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CAR COOLING SYSTEMS AND THEIR PUMPS

by Farrokh Eimieh

Circulating pumps for automotive coolant systems (cars and trucks) are 

sold in very large numbers, but in comparison with other rotodynamic 

pumps the best efficiency points of automotive pumps are distinctly 

poorer; less than 40% for the designs tested.

The introduction discusses current tendencies in cat (liquid) cooling 

systems and is followed by an historical survey of automotive cooling 

systems.

Continuing, two main subjects (automotive cooling systems and cavitation) 

are discussed with particular emphasis on E.G/W mixtures. There is no 

separate literature review, but the work of others has been brought in 

throughout the thesis where relevant.

The closed system test rig has been designed to examine commercial 

pumps. This has provision to run at temperatures up to 130°C and a 

coolant system pressure up to 1.8 bar (gauge). A 230 litre vessel 

incorporates a pneumatic pressure controller and thermostated heater. 

A special housing has been made to simulate installations where a pump 

discharges directly into the cylinder block.

The last major section of the thesis gives results obtained with the 

three types of pumps tested, with graphical displays in both dimensional 

and non-dimensional form. Cavitation in these pumps is discussed with 

comment on apparent differences between water and ethylene-glycol/water 

mixture.

Finally, the suggested programme for future work is outlined.
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Circulating pumps for automotive coolant systems (cars and. truck) 

are sold, in very large num-lers, tut in comparison with other mh to dynamicjZ' 

pumps the best efficiency points of automotive pumps are distinctly 

proven; less than 40^ for the designs tested.

The introduction discusses current tendencies in car (licLuid) 

cooling systems and is followed by an historical surve.y of automotive 

cooling systems.

Continuing, two main subjects (automotive cooling systems and cavi­

tation) are discussed with particular* emphasis on E.c/W mixtures. There 

is no separate literature review, but the work of others has been 

bro'jght in throughout the thesis where relevant.

The closed system test rig has been designed to examine commercial 

pumps. This has provision to run at temperatures up to 130°C and a 

coolant system pressure up to 1.8 bar (ga'ug-e). A 230 litre vessel incor­

porates a pneumatic pressure controller and thermostated heater. A 

special housing has been made to simulate installations where a pump 

discharges directly into the cylinder block.

The last major section of the Thesis gives results obtained with 

the four types of pumps tested, with graphical displays in both 

dimensional and non-dimensional form. Cavitation in these pumps is 

discussed with comment on apparent differences between water and 

ethylene-glycol/water mixture.

Finally, the suggested programme for future work is outlined.
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OBJECTIVES

There are two main objectives for this experiment, to examine 

antomotive pump performance and to further basic cavitation studies. 

During the experiment the two aspects of the work were often merged 

together.

Pump Performance

Pump performance tests inclnde measuring the performance of a 

variety of pump design fitted to engines, over a range of water-glycol 

concentrations with and without cavitation. Differences arising due to 

mass production tolerances in components are to be examined.

By using these results in non-dimensional correlations, we hope to 

redesign pumps and housing to seek improved head/flow and cavitation 

performance, with due regard to cost, reliability, durability and size. 

(Co-operation with engine manufacturers is essential).

During experiments pump seal performance is to be checked for 

weak points and improve design.

Cavitation Studies

By measuring pump performance under cavitation conditions with a 

range of water glycol concentrations, the standard predictive correla­

tions will be checked.

Using water glycol mixture as a circulant we are going to attempt 

to derive correlations applicable to two-component liquids and compare 

the cavitation damage from two-component mixtures with established data 

for standard liquids.

These are ultimate objectives even though personal problems cut 

short the programme.
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CHAPTER I

INTRODUCTION

In. terms of size, the circulating pump for automotive liquid, 

coolant systems is amongst the smaller sizes of pump marketed. Because 
of the high volume of sales at > 10^ p.a. in the H.K. alone (though 

diminution in demand might he anticipated in the near future) the 

cumulative value is very large.

The need for a performance and cavitation investigation in auto­

motive water pumps is accentuated hy the worldwide tendency to buy and 

use a one engine package and the use of air conditioning systems. It 

follows that cooling systems must cope with a very wide variety of 

environmental conditions. Because of the variety of climates and 

height above sea level, sealed cooling systems are accepted and used by 

many automotive manufacturers. Water glycol mixture is used as a coolant 

in most pressurized systems which are fitted with an expansion and header 

tank. This type of system has some advantages, such as, higher NPSE at 

pump inlet, smaller radiator^ ' (because of the larger temperature 

difference between coolant and air compared with older cooling systems), 

reduction of boiling effect after stopping, reduced sensitivity to fall 

of boiling point with altitude; hence minimizing coolant loss, and 

also giving a lower freezing point.

It might also be noted that combustion characteristics have to be 

carefully controlled and coolant temperature control can help to secure 

improved emission. By using water/glycol mixtures as a coolant in a 

pressurized system, it is more difficult to find out the cavitation 

behaviour of the automotive water pump; because of two-component liquid 

effects, flowrate prediction is difficult.

lack of space around the engine because of car styling and the cost 

of production, causes automotive circulating pumps to be made without a 

volute in a large number of oars, with discharge straight into the 

cylinder block. Thus there is a highly irregular cavity to receive flow 

from the impeller.
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Truck engines require larger fans and radiators, and because of 

higher power, need a bigger circulating pump than passenger cars. So 

the cooling system and automotive circulating pump is more important 

in trucks tnan in cars, especially as system specifications are higher. 

Biesel engines are often selected for motor trucks because of higher 

efficiency especially at part-load. In this case vibration becomes 

very important in the cavitation at cylinder liners and the pump blades 

as vibration accelerates the cavitation damage. It is suggested that 

by increasing the pressure in cooling systems, the amplitude of vibra­

tion reduces considerably. The recommended pressure value varies 

for different vehicles, such as, for cars 1.9 - 2.04 bar abs., light 

trucks 1.49 - 2.04 bar abs., medium trucks 1.49 - 1.9 bar abs. and 
heavy trucks 1.28 - 1.63 bar abs.^^^^
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CHAPTER II

HISTORICAL INTROHHGTIOH TO COOLING SYSTEMS

2.1 Introduction

Earlier water cooling systems consisted of a 10 gallon drum (45 

litres), mounted above the engine, which supplied water to the jacket 

around the engine by means of a centrifugal friction driven on a semi 

rotary type of pump. Since there was no radiator, the evaporation of 

water did not take very long and it was usually necessary to renew the 

water supply every thirty miles.'

The early motorists had to have a good knowledge of every pump and 

horse trough and pond within one hundred miles of their home.

The first cars with radiators did not have any fans for forced 

circulation of air through the radiators thus continuous hill-climbing, 

with the engine running at its greatest speed, sometimes resulted in 

over-heating, even though the water circulation may have been satis­

factory. This was even more likely to happen if the radiation was not 

subjected to a through current of air.

There was a great tendency for pioneers to use air cooled engine. 

Cooling by means of direct heat dissipation from the cylinder barrel 

and head to the surrounding air was employed in small engines (Franklin) 

and in almost all motor cycles. Natural flow air-cooling was very 

difficult to regulate and as the size of cylinder increased, the diffi­

culties became very serious, because the heat generated increases with 

the volume of cylinder, whilst the dissipation is proportional to the 

area of radiating surface. Air cooled engines had the reputation of 

being noisier than the water cooled ones. Very few instances of fan- 

cooled (forced circulation direct air cooling) engines were on the market 

between 1$l0 - 1920. The Kruff flat four was a successful example,

2.2 Lifferent varieties of early cooling system

Some of the earlier oars employed a combination of water cooling 

for the combustion head and valve passages and seatings, and air or oil 

cooling for the cylinder barrel.
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There were two principal methods of cooling systems with water in 

the early twentieth century, these were

1 - the natural convection, or thermo syphon system

2 - forced circulation

The principle of natural circulation depends upon the convection 

circulation. In the case of automobile engine, the hottest part is the 

space around the cylinder head, and the hot water rises from this part 

to the top of the radiator, thence down the numerous passages in the 

radiator and along to the lowest part of the water jacket, Fig. (1).

In order to ensure a constant, as against a more or less inter­

mittent flow of the cooling water throughout the circulation system, 

many makers used some sort of a pump driven either by friction from the 

peripnery of the fly wheel, or by means of some positive system of 

chain or gear drive, Fig. (2).

The average volume of water per KW power output for engines with 

natural convection circulation v^^ slightly more than that for others^^^ 

Fig. (3). The amount of water required to cool an average car was about 

1 gallon per 10 b.h.p. for engines with pumps and 1^ gallon per 10 b.h.p. 

for engines with thermosyphon cooling systems. Thermo syphon cooling 

systems were very popular especially on family cars even after the 2nd 

World War. The advantages of the thermo syphon system were its simpli­

city; it had no glands, no moving parts and never required adjustment. 

An important advantage of thermo syphon system was that if the car stood 

for some length of time in cold waether, the possibility of the water 

jacket bursting due to the water freezing was very remote. As the 

temperature of the water fell, a certain amount of circulation was set 

up because of convection which could not be obtained if a pump was 

fitted.

The respective percentage of cars fitted with thermo syphon cooling 
systems at the Olympia Motor Show were 8^ in 1905, 11% in 1906^^^. The 

percentage of cars with thermo syphon cooling system increased to 31% in 
1918^^).

The disadvantages of- thermo syphon cooling system were:
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1 - Circulation was not satisfactory unless the water pipes were 

of ample diameter, the jacket comparatively unrestricted, and the 

cylinders must be fitted low enough in relation to the bottom of 

radiator (a styling problem), but it is doubtful whether this was 

necessary, as the bottom of the cylinder block could not be very warm.

2 - It is essential always to maintain the water level at such a 

height that the outlet from the cylinders to the radiator is always 

submerged. This was a big problem in warm weather and tropical countries, 

due to evaporation of water in the cooling system.

The main disadvantage of forced circulation cooling systems was 

leakage which was caused by failure of the pump's seal. Also in forced 

circulation systems, the use of dirty water caused serious problems 

especially when eccentric positive throw pumps or gear pumps were employed. 

Motorists v/ere advised to use rain water for the coolant by many manu- 
facturers, especially for those who lived in the countryside.(^^^ There 

were advertisements stating that only a pint of water for every 300 to 
500 miles was required depending on the nature of roads encountered^^^^ 

or a pint of water every iayl!^

2.3 Early Automotive Water Pumps

There were three types of pumps which were in common use in early 

cars.

1 - eccentric positive throw pump (vane pump)

2 - gear wheel pump.

3 - centrifugal pump.

The eccentric positive throw pumps are perhaps the oldest type of 

rotary pump used on motor cars. Fig. (4)« This type of pump usually 

had a strainer to prevent the dirt going in to the pump(^\ The 

strainer had to be cleaned occasionally. This type of pump had a tendency 

to wear the pump case, since the blades had to be close fit in the case 

to prevent significant leakage. Fig. (5 & 6), show a modification of 
Fig. (4), which was liable to wsar^^\

Fig. (?) shows a gear pump which was in common use in early 1$00. 

This type of pump was liable to wear from dirt in the water more than 
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other types of pump. Some used double helical gear wheels for pumping, 

Fig. (8).

Fig. (9) shows a centrifugal pump which was used on early cars. 

Centrifugal pumps were very popular because there is only one moving 

part, and the impeller need not be water tight. The main advantage ...  

of centrifugal pumps over gear pumps and eccentric positive throw pumps 

was that if any small object, such as a stick or pebbel should get into 

the circulating system, no serious harm would result, whereas with the 

other types of pumps, damageiasalmost certain to ensue. Another 

advantage is that, there is a free passage for the water when the pump 

is not operating, thus in event of a breakdown of the driving mechanism 

of the pump, the possibility of a (reduced) natural thermosyphon circu­

lation remains.

The circulating pump was driven in different ways. The older way 

of driving the pump was to have a small friction wheel running against 

the flywheel of the engine. This was rather complicated, as a spring 

was required for keeping the friction wheel in position, and either the 

pump had to be mounted so that it could move slightly to accommodate 

this, or the shaft had to have a flexible joint in it. The advantage of 

this method was that the pump speed could exceed that of the engine, 

which allowed use of a smaller pump. This method was not very successful 

as failure of the bearings was more likely at higher speed. Gear driven 

or direct drive were other options for car manufacturers. Table I shows 

the respective percentage of various cooling systems which were exhibited 

at the Olympia Motor Show and Stanley Show Agricultural Hall in London 

in 1905 and I906.

Table I Respective Percentage of Various Cooling Systems in Cars in 

1905 and 1906.

YEAR Thermo 
syphon

Gear pump
Gear driven

Centrifugal
Gear driven

Centrifugal
Friction driven

RALIATOR
Gilled Honeycomb

1905 ^ 33^ 43^ 1^ 4196 59^

1906 119g 279g 619g 19g 379^ 6396

One of the famous companies which changed its pump from gear pump 

to centrifugal type in I9O6 was Rolls Royce.
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In early pumps both the spindle and the bearings in which it ran, 

were made from brass, which occasionally caused great wear. The problem 

was lack of lubrication caused by leakage of grease out of pump bearings, 

^t the time, the brass spindle and white metal bearings (80^ Zn, 16^ tin 

and ^ Cu) were the most usual materials. There was usually a stuffing­

box to prevent leakage where the spindle passed out of the pump casing 

as in Fig. (1O). Sometimes the spindle had a very long bearing, and 

grease was used to keep it water tight, but wear of the bearings led to 

leakage. Another plan was to drive the pump by a spring,Fig. (11) fitt­

ing into a notch at the end of the spindle, and pressing against a 

collar with enough force to keep it tight.

In July 1911 Albion patented a cooling system with pump impeller 

inside the cylinder block^^^. This system saved considerable piping 

and connection problems, Fig. (12). This system is in common use 

nowadays.

2.4 Thermostat

The use of cars in countries with a great variation of temperature, 

increased the tendency to use a thermostatically controlled cooling 

system. This was achieved by using a valve which is put into operation 

automatically (Bellows thermostat in Cadillac "in I9I8), Fig. I4, hand 

operated (in Daimler) Fig, (13) or by radiators fitted with shutters 

so that either the whole or a part of the cooling surface can be 

blanketed from action at the will of the driver (Rolls Royce, Sunbeam 

and Rudson).

2.5 Radiator

In the early types of motor oars, pipes curled in front of the 

engine contained the circulating cooling water to radiate the heat from 

the cylinders of the engine. These were simply pipes with fins of iron 

or zinc brazed to them so as to give them the additional surface needed 

to cool the engine efficiently. The German Daimler Company was respon­
sible for producing the honeycomb type radiator^^^ which is the principal 

fashion for present day motor vehicles. Table 1 shows the tendency of 

using honeycomb radiator in I905 and I906.
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2.6 Antifreeze

1(6) suggested by some specialists in early

^^^^ ' ^^^ most common antifreeze was 30^glycerine. It was soon 

realized thau glycerine aifected the rubber hose of the piping system 
adversely(^\ Other types of antifreeze on the market were, wood 

alcohol (Methanol), Glycerine, alcohol and calcium chloride. A combina­

tion solution of alcohol and glycerine in water was most satisfactory 
but expensive^ . In cars using the alcohol and water mixture as 

antifreeze the alcohol tended to evaporate preferentially, so it was 

necessary to refill the tank with alcohol. Drivers had to be very care­

ful that the percentage of alcohol did not exceed 50^ as this increased 

the fire risk. Calcium cnloride or any alkaline solution was corrosive 

to metal parts. The pS value of (CaClg) could be increased by neutrali­

zing the solution by means of ammonia and sodium carbonate.

2.7 Pressurized Cooling System

The existing systems of water cooling before the 2nd World War 

were recognized as inef±icient and they were the subject of a great deal 

of experimenu in Europe and. America. Pressurized cooling systems using 

a high boiling point coolant were suggested before the 2nd World War^^^). 

The I939-I945 war initiated a demand for vehicles for the Allied Armies 

in Africa and Asia, so pressurized cooling system were almost in common 

use after the 2nd World War. A pressurized cooling system is similar 

to the atmospheric pressure ones, except that, instead of its having a 

radiatior overflow pipe to the air, a safety valve is fitted to the top 

of radiator and the overflow pipe is attached to the safety valve outlet. 

A vacuum valve is also provided Fig. (I5). Pressurized cooling systems 

were not very successful at the beginning because of the failure or 

hysteresis of the blow-off valve and increased probability of a vapour 
f 11

lock due to increased temperature^ Ethylene glycol was used as a 

coolant in aero engines between the two wars, after it had been suggested 
as a coolant for engines in the late 1930' s^^^^. Ethylene glycol water 

mixture was not in common use as a year round coolant until sealed cool­

ing systems were employed.

Table II shows the specification of cooling systems of some 

popular cars from I9IO.
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Table II. Improvement of Cooling Sy:stem of Some Automotive Engines.

Mo&el of Car Cooling Thermostat 
system

Shutter
on front of 
radiator

Production
year

Remark

fori Moiel 'T* Ts. F. Ro No 1909-1928

Austin Ts. No No 1910

Austin Pu. No No 1914-1915

Austin 20 Pu. F. No No 1921-1932

Austin 7 

Cadillac

Ts.
Pu. F^^)

No

Bellows

No

No

1923 

1923-1924 Two pumps

Cadillac
Pu. p(^^

No au 1924-1939

Austin 7 Ts. F. No No 1924-1938

Rolls Royce 
Phantom Pu. F. No ha 1925-1928

Ford 14 & 24 
SP.

(4)
Ts.Pu.F.^ No No 1928-1934

Rolls Royce 
(phantom) Pu. F. No au 1929-1939

Austin 20 Pu. F.
Yes (^)

No 1932-1936

Austin 10-4 Ts. F. No No 1932-1934

Ford Model (Y)

Austin 10-4

Ts. F.

Ts. F.

No
Yes (^^

No

No

1933-1946

1934-1936

Ford Pelux 
4 cylinder Ts. F. No No 1935-1937

Austin 10-4 Ts. F. Bellows No 1936-1947

Austin Rig 7 Ts. F. No No 1937-1938

Austin 20 Pu. F. Bellows No 1937

Ford Prefect Ts. No No 1939-1957

Austin 8 Ts. F. No No 1939-1952

Ford Anglia
Ts.F^^)

Ng No 1945-1950

fl n Ts.Pu.F. No No 1951-1956

Ford Popular Ts.F. No No 1953-1960

Ford Prefect Ts.Pu.F.P. Bellows No 1957-1960 Pressurized 
at 4 PSI

Ford Anglia Ts.Pu.F.P. No 1957-1963 Pressurized 
at 7 PSI

II II Ts.Pu.F.P. Wax No 1963 II
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Abbreviation .UMl'M ,."Il NW---i-i «.*.l'-i- —■ue»r'»,l,li I** ,

Ts. Thermosyphon system

Pn. p-ump circulating

Ts, Pu. Thermosyphon and. an impeller assisted circulation

F. fan

P. , pressurized system

au automatic

ha hand operated

^^tes

(1) They used a condenser, in order to prevent the loss of the 

cooling water by evaporation. The operation of the condenser required 

an air tight seal at the radiator filler cup. This model was produced 

for only 2 years.

