CHAPTER 4
RESULTSAND DISCUSSIONS

4.1 Introduction

In this chapter, the experimental results for flti@v inside straight micro-diameter
tubes and helical coil sections prepared from thekes are presented. Heat transfer
characteristics of a helical coil are also discds&dfort has been made to develop a
generalized correlation for helical coils. The expentally obtained friction factor
and Nusselt number data are also compared withre@pcorrelations available in
the literature.

4.2 Flow characteristics

In order to test the accuracy of experimental sgngssure drop data were taken on
straight tubes of all diameter used for making dalicoils. The experiments were
conducted for single phase laminar flow insideigliasections of micro-diameter
tubes and their helical coil sectionafter taking observation on straight micro-
diameter tube the same was wound round on a cidaldrame of known diameter to
form a helical coil. Three straight tubes and tloeits are used in the present study to
examine the hydrodynamic behaviour using waterharail, and acetone as working
fluids. Variation of pressure drop with flow rate straight micro-diameter tube and
their helical coil sections for all working fluidmd friction factor-Reynolds number
data are discussed in following subsections.

4.2.1. Flow through straight tubes

Effect of flow rate on pressure drop in straighbegusection was investigated with
three smooth tubes of inner diameter 720, 850 &¥@4m. These results are shown
as AP vsu plots in Figures 4.1 to 4.3 for each tube andatbthree fluids. From the

shape of plots it can be seen that the experimedtth satisfy general
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relationAPa u®. These figures represent effect of fluid on pressirop for straight
micro-diameter tubes of different inner diametensthe three working fluids used in
this work. Pressure drop values in case of watethagher as compared to those for
methanol and acetone due to its viscous natureoSity of water is more than that of
methanol and acetone. Acetone is a less viscoigstfiat is why it has lower pressure

drop. Methanol also offers very lower pressure dtiogn water but higher than

acetone.
90000
1 d=720 ym || T=30°C
80000
70000
60000
__ 50000
(U -
o
o 40000 -
< i
30000
20000
] —&— Water(y=0.0008 Pa.s)
10000 / —eo— Methanol(u=0.0005 Pa.s)
1 —4A— Acetone(u=0.0003 Pa.s)
0 T I T I T I T I T
0.0 0.5 1.0 15 2.0 2.5

u (m/s)

Fig.4.1 Pressure drop vs. velocity in a straighe of inner diameter
720 pm for all three fluids

These figures also show the effect of tube diameh pressure drop inside
straight micro-diameter tubes. From these figutesan be easily observed that as
expected tube diameter has significant effect @ssure drop. As the tube diameter
decreases pressure drop increases. Pressure dnoypersely proportional to tube

diameter.
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Fig.4.2 Pressure drop vs. velocity istraight tube of inner diameter 850
um for all three fluids
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Fig.4.3 Pressure drop vs. velocity straight tube of inner diameter
1000 um for all three fluids
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4.2.2 Flow through helical coil sections

To study the effect of flow rate on pressure dnofheélical coil section experiments
were performed separately with coils made fromedhtées of inner diameter 720,

850 and 100@m using water, methanol, and acetone as workingldlurhe results

are shown in Figures 4.4 to 4.6 @& vsu plots. These results follow similar
behaviour as observed and discussed in Sectiofh #oP.straight tubes. Here it is
noticeable that the pressure drop in helical oaitisns is comparatively higher than
those for the straight micro-diameter tubes ofgsame diameter and length. Due to
curved nature secondary flow sets in helical ceihde pressure drop at given flow

rate is greater than that in a straight tube osdmae diameter.
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Fig.4.4 Pressure drop vs. velocity in a helical obinner tube diameter
720um for all three fluids
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Fig.4.5 Pressure drop vs. velocity in a helical adiinner tube diameter

850um for all three fluids
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Fig.4.6 Pressure drop vs. velocity in a helicdl obinner tube diameter
1000um for all three fluids
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4.2.3 Variation of friction factor with Reynolds number

