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APPENDIX-A
SAMPLE CALCULATIONS

A.1 Sample Calculations for Calibration of Measurirg Devices
A.1.1 Calibration of Flow Measuring Device

Observation no. 1

Working fluid = Water

Pump speed = 5 rpm

Volume of liquid collected = 100 ml = 0.000Pm
Time required for collected volume =522 s
Volumetric flow rate from equation 3.1

~0.0001
522

= 1.92x10m’/s (A1)

Flow rates at different pump speed is given in €dbl2.1

=192x10’

A.1.2 Calibration of Power

Observation no. 1

Working fluid = Water

Pump speed = 10 rpm

DC power reading V = 28.37 Voltand | = 1.41 A

Inlet temperature of water {J = 30°C or 303 K

Outlet temperature of water {Jj =77.5°C or 350.5 K

Bulk fluid temperature of water {J= 53.75°C or 326.75K

All the physical properties are evaluated at bldidftemperature

Density of water is estimated at bulk fluid tempera and correlated with
temperature as shown in Figure A.1. Density ofewat 982.1899 Kg/that T, =
326.75K

Heat Capacity of water is estimated from figure.A/2lue of Cp = 4169.231 J/Kg.K
at T, =326.75K
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Fig. A.2 Specific heat aajty of water vs. temperature

Electrical power input¢) from equation 3.9
=28.37x1.41
¢ =40 W &
Mass flow rate of water = Density of fluidx volumetflow rate
= 982.189@0001/510)
= 982.1899x (1.96*10)
= 0.0001926 kg/s (A.3)
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Heat transfer rate (Q) from equation 3.10
= 0.0001926x4169.231x (350.5-303)
Q=38.14W (A.4)
Percentage deviation between heat transfer ratelanttical power input
_¢-Q, 100
Y

_A0= 3814, 100 =4.65%

= 4.65 % (A.5)

Heat transfer rate and electrical power input are givenin Table D.2.2
A.2 Sample calculation for friction factor in straight tube section (=720 pm)

A.2.1 Friction factor in straight tube section withwater as working fluid
Tube inner diameter = 726n = 0.00072 m

Length for pressure drop across test section =1.68

Pump speed = 5 rpm

Due to peristaltic pump digital manometer gives imum and maximum pressure
drop across test sections.

(AP) max= 335 mbar

(AP) min= 17 mbar

Average pressure drop across test section

(AP) e ;’ (BP) i _ 335; 17 _ 176 mbar

1 mbar = 100 Pa
=176x100 = 17600 Pa
p=995.772 kg/m (from figure A.1 at operating temperature’8l)

AP =

Viscosity of water at operating temperature is whalted from figure A.3. Value of p
= 0.0008 Pa.s at operating temperatur&G0
Volumetric flow rate of water in straight tube seat

=1.92x10 m*/s (from equation A.1)

Flow area from equation 3.3

_ 314x(0.00072°
4

= 4.07x10m? (A.6)
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Fluid velocity from equation 3.2
-7
_ 1.9_7><1O_7 047
4.07x10
u=0.47m/s (A.7)
Reynolds number from equation 3.4
Re= 0.00072x 047x995772
0.000¢
=422 (A.8)
Friction factor in straight sections from equatiid
_ 17600x 0.00072
2x0.68x99E.72x0.477
f=0.0422 (A.9)
Friction factor in straight sections from equat®8
= 16
422
fs= 0.0379 (A.10)

The percent deviation between experimentally obtinfriction factor and
theoretically friction factor defined as
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— ftheorectcally - fexperirrmtally %100 (All)
ftheorectcally
_ 0.0379- 0'0422x100
0.037¢
=-11.32 % (A.12)

A.2.2 Friction factor in straight tube section withmethanol as working fluid
Pump speed = 2 rpm

(AP) max= 160 mbar

(AP) min= 2 mbar

160+ 2

AP = = 81 mbar

AP = 81x100 = 8100 Pa

Volume of liquid collected = 100 ml = 0.000Pm

Time required for collected volume = 634 s

Density and viscosity of methanol are calculatedoperating temperature and
correlated with temperature as shown Figure A.4/ABdespectively.

Value of p = 783.05 kg/m at operating temperature 30

Value of g = 0.0005 Pa.s at operating temperatdf€3
0.0001_

Volumetric flow rate= =158x107’
= 1.92x1en’s (A.13)
-7
Fluid velocity = %
4.07x10C
u=0.388 m/s (A)14
0.00072x 0388x 78305
Reynolds number
0.000&
= 449 (A.15)
- _ 8100% 0.00072
Friction factor= 5
2x0.68x 782.05%x0.38¢
= 0.036445 (A.16)
Friction factor in straight sections from equati8
= 16
44¢
fs= 0.035617 (A.17)
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0.035617- 0.036445><

Percent deviation = - 100
0.03561"
=-2.33% (A.18)
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A.2.3 Friction factor in straight tube section withacetone as working fluid

Pump speed = 1 rpm
(AP) max= 104 mbar
(AP) min= 0 mbar

104+0

AP = =52 mbar

AP = 52x100 = 5200 Pa

Volume of liquid collected = 100 ml = 0.000m

Time required for collected volume =642 s

Density of acetone is calculated from figure A.Gale of p= 780.199 kg/m at
operating temperature 3G

Viscosity of acetone at operating temperatur8@from = 0.0003 Pa.s (figure A.7)

Volumetric flow rate= 0.00005_ 156x107’
= 1.56x1m%s (A.19)
-7
Fluid velocity = % =0.383
4.07x10
u=0.383m/s (A)20
0.00072x 0383x 780199
Reynolds numbes
0.000¢:
=729 (A.21)
- _ 5200% 0.00072
Friction factor= 5
2x0.68x 78(.19¢x 0.382
=0.024 (A.22)
Friction factor in straight sections from equati8
f = 16
44¢
fs=0.02195 (A.23)
Percent deviation 002195~ 0024><1OO
0.0219¢
=-9.70% (A.24)

Friction factor in all straight tube sections experimentally and theoretically are given

in Table D.3 for all three working fluids.
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A.3 Sample calculation for friction factor in helical coil (di=720um) section

A.3.1 Friction factor in helical coil section withwater as working fluid

Pump speed = 10 rpm
(AP) max= 340 mbar
(AP) min= 24 mbar

AP = &;24: 182 mbar

AP =182x100 =18200 Pa

Volume of liquid collected = 100 ml = 0.000m
Time required for collected volume =525 s
Volumetric flow rate of water in helical coil seat

_0.00002
105

= 1.905x10m’/s A.25)

-7
Fluid velocity=M =0.468

4.07x107
u=0.468 m/s (A.26)

0.00072x 0468x995.772
0.000¢

= 420 (A.27)

18200x 0.00072
2x0.68x99E.72x 0.46€°

f.= 0.0442 (A.28)

= 1905x107’

Reynolds number=

Friction factor in helical colil,f, =

Prediction of friction factor in helical coil fromorrelation of Srinivasan et al. (1968)
from equation 2.49

-06
f, = 529 420 2200
0.00072

fc = 0.0369 (A.29)

Percent deviation between experimental frictiontdaand value predicted from
correlation of Srinivasan et al. (1968)

_0.0369-0.04415
0.036¢

=-19.46 % (A.30)

x100 (from equation A.11)
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A.3.2 Friction factor in helical coil section withmethanol as working fluid

Pump speed = 5 rpm
(AP) max= 223 mbar
(AP) min= 11lmbar

223+11

AP = =117 mbar

AP =117%x100 =11700 Pa
Volume of liquid collected = 100 ml = 0.000m
Time required for collected volume =520 s

Volumetric flow rate of water in helical coil seati

_ 0.00002_ 19210~
104
= 1.92xTam%s (A.31)
-7
Fluid velocity:% =0.473
4.07x10
u=0.473m/s (A.32)
0.00072x 0473%x 78305
Reynolds number=
0.000¢
=548 (A.33)
Friction factor in helical coil,f, = 11700<0.00072 5
2x0.68x78:.05x0.47¢
f.=0.0354 (A.34)

Prediction of friction factor in helical coil frororrelation of Srinivasan et al. (1968)

-06
f. = 527 548 | 2060
0.00072

f.= 0.0315 (A.35)
Percent deviation 0.0315- O'0354><100
0.031¢
=-12.43 % (A.36)

A.3.3 Friction factor in helical coil section withacetone as working fluid
Pump speed = 2 rpm

(AP) max= 134 mbar

(AP) min= 0 mbar
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134+0

AP = =67 mbar

AP =67x100 = 6700 Pa

Volume of liquid collected = 100 ml = 0.000m
Time required for collected volume =645 s
Volumetric flow rate of water in helical coil seat

_ 0.00002_ 155x10°7
10¢
= 1.55x1m%s (A.37)
-7
Fluid velocity=% =0.468
4.07x10
u=0.381m/s (A.38)
0.00072x 0381x 780199
Reynolds number=
0.000¢:
=726 (A.39)
Friction factor in helical coil,f, = 6700x0.00072 5
2x0.68x%78(.19¢x 0.381
fo=0.0313 (A.40)

Prediction of friction factor in helical coil fromorrelation of Srinivasan et al. (1968)

-06
f, =522 726 0060
0.00072
f.= 0.0266 (A.41)
Percent deviation 0.0266~ O'0313><100
0.026¢
=-17.69 % (A.42)

Experimentally calculated friction factor and value predicted from correlation of
Srinivasan et al. (1968 all helical coils for all three working fluids are given in
TableD.4.

A.4 Sample calculation for average heat transfer @dficient in a helical coll
(di=720um)

A.4.1 Average heat transfer coefficient in a helidacoil with water as working
fluid
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Pump speed = 10 rpm

Heated length = 0.565 m

Inlet temperature of water {J = 30°C or 303 K

Outlet temperature of water {Jj = 77.5°C or 350.5 K

Bulk fluid temperature of water = 53.76 or 326.75 K

Density of water p) = 982.1899 Kg/mat T, = 326.75 K (from figure A.1)
Viscosity (¢) = 0.000749 Pa.s a, F 326.75K (from figure A.2)

Heat Capacity of water (Cp) = 4169.231 J/Kg.K gt1326.75 K (from figure A.3)
Thermal conductivity of water is calculated at béllkd temperature and correlated
with temperature as shown in Figure A.8.

Thermal conductivityk) = 0.6038 (W/m.K) at bulk fluid temperature,(F 326.75 K)
Wall temperature (RTD reading); £ 82.05°C, T, = 80.43°C and & = 79.11°C

Heat transfer rate
Q=38.14 W (from equation A.4)
Surface area of heat exchanger from equation 3.20

A, = 314x0.00072x 0565

A, =13x107°m? (A.43)
Heat flux from equation 3.19
= &4_3 = 29338
1.3x1C
q = 29338 W/ A.44)

Average wall temperature from equation 3.14
_ 8205+ 8043+ 7911 _

T, =80.53
3
T, =8053°C (A.45)
= 80.53+273 = 353.53 K (A.46)
Bulk fluid temperature from equation 3.15
T =39 175 5375
T, =53.75°C (A.47)
= 53.75+273 = 326.75 K (A.48)

Average heat transfer coefficient from equatior83.1
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h= 29338 =1095.52
(35353-326.75)
h =1095.52 W/M.K (A.49)
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Fig. A.8 Thermal conductivity of wates. temperature

A.4.2 Average heat transfer coefficient in a helidacoil with methanol as working
fluid

Inlet temperature of methanol{l= 30°C or 303 K

Outlet temperature of methanoly(J = 44.5°C or 317.5 K

Bulk fluid temperature of methanol {)r= 37.25°C or 310.25K

Value of p at bulk temperature (E310.25K) = 774.3865 Kg/fr(from figure A.4)
Value of i at bulk temperature (=310.25K) = 0.000567 Pa.s (from figure A.5)
Heat Capacity of methanol is calculated at bulk gerature and correlated with
temperature as shown in Figure A.9. Value of Cputik temperature (I=310.25K)
=2514.081 J/Kg.K.

Thermal conductivity of methanol is calculated frdigure A.10. Value ofk =
0.202195 W/m.K at J=310.25K

Wall temperature (RTD reading); £ 51.2°C, T, = 49.21°C and & = 48.12°C
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DC power reading V =12.41 Voltand I =0.81 A
Volume of liquid collected = 100 ml = 0.000Pm
Time required for collected volume =515 s

Electrical power input¢) from equation 3.9

=12.41x0.81
¢ =10W (A.50)
Mass flow rate of water = 774.3865x (0.0001/515)
=0.00015 kg/s (A.51)
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Fig. A.9 Specific heat capacitynoéthanol vs. temperature
Heat transfer rate = 0.00015%x2514.081x (320-303)

Q=548W (A.52)
Heat flux = LS_S =4216.523
1.3x1C
q = 4216.523 W/m (A.53)
Average wall temperaturd,, = SL2t 49§1+ 4812 _ 49.51
T, = 4951°C (A.52
=49.51+273 = 322.51 K (A.55)
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Average heat transfer coefficiert,= 4216523 __ 343.925
(32251-31025)
h =343.925 W/M.K (A. 56)
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Fig. A.10 Thermal conductivity okthanol vs. temperature

A.4.3 Average heat transfer coefficient in a helidecoil with acetone as working
fluid

Inlet temperature of water J = 30°C or 303 K

Outlet temperature of water ) = 39.5°C or 312.5 K

Bulk fluid temperature of acetone = 34%Gor 307.75 K

Value of p at bulk temperature (E307.75 K) = 772.007 Kg/f(from figure A.6)
Value of 4 at bulk temperature (E307.75 K) = 0.000284 Pa.s (from figure A.7)
Heat Capacity of acetone is calculated at bulk tmatpre and correlated with
temperature as shown in Figure A.11. Value of Cpudk temperature = 307.75
K) = 2172.395 J/kg.K.

Thermal conductivity of methanol is calculated fréigure A.12. Value ok = 0.179
W/m.K at T,=307.75 K

Wall temperature (RTD reading); £ 42.42°C, T, = 41.48°C and & = 39.95°C

DC power reading V = 9.61 Voltand | = 0.52 A
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Volume of liquid collected = 100 ml = 0.000Pm

Time required for collected volume = 660 s

Electrical power input¢) from equation 3.9

=9.61x0.52
¢=5W )
Mass flow rate of water = 772.007x (0.0001/660)
=0.000117 Kg/s (A.58)
Heat transfer rate = 0.000117%2172.395x% (312.5-303)
Q=241W (A.59)
Heat flux = Ll_s =1856.93
1.3x1C
q = 1856.93Mm (A.60)
Average wall temperaturd,, = 4242+ 4248+ 39'95: 41.28
T, = 4128°C (A.61)
4%.28+273 = 314.28 K (A.62)
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Fig. A.11 Specific heat cappat acetone vs. temperature
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Fig. A.12 Thermal conductivity afetone vs. temperature

=284.225

Average heat transfer coefficiert,= o200
(31428-30775)

h =284.225 W/M.K (A.63)

Average heat transfer coefficient in a helical coil for all working fluids is given in
TableD.5.

A.5 Sample calculation for Nusselt number in helidecoll
A.5.1 Nusselt number in helical coil with water asvorking fluid

Re = 0.00072x 048x 9821899 _ 455

0.00074¢
Re =455 (A.64)
Prandtl number from equation 3.18

_4169231x0.000749
0.603¢

Pr

Pr=5.17 (A.65)

Average Nusselt number from equation 3.16
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109552x0.00072 _
0.603¢

Nu = 1.3

Nu, =13 (A.66)

A.5.2 Nusselt number in helical coil with methanoas working fluid

0.00072x 046x 7743865 _

Reynolds number = - =447
0.00056°
Re = 447 (A.67)
Prandtl number _2514081x 0.000567
0.20z
Pr=7.05 (A.68)
Average Nusselt number 343925%0.00072_ 1.22
0.20z
Nu, =1.22 (A.69)

A.5.3 Nusselt number in helical coil with acetonesaworking fluid

0.00072x 037x 772007 _

Reynolds number = =728
0.00028:¢
Re =728 (A.70)
Prandtl number _2172395% 0.000284
0.17¢
Pr=3.45 (A.71)
Average Nusselt number 284225x 000072 _ 1.15
0.17¢
Nu, =1.15 (A.72)

Average Nusselt number in a helical coil for all working fluidsis givenin Table D.6.
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APPENDI X-B
DEVELOPMENT OF CORRELATIONS

B.1 Development of correlation for friction factor

The ratio of friction factor for helical coil to &h for straight tube in case of laminar
flow data of three coils having constant pitch and diameter is shown in Figure B.1
as a function of Dean number. Friction factor fomight tube was calculated from

equation 16/Re.

25 +

15 -
‘0
y=0.005x+1
4

R*=0.95

fc/fs

05 -

0 50 100 150 200 250 300

De

Fig. B.1Friction factor for helical coil to that for strdigtube (f_/ f, )
in case of laminar flow as a function of Dean numbe

A least squares analysis of all laminar flow datalihear fit gave
y =1+ 0005« (B.1)

Herey =f_/ f_ and x = De

% =1+ 0005De )

correlates present data with a standard deviafiarb&o.
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B.1.1 Sample calculation for correlation of friction factor

Tube inside diameter =726n = 0.00072 m

Helical coil diameter = 0.060 m
Curvature ratio (©0) = 0.012
Working fluid = water

Re =420 (from equation A.27)
fc = 0.0442 (from equation A.28)

fsis calculated from equation 3.8

f, =16/420

= 0.0381 (B.3)
f, _ 00442
f. 0038095

=1.1578 (B.4)

Dean is calculated from equation 3.5

De=420x+/ 0012

=45.95 (B.5)
Prediction of f_/ f, from equation B.2
% =1+ 0005x 4595

= 1.2297 (B.6)

Friction factor ratios (f./f.)experimental and those predicted from present

correlation are given in Table D.7.
B.1.2 Comparison with other available correlationsfor friction factor

Prediction of f_/ f, from Mishra and Gupta’s (1979) correlation (equaP.3)

% =1+ 0033x (log 4595)*

= 1.252 (B.7)

Prediction of f_/ f, from Ito’s (1969) correlation (equation 2.1)
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f. 4595
< =21
f (156+log,, 4595)°>"

=121 (B.8)
Prediction of f_/ f, from White’s (1934) correlation (equation 2.45)

045 22
fo_| (- 116
f, 4595

=1.223 (B.9)

-1

Prediction of f_/ f, from Mori and Nakayama’s (1967) correlation (citp@2.46)

f. 0.1080v 4595

f, 1- (3253//4595

= 1.407 (B.10)

Friction factor for helical coil to that for straightube (f./f.)predicted from

Mishra and Gupta (1979), Ito (1969), White (1934) andri and Nakayama (1967)

correlations are given in Table D.8.

Similarly Cioncolini and Santini’s (2006) friction factdiata predicted from present,
Mishra and Gupta (1979), Ito (1969), White (1934) andri and Nakayama (1967)
correlations are shown in Table D.10 to D.12.

B.1.3 Generalized correlation for friction factor

Equation B.2 reveals that at low De, helical coil hydrodynanyide@have as straight
tubes Thus it is advisable to correlgte / f, — ad)a function of De. In an attempt to
obtain such a desirable correlation the same was plotted. Lamindrittten data of
present and Cioncolini and Santini (2006) are depicted in Figyare

A least squares analysis of all laminar flow data for power fit indic&téowing
correlation

y = 0.008%% (B.11)
Here yf /f,—- Dandx=De

(f./ f,—1) = 0008De"™’ (B.12)

with standard deviation of + 8 %.
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Fig. B.2(f./ f,— 1) vs. De
Predicting of f_/ f, from generalized correlation (equation B.12)
(f./ f,—1) = 0008De "’
f./ f, =1+ 0008(4595) %%
f /| f, =1.2478 (B.13)

Experimental f_/ f, of both (present and Cioncolini and Santini (200&)d values

predicted from the generalized correlation is giwed able D.13.
B.2 Development of correlation for Nusselt number

From the previous studies on laminar flow heat gf@anin helical coils and heat

3 as a function of Dean number. An

exchangers it is advisable to correldtel /Pr
attempt to obtain such a desirable correlationstlime was plotted. This could not
give any suitable equation therefore these ploes rast shown in present work.

However from these plots the idea of obtaining dtable correlation by

075

plottingNu /Pr> against De was found. The Nusselt number lamiloar flata of a
helically coil micro-diameter tube heat exchangewihg curvature ratio 0.012 is

shown in Figure B.3.
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Fig. B. Nu/Pr®”® vs. De

A least squares analysis of all laminar flow daia ower fit predicted following
equation
y = 0.008 X% (B.14)

%75 and x =De

Here y =Nu/Pr
Nu/Pr®”® = 0008De**
Nu = 0008De** pr°" (B.15)

and correlates the present data quite well withdsied deviation of +6 %.
B.2.1 Sample calculation for correlation of Nusselt number

Tube inside diameter =726n = 0.00072 m
Helical coil diameter = 0.060 m

Curvature ratio (0) = 0.012

Working fluid = Water

Reynolds no = 455 (from equation A.64)
Prandtl number =5.17 (from equation A.65)

Nusselt number = 1.3 (from equation A.66)

Dean number 455x+/ 0012
De = 4985 (B.16)
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Predicting Nu from equation B.15
Nu = 0008x 4985%* x 517°"
Nu=112 (B.17)

Experimental Nusselt number and those predicteth fpzesent correlation for all
working fluids is given in Table D.14.

B.2.2 Comparison with other available correlationsfor Nusselt number

Nusselt number from Kalb and Seider’'s (1974) catreh (equation 2.52)
Nu = 0836x 4985% x 517*

Nu = 6956 (B.18)

Nusselt number from Dravid et al.’s (1974) cornelatequation 2.62)
Nu =|076+ 065x 4985% |x 517%7

=7.13 (B.19)

Nusselt number predicted from above correlatiomsafoworking fluids is depicted in
Table D.15.

