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Abstract

The convective heat transfer characteristics of ice slurries flowing vertically upward in a rectangular channel have

been experimentally investigated. At steady state, the local heat transfer coefficients were obtained during convective

melting, and the effects of ice fraction, Reynolds number and wall heat flux were determined. To gain more insights

into the flow properties, local measurements of the axial mixture velocity, temperature and ice fraction distributions

were also made near a heated wall. Four main factors were shown to enhance the convective heat transfer coefficient

of ice slurries relative to single-phase flow: (1) the ice fraction, (2) thermally and/or hydrodynamically developing flow

conditions, (3) mixed-convection and (4) non-Newtonian effects experienced at Re < 4000. Two new and simple heat

transfer correlations are also proposed for the practical design of compact heat exchangers involving phase change

ice slurries.
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1. Introduction

Forced convective melting of ice slurries in heat

exchanger systems has recently been the subject of in-

tense research as ice slurries are environmentally friendly

and can be regarded as natural secondary refrigerants

for use in refrigeration and air-conditioning applications

[1]. The use of ice slurries in heat exchanger systems may
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also improve the heat transfer performance compared to

chilled water, and allow smaller and more compact heat

exchangers to be used.

The optimum design of compact heat exchangers for

ice slurry use with a large heat transfer area to volume

ratio, reduced weight and capital cost, requires good

knowledge of the convective heat transfer characteristics

accompanied by phase change, which cannot be readily

deduced from chilled water data.

Previous investigations dealing with the melting

flow and heat transfer properties of ice slurries in tubular

and plate heat exchangers have been recently reviewed

and discussed by Ayel et al. [2] and Bellas et al. [3]. Other
ed.
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Nomenclature

A area, m2

C concentration, %

Cp heat capacity, J kg�1 K�1

Dh hydraulic diameter, m

g gravitational constant (=9.81 m/s2)

Gr Grashof number ð¼ gbq00wH
4=m2kÞ

Gz Graetz number (=RePrDh/x)

H channel gap, m

h heat transfer coefficient, W m�2 K�1

k thermal conductivity, W m�1 K�1

L length, m

n power law index

Nu Nusselt number

Pr Prandtl number

Q volumetric flow rate, m3 s�1

q00 heat flux, W/m2

Re Reynolds number

T temperature, K

u axial velocity, m/s

hui volumetric average axial velocity, m/s

V integrated average axial velocity, m/s

W channel width, m

x axial distance from the inlet of heated sec-

tion, m

x+ dimensionless distance (=x/Dh)

Xs mass ice fraction, %

y transverse distance from a heated surface, m

y0 transverse distance from channel axis, m

z lateral distance, m

Greek symbols

a* channel aspect ratio (=H/W)

b volumetric thermal expansion coefficient,

K�1

dt ‘‘ice free’’ boundary layer thickness, mm

l kinematic viscosity, Pa s

q density, kg m�3

U volumetric ice or solid fraction, %

Subscripts

a additive

b brine

c cross sectional

cf carrier fluid or liquid only

gn Gnielinski�s correlation
h hydraulic

HT heat transfer

hw hot water side

hy hydrodynamic

in inlet

L local

m mean or average

s solid

sl solid–liquid or ice slurry

t thickness

v volume fraction

w wall

x axial position
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melting heat transfer investigations include the works

of Horibe et al. [4], Ben-Lakhdar et al. [5] and Norgard

et al. [6]. As also discussed in [3,7], the previously

obtained heat transfer results have not always been con-

sistent, due to possible differences in the experimental

conditions such as the type of additives used, ice crystal

size, ice fraction, Reynolds number range, channel shape,

size and orientation, and wall heat flux conditions.

A number of past studies have attempted to correlate

the convective heat transfer data in terms of appropriate

non-dimensional variables. Although some of the corre-

lations proposed were preliminary in nature, most of

them showed a Nu = f(Re, Pr, Xs) type dependence;

however, this functional form was not consistent among

all the studies. Also, some of these correlations are

highly complicated and not easy to apply, which makes

them impractical.

Although several heat transfer models have been pro-

posed, there is still no widely accepted correlation that

can satisfactorily describe the melting heat transfer char-

acteristics of ice slurries in circular or non-circular chan-

nels. This is perhaps due to the particular experimental
systems used and narrow ranges of experimental condi-

tions covered in each investigation. Many of the previ-

ous studies did not describe the experimental

procedures and findings in sufficient detail, so the

observed trends in the heat transfer results could not

be clearly explained.

An important aspect of ice slurry flow and heat trans-

fer is the question of non-Newtonian behavior due to

the ice crystal agglomeration and possible formation of

structures [8–10]. Although some researchers have

attempted to correlate the non-Newtonian effects

[5,11], their models are either expressed in a non-conven-

tional form, cover a limited range of experimental

conditions or predict a zero single-phase heat transfer

coefficient when the ice fraction approaches zero.

Furthermore, some of the previous melting ice slurry

heat transfer investigations have also employed the

Log-Mean-Temperature Difference (LMTD) method to

determine the ice slurry heat transfer coefficient

[4,6,11]. Nonetheless, as Choi et al. [12] have pointed

out, it may be difficult to apply the LMTD method to

phase change slurries as the ice fraction and local heat
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transfer coefficient may change significantly along the

flow direction in the heat exchanger. The second assump-

tion can be quite serious in compact heat exchangers be-

cause of the strong entrance effects. Thus, to correctly

evaluate the convective heat transfer characteristics of

ice slurries in compact heat exchangers, the local heat

transfer coefficients should be determined. To this end,

the present work attempts to obtain local heat trans-

fer coefficients in the thermally and hydrodynamically

developing flow region of a rectangular flow channel

during forced convective melting of ice slurries.