(2) Water pump installed with spring loaded packing, Fig. (II)

(3) The Smith P.P. thermostat with on-off knob.

(4) Centrifugal pump was installed at the front of the cylinder 

head, before water inlet to the radiator.

(5) Pump could be installed with it, as a supplementary, after 

1954.

(6) In early Anglia model, pump could be fitted if heater was 

installed.
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CHAPTER III

AUTOMOTIVE COOLING SYSTEMS

3.1 Uifferent Varieties of Cooling Systems

Fig. 1 shows the basic design of automotive liquid cooled systems. 

In this system the fan moves ambient air over the engine and through 

the radiator. Most of the heat which has crossed from the cylinder 

into the surrounding metal, is eventually removed by a stream of cooling 

air which is passing through the radiator. Some is transferred to the 

coolant or oil which is cooled directly by the cooling air which has 

passed through the radiator.

The are two principal types of cooling systems for motor vehicles 

operating on the land. These two systems are direct and indirect air 

cooling. The amount of heat carried off by the cooling air depends upon 

the following items in air cooled engines:

1 - surface of the fins around cylinder

2 - the velocity of cooling air

3 - the temperature of the cooling air, cylinder and fins

Air cooled engines in the past have been noted for their higher 

oil consumption^ due to some of the lubricating oil being burat in 

the combustion chamber where temperature at the cylinder walls is high. 

This system is still undoubtedly noisier in action. The additional 

noise of air-cooled engine, apart from the valves and silencer, may be 

due to the fact that there is no outer jacket and water content to damp 

down the noise as with the water cooled types, so that the surface 

vibrations are of large amplitude, and the emitted sounds therefore 

greater. The fins are also less stiff than the outside of a water cool­

ant cylinder jacket which cause more vibration.

There is dimension iQw in amount of heat produced by fuel and 

heat carried off by cylinder, i.e. more space will be needed for big 

cylinder for spacing the fins around engine. Because of higher thermal 

conductivity of water, the larger heat fluxes are collected in liquid^<?^^^^. 
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cooling system. For most average truck applications, liquid cooled 

engines are desired because the liquid gives more efficient heat trans­

fer and more nearly uniform metal temperature.

In the case of water-cooled engines, it is necessary to dissipate 

the heat conducted through the cylinder walls by circulating the water 

past the cylinder walls and circulating the water through a cooling 

device, known as the radiator, There are three principal methods of 

circulating in present use

1 - natural convection, or thermo-syphon, Fig. (1)

2 - impeller-thermo-syphon, Fig. (12)

3 - Pull pump circulation (Fig. 2)

There is also steam cooling which can reduce the weight of 

cooling system considerably.

In order to reduce the weight of cooling liquid carried and also 

that of the radiator, other liquids with higher boiling points such as 

ylene-glyool water mixture must be used. The boiling point can be increased 

by pressurization. Nowadays there are two common cooling systems

1 - pressurized cooling system

2 - sealed cooling system

In the pressurized system of cooling, which is widely used in American 

car engines and on most British ones, the cooling system radiator filler 

cap is fitted with two valves, namely a vacuum valve and a pressure 

valve as shown in Fig. (1$).

Recently, sealed cooling systems have been introduced in engines; 

in principle, this is again a normal pressurised system fitted with an 

expansion and header tank. When the liquid coolant is heated its volume 

increases and this amount of volume goes to the closed header tank 

mounted at a well cooled point. When the engine cools, the volume of 

coolant decreases again and the radiator automatically refills from the 

header tanks.
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Fig. (16) shows a sealed cooling system, so that the pressure 

through the system can be maintained at a constant level above atmos­

pheric pressure.

Most of the new cars have a thermostat which controls the coolant 

temperature. It is obvious that at a definite mean temperature for the 

cooling water the engine works at its best efficiency. When an engine 

is started in the cold condition, it frequently takes an appreciable 

times before it attains its correct working temperature, as all of the 

water in the system has to be heated up. Thermostat can control the 

temperature of the jacket cooling water of engines. This is usually- 

effected by cutting out the radiator when the engine is cold and by 

varying an opening in the outlet water pipe to the radiacor according to 

the temperature of the engines. Typical values are 88 deg. C control 

temperature for a 118 deg. C. boiling point in a car engine of a cornmer. 

cial vehicle. There are two types of thermostat in common use; Bellows 

type^ Fig. (14), and wax pellet element thermostat, Fig. (17). Some 

cars use a shutter control thermostat which controls the amount of air 

coming through radiators. The disadvantage of this system is the higher 

resistance between the body and air in cold weather.

3.2 The Circulating Pump in Relation to Cooling System Demand

The coolant pump circulates the coolant through the cooling system; 

coolant is pumped from the radiator into the cylinder block, past the 

cylinder head and back to the radiator. Pumps are often installed to 

discharge directly into the cylinder block when they have only a rudi­

mentary volute or none at all. Because of economy and car design 

requirements the car manufacturers want to use a smaller radiator. The 

best way to get substantial gains in heat rejection per volume of 

radiator core is to increase the mean temperature difference between the 

coolant and cooling air. This can be done by raising the boiling point 

of the coolant, using increased pressure and/or a liquid with higher 

boiling point, such as, ethylene-glycol/water mixture. The performance 

is improved by about 14^ when increasing the inlet coolant temperature 

by going from 1 to 1.5 bar radiator top tank operating pressure and 26^ 

at 2 bar pressure.
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Heat rejection is increased at higher speeds and on gradients. 
Moore^^^^ found, when road speed increased from 50 km/hr to 128 km/hr 

the average metal temperature of an aluminium engine increased by about 

20°C and 25°C in cast-iron engine. At constant speed but on a 1:10 

positive gradient, the average metal temperature increased by about 20°C. 

He also showed that at higher speeds a substantially increased flowrate 

through the automotive circulating pump was required. When the car 

speed changes from 50 km/hr to 128 km/hr at ambient temperature (between 

18 and 38°C ambient temperature), it is noticed that the flowrate 

doubled.^

The automotive water pump has certain different characteristics as 

compared with other centrifugal pumps. Ideally the head/flow curve 

should be rather flat to avoid excessive pressure on the block and hoses 

when the thermostat is shut, yet give an adequate flowrate when it opens. 

The head/speed curve should, also be rather flat to avoid excessive 

pressures when the engine speed is high and still give an adequate flow 

when moving slowly in traffic.

When the vehicle is climbing a steep hill, the road speed is 

reduced, in this case the quantity of heat conveyed from the engine to 

the radiator is more than that carried away by the air, so the tempera­

ture of the cooling liquid rises to boiling point. There is also gear 

change problem with highly rated engines i.e. between two gears with 

slow engine speed the temperature of cylinder is high but there is not 

enough flow circulating around the cylinder (water pump is linearly 

dependent on the speed of engine). There is a space limit for install­

ing cooling equipment on account of styling, such as - radiator, 

circulating pump, fan, pipes and housing which connect the radiator to 

the circulating pump, and cylinder block to the radiator in modem 

passenger cars. Circulating pumps may then be positioned to suit space 

criteria with a belt driven or may be mechanically coupled to the engines. 

The ratio of the pump to the crackshaft speed is generally around 
(1 - 1.5)^^^^, 80 that the flow rate of coolant is related to the engine 

speed rather than coolant temperature, i.e, heat release rate. An 

electrical driven pump is feasible but does not appear economically 

viable, though electrically driven fans are in use in some passenger 

cars. Typical flowrates 'for modern vehicles without auxilaries such as
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air conditioning, are 2.? lit/min and 1,5 - 2 litre/min. KW for 
naturally aspirated diesel engines.^^^^

3.3 _Coolant_Ijigund8_an4J[nh^

Over the years many coolants have been tried in automotive engines,

bat water has been used in automotive engines since the beginning of the

industry.

Water has the best combination of availability, high specific heat,

low viscosity non toxic and low price required for a car engine coolant.

But water has some disadvantages which are shown below:

1) the water freezing point is higher than the lowest ambient 

temperature in some locations

2) it is corrosive to all metals used for components in car cooling 

systems (like cast iron, aluminium, brass, etc.)

3) water expands upon freezing

4) rather low boiling point.

Many liquids have been added to water to reduce its freezing point; 

these liquids include sugar, glycerine, methanol, ethanol, isopropanol, 

ethylene glycol (ethanedial), calcium chloride, magnesium 

chloride.'

Of all additives used to decrease the water freezing point, only

two of them are in common use today, methanol and ethylene glycol.

Ethyiena glycol is increasing in use 

methanol has a boiling point of 65°C 

engine coolant operating temperature

and methanol is decreasing, because

which is below the desired minimum

of 82°C, but it produces the bigger

freezing point depression compared with other liquids.

Water as used in car cooling systems is natural water and it is 

likely to contain calcium, magnesium and sodium as cations: chloride, 

sulphate and bicarbonate as anions, with lower concentrations of nitrate, 

phosphate and silica, some of them make the water more corrosive, so 

corrosion inhibitors must be added to water. In emergency cases where 

hard water is used as a coolant it can reduce the heat transfer between 
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the cylinder and coolant considerably by forcing a layer between the 

cylinder and coolant. This sort of water was often used in Army 

vehicles

Physical properties of ethylene-glycol (CH^Oll). have been published 

' (see Appendix Vl) and they show that glycol begins decomposing 

even below its boiling point.The mechanism of thermal decomposi­

tion of glycol is oxidation; this produces various acids, the main one 

being formic acid. Thermal decomposition is catalysed by the presence 

of acids and possibly copper ions in the solution.

The amount of ethylene-glycol vapour in voids in the ethylene- 

glycol/water liquid mixture is very low compared with water vapour^ 

For example, the mole fraction of glycol in the vapour from $0^ by 

weight ethyiene-glycol/water mixture is about 0.^' (1.2^ by weight) 

at saturation point. The vapour fraction of ethylene-glycol does not 

change much with pressure when the glycol concentration is less than 

60^ by weight at least for pressures higher than 0.6 bar absolute at 

saturation. However, it reduces to between 0.2 to 0.^ by weight when 

the pressure in the system is reduced to 0.3 bar absolute in the 
(21) 

mixture.'

Because of the corrosiveness of water and the decomposition of 

ethylene-glycol, it is customary to add corrosion inhibitors to the 

ethyiene-glycol/water mixture. For these reasons commercially avail­

able brands of ethylene-glycol (antifreeze) generally contain corrosion 

inhibitors which are basically standardized.' Corrosion in car 

cooling systems is a complex action and formulating corrosion inhibitors 

and antifreeze compound is difficult work. These inhibitors must be 

sufficient for a wide range of temperatures from ambient to boiling 

point of the coolant under pressure and must operate for a considerable 

time. The inhibitors must also cope with combustion gases which acidify 

the coolant, and as far as possible they must reduce the corrosion rate 

in all materials found in engines. Also they have to effectively prevent 

acid build-up due to thermal decomposition, and the formation of copper 

ions in the mixture which catalyse the thermal decomposition.' When 

choosing a proper inhibitor, the heat transfer between a metal surface 

and a coolant must be mentioned. The deposition of corrosion products 



and. scale in the cylinder head, can seriously affect heat trasnfer 

processes which may cause the metal to crack.' Recently there was 

an attempt to use soluble oil as an inhibitor (railways and military 
vehicles) which gave good results in many cases,^^^'^^^ except in one 

case where damage was mentioned in hose connection and seals.

Figs. (18,19,20) show the effect of antifreeze with different tvpe 

of inhibitors on different types of materials. It is easy to see that 

the inhibited coolant (s) is more adequate than coolant 'A' for service 

under high temperature. Coolant (C) could be said to be equivalent to 
coolant (b) at high temperature, except for higher solder corrosivity.^

3.4 Choice of Coolant Temperature and Pressure level.

Experience has shown that the hotter engines can work with fewer 

problemsWNllhl^Nimi^NNm#WNNkgwM*N*M*MMMmM*^MN**. In warm engines 

the thermal efficiency is higher and also because of that the petrol 

consumption is reduced and the power output is greater than cold engines. 

For normal running, the temperature of coolant at the top of radiator 

should lie between 75°C and 85°C. This allows a sufficient margin for 

temperature increase when climbing long hills on lower gears.

By considering that engine horse power has been increased in recentyeari 

because of high speed requirement, alsosome oasesairconditioning has 

been used, both effects produce a bigger heat loss. So a bigger radia^ 

tor must be designed for them. The best way to get substantial gains 

in heat rejection per volume of radiator core is to increase the mean 

temperature difference between the coolant and cooling air. This can be 

done by increasing the boiling point of the coolant by increasing the 

pressure level of a cooling system or by using a liquid with higher 

boiling point. Some manufacturers use ethylene glycol water mixture 

as a whole year coolant in a sealed pressurized cooling system.

A low coolant temperature increases temperature stresses in the 

cylinder block and increases the size of radiator because of low 

temperature difference between coolant and air compared with high 

coolant temperature.
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Pressure level at the top tank is usually between 0.28 - O.48 tiar

(4 - 7 PSI), although on some American o^s it is as high as 1.03 bar 

(15 PSi). Pressurize! cooling system 

running at high altitude and tropical 

affords a good protection when 

conditions: also for long hard

driving periods.

3.5 Flow Rate in Coolant System

A considerable proportion of the heat of combustion of the fuel is 

lost so far as useful work on power is concerned, and only relatively 

small proportion is available for useful power purposes. Exhaust gases 

carry most of the heat which is produced by combustion of the fuel. 

Next in importance are the losses of heat to ths combustion chamber, 

cylinder walls and piston. Friction losses radiation and the heating 

of the lubricating oil are minor losses in engine. Fig. (21) shows the 

percentage of total heat which is carried off by exhaust gas, useful 
power, coolant and friction losses^ ^^^. It can be seen that for passenger 

cars with compression ratio of 10, 23^ of heat must be carried off by 

cooling system. This percentage increases as compression ratio reduces.

We can write that the heat dissipated by an engine is equal^ to:

P
^t if ^1 "^2 ^3 ^"^

where q, .= total heat dissipated per unit time

Ug = heat from the gases

P^ = power lost in mechanical friction including the power lost 

in water pump and oil pump

= heat to the coolant radiator 

Up == heat to the oil radiators (if any) 

^3 = heat escaping directly from the engine including 

radiation and heat lost in the exhaust gases

In general most small gasoline engines have no oil radiator so 

the heat to the oil radiator is zero and the oil is cooled partly by 

the jacket water and partly by direct loss from the engine, thus the 

amountsof q^ and q^ are increased.
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The internal combustion engine of a moiern day automobile has a 
max. thermal efficiency of about.)0^^^^^. Thus about 60^ of the heat of 

combustion of the fuel must be dissipated either by the exhaust gases 

or through the cooling system. The cooling system of a modern engine is 

expected to dissipate more than half of the waste heat of the engine 

cycle, or to put it another way the cooling system must dissipate approx­

imately 20-40 percent of the energy in the fuel supplied to an engine, 

dependent on the comparative ratio of the engine. So we can approximately

write

t 1

where w = fuel consumption kg/kw, W is engine power output kw 

c = calorific value of petrol Joules/kg 

k^ and k^ are dimensionless and roughly constants

= k.q, = kwWc where k = k^k. 3.2

1l - G, =r("o - ’'i> 3.3

where 0^ = mass flow rate of coolant kg/hr

Op = specific heat at constant pressure Joules/kg°C 

T
0

= outlet coolant temperature from the engine 

= inlet coolant temperature to the cylinder block

From equation (No. 3-1 and 3-2) (above) we can find the flow rate 

of coolant system for a known engine, since k is found experimentally 

to be 0.3 - 0.4.

3.6 Radiator

At the radiator, heat is transferred via a two stage process, first 

from the coolant to the radiator metal and then from the metal to the 

ambient air.

Tubes and tank which contact the coolant are usually made of brass. 

The secondary surface, fins or spacers are generally made of thin copper 

strips. Tube thickness varies from 0.114 mm to 3.05 mm and fins are 

made of 0.076 - 0.12? mm , the smaller thickness is predominant because
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of cost, greater thicknesses are used where strength rec[uirement demands 

it (commercial vehicles).

Heat flow from the radiator to the air is equal

3-4

where q = engine jacket loss

A = radiator surface area

G = mass flow of air per unit time divided hy the cross 

sectional of flow area (air)

L = typical length of the core section (airside)

T^ = average temperature of the radiator garface, equal to 

the mean water temperature, since the tubes are thin 

and have a high conductivity

T^ = Ambient air temperature

E = coefficient depending on core design and viscosity 

and thermal conductivity of air

To obtain the dimensions of E^ we write;

4r' Ga (l^-Tj
3-5

when we put the dimensions of physical quantities of each

symbol in the equation No. 3-2 we have

-1

E
r

K L m

if b"^ T

the dimension of thermal conductivity is

Ik = Sb" T" 8" and the dimension of viscosity is

"1 1
b = Mb" T" So the dimension of E^ is equal to
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D. n 
p,

Radiators are formed by an assembly of sheets or tabes

3-6

called a

core which contains many similar passages for air flow, the walls of

which also form the passages to carry the coolant.

Selection of an approximate core design fixes the value of K, L 

and n; since n for radiators asaally lies between 0.7 and 0.8, 

increasing the value T will reduce this is the reason that 

pressurized radiator or high-boiling-point liquids are used when it is 

important to decrease the radiator capacity.

Core heat transfer being directly proportional to the temperature 

difference between coolant and air, a pressurized system permits the 

use of less core, for example, a core might require 2.1 mm pitch (12 

fins per inch) with an atmospheric pressure but might only need 2.82 mm 

pitch (9 fins per inch) with a 0.28 bar (4 PSIO) pressure cap value.
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CSAPTER IT

GAVITATIOR.

