International Journal of Thermodynamics (1JoT)
ISSN 1301-9724 / e-ISSN 2146-1511
www.ijoticat.com

Vol. 23 (No. 1), pp. 25-32, 2020
doi: 10.5541/ijot.675574
Published online: Mar 01, 2020

Analysis of Entropy Generation Rate During Non-Adiabatic
Ice Slurry Flow in Pipes

Niezgoda-Zelasko Beata *

Institute of Thermal and Process Engineering, Cracow University of Technology
al. Jana Pawla Il 37, 31-864 Krakéw, Poland
E-mail: bniezgo@mech.pk.edu.pl

Received 15 January 2020, Revised 14 February 2020, Accepted 14 February 2020
Abstract

The paper focuses on the entropy generation rate minimization during the flow of ethanol-based ice slurry through straight
pipes with a circular and rectangular cross-section. The authors’ original equations for calculating ice slurry flow resistances
and heat transfer coefficients were used to determine the impact of the mass fraction of ice, ice slurry flow velocity and heat
flux density on the entropy generation rate values observed during flow through pipes. A dimensionless relationship was
proposed to determine the interdependency between flow velocity and mass share of ice for which the entropy values were
at the minimum level. The parameter areas in which the entropy flux was minimal were related for different cross-sections
of the transverse flow to the areas of parameters xs and w in which the values of overall enhancement efficiency were higher
than one. Thus, a method for verifying the parameters of slurry velocity and mass fraction selected in the design process

according to two different criteria was proposed.
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1. Introduction

The regulation of the European Parliament and the
Council of Europe from 2014 and executive decisions of the
EU Commission regarding fluorinated greenhouse gases
significantly reduce the use of HFC and FC coolants even in
the next two years. These limitations present new challenges
for the design of large refrigeration and air conditioning
systems. In addition, striving to reduce the greenhouse effect
is related to the need to improve the energy efficiency of
refrigeration and air-conditioning systems, which, even in
moderate climate conditions, constitute a high power load for
the operated industrial or construction facilities. One
solution to minimise the amount of coolant in the installation
and reduce energy consumption is to use indirect cooling
systems with cold storage systems. Due to its properties, ice
slurry meets the expectations of modern heat carriers in this
respect. The ice slurry is a mixture of water ice crystals
(ds=104-0.5 mm) and water with the addition of a freezing
point lowering agent. The mass fraction of ice in the
dispersion that can be pumped does not exceed Xs<30%. The
presence of particulate matter in the mixture determines a
number of properties which are unusual for coolants. The
possibility of using latent ice melting heat significantly
reduces the coolant mass flux and storage tank capacity, as
well as the required maximum efficiency of chillers — ice
slurry generators [1]. The phenomena accompanying the
flow and exchange of heat with the application of ice slurry
were the subject of detailed research presented in studies by
Doetsch [2] Egolf at al. [3], Niezgoda-Zelasko and Zelasko
[4], lan and Viedma [5], Mellari [6]. Ice slurries belong to
the group of non-Newtonian fluids, which generally have
higher flow resistance than single-phase coolants [7].
However, in terms of homogeneous flow, the presence of ice
crystals taking over part of the kinetic energy of turbulence
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from the carrier fluid results in creating velocity ranges for
which the slurry flow resistance may be lower than the flow
resistance for the carrier fluid [8]. The micro convection
effect caused by the presence of solid particles [9], [10] and
the high thermal capacity of the slurry, improve the heat
transfer coefficients in the laminar flow range in comparison
to single-phase coolants as 2...5.7 times [11]. However, in
the turbulent flow range, an increase of 20-30% in heat
transfer coefficients in relation to the carrier fluid is observed
[11]. Therefore, in the process of designing systems powered
by ice slurry, the values of heat transfer coefficients should
be maximised, while maintaining the lowest possible values
of flow resistance. An important design issue in the case of
slurries is providing for a homogeneous flow of the mixture.
Figure 1 shows the boundary curves w(Xvm) for the different
flow structures formed by the ethanol ice slurry during flow
in pipes (di=0.01, 0.02m) [12].
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0.6 S heterogeneous flow dj =0.01 m
Bmoving bed d; =0.02 m
% moving bed dj=0.01 m

5 10 15 20

Xom () 2
Figure 1. Flow structures of ethanol ice slurry, flow in tube
di=0.01 m and d;i=0.02 m

Without a doubt, ice particles intensify the heat exchange
process, allowing to reduce the surface area of heat
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exchangers supplied with ice slurry, while the latent heat of
ice melting and large ice mass fractions allowing to reduce
the mass flux of the coolant. The efficiency of using ice
slurry as a coolant can be determined on the basis of criteria
commonly used in heat exchange. An obvious assessment
indicator for the effectiveness of various methods of
improving heat exchange conditions is the so-called overall
enhancement efficiency defined as enu-t= (NU/Nurer)/(f/frer) 3
[13].