For a constant wall heat flux, q00w, the ice slurry heat

transfer coefficient, hsl,x, is defined as,

q00w ¼ hsl;xðT w � T slÞx;m ð1Þ

where Tw is the local wall temperature and Tsl is the

local ice slurry bulk temperature, defined as [13],

T sl;x ¼
R
Ac
q � Cp � u � T � dAcR
Ac
q � u � Cp � dAc

ð2Þ

where u, Cp, q and T are the velocity, heat capacity, den-

sity and temperature profiles, respectively, of the ice

slurry at a given axial position in the channel. It is evi-

dent that the accurate evaluation of the local heat trans-

fer coefficient and ice slurry bulk temperature require

knowledge of the ice slurry density (ice fraction), mix-

ture velocity and temperature distributions across the

flow channel. Since little information is yet available in

the literature regarding ice fraction, velocity and temper-

ature profiles for convective melting of ice slurries, it is

thus necessary to conduct these measurements under

convective melting conditions.

The main objectives of this study were to obtain reli-

able heat transfer data and propose heat transfer corre-

lations for vertical upward ice slurry flow in a heated

rectangular channel. Ice slurry velocity, ice fraction and

temperature profiles were also measured to gain further

insights into the ice slurry flow and heat transfer charac-

teristics. The experiments covered laminar (Recf < 2100)

and slightly turbulent flow velocities that are typically

encountered in each flow channel of compact heat

exchangers, unlike some of the previous studies which

covered extremely high Reynolds numbers [14,15].
Table 1

Plate heat exchanger�s geometric configurations

Parameter Narrow

channel

Wide

channel

Hydraulic diameter, Dh 0.023 m 0.047 m

Flow area, Ac 0.0013 m2 0.008 m2

Heat transfer area, AHT 0.053 m2 0.163 m2

Heated length, L 0.533 m 0.533 m

Heated width, W 0.100 m 0.305 m

Channel height (gap), H 0.013 m 0.025 m

Channel aspect ratio, a* = H/W 1:8 1:12
2. Experimental apparatus and procedure

2.1. Experimental facility and test section

The experimental facility consisted of an ice slurry

generator (Sunwell, Model: DeepchillTM IG-6VM), con-

tinuously stirred ice slurry storage tank, variable speed

pump, magnetic flow meter, flow control valve and a

data acquisition system. Ice slurry was made by circulat-

ing the brine (6.2% NaCl in water) through the ice slurry
generator. The mean size of the ice crystals in the ice

slurry produced was measured to range from 100 to

200 lm [10]. The details of the experimental apparatus

and instrumentation are given in Part I [10], so they will

be only briefly described here.

The test section was a rectangular channel, 0.305 m

wide and with a gap of 0.025 m (H), formed between a

heated brass plate, 0.533 m (L) · 0.305 m (W), and an

acrylic wall. The brass plate was heated on its backside

by passing warm water through a serpentine coil of

12.7-mm O.D. copper tube with 14 passes. This coil

was partially imbedded in grooves machined at 2.54-

cm intervals on the back surface of the brass plate. To

achieve turbulent ice slurry velocities of up to 0.90 m/s,

acrylic plates of appropriate thickness were inserted into

the channel to partially cover the brass plate and reduce

the flow and heat transfer areas. The hydraulic diameter,

Dh, was thus reduced from 0.047 m to 0.023 m. Table 1

summarizes the test section parameters for the two chan-

nel configurations used, which are referred to as narrow

(partially blocked channel) and wide flow channels,

respectively.

2.2. Measurement methods

The average wall heat flux, q00w, was evaluated from a

heat balance performed on the warm water side of the

test section taking into account the heat losses to the

surroundings,

q00w ¼ qhw � Qhw � Cp;hw � ðT hw;in � T hw;outÞ � H losses

AHT

ð3Þ

where Qhw is the volumetric flow rate of the warm water

measured using both a rotameter and a turbine flow

meter (JLC, Model: IR-Opflow Type 5), and qhw and

Cp,hw are the density and heat capacity, respectively, of

the warm water evaluated using the average of the inlet

and outlet water temperatures, Thw,in and Thw,out, are

recorded using T-type thermocouples, and AHT is the

brass-to-ice slurry heat transfer area. The heat losses,

Hlosses, were estimated by performing a heat balance

on the warm water side and collecting the heat transfer

data with an empty test section. The heat losses to the

surrounding were determined to be small (maximum
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1% to 4% of the total heat removed) but included in the

calculation of the ice slurry heat transfer coefficient. The

total heat gains at an ambient temperature of 20 �C from

the non-insulated front and side acrylic walls were esti-

mated to be approximately 35 W at maximum, based

on the ice slurry and brine temperatures of �3.5 �C.
The local ice slurry heat transfer coefficient, hsl,x was

measured at steady state using several thermocouples

installed at different axial and lateral locations in the test

section (see Fig. 1). The local bulk temperature of ice

slurry, Tsl,x, was recorded using six 1.56-mm O.D. T-

type thermocouples placed midway through the 25.4-

mm gap channel. The brass wall temperatures, Tw, were

measured using another six 1.02-mm O.D. T-type ther-

mocouples inserted 18.05-mm deep into the 19.05-mm

thick brass plate and placed exactly opposite to the ice

slurry temperature probes.

In this investigation, the local ice slurry Nusselt num-

ber, Nucf,x, was evaluated based on the local heat trans-

fer coefficient (hsl,x), the thermal conductivity of the

carrier fluid (kcf), and the hydraulic diameter, Dh.

