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Abstract 

Development of an In-line CIP Sensor. 

by 

Richard J. Croy 

Masters of Technology in Food Engineering 

Massey University (Palmerston North) 

The need to spend a few hours cleaning milk powder plants at least once every 24 

hours is the cause of a significant amount of downtime for a plant. This downtime is worth 

millions of dollars of lost production time to the New Zealand dairy industry each year. 

Optimisation of the cleaning-in-place (CIP) systems used to clean milk powder 

factories has been limited by the lack of a method for measuring the amount of fouling 

throughout a plant without dismantling equipment for visual inspection. A sensor that 

could measure the amount of fouling remaining on a plant surface during CIP would allow 

cleaning rates and cleaning times to be determined for each cleaning cycle. Areas of intense 

fouling within the plant could also be mapped out using such a sensor. 

Research was conducted to develop a method for using a heat flux sensor to mea­

sure the amount of fouling remaining on a stainless steel surface during CIP. A pilot plant 

was built to replicate the pre-heating and fouling processes in a milk powder plant. The 

pilot plant had a cleaning-in-place system that cleaned the plant in a manner as similar as 

possible to that used in the dairy industry. 

Results from pilot plant trials showed that the heat flux sensor reflected changes 

in the fouling mass during cleaning. The heat transfer coefficient was low in the presence 

of fouling on the measured surface. As fouling was removed during CIP the overall heat 

transfer coefficient would increase. The probe allowed the estimation of the cleaning rate 

and cleaning time of the measured surface. The extent of fouling removed during cleaning 

could also be determined. Cleaning was found to be a relatively rapid process. Fouling 

layers of about 1 mm thickness took about 5 minutes of washing with 1.03 w /w caustic to 

become almost visually clean. Visual observations of a fouling layer during cleaning showed 

that cleaning was a process of attrition of the fouling surface. No lumps of fouling were 

seen breaking off the fouling layer during cleaning. 

Accurate and fast-responding temperature sensors to measure the CIP fluid tern-
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perature were found to be essential to the performance of the CIP monitoring system. 

When commercial Resistance Temperature Detectors (RTDs) mounted in a stainless steel 

sheath were used to measure the CIP fluid temperature the slow response time of t he RTDs 

caused anomalies in the heat transfer coefficient trace. Heat loss from the RTD tip to its 

surroundings was also found to cause offset in temperature measurements. These anomalies 

were not seen when naked thermocouples were used to measure the CIP fluid temperature. 

T he effect of changes in the thermophysical properties of the CIP solutions on the 

heat transfer coefficient during cleaning was also investigated. Changes in temperature were 

found to have the largest effect on the heat transfer coefficient. A method for compensating 

the heat transfer coefficient trace for changes in CIP fluid temperature was developed. 

The compensation was justified by predictions calculated from fundamental heat transfer 

theory. The concentration of soil or nitric acid did not significantly affect the heat transfer 

coefficient. The addition of caustic soda to the process fluid caused a very small decrease 

in the heat transfer coefficient. 

An industrial trial of the heat ftux sensor was made at Kiwi Coop. Dairies Ltds 

Pahiatua Milk Powder Factory. The heat ftux sensor was attached to the pipe directly 

following the direct steam injection unit (DST) used to pre-heat milk before it entered the 

evaporator. The heat transfer coefficient was measured using the heat flux sensor and an 

existing RTD temperature probe measuring the process fluid temperature downstream of 

the direct steam injection unit. The CIP monitoring system was able to measure the build 

up of fouling during milk processing. However instability in the DSI during CIP lead to 

fluctuating process fluid temperatures during CIP making accurate measurement of the 

heat transfer coefficient impossible. A fast-response temperature sensor close to the heat 

flux sensor would have been needed for an accurate measurement. The existing RTD was 

however of a type similar to those that had given problems in earlier laboratory experiments. 