Similarly Kahani et al.’s (2013) Nusselt numberalatedicted for average Prandtl
number (Pr=7.38) from present, Kalb and Seider @)9@nd Dravid et al. (1974)

correlations are shown in Table D.17 and D.18.
B.2.3 Generalized correlation for Nusselt number

Using present and Kahani et al. (2013) laminar fldata for in helical coils a

generalized correlation has been developed. Tolaeweich a correlatiomNu /Pr®

plotted against Dean number as shown in Figure B.4.

Power fitting of laminar flow data gave followingj@ation with standard deviation
+ 18 %.
y = 0.002Dé&2%? (B.20)

089

Here y =Nu/Pr™ and x = De
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Fig. B.ANu/Pr®® vs. De
Nu = 0.002De '%%* pr 2% (B.21)

Predicting of Nu from generalized correlation (etipraB.21)

Nu = 0.002 x 85'%%? x 517 °%°
Nu= 1198 (B.22)

Experimental Nusselt number of both (present anbakaet al. (2013)) and those

predicted from the generalized correlation is giverTable D.19.
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APPENDIX-C
UNCERTAINTY ANALYSIS

C.1 Uncertainty propagation

No physical quantity can be measured with perfectainty; there are always some
errors in any measurement. This means that if wasore some quantity and, then,
repeat the measurement, we will almost certainlgsuee a different value the second
time. So great care in measurements and moreetefaxperimental methods is

needed to reduce the errors, so that our approgimate closely the true value.

All the quantities that are measured friction fact@eynolds number and Nusselt
number are subjected to certain uncertainties lseca errors associated in the
experimental measurements. These individual unoéda as well as combined effect
of these are discussed in the present study. Talysas is carried out on the basis
suggestion made by Kline and Mclintok (1953) andef&t and Coleman (1989). It
was kept in mind that uncertainties associated experimental data are calculated

on the basis 95% confidence level.

C.2 Uncertainty in friction factor

f=i(ﬁj( p‘jigzj (C.1)
2\ L A\ Re" u
af ) _ {A(AP)}Z{&}Z 3Ad, 2+{2ARe}2 N c2)
f) |1 ap L d Re '
Re= 4P (C.3)
DU

2 2 05
ARe _ (AO) N Ad, (C.4)
Re O d,
The uncertainty in friction factor and Reynolds rhenis calculated from equations
C.2 and C.4 respectively.
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C.3 Uncertainty in Nusselt number

The average Nusselt number is calculated as

_hd
k
Uncertainty in average Nusselt number is calculated

AT_“{(A__H] +(A_diJ } (C.6)
u h d,

Z|

u (C.5)

h=_ Q (C.7)
A.(AT,)
A_ﬁz— £2+A_di2+(£j2+—A(AT)22 (C.8)
h) |LQ d L AT, '
Q = OpcpAT (C.9)

GEGEC

C.4 Sample calculationsfor uncertainty
C.4.1 Sample calculations for uncertainty in friction factor
Straight tube section

Working fluid = Water

Pressure drop = 17600 Pa

Flow rate = 1.92 x 10m*/s= 0.192 ml/s

Uncertainty in friction factor is calculated fromqueation C.2

(THE ]

ForE
P
AAP))? [ 0027
} ={ : }=1.29><1o12
AP 17600
=1.29 x16 (C.11)
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For &
L

Accuracy in measurement of length is 0.002 m

(o 1%
L 068
= 8.65x1D (C.12)
For A—d'
d;

Accuracy in measurement of diameter is 0.00002 m

2 2
Ad | _ {o.ooooz}
d 0.00072

=0.00077 (C.13)
ForA—F‘>e (From equation C.3)
Re
For 20
O

For volumetric flow rate estimating the tank voluarel collecting time is +1second

and £2.5 ml. A volumetric flask has total capaafyl00 ml.

AO = Ez 0.025ml/s
10C

2 2
{AO} :{0025} — 0.017
O 0192

=0.017 (C.14)

2
{A—Re} =[0.00077+ 0017
Re

= 3.16x10 (C.15)

Uncertainty in Reynolds number

{ﬂa} =[0.00077+ 0017
Re

=0.13 (C.16)
Substituting all above values from equation C.1C1b5 in the uncertainty equation

of friction factor
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(gj =[@29x10™) + (865x10°°) + (32 x0.00077 + (22 x (205x10°9)|”

=0.09 (C.17)

% uncertainty in friction factor is 9.0 %.

Uncertainty analysis of friction factor in straight tube and helical coil sections for all
working fluidsis given in Table D.20 and D.21.

C.4.2 Sample calculationsfor uncertainty in Nusselt number

Working fluid = Water

Tube inside diameter = 0.00072 m
Heated length = 0.565 m

Inlet temperature of water {J = 30°C
Outlet temperature of water ) = 77.5°C

AQ

For —
Q

{AO}Z _ { 0025}2
O 0196

=0.01625 (C.18)
The measurement accuracy in temperature i$®.5

{A(AT)}ZZ{ 05 }2
AT 775-30

=0.00011 (C.19)
From equation C.18, C.19 and C.8

% = [0.01625 + 0.00012]

= 0.000268 (C.20)
For &
L
() -
L 0565
= 1.25303x10 (C.21)
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. A(AT)
AT,

Fo

T, = 80.53 andr, =53.75

A(LT) 2:{ 05 }2
AT, 8053- 5375

=0.000349 (C.22)
Substituting all above values from equations C®2CG .22 and C.13 in C.8

—\2
(Ahfhj = [0.000268+ 0.00077+.0000125+ 0.00034¢

=1.96x10 (C.23)
From equation C.13, C.23 and C.6

AN—'\'J‘ =[0.019313+ 0.00077%

=0.0277 (C.24)
% uncertainty in Nusselt number

=277 %

Uncertainty analysis of Nusselt number in helical coil for all working fluidsis given
in Table D.22.
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APPENDIX-D

ASSOCIATED TABLES

D.1 Thermo physical properties of working fluids
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D.1.1 Thermo physical properties of water

T 1Y H Cp k

(K) | (Kg/im® | (Pa.s) (IIKg.K) | (W/m.K)

273| 1000 0.00175 4217 0.569
290 999 0.00108 4184 0.598
300 997 0.00085% 4179 0.613
315 991 0.000631 4179 0.634
335| 982.3 | 0.000453 4186 0.656
350| 973.7 | 0.000365 4195 0.668
365| 963.4 | 0.000306 4209 0.677
373 957.9 | 0.000279 4217 0.68

D.1.2 Thermo physical properties of methanol

T 1Y H Cp k
(K) | (Kgim®) | (Pas) | (3/kg.K) | (W/m.K)
273| 810 | 0.000817 2420 0.205
293| 7915 | 0.000578 2460 0.204
313| 774 | 0.000446 2520 0.203
333| 756 | 0.000347 - 0.202
353| 736 | 0.000271 - 0.2
373| 714 | 0.000214 - 0.198
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D.1.3 Thermo physical properties of acetone

T 1Y H Cp k

(K) | (Kg/im®) | (Pa.s) (IIKg.K) | (W/m.K)

273 812 0.000395 2110 0.183
293 790 0.000321 2160 0.181
313 768 0.00026¢ 2220 0.175
333 744 0.00022¢ 2290 0.168
353 719 0.000192 2390 0.16
373 689.6 0.00017 2490 0.148

T OO TG
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D.2 Calibration of measuring devices
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D.2.1 Calibration of flow measuring device

Pump| Volume Time Flow

speed| collected | required rates

(rpm) (m?) (s) (ms)
5 0.0001 522 1.92E-07
10 0.0001 445 2.25E-0Y
20 0.0001 319 3.13E-0Y
30 0.0001 227 4.41E-0Y
40 0.0001 164 6.1E-07
50 0.0001 138 7.25E-0Y
60 0.0001 110 9.09E-0Y

D.2.2 Calibration of power

Pump| V [ ¢ |Volume|Time| Flow P Cp m T | To Q ¢-Q %
speed W) collected (s) rates (Kg/m3) (J/Kg.K) (kg/s) K) | (K) (W) 7 Deviation
(rpm) (m?) (m%s)
10 | 28.371.41| 40| 0.0001] 510 1.96E-07982.1899| 4169.231 0.00019258803 | 350.5/38.13949 0.046513| 4.65127
20 | 28.37/1.41| 40| 0.0001] 395 | 2.53E-07| 984.6154| 4168.937 0.00024927 30340.8/39.28138 0.017966| 1.796562
30 | 28.371.41| 40| 0.0001] 315 | 3.17E-07, 986.181 | 4169.229 0.0003130[7303 | 331.5/37.20032 0.069992| 6.999198
40 |28.37 1.41| 40| 0.0001 250 | A4E-07 | 987.3496 4169.694 0.00039494 3B235.8|37.54654 0.061336| 6.133647
50 | 28.371.41| 40| 0.0001] 200 | 5E-07 | 988.4742 4170.339 0.00049423D3 |319.8|34.62709 0.134323| 13.43227
60 |28.371.41| 40| 0.0001] 145 | 6.9E-07| 989.5105 4171.107 0.000682430D3 |316.5|38.42709 0.039323| 3.932268
70 | 28.371.41| 40| 0.0001 115| 8.7E-07| 990.1059 4171.623 0.000860P8P3 |313.3|36.99356 0.075161| 7.516107
80 |28.371.41| 40| 0.0001 95 | 1.05E-06| 990.5028| 4171.998 0.00104263303 |311.5|36.58874 0.085282| 8.528154
90 |28.37 141 40| 0.0001 80 | 1.25E-06| 990.7894| 4172.283 0.00123848303 | 309.1/31.52064 0.211984| 21.19841
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D.3 Friction factor in straight tube sections
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D.3.1 Friction factor in a straight tube of inner dameter 720um for water

Pump (Ap)max (Ap)min (Ap)avg AP | Volume |Time d; L P . Il Flow Flow ?rea u Re ¢ _ﬂ fiheo (fiheo = Texp)/ %

(sr[;erf)d (mbar) | (mbar) | (mbar) (Pa) co(llrig)ted (s) (m) | (m) |(Kg/m?)|(Pa.s (r;gzs) (m°) (m/s) exp 2L,0J2 16/Re fiheo Deviation
5 335 17 176 | 176000.0001 | 522 0.00072.68|995.7720.008 1.92E-07| 4.069 x10|0.470805803 422 | 0.042215| 0.037921-0.11324| -11.324
10 367 29 198 | 198000.0001 | 445 0.00072.68|995.7720.008 2.25E-07| 4.069 x10|0.552271077 495 | 0.034514 | 0.032327-0.06765| -6.765
20 477 43 260 | 260000.0001 | 319] 0.00072.68|995.7720.008 3.13E-07| 4.069 x10/0.770409496 690 | 0.02329 | 0.023174 -0.005 -0.500
30 633 63 348 | 348000.0001 | 227| 0.00072.68|995.7720.008| 4.41E-07| 4.069 x10|1.082645943 970 | 0.015785| 0.01649 0.042786 4.2786
40 898 92 495 | 495000.0001 | 164| 0.00072.68|995.7720.008 6.1E-07 | 4.069 x10|1.4985404221343| 0.011719 | 0.0119140.016322| 1.6322
50 1159 131 645 | 610000.0001 | 138| 0.00072.68|995.7720.008 7.25E-07| 4.069 x10|1.7808741241596| 0.010226 | 0.010025-0.02003| -2.003
60 1435 179 807 | 807000.0001 | 110/ 0.00072.68|995.7720.008 9.09E-07| 4.069 x10 2.2341875382002| 0.008595 | 0.007991-0.07565| -7.565

D.3.2 Friction factor in a straight tube of inner dameter 720um for methanol

Pump (Ap)max (Ap)mm (Ap)avg AP | Volume |[Time d; L P 11 Flowgrates Flow ?rea u Re _ APd fiheo (ftheo - Texp)/ %

speed (mbar) | (mban)| (mbar) (Pa) collegted (s) | (m) |[(m)]|(Kg/m?¥|(Pas) (m7s) (m?) (m/s) * " 2Lai| =16/Re fineo Deviation

(rpm) (m)
2 160 2 81 8100 0.0001 634 0.000D268| 783.05| 0.008 1.58E-07| 4.069 x10|0.387635 449 | 0.036445| 0.035617-0.02326| -2.32582
5 198 4 101 | 1010D 0.0001 | 498/ 0.0007.68 783.05| 0.003 2.01E-07| 4.069 x10|0.493495 572 | 0.028039| 0.027977-0.00222| -0.22168
10 232 8 120 | 12000 0.0001 | 413| 0.0007@.68| 783.05| 0.00§ 2.42E-07| 4.069 x10|0.595062 690 | 0.022912| 0.0232020.012488| 1.248831
20 414 16 215 | 21500 0.0001 | 235 0.0007[.68 783.05| 0.004 4.26E-07| 4.069 x10| 1.04579| 1212 0.013291 | 0.01320R-0.00674| -0.67399
30 594 26 310 | 31000 0.0001 | 161] 0.0007[.68 783.05| 0.00§ 6.21E-07| 4.069 x10|1.526464 1769| 0.008995 | 0.0090450.005514| 0.551436
40 750 48 399 | 39970 0.0001 | 137| 0.0007[.68 783.05| 0.00§ 7.3E-07 | 4.069 x10|1.793873 2079| 0.008383 | 0.007696-0.08919| -8.91919
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D.3.3 Friction factor in a straight tube of inner dameter 720um for acetone

Pump (Ap)m (Ap)mm (Ap)avg AP | Volume |Time d; L P i Flow Flow ?rea u Re _ APd fiheo (Fiheo = Texp)/ % .
speed (mbar) | (mbar) | (mbar) (Pa) colleg:ted (s) | (m) | (m) |(Kg/m?|(Pas ratses (m?) (m/s) *P" 2L af | =16/Re fineo Deviation
(rpm) (m°) (m’/s)
1 104 0 52 5200 0.0001 642 0.000D268|780.1990.003 1.56E-07|4.069 x10'| 0.382805| 729 | 0.024079| 0.02195 -0.09701 | -9.70089
3 118 2 60 6000 0.0001 534 | 0.000720.68(780.199 0.003| 1.87E-07|4.069 x10'| 0.460226| 876 | 0.019222| 0.0182%7-0.05284 | -5.28446
5 125 3 64 6400 0.0001 478 | 0.000720.68(780.199 0.003| 2.09E-07|4.069 x10'| 0.514144| 979 | 0.016429| 0.016343-0.00526 | -0.52629
10 161 7 84 8400 0.0001 362 | 0.000720.68780.199 0.003| 2.76E-07|4.069 x10 | 0.678897| 1293| 0.012367 | 0.0123770.000783 | 0.07834p
20 276 10 143 14300 0.0001 | 228 | 0.000720.68|780.199 0.003| 4.39E-07(4.069 x10 | 1.077897| 2053| 0.008352 | 0.007795 -0.07138 -7.13778

D.3.4 Friction factor in a straight tube of inner dameter 850um for water

Pump (Ap)max (Ap)mm (Ap)avg AP | Volume [Time d; L P vl Flowgrates Flow ?rea u Re _ APd fiheo | (fineo= Texp)/ %

speed (mbar) | (mbar) | (mbar) (Pa) Collecs:ted ()| (m) | (M) [(Kg/m?|(Pas) (m7s) (m9) (m/s) ®* " 2L ap | =16/Re fmeo | Deviation

(rpm) (m°)
5 179 9 94 9400 0.0001 456 0.0008668|995.7720.008 2.19E-07 | 5.67 x10|0.386769398 409 | 0.039441 0.0391 -0.00871 -0.87063
10 243 15 129 12900 0.0001 | 330 0.00089.68|995.7720.008 3.03E-07 | 5.67 x10|0.534444979 566 | 0.028347| 0.028296:0.00179| -0.17877
20 409 31 220 22000 0.0001 | 203| 0.0008%0.68|995.7720.008 4.93E-07 | 5.67 x10|0.868802182 919 | 0.018294| 0.017406:0.05097| -5.0971
30 518 38 278 27800 0.0001 | 158 0.000890.68|995.7720.008] 6.33E-07 | 5.67 x10|1.1162458421180| 0.014004 | 0.013548-0.03365| -3.3651
40 645 49 347 34700 0.0001 | 133| 0.000890.68|995.7720.008] 7.52E-07 | 5.67 x10|1.3260664891402| 0.012386 | 0.011404-0.08606 | -8.60583
50 761 61 411 41100 0.0001 | 113 0.0008%0.68|995.7720.008 8.85E-07 | 5.67 x10|1.5607685221651| 0.01059 | 0.009689-0.09293| -9.29299
60 836 84 460 46000 0.0001 | 99| 0.0008F0.68|995.7720.008 1.01E-06 | 5.67 x10|1.7814832681884| 0.009097 | 0.008489-0.07168| -7.16798
70 945 101 523 523000.0001| 89| 0.000850.68|995.7720.008 1.12E-06 | 5.67 x10(1.9816499292097| 0.008359 | 0.007631-0.09538| -9.53773
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D.3.5 Friction factor in a straight tube of inner dameter 850um for methanol

)

Pump (Ap)m (Ap)min (Ap)avg AP | Volume |Time| d; L P M Flow rates | Flow area u Re _ APd fineo | (Ftheo = Texp)/ %
speed (mbar) | (mbar) | (mbar) (Pa) |collected (s) | (m) | (M) |(Kg/m®)|(Pa.s) (m%s) (m?) (m/s) *P oLaf | =16/IRe fineo Deviation

(rpm) (m?)
2 99 1 50 5000 0.0001| 552/ 0.000850.68| 783.05| 0.0051.81159E-07 5.67 x10’ [0.31950% 437 | 0.039094 | 0.036603-0.06804 | -6.80418
5 139 5 72 7200 0.0001 | 391 0.0008%0.68| 783.05| 0.00%2.55754E-07 5.67 x10° |0.451066 617 | 0.028245 | 0.025947 -0.0894 -8.94027
10 173 9 91 9100 0.0001 | 303| 0.0008%.68| 783.05| 0.00%53.30033E-07 5.67 x10’ |0.582069 796| 0.021438 | 0.020092 -0.067 -6.6997
20 274 16 145 | 145000.0001 | 190/ 0.0008%0.68| 783.05| 0.00%55.26316E-07 5.67 x10’ [0.9282471270 0.013432 | 0.012599-0.06611 -6.6107
30 341 31 186 | 186000.0001 | 139 0.0008%0.68| 783.05| 0.0057.19424E-07 5.67 x10" |1.2688261736 0.009221 | 0.009217-0.00048| -0.04766
35 437 49 243 | 243000.0001| 117| 0.000850.68| 783.05| 0.00%8.54701E-07 5.67 x10’ [1.5074092062 0.008536 | 0.007758-0.1002 | -10.0199

D.3.6 Friction factor in a straight tube of inner dameter 850um for acetone

Pump (Ap)max (Ap)mm (Ap)avg AP | Volume |Time d; L P vl Flow rates |Flow area u Re ¢ = APd fiheo | (Fineo~ Texp)/ %

speed (mbar) | (mbar) | (mbar) (Pa) |collected (s) | (m) |(m) |(Kg/m?|(Pa.s (m¥s) (m?) (m/s) =P A pnp | =16/Re fineo Deviation

(rpm) (m?)
1 57 -3 27 2700 0.0001 678 0.0008568|780.1990.003 1.47493E-07| 5.67 x10/0.29108% 654 | 0.025527 | 0.024451 -0.044 -4.40019
3 83 -1 41 4100 0.0001 464 | 0.000850.68|780.1990.003| 2.15517E-07| 5.67 x10/0.425335% 956| 0.018155| 0.016733-0.08495 | -8.49494
5 100 2 51 5100 0.0001 324 | 0.000850.68|780.1990.003 3.08642E-07| 5.67 x10[0.5770631297 0.012269| 0.0123340.005272| 0.52724
10 125 5 65 6500 0.000{L 266 | 0.000850.68(780.199 0.003| 3.7594E-07 | 5.67 x10|0.7419381668| 0.009459| 0.0095930.013941| 1.39411
15 169 11 a0 9000 0.000{L212 | 0.000850.68|780.199 0.003| 4.71698E-07| 5.67 x10/0.9309222093 0.008319| 0.007645-0.08814 | -8.8143
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D.3.7 Friction factor in a straight tube of inner dameter 1000um for water

Pump (Ap)max (Ap)mm (Ap)avg AP | Volume |Time| d; L P Il Flowgrates Flow?rea u Re ¢ - APd fineo | (Fineo fexp)/ %

3 0= | = -
Zp;;e)d (mbar) | (mbar) | (mbar) (Pa) co(llnics:)ted (s) | (m) | (m) |(Kg/m?®|(Pa.s) (ms) (m%) (m/s) 2af 16/Re fiheo Deviation
5 76 14 45 4500 0.0001 485 | 0.001] 0.68 | 995.7720.008 2.06E-07| 7.85 x10(0.262656778327 | 0.048166| 0.04894 0.015819| 1.58188B
10 98 24 61 6100 0.0001.390 | 0.001] 0.68 | 995.7720.008 2.56E-07| 7.85 x10|0.326637269407 | 0.042218| 0.039354-0.07279 | -7.27912
20 150 38 94 9400 0.000L240 | 0.001] 0.68 | 995.7720.008| 4.17E-07| 7.85 x10|0.530785568661| 0.024637 | 0.024218-0.01733 | -1.73254
30 246 50 148 148000.0001 | 160 | 0.001] 0.68 | 995.7720.008| 6.25E-07 | 7.85 x10|0.796178344991| 0.01724 | 0.016145-0.06783 | -6.78309
40 405 69 237 | 237000.0001 | 105 | 0.001] 0.68 | 995.7720.008 9.52E-07| 7.85 x10(1.2132241481510 0.01189 | 0.010595-0.12217 | -12.2169
50 457 83 270 | 270000.0001 | 90 | 0.001| 0.68 | 995.7720.008 1.11E-06| 7.85 x10(1.4154281671762 0.009952| 0.009092-0.09579 | -9.57893
55 511 91 301 | 301000.0001| 80 | 0.001| 0.68 | 995.7720.008 1.25E-06| 7.85 x10|1.5923566881982 0.008766 | 0.008073-0.08587 | -8.58686

