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3.3 Pressure Drop

by (AKI, CHD, THN, PRM, BFI, DVZ, ICR)

Many different experiments had shown, that ice-slurry behaves as a Newtonian fluid at low ice-concentrations, and non-Newtonian fluid at higher ice-concentrations. The most widley  used rheological model is the Bingham fluid model. For such a fluid, where homogenous flow is considered, Navier Stokes equations in cylindrical coordinates may be written as:

Continuity equation


[image: image1.wmf]0

x

v

v

x

T

T

t

=

¶

¶

r

+

¶

¶

¶

r

¶

+

¶

r

¶









(3.44)






Momentum equation


[image: image2.wmf]0

r

v

r

T

r

v

dT

d

r

T

dT

d

r

1

r

v

r

x

p

x

v

v

t

v

2

2

0

0

=

¶

¶

h

-

÷

ø

ö

ç

è

æ

¶

¶

¶

¶

h

-

¶

¶

t

-

t

-

¶

¶

h

-

¶

¶

+

¶

¶

r

+

¶

¶

r



(3.45)

3.3.1
Isothermal, Stationary, Homogeneous Ice-Slurry Flow
Such a case is ideal, since energy equation is not considered and temperature is considered to be constant. Pressure drop of such a flow may be calculated using the Darcy-Weisbach equation expressed as follows:
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where   is the friction factor which may be calculated by many different semi-empirical and empirical models, see table 3.4 for details. 

Table 3.4: Friction factors of Bingham, Power law and Casson fluid in laminar flow (Darby [1])

	Bingham
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	Power law
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(3.51)

	Casson
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For the transition between laminar and turbulent flow, a known criterion for newtonian fluids is; that laminar flow is retained if Re<2100 and that transition usually occurs between 2000<Re<3000. Hanks (reported by Steffe [2]) proposed criterion for that transition for Bingham fluid:


[image: image12.wmf](

)

3

3

B

k

1

3

1

3

4

1

2100

D

v

Re

-

a

-

×

ú

û

ù

ê

ë

é

a

×

+

a

×

-

×

=

÷

÷

ø

ö

ç

ç

è

æ

h

×

×

r

=





(3.55)



where coefficient  is determined as:
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This criterion may be applied also to other Bingham – like models, such as the Casson model. 
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Figure 3.15: Critical Reynolds number as a function of Hedstrom number (Eq. 4-5)

For the friction factor determination of the Power law fluid in turbulent flow, Dodge & Metzner (reported by Steffe [2]) proposed the following empirical correlation:
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For Bingham fluid particularly, the friction factor in turbulent flow may be calculated as given by Govier and Aziz (reported by Steffe [2]):
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or given by Hanks [3] for He>1000:
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where L may be calculated using equation from Table 3.4, where the turbulent component of Eq.(3.59) may be calculated as: 
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Calculations (Kitanovski [4]) had shown, that Eq. (7) might also be a good tool for the Casson model.

3.3.2
State Of The Art Of Ice-Slurry Pressure Drops
Earlier investigations did not consider rheological models, as a basis for friction factor evaluation in laminar or turbulent ice-slurry flow. Usually, empirical correlations were determined. Snoek [5] did not notice large pressure drop differencies for ice concentrations Cr<0.1. However, higher ice concentrations resulted in higher pressure drops and also in minimum pressure drops at velocities, where transition between  heterogeneous flow and the flow with moving bed occured. Winters in Kooy (as reported by Snoek [5]) investigated the pressure drop of ice-slurry at velocities above 3 m/s and ice concentarions over 20%. They did not notice large differences between the pressure drop of ice-slurry and that of carrier fluid – water. The differences occurred at velocities lower than 1 m/s with higher pressure drops obtained with ice slurry than with pure water. Larkin and Young (as reported by Snoek [5]) as well as Sellgren [6] have noticed, that the friction factor of the ice-slurry (dp =1.2 cm) and Cr<0.15 is close to that of pure water at velocities v = 1 to 1.5 m/s. For lower velocities, Sellgren [6] noticed a separation of two phases and an increase of pressure losses. Larkin and  Young (as reported by Snoek [5]) did the experiments for ice concentrations of 0<Cr<0.25. They did not notice large changes in the results. At higher velocities the pressure drop had rapidly increased. They had also noticed the separation of two phases at lower velocities. Knodel in France (as reported by Snoek [5]) had reported on reduced pressure drop at higher ice-concentrations. Their ice-slurry contained larger ice-particles (3-6 mm), the velocities varied from v=1.5 do 3.5 m/s and the ice concentration was 0<Cr<0.15. Takahashi [7] also made experiments on pressure drops of the ice-slurry, which contained pure water and crushed ice (dp=12.5mm) at concentration of Cr=0.25. The results had shown higher pressure drop of ice slurry than for that of water at normal operation conditions. At higher velocities, the pressure drop of the ice slurry was even lower than that of water, what could be described by a drag reducing effect. Earlier investigations show large differences in experimental data. The ice-particles at those experiments were rather large, so the results cannot be widely applied nowadays, since the ice particles has size usually between dp=0.1 to 1 mm. There are also differences in additives used in ice-slurry nowadays and earlier. 