Much of the data collected from the heat flux sensor and the process fluid tem­

perature sensor at Pahiatua contained significant noise or interference. The cause of this 

interference is unknown but it was likely due to electrical interference from powerful elec­

trical devices within the plant. Amplification of the signal from the heat flux sensor is 

therefore recommended for industrial environments along with special attention to signal 

wire sheilding. 



iii 

To my parents. 



Contents 

Abstract 

List of F igures 

List of Tables 

Acknowledgements 

1 Introduction 

2 Literature Review 
2.1 Introduction . . . ..... . ..... . 

2.1.l The value and cost of cleaning 
2.1.2 Definition of the problem 

2.2 Introduction to fouling . 
2.2.l Composition 
2.2.2 Distribution . 
2.2.3 l\ Iechanisms . 

2.3 How clean is clean? . 
2.4 Cleaning-in-Place (CIP) 

2.4.l Introduction .. 
2.4.2 Current practice and procedure 
2.4.3 Current CIP knowledge . . . . . 

2.5 Monitoring CIP processes . . ..... . 
2.5.l Requirements of a CIP monitor . 
2.5.2 Current methods of monitoring CIP 
2.5.3 Industrial methods 

2.6 Heat flux sensors . . . . . . . . . . 
2.6.l Thermocouples ...... . 
2.6.2 Thick film heat flux sensors 
2.6.3 Previous studies using heat flux probes 

2. 7 Conclusions. . . . . . . . . . . . . . . . . . . .. 

3 Theory 

IV 

viii 

xii 

xiii 

1 

3 
3 
3 
4 
6 
6 
7 
8 
9 

11 
11 
12 
15 
25 
25 
27 
36 
37 
37 
38 
39 
43 

45 



4 Materials and Methods 
4.1 Introduction. 
4.2 Materials. . . . . . . . 

4.2.1 Milk ...... . 
4.2.2 CIP solutions .. 
4.2.3 Steam ..... . 
4.2.4 Water. . . . . . 
4.2.5 Concentrated soiled caustic (Retentate) . 
4.2.6 Heat transfer paste. . . . . . . . . . 
4.2. 7 Adhesive tape. . . . . . . . . . . . . 

4.3 Design and construction of the pilot plant. . 
4.3.1 Objectives. . ........... . 
4.3.2 Overview of the Pilot P lant. . . . . 
4.3.3 Design or selection of major items. 

4.4 Process control and instrumentation. 
4.4.l Process control computers. 
4.4.2 Flowmeters. . . . . . . 
4.4.3 Temperature sensors .. 
4.4.4 Heat flux sensors. . . . 

4.5 Experimental techniques. 
4.5.l Instrumentation used. 
4.5.2 Methods of plant operation. 
4.5.3 
4.5.4 
4.5.5 

Cleaning-in-place procedure. 
Effect of process fluid thermophysical properties. 
Details of experimental procedures ...... . . 

5 Results and Discussion 
5.1 Mathematical Analysis . . . . . . . . . . . . . . 

5 .1.1 Heat transfer coefficient normalisation. . 

v 

48 
48 
48 
48 
48 
49 
49 
49 
49 
49 
49 
50 
50 
55 
70 
70 
75 
75 
82 
87 
87 
89 
92 
95 
96 

99 
99 
99 

5.1.2 Temperature compensation of traces . . 100 
5.2 Effect of changing propert ies of the process fluid on the heat transfer coeffi-

cient trace. . . . . . . . . . . . . . . . . . . . . . . . . . . 103 
5.2. l Effect of process fluid temperature . . . . . . . . . 103 
5.2.2 Effect of soil concentration in the caustic solution. 106 
5.2.3 Effect of nitric acid concentration. 106 
5.2.4 Effect of caustic concentration . . . . . . . . . 110 

5.3 Effect of flowrate on HTC. . . . . . . . . . . . . . . . . 112 
5.4 Sensitivity of the HF sensor to the presence of fouling. 115 