The second principle of thermodynamics and the concept
of entropy flux are also used for thermodynamic evaluation
of processes involving ice slurry [14]. In works [15] and [16],
Bejan number and irreversibility distribution ratio was used
to assess the intensification of the heat exchange process in
rectangular duct with packed spherical particles [15] and in
annular packed bed [16]. The values of these numbers allow
to determine thermodynamically optimal flow parameters
and construction parameters of devices with minimum lost
of available energy.

There is little literature available regarding the
application of the second principle of thermodynamics to the
design of ice slurry systems. Paper [17] compared water-
based slurries with PCM and MCNT (multi-walled carbon
nanotubes) elements. The results presented by them prefer
the use of PCM elements in cases of small pipe diameters
and low density of heat fluxes. Thermal processes taking
place in the laminar flow range as well as at larger pipe
diameters and heat flux densities display preference to the
use of MCNT elements. In the turbulent flow range, the
lowest entropy flux values were generated for water as a heat
carrier. Bouzid at al. [18] presented an analysis of the entropy
flux during isothermal, laminar flow of ice slurry being an
Ostwald-de Waele fluid. In addition to the thermal and flow
phenomena on the coolant and cooling medium side, Strub
at al. [19] analysed the balance of the entropy flux in a heat
exchanger supplied with ethanol ice slurry, indicating the
advisability of using ice slurries with low mass fraction of
ice. A more comprehensive approach to the application of
the second principle of thermodynamics in the design of heat
exchangers with ice slurry was presented by Kaymar at al.
[20]. The study by Kaymar at al. [20] refers to the generation
of an entropy flux during the non-adiabatic flow of ice slurry
in a spiral heat exchanger. The authors showed the possibility
of determining the value of Dean numbers for which the
entropy flux was minimal.

The parameters describing the ice slurry used in the heat
exchanger are the mass fraction of ice and mass flux, which
determine the momentum and heat exchange and generate
different values of the entropy flux. The paper presents and
compares the ranges of the mass fractions of ice and flow
velocities for which the entropy fluxes reached minimum
values in case of the ethanol ice slurry, as a Bingham fluid,
during non-adiabatic flow through the slit channel
(0.003x0.0358m) and straight pipes (di=0.01-0.02m). For
this purpose, custom criterion relationships were used to
calculate the pressure drops and heat transfer coefficients for
the ice slurry. The paper proposes a criterion relationship
determining the relation between the mass fraction of ice and
the velocity and density of the heat flux, for which the
entropy flux was minimal. The parameter areas in which the
entropy flux was minimal were related for different cross-
sections of the transverse flow to the areas of parameters Xs
and w in which the values of overall enhancement efficiency
were higher than one. Thus, a method for verifying the
parameters of slurry velocity and mass fraction selected in
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the design process according to two different criteria was
proposed.

2. Determination of the Entropy Flux during Flow in
Straight, Prismatic Channels

2.1 Flow with Phase Separation, Generation of Entropy
in the Process of Ice Slurry Melting

The first and second principles of thermodynamics
expressed for the dl ice slurry control section (Fig. 2) are
described by Eqgs. (2.1) and (2.2), respectively.

dijg =Tsdsis + visdp;s (2.1)
ds, dl = d(mg s, + Mg sF)—d—Q (2.2)
TW
dl
b4y

s 5Cood
|mf>’ Zs 4 35
} 3

ice particle

carrier fluid

Figure 2. Heat exchange process in ice slurry during flow in
a straight channel — schematic representation

The change in the entropy of ice slurry in the control
section is described by Eq. (2.3):

Mysdsys = d(msSs + Mese (2.3)

Equation (2.2) can be converted to the form of (2.4):

dg,=9Q[ L_ 1| Ms  (_dPis 2.4)
dil (T, T Tis dl

The definition of heat flux density dQ=¢qdA=qPdl
and Fourier Eg. (2.5) enable the conversion of Egs. (2.4) to
the form of (2.6):

AT =T, -Ts =ai
IS

.2 .

