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Abstract：A new test facility equipped with refrigerant and brine circulation systems, and a 
rotating-scraper ice-slurry generator was constructed to analyze the ice-slurry flow and heat transfer 
accompanied by phase change in an industrial generator. The axial and transverse brine temperature and 
ice fraction concentration profiles in the ice generator were measured. The heat transfer efficiency lower 
than the average was identified in the upper half of the ice generator and its cause was determined by 
conducting three-dimensional numerical simulation using a commercial CFD code, FLUENT. 
Approaches of improving the brine-side heat transfer rates were investigated by incorporating extra 
mixing blades from numerical simulation. 
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1  INTRODUCTION 
The application of ice-slurry production in fishery, poultry and food processing industries has a 

long history. A new emerging application is the ice generation, storage and processing for thermal 
storage. All the above applications involve the generation of ice. Optimal design and operation of 
ice generators are important for enhancing energy efficiency, increasing ice-slurry production 
capacity, and reducing the cost of ice-slurry production. 

In some applications, space limitation and power requirements may make the use of ordinary 
ice generators unfeasible. The rotating-scraper ice-slurry generator is much smaller than the 
ordinary ones. Analyzing the multiphase flow and heat transfer in rotating-scraper ice-slurry 
generators would reduce the investment and operating costs. 

Optimization of existing industrial apparatus requires knowledge of thermal-hydraulic 
characteristics inside ice-slurry generators, such as the rate of heat transfer with phase change and 
pressure drops with various ice fractions. Although some investigations have been carried out in the 
past on pressure drop and ice-slurry flow characteristics[1–3], and the heat transfer characteristics by 
melting ice[2,3], the characteristics of ice-slurry flow and heat transfer in industrial ice-slurry 
generators are still poorly understood. 

Many companies and universities are doing related research and development, but only a few 
reports have been published[4–6]. Gosman et al.[4] proposed a numerical algorithm (PISO-2P) and 
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developed an in-house CFD code. The turbulent flows in stirred vessels were simulated using the 
code in that investigation. Fokema et al.[7] simulated fluid flow with strong rotation using a 
commercial code named FLOW3D. The computed results were compared with experimental 
measurements. Xu et al.[8] used the same CFD code to predict stirred tank flows, and the numerical 
data were compared with LDA measurements. Similar numerical simulations were conducted by 
Ranade et al.[9–11], Bakker et al.[12] using FLUENT code, and Djebbar et al.[13] using FIDAP code. 

Recently, Sun et al.[14] conducted the 3-D numerical simulation of a stirred tank with an ASM 
(algebraic stress model) turbulence model. The model was embodied in their 3-D source code, and 
the numerical results were verified by literature data. 

A new research facility was set up at Sunwell Technologies Inc., consisting of refrigerant 
(Freon R404A) and brine flow loops, and a rotating-scraper ice-slurry generator. The new facility 
was used to obtain heat transfer data in chilling and ice making modes. The brine-side flow and heat 
transfer characteristics were investigated both experimentally and numerically, and an inlet header 
was developed to distribute the refrigerant flow uniformly into the parallel cooling channels. This 

paper is concerned only with the brine-side behavior. 
2  EXPERIMENTAL 
2.1  Test Loop 

The outlook of ice-slurry experimental facility 
constructed at Sunwell Technologies Inc. is shown in 
Fig.1. The refrigeration capacity of the system is 19 kW, 
nominal production capacity (3.5% NaCl concentration, 
and 0oC makeup water temperature) is about 5 t/d. Freon 
R404A is used as the refrigerant. 

2.2  Dimensions and Operating Conditions 
The dimensions of the ice-slurry generator are listed in Table 1. The length of the brine flow 

channel was 1.6 m, with an I.D. of 15 cm. The radius of the hollow rotating shaft was 1.9 cm and 
the angel between wall and scraper was set at 60 degrees. The operating conditions of the ice-slurry 
generator are given in Table 2. At the inlet of brine, the temperature was 8oC (during the chilling 
mode) and the nominal velocity was 0.021 m/s (based on 15 cm I.D.). The shaft/scraper rotating 
speed was set at 0, 3, 6, or 10 r/s, respectively. The refrigerant temperature was assumed to be 
constant everywhere at –9oC and the heat transfer coefficient on the refrigerant side is about 7900 
W/(m2.K), which was calculated and provided by the Sunwell Technologies Inc. 

