39.30 33.33 23.27
0.17 57.22 50.31 45.77 36.96 32.41 27.17 18.74
0.30 55.29 47.59 43.59 35.34 31.19 25.49 17.66
0.43 50.72 44.07 38.85 31.74 28.28 24.24 16.85
0.57 38.96 33.79 30.50 24.63 22.41 19.22 13.29
0.70 43.06 37.58 32.81 27.82 24.23 20.97 14.46
0.83 59.83 51.28 43.90 36.56 31.98 26.49 17.71
0.97 72.66 61.58 55.83 45.39 39.26 33.53 22.28
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Local Nusselt Number, Nux
Re- Re- Re- Re- Re- Re- Re-

X/L 46617 40054 36194 30739 26598 21632 15204
003 187.66 159.31 140.22 111.79 103.15 87.28 60.98
0.17 151.06 132.61 120.46 97.19 85.08 71.16 49.09
0.30 145.96 125.46 114.72 92.93 81.88 66.77 46.26
0.43 133.90 116.15 102.26 83.48 74.22 63.50 44.15
0.57 102.85 89.06 80.27 64.75 58.82 50.34 34.81
0.70 113.67 99.06 86.36 73.15 63.59 54.93 37.88
0.83 157.95 135.18 115.56 96.15 83.93 69.37 46.39
0.97 191.82 162.33 146.95 119.36 103.04 87.82 58.36

2Pressure dro , tlP (N/m')
Re- Re- Re- Re- Re- Re- Re-

XlL 46617 40054 36194 30739 26598 21632 15204
0.03 41.08 31.79 26.90 21.52 17.12 14.68 12.72
0.17 61.13 48.90 39.12 32.28 26.90 22.50 17.61
0.30 70.91 58.68 44.01 38.14 31.79 26.42 21.52
0.43 92.92 70.91 58.68 44.01 36.68 31.31 26.42
0.57 103.67 90.47 73.35 51.84 46.46 38.16 31.31
0.70 113.45 100.25 83.13 60.64 51.36 43.05 36.69
0.83 123.24 105.14 90.47 66.02 56.25 47.94 41.58
0.97 133.02 114.92 97.81 75.80 63.58 52.83 46.47

Frictiou Factor, fi
Re- Re- Re- Re- Re- Re- Re-

XIL 46617 40054 36194 30739 26598 21632 15204
0.03 0.218 0.227 0.234 0.259 0.274 0.353 0.620
0.17 0.065 0.070 0.068 0.078 0.086 0.108 0.172
0.30 0.042 0.047 0.043 0.051 0.057 0.071 0.117
0.43 0.038 0.039 0.039 0.041 0.045 0.058 0.099
0.57 0.032 0.038 0.038 0.037 0.044 0.054 0.090
0.70 0.029 0.034 0.034 0.035 0.039 0.049 0.085
0.83 0.026 0.030 0.032 0.032 0.036 0.046 0.081
0.97 0.024 0.028 0.029 0.031 0.035 0.044 0.078
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Average heat transfer coefficient, Nusselt number, Pumping power, Total heat
transfer rate, Effectiveness, Total pressure drop and Avera e friction factor
Re h Nu Pm Qout E LlD fi
15204 18.03 47.24 0.63 299.92 0.291 46.47 0.168
21632 26.31 68.90 1.02 414.28 0.297 52.83 0.098
26598 31.13 81.71 1.50 470.96 0.287 63.58 0.077
30739 35.12 92.35 2.07 503.06 0.282 75.80 0.070
36194 43.06 113.35 3.13 581.36 0.291 97.81 0.065
40054 48.33 127.40 4.06 600.38 0.295 114.92 . 0.064
46617 56.11 148.11 5.45 648.38 0.294 133.02 0.059

For porosity, Rp=27.1 %
oLocal Wall Teml erature, Twx('C)

Re- Re- Re- Re- Re- Re- Re-
X/L 46307 40272 36117 30453 26325 21552 15631
0.03 53 55 58 60 61 62 63.5
0.17 60.5 63.5 66 I. 68.5 70.5 . 72.5 75
0.30 65 68 70 73 76 79.5 82
0.43 70 73 77 79.5 83.5 85 86.5
0.57 81.5 86.5 90 96 98 101 103.5
0.70 79 83 87.5 91 95.5 98 100
0.83 69.5 73 78 80 84 88 92
0.97 64.5 67.5 71 74 77 80 83.5

