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ABSTRACT 

To ensure that raw milk quality is maintained during storage, milk needs to be 

chilled and kept at a certain temperature. To prevent the milk from creaming and 

to provide uniform temperature distribution, the milk needs to be smoothly 

stirred. Thus the milk storage process combines heat transfer and fluid flow. 

This work is part of a project studying the optimisation of the design and 

operation of farm milk vats used for storing milk awaiting collection on New 

Zealand dairy farms. It concentrates on CFD simulations of the fluid flow and 

heat transfer in an unbaffled agitated model milk vats, In previous experimental 

work, fresh tap water was used instead of milk, as a medium to minimise costs 

and heat transfer coefficients were measured for the heating process, instead of 

cooling. The CFD simulations in this work were also performed foJ;,., heating 

instead of cooling of the fluid in the vat to permit comparison with available 

experimental results. The geometry simulated was that of the experimental milk 

vat in the laboratory, being a one-third linear scale model of a commercial vat. 

Computational Fluid Dynamics (CFD) package, CFX4.1, was used to solve the 

three-dimensional fluid flow and heat transfer in the milk vat. The impeller 

boundaries were directly simulated using the rotating reference frame. 

The solution accuracy has been numerically examined using a set of different 

sized grids and two turbulence models, the k-e model and the DS model. It was 

found that the DS model gave better prediction than the k-e model, but required 

excessive computing time. Balancing the simulation results and the available 

computing facility, the k-e model in conjunction with the rotating reference 

frame fixed on the impeller has been employed in this work. 

The simulated impeller rotational speed ranged from 18 rpm up to 117 rpm, with 

the corresponding Reynolds number of about 20,000 to 144,000 resulting fully 
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turbulent flow. The simulations of fluid flow for the batch operation mode show 

that the higher the impeller speed, the stronger the circulation flow is, and 

therefore the larger the impeller pumping capacity. However, both the pumping 

number and the circulation number are almost independent of the impeller speed. 

To provide a steady state heat transfer process, a cooling liquid stream was 

introduced to the milk vat directly. This was defined as the continuous operation 

mode. The incoming liquid affects the discharge flow produced by the impeller, 

and therefore the circulation flow, but this effect is not significant at the high 

Reynolds numbers. 

The predicted heat transfer coefficients were compared with the available 

experimental data. The comparison shows that the k-s model in conjunction with 

heat transfer can give a reasonable prediction of the heat transfer coefficients in 

the range of Reynolds number simulated. , 
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NOMENCLATURE 

a Prandtl number exponent 

b impeller blade height, m 

C impeller off-bottom clearance, m 

CIl' the k-e model constant 

C 1, C2, C3 turbulence model constants 

Cp liquid specific heat capacity, J/(kg·K) 

d impeller diameter, m 

dl1 characteristic dimension of the cooling water feed tube in 

equation (2.7) 

D 

F 

inside diameter· of the vessel, m 

body force, N/m3 

incoming liquid flowrate, lImin 

components of body force, N/m3 

gravitational acceleration, m/s2 

xv 

g 

h water side heat transfer coefficient, W/(m2K); total enthalpy, J/kg 

11 time-averaged component of enthalpy, J/kg 

h' fluctuating component of enthalpy, J/kg 

H liquid depth in the vat, m 

k thermal conductivity, W/(m-K); turbulent kinetic energy, m2/s2 

n impeller blade number 

N impeller rotational speed, rev/s 

Np P/(p.N3.d5
)) Power number of impeller, (-) 

NQc QcI(N·d3
)) Circulation number, (-) 

NQp (= Qp/(N.d3
)) Impeller pumping number, (-) 

Nu hD/,,-) Nusselt number, (-) 

NUt total Nusselt number in equation (2.6) 

NUjet Nusselt number from the cooling water alone in equation (2.6) 

p pressure, N/m2 

p time-averaged component of pressure, N/m2 



XVI 

p' fluctuating component of pressure, N/m2 

P power cons,-!mption of impeller, N·m/s 

Pr (= CpIL'A) Prandtl number, (-) 

Qc circulation capacity, m3 Is 

Qp impeller pumping capacity, m3/s 

q heat flux, W 1m2 
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qturb Reynolds heat flux, W/m2 

r radial coordinate 

rc critical radius of surface vortex, m 
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Re (= Nd2p/~) impeller Reyno'lds number, (-) 

T temperature, K 

Tin inlet temperature of liquid stream, K 

Tw temperature on heating surface, K 

T time-averaged component of temperature, K '. '., 

T' fluctuating component of temperature, K 

t time, s 

u axial velocity, m/s 
+ dimensionless velocity u 

u, velocity scale; friction velocity at wall, wls 

u velocity vector, m1s 

IT time-averaged component of velocity vector, m/s 

li' fluctuating component of velocity vector, m/s 

Utip (= 0)·dl2) impeller tip speed; reference Velocity, m1s 
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w tangential velocity, m1s 

x axial coordinate, m 
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+ dimensionless distance in wall boundary layer y 
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cross point between inner and outer layer in equation (3.86) 

cross point for heat transfer layer in equation (3.94) 

thermal expansion coefficient, 11K 

effective diffusivity, kg/(m2.s) 
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turbulent energy dissipation rate, m2/s3 
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Karman constant 
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laminar viscosity, kg/(m·s) 
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CHAPTER 1 

INTRODUCTION 

This work is part of a project on studying the optimisation of the design and 

operation of milk storage vats on New Zealand dairy farms. Fresh milk from 

cows needs to be stored in farm storage vats while awaiting collection. During 

storage, the quality of milk is a key factor to be controlled. In order to maintain 

hygiene standards, the following aspects are the main requirements for the milk 

storage: 

o Temperature control and unifonn distribution: In order to slow down or 

prevent the growth of bacteria and yeast, fresh milk needs to be chilled to and 

kept at a certain temperature during storage. A uniform temperature 

distribution in the milk storage vat is required to assure the quality of milk. 

CD Homogeneity of milk: The milk needs to be well mixed to prevent the milk 

fat from creaming. 

These requirements are essential to maintain high quality of the raw milk. 

Therefore, the thorough study of the associated heat transfer and circulation flow 

is important for the optimisation in the design and operation of milk storage vats. 

1.1 Milk as a raw material 

Raw milk is classified as the milk obtained by simple or multiple milking of 

mammals that are kept for the purpose of milk production. 
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1.1.1 Composition and characteristics of milk 

Water is the major component of milk (86%) and is used principally as a solvent 

for other components. Milk has four other principal components - minerals (0.7 

%), lactose (5 %, solid), protein (3.5 %) and fat (4.7 %) (Alfa-Laval, 1975). Fat 

exists in milk, as a suspension of globules with an average diameter of 3.0 !lm. 

Fat globules are the largest particles in milk. Each globule is surrounded by a 

membrane, which is made up mainly of proteins and phospholipids. The size of 

the fat globules has a significant effect on the yield of dairy processes. The larger 

the globules, the easier they are to separate from the skim milk. Larger fat 

globules also give a higher yield in buttermaking. 

Milk.is an ideal growth medium for mi<?robial organisms as it contains all the 

nutrients required for their growth. The microbial content of milk is a major 
::~ 

feature in determining its quality. It is affected by a few different environmental 

factors such as temperature, pH and oxygen. Above all, temperature is a 

controlling factor for their growth. By reducing the optimal growth temperatures 

(refrigeration) the microbial growth can be retarded significantly or even stopped. 

1.1.2 Milk storage 

To keep milk quality at a satisfactory hygiene level during storage, raw milk is 

normally chilled to and stored at a certain temperature. The temperature of raw 

milk is about 37 °e when it leaves the udder. It needs to be quickly chilled to 

about 4 0c. At this temperature the activity level of microorganisms is very low. 

But if the temperature is allowed to rise during storage the bacteria will start to 

multiply (Alfa-Laval, 1975). However, Spreer (1998) recommended a storage 

temperature of:s; 6 °e, and pointed out that due to the chilled storage of milk at 2 

- 4 °e, very often psychrotrophic forms appear. This can cause negative changes 

in milk (sensorial defects, chemical degradation) due to propagation and 

metabolism. Figure 1.1 shows the bacteria growth in milk as a function of the 
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chilling temperature and time (Spreer, 1998). It shows clearly that if the chilled 

temperature is kept at 4 - SoC, the bacteria growth can be almost stopped within 

24 hours. Even for a storage period of 48 hours, milk quality may still meet the 

hygiene requirements. However, if the chilled temperature was over 10 °C during 

storage (see Figure 1.1), the bacteria would grow and propagate very quickly. In 

New Zealand dairy industry practice, raw milk is normally collected twice a day 

and kept in storage at 4 - 5 °C before collection. In this chilled temperature range 

the higher quality of milk may be kept, thus both the dairy farmer and dairy 

products manufacturer will benefit from it. 

/ 
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Figure 1.1 Bacterial growth in milk in function of chilling 

temperature and time (Spreer, 1998). 
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During storage, milk must be stirred in order to avoid destabilisation of the fat 

distribution by creaming and to maintain a uniform temperature throughout the 

whole storage tank. The agitation must be smooth. Too violent agitation can 

create negative influences and the inclusion of air, which can cause strong 

degradation of the fat globule membrane and separation of free fat from the fat 

globules. Free fat is then attacked by the natural milk enzyme lipase, which then 

causes fat degradation and quality reduction of fat-containing products. Further, 

the free fat is more strongly attached to the walls of the containers and it is more 

difficult to separate during decreaming, causing fat losses. Gentle agitation is 

therefore a basic rule in the storage of milk. However, if the agitation is not 

enough, it will be difficult to maintain a uniform temperature distribution in the 

whole tank. It might also cause non-homogeneity of milk and further degrade the 

milk quality. 

1.2 Background of the project 

Farm milk vats in New Zealand are agitated vessels without baffles, equipped 

with cooling (heat transfer) jackets. Fresh milk in storage vats on New Zealand 

dairy farms usually needs to be cooled down about 4 - 5 °C while awaiting 

collection. The cooling of milk is usually achieved by direct expansion of a 

refrigerant in a thin jacket on the outside of the bottom of the vat. Larger vats 

also have a second cooling jacket on the lower part of the side wall. The vat is 

normally a vertical cylinder with a floor with a slope of 4° and a drainage gutter 

in the floor. Agitation is provided by an impeller on a vertical shaft, which is 

mounted from the roof of the vat. For hygiene reasons the vats have no baffles. 

The impeller used is either a vertical flat blade, or is pitched no more than 15° 

from the vertical to permit cleaning in place by a solution sprayed from the top of 

the vat. 
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A model milk vat was built to perfonn the experimental studies of heat transfer 

and the circulation flow. It has a similar design to the fann milk vat but with 

smaller dimensions, as shown in Figure 1.2. A two-blade impeller, which is 

centrally located, was used for agitation. The model milk vat has a 4° sloped 

bottom and is equipped with two heating jackets, which are mounted on the vat, 

one covers a part of the side wall and the other the entire bottom. It has a volume 

of approximately 450 litres. 

2 

waierlevel 

o 

z 

o 
(J\ o 

r-. 
o 

Figure 1.2 The experimental apparatus. 1. water inlet, 2. 

distributor tube, 3. float valve 4. steam inlet, 5. side heating 

jacket, 6. condensate outlet, 7. water outlet (Jordan and 

Neubert, 1998). 

To ensure milk quality during storage, the milk temperature and its distribution 

are major concerns. The milk temperature in storage is a key factor that directly 

affects milk quality, Smooth agitation is required to assure the unifonn 

temperature and the homogeneity of milk. If the temperature of milk is non-
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unifonn, some part of the milk may have a higher temperature in which the 

bacteria may quickly grow and propagate, which degrades the quality of the milk 

and causes economic loss. It is therefore essential that the temperature of milk is 

as unifonn as possible during the whole storage period. The functions of the 

cooling jacket and agitation are combined in a complex way. It is therefore 

necessary to investigate the fluid flow and heat transfer phenomena in such 

storage tanks. 

For the project of studying the optimisation of the milk storage process, part of 

the experimental investigations of the project, such as heat transfer coefficient 

measurements, have been done. Jordan and Basennann (1997) have reported 

experimental heat transfer investigation by heating liquid with a partial side 

jacket and a bottom jacket in a model farm milk vat. The side jacket heat transfer 

coefficients were found to be higher than those of the bottom jacket and 

significantly higher than the results predicted by published correlations. One of 

the reasons for this difference is that the measurements were obtained in batch 

operation in which the Reynolds and Prandtl numbers changed continuously 

through each heating run. The reliability of heat transfer measurements was 

improved by changing to steady state operation, with liquid flowing through the 

vat, by Jordan and Neubert (1998). For economic reasons, tap water was used 

instead of milk as the liquid medium, and the heat transfer measurements were 

done in the heating mode rather than cooling. The part of flow field 

measurements has not been done due to financial limitations. 

1.3 Present work 

In the present work, the numerical simulations offlow pattern and heat transfer in 

a model milk vat (as shown in Figure 1.2) were performed using the 

Computational Fluid Dynamics (hereinafter referred to as CFD) commercial code 

CFX4.1. The use of the computational techniques is becoming more 
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commonplace in many sectors of industry. CFD, the simulation of fluid flow and 

heat transfer processes, has been used to study the fluid flow distribution in 

agitated vessels in recent years (Abid, et aI., 1994; Armenante and Chou, 1994; 

Armenante and Chou, 1996; Bakker and Van Den Akker, 1994; Bakker et aI., 

1997; Jaworski, et aI., 1991, 1996, 1997; Kresta and Wood, 1993a,b; Ranade, et 

aI., 1990, 1992, 1996, 1997; and others as described in chapter 2). The main 

advantage of this approach is in its potential for reducing the extent and number 

of experiments required to describe such types of flow, and making sure that only 

the important experiments are carried out. Most of the CFD predictions in mixing 

vessels carried out to date have been centred on applications dealing with baffled 

vessels. Only a few studies in recent years have been focused on unbaffled 

vessels (Armenante, et aI., 1997; Ciofalo, et aI., 1996; Dong, et aI., 1994a, b; 

Markopoulos and Kontogeorgaki, 1995). Therefore the numerical study of flow 

pattern and heat transfer in milk vats is important both from a fundamental point 

of view and for its application in the dairy industry in New Zealand. 

The CFD calculations of the flow pattern and heat transfer in agitated vessels are 

limited in terms of how accurately they can simulate what is happening in reality. 

These limitations are, in general, caused by either or both of two things: the grid, 

and the mathematical models. The grid has to play two roles in a CFD 

simulation. Firstly, it has to represent accurately the geometry of interest. 

Secondly, the grid has to pick up details of the flow. If too few meshes were used 

in a grid, the fine details of the flow, such as in the impeller region, which is the 

cause of the flow distribution, would not be seen. However, the more accurate the 

solution, the more expensive the simulation will be. The accuracy of solutions 

produced by a CFD code is only as good as the mathematical models they are 

based on. 

The CFD simulations in agitated vessels reqUlre boundary conditions to be 

specified for all physical boundaries since the components of the boundary 

conditions have a large effect on the overall flow patterns and heat transfer 
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processes. It is stated that the impeller boundary conditions need to be specified 

using experimental data in order to get the right solutions (Fokema and Kresta, 

1994). This is limited by.the availability of the corresponding data. Since an 

unbaffled tank has relatively simple geometry, the numerical simulation can be 

conducted by using the direct boundary condition method, which has no 

approximation to the impeller boundary, and provides a complete picture of the 

flow inside the tank. The flow in the vat does not vary with time when viewed 

from a reference frame rotating with the impeller. Therefore, a rotating reference 

coordinate system can be employed, with the grid fixed relative to the impeller 

and shaft, and with the vessel walls moving at the same angular speed as the 

impeller, but in the opposite direction. This method requires no experimental 

input. 

For the case of steady state heat transfer, simulation needs to be done in the 

continuous operation mode, that is, a liquid stream flows through the vat at a 

constant flow rate during operation. The presence of the incoming liquid stream 

means that the symmetry existing usually in cylindrical vessels is now disrupted. 

The incoming liquid stream disturbs the simple tank wall boundary conditions in 

an unbaffled tank. Therefore, if the rotating reference frame is employed for the 

simulation, the incoming liquid stream may affect the boundaries around the 

liquid inlet and outlet and further, the flow pattern in the whole computational 

domain. This needs to be further examined. When the corresponding 

experimental data are not available, the numerical examination will be useful. 

Fortunately, the CFD package of CFX4.l provides the sliding mesh facility. This 

is a function especially for the purpose of performing calculations in a stirred 

tank which has complicated wall boundaries. Thus the sliding mesh facility can 

be used for the simulation in the continuous operation mode. The calculation is 

performed as a time dependent procedure and the computational domain can be 

divided into two blocks. The inner block containing the impeller rotates with the 

impeller, and the outer block touching the vertical cylindrical wall remains 

stationary. The simulation can be done without experimental input and provides 
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full details of the flow as time proceeds. However excessive computing time may 

be required for the solution of a set of time dependent equations. Therefore, the 

sliding mesh technique is. only used for examining the influence of incoming 

liquid on the flow pattern in the continuous operation mode. The definitions of 

the continuous operation mode and the batch operation mode are as follows: 

It Continuous operation mode: A stream of liquid having a constant flowrate is 

fed continuously into the top of the milk vat, and a stream with the same 

flowrate is withdrawn from the bottom of the vat. 

It Batch operation mode: There is no liquid stream into or out of the milk vat 

during the operation. 

The optimisation of design and operation of milk storage vats a large and 

complicated subject. This study focuses only on numerical simulation~ of fluid 

flow and heat transfer in unbaffled tanks. For comparison reason, tap water was 

chosen as the li.quid medium instead of milk in this primary study, and the 

heating jacket instead of cooling was used to generate the heat transfer process. 

To assure a steady state heat transfer process, a liquid stream was introduced to 

the tank directly, as carried out by Neubert (1997) in the heat transfer coefficient 

measurements. Several different investigations were carried out in this primary 

numerical study as outlined below: 

CD Several grids were created to investigate the effect of mesh size on the 

predicted flow pattern in the batch operation mode. The calculations were 

done using the standard k-8 model in the rotating reference frame fixed on the 

impeller. 

411 To study the effect of mathematical models on the accuracy of the simulated 

solutions, two turbulence models, the standard k-8 model and the differential 

stress model, were employed in the batch operation mode using the rotating 
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reference frame. The corresponding results were tested against available 

experimental data. 

.. The fluid flow in an unbaffled agitated model milk vat was numerically 

simulated using the k-8 model and the rotating reference frame in the range of 

the impeller rotational speeds of 18 rpm up to 117 rpm. The corresponding 

Reynolds numbers range from about 20,000 to 140,000. Thus the influence of 

the impeller speed on flow pattern has been studied in the batch operation 

mode. 

.. The heat transfer coefficient was numerically calculated at steady state in the 

continuous operation mode in the rotating reference frame. The predicted 

values have been compared to available experimental data. 

The effect of the liquid stream on the flow pattern has been esti~ated by 

comparing the velocity distributions simulated in both the batch and the 

continuous operation modes. 

lit Since the liquid stream, which flows through the vat during operation, 

disturbs the boundary conditions around the liquid stream inlet and outlet, 

these influences have been studied by comparing the predicted solutions from 

the rotating reference frame and the sliding mesh technique. 
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CHAPTER 2 

LITERATURE REVIEW 

Mechanically agitated vessels have been the subject of intensive research, 

especially lately since novel experimental and numerical simulation teclmiques 

are becoming available. The studies have been heavily focused on flow field and 

heat transfer investigations due to the establishment of new methodology of 

design and assessing the vessel performances. Experimental measurements are 

normally performed to obtain a clear picture of the flow and heat transfer inside 

the agitated vessel, and in some cases also to provide the necessary boundary 

conditions for numerical simulations. In return the numerical simulations based 

on Computational Fluid Dynamics (CPD) codes may provide very detailed flow 

field and heat transfer information inside the agitated tanks which reduces the 

need for extensive experiments. However, CFD has not yet reached the stage in 

which the calculated flow patterns can always be regarded as correct without any 

experimental validation, so there remains a need for experimental data. Therefore 

in this survey, both the experimental and numerical studies on fluid flow and heat 

transfer in stirred tanks have been reviewed. The single-agitator systems and 

single-phase cases are the only concern in this chapter. 

2.1 Flow fields in agitated tanks 

The Laser Doppler Velocimetry (LDV) technique has been successfully applied 

for the study of flow fields based on its main advantage of being non-intrusive. 

Developments in the field of Computational Fluid Dynamics (CFD) have led to 

an increased interest in the numerical computation of flow fields in stirred tanks. 

The LDV and CFD simulations are two complementary techniques. These two 

tools have enabled investigators to experimentally and non-intrusively determine 



CHAPTER 2: LITERATURE REVIEW 

the velocity distributions within mixing vessels, and to make quantitative 

predictions. 

2.1.1 Experimental approaches 

2.1.1.1 LDV technique 

The LDV technique has been widely used in the fluid flow measurements in the 

agitated tanks because it has the major advantage of not disturbing the fluid. In 

conjunction with an appropriate data acquisition system, an LDV system is able 

to collect a large number of samples, which describe the very details of flow 

inside an agitated tank, in a short time. Because the turbulent flow in stirred tanks 

has a very complex structure, being three-dimensional, periodic with 

superimposed random and long time-scale fluctuations, LDV is especially 
~ 

suitable and has some essential advantages as compared with hot-film 

anemometry (Costes et aI., 1991). However, LDV requires translucent liquids, 

whereas many real-life liquids or dispersions are opaque, hence other techniques 

need to be developed for such cases. 

LDV was probably applied to a stirred tank for the first time by Reed et a1. (1977) 

and since then considerable progress has been made, especially in the turbulent 

flow range. A typical measurement apparatus (Armenante and Chou, 1994; 

Arrnenante and Chou, 1996; Armenante, et aL, 1994; and Arrnenante et a1., 1997) 

is shown in Figure 2.1. It comprises of an agitator-vessel system, a LDV system, 

and a data acquisition system. The multi-colour beam produced by a 1.5 W laser 

passes through the prisms, mirrors, polarisation rotator, and beam divider from 

which only a two-coloured beam (green and blue) emerged. Each of these two 

beams was split into two parallel beams. These beams were all converged in a 

small elliptical control volume formed by their intersection. The scattered light 

from the water in the elliptical control volume was collected by the receiving 

optical assembly working in backscatter mode, and the Doppler shift was 
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measured with a photomultiplier assembly. A data acquisition system connected 

to a computer converted the Doppler shifts into velocity values, and produced on

line measurements of average and fluctuating velocities. The LDV sampling time 

was 60 to 80 seconds, corresponding to approximately 1500 to 2000 

measurements of the three components of the local instantaneous velocity. The 

vessel used was an unbaffled tank with equal tank diameter and liquid depth of 

293 mm, and the ratio of the tank diameter to impeller diameter of3. 

Pt'OC4'$SOl' 
TSI1990A. 

Figure 2.1 Laser-Doppler velocimetry system (Armenante et aI., 1997). 

2.1.1.2 Flow field measurements 

Published LDV data are numerous for baffled stirred vessels. The majority of the 

experiments reported are focused on Rushton disc turbines (Costes et aI., 1991; 

Dyster et aI., 1993~ Koutsakos et aI., 1990; Magni et aI., 1988; Mahouast et aI., 
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1988; Ranade and Joshi, 1990a; Rutherford et aI., 1996b; Stoots and Calabrese, 

1995). Some experiments are reported for pitched blade turbines (Hockey and 

Nouri, 1996; Jaworski et 1991; Kresta and Wood, 1993a; Kresta and Wood, 

1993b; Ranade and Joshi, 1989a; Tatterson et ai., 1980). The experimental data 

show that the mean velocity distribution and flow patterns for pitched blade 

turbines are essentially different from those of the radial flow Rushton turbines. 

Kresta and Wood (1993a) have studied the influence of geometry configurations 

on flow patterns produced by a pitched blade turbine. They pointed out that two 

distinct bulk circulation patterns could be identified, one for higher off-bottom 

clearances, and one for lower clearances. The impeller discharge condition and 

the overall circulation patterns are affected by the proximity of the tank walls, 

and the circulation patterns are shown, to have a substantial impact on the 

discharge stream. These findings indicate that the action of the impeller is not 

independent of the tank geometry, but contains a substantial feedback component 

from the bulk flow. 