5.4.l Comparison of the traces of clean and fouled plates. 115 
5.4.2 Estimate of fouling thickness from the HTC trace. 117 
5.4.3 Fouling resistance and visual observations. . . . . . . 119 
5.4.4 Visual evidence of t he end of the caustic wash. . . . 128 

5.5 Effect of lag in process temp measurement on monitor performance . 130 



6 Industry Trial 
6.1 The trial site. 
6.2 

6.3 
6.4 

Sensor setup and data collection . . . . . . . . . . . . 
6.2.1 Attachment of the heat flux sensor to the DSI. 
6.2.2 Data logger. . . 
6.2.3 Data collected. 
6.2.4 Plant sensors. 
6.2.5 Data storage. . 
Data manipulation. . . 
Results and Discussion. 
6.4.1 Interference and noise in the collected data. 
6.4.2 Sensitivity of the HF sensor to fouling .. 
6.4.3 Summary discussion. . . . . . . . . . . . 

7 Conclusions & Recommendations. 
7.1 Conclusions ......................... . 

7.1.1 Performance of the heat flux sensor during CIP .. . 
7.1.2 Factors affecting the NHTC trace during cleaning. 
7.1.3 Performance of the process fluid temperature sensor. 
7.1.4 Limitations of the sensor .............. . 

vi 

135 
135 
136 
136 
136 
136 
137 
138 
140 
141 
141 
147 
151 

152 
152 
152 
153 
153 
154 

7.2 Recommendations for further work. . . . . . . . . . . . . . . 154 
7.2.1 Using the HF sensor to map fouling within a plant. . 154 
7.2.2 Development of a data gathering and control system using the HF 

sensor. . . . . . . . . . . . . . . . . . . . . . . . . . 154 
7.2.3 Development of fast-response temperature sensors. . . . . . . . . . . 155 

Bibliography 

A Abbreviations and Nomenclature 
A.l Abbreviations . 
A.2 Nomenclature. 

B Example Calculations. 
B .1 Calculation of heat transfer coefficient for fouling 

modules .. ... ..... . . 
B.2 Effect of flowrate on HTC .. 

C Computer Programming. 
C.l CRlOX Datalogger program. . ... ... ..... . .. ... . . 
C.2 Programs for arranging data from the industrial trial. . . . . . . 

C.2.1 Program to patch raw data to make it a regular pattern .. 
C.2.2 Removing data recorded between 8 second intervals. 
C.2.3 Organising data into straight columns. . . . . . . . . 

D Chemical analysis. 
D.l Mojonnier method for fat. AACC Method 30-10. 

D.1.1 Apparatus. 
D.1.2 Reagents. . ................ . 

156 

160 
160 
161 

163 

163 
164 

165 
165 
169 
169 
171 
171 

173 
173 
173 
173 



D.1.3 Preparation of flour , bread or baked cereal products. 
D.1.4 Majonnier fat extraction procedure (all samples) . 
D.1.5 Results - fat content . .. .. . 

D.2 Protein Analysis - Kjeldahl Method. 
D.2.1 Apparatus. 
D.2.2 Reagent . .. . ..... . . 
D.2.3 Digestion ....... .. . 
D.2.4 Distillat ion and titration. 
D.2.5 Results - protein content . 
D.2.6 Caustic analysis - retentate. 