Frei & Egolf [8], observed during measurements of pressure drop of the ice-slurry, that it changes with the time. Even when the influence of supercooled or preheated carrier fluid was eliminated, the pressure drop decreased with time to some asymptotic value. This was later related to the time dependant behaviour. 

During last few years, many different researchers performed a large number of experiments on ice-slurry pressure drop. Their precious work were reported in following references (Knodel [9], Chaer [10], Frei [8], Jensen et al. [11], Tassou [12], Guilpart et al [13], Hansen [14], Doetsch [15], Dong Wong Lee et al. [16], Reghem [17], Bel [18], Christensen et al. [19], Bellas [20], Egolf et al. [21] and perhaps many others, especially those from Asia). Some of them presented empirical equations; others presented semi-empirical equations, which were based on rheological models, mostly Bingham or Casson. Even in newer experiments on pressure drops, there was a large difference in results between them or corresponding shear stresses (Frei et al. [8]). There are many reasons for the explanation. One is due to the number of data, which was available. Others could be due to the effect of time behaviour (different particle sizes), different flow patterns (homogeneous – heterogeneous flow), material properties, geometry parameters, the effect of preheated or superheated carrier fluid (due to the melting, the carrier fluid has a higher temperature than the particles), and also heat transfer.

3.3.3
Friction Factor In Laminar Flow
Usually, these friction factors are determined by equations, which are noted in Table 3.4. They depend however on rheological characteristics of particular fluid or model. Therefore, each parameter of particular model has to be determined using experimental data, what is usually obtained by use of Rabinowitch – Mooney equation (see chapter on Rheology). Several authors used such an approach. But it requires a large number of experimental data, otherwise the correlations, made for rheological parameters, e.g. viscosity and yield stress, may lead together with other correlations, made for friction factor evaluation to quite high uncertainty. In such a case empirical models may give much better results. 

3.3.4
Semi-Empirical Correlations For Turbulent Ice-Slurry Friction Factor
Such a correlation is based on rheological properties of particular fluid and experimental data as well. For the ice-slurry, Doetsch [15] introduced a new correlation, where he took a Casson model to describe rheological behaviour. His correlation based on extended Blasious equation. Similar equation was also proposed by Thomas and reported by Wasp [22] for non-Newtonian fluids.
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Eq. (3.61) valid for Recritical< ReC < 40.000  (0 < Ca < 100.000) and it corresponds to ice-slurries with any kind of additives. Rheological properties of ice-slurry as a Casson fluid for different additives are presented in a chapter of Rheology.

Using the experimental data from Hansen (the same data applied for the equation in Table 3.5), Kitanovski [4] has used two rheological models, Casson and Bingham in order to define, which method fits best to the experimental data. Yield stress parameter and viscosity parameter for both models were determined using Mooney-Rabinowitch equation. Jensen et al. [11] used the same experimental data and the Thomas’s [23] equation for determination of Bingham viscosity parameter, which differs from the one obtained by Kitanovski, who obtained both parameters for both models from experimental data. Kitanovski’s [4] procedure was inline with that of Doetsch’s [15] for Casson fluid. While Jensen´s data fitted for ±20% within 80% of all experimental data, Kitanovski has obtained fit of ±15% within 100% of all experimental data for Bingham fluid, and ±30% within 100% of all experimental data for Casson fluid. We can conclude, that it is very important to determine both parameters of Casson or Bingham fluid from experimental data and not with use of known equations for suspension viscosity of Newtonian fluid, such as Thomas [23] equation, despite it may give satisfactory results.
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Figure 3.16: Darcy´s friction factor in dependence of the Reynolds number and the Casson number and by implication the Casson number for laminar and turbulent flow, (Doetsch [15])

Since Doetsch [15] had a deviation for Ca<1000 less than 5%, for 1000<Ca<10000 less than 10% and for Ca>10000 deviation of 20%, we can conclude that his equation may give best results in semi-empirical approach and may be applied to any kind of additives for turbulent ice-slurry flow. However, it satisfies conditions, when ice-particles are rather small, with diameter varying between dp= 0.1-0.5 mm, and of course conditions, when we deal with homogeneous flow.

3.3.5
General Empirical Determination Of The Ice-Slurry Friction Factor
Such a correlations are based on non-dimensionless analysis, and bring mostly better fits to experimental data than the semi-empirical approach. However, extrapolation and interpolation using empirical correlations can lead to large deviations. In this subchapter, only correlations which satisfy both, laminar and turbulent flow are presented. 