Jaworski et aI. (1996) reported the measured turbulent flow field in a baffled 

vessel for an axial, down-pumping hydrofoil impeller. Using ensemble averaging, 

the mean axial and radial flow and the associated fluctuating components were 

obtained for the entire vessel, plus similar data for the tangential component 

close to the impeller. Mavros et al. (1996) published measurements of flow 

patterns for the Rushton turbine and two axial agitators in a baffled tank. Figure 

shows flow patterns for a Rushton turbine in (a) plain water and (b) 1 % CMC 

solution in a baffled tank. The overall flow pattern, seen in the pseudo-2D map of 

velocities drawn from the geometric sums of the axial and radial velocity 

components (Figure 2.2a), shows two primary circulation loops, one in the upper 

and one in the lower part of the vessel. The lower circulatory flow is well 

defined, with the stream flowing downwards and then being inverted and flowing 

towards the agitator. In the upper part, the flow pattern is less clearly defined. 

Liquid flows upwards in a narrow region near the wall and then is diverted 
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towards the centre of the vessel and recirculates towards the agitator. It is noticed 

that at the top and near the vertical wall, there are small secondary circulation 

loops. It is also noted that'there is a lot of downflow, but not enough upflow in 

the upper part of the vessel. In general, on the plane of the cross section at 

arbitrary axial position the upflow liquid and the downflow liquid should be 

balanced. Two liquids, plain tap water and a solution of 1 % CMC with the 

corresponding Reynolds number of 271 00 and 480 respectively, were used to 

examine the effect of liquid viscosity on flow pattern. Comparing the flow 

patterns in Figure 2.2, it can been seen that the increase in liquid viscosity does 

not affect drastically the flow pattern in a stirred tank. 
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Figure 2.2 Pseudo-2D maps of composite axial and radial velocities 

produced by Rushton turbine (Mavros et aI., 1996), (a) plain water flow 

pattern; (b) flow pattern in 1 % CMC solution. 
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Compared to the baffled tanks, less attention has been paid to unbaffled tanks. 

Nagata (1975) obtained the classic measurements of flow patterns for unbaffled 

tanks. Recently a few measurements have been reported (Armenante and Chou, 

1994; Armenante et aI., 1994; Armenante et aI., 1997; Dong et aI., 1994a). Dong 

et aL studied the flow induced by an impeller in an unbaffled cylindrical tank 

with a lid on top for a flat-paddle with eight blades. The effects of the impeller 

rotational speed and clearance to tank bottom on flow characteristics were 

investigated. Figure 2.3 illustrates their measurements of dimensionless mean 

circulation flows in an axial plane with different impeller rotational speeds and 

clearances. It is seen that the velocity distributions confirm the classification of a 

flat paddle impeller as a radial flow type because the axial velocity components 

remain very small in comparison with the radial components in the impeller 

stream. In comparing Figure 2.3(a), impeller speed of 100 rpm, with Figure 

2.3(b), impeller speed of 150 rpm, it is seen that the dimensionless cir.culation 

flows are approximately identical in the two cases. This indicates that the 

distributions of dimensionless velocity components are almost independent of the 

impeller speed in the range of Reynolds number studied. Costes and Couderc 

(1988) obtained the same result in an agitation system with a disc turbine in a 

baffled vessel. Figure 2.3(c) shows that the circulation flow for the lower 
-

impeller position is different from the flow pattern with the higher impeller 

position as shown in Figure 2.3(a). It is clear that the flow pattern in the upper 

part of the vessel is better defined for higher impeller position case. Their 

measurements were performed in a small size vessel with the corresponding 

Reynolds number of 3000 to 5000. 
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Figure 2.3 Measured mean circulation flow in axial plane produced ~Y a 

radial flow impeller in an unbaffled tank (Dong et aI., 1994). 

2.1.2 Numerical approach - applications of CFD in stirred tanks 

2.1.2.1 Methods to specifY the boundary condition of impeller 

CFD has become, in the last two decades, a primary tool of numerical approach 

in predicting fluid flow in stirred tanks. It is well known that CFD simulations 

require boundary conditions to be specified for all the physical bounds. In a 

mechanically agitated tank, the most complicated boundary condition is for the 

impeller. Therefore, correct determination of the impeller boundary conditions is 

the foundation to obtaining the right solutions, since the impeller boundary 

condition has a great effect on the flow pattern in agitated tanks. In terms of the 

method used in specifying the impeller boundary conditions, CFD simulations in 

stirred tanks can be summarised in the following three ways: 
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2.1.2.1.1 Experimental boundary condition 

The experimental boundary condition is a common method used in CFD 

simulations in stirred tanks. This method treats the impeller as a black box. It 

requires impeller boundary conditions as input which need to be determined 

experimentally (Armenante et ai., 1996; Bakker and Van Den Akker, 1994; 

Fokema and Kresta, 1994; Ljungqvist and Rasmuson, 1998; Ranade and Joshi, 

1989b; Ranade and Joshi, 1990b; Rutherford et aI., 1996a and Sturesson et aI., 

1995). In such an approach, the velocity components and turbulent characteristics 

need to be determined on the surfaces of the impeller swept volume. Such 

simulations were reviewed by Ranade et aI. (1995). The data reported by Mishra 

and Joshi (1993), Ranade and Joshi (1990a), Wu and Patterson (1989) and 

Yiannekis and Whitelaw (1993) are recommended for specifying boundary 

conditions for radial impellers. The data for corresponding boundary conditions 

for a variety of axial impellers can be found in Bakker et al. (1996), Kresta and 

Wood (1993a, b), Ranade and Joshi (1989a) and Ranade et al. (1992). 

The simulations of fluid flow considering the impeller as a black box show that it ; 

is not necessary to specify all the surfaces of the impeller swept volume. The 

most common way is to represent the impeller boundary conditions in the 

outflow from the impeller. In general, it is enough to specify boundary conditions 

on the vertical surface of the impeller swept volume for radial impellers and on 

the bottom horizontal surface of the impeller swept volume for downflow axial 

impellers or on the top horizontal surface for upflow impellers. There are some 

cases where the outflow from the impeller may flow through more than one 

surface of the impeller swept volume, therefore all the outflow surfaces need to 

be specified. For example, Ranade and Joshi (1989b) pointed out that a large 

diameter axial downflow impeller could pump liquid outward through the 

vertical surface of the impeller swept volume. In this case it is necessary to 

specify boundary conditions on both the bottom surface of the impeller swept 
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volume and on the portion of vertical surface through which the liquid flows 

outwards. 

The experimentally determined impeller boundary conditions are limited by the 

available data. Even though experimental data are available for a certain impeller, 

it is not certain that it generates the same flow in different tank geometry 

configurations. The geometry configurations, such as tank walls, impeller hub 

and impeller off-bottom clearances, and so on, have a feedback to the flow 

patterns, as reviewed in the experimental approach. Fokema and Kresta (1994) 

simulated the flow generated by a pitched blade turbine in a cylindrical baffled 

tank using two experimentally determined sets of impeller boundary conditions 

with two different off-bottom clearances. They found that the flow generated by a 

pitched blade impeller could not be successfully predicted without considering 

the impeller location. The sensitivity to the impeller boundary conditions was 
, 

studied by altering the boundary conditions one component at a time and noting 

the effect of these actions. For both the higher and lower clearance cases, they 

pointed out that the only variables that significantly affected the flow pattern 

were the axial and radial velocity. Thus, use of u and v from the correct impeller 

boundary condition and use of the values ofw, k and E from the other case should 

yield accurate velocity fields. Figure 2.4 shows this for both geometries. It should 

be noted that the velocity profiles throughout the tank were not significantly 

affected by incorrect specification of the turbulence quantities at the impeller, but 

the distribution of turbulent kinetic energy dissipation rates was adversely 

affected. 
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Ljungqvist and Rasmuson (1998) investigated the influences of the top boundary 

on flow in the lower parts of the vessel using a downward pumping 45° four

bladed pitched blade turbine impeller. The top boundary conditions of air-liquid 

and solid-liquid (the lid) were studied. It has been found that the change of flow 

patterns due to the absence of an air-liquid interface is very small if the air-liquid 

and solid-liquid interfaces are located at the same position. If the liquid-solid 

interface (the lid) is lowered considerably, for example the height to upper 

boundary changed from 300 mm to 150 mm, a small change in the flow pattern 

can be observed. Simulations were also performed with the lid in the low 

position (150 mm), but using the impeller boundary condition measured with the 

lid in the high position (300 mm). The object of this was to see how much of the 

change in flow field was related to the change in the top boundary condition. It 

can be seen from Figure 2.5 that the change seems to be primarily caused by the 

change of the outflow from the impeller. There is also, however, some direct 

effect of the upper boundary. It should be noted that the effect originating from 

the impeller boundary condition is clearly larger than the effect originating from 

the top boundary condition. 

The experimentally determined boundary conditions of the impeller are mainly 

used in the simulations of fluid flow in baffled tanks. Fewer attempts for the 

unbaffled tanks have been reported. Armenante et a1. (1994), Armenante et a1. 

(1997) and Dong et a1. (1994b) reported numerical CFD predictions using the 

measured impeller boundary conditions for unbafiled tanks. 

Based on this survey, we can conclude that the experimental boundary condition 

is limited by the following: 

• It cannot capture the details of the flow between the impeller blades since the 

treatment of the impeller is essentially two-dimensionaL 
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" The boundary conditions of the impeller are limited by the available data for 

a certain impeller. 

• Even though the data may be available for a particular impeller, it may 

generate different flow patterns with different tank geometry configurations. 

It The simulation accuracy is basically affected by the accuracy of the 

experimental data arising from the difficulties in measuring the velocities and 

turbulence parameters in the vicinity of the impeller. 
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Figure 2.5 Comparison of simulated axial components of the mean velocity 
at 25 mm from the bottom (Ljungqvist and Rasmuson, 1998). 

== S1, height to top boundary (H) of 0.3 m, IBC: data from same 
height. 
- - - - == S2, height to top boundary (H) of 0.15 m, IBC: data from same 
height. 

. _. == S2(1), height to top boundary (H) of 0.15 m, IBC: data from 0.3 m 
height. 
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2.1.2.1.2 Direct impeller boundary condition 

To capture the flow details between the impeller blades, the impeller surface 

should be specified exactly and the flow inside the impeller needs to be directly 

simulated. This has been carried out to simulate full time-varying flow within and 

outside of the impeller region with the use of sliding or deforming grids. A few 

studies of simulating fluid flow in baffled stirred tanks using the sliding mesh 

technique have been reported (Bakker et ai., 1997; Brucato et aI., 1994; Harvey 

and Rogers, 1996; Jaworski et aI., 1997; Lane and Koh, 1997; Lee et ai., 1996; 

Pemg and Murthy, 1993; Tabor et aI., 1996 and Takeda et aI., 1993). This 

method of sliding mesh does not require any experimental input, needs no 

approximation to the impeller boundary condition and, can provide a complete 

picture of the flow inside a stirred tanJc. The method of sliding mesh uses time 

dependent calculations to reach the periodic steady state in stirred tanks. This is a 

useful method for modelling the interacting flow between the impeller and the 

baffles in baffled agitated tanks. The computational domain is divided into two 

blocks: the inner block containing the rotating impellers; and the outer block 

containing the baffles. The inner block is rotated and the outer block is fixed. 

Bakker et ai. (1997) and Jaworski et ai. (1997) reported their practices for 

laminar flow simulations. Time dependent simulations were employed to reach 

the periodic steady state. Their results showed a very good agreement between 

the computed and experimental values for various flow characteristics without 

the need to input any experimental values for the boundary conditions of the 

impeller. They pointed out that the main drawback of this approach is the very 

long computing time. 

Bakker et al. (1997) used local and average velocities as a function of time to 

determine when periodic steady state was reached. They found that the local 

velocities close to the impeller converged the fastest, while the average tangential 

velocity in the liquid bulk converged the slowest. The computational time was 
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checked using different Reynolds numbers. The number of revolutions to achieve 

periodic steady state increased from about 15 (3.75 hrs) for Re == 40 to about 35 

(8.75 hrs) for Re This computing time is about an order of magnitude 

longer than with steady state calculations based on the experimental impeller 

boundary condition method. 

For turbulent flow calculations, the computational time using the sliding mesh 

technique to reach the periodic steady state must be much longer than in laminar 

flow, since turbulent flow mechanisms are more complicated and it is more 

difficult to get steady state solutions. Tabor et al (1996) applied the sliding mesh 

technique in the fully turbulent flow calculations with the Reynolds number of 

2.9x 104
• The simulation was started from the flow field generated by the 

appropriate Multiple Reference Frame cal~ulations, which is a similar computing 

facility, in order to shorten the time required for the sliding mesh calcu~ation to 

reach a periodic steady state. Ten complete revolutions of the impeller were run 

before sampling the data to compare with experimental results. 

Fine grids have been used for turbulent flow computations (Lee et aI., 1996). For 

each revolution of the impeller 72 time steps were used - a sliding grid 

mechanism takes place at each time step, corresponding to every five-degree 

rotation. The simulations were started at zero velocity fields using the k-s 

turbulence model. Three computational meshes were generated to investigate the 

sensitivity of the solutions obtained to the grid structure and resolution. The 

embedded grid refinements were made in successive steps in a region contained 

within 0.01 m (10% of liquid height) above and 0.01 m below the centre of the 

impeller and extending horizontally from the vessel axis to 0.03 m (60% of the 

tank radius) in the radial direction. As many impeller revolutions were performed 

as necessary to reach periodic steady state. They judged whether a periodic 

solution had been reached by looking at the variables at a cell near the blades and 

observing a number of peaks equal to the number of blades. When the peaks did 

not change magnitude with every revolution, then the solution was said to be 
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periodic. It was shown that the spatial resolution of the grid needs to be 

sufficiently fine to capture the changes in the gradients within this region. 

Lane et al (1997) took a different approach. To reduce the amount of 

computational time required, a 180° section of the tank was modelled with an 

impeller Reynolds number of 48000. They simply divided the calculation into 

two stages: firstly coarse time steps were used corresponding to 30° rotation of 

the impeller per step. After 10 full rotations of the impeller steps were reduced to 

12° for a further 3 revolutions. Then the developed flow pattern became 

periodically repeatable. indicating that a "steady-state" was reached. 

The sliding mesh method shows a promising view of fluid flow and turbulence 

characteristics in the region between. impeller blades. but requires excessive 

computational resources. For the solution of full time-varying flow in a stirred 

tank, the computational requirements of these are greater by an order of 

magnitude than those required by the steady state simulations. 

1.2.1.3 Other methods 

Review of the above two methods indicates that some drawbacks for each 

method limit its utility. The experimental impeller boundary condition needs the 

measured velocities and turbulence characteristics as input on the impeller swept 

volume surfaces, and the sliding mesh requires solution of the full time-varying 

flow field which requires unacceptable computational time. To overcome the 

above shortcomings, some other methods between the experimental boundary 

condition and the direct boundary condition have been examined. 

Pericieous and Patel (1987), Xu and McGrath (1996) described the interaction 

between the impeller and fluid using an approximated momentum source. In this 

approach, the source-sink technique based on the aerofoil theory was employed 

to determined the source and sink terms for the computational cells on the front 
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side and the back side of the blades. No experimental data are required and the 

flow inside the impeller is also simulated. However, it contains approximations 

for the drag and lift coefficients, which need to be experimentally determined for 

a certain impeller, in the source and sink terms. 

Ranade and Dommeti (1996) has developed an intermediate approach, the 

snapshot method. The method basically involves taking a snapshot of the flow in 

the vessel with the impeller in any particular position with respect to the baffles. 

The time derivative terms in the transport equations are ignored except in the 

impeller swept volume where the passage of blades generates significant 

acceleration/deceleration. The flow within the impeller region is assumed to be 

periodic. This periodic nature of the flow can be used to reformulate the time 

derivative in terms of the spatial gradient as: 

(2.1) 

where N is the impeller rotation speed and ~ is a general variable. In this 

approach, impeller blades are fixed at one particular position with respect to the 

baffles . .In a real case, the blades are rotating at that instant. The blade rotation 

causes suction of fluid at the back side of the impeller blades and equivalent 

ejection of fluid from the front side of the blades. The fact of the impeller 

rotation was simulated using the mass sink concept. For all the computational 

cells adjacent to the back surface of the impeller blades, the mass sink, SM,. is 

simply defined as: 

(2.2) 

where Abc and Wbc are the area of the surface of the computational cells which 

are adjacent to the impeller blade and the normal vector of the rotational velocity 

of the blade averaged for that computation cell surface respectively. The 
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corresponding sink terms for the other variables, ~, for the computational cells 

adjacent to the back side of the impeller blades are defined as: 

(2.3) 

where ~c is the value of ~ prevailing over the computational cell. The mass source 

terms for the computational cells adjacent to the front side of the impeller blades 

were defined by expression (2.1) with the positive sign to the right hand side. The 

sources for all the other variables were set to zero. 

The parameter ~c in expreSSIOn (2.3) is difficult to determine. Ranade and 

Dommeti (1996) set this value of ~c to zero in predicting flow produced by an 

axial flow impeller; The results showed that setting ~c as zero does not make a 

significant change in flow field. However, it significantly alters the predicted 

results of a radial flow impeller such as the Rushton turbine (Ranade, 1997). It 

should be noted that with this snapshot approximation it is possible to simulate 

flow within the impeller blades without excessive computations. Also it does not 

require the boundary conditions at the impeller swept surfaces from the 

experiments. The approximation of the source and sink terms for mass and all the 

variables need to be validated by comparison with experimental data. 

2.1.2.2 Simulations in unbaffled agitated tanks 

Survey of published literatures indicates that applications of CFD in stirred tanks 

depend on the methods used in specifying the impeller boundary conditions 

because of the difficulties of getting correct descriptions of the impeller. The 

impeller boundary conditions have a great impact on the flow pattern in the 

whole tank. They need to be specified either by the corresponding experimental 

data (experimental boundary condition) or by approximations around the impeller 

(momentum source boundary condition/snapshot method). To model the flow 

between the impeller blades, a set of fully time-dependent transport equations 
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needs to be solved which require excessive computational resources (direct 

boundary condition). 

For unbaffled agitated tanks, the impeller can be directly simulated using 

standard numerical techniques because of the relative simple geometry (Abid et 

al., 1994; Ciofalo et al., 1996; Dong et al., 1994b; Hiraoka et al., 1988). The 

method is similar to extending the inner rotating block of the sliding mesh to the 

whole tank and solves the transport equations in a rotating system, which is fixed 

on the impeller. In this approach, no experimental input on the impeller swept 

volume surfaces is required; no approximation is needed around the impeller; no 

excessive computational time is required since the transport equations can be 

solved in steady state. This approach simply treats the impeller as a stationary 

solid in a rotating reference frame and instead the tank wall is rotating. 

, 

One natural characteristic of unbaffled tanks is the vortex formation on the free 

liquid surface. Nagata (1975) gives a simplified, potential flow theory of the 

vortex geometry in unbaffled stirred tanks. The free surface profile is sketched in 

Figure 2.6. A so-called 'forced vortex' exists inside a hypothetical cylinder of 

critical radius rc (0 S; r S; rc), in the centre of the vessel, which is assumed to rotate 

as a solid body with the impeller angular velocity. Outside this region and 

starting with the critical radius re, another concentric cylinder exists with a 

hyperbolic tangential velocity profile, inside of which it is assumed that no torque 

is applied to the fluid. This part of the vortex is called the 'free vortex' section. A 

few expressions for calculating the free liquid profile have been published, as 

reviewed by Markopoulos and Kontogeorgaki (1995). The vortex depth mainly 

depends on the impeller rotational speed, ratio of the impeller diameter to the 

vessel diameter, the impeller type as well as the impeller bottom clearance. 

Liquid viscosity also affects the vortex to some extent. 

The existence of a vortex on the free liquid surface increases the difficulties of 

CFD simulation in unbaffled stirred tanks. Abid et al. (1994), Dong et al. (1994b) 
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and Hiraoka et al. (1988) reported their numerical studies for unbaffled tanks 

with a flat free liquid surface. Thus the vortex was avoided. A typical simulation 

result for a two-flat-blade impeller on lower Reynolds number using the standard 

k-e model is shown in Figure 2.7. Ciofalo et al. (1996) simulated the free liquid 

surface profile in terms of the calculated pressure distributions on the surface. An 

initial flat surface profile was given, then the surface pressures were computed 

for the converged flow field. The new surface profile was obtained from the 

surface pressure distributions and the geometry was generated in terms of the 

computed surface profile. Then the surface pressure distributions were obtained 

and then the new surface profile, and so on. After a few such iterations, the final 

result can be taken as the predicted liquid surface profile if the difference of 

predicted liquid surface profiles between two iterations is within the set 

tolerance. Figure 2.8 shows their pred~cted liquid surface profile compared with 

the experimental data. It shows that in the 'free vortex' region, the predicted 

values are in good agreement with the measured data, but not in the 'forced 

vortex' region in which there is significant influence on the flow. There is scant 

information available in the publications giving the details of the extent to which 

the free liquid surface shape affects the flow field. 

Ciofalo et al. (1996) modelled a radial flow impeller (Rushton turbine) in a small 

tank, which has an equal liquid depth and tank diameter of 0.19 m with the 

impeller diameter of 0.095 m using the differential stress model. Figure 2.9 gives 

the typical results, including the free liquid surface profile. It can be seen that the 

directions of the secondary circulation flows above and below the impeller 

resulting from the primary rotation of the impeller are different from Dong's 

measurement (see Figure 2.3). However, the results were not validated by 

experimental data. CFD predictions using the rotating reference frame for 

unbaffled tanks, so far reported, have concentrated on radial flow impellers. No 

information has been found about the axial flow impellers using the rotating 

reference frame. It is not certain whether the simulations for the rotating system 



2-20 CHAPTER 2: LITERATURE REVIEW 

fixed on the impeller can correctly describe the flow pattern generated from the 

axial impellers. 

(3) (p) 

Figure 2.6 Schematic representation of circumferential velocity profile (a) 
and free-surface height (b) in un baffled tanks according to the simplified 
theory of Nagata. rc is the critical radius. 
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Figure 2.7 Influence of the Reynolds number on axial and radial velocity 
components (Abid et aI., 1994). 
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Figure 2.8 Free-surface profiles for unbaffled tanks (Ciofalo et al., 1996). 

Symbols: experiments; solid line: DS predictions; dashed line: Nagata's 

theory. (a) 139 rpm; (b) 194 rpm; (c) 240 rpm. 
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Figure 2.9 Flow field in an unbaffled tank predicted from the DS model. (a) 

139 rpm; (b) 194 rpm; (c) 240 rpm (Ciofalo et aI., 1996). 
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2.2 Heat transfer 

Heat transfer is an process in stirred tanks, in which effective mixing 

and a uniform temperature distribution need to be maintained. Recently, a few 

studies have been reported either experimentally or numerically (Banim et aI., 

1996; Manning et aI., 1996; Jordan and Basermann, 1997; Jordan and Neubert, 

1998; Kumpinsky, 1992; Kumpinsky, 1995; Kumpinsky, 1996; Neubert, 1997; 

Nunhez and McGreavy, 1994). The experimental study of heat transfer in stirred 

tanks has been started from the 1940s, but only a few numerical approaches have 

been reported to date. 

The study of the heating process in stirred tanks is of particular importance in the 

food industry. The object of such a process is to uniformly raise the temperature 

of the vessel contents, thereby allowing a desired process to occur. The quality of 

the heat distribution in a particular system is dependent on many factors, such as 

impeller type, vessel geometry configurations, manner and rate of heat input, 

impeller rotation speed, properties of the mixture, and so on. 