4.1 Cavitation Inception

Cavitation is the result of a reduction of the local pressure in a 

listurhel or flowing liquid to a level at, or near to, its vapour press­

ure. If the liquid contains much dissolved gas, then as the pressure is 

reduced the gas comes out of solution and forms cavities in which the 

pressure will be greater than the vapour pressure of the liquid. Even 

if there are no visible gas bubbles, the presence of submicroscopic 

gas bubbles may provide nuclei which cause cavitation at pressures above 

the vapour pressure. Tiny bubbles filled with gas or vapour appear and 

grow rapidly. Then as they move along the liquid to a point where the 

local pressure is high enough - or, in a stationary liquid, when the 

pressure intensity is raised - the bubbles collapse, the entire cycle 

taking perhaps within a few milliseconds or less. Bubbles may follow 

each other so rapidly that they appear to the eye to form a single con­

tinuous cavity.

If no nuclei are present, the liquid may actually stand negative 

pressures or tensions without undergoing cavitation. Theories have been 

produced to show that liquid should be able to withstand tensions equi­

valent to thousands of bars. For example, estimation shows that water 
will withstand a tension ranging from 300 to 10,000 bars^^^^. Practic­

ally, with extremely careful filtration of the liquid and with pre­

pressurisation of several hundred bars, it has ruptured at tensions of 

300 bars. According to Plesset^ water without nuclei theoretically 

will withstand tensions of about 15,000 bars.

Physically, cavitation gives rise to a number of other phenomena. 

During the final collapse phase, it has been found that a very weak 

emission of light may come from the bubble. The cause of this sono- 

luminescenoe is not known, but one idea is that the flash is due to the 

recombination of free ions produced by thermal or mechanical dissociation 

of molecules on the bubble surface. The flash may last for a period 
between one twentieth and one thousandth of a second^^^^. in i960
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Jarman^and. co-worker put forward strong evidence to indicate that 

sonoluminescence is due to the incandescence of the gas in the bubble 

resulting from the high pressures and temperatures duhing collapse. The 

intensity of the light is dependent on the gas present; there will be 

no light if there is no gas in the bubble.

When the cavities collapse, high pressures and temperatures are 

generally thought to occur; surrounding fluid temperature as high as 
10,000°E have been suggested while Wheeler^^^^ h^s concluded from his 

experiments that temperature rises to $00 to 800°C can occur in the 

material at the centre of an implosion. As ultra high speed cine films 

have shown the collapse is completed in a period of mill! or even micro 
seconds. Harrison^ ^^^ showed that the resulting shock waves radiated 

through the liquid adjacent to the bubble may have a pressure difference 

as high as 4,000 bars.

The exact events in the inception and development of cavitation 

depend on the condition of the liquid, including the presence of solid 

particles or of gas bubbles, and on the pressure field in the zone of 

cavitation. The pressure field is largely dependent on the geometry of 

the solid boundary, but the nature of solid boundaries may be important 

in itself.

4.2 Significant bimensionless Groups

Cavitation flows are commonly described by the cavitation number 

o;

I’m - Sy
4-1

The limit of cavitation for a particular boundary geometry has been 

determined experimentally by holding the velocity constant, establishing 

cavitation and then increasing the pressure until the cavitation dis­

appears at the desinence pressure, Pj^. This state is referred to 

as desinent cavitation. Thus the desinent cavitation number, o is 

defined as

cod
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For incipient Cavitation there will correspond a particular value

of p called the "inception pressure" p .. Thus the incipient cavitation 
001 

numher, o., is defined as

4-3

Incipient cavitation ani desinent cavitation are only identical 

when p . = p The cavitation is more developed as p . drops below 

p .. The difference between p . and p . is often called "cavitation ood ood 001 
hysteresis". In terms of the cavitation number, incipient and desinent 

cavitation are related by the expression

O;,> o.
d — 1

Thus, for a given flow condition, o. appears to be the upper limit for 

o.. Furthermore, incipient cavitation is random in nature whereas 

desinent cavitation is repeatable.

Let us consider a body which is operating in the state of desinent

cavitation. We assume that this state may be characterised by a single

bubble which is in a stationary position and thus we are ignoring all

dynamic effects due to translation of bubble.

At equilibrium the pressure on the bubble must be balanced.
Thus(^°^

2Sb
Pi = P + 4-4

where R is bubble radius

S. is the surface tension

p is the local liquid pressure

p. is the internal pressure of the bubble

The internal pressure can also be written in the form:

P^ = Py - ^Py + P^ 4-5

where p^ is the vapour pressure at the bulk temperature of the fluid 

^Py is the reduction in vapour pressure due to local cooling 
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due to the temperature drop of the liquid resulting from the vaporization. 

is the pressure exerted by the non-condensable gases.

The liquid pressure can also be written in the form;

P " ^TRT 4-6

where p is the mean value of the liquid pressure adjacent to the bubble 

Pm^ is the reduction in the liquid pressure 

and surface roughness.

due to turbulence

Substituting equations (4-6) and (4-5) into (4-4) ^^ have

If we put equation (4-7) in equation (4-2) we can write

^d

r ^G ^TR ^^b^^ ^^
4-8

where C, a pressure coefficient at the 

bubble, is defined as

C 
P

Pco-P

location of the characteristic

4-9

Equations like (4-8) have
been derived by several authors^^^'^^'^^'^^^ 

It is seen that high gas contents, turbulence and surface roughness tend 

to increase a, whereas surface tension and heat transfer have the 

opposite effect.

The pressure coefficient (C ) is a function of Reynolds Number and 

may increase or decrease depending on boundary-flow conditions. For 

immersed bodies, C is known to become nearly constant at sufficiently 

high Reynolds Number^^ \ At high Reynolds number the effect of turbu- 

lence and surface roughness ( ---- is becoming negligible.
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The cavitation parameter, o, is a very nsefnl measure for many 

different aspects of the cavitation phenomenon. For example, in 

centrifugal pumps, the normal location at which cavitation first appears 

when the machine is operated, under unfavourable conditions is along the 

inlet edges of the impeller vanes and on the adjacent shrouds. However, 

it is rather difficult to determine the local pressures and velocities 

at these points, so that it is much easier to calculate the cavitation 

parameter for, say, the flow at the inlet flange to the pump. The 

value of o at which cavitation inception occurs somewhere in the pump 

is designated as c..

Another useful cavitation parameter is which is now commonly 

known as the Thoma sigma. It is a very useful parameter in turbo­

machinery equipment. For general use with pumps or turbines a,, is 

equal to

where NPSE is net positive suction energy and

Y is the total specific energy equal to— where

Pp is the total pressure rise by pump.

it is possible to write for net positive suction energy

KPSE = '^ Pg - p^ + p^ - Py) 4-11

where p^, =' static suction (+) or lift (-)

Pr = suction line losses (friction, entrance and fitting) 

p^ = absolute pressure at the liquid free surface 

Py = vapour pressure of liquid at pumping temperature

Another useful parameter is suction specific speed

S = 4-12 
(NP5B)4

where H is rotation per ^c.

This has different values according to the units. It is preferable
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therefore to use the non dimensional form of suction specific speed

(0 /Q
sf

where ^ is r^d/sec and Q

4-13

is m^/seo and NPSE is in JAg.

This parameter is widely used for pumping machinery. It should 

be noted that o^^ and S^^ vary in the opposite direction as the sever­

ity of the cavitation condition changes; that is, as the tendency to 

cavitate increases, o^^ decreases, hut S^^ increases. One can find the 

relation between S^^, o^^ and n^^. idiere n^^ is shape number

sf 4-14

The following interrelation between S

Equations (4-1(), (4-13) and (4-I4).
^gp, c^^ is obtained from

= ""th 4-15

The cavitation characteristic is often presented as in Pig. (22) 

for a constant speed and flow (possibly at the best efficiency point), 

specific energy or head or efficiency is plotted against KP8E(NPSH) or 

°th' ^^® figure snows the typical wide difference in KPSE between 

inception and porfoimance breakdown. It can be seen that the inception 

ca/_cation douc necessarily cause a reduction in pump head or 

efficiency, since a rise in head prior to the final breakdown has 

frequent^ been observed. This slight rise in head is usually explained 

by a reduction in the skin friction following the formation of a thin 

layer of vapour at the surface of the impeller vanes. This explanation 

is in agreement with the fact that the rise in performance is most 

frequently observed under conditions tending towards instabilities, 

such as the stalling of propeller vanes or airfoils. Under such con­

ditions, a reduction in the skin friction obviously would have the most 
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pronounced, influence since such instabilities are controlled by the 
skin friotion(^^\ The increased head during the early stages of 

cavitation development io similar to the increased lift found for the 
sharp edged, thin profiles of ^umachi^^^*^^^, which he tested singly 

and in decelerating cascades. It has been suggested that if impeller 

vanes had had a shape equivalent to that of Numachi's NAS.10168 profile, 
the increase in head night have been even greater^^^\

As opposed to running with cavitation just above the 'breakdown' 

point, a much larger and more expensive pump is necessary to satisfy 

the condition of no cavitation, and for this reason it is rarely done 

in commercial practice. However, the disadvantage of running with 

cavitation is the risk of erosion damage .

4.3 Air Content Effect

In order to clearly bring out the problem for consideratron it is^ 

necessary to distinguish between two broad categories 01 cavitation.

Vaporous cavitation is the sudden expansion and the collapse of a vapour 

bubble due to vaporization of the liquid at the bubble wall whereas 

gaseous cavitation is the relatively slow expansion of a gas bubble due 

to diffusion. When a desinent cavitation test was carried out, it was 

found that as the vaporous cavitation disappeared, a few isolated 
bubbles persisted to much higher pressures^^^^. It was hypothesized 

that these stationary 'spots of cavitation' were in fact gaseous cavi­

tation. With this as the 
reduces to^^^^

predominant phenomenon, Equacion

C
P

From Equation (4-16) one can find the difference between the 

desinent cavitation number (for the gaseous cavitation) and that for 

the vaporous cavitation is directly proportional to the p^ and inversely 

proportional to the square of velocity. If the bubble becomes saturated 

with air, 

p = %p 4-1?

where 5 is the dissolved air content and p is the Henry's Law constant
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Therefore the difference between o. for gaseous and vaporous cavitation

is directly proportional to the dissolved air content.

Equation (4-16) shows that cavitation number is dependent on air 

content. Figure (23) shows the effect of air content on cavitation 
number at inception point, before breakdown and at breakdown^^ \

4'4 Thermodynamic Effects

The cavitation characteristics of most centrifugal pumps operating 

on cold water are either known from actual tests or can be establisned 

fairly closely from the available information on similar pumps. The 

UPSE of pumps handling liquid other than cold water are usually estimated 

(often with a considerable discrepancy) by considering the performance 

of the same pump on a water test. It has been found experimentally that 

for liquids other than water, KPSE can be reduced below or increased 

above their values for cold water, when the density of the liquid is 
more than that of cold water, e.g. glycol, glycerine, etc. Stepanof/^^^ 

presented experimental results on a pump handling water up to 150°C and 

demonstrated that less NFSE was required at the higher temperature. 

Figure (24) shows that the cavitation performance of pumps in water at 

high temperature is better than cold water. Stepanoff also proposed 

that thermodynamic effects limit the flashing of water into steam 

caused by a given pressure drop below the initial vapour pressure. The 

limitation, arising from heat transfer constraints in the vicinity of 

the bubble, he called "dynamic depression" and he suggested that the 

volume of the vapour thus formed decreases as the temperature increases. 

The thermal cavitation parameter, b, which is presented by Stepanoff and 
Stahl^^^^ for inception point can be expressed as:

V -
B = . 4~18

where T is volume of vapour per unit mass of mixture if the pressure 
g

and temperature are given time to reach equilibrium and is volume of 

the liquid at the same rendition. Approximately one can roughly write
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B
6h^

4-19
f fg _

where v is the specific volume of the vapour 
g

v« is the specific volume of the liquid

h« is latent heat of vaporization J/Kg

6h« is an increment of liquid enthalpy corresponding to the 

energy reduction AWSS (j/Kg) below the saturation conditions

Since equilibrium conditions are not realisedyHuring liquid 

passage through the low pressure zones, the ratio = B does not

represent the vapour/liquid ratio by volume for the' whole flow and B is 

used merely as an index of the 'tendency' of the liquid to boil or 

its 'readiness' to flash into vapour. Thus it is indicative of the 

'rate of vaporization' of the liquid under cavitation conditions pro- 
AY 

ducing the measurable effect of —.

By simple algebraic manipulation and the Clausius-Clapeyron 

Equation (4-19) is transformed to;

4-20

C 
P

T

whe re is specific heat of liquid Joules/Kg deg K

is temperature of liquid ^Kelvin

4-21

For liquid other than cold water we can write

4-22

Equation (4-22) with minus sign is presented el
s=,,.ere(49.5O,51,52)

the present author added the plus sign for liquids in which the density

and viscosity are greater than water. One can write
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("th)
liquid 4-23

The determination of 6KPSS is important for knowing the cavitation 

behaviour for liquids other than water.

Spraker' suggested that depression in net positive suction

energy is a function of inverse of thermal cavitation parameter.

AN? SB 
g

^(3) 4-24

where the cold water cavitation characteristics are used as a reference.

Ward and Sutton^^^^
suggested that in absence of information one

can approximately use

0.244 (SI unit) 4-25

Equations 4-25 &ad 4-21 can give us an approximate indication of

the reduction in WPSE below that of cold water.

dimensional 

fluid properties

analysis was applied for finding a relation between
and cooling effect^^^^ due to vaporization. 5e found

that

TT
where Re =

Ee°-55
3.3

4-26

Reynoldsnumber

P

StiT"^'^

kr
Prandtl number

' Str =
t.R

OP

A X
Strouhal number

t time

6X cavity length

Equation 4-26 tends to underestimate the cooling effect compared
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with the experimental data. Spraker' showed that Stepanoff's

factor (s) can he applied to a first 
Frmess^^^ showed that the use of B

effects. Chivers' solution based

degree of approximation and 

overestimated thermodynamic 

on Lord Rayleigh's bubble growth

theory shows quite remarkable agreement with the experimental data 

obtained from his own pump, operating in water at different tempera­

tures. Ris solution is not applicable to different fluids but only 

the same fluid at different temperature

The cavity pressure depression which is caused by the decrease of 

vapour pressure in the cavitating region due to evaporation of the 

liquid layer adjacent to the bubble, was calculated by Ruggeri and 
(55 5< 5? 58)

Moore.Their calculation based on theoretical and experi­

mental consideration. The assumptions which were involved were

1 - Steady flow

2 - negligible net work and heat transfer during the vaporization 

(flashing) process.

3 - negligible surface tension

4 - negligible body forces

5 - no liquid tension

6 - fluid in thermodynamically stable equilibrium throughout the 

process

good agreement was obtainedA in comparison between experimental 

and predicted redults. The cavity pressure depression which was calcu­

lated by Ruggeri equal to 

2 P ,2 h / T
6E = gAh (-^ 4-27

where Ah^ decreastin vapour pressure due to vaporization, metre of liquid

AE^ = gAh^ decrease in vapour energy J/kg 

p saturated vapour density kg/m

, p^ " liquid " kg/m^

C specific heat_of liquid j/(kg)(K)
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Vapour liquid volume ratio is not possible to measure

directly and thus the value of this ratio can be used only in a relative 
sense. Their calculation shows that in a venturi^^^\

(msz)^, 4. (6Ep^^ 1^. 2

(«FSB)p^a+('EAr«d '

k 2
where cy is thermal diffusivity cy - 7;—'— m / sec

k " " conductivity of saturated liquid j/(m)(sec) ( E)

h. mean axial inlet velocity m/sec

2D characteristic body dimension m

6x length of cavitated region m

With flow similarity, the fluid velocity at the pump inlet is 

proportional to pump rotational speed. Also for a pump working at a 

constant flow coefficient and a constant value of , Ax of 

equation (4-28) was considered constant for various liquids, liquid 

temperature, and pump rotative speeds. Thus one can write

(nsc)^,^ + (65^^^

IT
4-30

V
(v^

f Pred
4-31

Por an estimation of AP (gAh^), there is a need to have two sets 

of experimental data at the same ^/^^Q send constant $ (flow coefficient). 

Tests need not be for the same liquid or the same rotative speeds, but 

they have to be for pumps with similar geometry. Good examples were 

presented in Ref. (58). Their calculation was applicable only when 

there is no permanent gas present.
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Experiments with mercury showed that for all gas contents, the 

cavitation number reaches a maximum for an intermediate temperature 

and then decreases substantially' This effect i's most pronounced 

for the lower gas content.

4.5 Cavitation Behaviour of Mixtures with Particular Emphasis on

E.G/W Mixture

For a mixture of two or more liquids, Stepanoff^^^^ suggested 

that one can assume that each component contributes a fraction of its 

individual NPSE equal to its weight fraction in the mixture. Spraker' 

found that hydrocarbon mixtures have an additional decrement in NPSE 

over that for pure fluids having the same thermal cavitation parameter 

(s), and this additional decrement is temperature dependent. Therefore 

Spraker hypothesized that

ANPSE^ = ARPSG^ + 6NPSB 4-32

8NPSE = f(T) 4-33

The relations found by Spraker between 6KPSE and temperature

should be applicable to petroleum^based hydrocarbon mixtures over the 

temperature range tested. Other types of mixtures such as water/glycol 

might be expected to exhibit a similar relationship, but not necessar­

ily identical. Ethylene-glycol itself has a better 

than water' and its incipient cavitation number 

ature and velocity is lower, i.e. it is less likely 

cavitation behaviour

at constant temper' 

to cavitate'

This is maybe because of the higher viscosity of ethylene-glycol 

(CBLOH)^ which generates a lower bubble collapse speed than water near 

the solid surface. Plesset' shows that as one goes from pure water 

to pure glycerol (CgS^(OS)g) through mixtures in various proportions 

there is a minimum damage rate at about 25^ water and 75^ glycerol.

The damage rate in pure glycerol reaches only about 50^ of the rate 

observed in pure water. At temperatures lower than 80°c glycol has a

better cavitation behaviour than water, but when the temperature rises, 
water has a better behaviour, ^^^^ and in 20% water-glycol mixture; 

weight loss of specimens is more 

weight fraction of the mixture, 

erature of the specimen,in water

like water than the proportional 

The same weight loss at the same temp- 

and 20% water glycol mixture can be 
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foreseen and. accounted for as there is almost no glycol vapour present 

in the vapour present in the vapour mixture.

The calculated value based on equation 4-2? for cavity pressure 

depression for 54/4^ of E.G/W shows that Ah^ values at 102 C are 

about half of those of water, Fig. (25) which shows that the cooling 

effect in F.G/W is not as important as for water. Fig. (26) shows 

ths variation of thermal cavitation parameter B as a function of temp­

erature (calculated from empirical equations) for water, ethylene­

glycol and 54/46 E.G/W and also methanol. It shows that thermal 

cavitation parameter of the E.g/W mixtures is more like that of water.