D.3.8 Friction factor in a straight tube of inner dameter 1000um for methanol
Pump (Ap)max (Ap)mm (Ap)avg AP | Volume | Time| d; L P M Flow Flow?rea u Re - APd fiheo | (Ftheo - Texp)! %

3 exp™ = 1ati
speed (mbar) | (mbar) | (mbar) (Pa) collegted (s) | (m) | (M) |(Kg/m®) |(Pa.s ratses (m?) (m/s) 2Laf | =16/Re fneo | Deviation
(rpm) (m) (ms)

2 60 2 31 3100 0.0001 | 495 | 0.001 0.68 | 783.05] 0.0062.02E-07| 7.85 x10| 0.257351| 414 0.043952| 0.038627-0.13788 | -13.7876
5 64 4 34 3600 0.0001 | 430 | 0.001 0.68 | 783.05 0.0052.33E-07| 7.85 x10| 0.296252| 477 0.036377| 0.033555-0.08411 | -8.41149
10 69 7 38 4300 0.0001 | 355 | 0.001] 0.68 | 783.05 0.0052.82E-07| 7.85 x10| 0.358841| 578 0.027711| 0.027702-0.00032 | -0.03221
20 108 12 60 7100 0.0001 | 210 | 0.001] 0.68 | 783.05] 0.0054.76E-07| 7.85 x10| 0.606612| 976 0.015311| 0.0163870.065674| 6.567393
30 181 17 99 (11000 0.0001| 135 | 0.001] 0.68 | 783.05 0.0057.41E-07| 7.85 x10| 0.943619| 151Pp 0.01044 | 0.0105350.008947 | 0.894699
35 254 24 139 | 139000.0001 | 105 | 0.001] 0.68 | 783.05] 0.00569.52E-07| 7.85 x10| 1.213224| 1953 0.008868 | 0.008194-0.08226 | -8.2261
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D.3.9 Friction factor in a straight tube of inner dameter 1000um for acetone

Pump (Ap)m( (Ap)mm (Ap)avg AP | Volume | Time | d; L P Il Flow |Flow area u Re _ ARd fiheo | (Fineo~ fexp)! %
speed (Pa)|collected| (s) | (m) | (m) |(Kg/m®|(Pa.s) rates (m? (m/s) " o af | =16/Re fiheo Deviation
mbar L

(rpm) | (M0a) | () | (mban) (m) (ms)
1 34 -2 16 1600 0.0001 | 548 | 0.001 0.68 | 780.1990.003 1.82E-07| 7.85 x10|0.232461 615| 0.027905 | 0.0260245-0.07223 | -7.22333
3 40 0 20 2000 0.0001 | 434 | 0.001 0.68 | 780.1990.003| 2.3E-07 | 7.85 x10|0.293522 776| 0.021878 | 0.020611-0.06147 | -6.14718
5 53 1 27 2700 0.0001 | 342 | 0.001 0.68 | 780.1990.003| 2.92E-07| 7.85 x10|0.372481 986 0.01834 | 0.016242-0.12922| -12.922
10 59 3 31 3100 0.0001 | 274 | 0.001 0.68 | 780.1990.003 3.65E-07| 7.85 x10|0.4649221230 0.013516 | 0.013012-0.03873| -3.8726
20 73 5 39 [3900| 0.0001 | 204 | 0.001 0.68 | 780.1990.003 4.9E-07 | 7.85 x10|0.6244541652 0.009426 | 0.0096880.027066| 2.70658
23 103 9 56 5600 0.0001 | 162 | 0.001 0.68 | 780.1990.003| 6.17E-07| 7.85 x10|0.7863492080 0.008535 | 0.007693-0.10941| -10.9409
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D.4 Friction factor in helical coils
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D.4.1 Friction factor in a helical coil of inner dameter 720um for water

Pumr(Jj (AP) .. | (AP) .. (Ap)avg AP V(I)IlumeOI Ti(m)e (di) (L) Y . (Pu Flow Flo(w ?)rea ( u/ | Re ¢ = NPd Sriniv?san (fthe?-fexp)/ 5 % _
spee Pa) |collected (s m m) |(Kg/m a.s) rates m m/s ¢~ etal’s theo eviation
(rpm) (mbar) | (mbar) | (mbar) (Pa) (m?) (Kg/m’) (mis) Apf (1968)
fc
10 340 24 182 18200 0.0001 | 525| 0.000720.68 | 995.7720.008| 1.9E-07 | 4.069 x10|0.468115484420| 0.044157| 0.036963 -0.19461 -19.46114
20 503 39 271 | 27100 0.0001 | 390 | 0.00072 0.68 | 995.7720.008| 2.56E-07| 4.069 x10' |0.630155459565 | 0.036283| 0.03092% -0.17326 -17.3256
30 645 57 351 35100 0.0001 | 325 | 0.00072 0.68 | 995.7720.008 3.08E-07| 4.069 x10 [0.756186551678| 0.032635| 0.027721 -0.17727 -17.72[72
40 769 73 421 42100 0.0001 | 285 | 0.00072 0.68 | 995.7720.008| 3.51E-07| 4.069 x10 [0.862317997773| 0.030101| 0.02562| -0.17489 -17.4892
50 1055 87 571 571000.0001 | 230 | 0.00072 0.68 | 995.7720.008| 4.35E-07| 4.069 x10 [1.068524475958 | 0.026589| 0.022527 -0.18029 -18.0288
60 1270 98 684 | 684000.0001 | 200 | 0.00072 0.68 | 995.7720.008 5E-07 | 4.069 x10 |1.2288031461101] 0.024084| 0.02071% -0.162¢ -16.26D2
70 1601 111 856 | 856000.0001 | 170 | 0.00072 0.68 | 995.7720.008 5.88E-07| 4.069 x10' | 1.445650761296 0.021776| 0.01879] -0.15887 -15.8871
80 2007 159 1083| 1083D®.0001 | 145 | 0.00072 0.68 | 995.7720.008 6.9E-07 | 4.069 x10|1.69490089]11519 0.020043| 0.01708] -0.17348 -17.34B3
a0 2761 201 1481| 14810®.0001 | 115 | 0.00072 0.68 | 995.7720.008 8.7E-07 | 4.069 x10|2.1370489461915 0.017241| 0.014863 -0.16002 -16.0019
D.4.2 Friction factor in a helical coil of inner dameter 720um for methanol
Pum;::j (A|:>)max (Ap)mm (Ap)avg AP Vcl)llumeOI Ti(rr;e (di) (L) P . (Pu Flow Flo(vv ?)rea (u/) Re ¢ = NPd Sriniv?san (fthe?—fexp)/ 5 %
spee Pa) | collected| (s m m) |(Ka/m a.s) rates m m/s c” etal’s theo eviation
o] (mban) | (mban) | mban) | P %00 (Kg/m) ) 22| o)
fc
5 223 11 117 11700 0.0001 | 520/ 0.000720.68 | 783.05| 0.0051.92E-07|4.069 x10'|0.472617 548| 0.035414| 0.031499 -0.12428 -12.4284
10 284 18 151 | 151000.0001 | 445 | 0.00072 0.68 | 783.05| 0.0052.25E-07|4.069 x10'|0.552271 640| 0.033472| 0.028689 -0.1667R -16.6719
20 427 31 229 | 229000.0001 | 330 | 0.00072 0.68 | 783.05/ 0.0053.03E-07|4.069 x10'|0.744729 863| 0.027915| 0.023977 -0.16428 -16.4285
30 541 39 290 29000 0.0001 | 275 | 0.00072 0.68 | 783.05 0.0053.64E-07|4.069 x10 |0.8936751036 0.02455 | 0.021493 -0.1422p -14.2219
40 665 57 361 361000.0001 | 235 | 0.00072 0.68 | 783.05] 0.0054.26E-07|4.069 x10 | 1.04579| 12120.022316| 0.019558 -0.14101 -14.1005
50 833 69 451 45100 0.0001 | 205 | 0.00072 0.68 | 783.05 0.0054.88E-07|4.069 x10'|1.1988321389 0.021216| 0.01802 -0.17738  -17.7382
60 959 83 521 | 521000.0001 | 185 | 0.00072 0.68 | 783.05/ 0.0055.41E-07|4.069 x10'|1.3284361540 0.01996 | 0.016943 -0.1780p  -17.805
70 1139 99 619 | 619000.0001 | 160 | 0.00072 0.68 | 783.05| 0.0056.25E-07|4.069 x10' |1.5360041780 0.017738| 0.01553| -0.14221l -14.2205
80 1362 108 735 | 735000.0001 | 140 | 0.00072 0.68 | 783.05/ 0.0057.14E-07|4.069 x10 | 1.7554332034 0.016126| 0.014334 -0.125 -12.4999
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D.4.3 Friction factor in a helical coil of inner dameter 720um for acetone

Pump (Ap)m (AP) in (Ap)avg AP | Volume |Time d; L P Il Flow Flow area u Re ‘ NPd |Srinivasan| (fineo- fexp)/ %
speed (Pa) |collected| (s) (m) (m) |(Kg/m® |(Pa.s) rates (m? (m/s) c— = 5| etal’s fiheo Deviation
mbar
(rpmy | (Mban) | (Mbar) | (mban) m?) (m¥s) 2A0f | (1968
fc
2 134 0 67 6700 0.0001 645 0.00072.68 | 780.1990.003 1.55E-07| 4.069 x10 |0.381024 726| 0.031315| 0.026609 -0.1768 -17.6885
5 217 3 110 11000 0.0001 | 440 | 0.00072 0.68 | 780.1990.003|2.27E-07 4.069 x10 | 0.558547/1064 0.023926 | 0.021152 -0.1311 -13.1103
10 315 7 161 16100 0.0001 | 340 | 0.00072 0.68 | 780.1990.003| 2.94E-07| 4.069 x10 | 0.7228251376 0.02091 0.018121 -0.15391 -15.391
15 493 9 251 | 251000.0001 | 245 | 0.00072 0.68 | 780.1990.003| 4.08E-07| 4.069 x10 | 1.0031051910 0.016927 | 0.014884 -0.13706 -13.7056
D.4.4 Friction factor in a helical coil of inner dameter 850um for water
Pump (Ap)max (Ap) - (Ap)wg AP | Volume [Time d; L P M Flow | Flow area u Re _ APd Srinivasan| (fineo - fexp)/ %
speed (Pa) |collected| (s) (m) (m) |(Kg/m3) |(Pa.s) rates (m? (m/s) ¢~ 2| etal’s fiheo Deviation
mbar 2L
(rpmy | (MP@") | (Mbar) | (mban) (m?) (m¥s) A (1968)
fc

10 237 9 123 123000.0001 | 440 0.000850.68|995.772/0.008|2.27E-07| 5.67 x10 [0.400833734424| 0.04805 0.038462 -0.24928 -24.928
20 393 17 205 | 205Q300.0001 | 300 | 0.0008% 0.68|995.7720.008| 3.33E-07| 5.67 x10' |0.587889477622| 0.037229 0.030566 -0.21799 -21.7992
30 601 31 316 | 316000.0001 | 215 | 0.00085% 0.68|995.772 0.008| 4.65E-07| 5.67 x10’ |0.820310898868| 0.029475 0.025028 -0.17766 -17.7665
40 734 48 391 | 391Q00.0001 | 185 | 0.0008% 0.68|995.772 0.008 5.41E-07| 5.67 x10’ |0.9533342871009 0.027003 0.02287| -0.1807 -18.0696
50 1023 63 543 | 543000.0001 | 145 | 0.000850.68|995.7720.008| 6.9E-07| 5.67 x10 |1.2163230551286 0.023037 0.01976| -0.16583 -16.5832
60 1301 81 691 | 691000.0001 | 120 | 0.00085 0.68|995.772 0.008| 8.33E-07| 5.67 x10’ [1.46972369P1555 0.020078 0.017639 -0.13829 -13.8289
70 1655 97 876 | 876000.0001 | 100 | 0.00085 0.68]995.772 0.008| 0.000001 5.67 x10’ | 1.763668431866 0.017676 0.015811 -0.11796 -11.7956
80 1864 118 991 | 991000.0001 | 90 | 0.00085 0.68|995.7720.0081.11E-06/ 5.67 x10’ |1.9596315862073 0.016197 0.014843 -0.09127 -9.12744
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D.4.5 Friction factor in a helical coil of inner dameter 850um for methanol

Pump (Ap)max (Ap)mm (Ap)avg AP | Volume |Time| d; L P Il Flow | Flow area u Re APd |Srinivasan| (fineo - fexp)/ %
speed (Pa) | collected| (s) (m) (m) |(Kg/m®) |(Pa.s) rates (m? (m/s) ¢~ 2 | etal’s fiheo Deviation
mbar 2L
(rpmy | (M2") | (Mban | (mba) m) (m¥s) A1 (1968)
fc
5 138 4 71 7100 0.0001 490 0.0008%68| 783.05| 0.0052.04E-07| 5.67 x10’ [0.359932492| 0.043743 0.035164 -0.24396 -24.3959
10 183 9 96 9600  0.0001 390 | 0.00084 0.68| 783.05| 0.0052.56E-07| 5.67 x10' [0.452223619| 0.037468 0.030664 -0.2219 -22.1898
20 336 16 176 | 176000.0001 | 245 | 0.00085 0.68| 783.05| 0.0054.08E-07| 5.67 x10’ [0.719865985| 0.027108 0.0232| -0.1684)f -16.84[72
30 495 29 262 | 262000.0001 | 180 | 0.00085 0.68| 783.05| 0.0055.56E-07| 5.67 x10’ [0.9798161341] 0.021782 0.019282 -0.12968 -12.9682
40 604 54 329 | 329000.0001 | 150 | 0.00085 0.68| 783.05| 0.0056.67E-07| 5.67 x10' [1.1757791609 0.018995 0.017284  -0.099 -9.8998
50 808 82 445 | 445000.0001 | 120 | 0.00085 0.68| 783.05| 0.0058.33E-07| 5.67 x10' |1.4697242011 0.016443 0.015118 -0.08764 -8.76446
D.4.6 Friction factor in a helical coil of inner dameter 850um for acetone
Pump (Ap)max (Ap)mm (Ap)avg AP | Volume |Time d; L P vl Flow |Flow area u Re ¢ = APd | Srinivasan|(fineo - fexp)/ %
speed (Pa) | collected| (s) (m) (m) |(Kg/m®|(Pa.s) rates (m?) (m/s) c ™ 2 etal’s fineo Deviation
mbar 2L
(rpmy | (MP27) | (mban) | (mbar) m) (m¥s) A1 (1968)
fc
2 94 0 47 4700 0.0001 585 0.0008%68 | 780.1990.003| 1.71E-07|5.67 x10'| 0.33736| 758| 0.033082 0.027138 -0.21903 -21.903
5 128 2 65 6500 0.0001 445 | 0.00085 0.68 | 780.1990.003| 2.25E-07|5.67 x10|0.443495 997 | 0.026473 0.02303| -0.14952 -14.9518
10 183 5 94 9400 0.0001 340 | 0.00085 0.68 | 780.1990.003 2.94E-07|5.67 x10' |0.5804571305 0.022349 0.019596 -0.140% -14.0504
20 287 11 149 | 14900 0.0001 | 235 | 0.00085 0.68 | 780.1990.003 4.26E-07|5.67 x10’ | 0.83981{1888 0.016924 0.015701 -0.0779 -7.79029

131



D.4.7 Friction factor in a helical coil of inner dameter 1000um for water

Pumr:j (AP) ... | (AP) i (Ap)avg AP V(l)llumed Ti(m)e (di) (L) P a M Flow Flo(w ?)rea (u/) Re _ Apd SrinivT\san (fthe?-fexp)/ %

spee Pa) |collecte S m m Ka/m?) |(Pa.s rates m m/s c 2 etal.’s theo Deviation

(rom) (mbar) | (mbar) | (mbar) (Pa) m (Kg/m’) (ms) 2Lpu (1968)

fc
10 148 8 78 7800 0.0001 | 395| 0.001 0.68 | 995.7720.008 2.53E-07| 7.85 x10| 0.32250262 401| 0.055377 | 0.04213% -0.31427 -31.4274
20 229 17 123 | 123(00.0001 | 265 | 0.001] 0.68 | 995.7720.008| 3.77E-07| 7.85 x10(0.480711458598| 0.039304 | 0.03316] -0.18524 -18.5236
30 329 39 184 | 184(00.0001 | 195 | 0.001 0.68 | 995.7720.008| 5.13E-07| 7.85 x100.653274539813| 0.031837 | 0.027587 -0.15404 -15.4042
40 496 54 275 | 275000.0001 | 145 | 0.001 0.68 | 995.7720.008 6.9E-07 | 7.85 x10|0.8785416211094 0.026309 | 0.023094 -0.13921 -13.9209
50 683 71 377 | 377000.0001 | 115 | 0.001 0.68 | 995.7720.008 8.7E-07 | 7.85 x10(1.1077263921379 0.022687 | 0.020096 -0.12895 -12.8948
60 825 91 458 | 458000.0001 | 100 | 0.001 0.68 | 995.7720.008 0.000001| 7.85 x10| 1.273885351586/ 0.02084 0.018479 -0.1277F -12.7771
70 954 108 531 | 531000.0001| 90 | 0.001 0.68 | 995.7720.008 1.11E-06| 7.85 x10|1.4154281671762 0.019571 | 0.017347 -0.1282fL -12.8209
80 1053 119 586 | 586000.0001 | 85 | 0.001 0.68 | 995.7720.008 1.18E-06| 7.85 x10(1.4986886471865 0.019265 | 0.016762 -0.1493p -14.9316
90 1159 131 645 645¢00.0001 80 | 0.001] 0.68 | 995.7720.008 1.25E-06| 7.85 x10|1.5923566881982] 0.018784 | 0.016164 -0.16209 -16.2094
D.4.8 Friction factor in a helical coil of inner dameter 1000um for methanol
Pump (Ap)max (Ap)min (Ap)avg AP | Volume |Time| d; L P . M Flowsrates Flow?rea u Re _ APd |Srinivasan| (fineo - fexp)/ %
Zp;;e)d (mbar) | (mban | (mbar) (Pa) co(llnics:)ted (s) | (m) | (m) [(Kg/m?|(Pa.s (m©/s) (m9) (m/s) ¢ T oL ,0u2 ((ai g(ls.Ss) fiheo Deviation
fc

5 87 3 45 4500 0.0001 440 0.001 0/68 783.05 (.B@¥273E-077.85x10"|0.289519466| 0.050411 0.038528 -0.3084¢4 -30.8441
10 106 8 57 5700 0.0001340| 0.001| 0.6 783.06 0.0(KE94118E-077.85 x10’ [0.374672 603| 0.038128 0.033006 -0.15519 -15.519
20 189 17 103 | 103Q00.0001 | 215| 0.001| 0.6 783.06 0.0p&65116E-077.85 x10' |0.592505 954 0.02755 0.025071 -0.0989 -9.89021
30 329 27 178 | 178Q00.0001 | 150 | 0.001| 0.68 783.06 0.00&66667E-077.85 x10' [0.8492571367  0.023175 0.0202| -0.14724 -14.7244
40 410 46 228 | 228Q00.0001 | 125| 0.001| 0.68 783.05 0.005.0000008| 7.85 x10(1.0191081640 0.020614 0.018107 -0.13846 -13.8457
50 547 69 308 | 308Q00.0001 | 100 | 0.001| 0.68 783.05 0.0050.000001 | 7.85 x10[1.2738852050 0.017822 0.015838 -0.12527 -12.5275
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D.4.9 Friction factor in a helical coil of inner dameter 1000um for acetone

Pump (A|:>)max (Ap)min (Ap)avg AP | Volume | Time | d; L P Il Flow rates | Flow area u Re ‘= APd | Srinivasan | (fineo - fexp)/ %
speed (mbar) | (mbar) | (mbar) (Pa) |collected (s) | (m) |(m) |(Kg/m? | (Pa.s) (m%s) (m? (m/s) C_2L ,an etal’s fiheo Deviation
(rpm) (m?) (1968)
fc
2 57 -1 28 2800 0.0001 | 455| 0.00[0.68| 780.199| 0.003| 2.1978E-07| 7.85 x10| 0.279975| 741 0.033665 0.029181  -0.15364 -15.3645
5 68 0 34 3400 0.0001| 400 | 0.0010.68| 780.199| 0.003| 0.00000025 7.85 x10| 0.318471| 842  0.031593 0.027011 -0.16966 -16.9664
10 91 1 46 4600 0.0001 | 310 | 0.0010.68| 780.199| 0.003|3.22581E-07 7.85 x10’ | 0.410931| 108} 0.025673 0.02318 -0.10755  -10.7547
20 163 7 85 8000 0.0001 | 210 | 0.0010.68| 780.199| 0.003| 4.7619E-07| 7.85 x10| 0.606612| 1604 0.020489 0.01835 -0.11659 -11.6593
25 215 11 113 | 113000.0001 | 165 | 0.0010.68 780.199 0.003|6.06061E-07 7.85 x10' | 0.772052| 2042 0.017867 0.015878 -0.12526 -12.52p3
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D.5 Average heat transfer coefficient in a helicatoll
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D.5.1 Average heat transfer coefficient in a helidaoil of inner diameter 720um for water