2.2.1 Heat transfer coefficient correlations 

Since the pioneering work of Chilton et ai. (1944), several empirical correlations 

of heat transfer coefficients in agitated tanks have been reported. Chilton et al. 

stated that heat transfer coefficient for heating and cooling through the side wall 

and bottom of an unbaffled agitated tank can be simply calculated by: 

( )

0.14 

Nu 0.36 Re
2/3 

Pr
l/3 ~: (2.4) 

This correlation is suitable particularly for the ratio of impeller diameter to tank 

diameter of 0.6. Nagata et ai. (1972) extended equation (2.4) to include the 
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effects of impeller and tank geometry configurations. For the case of an unbaffled 

vessel without cooling coils, they obtained: 

In order to measure the heat transfer from a jacket wall at steady state, Nagata et 

al. (1972) performed experiments by introducing cooling water into the vessel 

directly. They found that the experimental values tend to be higher than predicted 

by equation (2.5), as seen in Figure 2.1 O. It can be noted that the experimental 

values increase as the cooling water flow rate increases. Considering the effect of 

cooling water flow rate, they reported that the following equations should be used 

for this case: 

(2.6) 

where q and Q are the flow rates of the cooling water and the discharge flow 

from the impeller with the feed turned off, respectively. NUjet represents the heat 

transfer predicted by the cooling water flow alone, i.e., when the impeller speed 

is zero and was correlated as follows: 

(
d u ) 213(C ) 1/3( )0.14 

N ' =27 ~ 1 Jlb 
U Jet • k 

Jl Jlw 
(2.7) 

where u is the linear velocity of the cooling water and dn the characteristic 

dimension of the cooling water feed tube. The dashed lines in Figure 2.10 

represent the values calculated from equation (2.6), and agree well with the 

experimental data. 

\. 
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Figure 2.10 Heat transfer coefficient correlation for an unbaffled tank with 

side wall heating jacket in conjunction with cooling water through the tank 

directly (Nagata et aI., 1972). 

Penney (1990) summarised the published empirical correlations and 

recommended that the correlation of Nagata et al (equation 2.5) should be 

modified to: 

Nu ~ 0.54 Re'" prlt: ]'" ( 5; r" ( ~)''' (Sin 9 f' (2.8) 

It should be mentioned here that both equations 2.5 and 2.8 were correlated from 

the experimental data measured in the case of a heating and cooling jacket 

covering the whole height of the side wall of the vessel. 



0.13 m high, located in the vicinity of the vat bottom, was 

used to provide the heating source. Neubert reported that a similar tendency to 

that shown in Figure 2.10 was observed for the water-side heat transfer 

coefficient. Figure 2.11 shows the comparison of measured heat transfer 

coefficient (Neubert, 1997) and the values calculated from equations (2.5) and 

(2.8) respectively. It can been seen that Neubert's results are higher than the 

values from Nagata et al. (1972) and Penney (1990) in the range ofRe < 60,000. 

It should be mentioned that the data from equations (2.5) and (2.8) do not include 

the effect of cooling liquid flow rate on heat transfer. Jordan and Neubert (1998) 

pointed out that this was mainly due to the contributions of natural convection 

around the heating jacket. They explained that the small height of the heated 

surface (13 cm jacket height over 98 cm liquid depth) makes the axial velocity 

near the wall more effective than the tangential velocity in removing heated 

liquid into the bulk fluid above the heating jacket. The influence of natural 

convection on the heat transfer process in turbulent flow has not been reported 

before. It is a fresh explanation and needs to be further experimentally examined. 
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Figure 2.11 Comparison of measured Nusselt numbers (Jordan and 

Neubert, 1998) with the correlations of Nagata et al. (1972) and Penney 

(1990) (from Jordan and Neubert, 1998) 

2.2.2 Numerical approach 

Applications of CFD simulation of heat transfer in stirred tanks were performed 

by Banim et al. (1996), Manning et al. (1996) and Nunhez and McGreavy (1994). 

Nunhez and McGreavy studied fluid flow and heat transfer in a stirred tank to 

examine the effects of mixing and heat transfer on performance using the CFD 

technique. The liquid used was a non-Newtonian reacting fluid. A radial flow 
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Rushton turbine was chosen to generate the secondary circulation flow. Their 

research investigated the mechanical configuration of the heat transfer surfaces 

with and without an jacket and/or internal coils. They found that the 

internal coils can significantly enhance the heat transfer due to the temperature 

distribution becoming more uniform and high temperature peaks in the 

recirculation zones being avoided, as shown in Figure 2.12. It has been proved 

that the internal coils have a better heat transfer performance than the external 

jacket. However, it is necessary to select the optimum tube diameter, number of 

coils and position relative to the impeller to obtain the best performance. The 

effect of impeller speed and position were also considered. Nunhez and 

McGreavy (1994) pointed out that the higher impeller speed provided better 

temperature distribution, and the best position of the impeller is at the middle 

point, not at the commonly recommended value of one third of the height which 

is based on flow pattern studies (Kuncewicks, 1992). 
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Figure 2.12 Temperature distribution for the vessel using cooling coils 

(Nunhez and McGreavy, 1994). 
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A method of using the impeller to both mix and heat the fluid has been 

investigated in order to improve the heating technique. It has a natural advantage 

in that the fluid flow adjacent to the hot impeller is probably at or near a 

maximum and so encourages greater temperature uniformity throughout the fluid. 

The hot impeller blades are normally electronically heated through induction. The 

amount of heat generated in the impeller is determined solely by the magnitude of 

the current induced within it, hence the heat output is instantly controllable. 

Manning et a1. (1996) investigated the flow and heat transfer produced by such a 

hot impeller in water. A rotating reference frame fixed on the impeller was used 

for the simulation. The flow and temperature patterns created within the vessel 

have been modelled using the CFD commercial package PHOENICS in 

conjunction with the k-e model. The baffles were modelled by the drag term, 

similar to the method used in the, momentum boundary condition. Their 

prediction shows that the hottest grid cell was predicted to be the one adjacent to 
, 

the hub end of the impeller blade, the coolest near to the fluid surface. The hub 

end of the blade moves slower than the blade tip, therefore fluid is more likely to 

remain near the hub than near the tip. This naturally leads to the higher fluid 

temperatures near to the heated hub end of the impeller blade. Comparing with 

the internal coils, this method provides better fluid temperature distribution and 

no disturbance to the fluid flow. 

The analysis of previous work clearly brings out the following points: 

• The studies of fluid flow in stirred tanks were mainly concentrated on baffled 

tanks. There are only a few studies on unbaffled vessels, which are important, 

especially for the food industry. 

• LDV is a primary tool for measuring fluid flow in mechanically agitated 

tanks. In conjunction with the data acquisition system it can provide a clear 

picture of the flow pattern inside stirred tanks without any disturbance to the 

flow. 
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• CFD is an important technique in numerical simulations of fluid flow and 

heat transfer in stirred tanks. There are a few methods to specify the impeller 

boundary conditions. ' 

II The 'black box' method is limited by the available experimental data and it is 

difficult to generate a set of impeller boundary data for a certain impeller 

because of the influence of the tank geometry. It also predicts the flow within 

the impeller swept volume in two dimensions. 

• To develop the numerical simulation method as a universal design tool for 

stirred tanks, the direct boundary condition needs to be further studied in 

order to make it practically useful for all type of impellers. 

• Rotating reference franle is a useful method to perform flow calculations in 

unbaffled tanks. It has been reported for radial flow impellers, but no 

information was found for axial flow impellers. 

• The influence of natural convection on heat transfer in an agitated vessel with 

a heatinglcoolingjacket needs to be further examined. 
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CHAPTER 3 

MOTION EQUATIONS AND TURBULENCE MODELS 

As mentioned in the introduction, three-dimensional turbulent fluid flow and 

associated heat transfer in a mechanically agitated milk vat were the subject of 

this work. A numerical approach has been used in this work to describe and 

predict the flow pattern and heat transfer. The turbulence model, together with 

the time averaged turbulent motion equations and heat flux equation, was solved 

using the commercial available package of the computational fluid dynamics 

(CFD), CFX4.1. The turbulent motion and heat transfer equations and associated 

turbulence models are introduced in this chapter to provide the understanding of 

the. methodology of turbulent flow and tIeat transfer simulations. 

The definitions of turbulent flow are in the wide-range and incomp1ete~ Tritton 

(1988) defined the turbulent motion as 'a state of continuous instability'. The 

following description, 'Turbulent fluid motion is an irregular condition of flow 

for which the various quantities show a random variation with time and space 

coordinates so that statistically distinct average values can be discerned' was 

given by Hinze (1975). An interesting sonnet described it with more fun: 

Sonnet to Turbulence 

by S. Corrsin 

(Taken from Habashi and Hafez, 1995) 

Shall we compare you to a laminar flow? 

You are more lovely and more sinuous. 

Rough winter winds shake branches free of snow, 

And summer's plumes chum up in cumulus. 
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How do we perceive you? Let me count the ways. 

A random vortex field with strain entwined. 

Fractal? Big and small swirls in the maze 

May give us paradigms of flows to find. 

Orthonormal forms nonlinearly renew 

Intricate flows with many free degrees 

Or, in the latest fashion, merely few -

As strange attractor. In fact, we need Cray 3's. 

Experiment and theory, unforgiving; 

For serious searcher, fun ... and it's a living! . 

A turbulent flow is by nature unstable, and the random features of the flow are 

dominant. Therefore the turbulent motion and the heat transfer phenomena are 

extremely difficult to describe and thus to predict theoretically. A statistical 

approach formulated in terms of time averaging quantities, together with the 

turbulence model, is normally used to describe the mean motion, since this is 

repeatable and thus predictable. 

3.1 Motion equations 

For simplicity, only the equations for incompressible fluid are described here 

since the compressible case is outside the scope of this work. Applying the 

conservation laws to the incompressible fluid, the following equations are 

obtained: 
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Continuity equation from mass conservation: 

Navier-Stokes equation from momentum conservation: 

B~u) + u. V~u)= -Vp+ V -,; + F 
at 

Energy equation from energy conservation: 

3-3 

(3.1) 

(3.2) 

(3.3) 

where t is time, u(u x ' u y ' u z ' t) is the instantaneous velocity vector, p(x,y,z,t) is 

the instantaneous pressure, hex, y, z, t) is the total enthalpy, and T(x,y,z,t) is the 

temperature. F is the body force term representing the net external forces acting 

on the fluid within the control volume, such as buoyancy force in buoyant flow, 

centrifugal force and Coriolis force in rotating flow. Sh is a volumetric soUrce 

term standing for the internal heating source, for example the heat generation due 

to chemical reaction. p is the fluid density, and 1: is the stress tensor, given by 

(3.4) 

where ~ is the fluid viscosity. S is the mean strain rate tensor, whose components 

are given by (Heinz, 1975): 
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2
0w 
8z 

(3.5) 

q in equation (3.3) is the heat flux related to the temperature gradient by the 

following: 

(3.6) 

in which A is the fluid thermal conductivity. 

In the above set of equations, u, p, and h may be chosen to be primary variables. 

It should be noted that in equation (3.3) the kinetic energy term in the total 

enthalpy, being assumed to be much smaller than the internal energy term for 

incompressible flow, has been neglected. It is also consistent to ignore· the 

pressure effect in the energy conservation. Hence, in terms of the thermodynamic 

relationship, the total enthalpy may be given by (Nakayama, 1995): 

(3.7) 

with a given equation of state: 

p = p(p, T) (3.8) 

and 
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(3.9) 

13 is called the coefficient of thermal expansion. The fluid is assumed to be 

thermally perfect, that is the total enthalpy is a function of temperature only. So 

the energy equation may be written for h by replacing the temperature gradient 

with an enthalpy gradient: 

(3.1 0) 

where Cp is the fluid specific heat. It should be noted that the above relation is 

only valid for incompressible and weakly compressible flow (CFX4.1 flow solver 

user guide). Combining equation (3.6) with equation (3.10) gives: 

(3,11) 

The above instantaneous Navier-Stokes equations (3.1) to (3.3), together with the 

equation (3.11), form a closed set describing the turbulent motion and the 

associated heat transfer. Unfortunately, the above equations cannot be solved 

numerically as easily as for laminar flows. Turbulence is an eddying prevailing 

motion, which has a wide spectrum of eddy sizes and a corresponding spectrum 

of fluctuation frequencies. The width of the spectrum, and thus the difference 

between the largest and the smallest eddies, increases with the Reynolds number. 

It contains some elements, i.e. the time and space scales of the turbulent motion, 

which are much smaller than the extent of the flow domain, typically of the order 

of 10-3 times smaller. Thus to resolve the motion numerically, the mesh size of 

the numerical grid would have to be even smaller, so that at least 109 grid points 

would be necessary to cover the flow domain in three dimensions (Rodi, 1980). 

Obviously the number of grid points required and the small size of the required 
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time steps make the practical computation of turbulent flow by this means 

impossible for present computers. Therefore, a statistical approach is usually 

employed, that is, the instantaneous values of the velocity vector u, the pressure p, 

and the enthalpy h are replaced by time-averaged values plus fluctuations about 

the average. Thus for a Cartesian co-ordinate system: 

u=u+u' (3.12) 

p =15 +p' (3.13) 

h = h +h' (3.14) 

where the barred quantities represent the time-averaged components, and the 

dashed quantities are the fluctuating components. Fluctuations in ot~er fluid. 

properties such as viscosity, thermal conductivity, and specific heat are usually 

small and are neglected henceforth. By definition the time average of a fluctuating 

quantity is zero. Combining equations (3.1) to (3.3) with equations (3.12) to 

(3.14), and then carrying out the time averaging, yields the following equation 

sets: 

\7·U=O 

a-
~u + U. V(pu) = -V15 + \7 {t +'C turb) +F 

aph + u . V~h) = \7. (q + qturb) 
at 

(3.15) 

(3.16) 

(3.17) 

The above equations (3.15) to (3.17) are usually called the Reynolds-averaged, 

that is time-averaged, Navier-Stokes equations and Reynolds-averaged heat flux 

equation. The Reynolds-averaged quantities, i and q, have the same forms as 
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equations (3.4) and (3.11) excepting that the instantaneous quantities are replaced 

by the Reynolds averaged values, that is: 

- _ 1 (OU i OUjJ S .. -- -+-
IJ 2 Ox. Ox. 

J 1 

(3.18) 

and 

(3.19) 

It is obvious that equations (3.15) to (3.17) govern the mean flow quantities 

u,p,and h, but areno longer a closed set. Comparing with equations (3.1) to 

(3.3), the two sets of equations have similar forms except that the quantities in the 

above set are the time averaged components, and the values in the equations (3.1) 

to (3.3) are the instantaneous quantities. The extra unknown terms, l' 1mb' and 

qturb' in equations (3.16) and (3.17) which were introduced by time averaging", 

denote the momentum and energy transport due to the fluctuations. 1'turb' which 

act as stress on the fluid due to the fluctuating motion, is usually called the 

Reynolds stress or turbulent stress tensor, and qrurb is the Reynolds heat flux due 

to turbulence: 

'h' q".-'.. = -pu. lwu,l I 

(3.20) 

(3.21) 

To distinguish clearly the differences, we refer to the terms of t and q as 

viscous stress tensor and viscous heat flux, respectively. Thus the total heat flux 

caused by turbulence may be expressed by: 
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Q = -(q + qturb) (3.22) 

In the turbulent convection case, the Reynolds stress and Reynolds heat flux 

predominate over the corresponding molecular quantities. Therefore it is 

important to simulate the effect of turbulent parts correctly. We can see that 

equations (3.15) to (3.17) can be solved for the mean values only if the fluctuating 

correlations of 't turb and qturb can be determined in some way. 

In the following, a transport equation for the Reynolds stresses, usually called the 

Reynolds stress transport equation, which describes the fundamental transport 

mechanism of Reynolds stresses can be derived (Nakayama, 1995). The 

fluctuating Navier-Stokes equation is Qbtained by subtracting the Reynolds

averaged Navier-Stokes equation (3.16) from the instantaneous Navier-Stokes 
'. 

equation (3.2). For convenience, the transport equations are expressed in 

shorthand notation. Thus we have: 

where 

D~ 

Dt 

then we have: 

D Du~ Duj 
U 'u' - u' __ I + u t 

-

Dt i j - j Dt i Dt 

(3.23) 

(3.24) 

(3.25) 
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Thus summmg of the transport equation (3.23) for ui multiplied by the 

fluctuating velocity component uj and the corresponding transport equation for 
. 

uj multiplied by then taking a time average, yields the following exact 

Reynolds stress equation: 

ftc b" 
lur ,IJ - V D P G n at +u' 'Cturb,U = ij + ij + ij +",j +8 jj (3.26) 

The terms on the left hand side are the convection terms. The first term on the 

right hand side, D ij , contains the diffusion terms which are: 

(3.27) 

Both the convection and diffusion terms represent the spatial trru:l'sport of 

Reynolds stresses. Usually the viscous diffusion term in Dij expression, the third 

term on the right hand side in equation (3.27), may be neglected in the bulk fluid. 

The stress production terms, Pjj , denote the production of the Reynolds stresses 

by the mean-strain rates, that is: 

(3.28) 

In a buoyant flow, variations in density are expressed in terms of variations in 

temperature. For an incompressible flow the buoyancy stress production terms 

G ij , in terms of the Boussinesq approximation, can be written as: 

(3.29) 
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in which gj is the gravitational acceleration component. TIij is the pressure strain 

correlating the fluctuating pressure and strain rates. It redistributes the energy 

among the fluctuating velocity components by the action of the fluctuating 

pressure, also called the redistribution term, given by the following: 

(3.30) 

and 

(3:31) 

are the dissipation terms representing the dissipation rate of the Reynolds 'stresses. 

The exact Reynolds heat flux equations can be derived In a similar way to 

Reynolds stress as follows: 

8q'llrb,j - \7 D P G TI at + U· qturb.i = h,i + h,i + h,i + h,i + Sb,i (3.32) 

The terms in the above equation have the similar meanings to the corresponding 

terms, respectively, in equation (3.26). They are: 

Diffusion terms, 

here, Dik is the Kronecker delta, which Dik = 1 for i k and Dik = 0 for i;;!:. k. 
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Mean quantities production terms, 

( - 8h -au'J - I' 1'_' Ph·_-pU.U. +uh ,1 I JOx. J Ox. 
J J 

Buoyancy production term, 

Energy redistribution term, 

8h' 
D h · =p',lOx. 

I 

And viscous destruction terms, 

8u~ oh' 
Sh,i = (,,-p +).1) Ox I Ox 

k k 

3-11 

(3.34) 

(3.35) 

(3.36) 

(3.37) 

In buoyancy flow, the enthalpy fluctuation h,2 in equation (3.35) needs to be 

detennined. Following a similar method to that discussed above for the derivation 

of the u;uj equation, the h' equation may be obtained as: 

8h,2 8h,2 0 -- -- 8h oh' 
+ TI. -- == --( u~h'2) - 2u~h' - - 2"--

at J Ox. Ox. J J Ox. Ox Ox. J J J J J 
(3.38) 

Compared to equation (3.32), this equation does not involve pressure-fluctuation 

and buoyancy terms. 
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It is clear that the above Reynolds stresses and Reynolds heat flux transport 

equations cannot be directly solved. There are higher order fluctuating 

correlations that contain next higher order fluctuating correlation. There are 

six Reynolds stress variables in total, because of the symmetry of variables, and 

three unknowns of the production of the fluctuating velocity and the fluctuating 

enthalpy. Therefore to solve the Reynolds-averaged Navier-Stokes equations 

some assumptions must be made to relate the fluctuating productions to some 

known variables or to limit the orders in the fluctuating transport equations to 

solve the lower order equation. 

In this particular exercise it is convenient to use the equations referred to 

cylindrical coordinates rather than the vectorial forms .. For simplicity, the bars 

denoting the Reynolds averaged values have been dropped from this point. Thus 

the Reynolds continuity, momentum equations, and the energy equation are 

written in cylindrical coordinates as follows: 

\1·u=O (3.39) 

8(pux) Op 
at +\1·(puux)=- Ox +\1·(1'x + 1'turb.x) + Fx (3.40) 

8(pu r ) + \1. (puu) P = _ Op + \1. (t + t ) _ (t aa + 1'turb,ae) + F 
at r r Or r turb.r r r 

(3.41) 

8(pue) + \1. (puu ) + p urue = -~ Op + \1. (t + t ) + (trll + ttUrb,rll) + F (3.42) 
:::I> e ::u\ a turb.e e 
UL r r UI:J r 

(3.43) 

where x, r, e denote the axial, radial and azimuthal directions, respectively, in a 

cylindrical coordinate. The volume source of heat generation Sh has been 
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dropped here since it is outside of the concerns of this work. The corresponding 

mean viscous strain tensor, Sij, can be expressed by (Heinz, 1975): 

S = du" 
xx ax. 

S = dur 
rr ar 

S =(~ due +~) ee ;':)l) r ()O r 

S =~(dur + Dux) 
rx 2 ax. ar 

3.2 Turbulence models 

(3,44) 

(3.45) 

(3.46) 

(3,47) 

(3,48) 

(3.49) 

Since the Reynolds-averaged equations cannot be solved directly, certain 

simplifications should be made to close the equations from a mathematical 

standpoint. The different simplified methods used for the fluctuating productions 

results in different types of turbulence models. Reviewing all the turbulence 

models, they may be simply divided into two types. depending on whether the 

eddy viscosity concept is used. The oldest proposal for modelling the Reynolds 

stresses is Boussinesq's eddy-viscosity concept, which assumes that the 

turbulence stresses are proportional to the mean-velocity gradients. Based on this 
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concept a few basic turbulence models were created which account for the eddy

viscosity only. These models assume that the turbulence is dissipated where it is 

generated, which means that there is no transport of turbulence in the flow field. 

This cannot describe the mean field of the turbulence properly. In order to account 

for the transport of turbulence, the advanced models have been developed which 

account for the transport of turbulence quantities by solving differential transport 

equations for them. In terms of the transport equation of the turbulence quantities 

used, the advanced turbulence models can be classified as one-equation models 

and two-equation models. In general, one-equation models employ the transport 

equation of turbulent kinetic energy only, and two-equation models account for 

the transport of turbulent kinetic energy dissipation rate as welL In this work only 

two-equation models, are considered. For this particular research, the standard k

E model and the differential stress model are introduced here. 

3.2.1 Standard k-E model 

The standard k-s model is a typical eddy-viscosity turbulence model in which 

Boussinesq's assumption is employed. The Reynolds stresses can be linearly ; 

related to the mean velocity gradients in a manner analogous to the relationship 

between the stress and strain tensors in laminar flow: 

(3.50) 

where I-I)S the eddy viscosity or the turbulent viscosity. In contrast to the 

molecular viscosity 11, 11 t is not a fluid property but depends strongly on the state 

of turbulence. It may vary significantly from one point in the flow to another and 

also from flow to flow. 

Analogous to the eddy viscosity concept, the eddy diffusivity concept may be 

used to relate Reynolds heat flux to the mean enthalpy gradient: 
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(3.51) 

here, 

(3.52) 

is the eddy diffusivity in which C1h is the turbulent Prandtl number for enthalpy. 

In terms of the above assumptions the Reynolds-averaged flow and energy 

equations, equations (3.39) to (3.43), can be written as: 

V·u=o (3.53) 

o(pUX ) + V . (puu ) = - Op + V . (1: ) + F at )( ax I,X)( 
(3.54) 

(3.55) 

o(pu ) u u 1 ;:),." 
~-.:;;a:..:... + V. (puu ) + P _r _a = - - _vp + V . (1' ) + + Fa at a r r 00 t,e r 

(3.56) 

(3.57) 

here, p is a modified pressure, defined by (CFX 4.1 Flow Solver User Guide, 

1995): 

(3.58) 
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Po is the reference density, and is equal to P when the Boussinesq's assumption is 

employed for an incompressible fluid. In the case of non-buoyant flow, the third 

term on the right hand in equation (3.58) vanishes. 'Ct is the total stress tensor 

which is the sum of the turbulent fluctuating stress tensor 'Cturb and the viscous 

stress tensor 'to qt is the total heat flux. Hence we have (Nakayama, 1995): 

= 2JleffS (3.59) 

where)leff and reff are the effective viscosity and effective diffusivity, 

respectively, defined by: 

I-Leff = Jl + Il t (3.61) 

(3.62) 

At high Reynolds number the effective quantities are determined by the turbulent 

viscosity, Ilt, since the turbulence Prandtl number, (h, is the model constant. In the 

k-e model, the turbulent viscosity is assumed to be: 

(3.63) 

where two transport quantities, the turbulence kinetic energy k and the turbulence 

dissipation rate e, are involved. Therefore the corresponding transport equations 

are solved to account for the local turbulence transports. 