Nucf ;x ¼
hsl;x � Dh

kcf
ð4Þ

Although others have used the mixture thermal conduc-

tivity based on Maxwell�s equation [16–18], the thermal

conductivity of the carrier fluid was employed in the
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Fig. 1. Thermocouple, HFA and ice slurry (IS
present analysis due to its computational simplicity.

Both approaches have certain merits in correlating the

heat transfer data as pointed out in [7].

The average ice slurry heat transfer coefficient, hsl,m,

was computed using the arithmetic average of the local

ice slurry heat transfer coefficients. The average ice

slurry Nusselt number based on hsl,m was again defined

based on the thermal conductivity of the carrier fluid.

Local ice slurry temperature, ice fraction and mixture

velocity profiles were measured near the heated brass

wall to characterize the behavior of ice slurries flowing

in the vertical rectangular channel. The ice slurry tem-

perature profile was obtained by traversing a single

1.56-mm O.D. T-type thermocouple at the plane of sym-

metry (z/W = 0.50) and the axial location of x � 0.373 m

from the inlet of the heated section (see Fig. 1). These

temperature distribution measurements were made for

both the wide and narrow channel configurations,

respectively. Local measurements of the mixture velocity

and ice fraction were also conducted using a hot film

anemometer (TSI, Model: 1231AR) and an ice slurry

sampling probe, respectively, only for the wide channel.

The hot film anemometer (HFA) and ice slurry sampling

probes were traversed across the channel gap of 25.4-

mm at an axial position of x � 0.28 m from the inlet

of the heated section. These measurement methods are

extensively described in Part I.
m

P) probe locations in the heated section.
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2.3. Test procedure

Experiments were performed by first producing an

ice slurry in a storage tank containing an aqueous

hypoeutectic solution of 6.2% by weight NaCl in water

solution (brine) using a 12-kW refrigerating capacity

scraped-surface ice slurry generator. During the melting

heat transfer tests, the ice slurry generator was left

turned on and its temperature controller was periodi-

cally adjusted to vary the ice slurry generation rate so

as to maintain a desired ice fraction at the inlet of the

test section. The ice slurry was circulated using a vari-

able speed centrifugal pump from the storage tank

through the test section, which was heated at a con-

trolled rate by passing warm water on the secondary side

thus melting the ice slurry flowing vertically upwards.

In each diabatic run, about 2–3 kg of ice slurry sam-

ples were withdrawn from both the inlet and outlet of

the test section to obtain the average ice fraction, either

Uv (volumetric) or Xs (mass) in the test section. The ice

fraction of each sample was determined using a batch

calorimetry method.

Heat transfer coefficient data were obtained for an

extensive range of Reynolds numbers (Recf � 1800–

11,000) and ice fractions (Xs = 0–25%) in both the wide

and narrow flow channel configurations. The test matrix

consisted of nine ice slurry velocities, six different inlet

ice fractions and two wall heat fluxes for a total of 108

experimental runs. For the secondary side, two warm

water temperatures of approximately 43 �C and 15 �C
were chosen, and the average wall temperature was var-

ied between 1 and 15 �C to impose different average wall

heat fluxes. In these experiments, the mass flow rate of

warm water on the secondary side was maintained con-

stant at 0.15 kg/s for all diabatic runs.

All the data from the various instruments were

recorded using a National Instruments PC (NI-DAQ)

based data acquisition board (National Instruments,

Model: PCI-MIO-16-E4) consisting of 16 analog input

channels, multiplexed with two signal-conditioning

modules (National Instruments, Model: SCXI-1102B

and SCXI-1125). The steady state heat transfer coeffi-

cient data, local ice fraction and temperature distribu-

tion data were collected at a sampling rate of 1 Hz,

while the HFA velocity data were recorded at 5 Hz.

The heat transfer coefficient and local distribution

measurements were made during steady state, which

was indicated by the minimal changes observed in the

ice slurry flow rate, average ice fraction, and ice slurry

temperatures, recorded by the data acquisition system.

2.4. Uncertainty estimates

Uncertainty estimates for the measurements are

based on a propagation of error analysis. The experi-

mental uncertainties of time-averaged magnitudes of
local ice fraction and local streamwise velocity are

±10% and ±2.5% (0.60 cm/s), respectively. The latter

uncertainties were established from bench scale calibra-

tion tests as described in Part I [10]. An end-to-end

calibration was performed on the test section thermo-

couples through the NI-DAQ under adiabatic single-

phase liquid and ice slurry flow conditions. This yielded

a maximum absolute uncertainty in the temperature

measurements of ±0.15 �C. The error in the location of

the traversible sensors (ice slurry probe, thermocouple

and HFA) was determined from in situ calibrations to

be about 0.50 mm (or 2%).

The variations of the wall temperatures and wall heat

fluxes around the averaged values were determined to be

0.02–0.15 �C and 400–700 W/m2, respectively. These

errors were established by examining the data from

experimental runs with the maximum and minimum

flow rates, ice fractions and imposed wall heat flux

conditions. The greatest experimental uncertainties oc-

curred for the experimental runs conducted at low wall

heat fluxes and high ice fractions (Xs = 25 wt%) as

certain local wall temperatures reached around 0 �C;
however, this uncertainty did not greatly influence the

accuracy in the evaluation of the local heat transfer coef-

ficient as the temperature difference, Tw � Tsl, defined in

Eq. (1) was always sufficiently high (between 4 and 5 �C
at minimum). The estimated maximum uncertainty in