Volume [Time| Flow rate m ¢ |Tin| To| Ta T, T3 T Tb P Cp Q Ay q h

3 0 0 0 0 0 w 2 2
CO('E%ted (s) (ms) (Kais) 1wy | (O (C)] (C) | (C) | (C) ©c) | Co) (Kgim®) | akg.c)| W) (m) | (WM | wim2%)
0.0001 | 510 1.96E-07 | 0.0001925880 | 30 | 77.582.05 80.43| 79.11| 80.53 | 53.75982.1899 4169.231| 38.139481.3x10°| 29338.07 1095.522
0.0001 | 395 2.53E-07 0.00024927 4030 | 67.471.08 70.11| 69.23| 70.14| 48.9| 984.61544168.937| 39.281381.3x10°| 30216.44 1422.62
0.0001 | 315| 3.17E-07 | 0.00031307340 | 30 | 58.560.87/ 60.12| 59.05|60.013 44.25| 986.181| 4169.229 37.20032.3x10°|28615.63 1815.329
0.0001 | 250 4E-07 0.00039494 4D 30 |52.955.21 54.91( 54.91| 55.01| 41.4| 987.34964169.694| 37.5465/.3x10°| 28881.95 2122.113
0.0001 | 200 5E-07 0.00049423740 | 30 | 46.9448.61] 48.61| 48.62| 48.61| 38.4| 988.47424170.339| 34.627001.3x10°| 26636.22 2607.985
0.0001 | 145 6.9E-07 0.00068242140 | 30 | 43.945.33 45.32| 45.32| 45.32| 36.75989.5105 4171.107| 38.427091.3x10°| 29559.3| 3447.819
0.0001 | 115 8.7E-07 0.00086096240 | 30 | 40.342.25 42.21| 42.21| 42.22| 35.15 990.1059 4171.623| 36.9935(1.3x10°| 28456.58 4023.08
0.0001| 95 1.05E-06 | 0.00104263440 | 30 | 38.540.05 40.04| 40.4 | 40.16| 34.25990.5028 4171.998| 36.588711.3x10°| 28145.18 4759.614
0.0001 | 80 | 1.25E-06 | 0.00123848740 | 30 | 36.137.08 37.08| 37.09| 37.08| 33.05 990.7894 4172.283| 31.5206.3x10°| 24246.64 6011.564

D.5.2 Average heat transfer coefficient in a helidaoil of inner diameter 720um for methanol
Volume |[Time| Flow rate m ¢ To| To | o [ T2 | To [ T | T, P Cp Q Ay q h

3 0 0 0 0 0 w 2 2
CO(l:;g)ted (s) (ms) (Kais) 1wy |CC)| (C) | () | (C)| (O) ) | Co) (Kg/m®) | a/kg.oc)| W) (m) | (WImY) | \wmeec)
0.0001 | 540 | 1.85185E-07 0.0001430 | 30| 44.5| 51.2 49.248.12|49.51|37.25 774.3865| 2514.08[15.48148| 1.3x10| 4216.523| 343.9252
0.0001 | 400 | 0.00000025 0.0001940 | 30 | 42.1| 46.4345.31] 44.91|45.55/36.05| 775.9524| 2508.4985.888087 1.3x10° | 4529.298| 476.7682
0.0001 | 320 | 3.125E-07 | 0.00024310 | 30 | 41.2| 43.6843.41 43.11|43.40| 35.6 | 777.2335 2504.0316.811759 1.3x10° | 5239.815| 671.7711
0.0001 | 255 | 3.92157E-07 0.0003030 | 30 | 39.7| 42.0542.04 42.05|42.05|34.85| 777.9453| 2501.5897.402809 1.3x10° | 5694.469| 791.2647
0.0001 | 215 | 4.65116E-07 0.00036210 | 30 | 38.3| 40.1240.12 40.11|40.12|34.15| 778.6096| 2499.3357.512489 1.3x10° | 5778.838| 968.5203
0.0001 | 195 | 5.12821E-07 0.0004 1030 | 37.1| 38.9738.97 38.97|38.97|33.55| 779.179 | 2497.4287.085214 1.3x10° | 5450.165| 1005.56%
0.0001 | 175 | 5.71429E-07 0.0004460 | 30 | 35.9| 37.6137.62 37.61|37.61|32.95| 779.7484| 2495.5286.560409 1.3x10° | 5046.468| 1082.159
0.0001 | 165 | 6.06061E-07 0.0004730 | 30 | 34.7| 35.9735.96 35.96|35.96|32.35| 780.3178| 2493.65P5.542697 1.3x10° | 4263.613| 1179.967
0.0001 | 135 | 7.40741E-07 0.0005780 | 30 | 33.4| 34.2134.21 34.21|34.21|31.70| 780.9346| 2491.6394.900551] 1.3x10° | 3769.655| 1501.854
0.0001 | 105 | 9.52381E-07 0.000743.0 | 30 | 32.2| 32.5332.52 33.52(32.86/31.10| 781.9311| 2488.4334.076878 1.3x10° | 3136.06 | 1785.233
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D.5.3 Average heat transfer coefficient in a helidaoil of inner diameter 720um for acetone

Volume | Time | Flow rate m T, T, Ts T '|'b Cp Ay h

3 0 0 0 w 2
co(l:f]g)ted (s) (m°/s) (Kg/s) (C) | (O | (O °c) ) (J/Kg.°C) (m%) (W/m?°C)
0.0001 | 660 | 1.52E-07| 0.0001175 42.42 41.48| 39.95 | 41.2833B34.75 2172.395 14.3x10° 284.2245
0.0001 | 480 | 2.08E-07| 0.0001615 38.47 38.47| 38.46 | 38.4666(7 33.6 | 773.4008 2168.906 1.3x%0 397.7055
0.0001 | 395 | 2.53E-07| 0.000196 5 35.81 35.82| 35.81 | 35.8133332.5 2165.614 62.3x10° 493.0578
0.0001 | 240 | 4.17E-07| 0.0003235 33.48 33.48| 33.48| 33.48| 31.5 2162.65 63Bx10° 814.9304
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D.6 Average Nusselt number in a helical coill
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D.6.1 Average Nusselt number in a helical coil ohner diameter 720um for water

Volume
collected
(m°)

Time

(s)

Flow
rate
(m3s)

u
(m/s)

di
(m)

0
(Kg/m?®)

(Pa.s)

7

(J/Kg.K)

Cp

k
(W/m.K)

Pr

Re

h
(W/m?K)

0.0001

510

1.96E-070.481884

0.00072

982.1899

0.000749

4169.231

0.60387

5.1702

17455

1095.522

1.3062

0.0001

395

2.53E-070.622179

0.00072

984.6154

0.000826

4168.937

0.59932%.74331

534

1422.62

1.70906

\"2J

0.0001

315

3.17E-070.780192

0.00072

986.181

0.00088

4169.229 0.5961

38.15557

629

1815.32

D

2.19252

0.0001

250

4E-07

0.98304B0.00072

987.3496

0.000924

4169.694

0.593626.487465

757

2122.113

2.5739

0.0001

200

5E-07

1.22880B0.00072

988.4742

0.000968

0.5910956.828013

904

2607.985

3.176722

0.0001

145

6.9E-07

1.6949010.00072

989.5105

0.001011

}
4170.339
4171.107

0.588678.161622

1195

3447.819

4.216957

0.0001

115

8.7E-07

2.13704090.00072

990.1059

0.001036

4171.623

0.5872497.36238

1470

4023.08

4.932523

0.0001

95

1.05E-06 2.586954

0.00072

990.5028

0.001054

4171.998

0.58628

7.500

D8

17

50 4759,

614 453@

0.0001

80

1.25E-06 3.072008

0.00072

990.7894

0.001067

4172.283

0.585577.601507

2054

6011.564

7.391627

D.6.2 Average Nusselt number in a helical coil ohner diameter 720um for methanol

Volume
collected
(m®

Time

(s)

Flow rate
(m3s)

u
(m/s)

di
(m)

0
(Kgim®)

7]
(Pa.s)

Cp
(IKg.K)

k
(W/m.K)

Pr

Re

h
(W/m?K)

0.0001

540

1.85185E-07

0.455112

0.00072

774.3865

0.000567

2514.081

0.202195

7.051984

447

343.9252

1.22469

0.0001

400

0.00000025

0.6144(

».00072

775.9524

0.00058

2508.49

80.202311

7.19208

592

476.7682 1.696764

0.0001

320

3.125E-07

0.7680(Q

2.00072

777.2335

0.000591

2504.031

0.202405

7.309693

727

671.7711

2.389641

0.0001

255

3.92157E-07

0.963767

0.00072

777.9453

0.000597|

2501.589

0.202458

7.376227

904

791.2647

2.813976

0.0001

215

4.65116E-071

1.143073

0.00072

778.6096

0.000603

2499.335

0.202507

7.43911

1063

968.5203

3.443517

0.0001

195

5.12821E-07

1.260311

0.00072

779.179

0.00060

82497.423

0.202549

7.493622

1163

1005.565

3.574488

0.0001

175

5.71429E-071

1.404346

0.00072

779.7484

0.000613

2495.528

0.202591

7.548706

1287

1082.15¢9

3.845958

0.0001

165

6.06061E-071

1.489458

0.00072

780.3178

0.000618

2493.652

0.202633

7.604369

1354

1179.967

4.192694

0.0001

135

7.40741E-07

1.820449

0.00072

780.9344

0.000624

2491.639

0.202678

7.665333

1641

1501.854

5.335237

0.0001

105

9.52381E-07

2.340577

0.00072

781.9311

0.000633

2488.433

0.202752

7.765294

2083

1785.233

6.339623
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D.6.3 Average Nusselt number in a helical coil ohner diameter 720um for acetone

Volume |Time| Flow rate u d; P HU Cp k Pr Re h o hd

co(lleg:)ted (s) (m%s) (m/s) (m) (Kg/m?®) (Pa.s) (JIKg.K) | (W/m.K) (W/m?K) Nu, :T
m

0.0001 | 660 | 1.52E-07| 0.3723650.00072| 772.007 | 0.0002842172.395| 0.178778| 3.454155| 728 | 284.2245 1.144667

0.0001 | 480 | 2.08E-07| 0.5120010.00072| 773.4008| 0.000287| 2168.906| 0.17919 | 3.476027 993 | 397.7055 1.598012

0.0001 | 395 | 2.53E-07| 0.6221790.00072| 774.734| 0.00029 2165.6130.179586| 3.497256| 1197 | 493.0578 1.976783

0.0001 | 240 | 4.17E-07| 1.02400B30.00072| 775.946 | 0.0002932162.657| 0.179946| 3.51682| 1955/ 814.9304 3.260697
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D.7 Experimentally calculated friction factor ratio (f,/ f.)and those predicted from present correlation
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D.7.1 Friction factor ratio helical coil to that for straight tube of inner diameter 720um for water

di Re | De f, f.=16/Re (f./ f e | ( F./ To)pedicted Reference line
(m) 5% data | 5% data
*) ()

0.00072 420 46 |0.044157 0.038139| 1.157803 1.229782 11| 1.05 0.95
0.00072 565 | 62 |0.036283 0.028332| 1.280671 1.309322 1133| 1.365 1.235
0.00072 678 | 74 |0.03263% 0.02361| 1.382274 1.371186 1155| 1.575 1.425
0.00072 773 | 85|0.030101 0.020704| 1.453887 1.423283 177 1.785 1.615
0.00072 958 |105|0.026589 0.016708| 1.591357 1.524502 19| 1.995 1.805
0.000721101{121/0.024084 0.014529| 1.657639 1.603178 211  2.205 1.995
0.000721296/142/0.021776¢ 0.01235| 1.763301 1.709621 233 2.415 2.185
0.000721519166|0.020043 0.010534| 1.902831 1.831969 24 2.52 2.28
0.000721915210/0.017241 0.008354| 2.063748 2.049005 2% 2.625 2.375

D.7.2 Friction factor ratio helical coil to tha for straight tube of inner diameter 720um for methanol

d; Re | Del f_ f =16/Re{( T/ T )exp| ( T,/ T )predictea Reference line
(m) 5% data | 5% data
*) ¢
0.00072 548 | 60|0.035414 0.029213| 1.212272 1.299991 1100| 1.05 0.95

0.00072 640 | 70|0.033472 0.024999| 1.338899 1.350552 1133| 1.365 1.235
0.00072 863 | 95|0.02791% 0.018539| 1.505776 1.472714 11%| 1.575 1.425
0.0007210366114| 0.02455| 0.015449| 1.589065 1.567256 1177 1.785 1.615
0.00072 1212|133|0.022316 0.013202| 1.690386 1.663811 119 1.995 1.805
0.00072 1389(152/0.021216 0.011517| 1.842219 1.760954 P211| 2.205 1.995
0.00072 1540(169| 0.01996| 0.010393| 1.920527 1.843219 23| 2.415 2.185
0.00072 1780{195/0.017738 0.008989| 1.973429 1.974972 244 2.52 2.28
0.00072 2034|223|0.01612¢ 0.007865| 2.050342 2.114254 2% 2.625 2.375
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D.7.3 Friction factor ratio helical coil to that for straight tube of inner diameter 720um for acetone

d; Re | De f, f.=16/Re| ( T,/ T )exp | (fo ! f)predictea Reference line
(m) 5% data|5% data
*) ()

0.00072 726 | 80|0.031315 0.022052| 1.420059 1.397401 1100| 1.05 0.95
0.00072 1064 (117{0.023926 0.015043| 1.590439 1.582554 1155 1.575 1.425
0.00072 1376|151| 0.02091| 0.011624 1.798774 1.753893 20| 21 1.9

0.00072 1910{209/0.016927 0.008376| 2.020745 2.046219 255 2.625 2.375

D.7.4 Friction factor ratio helical coil to that for straight tube of inner diameter 850um for water

d; Re | De f, f.=16/Rel (T /T )exp. |( T. ! T )predictea Reference line
(m) 5% data|5% data
*) @)

0.00085 424 | 50 | 0.048085 0.037728| 1.273591 1.250892 10.0| 1.05 0.95
0.00083 622 | 74 |0.0372290.025724| 1.447262 1.367975 1B3| 1.365 1.235
0.00085 868 | 102 |0.02947% 0.018435| 1.598813 1.513454 1B5| 1.575 1.425
0.000831009 119|0.027003 0.015863| 1.702239 1.596717 177 1.785 1.615
0.000831287 152|0.023037 0.012433| 1.852848 1.761328 1B9| 1.995 1.805
0.000831555 184 {0.020078 0.01029 1.951333 1.919938 PA1| 2.205 1.995
0.000851866 221 |0.017676 0.008575| 2.061466 2.103926 PAB3| 2.415 2.185
0.000852073 245 |0.016197 0.007717| 2.098883 2.226584 PAR5| 2.625 2.375
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D.7.5 Friction factor ratio helical coil to that for straight tube of inner diameter 850um for methanol

d; Re | De f, f.=16/Re{( T,/ f )ep|( fo ! f)predicted Reference line
(m) 5% data | 5% data
*) ()

.0.0| 1.05 0.95
225 1.3125 | 1.1875
A5 1.575 1.425
2.0 2.1 1.9
235 2.3625| 2.1375
.8.5| 2.625 2.375

0.00085 492| 58 | 0.0437480.032492| 1.346274 1.291327
0.00085 619 73 | 0.037468 0.025861| 1.448822 1.366026
0.00085 985(117(0.027108 0.016246| 1.668622 1.582654
0.000851341{159(0.021782 0.011936| 1.824958 1.793056
0.000851609190/0.01899% 0.009946| 1.909705 1.951668
0.000852011)238/0.016443 0.007957| 2.066429 2.189584

P EAS] O N o I

D.7.6 Friction factor ratio helical coil tothat for straight tube of inner diameter 850 um for acetone

d; Re | De f, f.=16/Rel( T/ T )exp|( T/ T )predictea Reference line
(m) 5% data | 5% data
*) @)

0.00085 758 | 90 |0.0330820.021097| 1.568056 1.448673 100 1.05 0.95
0.00085 997 | 118|0.026473 0.016048, 1.64961 1.589828 L55| 1.575 1.425
0.000851305| 154 |0.022349 0.012262| 1.822698 1.771981 ? D0 2.1 1.9

0.000851888| 223 |0.016924 0.008475| 1.996926 2.116908 PBR5| 2.625 2.375
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D.7.7 Friction factor ratio helical coil to thatfor straight tube of inner diameter 1000um for water

d | Re| De fC fS:16/Re ( fc/ fs)exp' ( fc/ fs)predicted Reference line
(m) 5% data | 5% data
(+) Q)
0.001 401| 52 |0.0553770.039858| 1.389353 1.261696 1100 1.05 0.95
0.001 598| 78 [0.039304 0.02674 1.469846 1.390076 1133| 1.365 1.235
0.001 813| 106 |0.031837 0.019677 1.61798 1.530103 1155 1.575 1.425
0.0011094 143|0.026309 0.014631| 1.798132 1.712897 1177\ 1.785 1.615
0.0011379 180(0.022687 0.011604| 1.955059 1.89887 1199| 1.995 1.805
0.0011586 207 | 0.02084| 0.010091| 2.065315 2.033701 P211| 2.205 1.995
0.0011762 230(0.019571 0.009082| 2.155052 2.148556 23| 2.415 2.185
0.001/1865 243|0.019265 0.008577| 2.246143 2.216118 24| 2.52 2.28
0.0011982 258|0.018784 0.008073| 2.326861 2.292126 2% 2.625 2.375

D.7.8 Friction factor ratio helical cd to that for straight tube of inner diameter 2000um for methanol

di | Re | De f_ f.=16/Rel ( T/ T )exp. | ( T/ T )predictea Reference line

(m) 5% data | 5% data
() @)
.0.0| 1.05 0.95
225 1.3125| 1.1875
4.5 1.575 1.425
2.0 21 1.9
225 2.3625 | 2.1375
85| 2.625 2.375

0.001f 466 | 61 | 0.050411 0.034335| 1.468227 1.303794
0.001 603 | 79 | 0.038128 0.026532| 1.437082 1.393145
0.001 954|124| 0.02755| 0.016777| 1.642115 1.621717
0.0011367,178|0.02317% 0.011705| 1.979881 1.891128
0.001{1640 214/0.020614 0.009754| 2.113357 2.069354
0.001{2050 267{0.017822 0.007803| 2.283908 2.336692

N POl = | .Y

1.
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D.7.9 Friction factor ratio helical coil to that for straight tube of inner diameter 1000um for acetone

di | Re | De fc fS =16/Re|( fc/ fs)exp' ( fc/ fs)predicted Reference line
(m) 5% data | 5% data
(+) Q)
0.001] 741| 97 | 0.03366%50.021608| 1.557967 1.482722 1.0.0 1.05 0.95
0.001) 842|110{0.031593 0.018996| 1.663136 1.549096 11225 1.3125 1.1875
0.001)1087,142|0.025673 0.014722| 1.743847 1.708511 1.5%5| 1575 1.425
0.0011604 209|0.020489% 0.009973| 2.054462 2.045897 2.0.0 2.1 1.9
0.0012042 267/0.017867 0.007836| 2.280086 2.331142 2.85| 2.625 2.375
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D.8 Experimentally calculated friction factor ratio ( f_/ f.)and those predicted from correlations of Mishra and

Gupta (1979), Ito (1969), White (1934) and Mori andNakayama (1967)
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D.8.1 Friction factor ratio helical coil to that for straight tube of inner diameter 720um for water

d; Re | De f, f.=16/Re|( f_/ f )exp. Mishra and Ito (1969) White (1934) Mori and Reference line
(m) Gupta (1979) | (f_/ f )pedctea | ( T / To)preaiciea| Nakayama 10%[10%
( fc/ fS)predicted (1967) data | data

(fe ! fopredictea "o
0.00072 420| 46 | 0.044157 0.038139| 1.157803 1.252 1.210481 1.223568 1.407581.0(1.0| 1.1 | 0.9
0.00077 565| 62 | 0.036283 0.028332| 1.280671 1.339879 1.301075 1.327245 18485 1.3|1.3]1.43|1.17
0.00072 678 | 74 | 0.03263% 0.02361 | 1.382274 1.404071 1.365759 1.40091b6 1.494951.5/1.5/1.65|1.35
0.00074 773 | 85 | 0.030101 0.020704| 1.453887 1.455655 1.417027 1.45897[7 l@m371| 1.7|1.7/1.87|1.53
0.00072 958 | 105|0.026589 0.016708| 1.591357 1.550285 1.509822 1.563234 195209 1.9(1.9/2.09|1.71
0.0007241101] 121|0.024084 0.014529| 1.657639 1.61944 1.576865 1.637858 1.685372.1/2.1|2.31|1.89
0.0007241296| 142|0.021776 0.01235| 1.763301 1.707829 1.661894 1.73165p 1.1869912.3|2.3| 2.53| 2.07
0.000741519 166|0.020043 0.010534| 1.902831 1.803185 1.75307 1.831199 1.862932.4/2.4|2.64|2.16
0.000741915) 210|0.017241 0.008354| 2.063748 1.959 1.901434 1.99098 2.017405 .5 (25| 2.75| 2.25
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D.8.2 Friction factor ratio helical coil to that for straight tube of inner diameter 720um for methanol

di Re | De f, f.=16/Rel( f./ f)exo Mishra and Ito (1969) White (1934) Mori and Reference line
(m) Gupta (1979) ( fc/ fs)predicted ( fc/ fS)predicted Nakayama 10% | 10%
( fc/ fs)predicted (1967) data |data

( fc / fs)predicted (+) (_)

0.00072 548 | 60 | 0.0354140.029213| 1.212272 1.329896 1.290913 1.315636 148122/ 1.0/ 1.0 1.1 | 0.9
0.00072 640 | 70 | 0.0334720.024999| 1.338899 1.383033 1.344677 1.376951 135788 1.3/1.3| 1.43| 1.17
0.00072 863 | 95 | 0.0279150.018539| 1.505776 1.50273 1.463366 1.511179 1.59780[71.5/ 1.5| 1.65| 1.35
0.0007210366 114 | 0.02455 0.015449| 1.589065 1.588302 1.546744 1.604404 148661 1.7/1.7| 1.87| 1.53
0.00072 1212| 133 | 0.0223160.013202| 1.690384 1.670463 1.626023 1.6922 1.7339B82.9|1.9|2.09|1.71
0.00072 1389| 152 | 0.0212160.011517| 1.842219 1.748586 1.70092 1.774392 1.809482.1/2.1|2.31|1.89
0.00072 1540( 169 | 0.01996 0.010393| 1.920527 1.811655 1.761149 1.83997 1.8712p2.3|2.3| 2.53| 2.07
0.00072 1780| 195 | 0.0177380.008989| 1.973429 1.907554 1.852492 1.938566 139661| 2.4/2.4|2.64|2.16
0.00072 2034| 223 | 0.0161260.007865| 2.050342 2.003036 1.943318 2.035613 298514| 2.5/ 2.5(2.75| 2.25