The cooling effect becomes complex when one uses a mixture of 

fluids. The cooling effect can be explained by considering that as a 

cavity grows, the latent heat of vaporization must be supplied by the 

liquid adjacent to the cavity boundary which means temperatures near 

the bubble are less than in the bulk of the fluid. This local temper­

ature drop may be related to the local pressure drop by assuming the 

change to be slow enough to apply the equilibrium equation of state. 

The temperature difference adjacent to the bubble surface causes a 

thermal gradient in the liquid between the surface of the bubble and 

fluid far from the bubble.

Thermal diffusion effects are treated quantitatively for gases 

by the kinetic theory and only qualitatively for liquids by the cage 

model. The cage model considers that each molecule in the liquid is 

retained temporarily in an equilibrium position by the potential field 
of the surrounding molecules.^^^^ Now, because of random motion of 

liquid molecules,(^^^ this lets us assume an average kinetic energy 

for each molecule. (There are molecules with much greater and smaller 

kinetic energy in the liquid). Therefore the heavier molecules have 

higher momentum.

The thermal gradient causes an imbalance in the system, i.e. a 

migration of some molecules from the higher temperature region to the 

lower temperature region tending to restore the equilibrium. The 

heavier and larger molecules, because of their higher momentum, are
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able to force their way to the cold, region and concentrate in that

region, i.e. near the expanding bubble surface.

It is possible to calculate the migration of molecules when there

is a thermal gradient in the system for the E.G/W mixture. The flux J. 

of component 1 (the component of lower molecular weight in a binary 
solution) can be expressed in terms of the thermal diffusion constant^^

"7^ = - 2^2 [^d X^ - b^ X^ Xg ^ g^ T]
4-34

where D^

'12 

X.

T

thermal diffusion constant

flux of component 1 m/sec

diffusion coefficient

mole fraction of component i 

absolute temperature (mean)

If X is space coordinate in direction of flux

1 1 dr^"1 = - ^12 [ "d? - ^T ^1 ^2 T d^

So one can write the flux due to thermal diffusion is equal to

"^Tb^ ^T ^1 ^2
1 dT

^12 T dx 4-36

The value for the thermal 
the steady state^^^^ when

diffusion constant can be calculated at

- 0

1 *^1

X^Xg dx ^ T ^ 4-37'

By considering the net heat transport at steady state, it is possible 

to calculate the thermal diffusion constant^

Mg + M^ 7g
^T " 2RT(M^X^ f MgXg)

AUg

where 7.'molar volume of component i m^/kg mole

R universal gas constant 8.3143 J X" E mole 

Ab internal activation energy J/kg mole 

M. molecular weight of component i kg mole

4-38
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The internal activation energy is equal to

AS AS - pA7 4-39

where AS is

p is

activation energy for motion J/kg 

pressure Sm

mole

ing the
Eyring theory^^^^ of the variation

temperature, the internal activation energy is given

of viscosity with

by

AS

&Ijn(ta,y) -

- pT

- bLn(py)

bp 4-40

wherep, is
/ -1 

absolute viscosity kg m/s

Pl can be found, from an empirical equation

kk

In Eyring equation A and C are functions of the 
and internal energy of vaporization^^^^

molar volume

p.
hlTA 
V

Aey2.45RT 
e 4-41

Ae - pAT

By assuming that the vapour behaves as an ideal gas (when vapour

is steam and superheated throughout the process, the approximation is 
very close to actual behaviour)^^^^

Ae 4-42

where h_ is the molar heat of vaporization of the liquid.

Ae is the internal energy of vaporization j/kg.

h is planck constant 6.6256 x 10 J s

SA is Avogadro constant 6.02252 x 10 mole

= R f

^fg

n - ST 
:[g

P T
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b In(kiY) bAe
( ""'" ... ..

2.45a 2.45aT

b Ae

bT bT

b Ae

bT

-bLn(|j,\p - Ae

2.45R
T

2.45R bT
4-43

bp
b7 
bp

T

?sing equations 4-43 azid. 4-44 i^ 4-40 we have

An 2.45R 2.45R ' bT ij'

b u.
bp

b T

- bLn(|j;^-

T

R

T

P

T

2
+ BT

R

p

H bp
1
V

- pT

P

1 "
7 bP 

T

4-45

At atmospheric pressure the value pA7 is negligible but in our 

case when the pressure at collapse is very high ($82000 Atm max. 
pressure at collapse time was mentioned.^^^).

The only part which is difficult to find in equation 4-45 is the 

variation of viscosity with pressure which is unknown for S.O. By 

neglecting the part in equation 4-45, thermal diffusivity of the 

ethylene glycol-water mixture near the collapsing bubble was calculated^ 

it shows a negative value for ths thermal diffusion constant (-$.2232). 

This shows that water is concentrating in the Waea region. This can be 

explained by considering that the thermal diffusion is dependent on 

(-^), i.e. molecules with high molecular weight and low model volume 

can press their way to cold region.
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differential migration of molecules due to thermal gradient might 

be very important at cavitation behaviour of pumping mixed petroleum 

products.

4.6 Cavitation Erosion

Erosion due to cavitation is a major problem. The capacity of 

materials to resist cavitation erosion is frequently termed their 

'cavitation stability'. The cavitation stability of materials varies 

within wide limits depending on their physical properties and condition, 

also upon the hydrodynamic conditions in the flow and the properties of 

the liquid. Four different possible kinds of attack were delineated 
1 (46) 
elsewhere'

1) A mechanical attack characterized by high intensity, relatively 

infrequent blows due to impingement of either shock waves propagated 

in the liquid and/or liquid microjets.

2) A chemical attack which is accelerated by both high pressures and 

high temperatures and often by the presence of free oxygen and 

water vapour.

3) The development of electrical potentials which may accelerate 

chemical attack.

4) A slight possibility of a thermal attack, with some evidence of 

temperatures sufficiently high to cause microscopic melting.

The collapse of a bubble causes the pressure and the temperature 
of the vapour inside the bubble to be greatly increased. (^^) it is 

not possible to find one single explanation to cover all causes of 

cavitation damage.

The repetitive nature of bubble collapse probably means that 

fatigue phenomena are often relevant to cavitation attack.

The most widely used method of determining the cavitation stab­

ility of material is by means of a magnetostrictive vibrator. The 

development of this apparatus for the production of intensive local 
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cavitation erosion gives ns a great deal of information from the view­

point of materials* resistance to cavitation damage. A series of 

investigations have been made in recent years of the, cavitation stab- 
(71 7 

ility of materials by using magnetostrictive vibrators at N.E.L. ' 
^^'^^^ and. el8ewhere(^^\ Figure (2?) shows the rate of erosion for 

different materials versus testing time; one can see most material 

when subjected to cavitation attack exhibits an initial incubation 

period during which no erosion occurs. This figure shows three 

different parts which are described below;

1) Incubation period, during which no cavitation occurs (dashed line).

2) A fairly stable state (steady erosion).

3) The rate of erosion falls again when surface becomes very pitted.

4) Steady period.

Matsumura et al.^ ' found that the rate time curves of brass, 

stainless steel, tool steel and mild steel have two peaks in contrast 

to those of aluminium, cast iron and iron, which have a single peak, 

and they also found the first peak appears in the rate time curve as 

temperature rises from $0 to 200°C.

Cavitation-erosion damage increases with temperature up to a 

maximum at about 50^0 after which it decreases owing to the rapidly 
increasing vapour pressure^^^^, when the test pressure is atmospheric 

pressure. The erosion rate also increases with the square of the 

pressures over a range from 0.35 3ar to 3.0 Bar (5.0 to 43.5 F.S.I.), 

Figure 28 shows data on the effect of pressure on erosion rate' 

obtained by Bobbs and Laird using a magnetostrictive transducer for 

these tests. It seems this result is important in automotive coolant 

system pumps when a pressurization system is used and also where 

vibration induced cavitation is suggested in the cylinder cooling 
jacket^^^^. But cavitation erosion damage observed in cooling systems 

is a result of chemical and mechanical effects working together^ 

whereas vibrators are normally used to produce pure cavitation. It is 

therefore difficult to discuss the full implications of Bobbs' experi­

ment in relation to automotive cooling systems. Be showed that hard­

ness and tensile strength are the main properties governing erosion 
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behaviour^ Results of laboratory tests indicate that the highest 

cavitation stability is exhibited by aluminium bronze and stainless 
ste=ls(73-74).

For economic reasons, the most widely used materials for the 

construction of large hydraulic machinery are cast iron, cast 

bronze, or thick steel plate. All these materials exhibit rather 

poor cavitation stability. Because of this, in the manufacture of 

components for hydraulic machinery and also when repairing damaged 

parts, resistive coverings such as stainless steel or aluminium bronze 

are often employed.

In recent years, the possibility has been investigated of protect­

ing metallic components of hydraulic machines with material such as 

rubber or plastic (the erosion resistance of nylon and high impact 

polythene is similar to that of stainless steel). The main diffic­

ulty lies in ensuring a sufficiently good bond between the protective 

material and the surface of the component.

4.7 Cavitation in Centrifugal Pumps

The occurrence of cavitation is a consequence of the reduction in 

the absolute pressure of a liquid to some critical value; it may be 

caused by general pressure drop in the system, or it may bear a local­

ized character.

If we know the cause of such a reduction in pressure, we can 

predict the incidence of cavitation in one or other parts of a centri 

fugal pump.

The causes of general reduction in pressure in the system may be 

as follows:

1) Reduction of atmospheric pressure through increase in the altitude 

of the installation.

2) Reduction of the absolute pressure in the system because of the 

particular operating conditions of the pump.

3) Increase in the suction lift above the recommended value.
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' Local reduction in pressure may occur because of one of the 

following reasons:

1) Additional pressure losses in the suction line or in the pump 

impeller.

2) Increase in the liquid velocity through increase in pump speed.

3) Deflection of the flow streams from their normal trajectory, which 

may occur at a bend or through flow round some protruding body.

4) As a result of breakaway or constriction of the flow.

low absolute pressure and thus cavitation may also take place 

through unstable operating conditions in the pump such as hydraulic 

shock in the system when starting or stopping the pump.

Cavitation damage to pump components frequently occurs where there 

are sudden changes in flow direction or sharp changes in the cross 

section of channels, e.g. pump C. It occurs only in smooth flow in 

those cases where the entry pressure is less than the specified 

minimum allowable value. Cavitation can occur because of vibration 

in certain parts of the pump in contact with water.

Cavitation in centrifugal pumps may lead to damage to certain 

parts of the impeller, suction or discharge components, to a reduction 

in head, to diminished output and efficiency and to an increase in 

noise level and vibration of the pump. It should be emphasized that 

noise and the vibration which goes with it occur in any pump under 

operating conditions which depart appreciably from the condition of 

maximum efficiency because of non-conformity of the angle of attack at 

entry to the Impeller. Conversely, the operating characteristics of a 

pump may fall off severely and there may even be a certain amount of 

damage due to cavitation without any noticeable increase in noise and 

vibration. In other words, although noise and vibration are causes of 

cavitation, they do not yet permit the degree of its development to be 

determined with any degree of accuracy. In this respect the performance 

loss of pumps under cavitating conditions differs with the type of pump 

and with the type of installation.
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Figure (2?) shows typical cavitatiou characteristics for a 

centrifugal pump. This shows clearly how the head and pump discharge 

rate changes with variation in pressure in the suction line, that is, 
before entry to the impeller^^^^. Figure (22) shows constant capacity 

cavitation test results obtained with a propeller pump. It can be 

seen a certain increase in head and efficiency of the pump just before 
commencement of cavitation^^^^. This can be explained in that before 

cavitation commences, the liquid breaks away from the walls of the 

channels in the impeller and the frictional resistance decreases with 

a corresponding increase in head and pump efficiency.

The results of

Sydraulic Institute

many tests on pumps have been correlated by the 
in the U.S.A.^^^^ They plotted a graph relating

°th shape number for critical and other conditions. Figure (30).

4.8 Cavitation in Automotive Water Pump

The material of automotive water pumps is often aluminium or cast 

iron. Aluminium is attractive material because of its light weight, 

favourable nature for production techniques and better cavitation 
pitting resistance than cast iron^^^^. But aluminium has a poorer 

resistance to corrosion when antifreeze (water glycol mixture) is used 

as the coolant in cooling systems' In addition to mechanical 

effects of cavitation on the pump, pump damage seems also to be due to 
chemical effects^

Many types of experiments have been used in studying the pump cavi­

tation problem, such as engine dynamometer, tests in a laboratory, sonic 

vibrator rig, Venturi rig, and car field tests. Car manufacturers 

independently developed laboratory pump tests to find a representative 

flow rate and for selection of factory fill coolants. These tests were 

aimed to produce relative data on materials and antifreeze under 

accidental cavitation/corrosion conditions, and also to try and design 

a circulating pump with flat head/flow characteristics, a high flow 

rate but avoiding excessive pressures at high speed.

The A.S.T.M. tried to standardize a laboratory pump test for cavi­

tation eroSLon/corrosion and this seems on the way to being accepted by 
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most interested gronps^^^'^^^. A laboratory pump test according to an 

A.S.T.M. standard was developed for rating the compatibility of 

aluminium pumps with various coolants. Pumpb were rated for damage 

visually after 50 hours using a scale from 1 to 10, 1 being perforation 
and 10 being no damage^^^^ Table III gives some typical results of

the laboratory pump tests which were done by the G.M. Corporation^

Table HI laboratory Pump Test Results - $0 hours.

Type of 
coolant

Type of 
inhibitors*

% water T 
temperature

Pump damage scale 
(after a 50 hour run)

Water 100% 115°C 8

10^ glycol A 9C% 115 1

10^ " A 90% 85 4

25^ " A 7^ 115 2

50% " A 50% 120 2

50% " R 50% 120 7

5C% " G 50% 120 8

* see reference 22.

Test conditions are very important to this test which is illustra­

ted in the data of TableIII,by the 2nd and 3rd results, where tempera­

ture was varied. The fact that different antifreeze corrosion inhibitors 

have widely varying results when tested similarly, was interpreted as 

proof that chemical effects were occurring in addition to the mechanical 

effects of cavitation.

Ethylene glycol has a slight deleterious effect upon most metal 

and rubber; it attacks lead-tin solders 
a special cadmium-zinc solder^^^^.

so that it is necessary to use

Cavitation erosion/corrosion or pitting of the water side of 

water cooled engine can be reduced by such means as:

1. Adding corrosion inhibitor to the water.

2. Reducing the vibratory stresses in the affected area, e.g. by 

increasing cylinder liner wall thickness and reducing piston 

clearance. Vibratory stresses are very important in diesel 
(85) 

engines.'
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3a. Making components liable to damage, such as impeller and 

housing, of a more erosion resistant material.

3b. Coating the liner and impeller surface with a more erosion 

resistant material.

Many authors have presented data to show that the pressurisation 

of coolant systems can reduce the cavitation erosion rate in cylinder 
blocks^^^'^^'^^*^^^. It is important to mention that cavitation 

erosion in automotive water pumps is a combination of cavitation 

corrosion and erosion. It follows that the trend shown on Figure (28) 

where Sobbs showed that in vibratory cavitation the erosion rate 
(72) 

increased with square of pressure^ is not necessarily applicable 
(77) 

to automotive water pumps' Other ways of reducing pump cavitation 
(77) 

damage have been investigated' Small changes in design can often 

be helpful, as for example where a small change in the housing of the 

Ford Kent pump was claimed to give a 20^ increase in flow rate without 

cavitation.

Some automotive pumps currently in use resemble open impeller 

centrifugal pumps which are being successfully employed in the field of 

chemical and the process industries. The use of a single stage pump 

impeller running at speeds from 2^00 to 25,000 rev/min makes possible 
a large performance envelope^^^^ with a flat head/flow characteristic 

(80,87) is important in automotive water pumps. But the shape 

number tends to be lower for process pumps and their tangential conical 

diffuser may not be convenient for integral installations in the cylinder 

block. Also, the process pumps showed an output pressure which is very 

nearly related to (speed) and this is rather steep for automotive use.
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CSAPTER 7

BACKGEOUNP ON NON CAVITATIRG PERFORMARCB.

Non cULmensioTisil coefficienLs were need to plot the results

5-1

5—2

Power 5-3

' (T)*
5^4

where $ is discharge coefficient 

^ is head "

X is power "

n« is shape number 

P is impeller diameter 
Q is flow rate m^/s 

Y is specific energy J/kg

But it must be mentioned that when the non dimensional variables 

vary at cavitating conditions, a single parameter relationship ^ = f($) 

is not applicable and other parameters such as scale effect, Reynolds 

number, thermodynamic effect, surface roughness and turbulence effect 

are important at cavitating condition. So that these parameters can 

be added to the one parameter law, we must write

4 — -(Qs . ) 5-5

Experience in the N.S.A. has ^wn that car engines usually have 

resistance equivalent to that through a 1.9 - 2.5 cm diameter orifice, 

while the resistance for a large engine is usually equivalent to that 
through a 2.8 - 2.$ cm diameter orifice^^^^. So that the flow rate/ 

head loss characteristics of the coolant flow passages obeys the 

square law.
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CBAPTER VI

TIB TEST RIG

6.1 Planned Exoerimental Programoie and Test Rig Pesiei

There were two aims in the designing the test rig:

1. To measure the external characteristics of automotive water pumps 

at various speeds (I5OO - 65OO rpm), temperatures (15 - 130 C), 

top tank pressures and at various concentrations of antifreeze.

2. Look at the cavitation characteristics of automotive water pumps 

and study the flow distribution in the pump's housing.

To fulfil these two aims a closed test rig was designed to cope 

with our requirements. The pump circulates coolant through a closed 

piping loop which includes a pressurized vessel, thermostated heater 

and a cooling coil.

Experimental studies were performed using a closed circuit as 

shown in Fig. (31). The test pumps (three types from a R.K. manufact­

urer) are installed horizontally, Fig. (32), and were mounted on a 

specially designed square housing which is similar to the cylinder 

block end Fig. (33), except pump 'C which has a volute. A special 

machined face plate was designed for mounting this pump on the bracket 

Fig. (32a). These pumps can reasonably represent the available circu­

lating pumps which are in common use in ordinary cars when one considers 

that most water circulating pumps are now installed directly into the 

cylinder block. Later it had been hoped to test some of the truck 

water circulating pumps, since these are not only larger but nearer 

in geometry to conventional pumps.