The transport equations for the turbulence kinetic energy and the turbulence 

dissipation rate are 
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8pk ( ) (!-Leff) - + V'. puk =: V'. - V'k + P + G pE 
~ cr k 

(3.64) 

and 

(3.65) 

P is the shear production 

(3.66) 

And G is the buoyancy production 

(3.67) 

It should be noted that the Boussinesq's buoyancy approximation has been 

employed in equation (3.67). 

In the above transport equations, C~, CJ, C2, and C3 are model constants. The 

Prandtl numbers, crk, crE, and crh, are parameters related to the turbulence models. 

The default model constants and parameters in the code of CFX4.1 are 

summarised in table 3.1. 

In buoyancy flow, the constant C3 = 1 may be used instead if the user wants to 

include the buoyancy tenn in the transport equation for the turbulence dissipation 

rate, E. Whether or not the buoyancy production term G in equation (3.67) should 

be included in the equation (3.65) is debated in the literature (Rodi, 1980). 
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Table 3.1 The model constants and parameters in k u £ model 

Symbol Default Comments 

Cil 0.09 Constant in eddy viscosity fonnula 

CI 1.44 Constant in £ equation 

C2 1.92 Constant in E equation 

C3 0.0 Constant in E equation buoyancy tenn 

O'k 1.0 Turbulent Prandtl number for k 

O'E 1.217 Turbulent Prandtl number for £ 

O'h 0.9 Turbulent Prandtl number for h 

3.2.2 Reynolds Stress Model 

The k-£ model assumes that the local state of turbulence can be characterised by 

one velocity scale and that the individual Reynolds stresses can be related to this 

scale by the eddy-viscosity expression. This relation implies that the transport of 

the individual stresses is not adequately accounted for. For some individual 

applications this assumption may not cover every detail. To overcome this 

drawback, Reynolds stress models were developed. In the Reynolds stress 

models, the Reynolds stress equations are solved for the individual components of 

the Reynolds stress. There are two Reynolds stress models in the CFX4.l, that is, 

the algebraic stress model and the differential stress model. In the algebraic stress 

model the Reynolds stress equations are solved algebraically whereas in the 

differential stress model the transport equations are solved. 

Assuming a buoyant flow, equations (3.16) to (3.17) represent the momentum and 

energy conservation for the mean quantities in Cartesian coordinates: 

a~u + u. V(pu) = -Vp + V· (1: + 1:!urb)+ F (3.67) 
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(3.68) 

p is a modified pressure which is different in the k-E model, equations (3.58), and 

F is the body force. Compared to the equation (3.58), the modified pressure here 

has no turbulence contribution and p is related to the true pressure by: 

p = Ptrue - Poh' (3.69) 

In this work only the differential form of the Reynolds stress model is concerned. 

The following equations are specially related to this particular model. Equation 

(3.26) represents the exact Reynolds stress transportation. For convenience we 

write equation (3.26) without the overbars for the mean quantities: 

(3.70) 

where the terms on the right hand side are given in equations (3.27) to (3.31). The 

terms of D, II, and E in the above equation contain higher order correlations for 

which the hypotheses must be introduced to close the equation. The 

corresponding higher order correlations are modelled by introducing a few model 

constants and parameters as follows: 

For the diffusion term, the following gradient-type model is suggested: 

(3.71) 

Considering the turbulence is locally isotropic at high Reynolds number, the 

energy dissipation term is given by: 
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2 
8 = 81 

3 
(3.72) 

The pressure strain tensor, which is also called the energy redistribution tensor, is 

assumed to be the sum of the three contributions. That is: 

(3.73) 

where III represents the interaction of fluctuating velocities and is given by: 

(3.74) 

Il2 is a tensor arising from the interaction of mean strain and fluctuating 

velocities. It may be modelled as: . 

(3.75) 

And Il3 is due to buoyancy forces: 

(3.76) 

Here P and G are the shear and buoyancy stress production tensors respectively in 

the Reynolds stress tensor equation (3.70). P is given by: 

(3.77) 

and G has the following expression: 

(3.78) 
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The parameters P and G are given as: 

P = 't b' Vu tur 

and 

G = ~g. qturb 

in which qturb is simply defined as: 

3-21 

(3.79) 

(3.80) 

(3.81) 

The transport quantities, k and e, appear in the individual stress equations so that 

they must be modelled to close the equations. The turbulent kinetic energy, k, is 

given by: 

k= __ 1 ('t +"t + ) 
2p xx yy 

(3.82) 

The transport equation of turbulence dissipation rate e is modelled as: 

Now all the terms on the right hand side in equation (3.70) have been modelled. 

Therefore equations (3.67) to (3.68) plus the continuity equation combined with 

equations (3.70) to (3.83) form a closed set. In this model all the six Reynolds 

stresses and three heat fluxes are solved individually, so that the anisotropic 

characteristics may be better described compared to the k-E model. 
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3.3 Wall boundary conditions 

In many physical situations modelled using CFD, the computational domain is 

surrounded by solid walls. The presence of the wall has a significant influence on 

the turbulence pattern within the fluid. Therefore whether or not the turbulence 

behaviour in the near-wall region is modelled accurately determines, to a certain 

extent, the solutions in the whole domain. The turbulence model equations, as 

defined, accurately describe the turbulence transports in the bulk fluid, but not in 

the near-wall region for two reasons. Firstly, most of velocity and scalar variables 

vary rapidly in the near-wall regions of the flow and heat transfer, and extremely 

fine grids are required which makes the computation expensive. Secondly, 

viscous effects are important in these regions so that the turbulence models are 

not applicable. Therefore the wall functions have been used instead. 

3.3.1 Wall boundary conditions for turbulent flow 

The turbulent boundary region, considering a fully developed boundary layer over 

a stationary wall, may be divided into inner viscous sub-layer and outer near-wall 

layer. Wall boundary conditions for the turbulence equations are specified using 

wall functions. These are formulated using the concept of a universal law of the 

wall. It assumes that the flow in the near-wall region is specified by a velocity 

scale characteristic of this region. This is provided by 'tw, the value of shear stress 

at the wall (CFX4.1 Flow Solver User Guide, 1995), that is, 

(3.84) 

which has the dimensions of density x (velocityi, Hence the velocity scale can be 

defined as: 

(3.85) 
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here, UT is usually called friction velocity at wall. Once it is specified, the structure 

of the wall region is specified. Hence the scaled velocity component parallel to 

the wall and the scaled distance to the wall can be expressed in terms of the 

universal law of the wall: 

for y+ > y~ 
(3.86) 

We can see that in the viscous sub-layer, the velocity distribution is linear the 

same as in laminar flow, and in the outer layer the velocity profile is logarithmic. 

(p )1/2 
+ YU t 't'w y =-= Y (3.87) 

v J! 

where y is the dimensional distance to the wall. K is known to be a universal 

constant. E is a parameter in which the sub-layer effect can be lumped. Its value is 

taken as constant for smooth surfaces. y; is the cross point between the inner 

viscous sub-layer and the outer layer, the logarithmic region. It is a parameter 

related to the K and E as: 

y~ = 1 In(Ey~) 
K 

(3.88) 

Once the value of k in the cell next to the wall is obtained from the calculation, 

the wall shear stress 't'w and velocity scale UT may be determined by equation 

(3.84) and equation (3.85), respectively. Then equation (3.87) gives the modelled 

turbulence layer thickness y. Therefore the logarithmic velocity distribution 

within the wall boundary layer can. be obtained. 
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The turbulence dissipation rate in the wall boundary layer is calculated from: 

8 = --'--- (3.89) 
Ky 

We can see that the wall law function only can be solved if the wall shear stress 

can be determined. In CFX 4.1 packege, the wall shear stress is calculated based 

on the simulated turbulent kinetic energy value in the cell immediately adjacent to 

the wall (CFX 4.1 Flow Solver User Guide, 1995). This implies that it is 

important to refine the grid in the wall boundary region to give accurate wall 

boundary calculations. 

3.3.2 Wall boundary conditions for heat transfer 

A similar treatment has been used for the heat transfer boundary. In the viscous 

sub-layer the enthalpy distribution is linear and in the turbulence shear layer the 

enthalpy profile is logarithmic. Similar profiles to that for velocity are assumed: 

(3.90) 

and 

(3.91) 

where h is the enthalpy value at the distance of y to the wall. qw is the flux of h at 

the wall. The parameter Pr in equation (3.90) is the Prandtl number, which is a 

fluid property: 
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JlC 
Pr=--P 

'A 
(3.92) 

The parameter Eh is calculated by J ayatilleke' s equation (1969): 

(3.93) 

It should be noted that equation (3.93) is limited in that the temperature difference 

in the boundary layer should be not so big as to have a significant effect on the 

fluid properties. 

The cross-over point Y\o for the heat transfer layer is: 

(3.94) 

Thus the enthalpy profile depends on fluid properties and wall shear stress. Again 

the fineness of the grid at the wall region affects the velocity and enthalpy 

distributions and consequently the simulation accuracy over the whole field. 
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CHAPTER 4 

GENERAL INFORMATION OF CFD SIMULATIONS 

As computer techniques have developed rapidly in recent decades, the 

computational fluid dynamics (CFD) method has became a useful and powerful 

. tool for solving fluid flow and heat transfer problems in industrial practice. The 

methodology of the CFD simulations of the turbulent flow and heat transfer is to 

use numerical methods solving the time-averaging equations describing the 

conservation of mass, momentum and heat in fluids, together with some 

approximations. The whole physical space of interest is divided into a large 

number of small cells (known as 'the grid'). The generation of the grid is the fIrst 

and the most important step of setting up a CFD simulation. The number and 

distribution of grid cells can affect the accuracy of the simulation, the'solution 

convergence speed, or even whether the right solution is obtained or not. With 

the aid of fluid property information and the boundary conditions, the turbulence 

model equations are numerically solved for each cell in the grid. The calculation 

is carried out by iteration. That is, the values of all the variables (three 

components of the velocity, pressure, temperature and related scalars etc.) are 

estimated at the beginning of the iteration. These values are then updated by 

feeding them into the corresponding equations which the user is trying to solve. If 

the differences between the updated values and the previous values are less than 

the desired tolerances the solution is said to have 'converged'. 

The commercial computational fluid dynamics software package of CFX 4.1 was 

used for the simulation of three-dimensional turbulent flow and heat transfer in a 

mechanically agitated non-baffled milk vat in this work. A general introduction 

to CFX 4.1 is given in this chapter to provide a basic understanding of the 

simulation process. General numerical methods used in the calculations are 

introduced as well. The special facilities used in this work, such as at the rotating 

coordinate system and the sliding mesh facility, are also introduced here. For the 
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simulations in a stirred tank without any experimental data being available, the 

rotating coordinate system and sliding mesh facility are the most useful tools. 

The rotating coordinate system is useful in the simulation of fluid flow in an 

unbaffled tank, while the sliding mesh facility makes it possible for the baffled 

tank calculation without any experimental data being required to model the 

impeller region. 

The main advantage of CFD simulation lies in its potential for reducing the 

extent and number of experiments required in industrial designs. Although CFD 

simulation programs have been successfully used in most sectors of industrial 

problems, they are still not 'perfect' yet. The calculation results need to be 

carefully checked with the experimental data. This could be seen a major 

drawback of the current stage of CFD programs. For the turbulent flow and heat 

transfer simulations, the problem closure approximations (turbulence mo~els) are 

used in the present CFD program package. Thus the solution accuracy of CFD 

calculation for the turbulent flow and heat transfer problem is related to the 

numerical accuracy and the turbulence model used. The numerical accuracy is 

mainly affected by the fineness of the cell size in the grid. The numerical 

methods used in solving the equations also affect the solution accuracy. 

4.1 General feature of the CFX 4.1 package 

CFX 4.1 is the version 4.1 of CFX-F3D flow modelling software produced by 

Harwell Laboratory of the United Kingdom. CFX 4.1 package contains two hard

copy manuals, which are CFX 4.1 User Guide and CFX 4.1 Flow Solver User 

Guide, introducing the suite of software. The software consists of two interactive 

grid generators (CFX-MESHBUILD and CFX-BUILD 4), two flow solvers 

(CFX-F3D and ASTEC) and a radiation solver (CFX-RADIATION), two 

interactive graphics packages (CFX-VIEW and CFX-VISUALISE) and two 

interactive line graphers (CFX-LINEGRAPH and CFX-VISUALISE). The 
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complete suite of software is controlled by an interactive program, CFX

ENVIRONMENT, which controls file input and output to each of the individual 

programs, and creates a history of the work carried out. In this research, the grid 

generator of CFX-BUILD 4, which has an on line manual, and the CFX-F3D 

flow solver were used for creating the geometry file and solving the equations. 

The CFX-VISUALISE and the CFX-LINEGRAPH were used to analyse the 

solutions. 

CFX 4.1 is a suite of programs for the prediction of flow patterns and heat 

transfer. In this version, a few features have been added based on the release 3.3 

of CFDS-FLOW3D which make the .command file simpler. For example, the 

amount of work space, needed for simulation based on the size of the geometry, 

is automatically set by the program; the geometry and restart files are 

automatically read in. CFX-F3D flow modelling software consists of pre

processor, flow solver, and post-processor facilities. 

One of the major advances of the numerical approach adopted in CFDS

FLOW3D, and continued in the current version CFX-F3D, is that the coordinate 

system and the finite-difference grid are entirely distinct entities. The coordinate 

system is used to define the geometry and to express the governing equations. 

The grid then may lie at an arbitrary position and orientation relative to the 

coordinate system. One of two coordinate systems may be used to describe the 

geometry; a Cartesian coordinate system (x, y, z) or a cylindrical system (x, r, 8). 

The grids are restricted to be topologically rectangular. That is, they could be 

bent or stretched to a rectangular grid without tearing or folding. The coordinate 

transformation is used to transform the boundary in physical space into a 

transformed space. The coordinates in physical space are often referred to as a 

body-fitted coordinate system. The transformed space is referred to as the 

computational space where the equations are solved. A uniform mesh in the 

transformed space is then equivalent to one that follows the boundaries of the 
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physical space, giving a 'body-fitted grid', as shown in Fig 4.1 (CFX 4.1 Flow 

Solver User Guide). 
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Figure 4.1 Display of the coordinates transformation. The upper one is the 

physical space grid, and the lower is the computational space grid. The 

points A, B, C, D in computational space map onto the corresponding points 

respectively in physical space. 

The coordinate transformation provides remarkable flexibility in modelling 

complex three-dimensional geometries. However, such a grid structure produces 

a grid that is less than optimal for a number of applications, since a great deal of 

memory may be wasted due to the necessity of designating a large proportion of 



CHAPTER 4: GENERAL INFORMATION OF CFD SIMULATIONS 4-5 

the grid as solid. Therefore the multi-block approach is introduced to design grids 

that are less wasteful of memory. The multi-block grid methodology is the 

underlying topological structure of CFX-F3D. A number of simple, rectangular 

blocks are glued together to create a grid that is not restricted to be topologically 

rectangular. To maximise computational efficiency, the individual blocks are 

restricted to be topologically rectangular which means that they are unifonn in 

computational space. The topological features within the domain are described 

using the concept of a 'patch'. So inlets, mass flow boundaries, and solid regions 

are all described by different types of patch. 

4,1.1 Pre-processor 

CFX-BUILD 4, the pre-processor for the CFD analysis software CFX 4.1, was 

used in this work. It is a subset of The MacNeal Schwendler Corporation's 

PATRAN™ software, which has been extended specifically for use with CFX

F3D. It is an interactive program that allows the user to create multi-block 

geometry for input into CFX-F3D. The important feature of CFX-BUILD 4 is the 

user interface. It consists of a control panel, graphics window, and a 

commandlhistory window. The use of the user interface makes the geometry 

creation more convenient and flexible. For generating multi-block meshes, CFX

BUILD 4 allows very large meshes to be generated efficiently since only surface 

meshing is required during the interactive part of the pre-processor. The on-line 

help feature provides prompt and convenient help. It is very useful for the new 

users. 

The most benefit from CFX-BUILD 4 for this work is the method to create a 3-D 

cylindrical model. The 3-D cylindrical grid can be simply created in the 

following steps: 

1. Create as many rectangular blocks as needed in a rectangular space limited by 

the 3-D cylindrical model dimensions. Thus it makes the generation of the 
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complicated 3-D cylindrical geometry, such as the stirred tank modelling, 

more flexible. 

2. Use the REBLOCK facility in the analysis form to combine the multi-blocks 

together to generate a one block grid for CFX-F3D, the CFX 4.1 flow solver. 

Therefore the large number of internal boundaries between blocks can be 

omitted. Since the data transformations between blocks are through the 

dummy cells at the block boundaries in CFX-F3D flow solver, the 

REBLOCK facility is very helpful to reduce the memory required by the grid. 

It should be noticed that the block directions in each block have to be carefully 

chosen when the REBLOCK function needed. Otherwise the created grid might 

not b.e consistent with the physical space. 

4.1.2 CFX-F3D flow solver 

The flow calculations in the software are based on the solution of the Reynolds

averaged Navier-Stokes equations with various extensions. Flows with heat 

transfer are calculated by solving a Reynolds-averaged equation for enthalpy 

describing the conservation of energy, but the boundary conditions are defined in 

terms of temperature or heat flux. A few turbulence models are provided in the 

software, such as the standard k-c model which is suitable for high Reynolds 

number flows, RNG high Reynolds number model and low Reynolds number k-c 

model. The higher order turbulence models, namely the algebraic Reynolds 

stress model, differential Reynolds stress model and the differential Reynolds 

flux model, are also available. 

A number of different methods are available for the solution of the linearised 

transport equations. The package provides sensible solver defaults which may 

cater for the widest possible range of problems. The user need take no action in 

respect of the solvers. The linear equations are derived by integrating transport 



CHAPTER 4: GENERAL INFORMATION OF CFD SIMULATIONS 4-7 

equations over control volumes (cells), thus each equation may be regarded as 

'belonging' to a particular variable and to a particular cell. The iteration is carned 

out at two levels: an inner iteration to solve for the spatial coupling for each 

variable and an outer iteration to solve for the coupling between variables. The 

simplified versions of the discrete momentum equations, such as SIMPLE and 

SIMPLEC, are used to derive a ftmctional relationship between a correction to 

the pressure and corrections to the velocity components in each cell. This is 

different from the other variables since it does not obey a transport equation. The 

solutions are used both to update pressure and to correct the velocity field 

through the functional relationship in order to enforce mass conservation. 

For a certain grid, the numerical accuracy of the modelled equations to be solved 

will to a large extent depend on the. method of discretization chosen for the 

advection terms. Various discretization methods are available in CFD-F3D flow 

solver ranging from the robust but relatively inaccurate schemes to the more 

accurate but less robust higher order schemes. The inner iterations for each 

variable also affect the solution accuracy especially for some key variables for a 

particular problem. Usually increasing the inner iteration numbers for pressure 

equation will help to reduce the mass source residual to some extent. 

An important factor in the solver is the under-relaxation factor. Under-relaxation 

has several interlinked purposes in the solution process. For all the transport 

equations the coefficient of the variable in the current cell is scaled by an under

relaxation factor (URF) in the range 0 < URF < 1 in order to overcome the 

difficulties caused by instability due, among other factors, to non-linearity. The 

smaller URF, the more under-relaxation is employed. Under-relaxation may also 

be regarded as a form of pseudo-time evolution with a different effective time 

step in each cell. A small URF (close to 0) corresponds to a short time step; while 

a high URF (close to 1) corresponds to a long time step, approaching infinity. 

Hence a small URF will lead to a faster solution of the linear equations because 

the approximation at the start of each iteration is a better estimate of the solution. 
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And also, a small URF 

ofURF for all 

the variables are given in the program. In most problems it need not be changed 

but when using different turbulence models it does need to be changed to obtain 

convergence and stability. Usually, if the URF is set too high, instability may 

result. The level at which this occurs depends strongly on the algorithm being 

used to solve the velocity-pressure coupling. At its most serious this instability 

can cause rapid divergence. A less extreme effect is rapid oscillation of the point 

values as the iterations proceed. If too small a URF is chosen, the calculation 

speed will be slow and the cost of solving the problem is greater than it need be. 

4.1.3 Post-processor 

CFX-VISUALISE post-processor is a part of the CFX 4.1 software package. It 

provides sophisticated graphics for analysis and presentation of results obtained 

from the CFX-F3D flow solver. The detailed functions are described in the CFX 

4.1 User Guide. CFX-VISUALISE is more flexible and powerful in displaying 

the results compared with the other post-processors in CFDS. It covers the 

common features of other post-processors and provides some advanced new 

capabilities. The following advanced features in CFX-VISUALISE give the most 

benefit in this work: 

1. Powerful vector plot function: the arrowhead can be adjusted on vectors it 

is very useful for providing the proper vector plot by changing the arrowhead 

size relative to the vector length. The colour ranges of vector plots can be 

overridden. The vectors can be plotted on a line, a plane and in space. This 

vector plot function makes the solution analysis more flexible, especially for 

the 3D problem modelling. 
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2. The patch plot is a new added plot in CFX-VISUALISE. It enables the user to 

see any or all of the 2D patches in the solution. This feature is most useful for 

displaying the boundaries. 

3. The slice plot gives the detailed distributions of the individual variable on an 

arbitrary plane. It is very helpful in looking for the scalar results in the 3D 

models. The grid intersection can be shown through the slice, and the colour 

range on a slice can be restricted to the values seen on the slice. 

4. The probe plot can give the uninterpolated values in the arbitrary internal cell, 

and also the internal cell number. This is convenient for checking some 

particular position values, such as the velocity components or temperature at 

. a mass flow boundary, 

5. The postscript output generated by CFX-VISUALISE has been improved. It 

provides the hardcopy of the analysis results with good quality. 

4.2 General numerical methods used in the simulations 

The tolerance on the mass source residual was used as the convergence criteria in 

this work. The mass source residual is the sum of the absolute values of the net 

mass fluxes into or out of every cell in the flow, and thus has the dimensions of 

mass/time. The absolute values of all the relevant variables at the monitoring 

point, which was chosen as a sensitive point for the calculation, were also 

considered for judging the convergence. When the tolerance on the mass source 

residual had fallen below the user desired value and the absolute values at the 

monitoring point remained unchanged for at least 100 iterations, the simulation 

was said to be completely converged. For turbulent flow with heat transfer, the 

tolerance on the enthalpy was also considered for jUdging the energy 
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conservation equation convergence. In most of the simulations, the tolerance of 

the mass source residual was set to 10.3• 

Since the simulation was carried out in a rotating coordinate system for three

dimensional turbulent flow and heat transfer, attention has been paid to the inner 

iteration. It is important to have the inner iteration well converged for obtaining 

reliable solutions to difficult problems. For turbulent flow, poor convergence in 

the pressure-correction iteration, in particular, will lead to loss of mass 

conservation. The accurate solution of the enthalpy equation is important for the 

heat transfer calculation with buoyant effect. Hence, the inner iteration number of 

100 for pressure and enthalpy equations was chosen and the residual reduction 

factor of 0.08 and 0.05 for pressure and enthalpy, respectively, was used to stop 

the iterations. This ~trategy drove the pressure-correction equation and the 

enthalpy equation to the more accurate solution, thus enforcing better mass and 

energy conservations. SIMPLEC was employed as the pressure correction. 

In the simulations the percentage of well-ordered blocks is low, being zero in the 

rotating coordinate system. The BLOCK STONE equation solver was employed 

for all the individual transport equations. The infOlmation of the well-ordered 

blocks is contained in the Frontend printing in the output file. This arises from 

the equation solver used and cannot be changed by the user. Normally the higher 

the percentage of well-ordered blocks, the more easily the simulation converged. 

The under-relaxation factor (URF) is a quite sensitive factor in turbulent flow and 

heat transfer calculations. It affects, to a large extent, whether or not the 

converged solution can be obtained. When the k-s model was employed, the URF 

for all the velocity components and turbulence parameters were set to 0.6. Since 

the SIMPLEC was used for the pressure correction, the pressure equation was not 

under relaxed following the suggestion in the CFX-F3D User Guide. A URF of 

0.9 was chosen for the enthalpy equation without causing divergence. It was 
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found that the URF of 1.0 caused all the variables' values at the monitoring point 

to oscillate, so that divergence occurred. 