D.8.3 Friction factor ratio helical coil to that for straight tube of inner diameter 720um for acetone

d; Re | De f, f.=16/Re| (f./ f )ex Mishra and Ito (1969) White (1934) Mori and Reference line
(m) Gupta (1979) | (f_/ f_)pedctea| ( Fo ! f)medcea| NAKAYAMA 10%]10%
(fo ! fQ)predicted (1967) data|data

(fo ! f)peditea OING)
0.00072 726| 80 | 0.031315 0.022052| 1.420059 1.430294 1.391891 1.43055 1.816001.01.0[ 1.1 | 0.9
0.000721064; 117 | 0.023926| 0.015043| 1.590439 1.601649 1.559668 1.61877R 1%686 1.5 1.5/ 1.65| 1.35
0.000741376) 151| 0.02091| 0.011624  1.798774 1.743047 1.695621 1.76860 1.804093 | 2.(r.0[ 2.2 | 1.8
0.0007241910 209| 0.016927| 0.008376| 2.020745 1.957094 1.89962 1.989048 2.15502.5/2.5| 2.75| 2.25
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D.8.4 Friction factor ratio helical coil to that for straight tube of inner diameter 850um for water

di Re | De f, f.=16/Re|( f /T )exp. Mishra and Ito (1969) White (1934) Mori and Reference line
(m) Gupta (1979) ( fc / fS)predicted ( fc / fs)predicted Nakayama 10%|10%
(fo ! T predictea (1967) data|data

(fe/ £ predicted @] 6

0.00083 424| 50 | 0.04805| 0.037728 1.273591 1.275954 1.235447 21686 1.414704 1p1.0) 1.1 | 0.9
0.00083 622| 74 | 0.037229 0.025724 | 1.447262 1.400821 1.362508 1.397224 121924 1.3 1.3|1.43|1.17
0.00083 868 | 102 | 0.02947% 0.018435| 1.598813 1.540283 1.500078 1.552338 155118] 1.5{1.5/1.65| 1.35
0.000831009 119 | 0.027003 0.015863| 1.702239 1.613891 1.571504 1.631918 138801 1.7/1.7/1.87| 1.53
0.000831287 152 | 0.023037 0.012433| 1.85284§ 1.74888 1.7012 1.774698 1.809774.9|1.9|2.09| 1.71
0.000831555 184 | 0.020078 0.01029 1.951333 1.86821 1.815041 1.898264 1.927092.1/2.12.31|1.89
0.000831866 221 | 0.017676¢ 0.008575| 2.061466 1.996144 1.936762 2.028641 291545| 2.3 2.3| 2.53| 2.07
0.000832073 245| 0.016197 0.007717| 2.098883 2.076236 2.012965 2.109384 278B49| 2.5 2.5/ 2.75| 2.25

D.8.5 Friction factor ratio helical coil to that for straight tube of inner diameter 850um for methanol

d; Re | De f_ f.=16/Rel( f./ f )exp. Mishra and Ito (1969) | White (1934) Mori and Reference line
(m) Gupta (1979) |( f_ / f)pedictea|( fe / T preaicies| NaKAYAMA 10%]10%
(fo ! )predictea (1967) data | data

( fc/ fs)predicted (+) (')

0.00083 492 | 58 | 0.043743 0.032492| 1.346274 1.320551 1.281373 1.30473 1.48366R1.0/1.0] 1.1 | 0.9
0.00083 619| 73 | 0.037468 0.025861| 1.448822 1.398844 1.36053 1.394976 1.4008B1.251.251.3751.129
0.00085 985| 117 | 0.027108 0.016246| 1.668622 1.601735 1.559751 1.618865 1168687 1.5/ 1.5| 1.65| 1.35
0.000851341) 159 | 0.021782 0.011936| 1.824958 1.773514 1.724746 1.800388 138B38 2.0/2.0| 22| 1.8
0.000851609 190 | 0.01899% 0.009946| 1.909705 1.891013 1.83675 1.921646 1.9497(2.252.25/2.4752.025
0.000832011| 238 | 0.016443 0.007957| 2.066429 2.052472 1.99034¢ 2.085489 2/M110| 2.5|2.5| 2.75| 2.25

149



D.8.6 Friction factor ratio helical coil to that for straight tube of inner diameter 850um for acetone

di Re | De f, f.=16/Re{( f,/ f )exp. Mishra and Ito (1969) White (1934) Mori and Reference line
(m) Gupta (1979) ( fc/ fs)predicted ( fc/ fs)predicted Nakayama 10%/|10%
(fo ! T )predicted (1967) data | data

(fe !/ S predicted ® |6
0.00083 758| 90 | 0.033082 0.021097| 1.568056 1.480051 1.441089 1.486118 1%b81 1.0{1.0| 1.1 | 0.9
0.00083 997| 118 | 0.026473 0.016048| 1.64961 1.60795 1.565762 1.62554 1.6745471.5/1.5| 1.65| 1.35
0.000831305 154 | 0.022349 0.012262| 1.822698 1.757196 1.709152 1.7833883 186178 2.0{2.0| 2.2 | 1.8
0.000851888 223 | 0.016924 0.008475| 1.996926 2.004804 1.944999 2.0374 2.0632PB.5(2.5(2.75| 2.25

D.8.7 Friction factor ratio helical coil to that for straight tube of inner diameter 1000um for water

d; Re | De f_ f.=16/Rel( f,/ T )eup. Mishra and Ito (1969) White (1934) Mori and Reference line
(m) Gupta (1979) (fc/ fs)predicted (fc/ fs)predicted Nakayama 10%|10%
(e ! T )predicted (1967) data | data

(e ! )predictea @ | e
0.001 401 | 52| 0.05537Y0.039858| 1.389353 1.288034 1.247954 1.266485 198196/ 1.0/1.0| 1.1 | 0.9
0.001 598 | 78| 0.039304 0.02674 | 1.469846 1.423022 1.384659 1.422356 1.5100(1.3| 1.3|1.43| 1.17
0.001 813 | 106|0.031837 0.019677| 1.61798 1.555327 1.514729 1.568716 1.8R56[11.5| 1.5| 1.65| 1.35
0.001] 1094 | 143|0.026309 0.014631| 1.798132 1.710465 1.664421 1.734428 166724 1.7/ 1.7| 1.87| 1.53
0.001] 1379| 180|0.022687 0.011604| 1.955059 1.852884 1.800445 1.882511 128119 1.9]1.9]2.09|1.71
0.001 1586| 207 | 0.02084| 0.010091 2.06531% 1.948498 1.891444 1.98030 2.006922 2121(231|1.89
0.001 1762| 230|0.019571 0.009082| 2.155052 2.025727 1.964903 2.058535 208842 2.3| 2.3| 2.53| 2.07
0.001 1865| 243|0.019269 0.008577| 2.246143 2.069547 2.006599 2.102664 24282 2.4| 2.4| 2.64| 2.16
0.001] 1982| 258|0.018784 0.008073| 2.326861 2.117543 2.052299 2.150806 218766| 2.5/ 2.5|2.75| 2.25
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D.8.8 Friction factor ratio helical coil to that for straight tube of inner diameter 121000um for methanol

di | Re| De f, f.=16/Re|(f,/ f )om. Mishra and Ito (1969) White (1934) Mori and Reference line
(m) Gupta (1979) ( fc / fS)predicted ( fc / fs)predicted Nakayama 10% | 10%
(fo ! T )predicted (1967) data | data
(fe/ £ predicted ORES
0.001 466| 61 |0.050411 0.034335| 1.468227 1.333974 1.295068 1.320383 198447 1.0| 1.0, 1.1 0.9
0.001 603| 79 |0.038128 0.026532| 1.437082 1.426074 1.387695 1.425797 15:125| 1.251.25|1.3751.125
0.001 954| 124 | 0.02755 0.016777| 1.642115 1.635239 1.592111 1.654746 12m03| 1.5| 1.5/ 1.651.35
0.001)1367 178 | 0.0231750.011705| 1.979881 1.847214 1.795043 1.876675 12063 2.0| 2.0, 22| 1.8
0.0011640 214 |0.020614 0.009754| 2.113357 1.97286 1.914617 2.00504 2.031252.25|2.25(2.475/2.025
0.0012050 267 |0.017822 0.007803| 2.283908 2.145083 2.078541 2.178347 23044) 25| 2.5 2.7 2.25
D.8.9 Friction factor ratio helical coil to that for straight tube of inner diameter 1000um for acetone
di | Re | De f, f.=16/Rel( f./ f )exo Mishra and Ito (1969) White (1934) Mori and Reference line
(m) Gupta (1979) ( fc / fs)predicted ( fc / fs)predicted Nakayama 10%|10%
(fo ! ) predictea (1967) data | data
( fc/ fs)predicted (+) (')
0.001 741 | 97 | 0.0336650.021608| 1.557967 1.512055 1.472502 1.521438 13863 1.0{1.0| 1.1 | 0.9
0.001 842 | 110 | 0.0315930.018996| 1.663134 1.572285 1.531209 1.587104 153112 1.251.25/1.3751.125
0.001 1087| 142 | 0.0256780.014722| 1.743847 1.706935 1.661037 1.730714 151690, 1.5 1.5| 1.65| 1.35
0.001 1604| 209 | 0.0204890.009973| 2.054462 1.956873 1.89941 1.988819 2.152B2.0| 2.0 2.2 | 1.8
0.001 2042| 267 | 0.01786y0.007836| 2.280086 2.141676 2.075294 2.174944 291009| 2.5/ 2.5| 2.75| 2.25
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D.9 Cioncolini and Santini’s (2006jiction factor data D.1Cioncolini and Santini’s (2006) experimental fricton
factor data and (f_/ f,) predicted from present correlation

E; log Re| log f Re f De f f/f De Cioncolipi. Prese.nt Reference line
c s c’ s and Santini | correlation 10% |10%
(2006) | (f_/f.)preq data |data

0.012] 3.099| -1.685 1256|0.02065 138 | 0.0127391.621025 (F 1) c! s/ pred @ | O

0.012| 3.117| -1.685 1309/0.0201d 143 | 0.0122231.650976 ¢l sl

0.012| 3.14 | -1.709 1380|0.01954 151 | 0.0115941.685325 138) 1621025 | 168794 | 10 1.01.1 | 09
0.012| 3.164| -1.724 1459|0.01889 160 | 0.010966 1.72162 143) 1.650976 1.716969 1p 42.32] 1.08
: : Bl : : P - 151| 1.685325 1.755857 | 1.h 1.4.54| 1.26
0.012] 3.187| -1.736 1538/0.01837 169 | 0.0104031.765816 60l 172162 1790127 | 18 1a9s| 162
0.012| 3.222| -1.767/1677| 0.0171| 184| 0.0095411.792294 169| 1.765816 1.842397 20 dm2 1.8
0.012| 3.245| -1.778 1758/0.01667 193 | 0.0091011.831616 184| 1.792294 1.918531| 2.1 24.2.31] 1.89
0.012| 3.28 | -1.794) 1906|0.01607 209 | 0.00839%1.914339 193] 1.831616 1.962896 | 2.p 2.2.42] 1.98
0.012] 3.298| -1.817/1986/0.01524 218 | 0.008056 1.891665 209| 1.914339 2.043959 | 2.8 2.2.53] 2.07
0.012| 3.374| -1.856 2366|0.01393 259 | 0.0067622.059899 218| 1.891665 2087777 | 24 2.2.64) 216
259| 2.059899 2295912 | 25 2.2.75]| 2.25
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D.12 Cioncolini and Santni’s (2006) friction factor data and (f,/ f,)
{./ f,) predicted from correlations of White (1929) and Mri

D.11 Cioncolini and Santini’s (2006) experimentalrfction factor data
and predicted from correlations of Mishra and Gupta(1979)

and Ito (1969) and Nakayama (1967)

153

De| Cioncolini | Mishraand | Ito (1969) Reference line De| Cioncolini | White (1929) Mori and Reference line
and Santini|  Gupta | (f_/ f_)yeq and Santini | (f_/ f ) .4 | Nakayama (1967) 10% [10%
(2006) (1979) (2006) (fo! o) prea. data |data
(Fo/ ) e | (Tl T )prea 5% | 5% (fo/ £ e 106
data| data 138 1.621025 | 1.713144 1752063 | W00 1.1 | 0.9
® | 6 143 1.650976 | 1.737865 1775629 | 1122 1.32 | 1.06
138 1621025 | 1.690265|  1.645045 1m0 1.05| 0.95 el Lessaz T 177001e Teoseos izl Loa 16
143 1650976 | 1.713734]  1.667554 122 1.26| 1.14 oo 375165 | L805saE Teasa03 | Lms Log | Loz
151] 1685325 | 174459 | 1.697097 144 147| 1.33 ool Loessis | La3oast e B e
160 172162 | 1778182 1729204 188[189] 171 e L7o335a T 1857318 T B e e e
169] 1765816 | 1811038] 1760561 220 2.1 | 1.9 103 1.831616 | 1.929825 1.957642 | (22| 2.42 | 1.98
184 1792204 | 1867191 1814071 2212.205 1995 cos Lot T ioa7a e R BT
103 1.831616 | 1.899004|  1.844356 222 2.31| 2.09 e Leotecs T 201767 T R e B T
209| 1.914339 | 1.955545|  1.898147 2232.415 2.185 eo 5. 05oaee |5 15516E e T et Et S
218| 1.891665 | 1.985309| 1026457 2214 2.52| 2.28
259| 2.059899 | 2.119899| 2054543  2%5(2.625 2.375



D.13 Experimental friction factor ratio ( f_/ f.) of both (present and Cioncolini and Santini’'s (2009and those predicted
from the generalized correlation
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D.13.1 Friction factor ratio in tule diameter of 720um and D.13.2 Friction factor ratio intube diameter of 720 pm

those predicted from generalized correlation for weer and those predicted from generalized coelation for methanol
De |(f /f)exp| (Fo! T )predicten Reference line Del (f_/f e |(Fo! fo)predicten Reference line
(Generalized 8% data | 8% data (Generalized 8% data | 8% data
correlation) (+) ) correlation) (+) Q)
46 | 1.157803 1.247865 1/a.0{ 1.08 0.92 60| 1.212272 1.314833 1.0 |1.01.08 0.92
62 1.280671 1.323603 1]3.3| 1.404 1.196 70 1.338899 1.36204 1.3 (1.3.404 1.196
74 | 1.382274 1.381099 1/3.5( 1.62 1.38 95/  1.505776 1.4734 1}5 |1.51.62 1.38
85 | 1.453887 1.428747 1j7.7| 1.836 1.564 114 1.589065 1.557512 1.7 1.71.836 1.564
105 | 1.591357 1.51967 1/4.9| 2.052 1.748 133 1.690386 1.64193 1.9 192052 1.748
121 | 1.657639 1.589079 2|21 2.268 1.932 152 1.842219 1.725592 21 2.12.268 1.932
142 | 1.763301 1.681529 2(2.3| 2.484 2.116 169 1.920527 1.795577 2.3 2.32.484 2.116
166 | 1.902831 1.78605 2|2.4| 2592 2.208 19% 1.973429 1.906233 24 242592 2.208
210 | 2.063748 1.967724 225 2.7 2.3 223 2.050342 2.021548 25 25 27 2.3
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D.13.3 Friction factor ratio in tubediameter of 720um D.13.4 Friction factor ratio in tube diamé¢er of 850um

and those predicted frogeneralized correlation and those predicted from generalized correlation
for acetone for water
De . Reference line
( fc/ fs)exp. ( fc/ fs)predmted De ( f / f )ex ( f / f ) edicted Reference I|ne
(Generalized 8% data|8% data A
correlation) +) 0 (Generalized 8% data | 8% data
correlation) ) )
1.08 0.92
80 | 1420059 1.397401 | 1.00 T i 50 | 1.273591|  1.268197 | 1.0.0] 1.08 | 0.92
117] 1.590439 1.582564 L 185 - : 74 | 1.447262 1.37814 13.3| 1.404 1.196
151| 1.798774 1.753893 | 2P0 2.16 1.84
102 | 1.598813 1.50984 185 1.62 1.38
209| 2.020745 2.046219 | 235 2.7 2.3
119 | 1.702239 1.583415 | 1.1.7| 1.836 1.564
152| 1.852848 1.725912 1.9.9| 2.052 1.748

184 | 1.951333 1.860212 21| 2.268 1.932
221 | 2.061466 2.01305 2.2.3| 2.484 2.116
245| 2.098883 2.113462 4.3.5 2.7 2.3

N
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D.13.6 Friction factor ratio in tule diameter of 85Qum and

D.13.5 Friction factor ratio in tube diameterof 850um and
those predicted from geralized correlation for acetone

those predicted from generalized correlation for méhanol

De I (f/ fo)ex| ( Fo ! fo)precictea Reference line De | (f,/ fo)exp. | (Fol Fodorecictes Reference line
(Generalized 8% data | 8% data (Generalized 8% data| 8% data
correlation) (+) ) correlation) +) )

58 | 1.346274 1.306664 1/01.0 1.08 0.92 90 1.568056 1.448673 1.a.0|] 1.08 0.92

73 | 1.448822 1.376343 1.p625 1.35 1.15 118 1.64961 1.589828 1|51.5| 1.62 1.38

117| 1.668622 1.571067 1515 1.62 1.38 154| 1.822698 1.771981 2l®.0| 2.16 1.84

159| 1.824958 1.752991 2020 216 1.84 223| 1.996926 2116908 | 212.5| 2.7 2.3

190| 1.909705 1.886779 2.28.25| 2.43 2.07

238| 2.066429 2.083287 2625 2.7 2.3
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D.13.7 Friction factor ratio in tube dianeter of 1000um and D.13.8 Friction factor ratio in tube dameter of 1000um and those

those predicted from generalized correlation for wger predicted from generalizedorrelation for methanol
De |(f. ] f)exw| (T ! T )predictea Reference line De | (£ /T )exp| ( T/ f)preciced Reference line
(Generalized 8% data | 8% data _ (Generalized 8% data | 8% data
correlation) (+) ) correlation) (+) )
52 | 1.389353 1.278534 1.0.0 1.08 0.92 61 | 1.468227 1.31841 1]01.0 1.08 0.92
78 | 1.469846 1.398451 1.8.3] 1.404 1.196 79 | 1.437082 1.401262 1.0625] 1.35 1.15
106 | 1.61798 1.524644 | 155 1.62 1.38 124| 1.642115 1.605295 1515 1.62 1.38
143 | 1.798132 1.684351 1%7| 1.836 1.564 178 1.979881 1.836008 2b2.0 216 1.84
180 | 1.955059 1.84252 1929 2.052 1.748 214| 2.113357 1.984546 | 2.23.25| 2.43 2.07
207 | 2.065315 1.95505 22,1 2.268 1.932 267 | 2.283908 2.202719 2525 27 213
230 | 2.155052 2.049713 233| 2.484 2.116
243 | 2.246143 2.104936 22.4| 2592 2.208
258 | 2.326861 2.166687 235 2.7 2.3
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D.13.9 Friction factor ratio in tube diameterof 2000um and D.13.10 Friction factor rat of Cioncolini and Santini (2006)

those predicted from generalized correlation for aetone datnose predicted from generalized correlation
De ( fc/ fs)exp. ( fc/ fS)predicted Reference line De ( fc/ fs)exp. ( fc/ fs)predicted Reference line
(Generalized 8% 8% (Generalized 8% data | 8% data
correlation) data (+)| data (-) correlation) ) ¢
97 | 1.557967 1.482381 1/01.0| 1.08 0.92 138 | 1.621025 1.662821 [1.0{1.0| 1.08 0.92
110| 1.663136 1.541475 | 1.25.25 1.35 1.15 143 | 1.650976 1.687856 [1.2[1.2| 1.296 | 1.104
142| 1.743847 1.680573 1p15]| 1.62 1.38 151 | 1.685325 1.721231 |1.4{1.4| 1.512 1.288
209| 2.054462 1.965151 | 2[02.0| 2.16 1.84 160 | 1.72162 1.758159 (1.8/1.8| 1.944 | 1.656
267| 2.280086 2.198238 | 225 2.7 2.3 169 | 1.765816 1.794882 [2.0[2.0] 2.16 1.84
184 | 1.792294 1.859031 (2.1{2.1| 2.268 | 1.932
193 | 1.831616 1.896158 (2.2(2.2| 2.376 | 2.024
209 | 1.914339 1.963547 [2.3[2.3| 2.484 | 2.116
218 | 1.891665 1.999747 [2.4/2.4| 2592 | 2.208
259 | 2.059899 2.169753 [2.5(2.5| 2.7 2.3

159



D.14 Experimental Nusselt number and those predictefrom present correlation in a helical coil
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D.14.1 Experimental Nusselt number and those predied from present correlation in a helical coil of hner diameter 720 pum for water

De Pr NUeyp.  |0.008xDE™| N/ Pro™® Present Reference line
correlation
NUpred. 6% data (+) | 6% data ()

50 |5.170217 1.3062 0.326718 0.380959 1.120224/ 0|0 0 0
59 | 5.74331 1.709066| 0.38042 0.460667 141135 |11 1.06 0.94
69 | 6.15557 2.19252 0.444478 0.561038 1.737006| 2 | 2 2.12 1.88
83 [6.487465 2.5739 0.529338 0.633192 2.151739/ 3|3 3.18 2.82
99 |6.8280183.176722| 0.626476 0.75207 2.646214 4 4.24 3.76
131|7.161622 4.216957| 0.816546 0.963254 3.574696 5 53 4.7
161| 7.36238| 4.932523| 0.994084 1.103584 4.443106 6 6.36 5.64
192 | 7.50008| 5.845202| 1.173306 1.289734 5.317538 7 7.42 6.58
225|7.601507 7.391627| 1.365676 1.614601 6.25205 8 8.48 7.52