(2.5)

d$| =

(2.6)
Equation (2.6) defines the entropy flux related to the unit
length of the channel. The validity of the Eq. (2.6) depends
on the assumption of a constant value of melting point for
the ice slurry. It should be noted that the complete melting of
a 30% ice slurry of a 10.6% ethanol solution in water is
accompanied by a temperature glide of 2.2K. Therefore, in
Eqg. (2.6), temperature Ts is the mean temperature of the

slurry Ty =Ty .

2.2 Ice Slurry Flow and Heat Exchange in Straight
Channels

The determination of the entropy generation rate from
Eg. (2.6) for non-adiabatic flow of ethanol-based ice slurry
requires the identification of both the pressure drop and the
heat transfer coefficients for specific heat transfer
conditions. The ice slurry under consideration is a Bingham
fluid [8] and its flow can be treated as a generalized flow of
a non-Newtonian fluid. By introducing the generalized form
of the Reynolds number:

2—n* yn*
pisW T dp

Rek = —gmi ™ ~

: (2.7)
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Table 1. Equations used to calculate the values of physical properties of the ice slurry

Properties Formula Comments
Enthalpy of ice slurry i = (%m) i, + (1_ %)O) i
Enthalpy of carrier liquid [21], [22] i, =Ai, +Cp (T _ 273_15) ;'ref:hZZS.}r?K,
a—Na(Xa,
Enthalpy of ice i, =—r+ Cs (T _ 273_15) [2223]32.4 kJ kg1[21],
Mean specific heat of ice slurry Cps = (%Jo)cps " (1_ X%O)Cpa
;lsat :([)g]ductivity of ice slurry N 20, +h, —2- (leoo) (7\‘a _ 7\5)
\ Isw=0 — “Va 2'7\a+7¥s+(ﬁ%o)(7‘a_ks)
Ice slurry density Pis =(X%O)ps +(1_X%0)F>a
Yield shear stress of ice slurry for _ % %/ )2
Xai=10.6%; ds=0.1-0.15mm [12] 7, =0.013-1.4284(*%co) + 73.453("%4co)
~394.64 (400 +835.82("4oo)’
Plastic viscosity of ice slurry for —0.0035+0 0644(X% )_ 0 7394(X% )2
Xai=10.6%; ds=0.1-0.15mm [12] Hp =1 : loo) =Y 100
3 4 5
+5.6963("400) —19.759(400) +26.732("%50)
K* _ (C“p )"* I_wdn*/c
Parameter K" [9] C  1vdre  C _arc 1ed/c N
— -— +
crd T d ™ d(crd)
&= Tpltw
+d/c d/c
Ji-ae e (1-€5°) cd [24]
Parameter n* [9] v c+d d
_ ol+d/c e 1_8d/C
l—SB—dl € _B( B)
c+d d
-1
Xv XV = 1+1__Xs&
X5 Pa

Fanning’s factors for technically plain pipes can be found for
the laminar and turbulent flow area on the basis of Egs. (2.8-
2.9)

Reg
0.079
o =W . (29)
21ps W2
Ap=c, P (2.10)

dy

Equation (2.7) makes it necessary to determine a
characteristic flow-behaviour index n* and consistency index
K*. For Bingham fluid and an arbitrary geometry of cross-
section, these parameters are found from equations included
in table 1 [8], [12].

For the generalized non-adiabatic flow of ice slurry, the
heat transfer coefficient may be calculated for laminar and
flow areas from Eqs. (2.11) and (2.12) [11], respectively:

Int. J. of Thermodynamics (1JoT)

ax K YRS (KT N
Nug =G (Gz ) (—Xioo FJ [ﬁ] [K*((T'S))] ,
w

(2.11)
d, )™
Nu; = C; (Pey )% [d—SJ . (2.12)
h
The constants B; in Egs. (2.11-2.12) are shown in Table 2

[11].
Hanks's criterion [9], was applied for changing the nature
of motion, (Egs. 2.13-2.15) true for Bingham fluid.