Double precision was used in the simulations in this work. It has been found that 

for the non-baffled stirred tank calculations employing the rotating coordinate 

system, convergence can be improved by running in double precision. Although 

use of the double-precision version of the code required more memory and 

perhaps more CPU time for each iteration, a smaller number of iterations needed 

in the double-precision version than in the single-precision version make it 

reasonable. The effects of numerical precision have been checked. Figures 4.2 

and 4.3 are the dynamic plots for the tolerances of the variable residuals running 

in the single-precision version and double-precision version of the code 

respectively. The calculations were carried out in a closed tank using the standard 

k-c; model with the grid of about 5000 cells. Fig. 4.2 shows that at abou! 1800 to 

2000 iterations all the residual lines tend to be flat. There are only small 

oscillations around a constant value for each line. The tolerance of the mass 

source residual is about 2x 1 0-4, which is the top line in the flattened section in 

FigA.2. It has been found that the more cells in a grid, the higher the constant 

value of the residual line. It is difficult to judge the real number of iterations 

needed in single precision calculation. It is mainly affected by the numerical 

precision. Fig.4.3 gives the corresponding results using double precision. We can 

see that all the residual lines go straight down to the desired mass residual 

tolerance of 10-5
• This means that the numerical precision of the solution 

procedure does help in reducing the residuals, thus speeding up the solution 

convergence. Therefore all the calculations in this work were carried out in the 

double-precision version of the code. 



4-12 

RESIDUALS 

I.OE+04 

f 
I.OE+03 

I.OE+02 

l.OE+OI ... 
I.OE+OO 

I,OE-OI 

I.OE-02 

I,OE-03 

I,OE-04 

I,OE-OS 

I,OE-06 

CHAPTER 4: GENERAL INFORMATION OF CFD SIMULATIONS 

1 RESIDUAL PLOT 

, 

\~------.t. ....... ~" .. ~.~ .... .tr 

BPSILON 
K 
MA<S 
WVELDCITY -
v VELOCrrY --
UVELOCrrY --

O.OE+OO l.OE+03 2,OE+03 3.0E+03 4.0E+03 

flERAll0NS 

I 

Figure 4.2 Dynamic residual plot in single precision 

RESIDUALS 

I.OE+04 

I.OE+03 

l.OE+02 

I.OE+Ol 

l.OE+OO 

l.OE-O I 

l.OE-02 

I.OE-03 

I.OE-04 

I.OE-OS 

I.OE-06 
O.OE+OO 

1 RESIDUAL PLOT 

I.OE+03 2.0E+03 

ITERATIONS 

EPSn.ot< 
K 
MA<S 
WVEl.DCITY -
VVI!I.ocrIY -
U VELOCl'TY --

Figure 4.3 Dynamic residual plot in double precision 



CHAPTER 4: GENERAL INFORMATION OF CFD SIMULATIONS 

Figure 4.4 describes the diagram of the simulation procedure in this work. 
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4.3 Rotating coordinate system 

A rotating coordinate system may be set up in CFX 4.1. In such a system the 

reference frame of the body rotates with a constant angular velocity about a fixed 

axis. In CFX 4.1 this should be the x-axis. For the particular calculation in a non

baffled tank, a rotating reference frame may be used to avoid the need for 

complicated impeller boundary conditions, leaving the relatively simple wall 

boundaries to be modelled. In this reference frame the tank is rotating at the same 

angular velocity as impeller, but in the opposite direction, and the impeller is 

stationary, being a blockage to the flow. That is, the tank is rotating at a constant 

angular velocity n. This corresponds to taking a body of fluid and rotating its 

boundaries at a constant angular velocity n. Then at any time sufficiently long 

after starting the rotation, the whole body is rotating with this angular velocity, 

moving as if it were a rigid body. There are then no viscous stresses acting within 

the fluid, and the velocity field is: 

u=n xr (4.1) 

u is the velocity vector and r is distance tensor. The disturbance the impeller 

that would produce a motion in a non-rotating system - will produce a motion 

relative to this rigid body rotation. This relative motion can be considered as the 

flow pattern, it is the pattern that will be observed by an observer fixed to the 

rotating boundaries. 

In the rotating coordinate system, all boundary conditions are specified relative to 

this reference frame. Therefore the equations of motion should be modified in 

terms of the rotating frame of reference so that they apply in such a frame. Based 

on the mechanics of solid systems, the effect of using a rotating frame of 

reference may be appropriate to a fluid system by (Tritton, 1988): 
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(4.2) 

The subscripts I and R refer to inertial and rotating frames of reference. (D ulDt)R 

is the acceleration relative to the rotating frame and can thus be expanded in the 

usual way: 

(DU) == aU R + (u, Vu\ 
Dt R at 

(4.3) 

For brevity, the subscripts I and R will be dropped hereafter, all velocities will be 

referred to the rotating frame when the rotating coordinate system is employed. 

On the right hand side in equation (4.2) the second and the third terms are the 

centrifugal and Coriolis forces respectively arising from the rotation. Comparing 

equation (4.2) to the Reynolds-averaged Navier-Stokes equation (3.16), we can 

see that in a rotating coordinate system the Reynolds-averaged Navier-Stokes 

equation has exactly the same form in the laboratory frame if we put the extra 

terms in the body force term in equation (3.16). Thus the equation (3.16) can be 

used in the rotating reference frame. It should be noted that the predicted 

components of velocity are values relative to the reference frame used. For the 

Reynolds-averaged Navier-Stokes equations in the cylindrical coordinates, 

equations (3.40) to (3.42), the centrifugal and Coriolis forces can be expressed as 

follows: 

F r = p( ulr + 2rollB) (4.4) 

(4.5) 

Since the tank is rotating about the x-axis, the angular velocity vector can be 

written as Q= (0) 0 0), in which ro is the axial component of angular velocity in 
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the cylindrical coordinates. The velocity converSlOn relationships between 

rotating reference frame and the laboratory reference frame in cylindrical 

coordinates are: 

(4.6) 

(4.7) 

Ua = (Or + Ue (4.8) 

Ux, Ur and Ua represent the axial, radial and tangential velocity components in 

the stationary reference frame, respectively. 

In the CFX 4.1 code the Coriolis forces, and centrifugal forces, terms in 

equations (4.4) and (4.5), appearing in the momentum equations are 

automatically added as source terms when the rotating coordinate system is 

employed. 

When the differential stress model is used, there are additional contributions to 

the Coriolis force terms from the fluctuating terms in a rotating frame: 

(4.9) 

This will be automatically added in the Reynolds stress transport equations in the 

solver, so no extra actions are needed. 

4.4 Sliding mesh facility 

The sliding mesh facility is a useful tool for the simulation in stirred tanks. It 

performs the calculations in two different frames that divide the whole 
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unmatched-,grid interfaces, by implementing a simple 

interpolation from an arbitrary number of neighbouring cells on one side of the 

interface into a dummy cell belonging to the block across the interface. The 

interpolation formulae allow a fully coupled solution of the linearised equations 

over the whole domain. Conservation is enforced for total mass fluxes across 

each unmatched grid interface, by correcting estimates of convection coefficients 

calculated from both sides of the interface. For best accuracy, the cells on either 

side of the interface should have the same cell dimensions. 
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IN 

UNBAFFLED TANKS AGITATED BY PADDLE IMPELLERS 

The full numerical simulation of turbulent flow in unbaffled agitated tanks is 

challenging since comparatively less effort has been dedicated to it. The 

relatively simple geometry of unbaffled tanks makes it possible to use the 

standard numerical methods to conduct full simulations. The rotating reference 

system of the impeller is a useful tool for such calculations. It,avoids the need for 

empirical data on impeller boundaries or an excessive computational complexity 

due to the advanced techniques used to predict the flow field in baffled tanks, 

like the 'inner-outer' approach (Brucato et aI., 1994) or sliding mesh (Jaworski, 

et aI., 1997 and Lee, et aI., 1996), 

Three-dimensional numerical simulations of turbulent fluid flow in unbaffled 

tanks agitated by single-stage radial flow impellers were performed using the 

commercial CFX4.1 package. The following works have been carried out in this 

chapter: 

,. A few numerical tests have been performed to examine the effect of grid size 

on the predicted solutions and to understand the performance of the 

turbulence models for the predictions of flow patterns in an unbaffled stirred 

vessel. 

II Numerical calculations of three-dimensional fluid flow were performed in a 

model milk vat. 

The unbaffled agitated tanks modelled in this chapter were operated in the batch 

operation mode. This means that there is no liquid stream flowing through the 

tanks during operations. 
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5.1 Simulation details 

5.1.1 Boundary and initial conditions 

A rotating reference frame of the impeller was employed for all computations 

reported in this chapter. In this reference frame the impeller remains still (which 

is rotating in the laboratory reference frame) and the tank: wall is rotating at the 

same impeller angular velocity but in the opposite direction (which is still in the 

laboratory reference frame). Since the velocities are relative to the reference 

frame rotating with the impeller, the boundary and the initial conditions have 

been specified in terms of this rotating reference frame. 

Assuming that axis-symmetry existed in a cylindrical tank:, only lin of the tank 

was modelled, n being the number of the impeller blades, and the periodicity 

conditions were imposed on the planes e = 0 and e 2n/n. On solid walls, the 

conventional linear-logarithmic 'wall functions' were used (Launder and 

Spalding, 1974). That is, each velocity component is equal to zero on the 

impeller blades and the impeller shaft. On the tank: bottom and the peripheral 

walls, the following velocities were given: 

u=v=O 

w = - ro·r 

(5.1a) 

(5.1 b) 

where u, v, and ware the axial, radial and tangential velocities, respectively, and 

r being the radial distance from the central axis of the cylindrical tank. The 

surface of the liquid was simplified as a flat plane. For the closed tank: case, a 

free slip wall boundary was assigned to the liquid surface. On the free liquid 

surface, in the open tank: case, the axial component of velocity was zero and the 

other two components of velocity were stress free. Along the central line below 

the impeller, the axial component of velocity was stress-free and the other two 
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components were zero. No direct boundary conditions for pressure at the solid 

surfaces were needed. 

The initial conditions for velocities and turbulence parameters used by Ciofalo et 

a1. (1996) were adopted, that is: 

Velocity: 

u=v=O 

w = - (D·r 

Turbulence kinetic energy: 

Turbulence energy dissipation rate: 

(5.2a) 

(5.2b) 

, (5.3) 

(5.4) 

Utip (= (D·dl2) is the impeller tip speed, d is the impeller diameter and CIl (= 0.09) 

is the k-s model constant. The initial velocity conditions are equivalent to 

assuming that the fluid is initially still in the laboratory frame throughout the 

vessel. 

5.1.2 Numerical methods 

The general numerical methods implemented in CFX4.l were briefly described 

in Chapter 4. Here, only the particular algorithms specified in the simulations are 

mentioned. The cylindrical coordinate system and the body-fitted grid were 

adopted. The Navier-Stokes equations written in a rotating, cylindrical frame of 

references were solved. As reviewed in Chapter 3, the governing equations were 
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written in terms of velocity components and pressure. The SIMPLEC 

0.6 was chosen in conjunction with the 

standard k-E model, and the smaller value of 0.1 was found necessary to reduce 

the mass source residual when the differential stress model was employed. 

Pressure was never under-relaxed, as required by the SIMPLEC algorithm. 

A set of linearised difference equations were solved by using a three-dimensional 

version of the Strongly Implicit Procedure (Stone, 1968) for the momentum and 

scalar-transport equations. BLOCK STONE instead of the normally used ICCG 

method was used for the pressure-correction equation. The convective terms were 

discretized using the UPWIND scheme. 

A fairly large maximum number of 500 iterations for pressure was adopted and a 

residual reduction factor of 0.08 was used to stop the iteration in conjunction 

with the k-E model. A smaller residual reduction factor of 0.02 was chosen when 

the differential stress model was employed. 

5.2 Numerical experiments 

The CFD simulation results, to some extent, depend on the turbulence model 

used, and the numerical accuracy. The numerical accuracy is mainly affected by 

the grid size. A few runs have been done to investigate, in general, the influence 

of grid size on the solutions. Two typical turbulence models, the standard k-E 

model and the differential stress model, have been employed to examine the 

difference in the solutions. The time-averaged Reynolds equations coupled with 

the standard k-E model/the DS model have been solved in the 3D domain of a 

stirred vessel for the arrangement investigated experimentally by Nagata (1975). 

The system investigated consists of a cylindrical vessel, without baffles, with the 

shaft of the impeller concentric with the axis of the vessel. A paddle impeller, 
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equipped with eight flat blades, is located halfway between the liquid surface and 

the tank base. 

Computations were carried out using a set of grids with different size for a 600 

mm i.d. tank having an equal liquid depth. The cylindrical coordinate system has 

been used with the origin located at the centre of the base. Under fully developed 

and the steady state flow conditions, flow in the cylindrical vessel can be 

conveniently divided into eight similar parts. Each encompasses 45° with a blade 

at the centre of the inner circumference. Solution of the governing equations for 

anyone of these eight parts is sufficient in terms of the symmetry of the flow 

pattern in the tank. The impeller rotational speed of 72 rpm, corresponding to a 

Reynolds number of about 105
, was used for all calculations in these numerical 

experiments. The solution domain is shown in Figure 5.1. The geometry 

parameters used in this section are listed in table 5.1. The mass source residual 

tolerance of 10-5 was chosen as the criterion of convergence. Double precision 

was used for all the calculations. 

The following numerical experiments have been carried out: 

• To understand the effect of grid size on the solution, and to yield reasonable 

predictions of the flow characteristics, a set of different sized grids have been 

simulated using the k-s model. 

@I Comparison of the turbulence models for closed tank to further understand the 

performance of the k-s model in predicting the three-dimensional flow in 

unbaffled agitated tanks. 



5-6 CHAPTER 5: CFD SIMULATIONS OF TURBULENT FLOW IN UNBAFFLED TANKS 
AGITATED BY PADDLE IMPELLERS 

Table 5.1 Geometry parameters of agitated tank (Nagata, 1975) 

Tank diameter, D 

Liquid depth, H 

Impeller diameter, d (paddle with flat blade) 

Blade length, a 

Blade width, b 

Blade number, n 

Figure 5.1 Computational domain of 
comprising one impeller blade (total 8). 

0.6m 

0.6m 

0.3m 

0.14 m 

0.06m 

8 

sector of the tank 

I 
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5.2.1 Effect of grid size on solutions 

5-7 

E (turbulence kinetic energy 

and energy dissipation rate, respectively) have been solved for a set of grids listed 

in table 5.2. The grid was uniformly distributed in the radial and tangential 

directions. The fine grids in the axial direction have been placed in the impeller 

region. The arrangement of the investigated grid numbers in the axial, radial and 

tangential directions was to examine the effect of grid size on the predicted 

solutions in each particular directio,n. This will be helpful in generating 

reasonable grids for 3D flow pattern and heat transfer computations in the model 

milk vat. 

Table 5.2 Number of cells in three directions in grids 

Cell no. in Cell no. in Cell no. in Total cells no. 

axial radial tangential in grid 

30 20 8 4800 

30 20 16 9600 

46 26 8 9568 

46 26 16 19136 

60 20 16 19200 

60 40 16 38400 
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The dimensionless axial profiles of turbulent energy dissipation rates, radial 

velocity and axial velocity in the impeller stream (r/R=O.6) are shown in Figures 

5.2 to 5.4. Equation (5.4)' was used to calculate EO in Figure 5.2. The radial 

profiles of dimensionless turbulent kinetic energy and tangential velocity at 

impeller centre plane are drawn in Figures 5.5 and 5.6. R in these figures 

represents the impeller radius, and x denotes the axial distance from the impeller 

central plane. It is clear that significant effects of grid size on predicted solutions 

occurred in turbulence parameters in terms of Figures 5.2 and Figure 5.5. Almost 

no differences among the curves (tangential velocity) can be noticed in Figure 

5.6. Figures 5.3 and 5.4 show that the variations of radial velocity and axial 

velocity for these grids may not be ignored. It can be seen that the fine grids give 

results in better agreement with each other than do the coarser grids, and are 

therefore believed to give more ac.curate results. 

The maximum values of the predicted turbulent energy dissipation rate and radial 

velocity for these grids are in the impeller central plane. Around the impeller tip 

in the impeller central plane, the largest differences can be found in the results of 

the kinetic energy. The significant differences of the axial velocity occur in the 

vicinity of the impeller in the impeller stream. These results are similar to those 

obtained by Ranade et al. (1990b). The grids of 30x20x8 and 46x26x8 produced 

poor solutions in Figures 5.2 to 5.5. That is, the small cell numbers in the 

tangential direction are not likely to yield reasonable solutions for 3-D 

calculations. The predicted dissipation rates in Figure 5.2 from the grid of 

46x26x8 are significantly lower than the corresponding values from the grid of 

46x26x 16. This is also clearly shown in Figure 5.5 for the results of the kinetic 

energy. Therefore three-dimensional simulation is essential for the prediction of 

flow pattern in the unbaffled stirred tank. Considering these facts and the 

requirements of three-dimensional flow, the grid size should be properly arranged 

in all three dimensions. It has to be borne in mind that the determination of the 

grid size is limited by the available computing facility of a Digital Alpha Station. 
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impeller central plane. ' 
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5.2.2 Comparison of turbulence models 

The standard k-c model has been widely used in fluid flow simulations. It has 

been found that this is the most reliable, steady and simplest model among the 

current available turbulence models. The differential stress model is a second 

order model. It describes the turbulent characteristics in three directions so that it 

is more complicated and needs more computing time. Therefore numerical 

experiments have been performed in this work to compare the predictions by the 

k-c model to the solutions from the differential Reynolds stress model. Both 

solutions have been compared with Nagata's classical measurements. Since the 

purpose of this part is mainly for the numerical comparison, the computations 

were carried out in a closed tank with a lid on. Thus the liquid free surface which 

exists in the unbaffled agitated tank has been avoided. Based on the numerical 
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analysis of section 5.2.1, a grid of 46x26x 16 was chosen for the calculations in 

this part. 

5.2.2.1 Comparison of the predicted flow patterns 

Figure 5.7 shows velocity vector plots on the axial-radial plane at a few constant 

tangential positions. Corresponding to the impeller rotating direction in the 

laboratory frame, in the front of the impeller, that is at the positions of e -11.5 

degrees and e -2.3 degrees, the stronger discharge flows are shown. The 

smaller discharge and greater suction flows can be noticed at the back of the 

impeller. e = 0 is the impeller centre plane. Two circulation loops are formed 

above and beneath the impeller. 

Figure 5.8 gives the comparison of predicted velocity vector plots calculated 

using the standard k-E model and the differential stress model on the impeller 

plane. We can see that the two velocity vector plots are quite different. In Figure 

5.8 (A) there are two circulation loops mainly in the impeller region, and the 

centres of the circulation loops locate around the impeller tip. The inward flow 

(to the impeller) is stronger close to the impeller shaft. The differential stress 

model predicted the secondary circulations mainly being in the bulk liquid 

region, showing two big loops above and below the impeller centre plane. These 

results have been compared with each other and with Nagata's (1975) 

experimental data. The corresponding measured fluid flow streamlines (Nagata, 

1975) are given in Figure 5.9. Comparing Figures 5.8 to 5.9, the predicted flow 

pattern by using the DS model is closer to the Nagata's measurement in the bulk 

liquid region, but Figure 5.8 (B) still shows a difference from the pattern in 

Figure 5.9 (a). A reference plot of the predicted flow pattern using the DS model 

(Ciofalo et aI., 1996) is given in Figure 5.9 (b). It can be noted that the flow 

pattern does not change much when the liquid surface shape is considered. It 

should be noted that the velocity vectors in Figure 5.8 are values at e = 0 plane, 

and the values in Figure 5.9 are circumference averaged. 
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Figure 5.8 Comparison of velocity vector plots predicted using the standard 

k-s model (A) and the Differential stress model (B). Impeller speed: 72 rpm. 
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Figure 5.9 

(a) (b) 

(a): Measured fluid flow streamlines (Nagata, 1975) 

(b): Predicted flow pattern (Ciofalo et aI., 1996). 
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Figure 5.10 gives the comparison of predicted dimensionless tangential-averaged 

tangential velocity to Nagata's measurements at the constant axial positions. It . 
shows that the differential stress model gives better agreement with the 

experimental data. In the impeller region the solutions from both models are 

quite close to each other, but not in the bulk liquid region. The differences can 

also be found for the tangential-averaged axial and radial velocities in Figures 

5.11 and 5.12. The similar trends of the axial velocity from both models through 

the whole tank can be seen in Figure 5.11 except that the patterns from the k-s 

model shift towards the impeller shaft. This is related to the flow patterns in 

Figure 5.8. The k-s model predicts stronger radial discharge flow in the impeller 

region than the DS model. Around the impeller tip the radial discharge flowrates 

from both models become very close to each other. 

5.2.2.2 Power consumption and discharge flowrate 

An important global industrial quantity for a stirred tank is the power 

consumption (P), which is often expressed in dimensionless form as power 

number (Np). Nagata reports that the power number (Np) can be expressed as a 

function of the Reynolds number and the geometry of vessel and impeller for 

both unbaffled and baffled tanks. For the vessel considered here, Nagata reports 

Np = 0.95. The computed values from the predictions using two turbulence 

models and the Nagata's measurement are given in table 5.3. The computed 

power number was obtained in terms of the pressure distributions on the impeller 

blade surfaces (Ciofalo et aL 1996). Firstly, the torque on the single blade 

included in the computational domain was computed from the pressure 

distributions on its upstream and downstream faces, then multiplied by the 

number of blades to give the total torque acting on the impeller. The contribution 

from shear stresses on the shaft surface was neglected. Finally, the total torque 

was multiplied by the impeller angular velocity to give the power P. Then the 

power number can be calculated, N p = P /(pN 3d5
) 
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The other important global quantity is the discharge flow rate, which sometimes 

is called the impeller pumping capacity Qp. This was computed from the axial 

profile of the tangential-averaged radial velocity in the impeller region 

(Annenante and Chou, 1996) between the points where the discharge flow starts 

and where the velocity sign changes. The impeller discharge flow rate can be 

made dimensionless as a flow number or a pumping number, NQp = Qp INd3
• 

The computed power number of 0.937 from the DS model and 0.918 from the k-s 

model are close to the measurement of 0.95 (Nagata, 1975). The maximum 

relative variations of computed power numbers from the experiment data are 

within 3.3%. The k-e model gives a slightly lower power number than the DS 

model. But the predicted impeller flow numbers from both models are quite close 
. . 

to each other and to the experimental data. The comparison of the global 

quantities shows that both the k-e model and the DS model can give reasonable 

predictions. 

Table 5.3 Power numbers and flow numbers 

Predicted value Predicted value Measurement 

CDS model) (k-s model) (Nagata, 1975) 

Np 0.937 0.918 0.95 

NQp I 0.319 0.324 0.340 

5.2.2.3 Discussion and conclusions 

Convergence difficulties occurred for the DS model calculations. The tolerance 

of mass residual reached only about 10-3 for 9000 iterations, but it decreases to 

10-5 at about 3900 iterations for the k-£ model. For the grid used (about 20,000 



5-20 CHAPTER 5: CFD S IMU LATIONS OF TU RBULENT FLOW IN UNBAFFLED TANKS 
AGITATED BY PADDLE IMPELLERS 

control volumes), computation time was about 9 seconds per iteration on a 

Digital Alpha workstation for the k-E model, and about 23 seconds with the DS 

model. The overall CPU time used for the k-E model and the DS model was 

about 9.8 and 57.5 hours, respectively. 

The most striking difference between the k-E model and the DS model occurs for 

the case of the tangential velocity, as shown in Figure 5.10. The k-E model 

predictions exhibit larger values of the tangential velocity in the bulk liquid 

region, which is similar to the trend reported by Ciofalo et a1. (1996). This is 

mainly due to the assumption used in the k-€ model. The flow in unbaffled 

agitated tanks is characterised by turbulence anisotropy, streamline curvature, and 

rotation. As introduced in Chapter 3, the k-E model assumes that the turbulence 

in all directions was locally isotropic which is modelled in terms of a parameter 

of the turbulent viscosity. The differential stress model solves the equations of 

Reynolds stresses individually and thus gives the better description of the, 

turbulence performance. However a computation difficulty rises from solving a 

large set of linearised differential equations. It requires larger memory capacity 

and much longer computing time. 