D.14.2 Experimental Nusselt number and those predied from present correlation in a helical coil of nner diameter 720um for methanol

De Pr NUeyp. |0.008xDE™ | N/ Pro75| Present Reference line
correlation

NUpreq. 6% data (+) | 6% data (-)
49 7.051984 1.22469 0.321501 0.283004 1.391p83 | Of O O 0
65 7.19208 1.696764 0.41922 0.38635 1.841123 (R 1.06 0.94
80 7.309693 | 2.389641 0.509891 0.537537 2.266739 2 |2 2.12 1.88
99 7.376227 | 2.8139716 0.62689 0.628702 2.805868 3 |3 3.18 2.82
116 7.43911 3.44351)7 0.730964 0.764472 3.292583 4 |4 4.24 3.76
127 7.493622 | 3.574488 0.796212 0.789214 3.606179 445 4.77 4.23
141| 7.548706 | 3.845958 0.876017 0.844501 3.989486 5 |5 53 4.7
148 | 7.604369 | 4.192694 0.919689 0.915579 4211514 6 |6 6.36 5.64
180| 7.665333 | 5.33523[7 1.103966 1.158125 5.085738 7 |7 7.42 6.58
228| 7.765294 | 6.339623 1.383692 1.36284 6.436618 8 1|8 8.48 7.52
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D.14.3 Experimental Nusselt number and those predied from present correlation in a helical coilof inner diameter 720um for acetone

De Pr NUeo.  |0.008xDE%| N/ Pro75| Present Reference line
correlation
NUpred. 6% data (+) | 6% data (-)
80 | 3.454158 1.144667 0.51038 0.451776 1.293162| @O 0 0
109 | 3.476027 1.598012 0.684973 0.62772p  1.7437p7| 22 2.12 1.88
131 | 3.497256 1.976783 0.817837 0.77297L  2.0915PR1| 44 4.24 3.76
214 | 3.51682| 3.260697 1.303083 1.26969 3.3464588 B 8.48 7.52
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D.15 Experimental Nusselt number and those predictefrom correlations of Kalb and Seider (1974)

and Dravid et al. (1971) in a helical coil
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D.15.1 Experimental Nusselt number and those predied from correlations Kalb and Seider (1974) and David et al. (1971) in a helical coil for

water
De Pr (Nu)exp. | Kalb and | Dravid et al. Reference line
Seider(1974 (1971) 30% data (+) | 10% data (-)
Nupred. Nupred.
50(5.1702177.006503 6.956476 7.13116 44 5.2 3.6
59| 5.74331|7.681369 7.616848 7.783769| p6 7.8 5.4
69| 6.15557|8.188653 8.325216 8.462751| B8 10.4 7.2
83(6.4874658.538319 9.176073 9.262818| 122 15.6 10.8
99 (6.8280139.062163 10.0793 10.11496| 88 10.4 7.2
131/7.1616229.578758 11.64481 11.56719| D9 11.7 8.1
161] 7.36238|10.24551 12.9524 12.77505| 1a0 13 9.0
192| 7.50008|10.98586 14.16066 13.88751| 122 15.6 10.8
225|7.60150711.87495 15.36055 14.98918| 166 20.8 14.4

D.15.2 Experimental Nusselt number and those predied from correlations Kalb and Seider (1974) and Eavid et al. (1971) in a helical coll
for methanol

De Pr (Nu)exp. | Kalb and |Dravid et al. Reference line
Seider(1974) - (1971) 30% data (+)] 10% data ()
Nupred. Nupred.

49 (7.0519846.632927 7.11518 7.474674] 4 4 5.2 3.6
65| 7.19208|7.34365]1 8.199123 8.465006| 6 7.8 5.4
80 |7.3096938.032789 9.104883 9.294602| 8 B 10.4 7.2
99 |7.3762278.628599 10.16098 10.25579| 122 15.6 10.8
116| 7.43911/9.005457 11.02679 11.04575| 8 B 10.4 7.2
127|7.4936229.20020% 11.5433 11.51967| 9 P 11.7 8.1
141/7.5487069.483383 12.148 12.07392| 100 13 9.0
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148/7.6043699.778931 12.47257 12.37519| 122 15.6 10.8
180|7.66533310.31961 13.74331 13.53455| 144 18.2 12.6
228/7.76529411.62391 15.49999 15.14191| 146 20.8 14.4

D.15.3 Experimental Nusselt number and those predied from correlations Kalb and Seider (1974) and David et al. (1971) in a helical coil for
acetone

De Pr (Nu)exp. | Kalb and |Dravid etal.| Reference line
Seider(1974) (1971)
NUpred. (Nu)pred.

30% |10%
data | data
06
803.4541556.506996 8.45158 8.155529| 44| 52| 3.6
109 3.4760277.445512 9.874968 9.375086| B8 | 10.4| 7.2
131|3.497254 8.16454| 10.8484 10.21131| 142| 15.6|10.8
214 3.51682| 9.809643 13.87383 12.80109| 16| 20.8(14.4

D.16 Kahani et al.’s (2006) heat transfer data

Coil Fluids Nu Re De Pr
1 Water 12.44 | 863.093 192.9935| 5.89-
15.119 | 1291.905288.8787| 8.87
22.878 | 2055.595 459.645
0.25% AlL,O; | 12.696 | 600.123134.1916
14.77 885.9 | 198.0933
19.124 | 1428.288319.3749
25.967 | 1938.707433.5081
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0.50% AlL,O3 | 15.044 | 881.214 197.045
19.915 | 1418.016317.078
27.652 | 1986.445444.1826

0.75% AlL,O; | 13.129 | 496.107 110.9329
16.045 | 800.504 178.9981
20.422 | 1345.991300.9727
29.372 | 1958.57/6437.9509

1.00% AlLO; | 13.535| 500.1| 111.8258
17.89 | 946.49]1 211.6418
21.728 | 1371.992306.7867
31.641 | 1782.58/7398.5986

Water 13.954 | 533.049168.5649
24.219 | 1378.408435.8909
31.624 | 1910.807604.2502

0.25% AlL,O; | 14.898 | 516.894 163.4562
21.368 | 924.293 292.2871
26.91 | 1211.28|7383.0426
35.232 | 1791.192566.4246

0.50% AlLO; | 15.707 | 520.616 164.633
23.37 | 882.378 279.0324
29.212 | 1260.56 398.6241
38.168 | 1873.9¢ 592.5982

0.75% AlL,O3 | 17.199 | 559.624 176.9686
24931 | 857.129 271.048
30.164 | 1391.007 439.875
38.548 | 1798.598568.7666

1.00% AlL,O; | 17.539 | 527.626 166.85
25.173 | 751.406 237.6154
30.874 | 1269.55[7401.4692
41.179 | 1891.598598.1758
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Water 12.45 | 521.46% 164.9017
16.559 | 927.47| 293.291]
24.222 | 1366.825432.228

31.377 | 1968.906622.6227

0.25% AlL,O3 | 13.666 | 517.937 163.786

19.626 | 887.891 280.7758
26.844 | 1473.093465.8329
34.055 | 1762.33557.2977

0.50% AlL,O; | 14.529 | 549.48 173.760

20.506 | 950.524 300.5821
27.72 | 1419.608448.9195
35.757 | 1990.444629.4337

0.75% AlL,O; | 13.933 | 487.769 154.2461

21.271| 943.981 298.513
28.506 | 1434.255453.5513
37.913 | 2090.04{8660.9312

1.00% AlL,O; | 16.016 | 548.204 173.3573

22,767 | 975.76% 308.564
32.226 | 1416.316447.8784
39.49 | 1997.816631.7649
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D.17 Kahani et al.’s (2013) experimental Nusselt maber and
those predicted from present correlation

De Kahani| Pr Present Reference line

et al. correlation

(2013) NUprea, 5% data | 62% data

Nuexp.

(+) Q)

192.9935 12.44 | 7.38 5.285818| 0| O 0 0
288.8787 15.119|7.38| 7.750886 | 1 1 1.05 0.38
459.645| 22.8787.38| 12.04401| 2 2 2.1 0.76
134.1916 12.696|7.38| 3.744066| 3| 3 3.15 1.14
198.0933 14.77 | 7.38 5.418282| 4| 4 4.2 1.52
319.3749 19.124|7.38| 8.525379| 5| 5 5.25 1.9
433.5081 25.967|7.38] 11.39312| 6 6 6.3 2.28
197.0454 15.044|7.38| 5.39108 7 7 7.35 2.66
317.078| 19.91%7.38 8.467182| 8| 8 8.4 3.04
4441826 27.652|7.38| 11.65918| 9| 9 9.45 3.42
110.9329 13.129|7.38| 3.12532 | 9.5 9.5| 9.975 3.61
178.9981] 16.045|7.38| 4.921364| 10| 10 10.5 3.8
300.9727 20.422|7.38| 8.058506 | 10.510.5| 11.025 3.99
437.9509 29.372(7.38| 11.5039 | 11| 11 11.55 4.18
111.8258 13.535|7.38| 3.149187 | 11.511.5] 12.075 4.37
211.6418 17.89 | 7.38 5.769366 | 12| 12 12.6 4.56
306.7867 21.728|7.38| 8.206164 | 12.512.5 13.125 4.75
398.5986 31.641|7.38] 10.5206 | 13| 13 13.65 4,94
168.5649 13.954|7.38| 4.648729 | 13.513.5| 14.175 5.13
435.8909 24.219(7.38| 11.45254 | 14| 14 14.7 5.32
604.2502 31.624|7.38| 15.61374 | 14.514.5| 15.225 5.51

D.18 Kahani et al.’2013) experimental Nusselt number and those
piiettd from correlations of kalb & Seider (1974) andDravid et al.

(1971)
De |[Kahani| Pr Kalb and |Dravid et Reference line
et al. Seider |al. (1974)
(I\zlgjj) (Nlugp:_) NUprea, 10% data | 40% data
(+) Q)
192.993512.44 | 7.38 14.18349 | 13.8896 O 0 0 0
288.87815.119| 7.38| 17.35281 | 16.7523 1 1 1.1 0.6
459.645 22.87838| 21.88886 | 20.849583 2 2 2.2 1.2
134.191862.696| 7.38 11.827 11.76108 3 3 3.3 1.8
198.09334.77 | 7.38 14.36967 | 14.05776 4 4 4.4 2.4
319.37499.124| 7.38| 18.24577 | 17.5588B 5 5 5.5 3.0
433.50825.967| 7.38| 21.25742 | 20.2791] 6 6 6.6 3.6
197.04545.044| 7.38| 14.33161 | 14.02330 7 7 7.7 4.2
317.078 19.91A38| 18.18005 | 17.49951 8 8 8.8 4.8
444.1826 27.652| 7.38| 21.51754 | 20.51413 9 9 9.9 5.4
110.932913.129| 7.38| 10.75331 | 10.791269.5| 9.5 10.45 5.7
178.99816.045| 7.38| 13.65954 | 13.4163410 | 10 11 6.0
300.972720.422| 7.38| 17.71232 | 17.0770410.5| 10.5| 11.55 6.3
437.950.372| 7.38| 21.36607 | 20.3773111 | 11 12.1 6.6
111.825813.535| 7.38| 10.7965 | 10.830211.5/ 11.5| 12.65 6.9
211.64187.89 | 7.38 14.85295 | 14.4942P12 | 12 13.2 7.2
306.786721.728| 7.38| 17.88258 | 17.23083L2.5| 12.5| 13.75 7.5
398.598%H1.641| 7.38| 20.38355 | 19.4898413 | 13 14.3 7.8
168.564913.954| 7.38| 13.25548 | 13.0513[AL3.5| 13.5| 14.85 8.1
435.89m1.219| 7.38| 21.31576 | 20.3318[714 | 14 15.4 8.4
604.250231.624| 7.38| 25.09691 | 23.747214.5) 14.5| 15.95 8.7
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163.4562 14.898|7.38| 4.514922| 15| 19 15.75 5.7
292.2871 21.368|7.38| 7.837646 | 15.515.5 16.275 5.89
383.0426 26.91 | 7.38 10.13057| 16| 16 16.8 6.08
566.4246 35.232|7.38| 14.68467 | 16.516.5 17.325 6.27
164.6332 15.707|7.38| 4.545769| 17| 17 17.85 6.46
279.0324 23.37 | 7.38 7.499953 | 17.517.5 18.375 6.65
398.6241 29.212|7.38| 10.52124 | 18| 18 18.9 6.84
592.5982 38.168|7.38| 15.32787 | 18.518.5 19.425 7.03
176.9686 17.199|7.38| 4.868396 | 19 19 19.95 7.22
271.048| 24.9317.38 7.296139| 20| 20 21 7.6
439.875| 30.1647.38| 11.55186 | 20.520.5 21.525 7.79
568.7664 38.548|7.38| 14.74228 | 21| 21 22.05 7.98
166.85 | 17.5397.38| 4.603836 | 21.521.5| 22.575 8.17
237.6154 25.173|7.38 6.43928 | 22| 22 23.1 8.36
401.4692 30.874|7.38 10.59249 | 22.522.5| 23.625 8.55
598.1758 41.179|7.38| 15.46475| 23| 23 24.15 8.74
164.9017] 12.45| 7.38 4.552804 | 23.523.5| 24.675 8.93
293.2918 16.559|7.38| 7.863209 | 24| 24 25.2 9.12
432.228| 24.2227.38| 11.36119 | 24.524.5| 25.725 9.31
622.6227 31.377|7.38/ 16.06393 | 25| 2§ 26.25 9.5
163.7861| 13.666|7.38| 4.523567 | 26.526.5| 27.825 10.07
280.7758 19.626|7.38| 7.544415| 27| 27 28.35 10.26
465.8329 26.844|7.38| 12.19783 | 27.827.5| 28.875 10.45
557.2977 34.055|7.38 14.46002 | 28| 28 29.4 10.64
173.7608 14.529|7.38| 4.784611 | 28.528.5| 29.925 10.83
300.5821 20.506|7.38| 8.048579| 29| 29 30.45 11.02
448.9195 27.72 | 7.38 11.77715| 29.5829.5 30.975 11.21
629.4337 35.757|7.38| 16.23064 | 30| 30 31.5 11.4
154.2461] 13.933|7.38| 4.273144| 31| 31 32.55 11.78
298.513| 21.2717.38| 7.995993| 32| 32 33.6 12.16

163.4564.898| 7.38| 13.05307 | 12.8685415 | 15 16.5 9.0
292.287121.368| 7.38| 17.45488 | 16.8445% 15/95.5| 17.05 9.3
383.04286.91 | 7.38 19.98184 | 19.1269916 | 16 17.6 9.6
566.424635.232| 7.38| 24.2987 | 23.0262R316.5 16.5| 18.15 9.9
164.6335.707| 7.38| 13.09998 | 12.9109117 | 17 18.7 10.2
279.032423.37 | 7.38 17.05451 | 16.4828@L7.5) 17.5| 19.25 10.5
398.62419.212| 7.38| 20.3842 | 19.4904318 | 18 19.8 10.8
592.598238.168| 7.38| 24.85376 | 23.5275018.5| 18.5| 20.35 111
176.96867.199| 7.38| 13.58189 | 13.3461P19 | 19 20.9 114
271.048 24.93138| 16.80873 | 16.2608[720 | 20 22 12.0
439.87% 30.164.38| 21.41295 | 20.4196120.5| 20.5| 22.55 12.3
568.76&8.548| 7.38| 24.34888 | 23.0715p21 | 21 23.1 12.6
166.85 17.539.38| 13.18788 | 12.9903 21{21.5| 23.65 12.9
237.61525.173| 7.38| 15.73799 | 15.2937122 | 22 24.2 13.2
401.469230.874| 7.38| 20.45681 | 19.556022.5| 22.5| 24.75 135
598.1758..179| 7.38| 24.97045 | 23.6329023 | 23 25.3 13.8
164.901712.45| 7.38 13.11066 | 12.920523.5| 23.5| 25.85 14.1
293.291%5.559| 7.38| 17.48485 | 16.8715[24 | 24 26.4 14.4
432.228 24.227.38| 21.22601 | 20.2508 24{24.5| 26.95 14.7
622.62271.377| 7.38| 25.4756 | 24.0892[725 | 25 27.5 15.0
163.786113.666| 7.38| 13.06623 | 12.8804{26.5 26.5| 29.15 15.9
280.7798.626| 7.38| 17.1077 | 16.5309{L27 | 27 29.7 18.9
465.83296.844| 7.38| 22.03571 | 20.9821j27.5/ 27.5| 30.25 16.2
557.29BA.055| 7.38| 24.10214 | 22.8486828 | 28 30.8 16.5
173.76Q08L4.529| 7.38| 13.45823 | 13.2345 28/28.5| 31.35 19.95
300.582D.506| 7.38| 17.70082 | 17.0666p29 | 29 31.9 16.8
448.919527.72 | 7.38 21.63197 | 20.617429.5/ 29.5| 32.45 17.1
629.4335.757| 7.38| 25.61456 | 24.2147Pp30 | 30 33 18.0
154.2481B.933| 7.38| 12.67999 | 12.5315633 | 33 36.3 19.8
298,513 21.27138| 17.6398 | 17.0115835| 35 38.5 21.0
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453.5513 28.506|7.38| 11.89243 | 33| 33 34.65 12.54
660.9312 37.913|7.38/ 17.00046 | 34| 34 35.7 12.92
173.3573 16.016|7.38| 4.774066 | 35 3§ 36.75 13.3
308.564| 22.7677.38 8.251272| 37| 37  38.85 14.06
447.8784 32.226|7.38] 11.75123| 39| 39 40.95 14.82
631.7649 39.49 | 7.38 16.28769 | 40| 40 42 15.2

453.55P8.506| 7.38| 21.74328 | 20.7180B37 | 37 40.7 22.2
660.93137.913| 7.38| 26.24763 | 24.7866(139 | 39 42.9 23.4
173.35743%5.016| 7.38| 13.44259 | 13.2203r41 | 41 451 24.6
308.564 22.(8B8| 17.9343 | 17.2775443 | 43 47.3 25.8
447.8182.226| 7.38| 21.60688 | 20.5948P45 | 45 49.5 27
631.76489.49 | 7.38 25.66195 | 24.2575Pp50 | 50 55 30

170




D.19. Experimental Nusselt number of both (preserand Kahani et al. (2013)) and those predicted frorthe generalized correlation

De Present and Pr Nu Reference line
Kahani et al.’s Predicted
Nu 18% data (+) | 18% data (-)
50 1.3062 5.1702171.198133 0 0 0 0
59 1.709066 5.7433[11.610735| 0.5| 0.5 0.59 0.41
69 2.19252 6.1555[2.107158 1 1 1.18 0.82
83 2.5739 6.4874652.78552 | 1.5| 1.5 1.77 1.23
99 3.176722 6.828013.647419 2 2 2.36 1.64
131 4.216957 7.161625.413209| 2.5| 2.1 2.95 2.05
161 4.932523 7.362387.207156 3 3 3.54 2.46
192 5.845202 7.500089.133931| 3.5| 3.5 413 2.87
225 7.391627 7.601507.1.31185 4 4 4.72 3.28
49 1.22469 7.0519841.545902| 4.5| 4.1 5.31 3.69
65 1.696764 7.192082.239034 5 5 5.9 4.1
80 2.389641 7.309692.947216| 5.5| 5.5 6.49 451
99 2.813976 7.3762273.910374 6 6 7.08 4.92
117 3.443517 7.439114.832862| 6.5| 6.5 7.67 5.33
127 3.574488 7.49362%.450119 7 7 8.26 5.74
141 3.845958 7.548706.228783| 7.5| 7.4 8.85 6.15
148 4.192694 7.6043696.68867 8 8 9.44 6.56
180 5.335237 7.665388.588172| 8.5| 8.4 10.03 6.97
228 6.339623 7.76529411.7312 9 9 10.62 7.38
80 1.144667 3.45415%51.514326] 9.1| 9.1 10.738 7.462
109 1.598012 3.476022.252081| 9.3| 9.3 10.974 7.626
131 1.976783 3.49725@.866319| 9.5| 9.5 11.21 7.79
214 3.260697 3.516825.351933| 10| 10 11.8 8.2
192.9934 12.44 7.38 | 9.077268 10.6 10.5 12.39 8.61
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288.8787  15.119 7.38 | 15.10160 11 11 12.98 9.02
459.645 22.878 7.38 | 27.1379F 115 115 13.57 9.43
134.1916 12.696 738 | 5738382 17 12 14.16 9.84
198.0933 14.77 7.38 | 9.381018 125 125 14.75 10.25
319.3749  19.124 7.38 | 17.1406f 13 13 15.34 10.66
433.5081  25.967 7.38 | 25.20528 135 185 1593 11.07
197.0454  15.044 7.38 | 9.318431 14 14 16.52 11.48
317.078 19.915 7.38 | 16.98525 145 145 17.11 11.89
444.1826 27.652 7.38 | 25.99099 15 15 17.7 12.3
110.9329  13.129 7.38 | 4.51301| 15.5| 155 18.29 12.71
178.9981  16.045 7.38 | 8.25458 16 1p 18.88 13.12
300.9727  20.422 7.38 | 15.90382 165 16.5 19.47 13.53
437.9509  29.372 7.38 | 2553166 17 17 20.06 13.94
111.8258 13.535 7.38 | 4558899 175 17.5 20.65 14.35
211.641§ 17.89 7.38 | 10.19786 18 18 21.24 14.76
306.7867  21.728 7.38 | 16.292501 185 185 21.83 15.17
398.598¢ 31.641 738 | 2267120 19 19 22.42 15.58
168.5649  13.954 7.38 | 7.652094 20 20 23.6 16.4
435.8909  24.219 7.38 | 25.38019| 20.5 | 20.5 24.19 16.81
604.2502  31.624 738 | 383262 21 21 24.78 17.22
163.4562  14.898 7.38 | 7.360594 215 215 2537 17.63
292.2871  21.368 7.38 | 15.32682 23 22 25.96 18.04
383.042¢ 26.91 7.38 | 21.56046 225 225 26.55 18.45
566.4246 35.232 738 | 35.32365 23 23 27.14 18.86
164.6332  15.707 7.38 | 7.427544 235 285 27.73 19.27
279.0324 23.37 7.38 | 14.45494 24 24 28.32 19.68
398.6241  29.212 7.38 | 22.6731p 245 245 28091 20.09
592.5982  38.168 7.38 | 37.39587 25 25 29.5 20.5
176.9686 17.199 7.38 | 8.136644 265 265 31.27 21.73
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271.048 24.931 7.38 | 13.9349p2 27 27 31.86 22.14
439.875 30.164 7.38 25.6733 27p 275 3245 22.55
568.766¢ 38.548 7.38 | 3550806 28§ 28 33.04 22.96
166.85 17.539 7.38 7.55398 285 285 33.63 23.37
237.6154 25.173 7.38 | 11.80196 29 29 34.22 23.78
401.4692 30.874 7.38 | 22.87754 295 295 3481 24.19
598.1758 41.179 7.38 | 37.8406L 30 30 35.4 24.6
164.9017 12.45 7.38 | 7.442834 31 31 36.58 25.42
293.29148 16.559 7.38 | 15.39338 32 32 37.76 26.24
432.228 24.222 7.38 | 25.1113% 33 33 38.94 27.06
622.6227 31.377 7.38 | 39.8026p 34 34 40.12 27.88
163.7861 13.666 7.38 | 7.37934p 35 35 41.3 28.7
280.7758 19.626 7.38 | 1456901 3§ 36 42.48 29.52
465.8329 26.844 7.38 | 27.59984 37 37 43.66 30.34
557.2977 34.055 7.38 | 34.60686 38 38 44.84 31.16
173.7608 14.529 7.38 | 7.950958 39 39 46.02 31.98
300.5821 20.506 7.38 | 15.8777fy 40 40 47.2 32.8
448.9195 27.72 7.38 | 26.3412Y 41 41 48.38 33.62
629.4337 35.757 7.38 | 40.35292 42 42 49.56 34.44
154.2461 13.933 7.38 | 6.841108 43 43 50.74 35.26
298.513 21.271 7.38 | 15.7399¢ 44 44 51.92 36.08
453.5513 28.506 7.38 | 26.68472 43 45 53.1 36.9
660.9312 37.913 7.38 | 4291779 46 4p 54.28 37.72
173.3573 16.016 7.38 | 7.927664 47 47 55.46 38.54
308.564 22.767 7.38 | 16.41171 48 48 56.64 39.36
447.8784 32.226 7.38 | 26.26421 49 49 57.82 40.18
631.7649 39.49 7.38 | 40.54163 50 50 59 41
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Uncertainty Analysis