E Contents of the CD-ROM 

Vll 

174 
174 
175 
175 
175 
175 
176 
176 
177 
177 

179 



List of Figures 

2.1 Evolution of soiling along the pasteurizer (C and D sections) and the UHT 
sterilizer (E, F and H sections) with presentation of bulk milk temperature, 
of the dry weight (DW) deposit and of main component composition of dry 

Vlll 

deposit recovered per plate. (After Tissier et al., 1984). . . . . . . . . . . . 7 
2.2 Observed removal pattern for whey and whole milk protein deposits cleaned 

from stainless steel surfaces. (after Bird, 1997c). . . . . . . . . . . . . . . . 16 
2.3 (a) and (b). SEM's of whey protein concentrate deposit contacted with 0.1 

wt% sodium hydroxide at 50°C for 2 minutes. (after Bird 1997c) . . . . . . 18 
2.4 (a) and (b). SEM's of whey protein concentrate deposit contacted with 0.5 

wt% sodium hydroxide at 50°C for 2 minutes. (after Bird 1997c) . . . . . . 19 
2.5 Schematic representation of the milk deposit removal during alkaline cleaning. 

(After Jeurnink and Brinkman, 1994). . . . . . . . . . . . . . . . . . . . . . 21 
2.6 Performance comparison of sodium hydroxide and LI chemicals cleaning 

WPC deposit at 50°C and 0.175 m/ s. (After Bird, 1997c). . . . . . . . . . . 23 
2. 7 Effect of flowrate on cleaning time. (after Timperley and Smeulders, 1988). 24 
2.8 Influence of the acid/ alkaline sequence on the removal in multiphase cleaning. 

(After Grasshoff, 1997). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 
2.9 Cross-section of the AERE Harwell heated radial flow cell showing the heating 

oil recirculation system. (After Fryer and Pritchard, 1989). . . . . . . . . . 28 
2.10 Surface temperature variation during the operation of the RFC. The inset 

shows the fouled plate and positions A, B, C and D (48.5, 28.5, 13.5 and 38.5 
mm from the centre, respectively) . (After Fryer and Pritchard, 1989) . . . . 29 

2.11 Schematic diagram of the tapered tube. (After Fryer and Pritchard, 1989). 30 
2.12 An ultrasonic transmission system for detecting a fouling deposit . (After 

Withers, 1996). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 
2.13 Change in time of flight of the ultrasonic signal against fouling film thickness 

for a artificial fouling film (layers of adhesive film) in a water fi lled pipe. 
(after Withers, 1996). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 

2.14 Frequency response of the vibration sensor plotted against a function of signal 
amplitude for cleaned and fouled states. (after Withers, 1996). . . . . . . . 33 

2.15 Output from the optical sensor (in millivolts) against fouling fi lm thickness 
(expressed in terms of mass per unit area) . The product used was skim milk. 
(Withers, 1996) . . . . . . . . . . . . . . . . . . . . . 35 

2.16 The Seebeck effect . (after Carstens 1993) . . . . . . 37 
2.17 Diagram of a heat flux sensor. (after Rhopoint Ltd.) 39 



ix 

2.18 Cross section through the heated block and cut-out pipe arrangement . (after 
Jones et al., 1996). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 

2.19 Schematic diagram of thermal resistance measurement cell. (after Davies et 
al. 1997) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 

2.20 Plot of corrected fouling resistance against wet deposit coverage. (After 
Davies et al. , 1997). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 

2.21 Variation of deposition along heat exchanger. Re = 5000; oil temperature = 
97°C, solid circles- run 1; open circles- run 2. (After Davies et al. , 1997). . . 43 

3.1 Diagram of the experimental system showing the sensor setup on a fouled wall. 46 
3.2 Schematic diagram of the heat transfer system showing the individual heat 

transfer resistances. . . . . . . . . . . . . . . . . . . . . . . . . 4 7 

4.1 Process flow diagram for milk processing on the Pilot Plant. . 51 
4.2 Photo of the Pilot Plant. . . . . . . . . . . . . . . . . . . . . . 53 
4.3 Process and Instrumentation Diagram of the Pilot Plant. 54 
4.4 Process flow diagram for clean-in-place system of the Pilot Plant. 56 
4.5 Process and Instrumentation diagram of the pilot plant with the flow path 

of CIP solutions marked in bold. . . . . . . . . . . . . . . . . . . . . . . . . 58 
4.6 A 3D model of the fouling module developed for the study of fouling and 