Table 3.5: Empirical correlations for the friction factor of the ice-slurry flow

	Performed by

(year)
	Specification of experiment
	Equation
	Uncertainty
	

	Kitanovski

(Experimental data from Hansen –DTI )

[4]

based on Turian´s work
	Inner plastic ABS pipe diameters

12.8, 21, 27.7 mm

v=0.5 – 2 m/s

Cr=0-30%

initial ethanol concentration:

5, 10, 20%

dp~300 μm

gen.: scraper
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Coefficients presented in Table 3.6


	±15% within 100% of all experimental data
	(3.62)

(3.63)

(3.64)

	Reghem

[17]

based on Turian´s work
	Inner plastic pipe diameters

21.5, 44.6 mm

v=0.1 to 3 m/s

Cr=0-30%

initial ethanol concentration:

10%

dp=100-300 m

gen.: scraper
	
[image: image26.wmf]d

2

c

f

b

r

r

f

f

is

1

s

g

D

v

C

a

C

÷

÷

ø

ö

ç

ç

è

æ

-

×

×

×

×

l

×

×

=

×

l

l

-

l

=

e



[image: image27.wmf]25

.

0

f

f

Re

316

.

0

=

l



[image: image28.wmf]2

v

D

L

p

2

is

r

×

l

=

D


Coefficients presented in Table 4
	±14% within 100% of all experimental data 
	(3.65)

(3.66)

(3.67)

	Reghem

[17]

based on Ogihara´s work
	Inner plastic pipe diameters

21.5 mm

other experimental data as above


	
[image: image29.wmf]v

C

K

1

1

Re

Re

r

1

×

+

×

=



[image: image30.wmf]25

.

0

1

is

Re

316

.

0

=

l

 homogeneous flow for Re1>2100


[image: image31.wmf]1

is

Re

64

=

l

 heterogeneous flow for Re1<2100

K=9.75


[image: image32.wmf]2

v

D

L

p

2

is

r

×

l

=

D



	±6% within 100% of all experimental data for homogeneous flow regime

±25% within 100% of all experimental data for heterogeneous flow regime
	(3.68)

(3.69)

(3.70)

(3.71)

	Snoek & Gupta

[5]
	Pipe diameters

38-100 mm

v= 0.96-3.53 m/s

Cr=0-31%

initial glycol concentration

9.6-12.9 %
dp  - not known

gen.: scraper
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Coefficients presented in Table 3.7
	±10% within 100% of experimental data
	(3.72)

(3.73)

(3.74)

(3.75)


Table 3.6: Coefficients for empirical correlation for initial concentrations of additive ethanol, (Kitanovski [4])

	
	5% ethanol
	10% ethanol
	20% ethanol

	b1
	0.00000039332
	650.1835
	912649.1

	b2
	0.45034198847
	1.147015
	0.621567

	b3
	4.02136479789
	3.807498
	3.722244

	b4
	3.84746019112
	1.089962
	0.092936

	b5
	-0.67864294281
	-0.649095
	-0.403264


Table 3.7: Coefficients for empirical coefficient for two different correlations from the Table 3.5 

	
	10% ethanol  - water (Reghem [17])
	9.6 - 12.9 % glycol - water

(Snoek [5]) 

	a
	1640
	0.1119

	b
	1.109
	2.151

	c
	0.376
	0.2422

	d
	-0.642
	0.02415

	e
	/
	0.3996

	f
	/
	-0.2845


3.3.6
Pressure Drop Of Ice-Slurry Flow In Heat Exchangers
In contrast to isothermal flow, the pressure drop of ice-slurry in heat exchangers must be determined considering also heat transfer, since the ice-slurry in heat exchanger is melting, and the physical properties are changing. According this, a valuable theoretical work was done by Egolf et al.[21] who proposed the equation for average value of pressure drop due to transport of ice-slurry through cylindrical heat-exchanger, where small heat fluxes are supplied to it.
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(3.76)

where R denotes specific pressure drop according entering (Rin) and leaving (Rout) properties of the ice, slurry:
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Such an approach is based on exponential fall of pressure drop due to the transport and melting through cylindrical heat exchanger.
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If one therefore applies only the arithmetic mean between inlet and outlet pressure for the calculation of average pressure drop, the error could be quite high. In slow flow through heat exchanger, even stratification or heterogeneous flow (or flow with a moving bed) may occur, but this will not be the subject of this subchapter.
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Figure 3.17: The specific pressure drop R in a heat exchanger is approximately exponentially decreasing. In this example R alters from the inlet to the outlet by more than a factor ten! “Example” denotes a step-by-step calculation downstream in the heat. “Model” denotes results obtained by applying Eq. (3.76) [21]

There were several experiments done on the pressure drop of ice slurry in heat exchangers. We are reffering their precious work with following references (Bellas et al.[20], Tassou et al.[12], Knodel et al.[9], Jensen et al [11], Jensen et al [24]).
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