Variation of friction factor with Reynolds numben straight micro-diameter tube
sections and helical coil sections for the threeking fluids are shown in Figures 4.7
to 4.9. The setup was first calibrated by obtairtimg friction factor data on straight
tubes. These results are discussed asRe plots. The Reynolds number has varied
from 409 to 2096 in straight micro-diameter tubesl 401 to 2073 in helical coils
respectively. The friction factor data of all straight micro-diater tubes and helical
coils for all working fluids are presented in Talle3 and D.4. Experimentally
obtained friction factor are also compared witlatienf =16 /Re. The friction factor
results are found to be in excellent agreement with laminar flow equation for
smooth straight tubes. It is seen that experimeratitles are in close agreement with
theoretical relation. The deviations are being witt5 % (i.e. well within the

experimental errors).
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Fig.4.7 Variation of friction factor witReynolds number in straight tube
and helical coil of inner tube diameter 720n for all three

working fluids
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Fig.4.8 Variation of friction factor withéynolds number in straight tube
and helical coil of inner tube diameter 8%@n for all three

working fluids

0.14

0.014

d=1000 pm

Straight

® Water

e Methanol
A Acetone

Coil

B Water

® Methanol
4 Acetone

—— fs=16/Re

1E'3 T T T
100

10000
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From these figures it is observed that frictiontdaalecreases as Reynolds
number increases. As expected, the values obtdgreftiction factor, helical coils,
are comparatively higher than those of the straigie. At very low Reynolds
number, velocity being small, fluid elements rensaotiind to the curvature and the
viscous forces dominate the centrifugal forcesthesflow rate increases, centrifugal
force becomes of considerable magnitude and therianforce in the fluid has to
overcome the effect of both the viscous and cemjalf forces. The difference
between friction factors for the helical coil arftetstraight micro-diameter tube is
small at low Re compared to that at high Re. Tlas be attributed to intensity of

secondary flow at high flow rates.
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Fig.4.10 Present and Cioncolini and Sargif2006) experimental friction
factor data in helical coil of curvature ratio 0201

Figure 4.10 shows the friction factor data of pmnesand Cioncolini and
Santini (2006) in helical coil of curvature raticO02 using water as working fluid.
Cioncolini and Santini’'s (2006) friction factor da(Table D.9) was generated from
conventional tube of d=8.59 mm, D=729.5 mm and pa#8. However, present

friction factor data was generated from helical cbmicro-diameter tube of 724m.
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4.2.4Variation of friction factor with Dean number in helical coils

Variation of friction factor with Dean number inlleal coils of different curvature
ratio is shown in Figures 4.11 to 4.13. The lingresenting values predicted from the
correlation of Srinivasan et al. (1968).The Deamhar has varied from 45 to 270.
These figures show values comparison between ewpetally obtained friction
factors with values predicted from the correlatmnSrinivasan et al. (1968) (eqn.
2.49) for helically coil for all working fluids ured laminar flow conditions. From
these figures it is observed that predicted valaes consistently lower than the
experimental values by 15 %. Srinivasan et al.@68) correlation was developed
over a different range of Dean number valid for vatmre ratios of
0.0097<d/D < 0135 using water as working fluid. From these figuressialso

observed that friction factor decreases as Dearbrumcreases.
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Fig.4.11 Variation of friction factor with Deanumber in a helical coil of
curvature ratio 0.012
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Fig.4.12 Variation of friction factor with Dean niner in a helical coil of
curvature ratio 0.014
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Fig.4.13 Variation of friction factor with Dean nimer in a helical coil of
curvature ratio 0.017
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425 Correlation for friction factor

The laminar flow friction factor data of three sohaving constant coil diameter and
pitch are generated in the present study. The $epgtres regression analysis has been

used to develop an empirical correlation:
fC
T =1+ 000%De .1

The above correlation is valid for the range= 0012— 0017and45< De< 270and

correlates present data with a standard deviafierbéb.

From above equation it is noticeable that for laamifiow if Dean number is
low, helical coil behave as a hydrodynamically igtna tube. Henc®e= Qresults

f. = f helical coil behave as a straight tube.

The f /f, ratio predicted from present correlation is pldttagainst
experimental f_/ f_ values as shown in Figure 4.14. It is observed thast of the

data lie within+ 5% band.
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Fig.4.14 Comparison of experimental friction factatio (f./f.) with
those predicted from present correlation
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4.2.6 Comparison with available correlations for friction factor

Let us now examine Figures 4.15 and 4.16 whereeptesxperimental data compared
with previously developed correlation for lamindowi. Comparison of experimental
data with theoretical correlations of Mishra andp@u(1979) (egn. 2.3) and Ito
(1969)(eqn. 2.1Yor laminar flow of Newtonian fluids flowing throighelical colls is
shown in Figure 4.15, and a summary of percentadievi of predicted values from

experimental one is given in Table 4.1.
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Fig.4.15 Comparison of experimental friction factatio (f./f,) with

values predicted from correlations of Mishra angp@y1979)
and Ito (1969)

Predictions from both the correlations are foundb&in good agreement within
+10%.