The k-E model can not account for anisotropy of the turbulence and it does not 

respond correctly to streamline curvature. However, the results of computation 

indicate that the k-E model is capable of predicting approximately the flow in a 

stirred tank. The differential stress model can take the effects of anisotropy and 

curvature into account but it is not clear whether the increased computational 

time is compensated by better results. Considering the comparison of results of 

the prediction from the k-E model and the DS model, the computation time 

required, and the limitations of the computing facility, in this investigation the k

E model has, therefore, been used exclusively in the remainder of this work. 

The following conclusions can be drawn based on the comparlsons of the 

predicted flow pattern and the global quantity: 
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• The assumption that local turbulence is isotropic in the k-g model may be not 

true in the 3 D turbulent flow in an unbaffled stirred tank. The differential 

stress model gives a' better description of the turbulence non-isotropic 

characteristics, but still has some variation from the experimental results. 

4& Convergence difficulty was met for the computation using the differential 

stress model. The computations using the DS model required much longer 

calculation time than the k-g model, and the tolerance of mass residual was 

about two orders of magnitude higher. 

• The k-g model gives reasonable predictions of flow pattern and the global 

quantities for unbaffled tanks and requires acceptable CPU time. 

• It is not clear whether the increased computational time is compensated by 

better results for the DS model. Therefore, the k-g model is chosen for the 

remaining simulations in this study. 
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5.3 Flow patterns in the milk vat 

The simulated cylindrical·tank is a typical milk storage vat, without baffles, 

equipped with a centrally located two-blade impeller. Two-blade impellers are 

widely used in the dairy industry in New Zealand because of the simplicity of 

construction. It is very important for the milk storage tank on dairy farms that the 

impeller used provides not only satisfactory mixing, but also can be cleaned 

easily and thoroughly to prevent milk remaining on the impeller from raising 

bacteria. The milk vat has a volume of approximately 450 litres and was built of 

stainless steel (88-304). The main dimensions are listed in table 5.4. The bottom 

is sloped by 4° down to the outlet to facilitate its drainage. Figure 5.13 shows the 

sketch of the agitated system. The ratio (dID), impeller diameter to tank diameter, 

is 113. The ratio (bID), impeller height to tank diameter, is about 1121. The 

cylindrical coordinate system is also displayed in Figure 5.13. 

Table 5.4 Geometry parameters of the milk vat 

Tank diameter, D 0.75 m 

Liquid depth, H 0.98 m 

Impeller diameter, d (with flat blade) 

Blade length, a 

Blade width, b 

Blade number, n 

0.25m 

0.115 m 

0.045 m 

2 

Bottom clearance, C (distance between impeller centre 0.326 m 

plane to tank base) 
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D 

Figure 5.13 Sketch of the milk vat. 

5.3.1 Computational details 
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Assuming the symmetry of the flow patterns, only half the tank, comprising one 

impeller blade at the centre in the tangential direction, was simulated. The 

computational domain is shown in Figure 5.14. The model used a flat-bladed 

paddle and allowed for the sloping base in the vat. Due to limitations of the 

computation facility and for the purpose of comparing with the continuous 

operation case in which the whole tank needs to be modelled, a relatively coarse 

gird has been employed. The grid numbers of 55, 33 and 20 were allocated in the 

axial, radial and tangential directions, respectively. The dependency of the flow 

pattern on the impeller rotational speed was numerically checked. Six runs have 



5-24 CHAPTER 5: CFD SIMULA TrONS OF TURBULENT FLOW IN UNBAFFLED TANKS 
AGITATED BY PADDLE IMPELLERS 

been performed with the impeller speed ranging from 18 rpm up to 117 rpm with 

the corresponding Reynolds number of about 2x 104 to lAx 1 05
• The mass source 

residual of 10-3 times the circulation flow rate, which is proportional to proDHT, 

was chosen as the convergence criterion. In the rotating reference frame of the 

impeller, the tank wall is rotating and the impeller is still being the blockage to 

the flow. The resulting flow pattern is the secondary flow relative to the rotating 

frame. 

Figure 5.14 Computational domain of the milk vat comprises one impeller 

blade. There is a 4° slope on the bottom of the vat. The height between the 

impeller centre plane and tank base is 0.326 m. 

The vortex on the liquid free surface produced by the impeller rotation is one of 

the flow characteristics in an unbaffled agitated tank. This was experimentally 

checked within the simulated impeller rotational speed range (Neubert, 1997). It 

has been observed that the maximum difference of the surface depth between the 
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highest and the lowest was about 5 cm at the maximum impeller rotational speed 

used in the calculations. Comparing this to the liquid depth of 98 cm, it was 

reasonable that the surface' of the liquid was assumed to be flat. 

For the grid, having 36,300 control volumes (55x33x20), computation time was 

about 14.5 seconds per iteration with the k-e model when double precision was 

applied. The boundary and initial conditions for the open tank, and the numerical 

methods are the same as described in section 5.1. 

5.3.2 Results and discussion 

It has been found that the overall computing time required for each run increases 

as the Reynolds number increases. Within the range of the simulated Reynolds 

numbers, the computation time for the highest Reynolds number is almost double 

that for the lowest. Table 5.5 lists the CPU time for each run. It shows that the 

computation with higher Reynolds number needs more iterations to reduce the 

mass source residual. The maximum free surface depth, which is the difference 

between the highest and the lowest level of the liquid free surface height, was 

estimated using the liquid free surface profile proposed by Nagata (1975) as 

listed in table 5.5. For most of runs, the maximum depth of the liquid free surface 

is relatively small comparing to the averaged liquid depth in tank (98 cm) and the 

tank radius (37.5 cm), except for the run with higher Reynolds number. In the 

case of the impeller rotational speed of 117 rpm, the calculated maximum free 

surface depth of 7.76 cm is somewhat larger but still tolerable. Ljungqvist et a1. 

(1998) have experimentally studied the effect of the top boundary on the flow in 

a stirred vessel. They reported that the effect of the top boundary on the flow is 

small enough to be within the experimental uncertainty if the liquid depth is over 

300 mm. In terms of their studies, the effect of the flat free surface on the flow in 

the milk vat for the liquid depth of 980 mm can be ignored. 
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Impeller 
rotational 

speed 
(1"Qm) 

18 

36 

54 

72 

92 

117 
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Table 5.5 Computation time for each run 

Reynolds Number of Computing Max. free 
number, iterations time surface depth 

performed (N agata, 1975) 
(-) (-) (hour) (cm) 

20710 3647 15.0 0.17 

41132 5130 21.0 0.7 

63014 6109 25.1 1.64 

84202 6817 27.9 2.94 

108435 7428 30.2 4.77 

144359 8118 32.9 7.76 

5.3.2.1 Predicted flow field in the milk vat 

To analyse the predicted flow pattern in the milk vat, the results from the case of 

the impeller rotational speed of 54 rpm are discussed. Radial profiles of the mean 

axial velocities at different axial levels are presented in Figure 5.15(A). It is 

observed that, in the upper part of the tank (above the impeller), the fluid in the 

bulk liquid region moves upwards, and then flows downwards in the impeller 

region to form a counter-clockwise circulation loop in the vertical plane. Another 

circulation loop exists in the lower part of the tank, but circulates clock-wise. The 

flow towards the impeller blades is stronger in the upper loop than in the lower 

loop. This is mainly due to the impeller location close to the tank bottom at about 

one third of the liquid depth. The upper circulation loop extends from the 

impeller central plane up to about 18 cm below the liquid surface at the impeller 

speed of 54 rpm. The lower circulation loop almost reaches the tank base. There 

is a small amount of liquid, in the upper part of the tank, which moves 

downwards in the vicinity of the tank wall instead of in the impeller region. The 

liquid flowing downwards along the tank side wall starts in the plane of about 28 

cm below the liquid surface and goes down to the tank bottom. It is probable that 
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a small amount of liquid from the upward stream moves towards the tank side

wall then goes down due to tank wall restriction. This downward flow rate is 

gradually reduced in the lower part of the tank. 

Axial profiles of the mean radial velocities are displayed in Figure 5.15(B). It 

shows that the fluid, in the impeller stream, flows away from the impeller blade, 

and the velocity varies dramatically in the axial direction. The velocity profiles in 

the impeller stream become flatter as the fluid moves away from the impeller. 

This is due to entrainment of slow-moving surrounding fluid into the impeller 

stream. The mean radial velocities in the impeller stream are much larger than 

those in the bulk liquid region. The maximum radial velocity, which occurs 

around the impeller tip, is about 0.2 times the impeller tip speed. There is a small 

amount of liquid moving inwards on the tank bottom. This is due to the 

downward flow near the tank side-wall as shown in Figure 5.l5(A). 

Figure 5.15(C) gives the radial profiles of the mean tangential velocities. It can 

be seen that the tangential velocities are almost identical at different axial levels 

except near the impeller tip. This indicates that the impeller induces a 

circumferential (primary) flow in the unbaffled milk vat. The k-B model predicts 

relatively larger tangential velocities towards the tank wall than the DS model as 

analysed in the section of 5.2.2. In the region close to the impeller shaft, the mean 

tangential velocity increases radially which has been reported by the 

measurements (Nagata, 1975 and Dong et al., 1994). 
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Figure 5.15 Tangential-averaged velocities predicted in the milk vat using 

the k-epsilon model with the impeller rotational speed of 54 rpm: (A) axial 

velocity, (B) radial velocity, (C) tangential velocity and (D) circulation flow 

in axial plane. 
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0.4, arrows of 0.01, v:ectors/side of20 and the scale of -0.6. It 

can be found that as the impeller rotational speed increases, the downward and 

upward flows above and below the impeller become stronger and the size of the 

circulation loops becomes larger. Therefore the impeller discharge flow 

increases. At lower Reynolds number (impeller rotational speed of 18 rpm) only 

small circulation loops around the impeller can be noticed, while at higher 

Reynolds number (impeller rotational speed of 117 rpm) the secondary 

circulation flow is almost throughout the whole tank. It means that the better 

mixing can be obtained with higher Reynolds number. Figure 5.17 shows the 

discharge flow distributions at different impeller rotational speeds along a 

vertical line near the impeller tip. At higher rotational speed, the discharge flow 

produced by the impeller rotation becomes stronger. 
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Figure 5.16 Circulation flows in the impeller vertical plane with different 

impeller rotational speeds. 
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5.3.2.2 Pumping 

2.lx104 to about 1.4x105 (about 7 times), the pumping number 

decreases from 0.391 to 0.366 which is a relative difference of only 6.4%. 

Therefore we can conclude that the impeller pumping number NQp is almost 

independent of the impeller speed. This conclusion is the same as reported by 

Dong et al. (1994a). Dong et al. experimentally studied the effect of the impeller 

rotational speed on the impeller pumping capacity using a laser Doppler 

anemometer (LDA) in an unbaffled tank. 
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Table 5.6 Predicted pumping capacities 

Reynolds Pumping Pumping 
number capacity number 

(-) (m3/s) (-) 

20710 0.00183 0.391 

41132 0.00362 0.387 

63014 0.00538 0.383 

84202 0.00708 0.378 

108435 0.00890 0.371 

144359 0.0112 0.366 

To quantify the secondary circulation flow in the vertical plane, Dong et at 

(1994a) also investigated the effect of the impeller rotational speed on the 

circulation capacity, Qc. Costes et al. (1988) defined the circulation capacity, Qc, 

as follows: 

(5.7) 

in which u(r) is the radial profile of the tangential-averaged axial velocity at 

different axial levels. A mass balance gives that the amount of the fluid going 

upward must be equal to that of the fluid flowing downward at any horizontal 

level. Consequently, the integral range j in the equation 5.7 should be from the 

tank wall, or the impeller shaft to the point at which the mean axial velocity 

changes its direction. Qc is therefore the flow rate through a certain horizontal 

plane. 
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" 
and the tank bottom. It is noted that the distribution of the circulation flowrate is 

not symmetric about the impeller central plane due to the impeller location. Fig 

5.19 shows that the curves of NQc from different impeller rotational speeds are 

very close to each other. It can be concluded that the circulation number NQc is 

also approximately independent of the impeller speed. 

The predicted results of the circulation flowrate and the circulation number have 

the same trends as Dong's measurements. Figure 5.20 displays their experimental 

data. It can be noted that the curves of Qc and NQc in Figure 5.20 are similar to 

the predicted curves in Figures 5.18 and 5.19 when the impeller stands at about 

1/3 of the liquid depth (symbol A). 

Figures 5.21 and 5.22 show the spatial axial and radial velocity patterns at three 

different impeller rotational speeds. The range of dimensionless velocities 

normalised by the impeller tip velocity is displayed in square brackets. The 

absolute velocity values increase as Reynolds number (impeller speed) increases, 

but the normalised values are almost same. 
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Figure 5.17 Axial profiles of discharge flow at different impeller rotational 
speeds along a vertical line near the impeller tip. The impeller locates at x = 
0.326 m. 
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Figure 5.18 Axial distributions of circulation capacity with the impeller 
locating at x = 0.326 m. 
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Impeller speed: 18 rpm 
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Impeller speed: 54 rpm Impeller speed: 117 rpm 
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Figure 5.21 Spatial distributions of dimensionless axial velocity (square 
brackets denote the lower (blue) and upper (red) magnitude range of the 
colour scales). 

v/U1ip [-0.033 .. 0.335] 
Impeller speed: 18 rpm 

v/Ulip [-0.031 .. 0.325] 
Impeller speed: 54 rpm 

vlU1ip [-0.031 .. 0.316] 
Impeller speed: 117 rpm 

Figure 5.22 SpatiaJ distributions of dimensionless radiaJ veJocity (square 
brackets denote the lower (blue) and upper (red) magnitude range of the 
colour scales). 
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1. Three-dimensional simulations of the flow generated by a radial flow 

impeller in an unbaffled cylindrical tank have been performed. 

2. The effect of the grid size on flow structure has been demonstrated. The 

larger the number of control volumes in the axial, radial and tangential 

directions, the more accurately the solutions can be obtained. 

3. The results of the three-dimensional simulation from the k-epsilon model and 

the differential stress model have been compared. The DS model gives better 

predictions than the k-e model but requires much longer computing time. 

4. The k-e model is still able to give a reasonable solution and requires an 

acceptable computing time. Considering the limitations of the computing 

facility, the k-e model has been adopted for the remainder ofthis work. 

5. The flow patterns in the milk vat have been calculated usmg the k-e 

turbulence model for the case of batch operation. Two secondary circulation 

loops were predicted above and below the impeller central plane. The upper 

loop, in the upper part of the tank, is larger than the lower loop, in the lower 

part of the tank, due to the location of the impeller. 

6. The effect of the impeller rotational speed on the flow in milk vat has been 

studied. The higher the impeller speed, the stronger the circulation flow, 

therefore the larger the impeller pumping capacity. Both the pumping number 

and the circulation number are almost independent of the impeller speed. 
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SIMULATIONS OF FLUID FLOW AND HEAT TRANSFER IN 

A MILK VAT WITH A LIQUID STREAM FLOWING 

THROUGH 

This work was done to investigate the flow patterns and heat transfer in a model 

milk vat. To permit steady state heat transfer, the milk vat was simulated in a 

continuous operating mode with a liquid stream flowing through. Under this 

operating condition, the experimental data are available so that the CFD 

simulations of heat transfer can be compared and evaluated. CFD simulations and 

experimental studies have concentrated mainly on batch systems with few works 

on continuous flow systems. Up to· date, only two experimental studies for 

continuous flow systems have been reported, but no CFD calculations were 

found. Benayad et al. (1985) reported measurements of the liquid velocities as 

well as concentrations in an agitated tank by using laser Doppler velocimetry 

(LDV), but only the results around the impeller region were given. Mavros et al. 

(1997) measured three-dimensional liquid velocities using LDV for a standard 

Rushton turbine and an axial-flow Mixel IT agitator, with a stream of liquid 

being fed continuously in an agitated tank. The measurements were taken in the 

feeding-tube plane and in the plane rotated 90° clockwise from the feeding plane. 

Thus the effect of the incoming liquid on the flow patterns can be better 

interpreted. 

Flow patterns and heat transfer were simulated with a stream of liquid being fed 

continuously into the milk vat. The standard k-E turbulence model was used. The 

effect of the incoming liquid on the flow patterns has been discussed by 

comparing the results with the solutions from the batch operating case (reported 

in chapter 5). The predicted heat transfer coefficients have been compared with 

the experimental data of Neubert (1997). 
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6.1 Simulation details 

In modelling continuous operation to permit steady state heat transfer calculation, 

water at ambient temperature was continuously supplied to the milk vat on the 

top of the liquid surface, as seen in Figure 6.1. A tube with unifonnly distributed 

holes was used to feed the water. The outlet of the water was located at the tank 

bottom on the opposite side to the feeding tube. The feed water flowrate of about 

0.67 Jls was the same as the rate used in heat transfer measurements (Neubert, 

1997). The existence of the feed liquid continuously flowing in and out of the 

tank destroyed the flow pattern symmetry in an unbaffled agitated tank. Therefore 

the whole tank was modelled. 

+ 
Outflow 

Inflow 

Figure 6.1 Sketch of the milk vat in the continuous operation mode. 

6.1.1 Characteristics of the modelled system 

Considering the relatively large tank size of 0.98 m, 0.375 m, and 2n in the axial, 

radial and circumference directions respectively, the computer capacity and the 

computing time required, a relatively coarse grid was used in the simulations. 
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Figure 6.2 shows the computation domain and the grids distributions in three 

directions. The heating jacket is a narrow 

75,000 cells, which requires very long 

solution times. 

The top liquid free surface was set to be flat for all impeller rotational speeds 

used. The vortex depression around the impeller shaft on the top liquid surface 

within the Reynolds numbers used in the calculations was observed to be not 

significant compared to the liquid depth (Neubert, 1997). Therefore it is 

reasonable to ignore the effect of the shape of the top water surface on the flow. 

The feeding liquid inlet patch was set on the liquid top surface as shown in 

Figure 6.2 while the remainder of the liquid surface was set as a shear-free 

surface. The outlet was set on the bottom part of the tank vertical wall on the 

opposite side to the inlet. The size of the outlet patch is one 'cell wide and two 

cells high (see Figure 6.2). Figure 6.3 displays the wall side heating jacket area. It 

was set at the position of 0.04 m to 0.17 m in the axial direction from the milk 

vat bottom. These arrangements of the liquid inlet, outlet, and the side heating 

jacket patches are similar to those used by Neubert (1997). It should be noted that 

the computation domain in Figures 6.2 and 6.3 are actually over a full 

circumference. A quarter of the vat vertical wall has been removed in order to 

display the impeller. 
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o et 

I Inlet 
/ 

Figure 6.2 Computation domain of the 'milk vat in the continuous 'operating 
mode. 

Inlet 

Outlet 

Jacket 
area 

Figure 6.3 Computation domain of the milk vat in the continuous operating 
mode in conjunction with heat transfer. 
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The distance between the impeller central plane and the milk vat base was 0.326 

m, the same as reported in chapter 5 for the batch case calculations. It is one third 

of the liquid depth of 0.9~ m. The impeller diameter of 0.25 m was one third of 

the milk vat diameter. The model milk vat has a 40 slope base down to the liquid 

drainage. In the calculations reported in this chapter, a flat vat bottom was 

simulated because of the rotating frame. 

The boundary and the initial conditions of velocities were the same as reported in 

chapter 5. In terms of the software, at the computational domain boundaries, heat 

transfer must be explicitly defined. On the milk vat boundaries zero heat flux 

(adiabatic) boundary conditions were imposed. On the heat transfer surface a 

constant temperature (obtained by Neubert, 1997) was set to represent the heating 

source. For the continuous liquid stream, the inlet velocity was uniform over the 

inlet patch, and the mass flow boundary condition was set at the outlet patch. 

6.1.2 Numerical methods 

A body-fitted grid and cylindrical coordinates were used in the simulations 

reported in this chapter. The rotating coordinate system was employed to avoid 

the complicated impeller boundary conditions. The incoming liquid stream 

disturbs the boundaries around the liquid inlet and the outlet. Such disturbances 

may affect the flows in the vicinities of the inlet and the outlet. It was neglected 

here and is discussed in the next chapter. The standard k-g turbulence model, 

combined with heat transfer, was used in the calculations. Double precision was 

chosen to improve the solution accuracy. The flow and heat transfer in the milk 

vat was assumed to be of steady state. The buoyant flow caused by temperature 

difference was accounted for. 

The enthalpy reference temperature was set at the inlet temperature of the 

incoming liquid stream. This reference temperature was also chosen as the initial 

temperature of bulk liquid in whole computation domain. The heat transfer 
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parameters of liquid thennal conductivity and specific heat were set constant. In 

the range of liquid temperature differences in the computations, the effects of the 

above thennal parameter changes on the solutions are not significant and can be 

reasonably neglected. A thennal expansion coefficient of2.0E-04 (11K) for water 

was used. 

The numerical methods used in the calculations were the same as in the batch 

operating case. It has been found that accurate solution of the enthalpy equation 

is very important. Therefore setting a lower reduction factor, the higher 

maximum number of sweeps, and a higher under-relaxation factor for the 

enthalpy equation will help to reduce the residual. The reduction factor of 0.05 

and the maximum number of sweeps of 100 were used for the enthalpy equation. 

The convergence of the heat transfer calculations was found to be sensitive to the 

under-relaxation factor of the enthalpy equation. Test showed that the under

relaxation factor of 1.0 caused divergence, hence the value of 0.9 was chosen. 

The computational time for the grid having a total of 55488 control volumes was 

about 24.7 seconds per iteration. The total CPU time used for each run ranged 

from about 32 hours to 55 hours when the tolerance of the mass residual of 10-3 

and the enthalpy residual of 102 were satisfied. 

6.2 Effect of continuous liquid stream on flow patterns 

In the continuous operating case, the symmetry existing in the cylindrical agitated 

milk vat is now disrupted. Therefore the analysis of the predicted results in 

several planes has to be given in order to interpret the effect of the liquid input on 

the flow patterns and heat transfer. As seen from the top of the milk vat in Figure 

6.4. the impeller was rotating in counter-clockwise in the laboratory frame. 

Several vertical planes are defined as follows: 
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• Feeding plane - a vertical plane through the centre of the liquid inlet patch; 

6-7 

1& 300 plane - a vertical plane rotated 30 degrees from the feeding plane around 

the impeller axis counter-clockwise; 

EI 900 plane - a vertical plane rotated 90 degrees from the feeding plane around 

the impeller axis counter-clockwise; 

@I 1800 plane - a vertical plane rotated 180 degrees from the feeding plane 

around the impeller axis counter-clockwise; 

@I -900 plane - a vertical plane rotated 90 degrees from the feeding plane around 

the impeller axis clockwise; 

• -300 plane - a vertical plane rotated 30 degrees from the feeding plane around 

the impeller axis clockwise. 

30 deg. Plane 

lTTTH_F_eeding plane 

-30 deg. Plane 

Figure 6.4 Demonstration of the relative positions of feeding water inlet 
patch, the vertical feeding plane, and the rotated vertical planes as seen 
from the top of the vat. Impeller rotates counter-clockwise in laboratory 
frame. Vessel wall rotates clockwise in the rotating coordinate frame. 
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6.2.1 Flow patterns 

1800 

plane. The predicted flow pattern in the impeller region is similar to the 

corresponding solution for the batch operation case. The impeller discharge flow 

is divided into two streams forming two loops in the lower and the upper parts of 

the milk vat, respectively. The upper loop, in the upper part of the vat, is larger 

than the lower loop, in the lower part of the vat, due to the impeller location. 

On the right hand side in Figure 6.5 (the feeding plane), part of the incoming 

liquid is entrained downwards in the impeller region, and another part goes down 

in the bulk liquid region. The downward liquid in the impeller region joins the 

downward circulation flow, and the downward liquid in the bulk liquid region 

joins the upward circulation flow making the upward circulation flow smaller. 

There is a small part of the input liquid flowing downwards near the vat vertical 

wall, which is mainly the consequence of the liquid inlet patch distribution. The 

velocity vectors in front of the impeller (the 300 plane) and behind the impeller 

(the ~30° plane) are given in Figure 6.6. It shows that there is a stronger radial 

discharge flow in front of the impeller. Behind the impeller a stronger suction can 

be noticed. 
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Figure 6.5 Velocity vector plot on the feeding plane and 1800 plane at 
impeller speed of 54 rpm in continuous operating mode. 
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Figure 6.6 Velocity vector plot on vertical planes at impeller speed of 54 rpm 
in continuous operating mode. 