CIP cleaning. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 
4.7 The array of the six fouling modules. Each module has six valves that allow 

it to be isolated from the main flow at any time without disturbing the other 
modules. (Drawing by H. Bennett.) . . . . . . . . . . . . . . . . . . . . . . . 61 

4.8 Photograph of the fouling rig containing the six fouling modules . . . . . . . 62 
4.9 Photo of the Plate Heat Exchanger (PHE) and surrounding equipment. [AJ Plate 

Heat Exchanger. [BJ DSI that provided hot water to the PHE. [CJ Milk pump. 
[DJ Milk vat. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 

4.10 Photo of the inside of the milk vat. [AJ Agitator paddle. [BJ Temperature 
sensor column (filled with heat transfer oil and an RTD). [CJ Tank outlet to 
plant. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 

4.11 Photo of the refrigeration unit for the milk vat. [A] Refrigeration unit with 
shroud. [BJ Exterior pipe to milk vat. Used to fill the milk vat from a truck 
parked outside. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 

4.12 Photo of the holding tubes before t he evaporator. [AJ Holding tube 1, 50 
seconds. [BJ Holding tube two, 25 seconds. . . . . . . . . . . . . . . . . . . . 69 

4.13 Photo of the pilot plant with the hot water circuit marked in white. [lJ Hot 
water heater. [2J Hot water pump. [3J Fouling rig. [4J Fouling tubes. . . . . 71 

4.14 Photo of the Allen Bradley Programmable Logic Controller (PLC) . . . . . . 72 
4.15 Screen shot of one of the control screens on the micro-computer used to 

monitor plant data and control the plant . . . . . . . . . . . . . . . . . . . . 74 
4.16 Screen shot of one of the historical trend graphs on the micro-computer. . . 74 
4.17 Photo of a RTD temperature sensor mounted in a fouling module. The RTD 

is measuring the process fluid chamber. [AJ Swagelok fitting welded to the 
fouling module holds the RTD. [BJ The shaft of the RTD and the sensor wire. 76 

4.18 Photo of the three types of temperature sensors used. [AJ RTD. [BJ thermo-
couple. [CJ Heat flux sensor, containing a thermocouple on-board. . . . . . 78 



4.19 Photo of a HF sensor applied to a block of Perspex using the standard appli­
cation technique. [A] HF sensor (outline can just be seen). [BJ Heat transfer 

x 

paste between the HF sensor and the Perspex. . . . . . . . . . . . . . . . . 85 
4.20 Photo of a heat flux (HF) sensor of the type used in all experimentation. 

The sensor contains a thermopile [a] that measures the HF at the tip and an 
thermocouple [b] in the centre of the probe to measure the probe temperature. 89 

4.21 P&ID diagram of the pilot plant showing the path taken by milk during milk 
processing. 91 

5.1 Plot of HTC against temperature for water moving across a clean plate. The 
data is from five separate runs. . . . . . . . . . . . . . . . . . . . . . . . . . 101 

5.2 Comparison of two CIP monitor traces (Module 1, Run 30) with and without 
the temperature correction factor (TCF). (A) Traces without temperature 
correction. (B) Traces with TCF. . . . . . . . . . . . . . . . . . . . . . . . 104 

5.3 Plot of HTC (U) against temperature for four water runs. Predicted values 
of U are also shown for each water run. Water run 3 has been removed as 
the data overlaps run 2 making the plot too cluttered. . . . . . . . . . . . . 107 

5.4 Plot of HTC against temperature for 4 solutions containing increasing con­
centrations of soiled caustic (retentate). . . . . . . . . . . . . . . . . . . . . 108 

5.5 Plot of HTC against temperature for 3 solutions containing increasing con­
centrations of nitric acid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 

5.6 Plot of HTC against temperature for 4 solutions of increasing concentrations 
of caustic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111 