the time-averaged local heat transfer coefficient, hsl,x,

was between 8% and 11%. The corresponding absolute

error in the value of local Nusselt number, Nucf,x, was

about 5–10. The uncertainty in the Reynolds number

was approximately ±2.5%.
3. Results and discussion

3.1. Local distributions near a heated wall

3.1.1. Ice slurry velocity

Fig. 2(a) compares the non-dimensionalized ice slurry

velocity distributions near a heated and unheated wall

for runs conducted with similar ice fractions (Uv � 5–

6 vol.%) and Reynolds numbers (Recf � 4000) but differ-

ent wall heat fluxes, q00w. In this figure and hereafter, each

local velocity data point represents the time-averaged

velocity of about 100 HFA readings made at a sampling

rate of 5 Hz over a period of 20 s during the melting

or adiabatic experiments. Also given in this figure

is the average wall heat flux, local Nusselt number for

the melting runs and the Reynolds numbers based on

the carrier fluid (liquid) properties, Recf, and homoge-

neous ice slurry mixture properties, Resl, as defined in

Part I [10].

For the results given in Fig. 2(a), the average ice

slurry velocity, V, obtained by integrating the velocity

profile data, matched the mean ice slurry velocity, husli,
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Fig. 2. Dimensionless ice slurry velocity profiles: (a) effect of q00w and (b) effect of ice fraction for Recf � 3900 and q00w � 25 kW/m2.
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to within 5%. Fig. 2(a) also compares the measured

velocity profile data with the adiabatic laminar velocity

profile for a power law non-Newtonian fluid with

n = 0.2 as given in Part I [10], and the velocity profile

predicted using a PHOENICS code with Thomas�s vis-
cosity correlation [19] for a flow between two parallel

plates.

The general qualitative features of these velocity pro-

files suggest that when a wall heat flux is imposed, the

flow near the heated wall decelerates in comparison to

an adiabatic ice slurry flow, while in the core region

the velocity is unaffected by heating. The velocity reduc-
tion near the heated wall is probably due to the disap-

pearance of ice crystals in the region close to the

heated wall. This region is referred to as the ‘‘ice free’’

layer that has on average a greater density than the bulk

ice slurry. When a higher wall heat flux is imposed, the

velocity near the heated wall is further reduced by about

10% as Fig. 2(a) illustrates. Although we have not con-

firmed the existence of the ‘‘ice free’’ layer in the present

experiments and do not know how thick it is, it is plau-

sible that such a layer would occur under sufficiently

high heat flux conditions in the thermally developed

region. It is distinguished from the thermal boundary
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layer in which the temperature may be higher than the

melting point although the ice fraction is not zero. Such

a thermal non-equilibrium phenomenon between the ice

crystals and carrier fluid has been observed in ice slurry

flows previously [6,11].

At the low ice slurry velocities tested (husli = 0.1–

0.15 m/s), the free-convection effects become important

according to Metais and Eckert [20], so that although

ice slurry viscosity is reduced as ice fraction decreases

near the heated wall, the reduced velocity data indicate

that the density effect is more dominant than that of

viscosity. Since the density of water increases with tem-

perature above the melting point up to 4 �C, any temper-

ature increase in the ‘‘ice free’’ layer would increase the

fluid density and decelerate the ice slurry flow close to

the heated wall. Most velocity distribution data near

the heated wall showed a systematic 10% reduction in

comparison to adiabatic ice slurry flow, which is larger

than the 5% uncertainty in the velocity measurement.

Thus, the present velocity profile measurements suggest

that forced convective heating and melting of the ice

slurry can decelerate the flow near the heated wall at

low velocities.

Fig. 2(b) shows the effect of the average ice fraction

on the ice slurry velocity profile near the heated wall

for Recf � 3900 and q00w � 25 kW/m2. This figure shows

no clear effect of the average ice fraction on the velocity

near the heated wall. Although the ice fraction range

investigated was small, the local heat transfer coefficient

represented by Nucf,x improved as the ice fraction

increased.

3.1.2. Temperature profiles

Fig. 3(a) shows typical ice slurry temperature profiles

across the heated channel for Recf � 3800 and volumet-

ric ice fractions up to 26% obtained in a wide channel

(a* = 1:12). These temperature profiles are plotted as a

function of the dimensionless distance, y/H, measured

from the surface of the heated brass wall (y/H = 0). Each

temperature data point shown in this figure and here-

after represents the time-average of 20 data points ob-

tained over a period of �10 s at a specified ice

fraction. Also for these temperature profiles and here-

after, the temperature rise near the acrylic wall

(y/H P 0.7) is considered to be anomalous due to the

effect of heat conduction along the thermocouple sheath.

Upon careful examination, the temperature data for

y/H < 0.6 can be considered to be unaffected by conduc-

tion effects and satisfactorily represent the ice slurry

temperature increase near the heated wall.

The temperature profiles obtained in a wide channel

(a* = 1:12) reveal that the thermal boundary layer is thin

even at low ice fractions and the ice slurry temperature

remains fairly uniform across most of the flow channel

regardless of the ice fraction (Xs � 2–24%). In view of

the blunt velocity profiles obtained and discussed earlier,
the bulk ice slurry temperature, Tsl, can be assumed to be

given by the temperature in the middle of the flow chan-

nel, which eliminates the need to evaluate the integrals

given in Eq. (2).

Fig. 3(b) shows typical temperature profiles obtained

in a narrow channel under turbulent flow conditions

(husli = 0.90 m/s, Recf � 11,000), at mean ice fractions

up to 24 vol.%. These results suggest that at high ice

slurry velocities, the ‘‘ice free’’ layer near the heated wall

is estimated to be less than 1 mm in thickness, much

thinner than those observed at lower velocities. This sug-

gests that the mechanism of turbulent heat transfer in ice

slurry flows may be strongly influenced by both the tur-

bulent eddies and ice crystals which disturb the thermal

boundary layer and increase the heat transfer coefficient

with increasing ice fraction and Reynolds number. This

will again be discussed later.