(a) Vertical plane of 30° rotated from the feeding plane. 
(b) Vertical plane of -300 from the feeding plane. 
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0.95 m in Figure 6.7 (a) the main downflow is in the 

region of the liquid inlet, but a small amount of liquid goes downwards near the 

vat vertical wall. It also affects the axial velocities near the liquid surface on 

other vertical planes. Near the liquid outlet, a significant downward flow can be 

seen at the level of 0.03 m in Figure 6.7 (d), but on the other planes the effect is 

invisible. On the vertical planes studied here, the axial velocity distributions in 

the main part of the milk vat are very close to each other, which is because of the 

rotating reference frame. However the velocities in the impeller central plane are 

affected by discharge and suction flows in front of the impeller and behind the 

impeller. This has been predicted in the batch case. We can see that there is a 

small downward flow near the vat vertical wall in the main part of the vat. It is 

partly due to the upward circulation flow as discussed in chapter 5 for the batch 

operating case. 

6.2.2 Comparison of solutions from the continuous and the batch cases 

The solutions in the case of impeller speed of 54 rpm resulting from the 

continuous and the batch systems have been compared. Figure 6.8 illustrates the 

spatial distributions of axial velocity in the feeding plane and the 90° plane, 

respectively, compared to the corresponding velocity distributions from the batch 

operation case. It is clear that the flow patterns from the continuous operation 

case and the corresponding batch operation case are very similar in both planes. 

The only difference is that the upward velocity maps are relatively narrower for 

the continuous operation case, in sub-figures 6.8 (A) and (B), compared to the 

corresponding velocity maps from the batch operation case, in sub-figures 6.8 (C) 

and (D) respectively. 
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Figure 6.7 Distributions of axial velocities at different axial levels on the 

vertical planes. Impeller speed of 54 rpm in continuous operating mode: (a) 

the feeding plane, (b) the 30° plane, (c) the 90° plane, (d) the 1800 plane, (e) 

the -90° plane, and (t) the -300 plane. 
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This is due mainly to the incoming downward liquid stream decreasing the 

upward circulation flow. The spatial distributions of radial velocity in the feeding 

plane and the 90° 

6.10. The lines 

of x 0.29 m and x 0.36 m give the values from just below and just above the 

impeller respectively. The lines of x = 0.6 m and x = 0.2 m represent, 

respectively, the upper part and the lower part of the vat. In the upper part of the 

vat, the curves from the continuous case shift slightly towards the impeller shaft 

compared to the batch case results, but have the same shapes as the batch case. 

There are no significant differences found in the lower part of the vat. 

Three radial positions are chosen to discuss the changes brought to the radial 

velocity by the incoming liquid stream in Figure 6.11. Within the impeller region 

(r = 0.08 m) the difference between the results of radial velocities from both 

cases are not significant, but the curve from the continuous case around the 

impeller tip (r = 0.l3 m) shifts slightly up. In the bulk liquid region, the values 

from the continuous case are dramatically decreased compared to the batch case. 
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This is mainly again due to the downward incoming liquid stream decreasing the 

upward circulation flow and therefore the impeller discharge flowrate. 

Tangential velocities seem to be also affected by the incoming liquid stream. In 

the batch case the regions of the higher tangential velocities (dashed lines in 

Figure 6.12) are narrower around the impeller, but are widened in the present 

case (solid lines in Figure 6.12). It agrees with the measurements for the Rushton 

turbine by Mavros et al. (1997). The effect of the continuous liquid stream is also 

seen in the profile of the tangential flow angle. The definition of the tangential 

flow angle used by Mavros et aL (1997) is adopted: 

(6.1) 

in which w and v are the tangential-averaged tangential and radial velocity 

respectively. An increase in e indicates that the tangential flow becomes 

predominant. Values of e > 90° indicate that flow is directed towards the 

impeller (negative v) rather than away from it. The tangential flow angles at 

different radial positions are given in Figure 6.13. The incoming liquid stream, 

combined with the radial jet being ejected from the impeller, minimises the upper 

flow loop. In the bulk liquid region (r = 0.18 m) the tangential velocity, in the 

present case, becomes relatively stronger with the smaller axial and radial 

velocity components. These slight but significant changes in the three velocity 

component distributions indicate that the incoming liquid stream combines with 

the rotational radial jet from the impeller in a complex 3-D way. 

It should be noted that the agitated flow in the milk storage vat is commercially a 

batch process. The continuous operation mode simulated here is for the purpose 

of calculating heat transfer coefficients under steady state. 
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Figure 6.8 Spatial distributions of axial velocities in the feeding plane and 
the 90° plane compared to the corresponding velocity distributions for the 
batch case at the impeller speed of 54 rpm (red - highest; green - medium; 
blue -lowest). 
(A) ulU tip [0.094, -0.174], the feeding plane in continuous case; 
(B) ulU tip [0.102, -0.212], the 90° plane in continuous case; 
(C) ulUtip [0.092, -0.198], the impeller plane in batch case; 
(D) ulUtip [0.112, -0.258], the 90° plane in batch case. 
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Figure 6.9 Spatial distributions of radial velocities in the feeding plane and 
the 90° plane compared to the corresponding velocity distributions for the 
batch case at the impeller speed of 54 rpm (red - highest; green - medium; 
blue -lowest). 
(A)vlUtip [0.278, ·0.035], the feeding plane in continuous case; 
(B) vlUtip [0.168, ·0.036], the 900 plane in continuous case; 
(C) vlUtip [0.318, ·0.033], the impeller plane in batch case; 
(D) vlUtip [0.171, ·0.025], the 900 plane in batch case. 
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Figure 6.10 Radial distributions of predicted axial velocities (tangential d 

averaged) at impeller speed of 54 rpm. Solid lines are from the continuous 

case, and dashed lines from the batch case. 
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Figure 6.11 A.xial distributions of predicted radial velocities (tangential

averaged) around the impeller at impeller speed of 54 rpm. Solid lines are 

from the continuous case, and dashed lines from the batch case. 
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Figure 6.12 Axial distributions of predicted tangential velocities (tangential

averaged) around the impeller at impeller speed of 54 rpm. Solid lines are 

from the continuous case, and dashed lines from the batch case. 
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Figure 6.13 Effect of the incoming liquid stream on the tangential flow angle 

around the impeller. Solid lines are from the continuous case, and dashed 

lines from the batch case. 
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The axial distributions of the mean radial velocities along a line near the impeller 

tip characterise the effect of the incoming liquid stream on the impeller discharge 

flow. The values at impeller speeds ranging from 18 rpm to 117 rpm are given in 

Figure 6.14. It shows that the effect of the incoming liquid stream on the flow 

depends on the impeller speed. At the impeller speed of 18 rpm, the radial jet 

from the impeller is smaller, so is the secondary circulation flow. Therefore the 

incoming liquid stream affects the secondary circulation most at lower impeller 

speeds. As the impeller speed increases, the difference between the two curves 

becomes smaller. With the maximum impeller speed investigated (N = 117 rpm), 

no significant difference can be noticed. It means that the circulation flow 

produced by the impeller, at such higher speed, is much stronger than the 

downward incoming liquid flow, therefore the effect can be neglected. 

The spatial distributions of velocity vector in the feeding and 1800 planes at 

different impeller speeds, in the range of 18 rpm and 117 rpm, are plotted in 

Figure 6.15. For the comparison, all the plots in Figure 6.15 were drawn with a 

vector length of 0.5 and the vectors/side of 34. The impeller discharge flow 

becomes stronger as the impeller rotational speed increases. Table 6.1 gives the 

average impeller discharge flow rates and the flow numbers at varying impeller 

speeds and the comparison with the corresponding values in the batch case. It 

also shows that the incoming liquid stream dramatically affects the impeller 

discharge flowrate at the lower impeller speed, but the effect decreases as 

impeller speed increases. At the impeller speed of 117 rpm, the difference 

between the values from the present case and the batch case is small enough to 

be ignored. The pumping numbers are almost independent of the impeller speed. 
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Table 6.1 Comparison of pumping capacity and numbers 

Reynolds Pumping Pumping Pumping Pumping 
number capacity number capacity number 

(-) (m3/s) (-) (m3/s) (-) 

Continuous case Batch case 

20700 0.00137 0.292 0.00183 0.391 

41150 0.00298 0.318 0.00362 0.387 

63000 0.00467 0.332 0.00538 0.383 

84200 0.00629 0.336 0.00708 0.378 

144350 0.01045 0.343 0.0112 0.366 
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Figure 6.14 Axial distributions of predicted radial velocities (tangential

averaged) along a line near the impeller tip at the different impeller speeds. 

Solid lines are from the continuous case, and dashed lines from the batch 

case. 
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Figure 6.14(continued) Axial distributions of predicted radial velocities 

(tangential-averaged) along a line near the impeller tip at the different 

impeller speeds. Solid lines are from the continuous case, and dashed lines 

from the batch case. 
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Figure 6.15 Velocity vector plots on the feeding and 1800 planes at varying 

impeller speeds of 17 rpm (A), 27 rpm (B), 36 rpm (C), 54 rpm (D), 72 rpm 

(E) and 117 rpm (F). 
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Figure 6.15(continued) Velocity vector plots on the feeding and 1800 planes 

at varying impeller speeds of 17 rpm (A), 27 rpm (B), 36 rpm (C), 54 rpm 

(D), 72 rpm (E) and 117 rpm (F). 

6.3 Heat transfer calculations 

Heat transfer from the side-wall heating jacket to water in a model milk vat was 

simulated using the CFD package CFX4.1. The simulations were done assuming 

steady state operation, with a continuous water stream fed to the top of the vat 

and the same rate of water discharged from the bottom as described in section 

6.1. The temperature distributions and the heat transfer coefficients predicted 

from the CFD simulations are discussed in this section. The measurements of the 

temperature field and the heat transfer coefficient in the model milk vat (Neubert, 

1997) were used to evaluate the calculations. The flow and thermal parameters 

from Neubert used in these calculations are listed in table 6.2. Tw is the water

side wall temperature in the heating jacket area in which assumed to be constant 

over the whole heating surface. Tin is inlet temperature of the incoming liquid 
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285.0 284.1 

Tw (K) 366.2 366.3 366.2 365.6 365.0 362.9 

Cp (J/kgIK) 4185 4185 4186 4185 4185 4184 

~ (kg/m/s) 9.2xlO-4 9.1xlO-4 9.3xlO-4 9.1xlO-4 9. Ix 10-4 8.5xlO-4 

kw (W/mlK) 0.605 0.606 0.604 0.606 0.606 0.611 

p (kg/m3
) 997.4 997.2 997.5 997.2 997.2 996.6 

Fin (l/min) 38.2 38.3 40.7 38.1 40.6 36.2 

N (rpm) 18 27 36 54 72 117 

Re (-) 20700 31950 41250 63000 84200 144350 

6.3.1 Temperature distributions 

Figures 6.16 to 6.21 illustrate the predicted temperature distributions at the 

different impeller rotational speeds in the feeding and 1800 planes, as defined in 

the beginning of this chapter. For the purpose of comparison, the predicted 

temperature data are plotted in the same local range of 284 K to 301 K. We can 

see that the temperature distributions become more uniform as the impeller speed 

increases and provides better mixing. At lower impeller speeds of 17 rpm and 27 
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rpm, the effect of the natural convection on the temperature distributions can be 

noticed. This is graphically explained in Figures 6.16 and 6.17. Figure 6.16 

shows a higher temperah\re band, which reaches over the impeller position, 

along the vat vertical wall. It is due to the stronger upward flow near the heat 

transfer surface resulting from the natural convection. This higher temperature 

band decreases as the impeller speed increases. The effect of the natural 

convection becomes weaker in Figure 6.17. At higher impeller speed of 54 rpm, 

the effect of the natural convection is hardly seen in Figure 6.19. It should be 

noted that the red band on the walls in Figures 6.16 to 6.19 shows the extent of 

the heating jacket. 

Figures 6.22 to 6.24 display the spatial axial velocity distributions, in the same 

colour scale, at impeller speed of 18, 27 and 54 rpm respectively. It can be noted 

that the circulating flow gets stronger' as the impeller speed increases. The 

upward flow, due to natural convection, near the heating surface (light yellow 

colour) can be seen in Figure 6.22. In Figure 6.23, such upward flow also can be 

noticed but smaller than those in Figure 6.22. Using the local colour scale in 

Figures 6.22 and 6.23 may help to explain the natural convection effect better. 

Figure 6.25 illustrates that there is a stronger upward flow around the heat 

transfer surface at the impeller speed of 18 rpm. Unfortunately the downward 

flow along the vat vertical wall, due to the liquid inlet patch distribution and the 

circulation flow, as discussed in chapter 5, minimises the effect of the natural 

convection. At the impeller speed of 27 rpm, the upward flow near the heat 

transfer surface in Figure 6.26 is relatively small compared with the flow field, 

therefore the effect of natural convection is dramatically decreased. In Figure 

6.24 no upward flow can be seen around the heating jacket area. This means that 

the liquid circulation flow is much stronger than the natural convection, which 

can be neglected at the impeller speed of 54 rpm. This result is in good 

agreement with the experimental measurements by Neubert (1997). 
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Figure 6.16 Spatial distributions of the predicted temperature at impeller 

speed of 18 rpm in the feeding plane and the 1800 plane. 

6-28 



CHAPTER 6: SIMULATIONS OF FLUID FLOW AND HEAT TRANSFER IN A MILK V AT 

WITH A LIQUID STREAM FLOWING THROUGH 

301 

299 

297 

295 

6-29 

292 

290 

288 

286 

284 

Figure 6.17 Spatial distributions of the predicted temperature at impeller 

speed of 27 rpm in the feeding plane and the 1800 plane. 
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Figure 6.18 Spatial distributions of the predicted temperature at impeller 

speed of 36 rpm in the feeding plane and the 1800 plane. 
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Figure 6.19 Spatial distributions of the predicted temperature at impeller 

speed of 54 rpm in the feeding plane and the 1800 plane. 
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Figure 6.20 Spatial distributions of the predicted temperature at impeller 

speed of 72 rpm in the feeding plane and the 1800 plane. 

6-32 



CHAPTER 6: SIMULATIONS OF FLUID FLOW AND HEAT TRANSFER IN A MILK VAT 
WITH A LIQUID STREAM FLOWING THROUGH 

301 

299 

297 

295 

292 

290 

2BB 

2B6 

2B4 

Figure 6.21 Spatial distributions of the predicted temperature at impeller 

speed of 117 rpm in the feeding plane and the 1800 plane. 
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Figure 6.22 Spatial distributions of the predicted axial velocity at impeller 

speed of 18 rpm in the feeding plane and the 1800 plane. 
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Figure 6.23 Spatial distributions of the predicted axial velocity at impeller 

speed of 27 rpm in the feeding plane and the 1800 plane. 



CHAPTER 6: SIMULATIONS OF FLUID FLOW AND HEAT TRANSFER IN A MILK VAT 
WITH A LIQUID STREAM FLOWING THROUGH 

0.068 

0.043 

0.017 

-0.009 

-0.035 

-0.060 

-0.086 

-0.112 

-0.138 

6-36 

Figure 6.24 Spatial distributions of the predicted axial velocity at impeller 

speed of 54 rpm in the feeding plane and the 1800 plane. 
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Figure 6.25 Spatial distributions of the predicted axial velocity at impeller 

speed of 18 rpm in the feeding plane and the 1800 plane (local scale). 
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Figure 6.26 Spatial distributions of the predicted axial velocity at impeller 

speed of 27 rpm in the feeding plane and the 1800 plane (local scale). 
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A run in which a liquid stream was continuously fed into the vat and the impeller 

was still, has· been done to investigate the effect of natural convection. Figure 

6.27 gives the spatial distributions of temperature in the feeding and 1800 planes. 

The input liquid temperature and the initial bulk liquid temperature in the vat 

were 284.1 K. We can see that the incoming liquid stream flows through the vat 

with almost the same temperature, but the temperature of the bulk liquid goes up 

about 2 K due to natural convection. On the ±90° planes in Figure 6.28, the 

liquid temperature is uniformly distributed over most of the planes except for the 

bottom part where lower temperatures can be noticed. Figures 6.29 and 6.30 

show the spatial distributions of axial velocity on the corresponding planes. The 

axial velocities resulting from natural convection in the 1800 plane are relatively 

large due to the lower temperature of the incoming liquid. The flow patterns in 

Figure 6.30 have axis-symmetry. It can, be seen that the downward liquid stream 

in Figure 6.29 is slightly towards the vat veliical wall, which is mainly due to the 

effect of the natural convection flow. The maximum upward velocity, due to 

natural convection, around the heating jacket is about 0.041 m/s in the case of no 

agitation, as shown in Figure 6.30. However, such maximum velocity is only 

about 0.02 m/s with the impeller speed of 18 rpm, as shown in Figure 6.25. The 

lower upward flow near the heating surface with the impeller rotation is mainly 

due to the smaller temperature difference and the effect of downward flow near 

the vat vertical wall above the heating jacket. 

Comparing the flow patterns in Figures 6.27 and 6.28, the effect of the incoming 

liquid stream on the flow pattern at different planes is significant with the 

impeller still. However, when the rotating frame is employed in the calculations, 

the effect of the liquid stream on flow patterns in different vertical planes would 

not be significant. 
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Figure 6.27 Spatial distributions of the predicted temperature with the 

stationary impeller in the feeding plane and the 1800 plane. 
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Figure 6.28 Spatial distributions of the predicted temperature with the 

stationary impeller in the ±90° planes. 
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Figure 6.29 Spatial distributions of the predicted axial velocity with the 

stationary impeller in the feeding plane and the 1800 plane. 
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Figure 6.30 Spatial distributions of the predicted axial velocity with the 

stationary impeller in the ±90° planes. 
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6.3.2 Heat transfer coefficient 
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Heat transfer coefficients are calculated from the predicted temperature 

distributions: 

(6.2) 

where Q is the enthalpy increase of the incoming liquid stream from inlet to 

outlet, A is the heat transfer surface area, T w is the temperature on the heat 

transfer surface, and Tb is the bulk liquid temperature. For the purpose of 

comparing the predicted heat transfer coefficients with the available 

experimental data (Neubert, 1997), the bulk liquid temperature Tb was taken to 

be the same as the outlet liquid temperature. Table 6.3 lists the heat transfer 

calculation results. Then the Nusselt number was evaluated as: 

hD 
Nu=-

kw 
(6.3) 

D is the vat inner diameter and kw is the liquid thermal conductivity. The 

calculated Nusselt numbers compared with the measurements and the 

correlations are given in Table 6.4. 
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Table 6.3 Predicted heat transfer coefficient 

Reynolds Mass Heat flow Outlet Heat transfer 
number flowrate temperature coefficient 

(-) m (kg/s) Q(W) TbeC) h (W/m2/K) 

0 0.61 9689 14.3 400 

20700 0.64 16500 17.9 711 
. 

31950 0.64 20850 19.8 928 

41250 0.64 24380 20.4 1028 

63000 0.63 32020 22.4 1336 

84200 0.68 39640 24.0 1644 

144350 0.60 56150 27.5· 2190 

Table 6.4 Comparison of predicted and measured Nusselt numbers 

Reynolds Nusselt number (-) 
number 

Measured Predicted Correlation Correlation 
(-) (Neubert) (Nagata) (Penney) 

0 1875 496 0 0 

20700 1883 I 882 709 731 

31950 1873 1148 942 970 

41250 1882 1275 1120 1154 

63000 1990 1654 1480 1525 

84200 2107 2034 1793 1848 

144350 2561 2689 2488 2562 
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The comparison of the predicted Nusselt numbers and the measured values from 

Neubert (1997) as well as the data from the correlations of Nagata (1972) and 

Penney (1990) are plotted in Figure 6.29. It shows that the predicted values are in 

good agreement in the region of Re > 60,000, but lie in between Neubert's data 

and the values of the correlations at Re < 60,000. The predicted heat transfer 

coefficients were calculated at the same conditions as Neubert's measurements. 

However, Neubert's data shows that within the Reynolds number range studied 

there are two distinct regions around the critical point of about Re = 60,000. In 

the higher Reynolds number region (Re > 60,000), Nu increases as Re increases 

but in the lower Reynolds number region (Re < 60,000), Nu is almost 

independent of Reynolds number. Jordan and Neubert (1998) explained that 

natural convection dominates over forced convection at lower Reynolds number 

region, which means that the axial velocity near the wall is more effective than 

the tangential velocity in removing heated liquid around the heating jacket into 

the bulk fluid. The natural convection effect on the heat transfer coefficient in 

turbulent flow has not been mentioned in published studies. 

'-
Q) 
.0 

E 
::J 
c: ...... 
Q) 
en 
en 
::J 
Z 

10000~~~~~~~~~~~~~=:e~N~a~g~a~ta:-l I: -+-Penny 

100 

10000 100000 

Reynolds number 

-M-Measure 
-!III- Predict 

i I 

1000000 

Figure 6.31 Comparison of predicted Nusselt number with the 
measurements of Neubert (1997) and the correlations of Nagata et al. (1972) 
and Penney (1990). 
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Figure 6.32 Experimental data for an unbaffled mixing vessel having direct 

cooling water going through. q is the cooling water feed rate in (kglhr) 

(Nagata et at, 1972). 

To test the effect of the cooling water flowrate on heat transfer coefficients, 

Nagata (1972) has perfonned the experiment in an unbaffled agitated tank with a 

side-wall heating jacket. To maintain steady state heat transfer, a cooling water 

stream was directly introduced to a stirred tank. His measurements are illustrated 

in Figure 6.32, where q is the cooling water flowrate in (kglhr). We can see that 

the effect of the cooling water flowrate on the measured heat transfer coefficient 

is quite distinct. Nagata et al. explained that the contribution of the cooling water 

velocity is significant compared with the discharge flow produced by the 

impeller at low Reynolds number by this direct cooling procedure. Therefore the 

experimental values tend to be higher than those without the direct cooling water 
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stream (the solid line as shown in Figure 6.32). The correlation from the 

experimental data in Figure 6.32 has been given (Nagata et aI., 1972): 

(6.4) 

where q and Q are the flow rates of the cooling water and the discharge flow 

from the impeller with the feed turned off, respectively. Nu denotes the heat 

transfer without the direct cooling water, and NUt is the total result when the 

cooling water effect is considered. NUjet represents the heat transfer predicted by 

the cooling water flow alone, i.e., when the impeller speed is zero and was 

correlated as follows: 

(
d U )2/3(C ) 113( )0.14 

N . =27 ~ £ Ilb 
U Jet • k 

J-L J-Lw 
(6.5) 

where u is the linear velocity of the cooling water over the inlet area and dn the 
• 

characteristic dimension of the cooling water feed tube. 

Figure 6.33 shows the comparison of the CFD predicted Nu, NUt from equation 

6.4 and Nu from Neubert's measurements. The dashed line denotes the values 

from Nagata's correlation without considering the effect of the cooling water 

flowrate. Figure 6.33 illustrates that the CFD predicted values are in good 

agreement with Nagata's experimental data, but lower than Neubert's 

measurements. It should be noted that the methods of introducing the cooling 

water into the tank used by Neubert and Nagata are different. In order to avoid 

affecting the flow pattern in the vessel, the cooling water was discharged from 

the centre of the impeller in Nagata's experiment. In Neubert's measurements 

and present simulations, the cooling water was dropped into the tank at top of the 

liquid surface. 
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Figure 6.33 Comparison of the CFD predicted Nusselt number with the 

experimental data of Neubert (1997) arid Nagata et al. (1972). 