The square housing has four 25 mm holes Fig. (34), which are 

connected to a plenum chamber Figs. (35,36). Four 12.5 m™ diameter 

bolts held the housing against the moveable vertical machined face of 
the bracket which had been designed by Saunders^ ^^, A 5-6 kw electric 

motor, coupled to an electro-magnetic induction coupling provides a 

variable speed drive between 0 and 24OO rpm. A plain spurs gear and
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pinion of mili steel step-np the speed after the coupling and provide 

a maxinmoi speed of 6800 rpa in the secondary shaft. Tnis shaft drives 

the pumps through a toothed belt with 1 to 1 ratio pulleys. The pump 

speed was measured by a magnetic pick-up from a 60-tooth wheel with 

read-out on a digital counter. The shaft torque was measured by using 

strain gauge type torque meter which is connected to a galvanometer 

via slip rings.

Fluid is supplied to the test pump through a long suction pipe 

with strainer, valves and one glass section which is installed upstream 

of the pump inlet Fig. (31). This pipe is set in a 230 litre capacity 

(Fig. 38) pressurized tank. The flowrate was measured by a 2$ mm stain­

less steel turbine type flow meter (in the delivery line) a design 

relatively insensitive to change in viscosity.

Pressures were measured at various points by using a six-way 

valve and a precision Pcurdon pressure gauge. Pressure in the system 

was controlled by using compressed air which is passed through a filter 

and precision regulator into a stainless steel bellows (23 cm. dia.) 

Fig. (37). An expansion tank was designed to collect the liquid expan­

sion; a 1-^" relief valve prevents the system pressure rising more than 

2.16 bar, gauge (30 psig). A pressurized system was used because it 

provides high boiling points and is in common use in car cooling systems. 

Pressurized systems for car cooling were selected by manufacturers 

because of their ability to work in various environments without having 

the problem of boiling.

Temperature was controlled by using one 3 kw immersed heater which 

is controlled by two thermostats and one small shell and tube heat 

exchanger. Temperatures were measured at suction, discharge, and at 

the main tank using thermistor probes. For more detailed information 

see Appendix I.

6.2 Test Rig Development

Galvanized water pipe with screwed joints was used for piping 

because of its low cost and its good resistance to corrosion. In the 

majority of joints 'Stag' was used as a sealing compound. Tri-sodium 
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phosphate was used as an inhibitor at the beginning of the experiment, 

it was found that Stag was soluble in tri-sodium phosphate solution, 

and there was noticeable leakage at the joints. Initially, there was 

no strainer in the system, but because of the seizure of the turbine 

flow meter which w?<. caused by some materials such as Stag, chalk and 

pieces of rust (which left the pressure cylinder body as a result of 

expansion and contraction at various temperatures and the cleaning 

effect of tri-sodium phosphate), it was decided to put in a 50 mm (2") 

standard cast iron strainer with stainless steel mesh. The corrosion 

inhibitor in the water was changed to 'Bryto Fluid' No.5. It was chosen 

becauseafibis a powerful corrosion inhibitor, although it is only 

recommended for grinding machine use.

A diaphragm valve was used at the discharge line to control the 

flowrate. At the beginning of the experiments a 25 mm (1") Warren 

Morrison diaphragm valve with Butyl rubber diaphragm had been used but 

this showed leakage at 90°C with ethylene-glycol/water mixture (allow­

able max. temp, was 120°C for El/W according to the manufacturers 

catalogue). It was decided to change the 25 mm diaphragm valve to a 

32 mm (1^") Saunders diaphragm valve with Viton material. This attempt 

was successful and it produced a lower resistance in the discharge line 

which is desirable. By using the 1-^" Saunders valve, it was realized 

that to have a good control on the floivrate was impossible especially 

at low flowrate. So it was decided to put two diaphragm valves in 

parallel. 1^" and 1" Warren Morrison diaphragm valves with PTFE dia­

phragms have been used which show no problems so far.

The suction line design has been changed because the previous 

design Fig. (31) shows the uncontrolled flow pattern (swirling flow) 

entering the inlet of the pumps. For having a better flow pattern, fluid 

was supplied through a suction ' box (this will allow us to use Hewlett, 

Packard quartz thermometer for accurate temperature measurement), a 

straightener and a glass section which is held by two PTFE bellows. 

Fig. (42).

0-100 PSIa absolute Statham pressure transducer was purchased to 

use with Scannivalve' \ This wrll allow a future researcher to 

measure pressure very accurately and to study pressure variation in 

the pump housing.
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The torqiie meter in shaft drive arrangement had been nsed for about

$ years before these experiments were

erratic readings and the repairing of

started. It soon began to give 

the torque meter took a consider­

able amonnt of time. See Appendix II for detailed work which was 

carried out.

Bearings in the drive shaft arrangement were redesigned because of 

high torque absorption of the old bearings. The old pre-packed grease 

bearings were replaced by new oil cooled bearings and the paij-ed thrust 

bearings at the end of the drive shaft were changed with one journal 

bearing. The new arrangement reduced torque absorption in the bearings 

by more than 50^; see Appendix III.

6.3 Test Procedure

At the beginning of the experiment, the galvanometer and other 

electronic equipment in the test rig were switched on, and oil level 

in the bearings was checked. Torque meter's calibration curve was 

occasionally checked statically by dead weight tester (each fortnight). 

Before any tests, the test rig must be run for about -g a,n hour for 

warming-up at 4000 rpm. (This time had been 1& hours before repairing 

the torque meter). The flowrate, pressure at discharge and suction, 

torque absorption and temperature were measured at constant speed while 

the top tank pressure was adjusted. This is a normal test procedure for 

plotting the head/flow curve at constant speed. Time for warming-up 

at a higher speed than the test speed is about one to two minutes, but 

when speed is reduced the time required for cooling the bearings and 

reaching a stable torque reading is about 5 minutes for a 500 rpm. 

reduction in speed. For testing the pump at cavitating condition, the 

inlet pressure was changed by adjusting two gate valves and a needle 

valve on the suction line, Fig. (31), then the results were processed 

by using a short computer programme which is displayed in Appendix T.
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CSAPTZR VII

RESOTTS Aim DISCUSSIONS, VON OAVITATING PLOW

7.1 Introcluction.

Tests were carried, out with four pump types (A, B and C), 

using water and $<4^ by weight of ethylene glycol water mixture,at 

various temperatures and pressures. Table IV shows the performance of 

the four pumps at their best efficiency points when E.o/W mixture was 

used as a fluid in the system.

Specification of Pumps Tested.Table IV.

pm.T
I S^edi

R.P.M
Q 

lit/min j/kg
Dia. of
Impeller

Shape 
No.

1 liquid : Tamp jPressure 
i Rise
i Bar

o.s.o 
A

5500 118.4 136.4 39.3^ 0.071 m 102
549( of 
EG/W 25.5 1 1.364

KENT 
B

5500 102.3 55 2/|$g 0.057 m 188
54^ of
EG/W 25 ' 0.55

o.n.c
5500 158.4 111.6 23^ 0.0715m 137

54^ of 
BG/W 28 1.116

ESSEX 
c

6000 13.18 113.3 26^ 0.06 m 135
549( of 
EG/W 23.5 1.133

^ Based on experimental results

Pump A is cast iron and B has a cast iron impeller with a cast 

aluminium housing which may increase the damage due to electrochemical 

effects. Pump C has a cast iron impeller with a cast aluminium volute. 

Recently the impeller of pump (A) has been changed to a new type of 

impeller manufactured from steel sheet S.A.E. 1008 14 gauge (1.89? mm) 

and the new arrangement termed type A.. This sheet metal impeller 

has sharp edges at the inlet and outlet which has a greater change of 

flow separation at the edges.
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Y.2 Non-Cavitatin^ Results on Pump B.

Tests were carried, out up to 65OO rpm, but a slight efficiency 

drop was measured at speeds above 55OO rpm. The efficiency value for 

this pump is doubtful because it was measured before final modifications 

were made to the torque meter (see Appendix II).

Pressure variation between a flowrate of 10 litre/min (correspond- 

ing to a closed thermostat in a oar) and 120 litre/minute (high flowrate, 

when thermostat is open) is about 0.3 bar at high speed (65OO rpm), 

which meets the objective for the automotive water pump from point of 

flat head/flow characteristic. This pressure range becomes smaller 

when the speed is reduced, Figs. (58,59). The head coefficients for the 

same discharge coefficient were greater at higher speeds, which shows 

the effect of Reynolds number due to velocity change, Fig. (60), 

Fig. (61) shows the effect of temperatures on non-dimensional head flow 

characteristic in pump B when the fluids were 54/46^ by weight of EC/W. 

There is no sign of cavitation in both fluids until 103°C with water and 

ethylene-glycol/water mixture, during the experiments with pump 'B). 

It is important to mention at lower temperature the head/flow character­

istic is unusual, as it is the same for water and ethylene-glycol/water 
mixture,(^^*^) in spite of the higher viscosity of 54/4^ by wei^t of 

EG/W which is about four times that of water at room temperature. The 

difference between the curves rises as the temperature in the system 

increases. It shows that in pump (B) temperature change reduces the 

friction losses due to surface roughness in the pump.

Y.3 Bon-Cavitating Results on Pump A

6500 rpm was the maximum speed at which tests were carried out 

with pump A. The efficiency drop was observed at speeds more than 

5500 rpm.

Fig. (62) shows the head flow curve for pump (A) in non-dimensional 

form at various speed and constant temperature (about 92°C), when the 

fluids were water and 54/4^ by weight EG/W. One can find a median 

curve for lower flowrate to a first degree of approximation, but the 

similarity law is not applicable at higher flowrates in cavitating con­

ditions. When increasing the speed at breakdown point Fig. (63), flow­
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rate ioes not change, i.e. NPSS, but it is influenced by increased 

temperature. It shows that at the low inlet head in the circulating 

pump of the car or at high altitude, there is a limit for flowrate 

which is controlled only by coolant temperature and altitude with the 

same geometry of the pump. This can be explained by considering the 

cavitating flow in the impeller eye at the low inlet head when there 

is low resistance in the discharge line. This effect is more pronounced 

when theylene-glycol/water mixture is used as a fluid in the system. 

The */(p curve moved towards the axis at high speed at cavitating 

condition, Fig. (62), and it must be mentioned that the cavitation 

numbers for 5^ head drop are the same in the case of water at 6^00 rpm 

and 6000 rpm. Cavitation number for 5^ head drop varies with speed in 

ethylene-glycol/water mixture, but in general has a much higher value 

than for water. Fig. (64) illustrates there are wide differences in 

*/^ curves at cavitating conditions at the same speed but varying 

temperatures. It is difficult to find any explanation for this range. 

The probable blockage in the impeller eye which was mentioned before 

occurred at a lower flowrate after increasing the temperature to 107^0. 

The bottom end of this curve is doubtful because of the lowNFSE at 

high temperature. There are three possible explanations for this effect:

1 - Two-phase flow in the flow meter because of the presence of 

vapour bubbles in the mixture when it passes through the flow meter. 

The possibility of the presence of vapour bubbles after discharge is a 

likely reason for this occurrence as the pressure in the middle of the 

square housing is below atmospheric pressure at this temperatures, 

(boiling point of 54^ of ethylene-glycol/water mixture at 1 bar absolute 

is about 110°C). This is more likely, as the flow meter measures the 

volumetric flow and the concentration of vapour bubbles dependent on 

the time (tests were started at point (A)).

2 - Cavitation in flow meter. This might occur when the flow is 

accelerated as it passes through the flow meter.

3 - There is a slight possibility that the ethylene-glycol/water 

mixture decomposes at high temperature which means a change in the 

concentration of the mixture in the cavitation region, i.e. the vapour 

pressure of the mixture increases. There are three important factors 

for the decomposition of ethylene-glycol/water mixture.
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a - The oxygen content of the coolant.

h - The temperature of the coolant and the temperature of the 

walls between which the coolant flows.

c - The presence of copper in the system.

Fig. (65) shows a power/flow curve in non-dimensional form. The 

effect of Reynolds number becomes important at low speed especially at 

low flowrate. Nominal rating of torque meter is 0 - 15 lb ft., 

(galvanometer has three scales 0 - 1.5, 0 - 5, 0 - 15 lb ft). 

The manufacturer claimed that the torque readings were within t 1^ of 

the true torque over the major part of each scale. The torque readings 

show that at high speed (more than 3000 rpm), when the Reynolds numbers 

are large, the similarity law is applicable. By assuming a mean power 

coefficient curve in Pig. (65) at high speeds, it was found that the 

torque readings were within ^ of the mean torque over the major part 

of 0 - 1.5 lb ft scale at low speed (I5OO rpm). But the torque reading 

at 1500 rpm shows about 40^ error on torque readings compared with the 

mean curve on Fig. (65) when there is no flowrate. This error decreases 
fK rec 

to 25^ at higher flowrate. There are twe reasons which could be put 

forward to explain these errors.

1 - The rating of the torque meter is 0 - 15 lb ft and at low 

speed (1500 rpm) the maximum torque reading was 0.2 lb ft which shows 

that the torque meter was working at a relatively very low strain. 

This could explain the error in torque reading. This error has been 

reduced by using a pair of final drive pulleys with a (2:l) higher 

speed ratio for driving the pump.

2 - Reynolds number effect should also be considered at low speed 

(1500 rpm) and low flowrate when the Reynolds number is small. It is 

about four times smaller than at 6OOO rpm (R = - — and R = ^). 

Because of the effect of Reynolds number it is almost unacceptable to 

use the derived mean power coefficient curve for low speeds.

3 - Power absorbed in the pump's seal at low speed might be quite 

large compared with the power absorbed by pumping the coolant plus 

power absorbed in seal (see section 7.5).
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Fig. (66) shows the effect of external pressure in increasing 

the flowrate, when the pump is initially working uncLer cavitating 

conditions. By changing the inlet condition, which means raising the 

pressure inside the tank hy forcing the air pressure into the bellows 

or by reducing the KPSE by closing the inlet valves, flowrate is 

increased or reduced as shown in Fig. (66). It shows that pressurization 

can suppress the presence of cavity bubbles, i.e. give more flowrate 

in the system, but it does not mean less cavitation damage. By con­

sidering two fluids (water and 5^ by weight of ethylene-glycol in 

water) at the same temperature and in cavitating condition (point 0 

on the graph Fig. 66), we can approximately say

0^ = 154 lit/min

0^^ = 159.1 lit/min

BFSE^ = 74 j/kg

RFSB^^ = 60 j/kg

By assuming that we need 170 lit/min of fluid, the required KPSE 

is equal to

NPSE^ = 89.5 J/kg

NPSSg^ = 69 J/kg

The NPSE figures show that in order to reach the proper flowrate 

by increasing the KPSE, the system must be pressurized by 15.5 J/kg 

(1.58 m head) in water and 9 J/kg (0.92 m head) in the 54/4^ EG/W. 

In a pressurized system less KPSE was necessary for the EG/W than 

water, i.e. less top tank pressure. There is a sealing problem at 

high top radiator tank pressure at high temperature in car. Figure 

(67) shows the effect of NPSE change at complete breakdown. It demon­

strates that for the pump to be working under non-cavitating oonditbns 

at 10l°G, the top tank pressure must be raised to increase the KPSE 

by about 100 J/kg (about 9.8 m head). The more or less horizontal 

line in Fig. (67) when NPSE reduces by closing the valve in suction 

line, can be explained, by considering that, the pressure drop in the 

system is changed by closing the suction valve. But, by increasing 

the top tank pressure at breakdown energy lost in the system is depend­

ent on the flow rate only, i.e. breakdown point moves on the energy 

lost/flowrate curve in the system towards the head/flow curve of the 

pump at non cavitating condition.
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7.4 Non-Cavitatins Results on pump A.^

As one can see from the Table IV<the efficiency dropped, consider­

ably after changing' the impeller, but the flovirate at best efficiency 

point was increased. This is because the flow passage is much bigger 

than for the previous impeller. Fig. (68-69) show the dimensional and 

non-dimensional characteristics of pump A^. Pump was tested at about 

25°C when the top tank press-ure was opened to atmosphere, the starting 

of cavitation was observed at 65OO rpm. By comparing the head flow 

characteristics of the two pumps at room temperature, the steeper 

head/flow curve for pump A^ was observed v/hich is not desirable 

(Fig. 80-A) .

For more investigation on pump A^ the pressures in the middle of 

the discharge housing for various flowrates and speeds were measured 

Fig. (41). The results vfere plotted in Fig. (7.0) which shows a maximum 

at an intermediate flowrate. The pressure falls considerably on either 

side of the maximum when the top tank pressure is constant. It is very 

difficult to predict any explanation for this without having the press­

ure readings in other points of the housing, and vras not possible to 

meas-'ure them during the test. At constant pump inJLet pressure the 

maximum in the intermediate flowrate still exists, but the fall in the 

high flowrate is much less than when there were constant top tank 

pressures (Fig. (70). It is hoped to study the pressure and velocity 

distribution of the housing by employing a Scanivalve and absolute 

pressure transducer in the future. At this stage the following explan­

ation may be advanced.

The housing and the back plate of impeller could be considered as 

a rotating disk in a large clearance housing. Mov^ considering the 

three cases of low, medium and high throughflow in the system.

1 - Ko throughflow at shut-off valve

By employing the ITavier-Stokes eauation for t-'jrbulent flow near 

the rotating disk with a constant angular velocity (w) in an open tank, 

and a surface which flow rotates at a large distance from the surface 
with the same angular constant velocity (w).^^^^ At the neighbourhood 

of a disk a layer of fluid is carried by ths disk because of viscous 
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forces and the centrifugal forces in the thin layer give rise to 

secondary flow which is directed radially outward. The outward flow 

is compensated by particles which flow in an axial direction towards 

the disk centre. At the neighbourhood of plate, in which the fluid 

rotates over the wall, there is a similar effect but its sign is 

reversed, Fig. (71a). At no throughflow the velocity in the housing 

increases and there is high axial velocity near the middle of the 

housing which reduces the pressure at that point. Because of this 

circulation the temperature rise in the square housing was observed, 

see Fig. (96). on paint spot tests.

2 - Medium throughflow at the discharge.

By opening the discharge valve the fluid in the housings flows 

from the housing and so it reduces the velocity and temperature rise 

in the secondary flow between the housing and the rotating disk and 

the fluid which is carried out by the disk is compensated by fresh fluid 

in the housing, Fig. (71b).

3 - High throughflow.

When the discharge valve is completely open all the flowrate 

which pumped by impeller escapes from four passages in the housing. 

There might be two points for the reduction in pressure at the middle 

of housing. Firstly because the pressure at the discharge falls at high 

flowrate (Fig. 68), secondly, the author thinks that there might be a 

sort of closed secondary flow between the housing and the disk which 

may create a vapour cavity between the disk and plate. Figs (71c and 

97).