Table 1  Dimensions of the ice-slurry generator 
Length (m) 1.6 Length of outlet tube (cm) 10 
Inner diameter (cm) 15 Angle between wall and blade (o) 60 
Shaft radius (cm) 1.9 Wall thickness (between Freon and Brine) (mm) 3 
Outlet tube radius (cm) 1.8   

Table 2  Typical operating conditions of the ice-slurry generator 
Brine inlet temperature (oC) 8 (= –281.15 K) Freon average temperature (oC) –9 (=264.15 K) 
Brine inlet velocity (m/s) 0.332 (=6 g/min) Rotating speed of scraper (r/s) 6 (=360 r/min) 

Fig.1 Outlook of the ice-slurry generator 
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2.3  Experimental Procedure and Conditions 
Experiments were performed during both the 

chilling and ice-making modes at different brine 
mass flow rates and cooling loads. Ice-slurry 
generation under different conditions was conducted 
using the test section. Typical flow conditions for the 
ice-slurry experiments are shown in Table 2. 
2.4  Brine-side Temperature Measurements 

In the present design, the ice scrapers inside the 
tubular ice generators are attached to a rotating shaft. 
The scrapers not only scratch ice crystals off the 
inner wall of the generator, but also enhance 
convection heat transfer by mixing the brine. In order 
to better understand the mixing effect, temperature 
distribution was measured inside the brine flow channel using thermistor arrays shown in Fig.2. The 
scraper-rotating shaft assembly was equipped with 25 fast-response (~1 s in water) and high- 
accuracy (±0.1oC in flowing water) thermistors to measure the brine temperature at five axial 
positions (A to E corresponding to 0.61, 0.91, 1.35, 1.83, and 2.23 m from the top) and four or five 
radial positions between the shaft and wall at each elevation. The transmission of 25 thermistor 
signals from a rotating shaft to a data acquisition system required the use of an infrared transmitter. 

The brine temperatures obtained during the 
chilling mode of operation are shown in Fig.3. At 
each axial position, little variation is observed in the 
radial temperature distribution from the four radial 
positions. Thus the fifth one was added, which is 
only 1 mm away from the wall. When the refrigerant 
flow was stopped during the test between about 210 
and 500 s, all the temperatures converged to the 
same value. An isothermal condition was reached 
inside the ice-slurry generator. With the refrigerant 
flowing and cooling the brine, the axial temperature 
profiles obtained indicated lower heat transfer rates in the upper section compared to the lower 
section of the ice generator. Such lower heat transfer phenomena are not clear and more measure- 
ments are needed to determine its cause. The overall heat transfer rate may be further improved by 
modifying the scraper design and enhancing the radial velocity component and mixing of the brine. 

3  NUMERICAL SIMULATION 
3.1  Governing Equations 

The governing equations describing fluid flow in ice generator were listed in Table 3. The 

Fig.3 Brine temperature distribution during a chilling 
mode at a typical condition shown in Table 2 
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mixture is assumed as incompressible Newtonian fluid since the ice concentration is relatively low. 
Thus the viscous stress tensor can be found easily in reference[4,14]. 

Table 3  Governing equations 
Continuity equation: div( ) 0,Uρ =

v                            (1) 

U momentum equation: x xdiv( ) div ,pUU F
z

ρ τ∂
= − + +

∂

v                    (2) 

V momentum equation: 
2

r
v vdiv( ) div ,W pUV F

r r r
τ

ρ ρ τ θ∂
− = − + − +

∂

v              (3) 

W momentum equation: r1div( ) div ,VW pUW F
r r r

τ
ρ ρ τ

θ
θ

θ θ

∂
+ = − + + +

∂

v            (4) 

k equation: k
k

div( ) div grad ( ),Uk k Gµρ ρε
α
 

= + − 
 

v               (5) 

εequation: 1 k 2div( ) div grad ( ).U C G C g
kε

µ ερ ε ε ρ ε
α
 

= + − 
 

v          (6) 

Note: The body forces, Fx, Fr and Fθ, include gravity, centrifugal and Coriolis terms, which arise only when a rotating 
reference frame is used. Fx= –ρg, Fr=ρ(ω2r+2ωW), Fθ= ρ(–2ρV). 