Local Bulk Fluid Temperature, Tbx(OC)
Re- Re- Re- Re- Re- Re- Re-X/L 46307 40272 36117 30453 26325 21552 15631

0.03 26.12 26.15 26.18 26.11 25.85 25.98 25.49
0.17 27.82 27.97 28.12 28.13 28.04 28.32 27.87
0.30 29.51 29.78 30.05 30.16 30.24 30.65 30.25
0.43 31.20 31.59 31.98 32.19 32.43 32.98 32.62
0.57 32.90 33.41 33.92 34.21 34.62 35.32 35.00
0.70 34.59 35.22 35.85 36.24 36.82 37.65 37.37
0,83 36.28 37.03 37.78 38.27 39.01 39.98 39.75
0.97 37.98 38.85 39.72 40.29 41.20 42.32 42.13
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20Local Heat Transfer Coefficient, hx (W1m C)
Re- Re- Re- Re- Re- Re- Re-

XIL 46307 40272 36117 30453 26325 21552 15631
0.03 68.58 59.58 51.71 42.93 38.76 32.99 23.07
0.17 56.40 48.37 43.43 36.04 32.09 26.89 18.61
0.30 51.94 44.97 41.18 33.96 29.77 24.32 16.94
0.43 47.51 41.51 36.55 30.75 26.67 22.84 16.28
0.57 37.93 32.37 29.33 23.55 21.50 18.09 12.80
0.70 41.51 35.97 31.85 26.57 23.21 19.69 14.00
0.83 55.49 47.78 40.91 34.86 30.28 24.75 16.78
0.97 69.50 59.98 52.59 43.17 38.06 31.53 21.20

Local Nusselt Number, Nux
Re- Re- Re- Re- Re- Re- Re-

X/L 46307 40272 36117 30453 26325 21552 15631
0.03 180.33 156.45 135.61 112.51 101.47 86.23 60.36
0.17 148.29 127.01 113.89 94.46 84.01 70.29 48.68
0.30 136.56 118.08 108.00 89.01 77.94 63.58 44.33
0.43 124.92 108.99 95.84 80.59 69.84 59.71 42.58
0.57 99.72 85.00 76.93 61.72 56.28 47.28 33.49
0.70 109.13 94.45 83.53 69.63 60.78 51.46 36.63
0.83 145.91 125.48 107.28 91.37 79.28 64.68 43.91
0.97 182.73 157.50 137.92 113.13 99.64 82.42 55.45

2Pressure dro , tlP (N/m<)
Re- Re- Re- Re- Re- Re- Re-

XlL 46307 40272 36117 30453 26325 21552 15631
0.03 39.09 29.32 24.43 19.54 16.61 12.71 12.22
0.17 58.63 46.42 36.65 31.76 24.43 20.52 15.64
030 68.40 53.75 41.53 36.65 29.32 24.43 19.55
0.43 87.95 68.40 56.19 43.97 34.21 29.32 24.44
0.57 97.72 85.51 70.85 51.30 43.98 36.16 29.32
0.70 109.94 95.28 78.18 61.08 48.87 41.05 34.21
0.83 117.27 100.16 85.51 65.96 53.75 44.96 39.10
0.97 128.99 109.94 92.83 73.29 61.08 50.82 44.96
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Friction Factor, f;

Average heat transfer coefficient, Nusselt number, Pumping power, Total heat
~ Etrans er rate, ffectiveness, Total pressure drop and Avera e friction factor

Re h Nu Pm Qout E tlp fj
15631 17.46 45.68 0.63 289.27 0.276 44.96 0.148
21552 25.14 65.71 0.98 391.98 0.285 50.82 0.089
26325 30.04 78.66 1.44 449.39 0.280 61.08 0.074
30453 33.98 89.05 1.99 479.96 0.275 73.29 0.068
36117 40.94 107.38 2.99 542.68 0.279 92.83 0.060
40272 46.31 121.62 3.93 566.91 0.282 109.94 0.059
46307 53.61 140.95 5.30 608.04 0.284 128.99 0.057