5.7 Plot of HTC against flowrate for four fluid types used in CIP. A theoretical 
prediction for water is also plotted. . . . . . . . . . . . . . . . . . . . . . . . 113 

5.8 Normalised and temperature corrected HTC traces of three plates during a 
complete CIP cycle. Cleaning of two fouled plates (Fl & F2) and a clean 
plate (C). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 

5.9 Plot of NHTC before and after cleaning. The NHTC was measured during 
the rinses before and after cleaning. . . . . . . . . . . . . . . . . . . . . . . 118 

5.10 A plot of estimated fouling resistance against time for Run 35. The flowrate 
is also plotted. The numbers from [1] to [11] refer to the stills reproduced 
from Figure 5.11 to 5.21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 

5.11 1st rinse. Time 0:22s. White areas indicate positions where there is no fouling 
and the stainless steel plate shines through. Light grey indicates fouling. The 
black frame indicates the location of the HF sensor on the opposite side of 
the plate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 

5.12 1st rinse. Time l:l 7s. Note that the white areas have not changed. . . . . . 122 
5.13 Caustic wash. Time 1:5ls. Note that the white areas have decreased in area. 

Right at the probes thermopile location they have disappeared altogether. 
This is due to swelling of the fouling layer. . . . . . . . . . . . . . . . . . . . 122 

5.14 Caustic wash. Time 2:11s. Note that white areas have expanded indicating 
that cleaning has begun. The white areas during the caustic wash are at the 
same position as was observed during water rinse 1. Cleaning expands the 
white areas. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 

5.15 Caustic wash. Time 2:30s. White areas have expanded significantly from 
their original size. . . . . . . 123 



Xl 

5.16 Caustic wash. Time 3:0ls. 123 
5.17 Caustic wash. Time 4:0ls. 123 
5.18 Caustic wash. Time 5:00s. 124 
5.19 Caustic wash. Time 7:26s. Near the end of the caustic wash. 124 
5.20 Water rinse 2. Time 8:1ls. Note that the grey specs are no longer shrinking. 

The water rinse does not clean any further. . . 124 
5.21 Water rinse 21. Time 9:17s. . . . . . . . . . . . . . . . . . . . . . 125 
5.22 A plot of cleaning rate against time for Run 35. . . . . . . . . . . 127 
5.23 HTC trace of a initially fouled plate during a caustic wash cycle. 129 
5.24 Photograph of the plate (Run 35) after the post-caustic rinse. Some fouling 

can be seen still remaining of the plate after cleaning. . . . . . . . . . . . . 130 
5.25 Comparison of two temperature sensor types. Both sensors are measuring 

the same flow. The RTD suffers from both a long response time and an offset 
error caused by heat loss. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131 

5.26 Photograph of the two sensor types used. Sensor A is a RTD shielded in 
a stainless steel sheath. Sensor B is a T-type thermocouple with plastic 
insulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 

5.27 Comparison of HTC traces on a clean plate as measured by two different 
temperature probes: a thermocouple and an RTD. . . . . . . . . . . . . . . 134 

6.1 A plot of process fluid temperature against time. The data shows three 
periods of severe interference in the data. . . . . . . . . . . . . . . . . . . . 142 

6.2 A plot of heat flux against time. The plot shows that the noise levels in the 
HF data increase during cleaning-in-place. . . . . . . . . . . . . . . . . . . . 143 

6.3 Plot of the time (in days) recorded by the data logger. Step changes in the 
recorded t ime suggest that the data loggers clock suffered interference or 
malfunctioned during the trial. . . . . . . . . . . . . . . . . . . . . . . . . . 143 

6.4 A plot of HF sensor temperature, process fluid temperature and flowrate 
during cleaning-in-place. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 

6.5 Detail of the plot of HF sensor temperature, process fluid temperature and 
flowrate during cleaning-in-place. . . . . . . . . . . . . . . . . . . . . . . . 145 