D.20 Uncertainty in friction factor for straight tu bes
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D.20.1 Uncertainty in friction factor for a straight tube of inner diameter 720um with water

O (ml/s)| AP d; L +Ad |+AL|+ AQ AP A(AP) 2 AL)2 Ad 21 (A0 ARe)? |Uncertainty % Uncertainty %
Pa)| (M | (M| (m) (Pa) {AP} {L} {d} {O} { Re } in Uncertainty in Uncertainty
(ml/s) ' () Re in () Re *®f in (z) f
0.19157117600 0.00072 0.68| 0.00002/0.002 0.025| 0.02 | 1.29132E-128.65052E-06| 0.000772 0.01703{0.00031690 0.133424 13.34236 0.090668 9.0668
0.22471919800 0.00072 0.68| 0.00002/0.002 0.025| 0.02 | 1.0203E-12| 8.65052E-060.000772 0.01237|0.00017287 0.114665 11.46655 0.087433 8.7433
0.31348| 301000.00072 0.68| 0.00002/0.002 0.025| 0.02 {4.41496E-13 8.65052E-06| 0.000772 0.00636|5.0860E-05 0.084449 8.44492 0.084596 8.4596
0.44052941200 0.00072 0.68| 0.00002/0.002 0.025| 0.02 |2.35649E-13 8.65052E-06| 0.000772 0.00322|1.5937E-05 0.063184 6.31836 0.08376Y 8.3767
0.60975654700 0.00072 0.68| 0.00002/0.002 0.025| 0.02 |1.33686E-13 8.65052E-06| 0.000772 0.00168|6.0152E-06 0.049524 4,952378 0.083529 8.3529
0.724638645000.00072 0.68| 0.000020.002 0.025| 0.02 |9.61481E-14 8.65052E-06 0.000772 0.00119|3.8488E-06 0.044293 4.429283 0.08347y 8.3477
0.909091,80700 0.00072 0.68| 0.000020.002 0.025| 0.02 |6.14204E-14 8.65052E-06 0.000772 0.00075|2.3343E-06 0.039088 3.908779 0.083441 8.3441
D.20.2 Uncertainty in friction factor for a straight tube of inner diameter 720um with methanol
(0] AP d; L +Ad | £AL £ AO AP A(LP) 2 AL)? Ad 2 AO) 2 ARe) 2 | Uncertainty % Uncertainty %
(mls) | (Pa) | (m) (m) (m) (m) (Pa) {AP} { L } {d} {O} {Re} in U.ncertainty in Un.certainty
(ml/s) ' () Re in () Re *)f in () f

0.15772| 8800| 0.000720.68|0.00002 0.002| 0.025| 0.02 | 5.16529E-1{B.65052E-060.0007720.025122 0.00067| 0.160916 16.09157 0.098158 9.815835
0.20080[ 11100 0.00072 0.68|0.00002 0.002| 0.025| 0.02 | 3.24649E-1{B.65052E-060.000772 0.0155 | 0.000265 0.127561 12.75612 0.089511 8.951083
0.24213| 13400 0.00072 0.68|0.00002 0.002| 0.025| 0.02 | 2.22767E-18.65052E-060.0007720.010661 0.000131 0.106921 10.69213 0.086463 8.646313
0.42553| 24700 0.00072 0.68|0.00002 0.002| 0.025| 0.02 | 6.55641E-138.65052E-060.000772 0.003452 1.78E-05 0.064986 6.49859 0.083812 8.381191
0.62111| 35100 0.00072 0.68|0.00002 0.002| 0.025| 0.02 | 3.24673E-18.65052E-060.000772 0.00162| 5.72E-06 0.048905 4.890468 0.083522 8.35223
0.72992| 39900 0.00072 0.68|0.00002 0.002| 0.025| 0.02 | 2.51255E-18.65052E-060.0007720.0011733.78E-06 0.044098 4.409838 0.083476 8.347588
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D.20.3 Uncertainty in friction factor for a straight tube of inner diameter 720um with acetone

o] AP d; L | £Ad | AL | +/AO | AP A(LP) 2 AL)2 Ad, 2|1 (p0)? | (ARe)? |Uncertainty % Uncertainty %
(ml/s) | (Pa) (m) (m) (m) (m) (ml/s) (Pa) {AP} {L} {d} {O} {Re} in Uncertainty in Uncertainty
' (#) Re in () Re )f in () f
0.155763 5400| 0.000720.68{0.00002 0.002| 0.025| 0.02|1.37174E-11 8.65052E-06/0.0007720.02576/ 0.000704 0.162886 16.2886 0.098838 9.8837p
0.187266 6400| 0.000720.68{0.00002 0.002| 0.025| 0.02|9.76563E-12 8.65052E-06/0.0007720.01782 0.000346 0.136359 13.63593 0.091302 9.130181
0.209205 7100| 0.00072 0.68/0.00002 0.002| 0.025| 0.02|7.93493E-12 8.65052E-06/0.000772 0.01428 0.000227] 0.122686 12.2686 0.088653  8.865285
0.276243 9500| 0.00072 0.68/0.00002 0.002| 0.025| 0.02|4.43213E-12 8.65052E-06/0.000772 0.00819 8.03E-05| 0.094667 9.466707 0.08529 8.528983
0.438596 14300, 0.00072| 0.68{0.00002 0.002| 0.025| 0.02|1.95609E-12 8.65052E-06/0.000772 0.00324 1.62E-05| 0.063408 6.340824 0.083772 8.377205
D.20.4 Uncertainty in friction factor for a straight tube of inner diameter 850um with water
(@] AP d; L +Ad | AL | + AO|+A(AP) A(AP) 2 {AL}Z Ad 2 AO) 2 ARe) 2| Uncertainty % Uncertainty %
(mis) | Pa) | (M) | (M) | () | (M) | (mlis) (Pa) {AP} L {dl} { o } {Re} in U_ncertalnty in Unpertamty
() Re in () Re @ f in (z) f

0.219294 10900|0.00085 0.68|0.00002 0.002| 0.025| 0.02 | 3.36672E-138.65E-06/0.000554 0.012996/0.000184 0.116403 11.64029 0.075668 7.566849
0.30303| 143000.00085 0.68|0.00002 0.002| 0.025| 0.02 |1.95609E-12 8.65E-06|0.000554 0.006806/5.42E-05 0.08579 8.578976 0.072167 7.216662
0.492611 23500|0.00085 0.68|0.00002 0.002| 0.025| 0.02 | 7.2431E-13| 8.65E-06/0.000554 0.002576|9.79E-0f 0.055939 5.593921 0.070926 7.092614
0.632911 29400{0.00085 0.68|0.00002 0.002| 0.025| 0.02 | 4.6277E-13| 8.65E-06/0.000554 0.00156 | 4.47E-06 0.045977 4.597699 0.07077¢ 7.077587
0.75188| 347000.00085 0.68{0.00002 0.002| 0.025| 0.02 |3.32201E-138.65E-06/0.000554 0.001106/2.75E-0§ 0.040733 4.073323 0.070727 7.072737
0.884956 41100{0.00085 0.68|0.00002 0.002| 0.025| 0.02 [2.36797E-13 8.65E-06/0.000554 0.000798 1.83E-0§ 0.036765 3.676541 0.070701 7.070119
1.010101 47900|0.00085 0.68|0.00002 0.002| 0.025| 0.02 |1.74337E-13 8.65E-06|0.000554 0.000613/1.36E-0§ 0.03415 3.414961 0.07068¢ 7.068797
1.123596 52300|0.00085 0.68|0.00002 0.002| 0.025| 0.02 {1.46237E-13 8.65E-06|0.000554 0.000495 1.1E-06| 0.032384 | 3.238357 0.070681 7.068061
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D.20.5 Uncertainty in friction factor for a straight tube of inner diameter 850um with methanol

(@] AP d; L +Ad | £AL | £ AO |£AAP) A(AP) 2 {AL}Z Ad 2 AO)? | (ARe)? |Uncertainty % Uncertainty %
(ml/s) | (Pa) | (m) | (m) (m) (m) (ml/s) (Pa) {AP} L {d.} { o } { Re } in Upcertamty in Un.certamty
(*) Re in () Re ®f in () f
0.181159 5300 | 0.000850.68|0.00002 0.002| 0.025| 0.02|1.42399E-11 8.65E-06|0.0005540.0190440.000384 0.139992 | 13.99915 0.080794 8.079368
0.255754 7500 | 0.000850.68|0.00002 0.002| 0.025| 0.02|7.11111E-12 8.65E-06|0.0005540.0095550.000102 0.100542 10.0542 0.07348% 7.348532
0.330033 9600 | 0.000850.68|0.00002 0.002| 0.025| 0.02|4.34028E-12 8.65E-06|0.0005540.0057383.96E-05 0.07932 7.932021 0.071761 7.176135
0.526316 15300/ 0.00085 0.68|0.00002 0.002| 0.025| 0.02|1.70874E-12 8.65E-06|0.0005540.002256 7.9E-06| 0.053008 5.300833 0.070873 7.087264
0.719424 21100/ 0.00085 0.68|0.00002 0.002| 0.025| 0.02|8.98452E-13 8.65E-06|0.0005540.001208 3.1E-06| 0.041967 4.19666 0.07073/7 7.0737R4
0.854701 24300 0.00085 0.68|0.00002 0.002| 0.025| 0.02|6.77404E-13 8.65E-06|0.0005540.0008561.99E-06 0.037539 | 3.753926 0.070706 7.070568
D.20.6 Uncertainty in friction factor for a straight tube of inner diameter 850um with acetone
(@] AP d; L +Ad | AL | £AO + A(AP) A(LP) 2 ALY ? Ad 2 2O 2 ARe) 2 | Uncertainty % Uncertainty %
(miis) [Pay| M) | M| @y | M | mus)| (Pa) {AP} { L } {d-} {O} {Re} in Uncertainty in Uncertainty
' () Re in () Re *)f in () f
0.147493 2900| 0.00085 0.68| 0.00002 0.002| 0.025| 0.02 |4.75624E-11 8.65E-06/0.000554 0.02873| 0.000858 0.171125 17.11253 0.091769 9.176891
0.2155174300| 0.00085 0.68|0.00002 0.002| 0.025| 0.02 |2.16333E-118.65E-06/0.0005540.0134560.000194 0.118362 11.83623 0.076003 7.600282
0.308642 5900| 0.00085| 0.68| 0.00002 0.002| 0.025| 0.02 | 1.1491E-11| 8.65E-080.0005540.0065615.06E-05 0.084348 8.434829 0.072068 7.206817
0.37594| 74000.00085 0.68|0.00002( 0.002| 0.025| 0.02 | 7.3046E-12| 8.65E-080.000554 0.0044222.48E-05 0.07054 7.053994 0.071347 7.134695
0.471698 9000| 0.00085) 0.68| 0.00002 0.002| 0.025| 0.02 |4.93827E-128.65E-06/0.000554 0.002809 1.13E-05 0.057988 5.798822 0.070969 7.096886
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D.20.7 Uncertainty in friction factor for a straight tube of inner diameter 1000um with water

o AP d; L | £Ad |+AL | + AO |£A(AP) ABP) 2| (ALY |(ad )’ [AO) | [aRe|? |Uncertainty % Uncertainty %
(mi/s) | (pa) | (m) | (m) (m) M) | mirsy | (Pa) {AP} { '-} {d.} {O} { Re} in Upcertainty in Un.certainty
() Re in () Re ) f in () f

0.206184 5200| 0.001) 0.680.00002 0.002| 0.025| 0.02 |1.47929E-118.65E-06| 0.0004|0.014702 0.000228| 0.122888 12.28884 0.067237 6.723748
0.25641| 6500 0.001 0.68.000020.002| 0.025| 0.02 [9.46746E-128.65E-06| 0.0004|0.009506 9.81E-05 0.09953 9.953015 0.063255 6.325493
0.416667, 10200 0.001| 0.680.00002 0.002| 0.025| 0.02 |3.84468E-128.65E-06| 0.0004| 0.0036 | 0.000016 0.06324¢ 6.324555 0.060602 6.06024
0.625 | 15700 0.001| 0.680.00002 0.002| 0.025| 0.02 |1.62278E-128.65E-06| 0.0004| 0.0016 | 0.000004 0.044721 4.472136 0.060205 6.020507
0.952381 23700 0.001| 0.680.00002 0.002| 0.025| 0.02 |7.12137E-138.65E-06| 0.0004| 0.000689 1.19E-06| 0.033001 3.300095 0.060112 6.011152
1.1111117/27400 0.001| 0.68 0.00002 0.002| 0.025| 0.02 |5.32793E-138.65E-06| 0.0004| 0.000506 8.21E-07| 0.030104 3.010394 0.060099 6.009938

1.25 | 30100 0.001| 0.680.00002 0.002| 0.025| 0.02| 4.41496E-13.65E-06| 0.0004| 0.0004 | 6.4E-07 0.028284 2.82842 0.060003 6.009335

D.20.8 Uncertainty in friction factor for a straight tube of inner diameter 1000um with methanol
o AP | di | L | #Ad [£AL] £AO [*#B8(BP) | (Aap))? | [AL) | [ad]® | [40)? | [ARe)” |Uncertainty % Uncertainty %
(mliis) | (Ppa) | (m) | (m) (m) (M) | (ml/s) (Pa) {AP} {L} {d} {O} { Re} in Urlcertainty in Un.certainty
' (*) Re in () Re @) f in (x) f

0.20202| 3100 0.00{L0.68|0.00002/0.002 0.025 0.02 | 4.16233E-11{8.65E-06 0.0004 | 0.0153140.0002471 0.125356 12.53557 0.06779y 6.779659
0.232558 3600| 0.001f 0.68|0.00002/0.002f 0.025 0.02 | 3.08642E-11{8.65E-06 0.0004 | 0.01155.000143 0.109345 10.93446 0.064656 6.465646
0.28169| 4300 0.00L0.68|0.00002/0.002 0.025 0.02 | 2.16333E-11{8.65E-06 0.0004 | 0.00787|/6.85E-05 0.090976 9.097561 0.062311 6.231097
0.47619| 710Q 0.0010.68|0.00002/0.002 0.025 0.02 | 7.93493E-12/8.65E-06 0.0004 | 0.00275@.96E-06 0.056181 5.618051 0.060403 6.04028
0.740741 11000 0.001| 0.68| 0.00002/0.002 0.025 0.02 | 3.30579E-12/8.65E-06 0.0004 | 0.00113®.37E-06 0.039231 3.923089 0.060151 6.015086
0.95238113900 0.001| 0.68| 0.00002/0.002f 0.025 0.02 | 2.07029E-12/8.65E-06 0.0004 | 0.000680Q1.19E-06 0.033001 3.300095 0.06011p 6.011152
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D.20.9 Uncertainty in friction factor for a straight tube of inner diameter 1000um with acetone

o AP | d; L | £Ad [+AL|+AO |*A(AP) AP AL)2 Ad, 2 AO) 2 ARe)? |Uncertainty % Uncertainty %
(ml/s) | (Pa)| (m) | (m) (m) (M) | mlis) | (Pa) {AP} {L} {d} {O} {Re} in Uncertainty in Uncertainty
' () Re in () Re ®)f in () f
0.1824821700/0.001 0.68 | 0.000020.002 0.025| 0.02 |1.38408E-10 8.65E-06| 0.0004 | 0.018769 0.000367| 0.138452 13.84522 0.071263 7.126326
0.23041521000.001 0.68| 0.000020.002 0.025| 0.02 |9.07029E-11 8.65E-06| 0.0004 | 0.011772 0.000148| 0.110328 11.03279 0.064817 6.4817148
0.29239827000.001 0.68| 0.000020.002 0.025| 0.02 |5.48697E-11 8.65E-06| 0.0004 | 0.00731] 5.94E-0b 0.087808 8.780803 0.06202 .2016869
0.36496433000.001 0.68| 0.000020.002 0.025| 0.02 |3.67309E-11 8.65E-06| 0.0004 | 0.004692 2.59E-05 0.07136 7.136 0.06092pP 6.092926
0.490196440010.001 0.68 | 0.000020.002 0.025| 0.02 |2.06612E-11 8.65E-06| 0.0004 | 0.002601 9.01E-06| 0.054781 5.4781383 0.060371 6.037114
0.6172845600/0.001 0.68 | 0.000020.002 0.025| 0.02 |1.27551E-11 8.65E-06| 0.0004 | 0.00164| 4.16E-06 0.045169 4516913 0.06021 .021647
D.21 Uncertainty in friction factor for helical coils
D.21.1 Uncertainty in friction factor for a helical coil of inner diameter 720um with water
(@] AP d; L(m)| +Ad | +AL |+AO + A(AP A(LP) 2 AL)? Ad, 2 7O 2 ARe) ? |Uncertainty % Uncertainty %
(mlis) | (Pa) (m) (m)y | (M) |(mi/s) (Pa) { AP } { L } {d} {O} {Re} in Upcertainty in Un.certainty
' (*) Re in () Re ) f in (x) f
0.19047 18200 | 0.00072 0.68 | 0.000020.002| 0.025| 0.02 |1.20758E-128.65052E-060.000772 0.0172270.000324 0.134157 13.41572 0.0908238 9.082308
0.25641 27100 | 0.00072 0.68 | 0.000020.002| 0.025| 0.02 |5.44655E-138.65052E-060.000772 0.009506 0.000106 0.10138 10.13798 0.085882 8.58815
0.30769 35100 | 0.00072 0.68 | 0.000020.002| 0.025| 0.02 |3.24673E-138.65052E-060.000772 0.006604 5.44E-05 0.085867 8.586715 0.084679 8.46791
0.35087 42100 | 0.00072 0.68 | 0.000020.002| 0.025| 0.02 [2.25681E-138.65052E-060.000772 0.0050771 3.42E-05 0.076473 7.647331 0.084202 8.4201%4
0.43478 57100 | 0.00072 0.68 | 0.000020.002| 0.025| 0.02 [1.22684E-138.65052E-060.000772 0.003306 1.66E-05 0.063858 6.385808 0.083788 8.378312
0.5 68400 | 0.000720.68 | 0.000020.002| 0.025| 0.02 |8.54964E-148.65052E-060.000772 0.0025 | 1.07E-0% 0.057198 5.719795 0.083642 8.364155
0.58823 85600 | 0.00072 0.68 | 0.000020.002| 0.025| 0.02 |5.45899E-148.65052E-060.000772 0.001804 6.65E-06/ 0.050773 5.077258 0.083544 8.354446
0.68965 108300| 0.00072 0.68 | 0.000020.002| 0.025| 0.02 |3.41038E-148.65052E-060.000772 0.001314 4.35E-06) 0.045669 4.566911 0.083489 8.348949
0.86956 148100| 0.00072 0.68 | 0.000020.002| 0.025| 0.02 [1.82369E-148.65052E-060.000772 0.0008271 2.55E-06 0.039977 3.997709 0.083446 8.344646
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D.21.2 Uncertainty in friction factor for a helical coil of inner diameter 720um with methanol