Re- Re- Re- Re- Re- Re- Re-
X/L 46307 40272 36117 30453 26325 21552 15631
0.03 0.207 0.205 0.212 0.238 0.270 0.306 0.561
0.17 0.062 0.065 0.063 0.077 0.079 0.099 0.144
0.30 0.040 0.042 0.040 0.050 0.053 0.065 0.100
0.43 0.036 0.037 0.037 0.041 0.043 0.054 0.086
0.57 0.031 0.035 0.036 0.037 0.042 0.051 0.079
0.70 0.028 0.032 0.032 0.035 0.038 0.047 0.075
0.83 0.025 0.028 0.030 0.032 0.035 0.043 0.072
0.97 0.024 0.027 0.028 0.031 0.034 0.042 0.071

I
\

I
I
;
;

I
Ir
It

For porosity, Rp= 39 %
Local Wall Teml erature, Twxflo

Re- Re- Re- Re- Re- Re- Re-XlL 46702 40118 36152 30716 26352 21687 15238
0.03 53.5 55.5 58.5 60.5 61.5 62.5 64
0.17 61 64 66.5 69 71 74 76
0.30 66 68.5 71 74 77 80 83
0.43 71 73.5 77 80 84 86 87.5
0.57 82 87 90.5 96.5 98.5 101.5 103.5
0.70 79.5 83.5 88 92 96 98.5 100.5
0.83 69.5 73.5 78 81 85 89 92.5
0.97 65 68.5 72 74.5 77 80.5 84
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Local Bulk Fluid Temperature, TbloC)
Re- Re- Re- Re- Re- Re- Re-

XIL 46702 40118 36152 30716 26352 21687 15238
0.03 25.71 25.74 25.96 25.98 25.92 25.35 25.16
0.17 27.33 27.50 27.78 27.88 28.00 27.55 27.42
0.30 28.96 29.26 29.61 29.79 30.08 29.75 29.67
0.43 30.59 31.02 31.44 31.70 32.16 31.95 31.92
0.57 32.21 32.78 33.26 33.60 34.24 34.15 34.18
0.70 33.84 34.54 35.09 35.51 36.32 36.35 36.43
0.83 35.47 . 36.30 36.92 37.42 38.40 38.55 38.68
0.97 37.09 38.06 38.74 39.32 40.48 40.75 40.94

20Local Heat Transfer Coefficient, hx (W1m C)
Re- Re- Re- Re- Re- Re- Re-

XIL 46702 40118 36152 30716 26352 21687 15238
0.03 64.15 55.81 47.86 40.07 36.39 30.38 20.92
0.17 52.96 45.51 40.23 33.65 30.11 24.29 16.72
0.30 48.13 42.33 37.63 31.29 27.60 22.46 15.23
0.43 44.12 39.10 34.18 28.64 24.98 20.88 14.62
0.57 35.81 30.64 27.21 22.00 20.15 16.76 11.72
0.70 39.05 33.93 29.44 24.49 21.70 18.16 12.68
0.83 52.39 44.65 37.91 31.74 27.79 22.37 15.09
0.97 63.89 54.57 46.83 39.33 35.45 28.39 18.86

Local Nnsselt Nnmber, Nux
Re- Re- Re- Re- Re- Re- Re-

XIL 46702 40118 36152 30716 26352 21687 15238
0.03 168.98 146.63 125.37 104.78 95.16 79.30 54.60
0.17 139.50 119.55 105.38 87.98 78.74 63.43 43.65
0.30 126.80 111.21 98.57 81.82 72.16 58.63 39.76
0.43 116.21 102.72 89.55 74.89 65.31 54.51 38.15
0.57 94.33 80.48 71.28 57.51 52.69 43.74 30.59
0.70 102.86 89.13 77.11 64.04 56.73 47.40 33.10
0.83 138.00 117.30 99.31 83.00 72.65 58.40 39.40
0.97 168.29 143.35 122.68 102.84 92.71 74.11 49.24
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2Pressure dro , L';P(N/m')
Re- Re- Re- Re- Re- Re- Re-XlL 46702 40118 36152 30716 26352 21687 15238