Figure 4.16 shows comparison between experimerdhbligined friction factor
ratio (f./f,) with predicted value using White (1929) (eqn.53.4nd Mori and
Nakayama (1967) (eqgn.2.4&orrelations. From this figure it is observed that

experimental values agree withinl0% from both correlations.
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Fig.4.16 Comparison of experimental friction factatio (f./f.) with
values predicted from correlations of White (192ay Mori and
Nakayama (1967)

Figure 4.17 to 4.19 show the comparison betweerergaxental data of
Cioncolini and Santini’s (2006) with values predittby present and those developed
by Mishra and Gupta (1979), Ito (1969), White (1p2&d Mori and Nakayama

(1967) and percent deviation are summarized ineTald.

Comparison between Cioncolini and Santini's (208&perimental values of

f./f, and value predicted from present correlation mashin Figure 4.17. Present

correlation over predicts the experimental values610%.

Figure 4.18 shows the comparison between experaheiata of Cioncolini
and Santini’'s (2006) with values predicted fromretations of Mishra and Gupta
(1979) and Ito (1969). It is observed that bothrelations over predict the

experimental values by +5%.

Comparison between experimental data of Cioncaimil Santini's (2006)
with values obtained from correlations of White Z89 and Mori and Nakayama
(1967) is shown in Figure 4.19. Both correlatiomergopredict the experimental values

by +10%.
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Table 4.1 Percent deviation between present aret otrrelation for present data

Data Authors Correlation Range Deviatipn
Present  Present f, 0= 0012- 0017 + 5%
7 -1+ 000%De 45< De< 270
S
Mishra and f. A 0= 0003- 012 +10%
Gupta | 7 -1+ 0033logDe) 1< De <3000
(1979) °
Ito (1969) | ¢ ) De 0= 0015- 061 +10%
¢ = :L
f (1.56+ |0910 De)5- 135< De< 2000
White ws12] | 116<De<2000 +10%
(1929) | fe_ 1_[1_ﬂ3j
De
Mori and 0.1080/De 135< De< 2000 +10%
Nakayama | 't =1 _ 353/ /pe
(1967)
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Fig.4.17 Comparison between Cioncolini

and Santini's (2006)

experimental values off /f, and values predicted from
present correlation
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Fig.4.18 Comparison between Cioncolini and Sar#tini{2006)
experimental values off./f, and values predicted from
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Fig.4.19 Comparison between Cioncolini and Sardini(2006)
experimental values off./f, and values predicted from
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From above discussions it is clear that Mishra &upta (1979) and Ito
(1969)’s correlation are better than present catia for the prediction of Cioncolini
and Santini's (2006) experimental data. Howevedigt®n from White (1929) and

Mori and Nakayama (1967) are same as to those fresent correlation.

Table 4.2 Percent deviation between predicted salmed experimental data of
Cioncolini and Santini’s (2006) data

Data Authors Correlation Range Deviatipn
Cioncolini| Present f, o= 0012- 0017 +10%
and — =1+0.003De 45< De< 270
. S
Santini
(2006)
Mishra f, . 0= 0003-012 +5%
and Gupta 7 - L+ 0.03logDe) 1< De <3000
(1979) ®
Ilto (1969) | f_ De 0= 0015- 061 +5%
1.~ %M Ws6+10g,, De)* | | 135< De< 2000
White sy 2277t | 116<De<2000 | +10%
(1929) | fe—|Ji_ (1_ 1_l6j
fq De
Mori and f 0.1080/De 135<De<2000 | +10%
Nakayama f, 1- (3253//De
(1967)

4.2.7 Generalized correation for friction factor

Based on present and Cioncolini and Santini's (2@&eriential data for laminar
flow in helical coil using least squares regresdmlowing generalized correlation is

developed.

f. =1+ 0.008 De °*

(4.2)

S

The above correlation correlates the both setsatd dith standard deviation
of +8%. Figure 4.20 shows comparison of the experinteritd f, ratio with

predicted from the generalized correlation. From figure it is observed that all data

lie within + 8% band.
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Fig.4.20 Comparison of experimental friction factatio (f./f.) (both

present Cioncolini and Santini’s (2006)) and wtibge predicted
from the generalized correlation

4.3 Heat transfer characteristics

Heat transfer results in a helical coil with miai@ameter tube for laminar flow under
constant heat flux conditions are presented in #eistion. Based on the present
experimental results and those available in pubtishliiterature a suitable

dimensionless correlation for the prediction of thé@nsfer coefficient is also

presented.