It is hoped that a protruding cylindrical surface will be installed 

in the housing, Fig, (72), which can reduce the distance between the 

impeller and housing. (This brings the square housing design, the 

protuberance simulates the side of the front cylinder). By using the 

new design and measuring the velocity distribution in the housing and 

the effect of this change on the performance might lead to a better 

velocity distribution in the cylinder block and better performance of 

the pump itself.
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7.5 ITon-Cavitatin^ Results on Pump C

Fig. (73) shows the head/flow characteristics at non-cavitating 

conditions. The head, flow curve is quite steep compared with other 

pumps. Fig. (8O-A). It has to he mentioned that the pressure rise in 

pump C for same flowrate and speed when water circulates in the system 

is less than for 54/4^^ F.G/W, Fig. (74). This is rather interesting 

as for high viscosity, the head should he higher than that for low 

viscosity liquid^ This might he because of increase of viscosity 

suppresses the relative circulation within the impeller channel, i.e. 

more head generation at pump outlet (density of E.G/W is 7^ higher 

than that for water at 20°C). Falling pressure head at high flowrate 

is because of Tosses in inlet head.

Fig. (75) shows the non-dimensional head flow characteristic at 

various speeds. The difference between ^/^ curves for various speeds 

shows the Reynolds number effect. Fig. (76) illustrates the dimension­

less head flow curve at various temperatures at 65OO rpm.

Fig. (77) shows the non-dimensional power/flow characteristics at 

various speeds for pump (C). The difference between curves is more 

pronounced than pump A. This figure indicated that something was 

probably going wrong in the system. On removal of the pump, it was 

realized that impeller was touching the case in some parts. Fig. (78), 

The size of groove in the case was about 80 micron deep. It was decided 

to machine the back surface of the pump about 80 microns. The results 

showed improvements (see Fig. 77) hut there are differences on the X /^ 

curves. The torque reductions at various flow rates for the same speed 

are almost the same. Table V.

Table V. Torque absorption before modification (b.m) and after 

modification (a.m).

SPEKU cp
Torque absorption lb.ft.

M.-M b ab .m a.m

6500 0.0 1.90 0.96 0.29000

6500 0.04 1.41 1.19 0.22

1500 0.0 0.25 0.14 0.11

1500 0.04 0.27 0.16 0.11
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The new modification does not change the head/flow carves Fig.

(79), hat it increased the efficiency (see Table (71).

Efficiency Point.

Table 71. Efficiency Increase After Modification at the Best

SPEED

Flow 
6, 11

rate 
t/min

Specific Temp
Energy Y J/kg

b.m. a.m. h.m. $ b.m. a.m. b.m. a.m.

7000 149.6 145.1 161.5 161.7 17.0 18.7 25 25

5000 96.1 113 89.5 77 24.2 27.2 23 27.5

1500 34.1 33.2 5.0 7.0 5 12.4 22.5 27.5

The non dimensional power/floy curves are rather flat, by comparing 

them withX/^i .carves for pump A, Fig. (77). This might be becaase of 

high mechanical torqae absorption in the pump's sealing. In that case 

the fo^^ absorption in the pump is more dependent on the losses in 

the seal than in handling fluid itself (this is very important at low 

speed). Torqae absorption in the hearing was measured by running the 

impeller in the air. TableTlI shows the amount of torque absorption 

in the pump seal (considering $6^ efficiency for tooth belt).

Table 7II Torqae Absorption in the Pump's Seal

Torque absorption Torque absorption in
in pump when the pump's seal when When pump runn-
^ = 0 Ih-ft pump running at air Ih-ft ing at air

1500 0.17 0.085 1.3481

3000 0.28 0.104 0.4195

4000 0.53 0.098 0.2196

The tests were performed very quickly and give just a rough idea 

about why the similarity law is not applicable at low speeds in small 

pumps. It was impossible to do tests at high speeds as there is 

problem of failure of pump bearings and seal due to lack of cooling . 

when running in the air.

For more investigation the static pressure at different points 

of volute of pump C were measured. The effect of cavitation on the 
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the pressTjire at the beginning of volute is more pronounced..-than the 

pressure at the discharge passage. The static pressure at the beginning 

of volute is about 33^ of that at non cavitating condition. Pressure 

distributions in the middle of volute casing are almost parallel at 

different flow rates, Fig. (80).

7.6 Comparing the Non Cavitating Results of Different Tested Pumps

By comparing pumps A, A.^, B and C, it is obvious that pump C hag 

the steepest head/flow characteristic and pump B has the flattest one 

between the tested pumps, Fig. (80-B).

There are three important factors which can change the shape of

head/flow character!stic
(101)

1 - Width of the impeller.

2 - impeller vane angle.

3 - number of impeller vanes.

Higher width of the impeller causes a flatter head/flow character­

istic. Also radial or spokelike vane can produce a flat ^/tp character­

istic. Reducing the number of the inpeller vanes gives the steeper 
head/flow characteristic^101)^ Unfortunately ^t was not possible to 

compare four tested pumps with each other because of different diameter 

of impellers. But in the case of pumps A and A.^, pump A has a wider 

impeller than pump A.^.

Also it is important to mention that for the same flow coefficient 

at the same speed flow rates are different in the tested pumps, i.e. press­

ure drop from reservoir to the impeller eyes is different. Table VIII . 

shows the pressure drop at the impeller eye in respect to pump B (it 

has the flattest ^/tp curves).

Table VIII Pressure Drop at the Impeller Eye in Relation to Pump B 

for cp constant.

Pump Dia. of 

impeller

Dia. of 

impeller eye

Q 
flow rate

Ah .4rk

A

Ai
B 
C

71 mm

71.5 mm

57 mm
60 mm

40 mm

55 mm
41.2 mm
36.5 nun

1.93 QB

1.97 Qs
^B

4^20 Ah-

1.80 Ahy 

^^B
1'9 Ahg
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This shows that at the same flow coefficient pressure drop at 

the Impeller eye is higher for pumps A, A. and 0 than pump B. As flow 

coefficient increases this inlet line pressure drop increases, i.e. 

less head produced at the discharge for pump A, A. and C in respect 

to the normal head rise (steepening the head/flow curve as compared 

with testing at a constant pump inlet pressure).

Low efficiencies in four tested pumps more or less are due to 

poor inlet conditions to the pumps. In the case of pump A, A^ and B 

fluid enters the pump from one side of the pumps perpendicular to the 

shafts. This arrangement causes a high preswirling. In pump C, there 

is a sharp bend which produces a poor distribution,also there is a hole 

(3.2 mm dia.) between suction line and high pressure region (it is used 

for air bleeding of the pump). This pressure difference causes an 

unequal pressure distribution in the suction line, this might produce 

cavitation in the i^i^cmTgo line because of high pressure at suction 
line.

Fig. (94) shows the efficiency of different tested pumps at 65OO 

rpm. A maximum efficiency of 37.5^ was recorded for pump A. With pump A^ 

the efficiency dropped considerably, this might be because of the vanes 

of the impeller which have sharp edges. After a Modification to pump A, 

the efficiency improved by about 2^. The low efficiency figure in pump 

C is due to the bad entry condition and the internal circulation of the 

fluid in the system. See section 7.7 on paint spot tests.

7.7 Paint Spot Tests

To investigate further the flow distribution within the housing 

of pump C, it was decided to do some tests by using the paint spot tech­

nique, although concluding anything from these tests is far from indica­

ting the complete flow distribution because it just gives the flow 

distribution near the wall. Tests showed that in pump C, there is flow 

from the high pressure region to the low pressure region between the 

impeller face and the inlet casing, Fig. (95). This inward flow near 

the wall of the casing and impeller is increased at the oavitating con­

dition, Fig. (95), and when pump is running at low speeds. Fig. (95), 

there is also inward flow near the discharge in the volute. The author 
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thinks that by controlling the axial clearance between the impeller 

ani the inlet casing, designing the air bleeding hgle to reduce the 

disturbance inthe suction line to a minimum and removing the sharp 

bend in the suction entry near the impeller eye can improve the effic­

iency of pump C without altering the geometry of the impeller itself.

A paint spot test on the housing of pump A. shows that near the 

walls of the housing there is a high radial inward flow, both with no 

throughflow and also high throughflow, Figs. ($6-97). This evidence 

cannot be used directly to find the flow distribution in the housing 

away from the wall, but the author thinks that the flow distribution 

in the housing is probably more like Fig. (71). It is also interesting 
to mention that the ratio of o2itv^^^ ^^^^ there is no

throughflow is higher than that at high throughflow. This does not mean 

that the radial velocity is lower than that in high throughflow since 

the tangential velocity may be higher as the stream lines only show 

the ratio of the two velocities.
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CEAP-TER VIII

RESULTS AEL DISCUSSION. CAVITATINC CONDITION

8.1 CavitatinR Results on Pump A

Figs. (81 & 82) show the cavitating characteristics of pump (A) at 

various temperatures in dimensional and non-dimensional forms. Tempera- 

ture effect is not very important in cavitation behaviour of pump A as 

far as tests were carried, out with EG/W and assuming that to i.al errors 

in NPSE are -4j/kg, (see Appendix IV). Because of the lack of informa­

tion on the physical property of the ethylene-glycol, the cooling effect 

due to vaporization of ethylene-glycol at a cavity boundary, cannot be 
calculated, so that the correction factor which was presented by Pumess^^ 

was not applied to find a cavity pressure. By comparing other results 
(when the fluids were water) from Stepanoff* s^^^^ and Chivers^ '^^^ results 

Figs. (24,83) with the results of the ethylene-glyool/water mixture, the 

following points were observed.

1 - NPSE variation as a result of temperature change in the 

ethylene-glyool/water mixture, is less than the NPSE change in water. 

The reason for this is higher density and viscosity and less vapour . 

pressure; as a result the cooling effect is not as great as.for water. 

As shown in 4.5, thermal diffusion could not play a strong rule in the 

case of E.G/W mixture, but it might be important for pumping petroleum 

products.

2 - Other authors^^^"^^^^ show that in water as the temperature 

increases, NPSE reduces, but in E.G/W by increasing the temperature there 

was an NPSE increase upto a temperature of $3 C but with a further 

temperature rise NPSE reduced again. This cannot be explained now as 

accurate tests will be necessary which were not possible with the test 

rig when the tests were carried out.

3 - The fall in vapour pressure due to vaporization for 54/46^ 

E.G/W mixture was calculated by using equation 4.2?. The calculated 

values show that cooling effect in 54/46^ E.G/W mixture is about half 

the value of that for waterat the same temperature.
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An attempt was made to calculate the cavitation performance for 

E.G/W at 93°G and 102°C by using two sets of (F.E.) available data at 

22°0 and 92°C for E.o/W but this was unsuccessful as KPSE/temp. curve 

is not similar to classical theory as used in Ref. 58 where ITPSE falls 

by temperature increase. This might be because of presence of dissolved 

gases in the system as one can see in Equation 4^8. The same sort of 

increment was observed by Bammit in mercury.

Values of ANPSE as a function of the thermal cavitation parameter 

are plotted in Eig. (84), which also shows the average curve for the 

pure fluid from Ref. (5I). The data for E.G/W do not agree with the 

pure fluid data. This is rather interesting when one considers that 

published data for the cavitation behaviour of fluids with higher density 
( 59) 

than water is rare except some work' which has been done on mercury. 

The modulus of ANPSE was used in Fig. (84) because with the E.G/W, there 

were NFSE increases due to rise in temperature. At the same temperature 

the cavitation number is higher for 54/48 E.G/W than water, based on a 

5^ head drop at the same speed, Fig. (85). The cavitation in 54/48 E.G/W 

takes place at higher NFSE and lower flowrate than water in automotive 

cooling pumps at same coolant temperature. The increase in cavitation 

nunber as a result of temperature rise in water for the tests on pump A 
is not the same as other published data^^^ 102/. ^gg head drop 

when the fluid was water at 6OOO rpm shows that there is slight decrease 

in RFSE when the temperature rises from about 25°C up to 93°C. It shows 

that there might be speed effects on cavitation number, which at high 

speed increase the RPSE at high temperature. It is hoped that more 

tests will be carried out by others in the future on the cavitation 

characteristics of water and various concentrations of the E.G/^ at 

various temperatures and speeds in order to obtain a clear picture.

8.2 Oavitating Results on Rump R.

After 60 hours running at cavitating and non-cavitating condition 

with water and 54/48^ by wei^t of E.G/W in pump B, we observed a layer 

of spongy material deposited on the surface of aluminium housing. The 

deposit which was analysed by micro probe analyser showed that the more 

than 50^ deposit is copper, and the other major materials were Si, Fe, Al, 

Ca with almost equal concentrations. Also there were small amounts of 
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zinc ani copper. It can be said, that copper deposit comes from a brass 

pipe in the suction line just upstream of pump inlet (due to de­

zincification); that is, the brass is carried away in the solution. 
Collins^^^^ observed that some copper was deposited on any ezposed. alum­

inium and ferrous metals in the vicinity of brass. In our experiment 

copper was deposited in the aluminium housing near the brass tube in 

the pump. Cavitation pittings were found in the housing near the suction 
line, Fig. (86). Collins^ ^^^ also mentioned that copper deposited on 

the aluminium surface may stimulate the cavitation pitting which was 

observed in our experiments. It can be said that other deposits such 

as Si, Zn, Fe, Al, Ca, Cl deposited on the surface of aluminium housings 

due to electro-chemical effect.

8.3 Cavitating Results on Pump C

Figs. (8? end 88) Illustrated the cavitation characteristic of 

pump C at various temperatures in dimensional and non-dimensional forms 

when fluid was water. Py considering the error in measuring NPSE the 

NPSE increases due to temperature increases are within the error's limit 

(- 4 J/kg see Appendix V). Figs. (89-90) show the cavitation character­

istic with 54/4^ E.O/W at various temperatures at 6500 rpm in dimen­

sional and dimensionless form.

The cavity pressure depression for 9^ energy loss by using 

Equations (4-2?, 4-30 and 4-31) for water and 54/4^ E.C/W mixture in 

pump C were calculated, with the results at 28°C and 86°C used as

reference data. The results were plotted in Fig. (91). The calculated 

values for the cavity pressure depression are not in agreement with 
experimental data by assuming Furness^^^^ hypothesis (one ^/(NPSE)_ 

curve at different temperature. For cavitation characteristic of pump 

(KPSE)^ = (p - p^ - p^ + Ai\,.) — for water and 54/4^ E.o/w mixture. 

There is a maximum for the experimental value for cavity pressure

depression in 54/4^ E.O/W mixture and a minimum in the case of water.

MaximumNPSE at 70°C

differing amount of air in

is almost straight line in

in water might be because of the presence of 

the system, Fig. (92). KPSE vs. temperature 

case of E.o/w at 5^ head drop. Pig. (92)

shows that 54/4^ E.O/W has a better cavitation characteristic at cold
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condition but at high temperature water has a better cavitation behaviour. 

This is because at cold, condition higher viscosity of E.G/W causes more 

resistance which can suppress the cavitation appearance but at high 

temperature vapour pressure is important part at cavitating condition.

By comparing the two pumps A and 0 it is possible to see that at 

the same flow rate (not at the same (p) and. same speed., KPSE was higher 

at 5^, head, drop for pump (C) than for pump (A), but at breakdown the 

NPSE was higher in pump A than pump C. Better cavitation breakdown at 

5^ head drop in pump A is due to bigger diameter of impeller eye, i.e. 

less pressure drop at the same flow rate. Less NPSE at breakdown for 

pump C means that pump C is capable to work at cavitating condition 

better than pump A. The author thinks this is because of the connection 

hole between discharge and suction (high pressure and low pressure 

region) which can increase the pressure at the impeller eye when the 

pressure in the suction line is quite low. Also pre swirling in pump A 

is higher than pump C because of different inlet geometry of two pumps. 

In case of water the pump breakdown did not happen at all. Cavitation 

damage was observed in the tongue of aluminium volute casing.

The value of |ANPSE|

E.C/W mixture

as a function of thermal cavitation parameter 

plotted in Fig. ($3). The data for 54/4^

and water do not agree with the pure fluid data from

ref. (51). The author thinks the different geometry of tested pumps

with pumps tested by others is the main reason of the disagreement 

between F.E. results and results published at Ref. (51).
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CHAPTER IX

CONCLUSIONS

1 - From the pumps tested, pump L showed, itself to have a flatter 

head flow characteristic than the other pumps.

2 - Similarity law is not applicable to the pump, types tested at 

low speed for X /^ as the power absorption in the bearings and seal 

is quite' high,

3 - Corrosion damage due to electro-chemical effect becomes 

important in a pump made of differing types of material.

4 - The pressurization of the closed system can increase the flow 

rate in automotive cooling system especially at high temperature, but 

at some value of external pressure (which is dependent on the tempera­

ture and geometry of cooling system) the flow rate and head rise reaches to 

a plateau.

5 - The low efficiencies in the pumps tested, show that an 

improvement in efficiency is very important, since for example, there 

is about 1.5 kw (2 HP) power absorption in the pump C at high speed 

and high throughflow (about ^^ in 75 kw engine).TasT* 3Kaw That ^y 
nimfy^Aye*«»aT»T {%., bAa*""^A 6a««^fi. it ,s pataiblt, I* ii^icrgas* 6^ficft*.c^ 
CaM«#«ier»k%y (gag-taWg )Z]E)

6 - Local cooling effect due to vaporization is less important 

in E.C/W than water. This can be accounted for as a result of higher 

viscosity of E.c/W which could suppress the growth of bubble,and lower 

thermal conductivity of 54/46^ E.G/W at high temperature. (The variation 

of thermal diffusion is negligible at different temperature).

7 - The calculation of thermal cavitation parameter (s) ^ows 

that the B parameter for E.G/W is greater than water at the same temper­

ature, but the thermal cavitation parameter's value for 54/46^ by weight 

of E.G/W is more like water than glycol.

(51)
8 - The thermal cavitation parameter as derived by Spraker' 

to hydrocarbon mixtures with density lower tnan water. It seems more 

tests will be necessary with polar fluids with a higher density than 
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water for further conclusions about its more general applicability.

9 - More results will benecessary to predict fully the ethylene- 

glycol/water mixture's cavitation behaviour as a coolant in automotive 

cooling systems. (The results have shown that the possibility of 

cavitation by using ethylene glycol/water mixture is higher than pure 

water in pump A, but in pump C E.G/W mixture showed a better behaviour 

than water at low temperature).