3.2  Solution Procedure 
In order to further analyze the brine temperature distribution measured in the tubular ice-slurry 

generator as described above and to explore ways of improving the heat transfer rates, numerical 
modeling and simulation of the brine flow in the tubular ice generator was conducted using a 
commercial CFD code, FLUENT version 5.3, which is based on control volume approach. The 
simulation involved modeling 3-D incompressible turbulent flow with strong rotation in complex 
geometry. A steady flow was assumed in a rotating frame of reference, and a standard k–ε 

turbulence model was used for turbulence 
modeling. Other turbulence models were 
also tried, it was found that the current 
model was the most stable and gave 
satisfactory results. 
3.3  Computational Mesh 

The Gambit (version 1.3, Fluent Inc.) 
software was used to create unstructured 
grids of hexahedral mesh elements. Figure 
4(a) shows the surface meshes at the top 
of the ice generator, with two rotating- 
scraper blades attached to a rotating shaft 
at the center. Figure 4(b) shows the 
surface mesh at the bottom of the ice- 
slurry generator and the outlet tube. 

4  RESULTS AND DISCUSSION 
4.1  Experimental Measurement vs. Numerical Results 

All the cases modeled in this investigation were in the chilling mode. The physical properties 
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(a) Mesh showing top, inlet tube and  (b) Mesh showing bottom and outlet
scrapers of the ice-slurry            tube of the ice-slurry generator

Fig.4 Surface meshes 
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of water and ice at 0oC were used in the 
numerical computations. 

Figure 5 shows a comparison of numerical 
predictions (solid line) with a measured axial 
temperature profile (dashed line). The axial 
temperature variation was predicted reasonably 
well in the lower section, and some difference 
was observed between the upper and lower 
sections of the ice generator. 
4.2  Influence of Rotation Speed 

The computed axial temperature profiles at 0 
and 3 r/s were shown in Fig.6(a) and Fig.6(b), respectively. The effect of rotating speed on the exit 
brine temperature was significant at low rotation speeds (<3 r/s), but became reduced at higher 
rotation speeds. At a rotation speed of 6 r/s, the exit brine temperature was about 1.5 K lower than 
that at a rotation speed of 3 r/s. 

Fig.5 Comparison of predicted and measured axial temp. 
profiles at a typical condition shown in Table 2 
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Fig.6 Axial temperature profiles at 0 and 3 r/s [other conditions are shown in Table 2,  
lines 1~5 are vertically passing through points 1~5 in Fig.7(b)] 
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Fig.7 Velocity vectors in a cross-section area (at a typical condition shown in Table 2) 
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At a rotating speed of 6 r/s, the computed velocity vectors of a cross-section area in the middle 
of the ice-slurry generator are shown in Fig.7(a) and 7(b). The former shows the overall velocity 
vector in the cross-section, while the later shows the velocity vector near the scraper. It can be seen 
that the flow pattern is very complicated in the rotating-scraper ice-slurry generator. The radial 
velocity is relatively high, and it will be difficult to improve the heat transfer rate by increasing the 
radial flow. 
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5  CONCLUSIONS 
A new ice-slurry research facility with 150 cm I.D. has been developed that enables the 

investigation of ice-slurry flow and heat transfer characteristics in a rotating-scraper ice-slurry 
generator. The brine and refrigerant side flow loops have been completed and the ice-slurry 
generator test section was constructed with instrumentation for measuring brine temperature. 
Commissioning tests were conducted to collect temperature and heat transfer data. Axial and radial 
temperature distributions were measured and numerically predicted. An apparently lower heat 
transfer rate from measurements was found in the upper section of the ice generator compared to 
that in the lower section. The radial velocity around the scrapers was relatively high. An improved 
design with three scrapers was recommended to improve the heat transfer rate in the entire ice 
generator. 
 
NOTATIONS: 

cice Ice fraction r Radial direction (m) µb Brine viscosity (N.s/m2) 
g
ρ  Gravity vector (m/s2) t Time (s) ρ Fluid average density (kg/m3) 

k Turbulent kinetic energy (m2/s2) U
ϖ  Velocity vector, =(U,V,W) (m/s) ω Angular velocity (r/s) 

p Fluid pressure (Pa) x,y,z Spatial directions (m) τ Viscous stress tensor (N/m2) 
Pe Grid Peclet number ∆t Time step (s) θ Azimuthal direction (m) 
R Radius of the cylinder (m) µ Fluid average viscosity (N.s/m2)   
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