4.3.1 Variation of heat transfer coefficient with flow rate

Experiments were performed for measuring heat feartkiring single phase laminar
flow in a helical coil. Effect of flow rate on awge heat transfer coefficient in a

helical coil with inner diameter of 720m was investigated. These results are shown

as hvsu plots in Figures 4.21 for all three fluidge basic heat transfer data of
helical coil with micro-diameter tube for all worlg fluids used are presented in
Table D.5.The heat flux was varied from 1760-28233 W/n increasing trend in

the average heat coefficient is observed with msirey flow velocity. The trend

Department of Chemical Engineering & Technology, |1 T (BHU), Varanasi 64



Chapter 4 Results and Discussions

shown byh vs. u plot is similar to that reported by previous waské¢Kumar et al.
(2006), Wongwises and Polsongkram (2006), Jamsgtidil. (2013), Kahani et al.
(2013) etc.). The average heat transfer coefficheag ranged from 1096 to 6012
W/m?K for water, 344 to 1785 W/ for methanol and 284 to 815 W for
acetone. Heat transfer coefficient in water is mgaater than that for methanol and
acetone due to its better thermal properties. Methaffer greater heat transfer
coefficient than acetone. From thermal point ofwigater is more suitable because it
offers better heat transfer coefficient than methand acetone.
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Fig.4.21 Average heat transfer coefficient vs. giyoin a helical coil for all
three fluids

4.3.2 Variation of wall temperaturein a helical coil

The variation of average wall temperature with ggloin a helical coil for all
working fluids under constant heat flux conditiohi#60-28233 W/rhis shown in
Figure 4.22. It is noticeable that wall temperatdecreases as velocity of fluid
increases. The average wall temperature has viraed354 to 310 K for water, 323
to 306 K for methanol and 314 to 307 K for acetolmeall cases an exponential

decrease in wall temperature has been noticed.
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Fig.4.22 Variation of average wall temperature wiglocity in a helical
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4.3.3 Variation of bulk fluid temperaturein a helical coil

The variation of bulk fluid temperature along thei¢al coil is shown in Figure 4.23
for all three working fluids. The bulk temperaturas varied from 327 to 306 K for
water, 310 to 304 K for methanol and 308 to 305dK dcetone. The bulk fluid
temperature decreases as the velocity increasestr@ind is similar to that shown by

the average tube wall temperature.
4.3.4 Variation of Nusselt number with Reynolds number in a helical coil

Nusselt number in a helical coil with micro-dianreigbe of curvature ratio 0.012 for
all working fluids is presented in Figure 4.24. TReynolds number has varied from
447 to 2083. The difference between Nusselt nurfdyewater and methanol is less
due to similar Prandtl number range, whereas Nussehber for acetone lies below
water and methanol due its lower Prandtl numbas. ribticeable that as the Reynolds

number increases Nusselt number increases lineatlyg Nu vs. log Re plot.
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Fig.4.23 Variation of bulk fluid temperature witklacity in a helical coil
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Fig.4.24 Nusselt number in a helical coil of cutratratio 0.012 for three
working fluids
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Present and Kahani et al.’s (2013) experimentalsBltisnumber data for
helical coil is shown in Figure 4.25 as Nu versus [ftot. Kahani et al.’s (2013)
generated heat transfer data (given in Table Didhelical coil of d=7 mm, D=70-
140 mm, p=24-42 mm, L=1318.8 mm and N=3-6 usingewaind alumina nano-
suspension of different concentrations in watemwasking fluids. Prandtl number
varied from 5.89 to 8.87. It must be mentioned Hee¢ the dimension of coil and
tube used by Kahani et al. (2013) are much largan tthose used within present
work. From Figure 4.38 it is seen that the trendNofRe plot for present and Kahani
et al.’s (2013) is similar. Thus it may be possitdedevelop generalized correlation
for a wide range of working fluids. From this figuit is also observed that as

concentration of nanofluids increases Nusselt nunmoeeases.
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Fig.4.25 Nu vs. Re plot: Present and Kahani e$ #2013) experimental Nusselt
number in helical coils
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4.3.5Variation of Nusselt number with Dean number in a helical coil

Variation of Nusselt number with Dean number indidal coil of curvature ratio
0.012 for all working fluids is presented in Fig&r26. The Dean number varied from
49 to 228. From this figure it is seen that as Erean number increases Nusselt

number also increases.
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Fig.4.26 Variation of Nusselt number with Dean nemim a helical coil of
curvature ratio 0.012

4.3.6 Correlation for heat transfer

Using the Nusselt number-Reynolds number data dfelcal coil with micro-
diameter tube of curvature ratio 0.012 having camistcoil diameter and pitch

generated in the present study, the least squegesssion analysis indicated that

Nu = 0.008De ** Pr°” (4.3)

correlates the present results quite well. The almmrrelation is valid fad = 0012,
De = 49-228 and Pr=3.5-7.8 and predicts the pretamatwith a standard deviation of
16 %.
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The parity plot of Nusselt number predicted frore firesent correlation and
experimentally obtained Nusselt number is showRigure 4.27. It is seen that all the