0.03 36.65 26.88 21.99 17.10 14.66 11.73 9.78
0.17 55.71 42.03 34.21 29.32 21.99 17.59 12.71
0.30 64.51 51.31 38.12 33.23 26.88 22.48 16.62
0.43 83.07 65.48 53.75 41.05 31.76 26.39 21.51
0.57 93.83 81.12 67.44 48.87 41.05 33.23 26.40
0.70 104.58 90.89 74.28 58.64 46.42 38.12 31.28
0.83 112.40 96.76 82.10 61.57 51.31 42.03 36.17
0.97 123.15 105.07 89.92 69.39 58.64 48.87 43.02

Frictiou Factor, fj
Re- Re- Re- Re- Re- Re- Re-XlL 46702 40118 36152 30716 26352 21687 15238

0.03 0.192 0.190 0.189 0.203 0.237 0.278 0.469
0.17 0.058 0.059 0.059 0.070 0.071 0.083 0.122
0.30 0.038 0.040 0.036 0.044 0.048 0.059 0.089
0.43 0.034 0.036 0.036 0.037 0.039 0.048 0.079
0.57 0.029 0.034 0.034 0.034 0.039 0.046 0.075
0.70 0.026 0.031 0.030 0.033 0.036 0.043 0.072
0.83 0.024 0.027 0.028 0.029 0.033 0.040 0.069
0.97 0.022 0.026 0.027 0.028 0.033 0.040 0.071

rans er ra e, ec Iveness, o a I pressure rop an vera~e nctIOn actor
Re h Nu Pm QOU! E L';p fj
15238 15.73 41.06 0.59 267.96 0.258 43.02 0.131
21687 22.96 59.94 0.95 372.25 0.263 48.87 0.080
26352 28.02 73.27 1.38 427.11 0.263 58.64 0.067
30716 31.40 82.11 1.91 456.35 0.254 69.39 0.060
36152 37.66 98.66 2.90 513.76 0.260 89.92 0.055
40118 43.32 113.80 3.74 547.93 0.268 105.07 0.055
46702 50.06 131.87 5.08 588.12 0.266 123.15 0.053

Average heat transfer coefficient, Nusselt number, Pumping power, Total heat
t t< t Eft< f Ttl d d A f" f
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Performance Parameter, R for different inserts at different pumping power
Rp Pm- 0.88 Pm 1.21 Pm- 1.66 Pm 2.30 Pm 3.02 Pm 4.17

watt watt watt watt watt watt
ForRp- 1.1% 1.97 2.05 2.01 2.09 2.00 2.09
ForRp-2.5 % 1.91 1.99 1.95 2.03 1.95 2.01
ForRp-4.4 % 1.83 1.92 1.89 1.97 1.91 1.94
ForRp- 6.8 % 1.77 1.87 1.86 1.93 1.87 1.89
For Rp- 13.3 % 1.72 1.82 1.81 1.88 1.82 1.84
ForRp-17.4% 1.77 1.88 1.88 1.92 1.88 1.90
ForRp-22 % 1.84 1.95 1.93 1.96 1.91 1.95
For Rp- 27.1 % 1.90 1.97 1.96 2.02 1.97 1.98
ForRp- 39% 1.97 2.04 2.04 2.07 2.01 2.03
For Rectangular
Strip insert (Rp = 1.75 1.87 1.82 1.91 1.85 1.88
0)
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APPENDIX-F
PHOTOGRAPH

FIGURE.l: Experimental Facility.

F-l

.(

.'



FIGURE 2: Insulated Test Section
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FIGURE 3: 30° Inclined U-tube Manometer
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FIGURE4: Thermocouples and their positions
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FIGURE 5: Butterfly Valve
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FIGURE 6: Centrifugal Blower
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FIGURE 7: Inclined Tube Manometer
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FIGURE8: Traversing Pitot Tube.
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FIGURE 11: Inlet Section.
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FIGURE 9: Perforated Rectangular Strip.
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