21001_%580 + %‘gsc4

A for tube
~ (1—556)
oo V) (18126, +1/2.57
_\/: - “Epc T "“sc | He"  for slit channel
8\3 Epc
| (2.13)
where
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Eqc He

3

(1-&ac)  Ae (2.14)
The constant in Eg. (2.14) is Ane=15000 or An.=22400
respectively for flow through tubes or flow through a slit
channel. In the case of flow through a tube, the constant in
Eqg. (2.14) was modified from the original Hanks relationship
on the basis of own experimental studies from 16800 to
15000 [12]. The Hedstrom number He* is defined for the
characteristic dimension d* as defined by Eq. (2.15):

d. for tube

d" = 2 .
2a § for slit channel

. (2.15)
Table 2. Equations Values of coefficients in Egs. (2.11) and
(2.12).
erss Flow C Value Applicability
section type range
C1 3.66
C2 0.16 5.6%<xs<30%
Slit L Cs -0.28 wm>0.5 ms?
Ca -0,12 30<Rek<2300
Cross-
section Cs 016
C:  0.0032 3%<xs<30%
T C2 0.86 wmn<3.1 ms?
Cq - 1900<Rex<6000
C1 2.52
Cz 0.11 3%<xs<30%
L Cs -0.10 wmn>0.1 ms?
Pipe Ca -0.35 200<Rek<2100
Cs  0.052
Ci1  0.0096 3%<xs<30%
T (o 0.70 wm<4.5 ms?
Cs -0.10 2100<Rek<1100

3 Analysis of the Entropy Flux for Ice Slurry in Straight
Channels

The entropy generation rate was studied for a 10.6%
ethanol solution-based ice slurry with a mass share of ice of
0<xs<30%. Calculations were made for ice slurry flow
through straight tubes with diameters d;=0.01,0.016,0.02 m
and slit channel axb = 0.003x0.0358 m for heat flux density
2<q<10kwm. Figure 3 presents the change in the total
entropy generation rate as a function of the flow velocity and
the mass fraction of ice during ice slurry flow through a
di=0.01m pipe and for the flow through the slit channel under
constant density conditions of the heat flux.

Figure 3 shows that regardless of the cross section of the
channel, the lowest values of the entropy flux correspond to
the low ice mass fractions xs<10%. In the case of flow
through tubes in the laminar flow area, the lowest generated
entropy fluxes correspond to the maximum ice content in the
slurry. In the entire flow range, the minimum value of the
entropy flux is achieved in the turbulent flow range. These
effects are related to the mutual relationship between the
entropy fluxes generated by thermal and flow processes
(Figure 4). In the case of a slit channel, high flow resistances
determine the value of entropy flux already in the laminar
flow area (Figure 5).

It should be noted, however, that in practical
applications, e.g. in shell and tube heat exchangers, flow
velocities of w<ims?® are used, whereas in plate heat
exchangers w<0.5 ms™. In these velocity ranges however,
the minimum entropy fluxes are obtained for the highest
applied mass fractions of ice x;=30%.
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Figure 3. Total entropy generation rate as a function of the
mass fraction of ice and ice slurry flow velocity:
a) di=0.01m, g=5kWm?2 b) slit channel axb=

0.003x0.0358 m, ¢ =5 kWm®
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Figure 4. Relationship between entropy fluxes Sy;,S,,,S ,
and Bejan number for di=0.01m, ¢ =5kWm=2:
a) xs=11.7%; b) x;=29.5%.
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Table 3. Values of coefficients in Egs. (3.2) and (3.3)

Parameter Value
Tube Slit channel
d/Y d,
D1 D, = Dﬂ( Aj * Dl?(%o}’ D -1167.7404
Du1= -2292.0231, D1o= 10483.068, D13= -4879.7335
o (d4/Y d, .
D2 D, = Dﬂ( A,) * DZ?( AJ" Das ; 1.0498127
D21=-0.0708, D2,=0.2925, D23=0.6583
Ds 11.3766 7.27606
D4 1.15317 0
Ds 52.0511 -1167.7404
do 10000
G, 380
dio 0.01

Figures 4 and 5 also show the entropy fluxes (Sexp)
determined from Eq. (2.6) and the values of heat transfer
coefficients and flow resistances determined experimentally
[11]. Figures 4 and 5 also show the changes in Bejan
numbers along with the change in ice slurry flow speed.
Regardless of the cross-section of the flow, Bejan numbers
corresponding to the minimum entropy flux values belonged
to the range 0.14-0.36.