6.6 A plot of the conductivity of the process fluid along with the process fluid 
temperature and the HF sensor temperature during a CIP cycle. . . . . . . 146 

6. 7 Plot of the temperature of the process fluid and the HF sensor during milk 
processing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149 

6.8 Plot of the overall heat transfer coefficient(U) of the pipe at the exit of the 
Direct Steam Injection unit during milk processing. Two (2) degrees K has 
been added to the temperature of the process fluid temperature for each 
calculation of U. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149 

6.9 Plot of process fluid temperature and HF sensor temperature during a CIP 
cycle. The difference between the two temperatures provide an indication of 
the amount of fouling on the inside pipe surface adjacent to the HF sensor. 150 



xii 

List of Tables 

2.1 Food deposit constituent characteristics (after Bird, 1997a) . . . . 11 

4.1 Modules within the Allen Bradley Programmable Logic Controller. 72 
4.2 Variables controlled using the micro-computer. . . . . 73 
4.3 Initial temperature sensor locations. . . . . . . . . . . 79 
4.4 Changes made to the locations of temperature sensors. 80 
4.5 Calibration data for fouling module RTD sensors. . . . 80 
4.6 Calibration data for heat flux sensor thermocouples. . 81 
4.7 Calibration data for thermocouples used to measure the process fluid tem-

perature in fouling modules 1, 2 & 3. . . . . . . . . . . . . . . . . . . . . . . 81 
4.8 Calibration results for TC3, TC4 and TC5 with thermocouples for measuring 

process fluid temperature in fouling modules 1, 2 & 3. . . . . . 82 

5.1 Table of calculated hp values for temperatures from 20 to 90°C. 105 
5.2 The composition of the soiled solutions used in the Soil Effect experiments . 106 

6.1 Plant sensor signal outputs, resistors and linear equations. . . . . . . 138 

B.l Calculations of U for flow velocities of 0.4, 0.5, 0.6, 0.7 and 0.8 m/s. 

D.l Retentate fat content results. . .. . ...... .. .... . 
D.2 Retentate protein composition results. . .......... . 
D.3 Titration results for caustic concentration in the retentate .. 

164 

175 
177 
178 



Xlll 

Acknowledgements 

I would like to acknowledge and thank the following people for their help with this project: 

• Trinh, Khanh Tuoc, for his challenging and supportive supervision and the opportu­

nity he provided with t his project. 

• Orica Chernnet Ltd, for their sponsorship and support for the project . 

• Foundation for Research. Science and Technology for this opportunity provided through 

the GRIP project. 

• Terry Smith. for his support for the project and help with obtaining supplies and 

equipment for the experimental work. Thanks also for his help with editing my thesis. 

• Byron McKillop, for his extensive assistance and advice in building the pilot plant. 

• Hayden Bennett, Andrew Hinton and Carol Ma for their help in t he group project to 

build the pilot plant . Thanks to Carol also for her help in the chemistry lab . 

• Binh Trinh, for his assistance in the pilot plant. 

• Don I\IcClean. for his help with welding for the pilot plant. 

• Steve Glasgow. for his help with the handling of the CIP chemicals. 

• Garry Radford, for helping with lots of li tt le queries in the lab and with getting milk 

for the pilot plant. 

• Geedha Sivalingham-Reid, for her help in the chemistry lab. 

• Hong Chen, Scott Houston and Bruce Manson at Kiwi Dairies Ltd. for their support 

in trialing the sensor at Pahiatua. 

• Neville Burgess and Les Welch for their assistance in installing the sensor at Pahiatua. 

• Gerard Harrigan, for his assistance with datalogging equipment for the factory trial 

and with the signal conditioner. 

• Thanks also to Mike and Troy at Pahiatua for their help in the plant. 

• Alison Spurway and Richard Webb, for their introduction to the Hawera site and 

offers of support throughout the project. 