O (ml/s)| AP d; L +Ad | AL |+ AO +AAP) A(AP) 2 AL)2 Ad, 2 AO)2 | (ARe)? | Uncertainty % Uncertainty %
(Pa) | (m) (m) (m) (m) (mifs)| (Pa) {AP} {L} {d} {O} { Re } in Uncertainty in Uncertainty
' (#) Re in (¢) Re @) f in () f

0.192308|11700| 0.00072 0.68| 0.00002 0.002 0.025| 0.02 | 2.92205E-128.65052E-060.000772 0.0169 | 0.00031P 0.132935 13.29346 0.090566 9.05662
0.22471915100| 0.00072 0.68| 0.00002 0.002 0.025| 0.02 | 1.75431E-128.65052E-060.000772 0.012377 0.000173 0.114665 11.46655 0.087433 8.743336
0.30303 | 229000.00072 0.68|0.000020.002 0.025| 0.02 | 7.62762E-138.65052E-060.000772 0.006804 5.74E-05 0.087051 8.705088 0.084751 8.475135
0.363636| 29000| 0.00072 0.68| 0.000020.002/ 0.025| 0.02 | 4.75624E-138.65052E-060.000772 0.004727 3.02E-05 0.07415 7.414963 0.084107 8.410716
0.425532|36100| 0.00072 0.68| 0.00002 0.002 0.025| 0.02 | 3.06934E-138.65052E-060.000772 0.003452 1.78E-05 0.064986 6.49859 0.083812 8.381191
0.487805|45100| 0.00072 0.68| 0.00002 0.002 0.025| 0.02 | 1.96656E-138.65052E-060.000772 0.002627 1.15E-05 0.058294 5.82938 0.083662 8.366173
0.540541|52100| 0.00072 0.68| 0.00002 0.002 0.025| 0.02 | 1.47362E-138.65052E-060.000772 0.002139 8.47E-06/ 0.053951 5.39506 0.08358¢ 8.35881f7

0.625 | 619000.00072 0.68|0.000020.002 0.025| 0.02 | 1.04395E-138.65052E-060.000772 0.0016 | 5.62E-06 0.048699 4.869913 0.08352 8.352002
0.714286| 73500| 0.00072 0.68| 0.00002 0.002 0.025| 0.02 | 7.40432E-148.65052E-060.000772 0.001225 3.99E-06/ 0.044683 4.468339 0.083481 8.348078

D.21.3 Uncertainty in friction factor for a helical coil of inner diameter 720um with acetone

o Re in Uncertainty in Uncertainty

in (£) Re (@) f in (+) f

O [AP | d L | £Ad | AL | £AO| AP | (pAaP))? AL
(miis) | (Pa) | (M) | (M) | (my | (M) |(miis)| (Pa) {AP} {L}

{Adi }2 {AO}Z {A Re}z Uncertainty % Uncertainty %
d
' () Re

0.15503 6700|0.00072 0.68|0.00002 0.002| 0.025| 0.02 | 8.91067E-128.65052E-06¢ 0.000772| 0.026002/0.000717 0.163625 16.36251 0.099097 9.909745
0.2272711000 0.00072 0.68|0.000072 0.002| 0.025| 0.02 | 3.30579E-1$8.65052E-06 0.000772 0.0121 | 0.000166 0.113453 11.34531 0.087269 8.7268p
0.2941116100 0.00072 0.68|0.0000Z 0.002| 0.025| 0.02 | 1.54315E-128.65052E-06 0.000772 0.007225/6.39E-0§ 0.089424 8.942374 0.08490% 8.490511
0.4081625100 0.00072 0.68|0.0000Z 0.002| 0.025| 0.02 | 6.34911E-188.65052E-06 0.000772 0.003752/2.05E-05 0.067254 6.72545 0.083874 8.3874
0.5263134500 0.00072 0.68|0.00002 0.002| 0.025| 0.02 | 3.36064E-138.65052E-06¢ 0.000772| 0.002256/9.17E-06§ 0.055026 5.502595 0.08360% 8.360482

OT
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D.21.4 Uncertainty in friction factor for a helical coil of inner diameter 850um with water

(0] AP di L | £Ad |£AL |+ AO|*A(AP) A(AP) 2 ALY
(miis) | (Pa) | (M) | (M) | (m) | (M) [(mifs)| (Pa) {AP} {L} o Re in Uncertainty in Uncertainty

{Adi }2 {AO}Z {A Re}z Uncertainty % Uncertainty %
d
' (¥) Re in (¥) Re () f in () f

0.227273)12300 0.00085 0.68|0.000020.002] 0.025| 0.02 | 2.64393E-12| 8.65E-06| 0.000554 0.0121 | 0.00014 0.112488§ 11.24884 0.075045 7.504b37

0.333333| 20500 0.00085 0.68|0.000020.002 0.025| 0.02 | 9.51814E-13) 8.65E-06| 0.000554 0.005625 3.82E-05| 0.078604 7.860428 0.07172 7.172204

0.465116| 31600 0.00085 0.68|0.000020.002 0.025| 0.02 | 4.00577E-13 8.65E-06| 0.000554 0.002889 1.19E-05| 0.058674 5.867449 0.07098 7.098421

0.540541] 39100 0.00085 0.68|0.000020.002 0.025| 0.02 | 2.61641E-13 8.65E-06|0.000554 0.002139 7.25E-06| 0.051891 5.189119 0.07085 7.085444

0.833333| 69100 0.00085 0.68|0.000020.002| 0.025| 0.02 | 8.3773E-14| 8.65E-050.000554 0.0009 | 2.11E-0¢ 0.038127 3.812654 0.07070 7.070928

P
1
1
0.689655| 54300 0.00085 0.68|0.000020.002 0.025| 0.02 | 1.35663E-13| 8.65E-06| 0.000554 0.001314 3.49E-06| 0.043217 4.321685 0.070748 7.074816
D
D

1 87600 0.00085 0.68|0.000020.002 0.025| 0.02 | 5.21257E-14 8.65E-06| 0.000554 0.000625 1.39E-06| 0.034331 3.433123 0.07068 7.06888

1.111111{99100 0.00085 0.68|0.000020.002 0.025| 0.02 | 4.07298E-14| 8.65E-06| 0.000554 0.000495 1.1E-06| 0.032384 3.238357 0.070681 7.068061

D.21.5 Uncertainty in friction factor for a helical coil of inner diameter 850um with methanol

(@] AP d; L +Ad | AL | £ AO|+A(AP) A(AP) 2 AL 2 Ad 2 AO) 2 ARe) 2 | Uncertainty % Uncertainty %
(ml/s) | (Pa) | (m) |(m) (m) (m) [(ml/s)| (Pa) {AP} {L} {d} {O} { Re } in Uncertainty in Uncertainty
' (x) Re in (+) Re ) f in(x)f
0.204082 7100 | 0.0008%50.68( 0.00002 0.002| 0.025| 0.02 | 7.93493E-12 8.65E-06| 0.000554 0.015006 0.000242 0.124739 12.47393 0.0772 7.71996}
0.25641| 9600 0.00088.68 0.00002| 0.002| 0.025| 0.02 | 4.34028E-12 8.65E-06| 0.000554 0.009506 0.000101 0.100299 10.0299 0.073459 7.34585p
0.408163 17600 0.00085 0.68| 0.00002| 0.002| 0.025| 0.02 | 1.29132E-12 8.65E-06|0.000554 0.003752 1.85E-05 0.065614 6.561399 0.071172 7.117224
0.555556 26200 0.00085 0.68( 0.00002| 0.002| 0.025| 0.02 | 5.82717E-13 8.65E-06| 0.000554 0.002025 6.65E-06/ 0.05078 5.078024 0.070837 7.08374)7
0.666667 32900 0.00085 0.68| 0.00002| 0.002| 0.025| 0.02 | 3.69546E-13 8.65E-06| 0.000554 0.001406 3.84E-06| 0.044271 4.427057 0.070758 7.075814
0.833333 44500| 0.00085 0.68| 0.00002| 0.002| 0.025| 0.02 | 2.01995E-13 8.65E-06| 0.000554 0.0009 | 2.11E-06 0.038127 3.812654 0.070709 7.070928

181



D.21.6 Uncertainty in friction factor for a helical coil of inner diameter 850um with acetone

(@] AP d; L +Ad |£AL |+ AO|+AAP) A(AP) 2 AL)Z Ad 2 AO) 2 ARe) ? | Uncertainty % Uncertaint %
(miis) | Pay | (M) | (M| () (M) | (mifs)| (Pa) {AP} { L } {d} {O} {Re} in Uhcertainty y in Un.certainty
' (*) Re in () Re *)f in () f
0.17094| 4700 0.00085 0.68| 0.00002/0.002 0.025| 0.02 |1.81077E-118.65E-06| 0.000554 0.021389 0.000481 0.148131 14.81307 0.08317 8.317017
0.224719 6500| 0.00085 0.68| 0.00002/0.002 0.025| 0.02 |9.46746E-128.65E-06| 0.000554 0.012377 0.000167 0.113711 11.3711 0.075234 7.5233)7
0.294118 9400/ 0.00085 0.68| 0.00002/0.002 0.025| 0.02 |4.52694E-128.65E-06| 0.000554 0.007225 6.05E-05| 0.088197 8.819656 0.07234p 7.234209
0.42553214900 0.00085 0.68| 0.00002/0.002 0.025| 0.02 [1.80172E-128.65E-06| 0.000554 0.003452 1.6E-05| 0.063287 6.328662 0.071102 7.110215
0.512821/2030Q 0.00085 0.68| 0.00002(0.002 0.025| 0.02 |9.70662E-13 8.65E-06| 0.000554 0.002377 8.59E-06| 0.054131 5.413128 0.070892 7.089213
D.21.7 Uncertainty in friction factor for a helical coil of inner diameter 1000um with water
O AP | d | L | +Ad [+AL|£AO|*ABP) | (AAP))® | (L) | (ad ]’ | [40)* | [ARe)? |Uncertainty % Uncertainty %
(mifs) | (Pa) | (M) | (m) (m) (m) | (ml/s) | (Pa) {AP} {L} {d} {O} { Re } in Uncertainty in Uncertainty
' () Re in (+) Re () f in (z) f
0.25316% 7800(0.001| 0.68|0.000020.002] 0.025| 0.02 | 6.57462E-128.65E-06| 0.0004| 0.009752.000103| 0.100755 10.0755 0.06341 6.341031
0.37735812300 0.001| 0.68{0.000020.002] 0.025| 0.02 | 2.64393E-128.65E-06| 0.0004| 0.00438.29E-05| 0.069203 6.920305 0.060831 6.083084
0.51282118400 0.001| 0.68|0.000020.002] 0.025| 0.02 | 1.18147E-128.65E-06| 0.0004| 0.002377/.71E-06| 0.052693 5.26931 0.060328 6.032817
0.6896552750( 0.001| 0.68|0.000020.002 0.025| 0.02 | 5.28926E-138.65E-06| 0.0004| 0.001314.94E-06| 0.041401 4.140124 0.06017 6.016978
0.8695653770(0 0.001| 0.68|0.000020.002 0.025| 0.02 | 2.81434E-138.65E-06| 0.0004| 0.0008271.5E-06 | 0.035022 3.502231 0.060122 6.012211
1 458000.001| 0.68]0.000020.002 0.025| 0.02 1.9069E-18 8.65E-06 0.0004 0.00062®5E-06| 0.032016 3.201567 0.060107 6.010701
1.11111153100 0.001| 0.68(0.000020.002 0.025| 0.02 | 1.41864E-133.65E-06| 0.0004| 0.0005063.21E-07| 0.030104 3.010399 0.060099 6.009938
1.17647158600 0.001| 0.68|0.000020.002 0.025| 0.02 | 1.16484E-133.65E-06| 0.0004{ 0.0004527.25E-07| 0.029182 2.918154 0.060096 6.009618
1.25 | 645000.001| 0.68{0.000020.002] 0.025| 0.02 | 9.61481E-148.65E-06| 0.0004| 0.0004 6.4E-0f  0.028284 2.828427 060m93 6.009335
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D.21.8 Uncertainty in friction factor for a helical coil of inner diameter 1000um with methanol

(@] AP d; L +Ad |xAL [+ AO + A(AP) A(LP) 2 AL)2 Ad 21 (A0 2 ARe)? |Uncertainty % Uncertainty %
(mi/s) | (Pa) | (m) | (m) (m) (m) (ml/s) | (Pa) {AP} { L } {d} {O} {Re} in Uhcertainty in Unpertainty
' () Re in () Re @) f in () f
0.227273 4500| 0.001| 0.680.000020.002 0.025| 0.02 | 1.97531E-11 8.65E-06 | 0.0004 0.0121 0.0001560.111803 11.18034 0.06506} 6.506651
0.294118 5700| 0.001| 0.680.000020.002 0.025| 0.02 | 1.23115E-11 8.65E-06 | 0.0004 0.00722%.81E-05| 0.087321 8.732125 0.061978 6.197752
0.46511610300 0.001| 0.680.000020.002 0.025| 0.02 |3.77038E-12 8.65E-06 | 0.0004 0.002884.08E-05| 0.05735 5.735035 0.060431 6.043114
0.66666717800 0.001| 0.680.000020.002 0.025| 0.02 |1.26247E-12 8.65E-06 | 0.0004 0.001406.26E-06] 0.0425 4.25 0.060181 6.018057
0.8 22800 0.001| 0.680.000020.002 0.025| 0.02 | 7.69468E-13 8.65E-06 | 0.0004 0.000977A.89E-06| 0.037102 3.710206 0.06013bH 6.01351
1 3080Q 0.001| 0.680.000020.002 0.025| 0.02 |4.21656E-13 8.65E-06 | 0.0004 0.000623.05E-06| 0.032016 3.201562 0.06010y 6.010701
D.21.9 Uncertainty in friction factor for a helical coil of inner diameter 1000um with acetone
O | AP | d | L | +Ad |£ALI+AO (2ABP) (AAP)|? | [AL® | [ad]®| [80)° | [ARe)® |Uncertainty % Uncertainty %
(mlfs) | (Pa) | (m) |(m) (m) (M) | mlis) | (Pa) {AP} { L } {d} {O} {Re} in Urlcertainty in Un.certainty
' () Re in () Re @) f in (x) f
0.21978| 2800| 0.001|0.68/0.000020.002 0.025| 0.02 |5.10204E-11 8.65E-06| 0.0004 | 0.012939 0.000178 | 0.115495| 11.54949  0.06578  6.572954
0.25 | 3400 0.001|0.68/0.000020.002 0.025| 0.02 |3.46021E-11 8.65E-06| 0.0004 0.01 0.000108 0.10198 10.19804 3BD6 6.357115
0.322581 4600| 0.001|0.68{0.000020.002 0.025| 0.02 [1.89036E-11 8.65E-06| 0.0004 0.006006 4.1E-05 0.080039 8.003905 0.061423 6.142321
0.47619 8000| 0.001{0.68|0.000020.0021 0.025| 0.02 | 6.25E-12 | 8.65E-0§ 0.0004 0.0027p6.96E-06 0.056181 5.618051 0.06044Q3 6.04028
0.60606111300 0.001|0.68{0.000020.002 0.025| 0.02 [3.13259E-12 8.65E-06| 0.0004; 0.0017024.42E-06 0.045843 4.58428 0.060219 6.021891
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D.22 Uncertainty in Nusselt number for a helical cib

D.22.1 Uncertainty in Nusselt number for a helicatoil of inner diameter 720um with water

(@) d LM Ti | To| T T, +Ad, | tAL [ £AO {&}2 Ad )’ | (a0’ AT | (o@D’ | [aQ)) AR) 2 |Uncertainty %
(miis) | (m) 0)|C0)| o | m) [(mis)] L] | { o } {T} { T, } {} {} in | Uncertainty in
Ccy | oy | (m) {di} Q h
(x) Nu () Nu

0.1960780.0072 0.565| 30 | 77.380.5353.750.000020.002 0.025| 1.25E-05 0.00077| 0.01625®.0001108030.0003490.0002681.96E-06 0.027784 2.778412
0.2531650.0072 0.565| 30 |67.§70.14 48.9(0.000020.0020.025| 1.25E-05 0.00077| 0.00975@.00017496Y0.0005549.85E-052.06E-06 0.027786 2.778596
0.31746| 0.007p0.565| 30 | 58.560.01{44.250.000020.002 0.025|1.25E-05{ 0.00077| 0.00620.00030778y0.0010064.24E-053.35E-06 0.027809 2.780922
0.4 0.00720.565| 30 | 52.855.01 41.4|0.000020.002 0.025|1.25E-05 0.00077| 0.00390®.00048091}y 0.00135| 1.92E-0Bt.63E-0q 0.027832 2.783215

0.5 0.00720.565| 30 | 46.848.61 38.4|0.000020.002 0.025|1.25E-05 0.00077| 0.0025| 0.0008857[A.0023971.15E-051.02E-04 0.027932 2.79317
0.6896550.0077 0.565| 30 |43.545.3236.750.000020.002 0.025| 1.25E-05 0.00077| 0.00131#.0013717420.0034017.21E-061.76E-05 0.028064 2.806358
0.8695650.0072 0.565| 30 |40.342.2235.150.000020.0020.025| 1.25E-05 0.00077| 0.00082[70.00235649 0.0049971.01E-053.35E-05 0.028346 2.834638
1.0526320.0072 0.565| 30 | 38.540.1634.250.000020.002 0.025| 1.25E-05 0.00077| 0.000561.0034602080.0071491.62E-056.32E-0§ 0.028865 2.886475
1.25 | 0.00720.565| 30 | 36.137.0833.050.000020.002 0.025|1.25E-05 0.00077| 0.0004| 0.00671860153685.07E-050.000262 0.032132 3.21321
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D.22.2 Uncertainty in Nusselt number for a helicatoil of inner diameter 720um with methanol

O di L (;l'i ;l'o T, | T, +Ad | zaL | £AO {&}2 Ad, 2| [a0)* |[A@T))?]| [awT)|” AQ) 2 D) 2 Uncgrtainty % .
(mlis) | (m) | (m) |{(CC)|(C)| 0 (m) |(ml/s) L 0 AT AT, 0 = in Uncertainty
Ccy| Ccy | (m) d h :

(x) Nu in () Nu
0.185185%0.0072 0.565| 30| 44.5649.51 37.25/0.00002 0.002| 0.025|1.25E-05 0.00077{0.018225 0.001189/0.0016630.0003717.97E-06 0.027892 2.789207
0.25 |0.00720.565| 30| 42.145.55| 36.05|0.00002 0.002|0.025|1.25E-05 0.00077| 0.01 | 0.001708 0.00277{0.0001371.36E-05 0.027993 2.79931
0.3125| 0.00720.565| 30| 41.243.4| 35.6| 0.000020.002(0.025|1.25E-05 0.00077| 0.0064 | 0.0019930.0041097.04E-052.46E-05 0.028189 2.818904
0.3921570.0072 0.565| 30| 39.742.05| 34.85|0.00002 0.002|0.025|1.25E-05 0.00077|0.004064 0.0026570.0048274.52E-05 3.2E-05| 0.028319 2.831917
0.4651160.0072 0.565| 30| 38.340.12 34.15|0.00002 0.002| 0.025|1.25E-05 0.00077{0.002889 0.003629/0.0070224.25E-056.16E-03 0.028837 2.883711
0.5128210.0072 0.565| 30| 37.138.97| 33.55/0.00002 0.002| 0.025|1.25E-05 0.00077{0.0023771 0.004959| 0.00851|5.38E-058.74E-03 0.029281 2.928068
0.5714290.0072 0.565| 30| 35.837.61 32.95/0.00002 0.002| 0.025|1.25E-05 0.00077{0.001914 0.007182/0.0114968.27E-050.000153 0.030378 | 3.037763
0.6060610.0072 0.565| 30| 34.735.96| 32.35|0.00002 0.002|0.025(1.25E-0§ 0.00077|0.001702 0.011317/0.0191480.0001690.000404 0.034264 3.426384
0.7407410.0072 0.565| 30| 33.434.21] 31.7 | 0.000020.002|0.025|1.25E-05 0.00077|0.001139 0.021626/0.0396820.000518 0.00168| 0.049493 4.949323
0.9523810.0072 0.565| 30| 32.232.86 31.1 | 0.000020.002|0.025|1.25E-05 0.00077|0.000689 0.051653/0.081014 0.002740.00714¢ 0.088974 8.897418

D.22.3 Uncertainty in Nusselt number for a helicatoil of inner diameter 720um with acetone

o) d; L (;ri (-Jro -|TW T, +Ad | xaL |[£AO {&}2 ad, 2l (801" | (A1) | [aT)|’ AQ) 2 ah) 2 Uncgrtainty %. .

(ml/s) (m) | (m) [CC)Y(O)| 0 0 (m) |(ml/s) L 0 AT AT, Q = in Uncertainty in
Cc) | Cc)| (m) d h
() Nu () Nu

0.151515 0.0072|0.565 30 | 39.941.28|34.750.000020.0020.025 1.25E-050.000770.0272258 0.00277 | 0.0058%70.0009 | 5.68E-0b 0.028755 2.87548
0.208333 0.0072|0.565 30 | 37.4 38.47| 33.6|/0.000020.0020.025 1.25E-050.00077 0.0144 | 0.004823 0.010555.00037|0.000137 0.030118 3.011751
0.253165 0.0072|0.565 30 | 35| 35.81 32.5|/0.000020.0020.025 1.25E-050.000770.009754 0.01 0.0227720.00039|0.000573 0.036652 3.665197
0.416667 0.0072/0.565 30 | 33| 33.48 31.5/0.000020.0020.025 1.25E-050.00077 0.0036 | 0.02777§ 0.063760009850.00429% 0.071169 7.116865
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