The predicted Nusselt numbers (see Figure 6.31) are, in general, higher than the 

correlations of Nagata and Penney but are lower than Neubert's experimental 

data. Figure 6.33 shows that the predicted Nusselt numbers are very close to 

Nagata's experimental data when considering the cooling water effect. Based on 

the comparison of the predicted Nu with Neubert's measurements and Nagata's 

test with the cooling water feed rates, we can conclude that there are mainly two 

factors affecting the heat transfer simulation in the agitated tanks at low 

Reynolds number. That is, the incoming liquid velocity and the turbulence model 

used. Figures 6.32 and 6.33 illustrate that the introduction of the directly cooling 

water increases the heat transfer coefficient. The higher the cooling water 

velocity, the higher the heat transfer coefficient will be. The predicted fluid field 

in the agitated tank affects significantly the heat transfer process. In the present 

study, the heating surface is a narrow band in the axial direction on the tank 

vertical wall close to the bottom over full circumference. For such heat transfer 

process, the axial velocity component near the tank vertical wall prevails in 
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removing the heated liquid near the heating jacket into the bulk liquid since the 

narrow size of the heat transfer surface. However, predicted secondary 

circulating flow using the' k~s turbulence model locates mainly in the impeller 

reglOn. The axial velocity component around the tank vertical wall is 

significantly under-predicted. Thus the heat transfer rate is limited. This is the 

major reason of the predicted heat transfer coefficients are significantly lower 

than the experimental data. 

In other hand, at lower Re, the effect of natural convection on heat transfer 

process cannot be ignored, as shown in Figures 6.16, 6.17, 6.25 and 6.26. In 

comparison with the experimental data, the k-s model under-predicted the flow 

due to natural convection. This can be seen in the case of the impeller turned off. 

Table 6.4 shows that the predicted Nu !s 496 with the impeller speed of zero, and 

the corresponding experimental data is 1875. This significant difference due 

mainly to the simplification in the treatment of the natural convection term in the 

k-s model (CFX 4.1 Flow Solver User Guide). As discussed above, at low 

Reynolds number, the axial velocity by natural convection is more effective than 

the tangential velocity to remove the heated liquid into the bulk fluid because of 

the small size of the heat transfer surface in the axial direction. Therefore, the 

effect of natural convection on the heat transfer coefficient at low Reynolds 

number is dramatically under-predicted. And also as mentioned in the discussion 

of the temperature distributions, the downward flow near the vertical wall, due 

mainly to the incoming liquid distribution and partly to the circulation flow, 

minimised the axial velocity caused by natural convection. The contribution of 

the incoming liquid velocity is significant compared with the discharge flow 

ejected by the impeller at lower Reynolds number as shown in Figure 6.14, 

therefore it affects the heat transfer process. 
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6.4 Conclusions 

The following conclusions can be drawn for the fluid flow and heat transfer in a 

milk vat in the case of a liquid stream flowing through: 

1. When the rotating reference frame was used, the effect of the incoming liquid 

stream on flow patterns in different vertical planes is not significant under the 

flowrate of liquid stream calculated. 

2. The incoming liquid stream affects the discharge flow produced by the 

impeller and therefore the circulation flow, but this effect is not significant at 

higher Reynolds number. 

3. The predicted heat transfer coefficients are in good agreement with available 

experimental data at higher Reynolds number (Re > 60,000). 

4. CFD simulations usmg the k-E model under-predict the heat transfer 

coefficients at low Re. This is mainly due to the k-E model under-predicted 

the axial velocity component near the milk vat vertical wall, thus limited the 

ability of removing the heated liquid in the vicinity of the heating jacket into 

the bulk liquid. This may also because the buoyant flows caused by natural 

convection are inadequately predicted by the k-E model. 

5. Comparing to Nagata's measurements, the k-E model in conjunction with the 

heat transfer can give a reasonable prediction of the heat transfer coefficients. 
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3-D SIMULATION OF TURBULENT FLOW IN A MILK VAT 

USING SLIDING MESH TECHNIQUE 

To investigate heat transfer at steady state, the milk vat needs to be operated in 

the continuous mode. As defined in chapter 1, in the continuous operation mode 

a cooling liquid stream is introduced to the milk vat directly. It is obvious that the 

existence of the liquid stream destroys the axis-symmetry characteristics of the 

flow field in the milk vat, which results in more complicated vat wall boundary 

conditions. In the case where experimental data within the impeller swept volume 

is not available, the steady state heat transfer has been simulated using the 

rotating reference frame. The influence of the liquid incoming stream on the wall 

boundaries around the liquid inlet and the outlet was ignored. In this"work, a 

numerical examination has been done using the sliding mesh technique. 

Sliding mesh computational fluid dynamics is a fully predictive numerical 

technique without requiring any input of velocity field and other empirical 

parameters within the impeller swept volume, thus simplifying the problem set

up, and can also reduce any errors associated with the uncertainty of the 

momentum (momentum source method). It uses transient calculations to reach 

steady state and considerably more computing time is needed than for steady 

state modelling, especially in turbulent flow. Therefore, how to properly judge 

when the calculation has practically converged is important in sliding mesh 

modeling. Normally the computation in a stirred tank is said to be converged 

when the mass source residual is below the set criterion and the liquid motion 

becomes periodically repeatable. 

Using this method, the whole computational domain in a cylindrical stirred 

vessel can be divided into two parts. The inner part is attached to the impeller and 
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rotates with it, and the outer part is attached to the stationary outer wall and 

remains static. At the interface between the rotating and the stationary parts, the 

two meshes move relative to each other as time progresses. The coupling 

between the cells on either side of the interface is treated implicitly taking 

account of the fact that the mesh cell connectivity changes due to the sliding 

motion. This implicit treatment allows the computation to proceed 

simultaneously over the whole flow field and enhances numerical stability and 

accuracy. 

7.1 Computational details 

A numerical investigation of the effect of the incoming liquid stream on the flow 

pattern around the impeller was carried out using the sliding mesh facility in 

CFX4.1. To judge when the calculation reached real periodic steady state the 

following three factors were balanced. The developed flow pattern became fully 

periodically repeatable, the tolerance of mass source residual fell below 10.3 and 

the absolute value of tangential velocity at monitoring point was without visible 

change over 100 time steps. To further check the computation convergence, the 

corresponding flow pattern obtained in the rotating reference frame was used as a 

reference in the batch operation calculation, since without baffles both simulation 

methods should give the same results. Firstly, the calculation was performed in 

the batch operation mode. Secondly, the modeling in the continuous operation 

mode started from the batch operation results. 

A milk vat having the same dimensions as simulated in chapters 5 and 6 was 

used in this work. A two-flat-blade impeller mounted on a centrally located shaft, 

which was fixed on the top of the tank, was modelled. The impeller diameter is 

0.25m with the blade width of 0.045m. It is located a height of 0.326m from the 

impeller central plane to the bottom of the vat and the impeller rotation speed is 

60 rpm. The Reynolds number based on the impeller angular velocity and the 
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square of impeller diameter is 7.0xl0\ which means that the flow IS fully 

turbulent. 

The case was modelled in cylindrical coordinates and a full 360° domain was 

used. The computational domain in the milk vat was divided into two blocks at 

the radius of 0.19 m. The inner rotating block contains the impeller and the grids 

rotate at the impeller angular velocity while the outer block touching the outer 

tank wall remains stationary. Based on the purpose of this work, a simple and 

coarse grid of 43 x 25 x 32 in the axial, radial and tangential directions 

respectively was generated. The impeller shaft was treated as solid and the 

impeller blades as thin surfaces. These: surfaces and the outer tank wall, as well 

as the tank bottom, were set as no-slip wall boundaries relative to the grids 

motion. The liquid surface was set as a shear-free wall patch. Each block has 

periodic boundaries defined on its high-k and low-k faces (in azimuthal 

direction). An unmatched-grid interface was defined between two blocks. 

The calculation of the flow field was made using the k-8 turbulence model for 

incompressible fluid and fully developed turbulent flow in double precision. We 

found that in the rotating reference frame calculations, double precision reduced 

the mass residual quickly even though it took longer CPU time than in single 

precision. Under-relaxation factors of 0.6 for the velocities and turbulence 

parameters were used. A fairly large maximum number of iterations of 100 for 

pressure was employed to help the mass conservation and a residual reduction 

factor of 0.05 was used to stop the iteration. The standard model parameters were 

employed. A tolerance of mass source residual of 10.3 was set as the convergence 

criterion with a maximum of25 iterations at each time step. 

Steady state periodic conditions were approached in two stages. First a coarse 

time step was used to generate the initial velocity and turbulence field. After 20 

full impeller revolutions, a fine time step calculation in which at each time step 

the grids moved 360°/32 or one cell distance was performed. The liquid inlet 
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patch was set as a narrow band one grid wide at the top of the outer stationary 

block. An inlet liquid velocity of 0.67 lis was uniformly distributed along the 

patch. A mass flow patch bf one grid size was used as the outlet located on the 

milk vat outer wall close to the vat bottom. 

In order to further check when the developed flow became fully periodically 

repeatable and reached real steady state, the simulation was done in the batch 

operation case first, since without baffles the corresponding flow patterns from 

the rotating reference frame and the sliding mesh technique should be the same. 

Thus the corresponding results from the rotating reference frame can be used to 

further judge the convergence. After starting from the first 20 impeller 

revolutions in coarse time step, a total of 146 impeller revolutions (4672 time 

steps) in fine time steps were performed .in the batch operation mode. The same 

time step was used in the continuous operating mode calculation, which started. 

from the results in the batch operation mode. 30 full impeller revolutions were. 

run before sampling data to compare. The computing time is about 2.77 minute 

per time step for the available computing facility. The total computing time for a 

full run is about 260 hours, which is about 10 times longer than the steady state 

calculation using the rotating reference frame. This is really quite unacceptable 

and impractical. 

7.2 Results and discussion 

The velocity and turbulence patterns were found to be changing as time proceeds 

till the calculation reached periodic steady state. As Bakker et al (1997) reported 

in a laminar flow application, the velocities close to the impeller converged 

fastest and the tangential velocity as well as the turbulence parameters converged 

slowest in the bulk liquid. Figure 7.1a, 7.1 b and 7.1c give the velocity vector 

plots on e ::::: 0 plane, which is the vertical plane of the impeller blades, at 21, 71 

and 146 impeller revolutions respectively. We can see that in Figure 7.1a there 
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are two circulation loops above and below the impeller located near the milk vat 

outer wall and the circulation loops are fairly large and mainly in the bulk liquid. 

Figure 7.1 b shows that the circulation loop positions shift towards the impeller 

shaft and the size of the loops becomes smaller in the axial direction compared to 

Figure 7.la. The circulation loops are now in the impeller region as well as in the 

bulk liquid. Finally the circulation loops shift to the impeller as shown in Figure 

7.1 c. The loop shape above the impeller changes to a narrow circle and the loop 

below the impeller becomes smaller. Figures 7.1a to 7.lc show clearly that the 

predicted flow pattern using the k-s turbulence model by the sliding mesh facility 

changes as time proceeds. 

The corresponding velocity vector plot obtained from the rotating reference 

fnime using the standard k-s model is'shown in Figure 7.ld. Comparing Figure 

7.ld and Figures 7.1a to 7.lc, it is clear that only the flow pattern in Figure 7.1c 

matches Figure 7.ld. Thus the conclusion can be drawn that Figures 7.1a and 

7.1 b give developing, but not developed, flows. In fact it reached practically 

periodic repeatable after 21 impeller revolutions but was far from steady state. It 

was assessed by the tangential velocity values at monitoring points. The 

tangential velocities at, monitoring points positioned at both sides of the 

unmatched-grid interface close to the vat bottom have been used to judge when 

the liquid flow reached periodic steady state since it has been noticed that the 

tangential velocity converged slowest in the bulk liquid. Additionally the 

tolerance of mass source residual fell below 10.3 and the flow became periodic 

repeatable, the computation was said to be practically converged when the 

tangential velocities in the bulk liquid showed no visible change over at least 100 

time steps. This criterion is very important in turbulent flow modeling by the 

sliding mesh technique and is normally ignored because of the longer computing 

time needed. It is difficult to say whether or not the predicted flow pattern 

reached periodic steady state, which the real flow pattern should be, without 

examining the absolute values of the tangential velocity in the bulk liquid over a 

certain number 
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Figure 7.1 Velocity vector plots in the batch operation mode at 8 = 0 plane at 

different impeller revolution numbers from the sliding mesh facility and 

from the rotating reference frame. A to c with impeller revolution number of 

21, 71 and 146 respectively, and d presents the result from the rotating 

reference frame (impeller speed: 60 rpm). 



CHAPTER 7: 3·0 SIMULATION OF TURBULENT FLOW IN A MILK VAT 
USING THE SLIDING MESH TECHNIQUE 

7-7 

of time steps. In a new stirred vessel design calculation it is most important to 

give the right flow and turbulence parameter values. 

Starting from the corresponding results obtained in the batch operation mode, 30 

full impeller revolutions (960 time steps) in the continuous operation mode were 

run before sampling to compare. For the purpose of comparison, the velocity 

vector plot from the batch operation mode (sliding mesh result) is given in Figure 

7.2a. Figure 7.2b shows the predicted velocity vectors from the continuous 

operation mode on 9 :::; 0 plane which is the plane of the liquid inlet and outlet. 

On this plane the flow pattern should be most affected by the incoming liquid 

stream over the whole computational 90main. The effect of the liquid inlet and 

outlet flows on the flow pattern can be seen clearly. The inlet flow affects the 

flows only in the vicinity of the liquid surface, especially around the inlet patch 

location, and the outlet flow mainly affects the outlet patch region. This is in 

good agreement with the result obtained in a continuous operation mode using 

the rotating reference frame (see section 6.2). Comparing Figures 7.2a and 7.2b, 

it can be noted that the flow patterns around the impeller match each other very 

well. 

Detailed comparisons of predicted dimensionless liquid velocities and turbulence 

parameters on the impeller surface and in the bulk liquid are given in Figures 7.3 

to 7.7. Five axial positions, which represent the distance from the vat bottom, are 

chosen in these figures. The data, which were averaged azimuthally, at the a.'(ial 

positions of x = 0.29 m and x = 0.36 m, delineate the velocities and turbulence 

values on the impeller lower and higher surfaces respectively. The axial position 

of x = 0.94 m, which is 40 mm below the liquid surface, is used here to assess the 

liquid inlet flow effects. A position of 60 mm above the milk vat bottom is 

chosen to check the liquid outlet flow effects. Three velocity components are 

normalised using the impeller tip velocity, Utjp O)D/2. It should be noted that the 

data compared in these figures are obtained from the continuous and the batch 

operation cases using the sliding mesh facility. 
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Figure 7.2 Predicted velocity vector plots from (a) the batch and, (b) the 

continuous operating cases at e = 0 plane. The impeller speed is 60 rpm and 

the corresponding Reynolds number of 7xl04. 

Figure 7.3 shows that the effect of liquid inlet and outlet flows on the azimuthal 

averaged dimensionless axial velocities occurred mainly in the region below the. 

liquid surface and above the milk vat bottom. The liquid inlet flow effects are 

mostly in the region of the inlet flow patch, which is located in the dimensionless 

radial position of 0.506 to 1.0 on the top of the outer stationary block. It can be 

seen that in the vicinity of the liquid surface (x = 0.94 m), there is a small amount 

of liquid which flows up near the vat wall and then goes down forming a small 

counter-clockwise circulation. In the continuous operation mode, this small 

circulation loop becomes stronger. For the batch operation case, this additional 

circulation is probably caused by the flat liquid surface simulated. Part of the 

incoming liquid stream in the continuous operation mode joins this circulation. It 

should be noted that the additional small circulations do not appear in Figure 7.2, 

which shows vector plots in a certain vertical plane. This is mainly due to the 
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large velocity scale used, for example, the maximum dimensionless axial velocity 

is about 0.21 around the impeller and the upward flow near the liquid surface is 

about 0.015 for the batch operation case and 0.028 for the continuous case. The 

additional circulation can be noted in the left corner of Figure 7.2b. No 

distinctions between batch and continuous operations can be found around the 

impeller region, which is the axial positions of x = 0.29 m and x = 0.36 m. 

However, the axial velocities are not symmetric about the impeller central plane 

due mainly to the impeller location. The maximum value of the dimensionless 

axial velocity on the lower surface of the impeller (x = 0.29 m) is about 0.11, but 

0.21 on the upper surface (x = 0.36 m). In the bulk liquid (the axial position of 

0.66 m), the effect of the incoming liquid stream on the axial velocities can be 

noticed. The circulation flow is slightly decreased due to the downward incoming 

liquid. This point agrees with the result using the rotating reference frame. 

Similar trends are given in Figure 7.4 for the dimensionless radial velocities. The 

radial velocities on the lower and the upper surfaces of the impell~r are also 

found not to be symmetric about the impeller central plane. This is related to the 

axial velocity distributions. The stronger circulation flow above the impeller 

makes the peak of the impeller discharge flow lye below the impeller central 

plane. This again can be distinguished from the radial velocity distributions on 

the lower (x = 0.29 m) and the upper surfaces (x = 0.36 m) of the impeller in 

Figure 7.4. On the line of x 0.94 m, stronger positive radial velocities can be 

seen near the vat wall especially for the continuous case. This means that some 

liquid moves towards the vat wall near the liquid surface as shown by the 

corresponding axial velocity distributions in Figure 7.3. This also explains the 

positive radial velocity below the liquid surface which appears in Figures 6.9 (A) 

and (B). Almost no effects are found on the tangential velocity, turbulent kinetic 

energy and turbulent kinetic energy dissipation rate in the whole computational 

domain as shown in Figures 7_5, 7.6 and 7.7 respectively. 
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Figure 7.3 Predicted dimensionless axial velocities at different axial positions 

with the impeller speed of 60 rpm. Solid and dashed lines represent the 

values from the continuous and the batch operation mode, respectively. 

Axial positions are the distances from the tank base. 
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Figure 7.4 Predicted dimensionless radial velocities at different axial 

positions with the impeller speed of 60 rpm. Solid and dashed lines represent 

the values from the continuous and the batch operation mode, respectively. 

Axial positions are the distances from the tank base. 
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Figure 7.5 Predicted dimensionless tangential velocities at different axial 

positions with the impeller speed of 60 rpm. Solid and dashed lines represent 

the values from the continuous and the batch operation mode, respectively. 

Axial positions are the distances from the tank base. 
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Figure 7.6 Predicted dimensionless turbulent kinetic energy at different 

axial positions with the impeller speed of 60 rpm. Solid and dashed lines 

represent the values from the continuous and the batch operation mode, 

respectively. Axial positions are the distances from the tank base. 
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Figure 7.7 Predicted dimensionless turbulent energy dissipation rate at 

different axial positions with the impeller speed of 60 rpm. Solid and dashed 

lines represent the values from the continuous and the batch operation 

mode, respectively. Axial positions are the distances from the tank base. 
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In chapter 5 we concluded that the velocity profiles, normalised by the impeller 

tip speed, UfiP ' are almost independent on the impeller rotational speed (see 

Figure 5.22 and 5.21). Therefore, the predicted axial velocity profiles around the 

impeller from the rotating reference frame, with the impeller speed of 54 rpm, 

and the sliding mesh approach, with the impeller speed of 60 rpm, are compared 

in Figure 7.8. The corresponding profiles of the radial velocity are given in 

Figure 7.9. All the values in Figures 7.8 and 7.9 were predicted in the continuous 

operation mode. It should be noted that the results from the rotating reference 

frame were obtained using slightly finer cells than in the sliding mesh approach, 

and also the liquid inlet patch was set in a slightly different position. Additional 

to these distinctions, we still can see that the predicted values from the sliding 

mesh (marks) are in good agreement with the values from the rotating reference 

frame (solid lines). This means that the effect of the incoming liquid stream on 

the flow pattern around the impeller is not significant due to the distur:bance of 

the liquid stream at the boundaries in the vicinity of the inlet and the outlet when 

the rotating reference frame is employed. Thus a conclusion may be drawn that it 

is reasonable to perform the simulations using the rotating reference frame for the 

continuous operation mode. 
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Figure 7.8 Comparison of normalised axial velocities. Solid line and 0 mark 

represent the values from the rotating reference frame and the sliding mesh 

simulation respectively. 
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" The sliding mesh tecl1nique is a potential predictive tool for simulating 

turbulent flow patterns in stirred vessels having complicated geometric 

boundaries and new apparatus design calculations without any experimental 

input. However the main drawback, which makes this facility impractical at 

this stage, is the excessively long computing time required to reach the 

periodic steady state in stirred tank. 

• It is vital to set the proper convergence criteria, otherwise the simulation 

might not give the right prediction. The convergence criterion for the 

calculation using the sliding mesh technique should be the combination of the 

following factors. That is, the tolerance of the mass source residual falling to 

the user-set value, the predicted flow becoming periodic repeatable,. and the 

absolute values at a sensitive point showing no visible changes over a certain 

number of time steps. 

It The effects of the liquid inlet and outlet flows on velocities and turbulence 

parameters are mainly limited to the regions in the vicinity of the liquid 

surface and the milk vat bottom. 

.. The normalised axial and radial velocities obtained from the rotating 

reference frame and the sliding mesh technique in the continuous operation 

mode showed good agreement. It means that the fluid flow calculation using 

the rotating reference frame in the continuous operation mode would not 

cause significant difference. 
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CHAPTERS 

1. Three-dimensional simulations of fluid flow and heat transfer in a model 

milk vat have been performed using the k-c modeL 

2. The effect of the grid size on flow structure has been demonstrated. The 

larger the number of control volumes in the axial, radial and tangential 

directions, the more accurately the solutions may be obtained. 

3. The results of the three-dimensional simulation from the k-c model and the 

. differential stress model hl;lve been compared. The DS model gives better 

predictions than the k-c model but requires much longer computing time. 

4. The k-c model is still able to give a reasonable solution and requires an 

acceptable computing time. Considering the limitations of the computing 

facility, the k-c model has been adopted this work. 

5. The flow patterns in the milk vat have been calculated usmg the k-c 

turbulence model for the case of batch operation. Two secondary circulation 

loops were predicted above and below the impeller central plane. The upper 

loop, in the upper part of the tank, is larger than the lower loop, in the lower 

part of the tank, due to the location ofthe impeller. 

6. The effect of the impeller rotational speed on the flow in the milk vat has 

been studied. The higher the impeller speed, the stronger the circulation flow, 

therefore the larger the impeller pumping capacity. Both the pumping number 

and the circulation number are almost independent of the impeller speed. 



8-2 CHAPTER 8: CONCLUSIONS 

7. When the rotating reference frame is used, the effect of the incoming liquid 

stream on flow patterns in different vertical planes is not significant for the 

flowrate of the liquid stream calculated. 

8. The incoming liquid affects the discharge flow produced by the impeller and 

therefore the circulation flow, but this effect is not significant at high 

Reynolds number. 

9. The predicted heat transfer coefficients are in good agreement with available 

experimental data at higher Reynolds number (Re > 60,000). 

10. CFD simulations using the k-E' model under.predict the heat transfer 

coefficients at low Re. This is mainly due to the k-E model under-predicted 

the axial velocity component near the milk vat vertical wall, thus limited the 

ability of removing the heated liquid in the vicinity of the heating jacket into 

the bulk liquid. This may also because the buoyant flows caused by natural 

convection are inadequately predicted by the k-E model. 

11. Comparing to Nagata's measurements, the k-E model in conjunction with the 

heat transfer can give a reasonable prediction of the heat transfer coefficients. 

12. The sliding mesh technique is a potential predictive tool for simulating 

turbulent flow patterns in stirred vessels having complicated geometric 

boundaries and new apparatus design calculations without any experimental 

input. However the main drawback, which makes this facility impractical at 

this stage, is the excessively long computing time required to reach the 

periodic steady state in a stirred tanle 

13. It is vital to set the proper convergence criteria for using the sliding mesh 

technique, otherwise the simulation might not give the right prediction. 
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CHAPTER 9 

RECOMMENDATIONS 

This work has been focused on the fluid flow and heat transfer simulations in a 

model milk vat. It is part of the project studying the optimisation of the design 

and operation of milk storage vats on New Zealand dairy farms. The following 

works need to be done in the future: 

1. When the faster and higher capacity computing facility is available, the DS 

model should be used in simulating the fluid flow and heat transfer in the 

milk vats, and also the finer grid need to be used around the impeller, the 

heating jacket and the tank wall. These together will give more accurate 

predictions. 

2. The detailed measurements of fluid flow in the milk vat need to be done to 

evaluate the CFD predictions. 

3. At Re < 60,000, the effect of buoyant flow caused by natural convection on 

heat transfer coefficients needs to be further studied both experimentally and 

numerically. 
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