3.1.3. Ice fraction profiles

In Part I [10], the ice fraction distributions were pre-

sented for the case of adiabatic ice slurry flow in a verti-

cal rectangular channel. In this work, the ice fraction

variation near a heated wall is examined as the ice frac-

tion profiles have previously been hypothesized to influ-

ence the local heat transfer characteristics in horizontal

channels [4,21,22]. However, to our knowledge, ice frac-

tion profile measurements near a heated wall have never

been reported before, thus the present work provides a

new set of data needed for the design of ice slurry heat

exchangers.

Fig. 4 shows the effect of the mean ice fraction on the

normalized local ice fraction profile data (U/Um) near a

heated wall at Recf � 3800 and q00w � 24 kW/m2. These

normalized plots are similar to those presented in Part

I [10] for the adiabatic flow case; however, the local ice

fraction in the vicinity of the heated wall is approxi-

mately 5–20% lower than in the bulk, while it is higher

near the opposite adiabatic wall (y/H � 0.75) than in

the bulk for dilute ice slurry runs (3% < Uv < 8%) as in

the adiabatic flow results. Beyond the measurement

uncertainty in the ice fraction measurement, a local ice

fraction peaking phenomenon near the adiabatic wall

was systematically observed, but disappeared at the

heated wall (y/H = 0) for all dilute ice slurry runs

conducted. At higher mean ice fractions (i.e., Uv >

10 vol.%), however, the peaking phenomenon disap-

peared even near the adiabatic wall. The peaking of

the local ice fraction near the adiabatic wall is consistent

with visual observations of ice crystals migrating from

the free stream towards the adiabatic wall. Nonetheless,

a more detailed local ice fraction measurement is needed

to verify the current values of the local ice fraction peaks

near the adiabatic wall.

In Fig. 4, the local ice fraction near the heated wall

does not show any systematic variation with increasing

ice fraction in the bulk. Similar results were also
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Fig. 3. Ice slurry temperature distributions for: (a) Recf = 3800 and a* = 1:12 and (b) for Recf � 11,000 and a* = 1:8.
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obtained at another Reynolds number of 2700 [23].

These results may suggest that even at low ice fractions

and velocities, the ‘‘ice free’’ layer remains thin as the ice

crystals in vertical flows tend to disperse in a uniform

fashion across the heated channel. In comparison to adi-

abatic ice fraction profiles, however, the ice fraction was

reduced near the heated wall in dilute ice slurries

(Uv < 8 vol.%) and the reduction was approximately

10–20% of the bulk ice fraction. On the other hand, in

the more concentrated ice slurries (Uv > 10 vol.%), the

ice crystals were more closely packed so that the ice frac-

tion reduction near the heated wall was by only 5–10%
of the bulk ice fraction. This reduction in the ice

fraction near the heated wall would, in turn, impact

the local heat transfer coefficient as will be discussed

next.

3.2. Heat transfer characteristics

3.2.1. Local heat transfer characteristics

In Fig. 5, the streamwise evolution of the local Nus-

selt number, Nucf,x, is plotted against x/Dh for Recf =

6.6 · 103, average ice fractions of Xs � 5.8%, 10% and

20%, and two different wall heat fluxes, q00w. The



Fig. 4. Effect of Uv on ice fraction distribution at Recf � 3800 near a heated wall.

Fig. 5. Effect of wall heat flux on local Nusselt number for Recf � 6600, husli � 0.51 m/s and a* = 1:8.
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corresponding single-phase Nusselt numbers (Xs =

0.0%) with nearly similar wall heat fluxes and Reynolds

numbers as the ice slurry runs are also plotted in Fig.

5. The local Nusselt numbers given in these figures and

hereafter represent the steady state values, time-averaged

over a period of approximately 2–4 min for a specified ice

fraction.

In Fig. 5, an excellent agreement is found between the

measured single-phase Nusselt numbers (at Tb � �3 �C)
and the analytical solution provided by Kays and
Crawford [24] for a thermally developing turbulent flow

between parallel plates (reported for Re = 7096, Pr = 10)

where one plate is maintained at a uniform heat flux

while the other plate is insulated. As also indicated in

this figure, an excellent agreement was also found

between the measured single-phase heat transfer values

and those predicted by Nusselt�s correlation [25], which

is extensively used to predict the heat transfer

coefficients in the entrance region of turbulent flows

[26,27]:
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Nu ¼ 0.036Re0.80cf � Pr1=3cf

Dh

x

� �0.055
10 <

x
Dh

< 400 ð5Þ

Fig. 5 clearly illustrates that at any given axial location,

x/Dh, the local Nusselt number progressively increases

with increasing ice fraction and wall heat flux. Further-

more, the Nusselt numbers are higher at the inlet of the

heat transfer section (x/Dh = 6.4) since the flow is still

developing there, and Nucf,x slowly decreases towards

the exit of the heat exchanger (x/Dh � 22) as the flow be-

comes more thermally developed.

In Fig. 5, the local convective heat transfer coeffi-

cients in the thermally developing region are seen to

increase by up to 300% as the mass ice fraction is in-

creased to 20%. This increase is attributed to the ice

crystals flowing near the heated wall which limit the

growth of the thermal boundary layer. At high ice frac-

tions, the ice crystals are more closely packed and tend

to diffuse towards the heated wall, reducing the thermal

boundary layer thickness as compared to the case of low

ice fractions as illustrated schematically in Fig. 6.