10 - 54/4^ E.o/W mixture produces higher specific energy at the 

same flow rate. (This might be because of-higher viscosity of E.O/W 

suppressing the internal circulation within the region between two 

blades.)
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CHAPTZR X

FOTJRE TK)BK

Becaij.se of high production of the automotive oar pumps (10^ + in 

IT.E. only) the total amount of money involved, in production is high 

(the average purchase price of a pump for an ordinary passenger car is 

about f5). The rather low performance shows that a slight increase in 

efficiency can save appreciable power absorption (about 2 kw at high 

flow rate) in the cooling system. The reduction in cost of manufactur­

ing by making the pump simpler could save a large amount of money 

without further lowering the performance of the pump. The efficiency 

of the automotive water pumps tested is low when comparing with other 

centrifugal pumps. As a result of the author's programme, further work 

must be carried out on the following topics.

1 - More types of automotive pumps currently in use must be tested 

in various concentrations of E.G/W and water. During the experiments, 

temperature and speed must be varied in a controlled manner.

2 - One must change the impeller discliarge cavity geometry end 

find the best type of impeller for the housing by considering the capital 

cost and durability as well as efficiency.

3 - Examine the plastic type of impeller of the automotive water 

pump and investigate the cavitation pitting of plastic.

4 - To find out the velocity profile in the discharge cavity 

(which simulates the cylinder block) by using a pitot-cylinder or laser 

beam. This velocity profile is going to help to see if there is any 

possibility to have better distribution of fluid in the cylinder block 

entry.

5 - To investigate the cavitation behaviour of the automotive water 

pump in various conditions. Accurate measurement of NPSE, temperature^ 

flowrate and density will be necessary to predict the cavitation 

behaviour of E.G/W. This might help to find any possible predictive 

Becaij.se
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relationship for cavitation behaviour of E.o/W. density measurement 

will be necessary, as it shows the possible change of concentration of 

E.O/W due to decomposition.

6 - It will be necessary to test similar pumps in order to assess 

changes in behaviour produced by geometric variation in mass produced 

items.

7 - Test some pump designs from truck engines,since these are 

not only larger, but nearer in geometry to conventional pumps.

8 - The amount of soluble gas in the system must be controlled 

and measured after each test.

$ - Compare the laboratory test results with actual engine.
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APPENDIX I

INSTR.DMENTATION AND TEST RIG DETAILS

A-1-1 Drive Shaft Arrangement

A $.6 kw electric motor, coupled to an electro induction coupling 

provides a variable speed. A plain step-up spur gear, the wheel made 

from "Tufnol" and the pinion of mild steel connect it to the torque 

meter drive shaft. This shaft drives the pump through a pair of 

(3.581" dia.) i" stock pulleys and toothed belt; this avoids any 

problems of belt slip. For high speed (10.000 rpm) it is possible to 

change the pulleys and install a new pair of pulleys (with speed ratio 

of 2:1) and mounting the bigger pulley on the drive shaft, and by 

installing the smaller pulley on the pump shaft, it is possible to 

increase the torque indicating value which is useful when the torque 

value is very small. This low torque causes error in the reading 

specially at low speed. Because of safety reasons a sheet metal housing 

has been installed around the pulleys. Also a wooden box was designed 

to reduce the level of sound from the spur gears. This was completely 

successful and at all speeds the noise near the gears (working place) 

reduced considerably.

The speed in the secondary shaft is measured by means of ^' wide 

wheel on the shaft which has 60 teeth machined on its periphery. A 

magnetic impulse pick-up is mounted near this, and connected to a 

digital counter (Racal SA. 535) set to read cycles per second, thus 

directly indicating revolutions per minutes. (Now, A.M.F. digital 

counter Model 7734) «

This mild steel shaft and. wheel are supported by two oil cooled 

journal bearsing with a shielf on one side (Appendix III). The final 

drive shaft is stainless steel and mounted on two journal bearings. 

Torque transducer is axially mounted between the two shafts with two 

flexible couplings. Flexible couplings protect the torque meter from 

any bending load caused by vibration and misalignment.
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A-1-2 Pressure and. Expansion Tank

A 46 cm. diameter piece of an old ^" plate duct was used for making 

a 230 litre capacity pressurized vessel.' It was impossible to use a 

standard flange for this cylinder, because it is not a complete circle. 

So two 25 mm thick mild steel plates were designed for the bottom and 

top end of the cylinder. Three holes were drilled at the bottom end; one 

of them is 2^" BSP for heater installation. There are two holes on the 

top end, see Fig. (38,48). 1^" BSP tapping was used for installing the 

relief valve.

Two mild steel half rings Fig. (36) (43.5 cm. outside diam. 25.4 cm. 

inside dia. and 25 mm. thickness) which are overlap jointed, were designed 

to bolt to the top end with 16 bolts (^" dia.). Neoprene rubber (34. 

cm. dia.) was used for sealing the bottom of the half rings to the end 

plate. Stainless steel bellows (23.5 cm. dia.) with two 12.5 mm mild 

steel end flanges suspended with 8 bolts (g" dia.) to the half rings, 

which sealed the bottom of the top bellows' flange recess by a neoprene 

rubber O-ring (26 cm. dia.) Fig. (37). Two half rings were sealed by 

two pieces of brown paper gasket and Stag sealant, in overlap jointing 

position.

Two tee bars were welded inside the tank to prevent over-deflection 

of the bellows, when the pressure inside the tank is reduced for any 

reason. The tank was installed on 3 legs (3" dia. pipe and 30 cm. 

length), three mild steel plates were welded to the 3" pipes for dis­

tributing the weight of the tank. The pressure tank was tested 

successfully at 4 bar gauge (60 psig) with cold water.

A I9 litre expansion tank was designed for collecting the liquid 

expansion at high temperature, which is shown in Fig. (39) and Fig. (48), 

It has a sight glass which shows the level of the liquid on the expansion 

tank. There is Ig" pipe inside the expansion tank which is connected to 

the relief valve. It prevents any water or steam flush at high temper­

ature through the vent pipe. The expansion tank was installed at the 

top of the vessel and it can be used as an expansion and make-up tank for 

experiments.
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The rig pressure is controlled pneumatically by using compressed 

air fed in at the top end of the bellows, giving an operating pressure 

range of an approximately 1 to 3 har absolute (1$ to 45 psia). Com­

pressed air flows through a filter and a micro air regulator. Relief 

valve at the top of the pressure tank is set at 3 bar absolute.

4-1-3 Valves and Piping

Galvanized pipe with screwed joints were used for piping, dia­

phragm valves were used at the pump outlet and where the pressure is 

above atmospheric, see Fig. (31). Gate valves and needle valves were 

chosen for suction line, because at low pressure, the diaphragm of the 

valve fluttered. Fluid flows in the suction line through a 2" cast 

iron strainer with stainless steel mesh. There is a glass section at 

the suction line near the pump's inlet to allow observation for gas 

bubbles. Because of difference in expansion between glass and galvanized 

piping and to provide an easy way of changing the pump from housing, 

steam hose connections were used. Now the steam hoses are changed with 

2 PTFE bellows.

Because of lack of money, sundry types of insulation were used 

to reduce the heat release from the system.

A-1-4 Flow Measurement

A 25 mm. dia. stainless steel commercial turbine type flow meter 

situated in the pump outlet line measures the flowrate, this meter has 

been chosen because of its low sensitivity to large changes in viscosity 

between hot water and cold EG/W. A magnetic pick-up is used for sensing 

the speed of rotation. Calibration test with digital counter showed - 

1^ was sufficient between flowrate of 25 litres per minute and 300 litres 

per minute without any error on the reading of the digital counter. So 

it is necessary to correct the flowrate for lower flowrate than 25 lit/ 

min. The flow meter was installed vertically. A special reducer cone 

was designed to reduce the diameter of the main piping line from 32 mm 

to 25 mm dia. at a reduction angle of 15°. This cone, straightener 

and a 45 cm. long 25 mm stainless steel straight pipe were installed 

upstream of the flow meter in the vertical line in that order Fig. (31). 

The signal from the pick-up is fed to the digital counter with - 0.1% 
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accuracy, ^n adjustable time base may be varied from 1 to 10 seconds 

in stages of milliseconds, and this provides readings in any desired 

units. In our case it is set to read litres per minute directly.

Fig. (40) shows calibration curve for 2$ mm flow meter. Flowrate 

less than 25 lit/min was calculated from an empirical equation which was 

developed by Tan^ ' Calibration tests were carried out with a 
test rig in the University which - 0.1^ accuracy is claimed.^^^^ The 

flow meter was installed in the calibration rig in a vertical position 

with the cone, straightener and straight pipe.

A-1-5 Pressure Measurement

Pressure measurement was carried out via one six-way valve to a 

precision (absolute pressure) Bourdon tube gauge (range $ - 6.9 bar 

absolute or O.IOO psia). Static pressure was measured at various points 

such as inlet and outlet of the pump and at the housing. Normally 

whatever test is in progress, it is necessary to measure several 

pressures, such as pressure at inlet, outlet, and some pressure reading 

from the housing. Actually, there are 1$ pressure tap holes in the 

housing for studying pressure distribution inside. Six of them are at 

the corner of four flow passages and others are located in cross line as 

shown in Fig, (41). These pressure holes were connected by ^" copper 

tubes which were brazed to the housing and are connected to the six-way 

valve by plastic tube. When unused they are blanked off.

Pressure in the reservoir and bellows are measured by two 10 cm. 

dia. commercial class pressure gauges (range 0 - 4 bar). They were 

calibrated by the dead-weight gauge tester. The precision Bourdon tube 

gauge (made by Wallace & Tiernan) appeared to be as accurate as the 

dead-weight tests.

A-1-6 Temperature ^Measurement

A multi-way indicator with thermistor temperature probes made by 

Zeal Ltd. was used to measure temuerature (range 10 to 150°C) which 

Howard used previously. Temperature was measured at four points, 

inlet and outlet of the pump, main reservoir and ambient temperature. 
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There is an accuracy of - 0.25°C at the reading device. The combination 

of temperature and pressure measurement at pump inlet enables one to 

find the net positive suction energy(NPSE).

Experiments showed that there is a temperature rise between suction 

and discbarge, this difference increases when the resistance in the 

system increases (low efficiency).

A-1-7 Heating, Cooling, Thermostat

three kw domestic heater was installed at the bottom of the tank, 

there were two thermostats which control temperature from 25°C to 170°C. 

An ordinary domestic thermostat which is sufficient to control the 

temperature range from 25°C to 93°C was installed at the centre of the 

heater. Another one was installed at 25 cm. from the bottom of the tank. 

It controls temperatures from 7C°C to 170°C. This thermostat has a 

stainless steel protector sleeve which avoids corrosion problems.

A control panel was designed to control the heater with these 

thermostats. There is a switch for selecting the appropriate thermostat. 

The accuracy of thermostats is about t 3°C,

There is a small shell and tube heat exchanger which is cooled by 

City water. This (borrowed) heat exchanger was chosen because, by using 

it, it was easier to select a constant temperature. Heat transfer in 

the heat exchanger was controlled by using two hand operated valves 

Fig. (31). There is some difficulty in maintaining constant temperature 

because everything is hand operated, but during a long experiment (about 

3 hours) it was possible to have a constant temperature within - 2°C 

at the suction line.



76

APPgfDIX II

TORQUE METER PROBLEMS

A Westland. Aircraft (now British Eovercraft Corp.) strain gauge 

torque transducer has been used for ten years to measure the torque in 

the rotating shaft. A portable galvanometer indicator (which is also 

ten years old) is employed for Indicating the mean torque applied to 

the torque transducer.

At the first stage of the experiment, an irregular fluctuation was 

registered on the indicator. The indicator showed that the torque 

readings were not repeatable as the torque readings were time and temp­

erature dependent.

Several attempts have been made to diminish the torque fluctuations 

which are shown in Fig. (43). The maintenance of the torque meter and 

redesigning and replacing of the grease lubricated bearings and wick-fed 

thrust bearing on the line shaft were carried out together. Bearing 

re-design is described in Appendix III.

At the last attempt the changing resistance of the old resistors 

and transducer-mounted potentiometer in the bridge network with the 

temperature of the torque transducer was investigated. We observed 

high temperatures (40°C after 1 hour running at 4000 rpm) and noticed 

vibrations on the torque transducer's case (when the speed rises more 

than 5000 rpm). By replacing the old resistors (22 kO - 2^) and 

potentiometer (10 kO) and installing the new ones in the indicator, a 

quite stable reading of torque has been achieved. (Two 24 kO t i^ 

resistors and 22 kO potentiometers were supplied by British Hovercraft 

Corporation). The torque meter is calibrated statically and Fig. (44) 

shows the calibration curve for the torque meter readings. Calibration 

curve has been checked every other week.
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APPENDIX III

REDESIGNING THE DEARINGS

The hearings were redesigned, hecanse of torque fluctuation and high 

parasitic torque absorption in the oil cooled thrust bearings and grease 

cooled journal bearings of the drive shaft. The disadvantages with tne 

old bearings in the secondary shaft were:

1 - Torque absorption in the preloaded back-to-back pair of ball 

thrust bearings which were oil lubricated and cooled, were dependent 

on temperature. At high temperatures because of different expansion 

rates between the stainless steel shaft and bearings, torque absorption 

increased with temperature. In our case there was almost no axial load, 

so, it was decided to remove and change the thrust bearings to a single 

deep-groove ball journal (oil cooled) bearing. This journal bearing 

was Installed in the position of one of the thrust bearings, then the 

outer case and inner case of one of the old thrust bearings were used to 

prevent the axial movement of the journal bearing. The drive shaft, 

previous thrust bearings and grease lubricated journal bearings are, 
described elsewhere/^^^

2 - Three grease lubricated bearings which were previously used in 

the drive shaft installation were shown to be inconsistent in their 

torque absorption when one considered the difference in viscosity due 

to temperature change. This torque absorption was also too high to be 

acceptable. As a result of temperature change in the shaft it was not 

possible to read a single torque absorption reading for one speed with- 

out 1-g hours running to reach a constant temperature in the drive shaft 

arrangement. So it was decided to change the three grease bearings to 

three oil cooled journal bearings with a shield on one side. The outer 

race in the other side is held securely in place by a specially designed 

external sealed mounting. Figs. (45-46) show the external mountings 

for the two size of bearings which were used. There were two 4 B.A. tap 

holes and one of them has a feeder on the top end with brazed copper 

tube on it. The other one is used to stabilize the level of the oil in 

the housing and to prevent excess lubrication which causes heating of 

the bearings and accelerates the deterioration of the lubricant.
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3 - After installing the new bearings excessive vibration was 

observed in the system. By checking the installation, it was realized 

that: there was misalignment due to the bending of the drive shaft 

during the removing of thrust and pre-packed grease lubricated bearings. 

Also the flexible couplings mounting the torque meter were not machined 

properly and they were off centre. The outer case of the coupling was 

machined and new bushes were put in the coupling which reduced vibration 

considerably. There is still some vibration in the test rig at speeds 

greater than 5000 rpm. These vibrations were transferred to the main 

building structure. In order to avoid this it was necessary to change 

the present isolator to a better type of Isolation or decrease the mis­

alignment in the shaft (the main frequency produced at worse condition 

is frequency of shaft rotation, see Fig. (47). Fig. (43) shows the 

progress chart of investigations and maintenance which were carried out. 

By changing the isolation the vibrations which were transferred to the 

building were reduced considerably.

By changing the bearings, parasitic torque absorption was reduced 

considerably more than 50^, see Table IV. Torque absorption in the 

bearings shows hysteresis with speed on Fig. (49). Higher torque 

absorption when the speed is reduced can be explained by considering 

that at high speed the temperature in the bearings is higher than at 

low speed.

Table IV. Torque Absorption in the Bearings

Speed 
Rev/min

New Resign 
lb ft.

Old Resign 
lb ft.

9^ 
reduction

2000 0.113 0.19 40

3000 0.13 0.22 41

4000 0.143 0.26 45

5000 0.152 0.325 53

6000 0.144 0.384 62

6500 0.129 0.39 67
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APPENDIX IV

ERRORS

A-4-1 Shaft Speed Variation

Maximum error hy assuming that counter is correct - 1 count, is 

t i rev/min at low speed (less than 3000 rpm) and - 5 rpm at high speed. 

This error increases after new 2:1 step up pulleys.

A-4-2 Torque Meter

The static calibration shows that the accuracy claimed by the 

manufacturer was correct (less than 1^ over the major part 0 - 15 Iti ft). 

The estimated read-out error was about 0.005 Ih ft (0.0068 Nm) for 

0 -1a5 lb ft range and 0.0125 lb ft (O - 0.01? Rm) for 0 - 5 Ih ft 

range. Errors due to torque readings at low speed was doubtful 

because there is possibility of large error at the lower range of the 

torque rating. Dynamic calibration will be necessary to find out the 

actual error variation in the whole range of the torque meter.

A-4-3 Pressure Gauge

There were errors on pressure readings which can be classified as 

follows:

i - Error due to actual readings (ambiguity in reading the dial 
-2 

and pressure fluctuation) is about 1000 Rm or 0.01 bar at low 

pressure (0.15^ of full scale reading (6.9 bar)),

ii - Error due to temperature effect (the pressure gauge was 

calibrated at 20°C) is about 0.1% of full scale reading (6.9 bar) 

per 10°C change in ambient from 2Q°C. Maximum room temperature was 

about 28°C during the experiment.

iii - Error due to hysteresis (when the pressure falls) is about 

0.1% of full scale reading (6.9 bar).

The pressure readings in most conditions (at low pressure) 

indicated that the total error due to all contributions is equal to
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0.35^ of full scale or about 0.025 bar, Which is equivalent to t 2.5 

j/kg error. There was also an inaccuracy in vapour pressure which was 

calculate! from empirical equation (A-6-13). ^y assuming thau there is 

no decomposition in ethylene glycol it can be said that the maximum 

total error is not more than t /^ j/kg at the range of our experiment 

(allowing ^ error due to empirical relation for vapour pressure).

A-4-4 Temperature Measurements

Errors on temperature readings can be classified in two categories, 

i - Error due to actual reading is about - 0.5°0.

ii - Error due to changing of temperature which is caused by 

hysteresis effect of thermostat is about - 4°0. This error varies 

with duration time of experiment, but for an experiment with constant 

speed the temperature variation is max. - 2 C.
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APPENDIX V

COMPUTER PROGRAMME

The results were processed by using a ^ort computer programme 

to calculate the dimensional and non-dimensional coefficients and plot 

the head/flow curves at various speeds, by reading the flow rate, 

inlet pressure, discharge pressure and torque.