Nusselt number values lie within6 % range.
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Fig.4.27 Predicted Nusselt number from present etaion vs.
experimentally obtained Nusselt number

4.3.7 Comparison with other available correlationsfor heat transfer

A comparison between experimental Nusselt numbdrvatue predicted from Kalb
and Seider (1974) (egn. 2.52) and Dravid et al7{}8eqn. 2.62) for laminar flow of
Newtonian fluids flowing through helical coil is ggented in Figure 4.28 and a
summary of percent deviation of predicted valuesnfrexperimental one is given in
Table 4.3. Both correlations are found to predi80% higher values. Thus it is
clearly seen that for smaller curvature rat®d= 0012) used in the present work
these correlation over predict the Nusselt numladues. Kalb and Sieder's (1974)
correlation was developed f601<d/D < 0.1, 80<De<1200 and0.7 <Pr<5.
Dravid et al.’s (1971) correlation was developed docurvature ratio of 0.0536 for
laminar regime50< De<2000and5< Pr<175. These differences in the range of
operating parameters are likely to influence thieditst of developed correlation over

a different range of operating parameters.
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Fig.4.28 Comparison of experimental Nusselt numigér value predicted

from correlations of Kalb and Seider (1974) and \Jitaet al.
(1971)

Table 4.3 Percent deviation between present cdioeland other for the present data

Data | Authors Correlation Range Deviatipn
Present Present | Ny =0.008De%*° pro’® 0= 0012, +6 %
49< De< 228
Pr=35-78
Kalb and Nu = 0836De% Pr® 001<d/D<01 +30%
Seider 80< De<1200
(1974) 0.7<Pr<5.
Dravid et| Ny = [0.76+ 0_65@]”0175 0=0.0536 +30%
al. (1971) 50< De< 2000
5<Pr<175
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Figure 4.29 and 4.30 shows the comparison betwaperienental data of
Kahani et al.’s (2013) and values predicted fromspnt correlation and correlations
of Kalb and Seider (1974) and Dravid et al. (1979mparison between Kahani et
al.’s (2013) experimental results with value préslicfrom present correlation is
shown in Figure 4.29. Figure shows present coroglatunder predicts the
experimental values by as much -62 %. Curvature ddthelical coil used by Kahani

et al.’s (2013) was 0.05 to 0.1 which is much higtean that used in the present
work (o = 0012).
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Fig.4.29 Comparison between Kahani et al.’s (203)erimental results
with values predicted from present correlation

Comparison between Kahani et al.’s (2013) expertaigasults with values predicted
from correlations of Kalb and Seider (1974) and\Jieaet al. (1971) is shown in

Figure 4.30, and percent deviation values are suimathin Table 4.4. It is seen that
most are under predicted and lie within -40%.
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Fig.4.30 Comparison between Kahani et dR013) experimental results with
values predicted from Kalb and Seider's (1974) Bmdvid et al.’s
(1971) correlations
Table 4.4 Percent deviation between predicted galaed experimental data of

Kahani et al.’s (2013)

Data | Authors Correlation Range Deviation
Kahani| Present| Ny = 0.008De %% pro7® 0=0012, -62%
et. al. 49< De< 228
(2013) Pr=35-78
Kalb Nu = 0836De®® Pr®* 001<d/D<0.1 -40%
and 80< De<1200
Seider 0.7<Pr<5.
(1974)
Dravid | Ny = [0_76+ oﬁmjprm 0=0.0536 -40%
et al. 50< De< 2000
(1971) 5<Pr<175
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4.3.8 Generalized correlation for heat transfer

In view of the large deviation between predicted awailable experimental values an
effort was made to develop a generalized correlatising Kahani et al. (2013) and
present data for laminar flow in helical coils. kigithe least squares regression

analysis can be written

Nu = 0.002De *** Pr %% (4.4)

satisfactorily correlates the entire laminar regidata. The above correlation valid
ford = 0012-0.1, De=49-631 and Pr=3.5-7.38 and correlates bet$ of data with a
standard deviation of 18%.
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Fig.4.31 Comparison of experimental Nusselt nunfbeth present and
Kahani et al. (2013)) with those predicted from ¢je@eralized
correlation

Figure 4.31 show the parity plot between experimleNusselt number (both
present and Kahani et al. (2013)) and those prdlitom the generalized correlation.

It is seen that most of the data lie within th&8% band.
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