The effect of wall heat flux on the heat transfer coef-

ficient can also be observed in Fig. 5. In fully developed

single-phase turbulent flows where small to moderate

temperature differences existed between the heated wall

and the fluid, the local Nusselt number was only weakly

dependent on the wall heat flux as seen in the zero ice

fraction data shown in Fig. 5 [28]. However, for ice

slurry flows at different wall heat fluxes but similar ice

fractions, the local Nusselt number increased by about

10–30% when a higher wall heat flux was imposed. This

wall heat flux effect may be attributed to the occurrence

of slightly larger temperature gradients near the heated

wall induced again by the ice crystals flowing near the

heated wall as further explained below.

As the wall heat flux is increased, more ice crystals

will melt and the local ice fraction will be reduced near

the heated wall. This should cause the thermal boundary
Fig. 6. Possible explanation of the effect of ice fraction profile

(I.F.P.) on the local heat transfer coefficient at (i) low ice

fractions (3% < Uv < 8%), and (ii) high ice fractions (Uv > 10%).
layer to grow in thickness. However, when the bulk ice

concentration is sufficiently high (e.g., Uv > 10%), ice

crystals will tend to spread across the channel and mi-

grate towards the heated wall, thereby countering the

effect of increased melting near the wall. Thus, when

the wall heat flux is increased, the thermal boundary

layer will not become as thick as it would if there were

no ice crystals present. This limited increase in the ther-

mal boundary layer thickness would result in a steeper

temperature gradient and larger convective heat transfer

coefficient at higher wall heat fluxes as seen in Fig. 5. As

the flow becomes more thermally developed further

downstream, the thermal boundary layer becomes

thicker and the influence of the ice crystals on the

thermal boundary layer gets diminished, so the heat

transfer coefficient is less affected by the increasing

wall heat flux, as seen in the present data obtained at

x/Dh � 22.

At extremely high wall heat fluxes, melting of the ice

crystals and the reduction in the local ice fraction near

the heated wall would be more significant, so the ther-

mal boundary layer thickness would increase resulting

in a reduced heat transfer coefficient. This hypothesis

is consistent with the degradation of ice slurry heat

transfer coefficient at extremely high wall heat fluxes

(q00w > 100 kW/m2) observed previously by Snoek and

Bellamy [14].

3.2.2. Average heat transfer coefficients

The average ice slurry Nusselt numbers are plotted in

Fig. 7 for runs conducted at different Reynolds numbers

and wall heat flux conditions but a similar ice fraction

Xs � 20%, in both the narrow and wide channel config-

urations. Fig. 7 illustrates no significant influence of the

wall heat flux on the average single-phase heat transfer

coefficients. The experimental single-phase heat transfer

coefficients are also well predicted by the correlation

given by Gnielinski [29,30] in the transition Reynolds

number range between 2300 and 104,

Nugn;m ¼ ðf =2Þ � ðRecf � 1000Þ � Prcf
1þ 12.7 �

ffiffiffiffiffiffiffiffiffiffiffiffi
ðf =2Þ

p
� ðPr2=3cf � 1Þ

ð6Þ

As also previously reported in the local heat transfer

coefficient results, the average ice slurry Nusselt num-

bers are greater than those in single-phase convection.

The average ice slurry Nu numbers are further aug-

mented by about 15–20% when the applied heat flux is

approximately doubled. Generally, the degree of heat

transfer enhancement due to the wall heat flux applied

is constant over the Reynolds number range investigated

as is illustrated in Fig. 7.

From all the previous ice slurry melting heat transfer

investigations discussed in [2,3], only Kawanami et al.

[21] noticed a similar heat transfer enhancement (15–

25%) in their local heat transfer values when the heat



Fig. 7. Effect of wall heat flux on Nusselt number at Xs � 20%.
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flux was also doubled (q00w ¼ 4–8 kW/m2) in a top heated

horizontal rectangular duct, while Jensen et al. [11] only

stated in their study using a horizontal cylindrical heat

exchanger that the imposed wall heat flux did not affect

the overall heat transfer coefficient. On the other hand,

Snoek and Bellamy [14] reported degradation of the ice

slurry heat transfer coefficient in comparison to single-

phase convection at high Reynolds numbers (Recf >

80,000) and high wall heat fluxes (q00w > 100 kW/m2) for

a 19-mm I.D. tubular heat exchanger. To our knowledge,

no other melting heat transfer studies have reported the

effect of wall heat flux on the average heat transfer coef-

ficient for ice slurries.

In this study, the 3–4 times higher average heat trans-

fer coefficients obtained in the wide channel (a* = 1:12)

in comparison to single-phase convection are attributed

to a combination of the free-convection effects and

shorter thermal entrance lengths. These free-convection

and thermal entry effects are inherent in short compact

heat exchangers, and lead to improved heat transfer

coefficients.

Fig. 7 also suggests that the average ice slurry heat

transfer coefficient data for a narrow channel clearly

comply with the turbulent convection correlation, while

the results for the wide channel do not, even for runs

with identical Reynolds numbers and ice fractions as

the narrow channel. For the wide channel, the presence

of non-Newtonian flow characteristics, mixed-convec-

tion effects and shorter thermal entry lengths result in

exceptionally augmented ice slurry heat transfer coeffi-

cient values. Thus, for the heat transfer results obtained

in the wide channel, a* = 1:12, correlating the ice slurry

heat transfer data is not straight forward and requires

additional efforts. Due to this complexity, empirical heat

transfer correlations have been developed as described

below.
3.2.3. Heat transfer correlations

3.2.3.1. Turbulent heat transfer correlations. A dimen-

sionless correlation is required for design purposes to

predict convective melting of ice slurry flows in heated

channels. In this work, the following dimensionless vari-

ables are used to correlate the convective heat transfer

data accounting for the effect of ice crystals: the average

Nusselt number (Nucf,m), Reynolds number (Recf), Pra-

ndtl number (Prcf), average ice fraction (Xs) and viscos-

ity ratio between the bulk carrier fluid and the wall,

lcf/lw. The wall and bulk viscosities are evaluated at

the corresponding wall and ice slurry bulk temperatures,

respectively. A multiple, linear regression analysis was

performed on the average heat transfer coefficient data.