Calculations made for different heat flux densities and
tube diameters enabled the determination of mass flow
velocities for which the total entropy flux reached a
minimum value. Figure 6a shows the relationship W(Xs)smin
for the flow of ice slurry through a tube with a diameter of

Int. J. of Thermodynamics (1JoT)

di=0016 m and different densities of heat fluxes. The
analytically determined values of w, xs were verified
experimentally.

The experimental values of w, xs were determined by
calculating the value of entropy flux in each measurement
point (Eg. 2.6) using the measured values of heat transfer
coefficients and flow resistance [11]. Then, for the given
values of Xxs, measurement points were selected at which

S=S,,. Non-monotonic course of the relationship

w(xs)smin for flow through tubes, is related to the transition
area between the laminar and turbulent flows. This is
illustrated in Figure 6a by marking the critical values of xsc
and wc determined from the Hanks criterion (formulas 2.13-
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2.15). A similar calculation was made for the flow through a
slit channel. The results of calculations presented in Figure
6b are limited to the density of the heat flux for which
experimental studies have been carried out (¢ =5kwm?).
Good qualitative and quantitative consistency in the
analytical and experimental determination of the entropy
flux should be noted. The determined set of parameters
{wxs} for which S=S_ allowed to determine the

correlation of the form Eq. (3.1) to determine the optimal
parameters w, Xs in different conditions of heat exchange
with ice slurry.

RelS_Smin = Kq + qu y (3.1)
where

6o-4)"
Ko = D[q—} , (3.2)

d. g (X

Reynolds number Res-smin refers to the hydraulic diameter.
The parameters Dj, dio, d,, G, are listed in Table 3. Equation
(3.1) enables the determination of the optimal velocity values
for the condition S =S, , for the assumed mass fractions,

density of heat fluxes and cross sections of the flow with the
maximum relative error of 15% (mean error 1.2%) (Figure
7).

¢ 12000 -
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Figure 7. Comparison of the values calculated from Eq. (3.1)

with the determined parameters of Reis and ¢X,, /r for

which S =S, : a) flow through tubes b) flow through a slit
channel.
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The minimum entropy flux criterion is not the only
criterion for the evaluation of thermal and flow processes. As
already mentioned, the evaluation of the thermal process
intensification methods also wuses e.g. the overall
enhancement efficiency enu-=(NU/NUres)/(f/frer)®. In the
context of ice slurry application, it is interesting to compare
the areas {w, xs} for which S= S'm-n or enu-+>1. In Figure 8,
a comparison of the limit values of xs, w is presented both for
the condition S =S,;, and the condition enu.=1, for the heat
exchange of ice slurry during the flow through a tube (Figure
8a) and a slit channel (Figure 8b). The reference values refer
to the flow of 10.6% ethanol and the values of Nusselt
numbers and resistance coefficients determined in the same
experimental studies as those of ice slurry [12].

The area of values {xs, w} for which enu.f>1 means that
while maintaining the same power associated with the
transport of the coolant, the use of ice slurry, compared to
using the carrier fluid as the coolant, provides better thermal
efficiency

The results presented in Figure 8a show that for the flow
through tubes in comparison with the condition eny-£>1,
condition S = Smh generally shifts the scope of application
of ice slurry towards higher flow velocities. The exceptions
are low heat flux densities and low tube diameters. For the
minimum considered heat flux density of =2 kWm?2 or a
small tube diameter of di=0.01 m, the minimisation of the

entropy flux implies the fulfilment of the condition enu.+>1.
a)

40 - . . . , §
A Srin-caler §=2kWm2 ® Spincaicr 4=10kwm?
35 + _ -w - - €nusl
crit
3.0 -
o
w25 s
g %%
2 20 o o . ¢ N A
N A
° e o oo . /,k_/. i &y <1
15 | -7 8
= 2%, i
—— %
10 © Te-o_ - N
===~ 1
T {
05 =~ AR A !
A v g
0.0 : : : : : . i
0 5 10 15 20 25 30 35
X; (%)
b P + Smincal §= 5 kWm?2
40 - 7 8y, * 5 =10 kwm'
o1, 5,/7[ 3 " 'min-calc, 4= m
35 - \._\ /;’_ - Toy, or == Wit
N AT — el
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3.0 4 : 4 e
N _7/.-‘4 N
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g \
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Xs (%)
Figure 8. Curves wW(x, )s .. , W(XS)SNU_f=1: a) di=0.016 m,

b) slit channel axb=0.003x0.0358 m.

In the case of a slit channel, fulfilment of the criterion
S= Smﬂ ensures that the condition eny+>1 is true (Figure

8b). Figure 8 shows that regardless of the criterion adopted
for evaluation of the heat exchange process involving ice
slurry, the selection of xs and w parameters, the laminar flow
area is preferred. In engineering design practice, the
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recommended flow velocities in tubes are w<1 ms™. This
velocity range for the flow of ice slurry in tubes with a
diameter of d;<0.02 m enables effective improvement of the
heat exchange process with minimal entropy flux values.
However, in the laminar flow area, it is advisable to use the
maximum possible mass fractions of ice. It should be noted
that when designing heat exchangers, in addition to the
selection criteria described above for flow velocity and mass
fraction of ice, the primary aspect is to ensure the required
thermal efficiency. The use of ice slurry melting heat in the
heat exchange process minimises the amount of this coolant.
In the case of single-phase coolants, higher mass flows are
required for receiving identical heat fluxes. Therefore, in the
case of high heat flux densities, only the use of a high specific
enthalpy agent, i.e. ice slurry, will be preferred.

4. Conclusions

The recommended area of flow velocity variability and
mass fractions of ice during non-adiabatic flow through tubes
and slit channels was presented following entropy flux
analysis.

During the flow through tubes, the entropy flux is
generally determined by the heat exchange process. This is
particularly true for the laminar flow range. In the turbulent
flow area and for the flow through a slit channel with entropy
flux, flow processes are decisive for the entire flow range.

For the flow through tubes, depending on the mass
fraction of ice, optimum slurry velocities can occur in both
the laminar and turbulent flow areas. For the flow through
the slit channel, optimum flow rates are only found in the
laminar flow area.

Optimal flow rates are proportional to the density of the
heat fluxes and inversely proportional to the mass fraction of
ice. The larger hydraulic diameters of the channel correspond
to the higher optimum flow velocities of the ice slurry.

The minimum entropy flux criterion provides an overall
enhancement efficiency higher than 1 only in the laminar
flow range. The paper proposes a criterion relationship for
the flow through tubes and slit channels which allows to
determine the flow velocities of ice slurry for which the
entropy flux reaches a minimum value for the assumed ice
content. The maximum relative error for determining the
optimum speed value does not exceed 15%.

5. Nomenclature

A - heat transfer surface, m?
Be - Bejan number, -
Ct - Fanning friction factor, -
Ci - coefficientsin Egs. 2.11, 2.12 (Table 2)
¢, - specific heat, JkgtK?!
d - diameter, m
Di, Dj- coefficients in Egs. 3.2, 3.3 (Table 3)
G - mass flux density, kgm2s?
Gz - Graetz number, Gz =Rey Pry dl—h

2
He - Hedstrom number, He = w

Hp
i - specific enthalpy, Jkg*
K* - consistency index
Kr - phase change number, Kp = r
Cp-1s (Tw =Ty j

I - length,m
M - mass flux, kgs*
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n~ - flow behavior index

d
Nu -  Nusselt number, Nu =%
p - pressure, Pa
P - circumference, m
aqa .

heat flux density, Wm
Q. heat flux, W

Res -  Reynolds number for Bingham fluid,
pisw d
Re, = 1sW dy
Hp
Rek - generalized Reynolds number according to
2—n* yn*

. pisW T dp
Kozicki, Rey = ST
s - specific entropy, Jkg'K™*
S, - entropy generation rate referred to a unit of length,
WKm?
T - temperature, K
T - mean temperature, K
V- volumetric flow rate, m3s
w - mean velocity, ms?
Xs -  mass fraction of ice, %
Xv - volume fraction of ice, %

Greek symbols

v - specific volume, m®kg*

o - heat transfer coefficient, Wm2K!

¢ - enhancement efficiency

& - esratio = tp/tw

A - thermal conduction coefficient, WmK-!

e - dynamic plastic viscosity, Pa s

p - density, kgm

tp - limit (plastic) shear stress, Pa

tw - shear stress at pipe wall, Pa

Subscripts

ai - carrier fluid

calc-  calculated value

crit, C  critical value

F - fluid

h - hydraulic

H - heat transfer

i - internal, ordinal number

IS - iceslurry

I - length

L - laminar

ref -  reference value

S - ice,ice crystal

T - turbulent

w - wall

Ap -  flow resistance
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