In this correlation, the heat transfer data only from the

narrow channel were used as they were free of natural

convection effects. The coefficients of the proposed

regression model were determined using the method of

least squares, which yielded the following correlation

giving the best fit to the present experimental data for

3300 < Recf < 11,000 and 0.0 < Xs < 0.25:

Nusl;m ¼ hsl;m � Dh

kcf
¼ Nugn;m½1þ 1.85� 105 � X 0.72

s

� Re�1.30
cf ðlcf=lwÞ

2.47� ð7Þ

In Eq. (7), Nugn is the single-phase Nusselt number pre-

dicted byGnielinski�s [29,30] variable property heat trans-
fer correlation for the entrance region given by Eq. (6).

Fig. 8(a) compares the experimental heat transfer re-

sults with those predicted by Eq. (7). Unlike some of the

other ice slurry heat transfer correlations given in Ref.

[2], this proposed heat transfer correlation is also appli-

cable when the ice fraction approaches zero. Further-

more, the proposed heat transfer correlation is simpler
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to apply as it only involves four parameters (Xs, Recf,

Prcf, lcf/lw) and the heat transfer properties are based

on the carrier fluid properties.

Fig. 8(a) also shows the predictions by heat transfer

correlations proposed by Horibe et al. [4] and Jensen

et al. [11], which covered similar ice fraction and Rey-

nolds number ranges as the present study. The differ-

ences between the proposed heat transfer correlation

and the present heat transfer data are attributed to the

shorter thermal entry lengths involved in the current
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Fig. 8. Comparison of experimental results and proposed empirica

convection to ice slurries and (b) local Nusselt numbers for laminar c
study. The shorter thermal entry lengths involved in

compact heat exchangers will yield higher heat transfer

coefficients. In addition, the previously proposed heat

transfer correlations were based on the Log-Mean-

Temperature Difference, so one needs to properly deter-

mine the thermal resistance on the warm fluid-side and

the heat transfer surface area to extract the ice slurry-

side heat transfer coefficient.

As a concluding remark on turbulent ice slurry convec-

tion, none of the previous heat transfer studies would be
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sl,mDh/kcf  [ - ]

 et al. (2001)

rimental data

Jensen et al. (2000)

l correlations for (a) average Nusselt numbers for turbulent

onvection to ice slurries.
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applicable to the short thermal entry lengths involved in

the present compact heat exchanger geometry. In this

regard, since multiple channels connected in parallel will

be used in compact heat exchangers, the flow would be

typically laminar or slightly turbulent, unlike in Snoek

and Bellamy�s [14] experiments involving extremely high

turbulent flows (Recf > 35,000). Thus, the present heat

transfer correlation,Eq. (8), is currently, inour knowledge,

the only turbulent convection correlation useful for the

development of compact heat exchangers for ice slurry

utilization.

3.2.3.2. Laminar heat transfer correlation. Fig. 8(b)

shows a local heat transfer correlation developed for

laminar ice slurry flow in a wide channel, a* = 1:12.

For the low ice slurry velocities involved (husli <
0.15 m/s), the mixed-convection effect and non-

Newtonian flow characteristics would become more

prevalent as previously discussed. For the laminar con-

vection correlation, the dimensionless variables used

are the local Nusselt number (Nucf,x), Graetz number

(Gz = RecfPrcfDh/x), the average ice fraction (Xs) and

the viscosity ratio between the bulk fluid and the wall,

lcf/lw. The coefficients of the proposed regression model

were determined using the method of least squares and

180 independent experimental data points, which yielded

the following correlation giving the best fit to the present

experimental data for 2100 < Recf < 4000, 0.01 < Xs <

0.25 and GrPrcf(Dh/x) > 106:

Nucf ;x ¼ 4.0Gz0.486X 0.30
s ðlcf=lwÞ

0.24 ð8Þ

Fig. 8(b) compares the present heat transfer results with

those predicted by Eq. (8). All the data can be predicted

by Eq. (8) to within ±15%. A similar heat transfer for-

mulation was first reported by Ben-Lakhdar et al. [5]

for ice slurry flows in a short tube without the viscosity

ratio, lcf/lw. The heat transfer correlation proposed by

Ben-Lakhdar et al. [5] could not collapse the current

heat transfer data into a single line as a different defini-

tion of the Graetz number was used in [5]. The newly

proposed correlation given by Eq. (8) eliminates this

problem as the Graetz number is defined based on the

carrier fluid properties.

The new heat transfer correlation given by Eq. (8) is

again to our knowledge the only laminar convection cor-

relation currently available that would be useful for the

development of new compact heat exchangers consisting

of multiple parallel plates for ice slurry utilization at low

flow velocities.

3.2.4. Comparison with other work

The conflicting heat transfer results produced by dif-

ferent researchers reviewed in [2,3] and also encountered

in the present investigation, point to the importance of a

number of functional parameters that could affect the
behavior of ice slurries including the mixture viscosity,

Reynolds number, ice crystal size and ice fraction, addi-

tive type and concentration, and heat flux. The current

investigation has also suggested that the thermally devel-

oping flow conditions and corrugated or smooth sur-

faces could contribute to these discrepancies. Here we

also briefly examine and comment on these factors.

Fig. 9 shows the ratio of Nusselt numbers for ice slur-

ry to chilled water convection heat transfer and compares

the results obtained for different channel geometries,

Reynolds numbers, thermal entry lengths and ice slurry

types [3–6,14,15,31–33]. This plot is merely used for

illustrative purposes only and is not meant to provide

an absolute comparison basis for all the melting ice slurry

heat transfer results, as certain factors (e.g., the ice crys-

tal sizes and channel geometry) could not be taken into

consideration. An absolute comparison basis may not

be feasible as of this moment since some of the previous

studies were preliminary in nature or had missing

information. For those studies with missing information,

only their high and low limits are compared in the figure.

Fig. 9 illustrates that the heat transfer results of the

current investigation are consistent with those reported

by Ben-Lakhdar et al. [5] and Jensen et al. [11] for

smooth horizontal tubes. In addition, some of the heat

transfer results obtained by Christensen and Kauffeld

[31] fall in the boundaries of the current work. Thus,

for the Reynolds number range between 1000 and

11,000, most of the heat transfer studies conducted in

horizontal tubes and vertical smooth plate heat exchang-

ers (current study) suggest that the ice crystals in the ice

slurry contribute to 1.2–5 times enhancement in heat

transfer coefficients compared to chilled water. On the

other hand, the heat transfer studies performed by

Snoek and Bellamy [14] and Knodel et al. [15] at much

higher Reynolds numbers (Recf > 35,000–80,000) in

smooth horizontal tubes suggest a reduction in the ice

slurry heat transfer coefficient compared to chilled water

convection as illustrated in this figure. At moderate heat

fluxes, this reduction in the ice slurry heat transfer coef-

ficient was explained by [15] to be due to the transition

from turbulent to laminar flow when the ice fraction is

increased, while at high heat fluxes (q00w � 114 kW/m2)

the heat transfer degradation was attributed to an

increase in the thermal boundary layer thickness [14].

Although the present results were conducted at

Recf < 11,000, they show a decreasing trend in the ice

slurry heat transfer coefficient values relative to chilled

water at higher Reynolds numbers that may approach

values similar to those reported by Snoek and Bellamy

[14] and Knodel et al. [15]. Thus, Fig. 9 reinforces the

fact that in the practical use of ice slurries in heat

exchanger systems, laminar or slightly turbulent flow

velocities are preferred in order to provide augmented

heat transfer coefficients and reduced pumping require-

ments compared to chilled water systems.



Fig. 9. Ratio of ice slurry Nusselt number to chilled water at different Reynolds numbers obtained by various researchers.
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Fig. 9 also reveals that the studies of Bellas et al. [3],

Norgard et al. [6], and Gupta and Fraser [32] conducted

in commercial plate-type corrugated heat exchangers

at low Reynolds numbers (Recf < 1000) have produced

conflicting results. Since none of these investigations

addressed the effect of corrugations on the heat transfer,

it can only be hypothesized that the presence of corruga-

tions at these low Reynolds number ranges (100 <

Recf < 1000) may have augmented the heat transfer coef-

ficients for chilled water to values higher than those

achieved for ice slurry as the presence of ice crystals in

the ice slurry would increase the mixture viscosity and

thus diminish the turbulence intensity levels. Unless

the effects of corrugations on convection heat transfer

are fully addressed and clarified, these conflicting results

in commercial plate heat exchangers should be regarded

as highly system specific and may be of limited value.
4. Conclusions

An experimental study was performed in the laminar

and turbulent flow velocity ranges (2100 < Recf < 11,000

based on the liquid properties) for an ice slurry flowing

vertically upwards in a rectangular channel with one
heated wall for two different channel aspect ratios of

1:12 and 1:8. At steady state, the local ice slurry heat

transfer coefficients were measured and reported. To

gain more insights into the flow properties of ice slurries

and their heat transfer characteristics, local measure-

ments of the axial mixture velocity, temperature and

ice fraction distributions were successfully performed

under diabatic flow conditions using a hot film anemo-

meter (HFA), a traversing thermocouple probe, and a

newly devised on-line ice fraction measurement system

based on sampling and calorimetry principles, respec-

tively. The effects of ice fraction, Reynolds number

and wall heat flux on the local distributions measure-

ments and the local melting heat transfer characteristics

were explored. The major conclusion from the convec-

tive melting heat transfer experiments concerns the

enhancement effects of ice slurries in compact heat

exchangers in comparison to single-phase flow. These

effects were shown to consist of four main elements:

(1) the high effective heat capacities of ice slurries due

to the presence of ice crystals, (2) the thermally and/or

hydrodynamically developing flows encountered in com-

pact heat exchangers, (3) the mixed-convection and (4)

the non-Newtonian flow characteristics experienced at

low flow velocities and Reynolds numbers (Recf < 4000).
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All these factors were shown to elevate the heat transfer

coefficient of ice slurries to values 1.2–4 times above

those obtained in purely single-phase convective flows.

A new turbulent heat transfer correlation was pro-

posed from appropriate dimensionless groups used in

conventional turbulent convection correlations that

could satisfactorily predict the average heat transfer data

to within ±15%. A new local heat transfer correlation

was also proposed for the laminar convection range

using appropriate dimensionless groups that could pre-

dict the local heat transfer data to within ±15%. The nov-

elty of these new heat transfer correlations is that they are

simple to use, cover a practical range, predict heat trans-

fer coefficients even for flow without ice crystals, and can

thus be useful for the development of new compact heat

exchangers for the ice slurry utilization.
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