112 KEAhd ,12)K

LI&TILE)
LluRARY(ED,Sut(,RLiUPSkGP)
L I H F AH Y ( SUbl, k 1'UPS-KS )
PNG',k4^1 ( Fl 71 0)
INPUT 1=cP0
UUTPUT Z=LP"
COMPACT DATA
COMPKESS INTEGER AND LOGICAL
TRACE 
END

DIHFkSID,t b(dU)^U(2P)*£(dO),EE(20),P(2U),R(2U),S(20),TE(20),U(20), 

1 V(20),w(<0),2(40)
REALMiNPSE , ,

3
4

5

FORI"AT(1H1 ,42X, 'UlKEMSIONAL KENT , PUMP CHARACTEH I ST I C ’ , / )
FORIAT <.5dX , 'SPEEU=',HU.:>,bX,'TEhP=',FUi,‘),bX, ' RMO=' , Fl 0.5 /)
FORMAT(11X,'CxPACITY',7X,'SPECIFIC fNENGY',VX,'NPSE',14X,'POWER ;N 

IX,'WATER POWER',/X,'EFFICIENCY',/)
6

7
6

FORMAT(9X,6(Fl2.6,bX)/)

FnNMAT(3XHCAPAClTY',12X, 'H ' ,14X, 'PSI'.UX, 'PLANDA' ,11X, 'ZIGMA'.g 
1X,'$hAPL ruMbEN',5X,'CAVITATION NO',/)

9
1 0

1 1

F0RMAT(.7X,y(F12.6,5X)/)
FORMAT (1 Hl, 4uX,'riON DlhENSIONAL KENT PUMP CHARACTERISTIC ,/) 
FORMAT(1nO,5oX,'ETHYLENE GLYCOL / WATER MIXTURE 30%0F EACH',/) 
bl MF NS I ON TIJ<2),aT1(2),YT1(3),XT2(4),YT2(4)
DATA T.-id )/I 2liP'i|-iPCHARTAPE/
CALL LbPLOHT (TN,1,0)
DO 1 liUO J H = 1 , 2 _
DATA XT1 d ) / V-HCAPAC I TY LIT/MIN / , VT1 (1 )/24HSPECIF1C ENERGY J/Ko 

1 /
data XT2d)/32KFL0W COEFFICIENT O/SPEE0»*3*D/,

1YT2(1 )/52HKEAb COEFFICIENT Y/SPEED*#2*0**2/
IF(J M,E Q.1) GO TO 16
I F ( J M , F 0.2 ) (’ 0 TO 15

t 
1 6

* * * * D k A ij A X 1 S
call L ii P ) a ( H . , 25 U , ,0. , 24 U , , 2 ), ,? 4, , X T1 , 2 , YT1 ,3,0)
GO TO 11 2 . X

1 3 
1 2

CALL L(,P3A(O.,O,U5,O.,U.96,25,,24,,XT2,4,YT2,4,O)
FORMATd10)

1 Ul
DO 1ve IZ=1 , K 
FORMztT d I 0,4F0,0) 
kEADd,1011N,Speed,T,RHo,Pv 
IF(Jh.cO.2) uO TU 14 
k,PlTk(2,3) 
W”1TE(2,1 1 ) 
wHlTt(2,7)
WDITr.(2,A)SPEED,r,KHU

14

WRITE(2,3) 
„RI-E(2,7)
HEAnd,2C,1,(t)(J),D(J),E(>*),*^k(J),J=1,16)
DOlOU IT = 1 ,h 
y = d(IT ) 
PS = n( IT) 
PO=F(IT) 
M=EF(IT)



OGib 201 ^ui<MA r (6kFv, 0)
OU5‘y C ***** calculate OIiIEaS IdrtAL & NON 0 1 MENS I UN AL VARIABLES
006V c **** DiA CE impeller =0,057 mETER
0061 M = M * U , 9 / 4 2 0 6
006^ Y = ( P i) ” P S ) * 1 V . * * 5 / R rt 0- 0,00 0 1 40 4 * Q * * 2
006 j pour R=0.1 419091 6*M»SpF.ED
006k Pij=kh0*0*Y/60l.'0u ,
006) 6Ff = PW/PuWEP*100 .
0 06u F I =0.405o9 59 / *« / ((-, 5 7**.-i*SPEED)
006/ PSi=7ju.252Z4ti4*Y/<0.U57**2*SPEE0**2)
0068 PLAnua=power/(o,u57**5*3PEEn**5)*216000./RH0
0069 NPSE=1o.**Dx(P$-pv)/HHu*2,*Q**2/(3,14**2*3,01625**4*9,)
0070 ZrGMA = ?4PS6/V
0071 IFCQ.eq.U.U) GO TO 111
007^ CAV = ;4PSE/(2.*u**2/(3.14**2*3,01625**4 *9 ,))
007j 111 IF (o,ECj.U,U) CaV = 10UU,
0 076 SWAPt = SPPEn/6 0.*aQHT(0/6UOOU,)/(Y**(3./4,))*11)00,
007b IFtJh,uQ.2) GO To 15
0076 WRI TE(2,6)0, Y.nPSE,POWER,PWfEFF
00 77 1 5 H (I T ) = F I
OOZti S (I T) = PSI
0079 P(1T)=Q
OOtiV Z(IT)=Y
00H1 TE ( I T ) sRlAnPa
OOH^ b< IT)=ZIGMA
ooej V ( 1 T ) = S H A P E
00H6 k(IT)=CAV
0085 200 CONTINUE
0086 C **** PLOT GRAPHS 0F| ’
0087 C HEAD VS FLOW DlriENSIONAL FORM
008b c PSI VS Fl NON DiMtNSIONAL FORM
0 089 CALL FARPLUT(P,Z,P,S,SPEED,b,JH,K,T)
0090 IF(JH,EQ.2) go Tu 100
0 091 WR!Tc(2,10)
0 09 2 W K 1 T E ( 2,1 1 )
009 J wRITt(2,7)
0094 WRITE(2,4)SPEED,F,RHO
0095 WRITE(2,8)
0096 W K I T E ( 2,7 )
009 7 wklTE(2,9)(P(JT),R(lT),S(lT),TE<IT),U(IT),V(lT),W(lT),lT=1,N)
009b 1 00 CONTINUE
0099 1 oou continue
0100 CALL LGP2
0101 STOP
0102 ENO



010j 
010-.

SObPOUfluE FA'-PLuT(P,Z,P,S,SFEEn,N,JH,X,T)
OINEhSI-Ji'j TN(.'),P(N)./(‘i),AT1(2),YT1(31

U105 i)!MFN51Ch «<.j),S(N),XTz(4),YTri:4)
01 Uh DATA CnAhl/1d*/,CHAHi/1MX/,ChAK3/lHP/,CHAK4/1HP/,CHAf<3/lH+/,
01 oz 1 CHAF'6/1 ht / ,CriA^/ / 1 nU / ,CHAi<o/1 Ha / ,CaAH9/1 dQ / iCHAHI 0/1 ,<0 / , CHARI 1 /1 riti
01 Od 2/
OlOiZ 1F(Jn.Eu.2) GC Tu 1300
0110 IFLSKFEO.LT.DOI.) GO TO 1001
0111 IF(S,»EcD.LT.2(u1.) GO TO 100c
0112 I F (SPFF''. I. r , 23u1 , ) GO To 1003
0113 i T < S F E £ D , L T . 3 J01 . ) GU TO 1 U0
0114 1F(SPFfcO.LT .3301 .) GO TO 1003
0113 1 F (SkFEG. LT .41'01 . ) GO Tu lOOo
Olio 1F(SPFED.IT.43U1.) Go TO 100/
011/ 1 F (SPFET.LT . 3101.) GO TO 1006
0110 1F(SFLEO,Lr.3dU1.) GO TO 1009
011v i F (SFFCi'. LI ,o'.'01 . ) GO TO 1010
0120 I F(SPFED.LT ,6301 , ) bu TO 1011 .
01 21 1U01 CALL L'JP6B (F,Z, M , CHARI )
0122 GO TO 3'.>U0
0123 1002 CALL LGP61UP,Z,N,CHAR2)
0124 GO TU 5000
0125 1v03 CALL LGP6H (o,Z,N,CHAK3)
01 2o GO TU 30u0
012/ 1004 CALL LGP6R(P,Z,N,CMAk4)
0128 GO TU 3000
0129 1uO3 CALL LGP6B(P,Z,N,CHARS)
0130 GO TO 3000
0131 lOOo CALL LGP66 (P,Z,N',CHAR6)
0132 GO TU 30un
0133 lOO/ CALL LGi.-(.8(P,Z,N,CmAR/)
0134 GO TO 3000
0135 lOOd CALL LGPo8<P,Z,N,CHARa)
01 36 GO TO 3000
013/ 1u09 CALL LGPoB(P , Z,M,CHAR9)
0130 GO TU 30u0
0139 IvlO CALL LGP6H(d,Z,N,ChAR10)
0140 GO TO 3000
0141 1u11 CALL LGPtH(P,Z,N,CHARI 1)
0142 1F(JH,EO,1 ) Gv Tu 5000
0143 1 300 1 F(APFEn.lT. 130l,) Gu TO 2001
0144 IKSPEE0.LT.2091.) Gu TO 2002
0143 IF(SPEEO.LT.2SU1.) Gu T" 2003
0146 IF(SPEED.LT.3OO1.) GO TO 2004
014/ IF(SPFEO.LT.33U1.) GO TO 2003
0146 IF(SPEcO.LT.4OO1,) Go TO 2006
0149 IF(SPEEn.LT.4S0l.) GO TO 200/

01 50 1F(SPE£D.LT.5OO1.) GO TO 200d
01 51 1F(SRFcD,LT.35u1.) GU TO 2009
01 52 1 F (SPFEC,, lT .6Uu1 . ) Gu TO 2010
0153 1F<SPEED.LT.53O1 .) GO TO 2011
01 54 Zu01 call LbPer (P,S,N,Char1j
0153 GO TU 3000
01 56 2002 CALL LGPOH ( R , S,N , CMAR2)
0157 GO Tu 3000
0158 2003 CALL LGP6P(R,S,N,CIIAR3]
0159 GO TU 3000
0160 2004 CALL LG=oh(R,S,N,CHAR4)
0161 GO Tu 3"00
0162 2UO5 CALL LGP6B(R,S,N,CHARS)
0163 GO TU 3000
0164 2006 CALL LGP6R(R,S,N,CHAK6)
0165 G 0 T U j'? U 0
0166 2uO7 CALL LGP6C(P,S,N,CHAr7)
016/ GO TU 3'100
0166 2u08 CALL LGP6a(o,$,N,CKAR6)
0169 GO TO jdun
01 /O 2u09 CALL LGPon(R,S,M,CHAR9)
0171 GO Tu Juu 11
01 72 2U1O CALL LbPoP(R,S,N,CHAR1U)
01 73 GO TU 3 .'uo
01 74 2011 CALL LuPo8(R,S,N,CHARU)
01 75 3UOJ RETURN
01 7o END

ENO OF segment, length 5n9, "iAMF FAhPLOl

SPFfcO.LT
SPFET.LT
SPFED.LT
APFEn.lT
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APPENDIX VI

PHYSICAL PROPERTIES OF E.G/W.

Variation of density and vapour pressure versus temperature in 

various concentrations of ethylene-glycol/water mixture is shown in 

Figs. (5C-5I). Fig. (52) illustrates the ethylene glycol's latent 

heat of vaporization versus temperature.

There is little information available about vapodr phase data. 

It is possible to find out the latent heat of vaporization of 

ethylene-glycol/water mixture, by assuming that the mixture is homo- 

geneous. By using the Clapeyron equation^^ one can calculate the 

specific volume of vapour of the ethylene-glycol/water mixture.

Cn = [ (T - 30) ] 4.1868 30< T < 130

A6-1

where C is 
P

specific heat of the ethylene-glycol/water mixture kj/kg degK

T is temperature in °C 

O^Q and a are constants, Fig. (53) shows the specific heat 
value of the mixture versus temperature^^^^.

Benoting h^ as the enthalpy of the fluid mixture, the additional

enthalpy introduced by the liquid-vapour phase change is:

^fgm - ^^fgC"^ ^f^ A6-2

whereX is mole fraction of glycol in the mixture

latent

latent

latent

heat of vaporization of mixture kj/kg 

heat of vaporization of glycol kj/kg 

heat of vaporization of water kj/kg

Now enthalpy of vapour is equal to
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A6—3

where h is enthalpy of vapour mixture, 
gm

By using the Clapeyron equation:

fgm gm

fgm dp^
"^sat ^ 7 

sat

A 6—4

A6-5

where v« is specific volume of fluid, mixture

V is snecific volume of vapour mixture 
gm

is difference of specific volume of vapour and liquid 
fgm

in the mixture
2

p is vapour pressure u/m

T , is absolute saturation temperature K 
sat

Above assumption is applicable only for homogeneous and ideal 

solution. An ideal solution is defined by complete uniformity of 

cohesive forces. The partial vapour pressure'of a component (A) in 

a solution is related to the chemical potential E.. Consider a solu­

tion in equilibrium with its vapour. At equilibrium we have

, soln vapour
■a ■ l^A

, soln vapour

A solution is said to be ideal if the escaping tendency of each 

component is proportional to the mole fraction of that component in a 
solution^^^^. The definition of ideality implies that a molecule of 

A in ths solution will have the same tendency to escape into the vapour 

whether it is surrounded entirely by other A molecules, entirely by B 

molecules, or partly by A and partly by B molecules. The escaping 

tendency of component A from such an ideal solution, as measured by 

its partial vapour pressure, is accordingly the same as that from pure 

liquid A, except that it is proportionately reduced on account of the 
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lowered fraction of A molecules in the solution (Raoult Law).

where p. is the partial vapour pressure of A above a solution

X. is the mole fraction of A in the solution

p° is the vapour pressure of pure liquid A

So we can write

p 
vm A6-7

where p is total vapour pressure of mixture 

p° is the vapour pressure of pure fluid B

It is possible to use Clapeyron's equation to find the vapour 

pressure for a pure fluid or an ideal solution. For a pure fluid we 

have

®sat ''sat '"fg A 6-8

By assuming that vapour specific volume is much bigger than fluid

specific volume (v > vu) we can write

A6-9

By assuming that vapour is an ideal gas we can transform the 

equation A6-8 (when vapour is steam and superheated throughout the 

process, the approximation is very close to actual behaviour)^^^^ to

dlnp

d T
sat

A6-10

or Eq. A6-10 may be written as
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A6-11

By assuming that h^^ is constant we can write:

(see Fig. 52 for variation of 
fg

in water and. glycol)

Lnp^ = A6-12

where 0 is an integration constant.

By using the equation A6-12 for pure fluid, it is possible to 

find an equation for the mixture with above properties. So by con- 

sidering that FG/W obeys Raoult's law fairly closely,' we can write 

for EG/W

A6-13

where A and C are constant. A and C were found by Trimble' et al 

and they deduced a set of equations for various concentrations. In 

their equations the magnitude of p was calculated 

From Equation A6-13 by differentiating with respect

in mm of Hg.

to T , one obtains 
sat

dp

dr
sat

p X ----  r X Log 10
V m 2 °e 

sat

A6-I4

Fig. (54) shows the variation of A and C.

By using Equations A6-(4,5,13,14) it is possible to calculate

the value of a specific volume of vapour mixture.

Viscosity of ethylene glycol water mixture can be
1 1 , ,X68) 

calculated'

A11 A6-I5

Where A and B are constant, value of A and B can be calculated by 

knowing two values of viscosity at different temperatures. Fig. (55) 

shows the viscosity variation of E.O/W mixture at various concentrations.
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Therma.! conductivity of pure ethylene glycol can he estimated.
from equation^ ^^^

k_ = 0.30354 - 7.53624 I 10"^ X t A6-16

where t is temperature in °0

k is thermal conductivity of glycol Wm ^E"^ 
G

For a 
tions^^^).

mixture of E.G and water one can use the following equa-

^mix " ^w ^w

where X.is weight fraction.

Fig. (56) ^OW8 the variation of thermal conductivity for various 

concentrations of E.G/W mixtures at different temperatures. Thermal 

conductivity of E.G decreases with the temperature as water's increases 

with temperature. So that in car cooling system the maximum concentra­

tion of E.G/W mixture is desirable to he less than 50^, (in this 

percentage thermal conductivity is almost constant). More than $0^ 

of E.G in water reduces the thermal conductivity,i.e. heat transmission 

capacity of coolant at high temperature.

Pig. (57) shows the diffusion coefficient of E.G. in water at 
various temperatures, by using the Othmer and Thakar's nomograph. ^^^^
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his is coupled to the centre or mixture lever of the control on top of the steering wheel, the 
connections being so arranged that the water valve cuts out the radiator when the hand lever 
is set at the prim?, or starting position. Thus in this position tlie water ciiculation is 
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■ wanning of the carburettor jacket ensues, and so the fuel volatilises quicker. Moxement of 
the mixture lever to the left first puts the prima of the carburettor out of action and t.iure- 
aftcr gradually opens the water valve, thus allowing normal circulation of the water to take 
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position xvhen thejwater valve is, closed, the grey lines when the xxater xalve is open, and 
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Fig(31-A):TEST RIG after modification





FIG (32-.A): Pump'C"Mounted on the 
Brocket



)" r r r r r“"* r r r 'bLi.j.,x.L.t...„T‘"^J' • •

Fig33Test Rig Housing For Pumps

Fig 34 Housing Mounted On The Bracket



Fig35 Pump B Mounted & Plenum Chamber

Fig36PumpA Mounted & Plenum Chamber



Fig 35^ Bellows (23 5 Cm Dio)

Fig36<^5plit Ring for Bell ows Mounting

Fig37 Combination of Split Ring & Bellows



^^ ' Sc^uare ( Q.gog '^J

i1

Vi 
d

m> tt 
\i

(S

l^-l

IiJ

I

I

2^ SSP

Fig38:230 Litre
Pressure Vessel



Fig 39 Ex pans ion Tank
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Fig44:Stat!C Calibration Of Torque Meter



70 i O.^Pr 04 Q2.F4 Cic^/ AA/cfJ 
^2.5 + 025 2C^/?4 8A; .^
._39'55 :i' 0.2 ^^ _

3 6.^

Fig45 :External Mounting of 35mm Oil Cooled 
Bearings

7 7± <2. ^<7^__________
64. 5-^ O.^PCn.Ay. Z-RR Ctf^PAWCS 

4/ ±o. 25 S (773P 4 8A) H .

6f.6 t 0.25 4^

Fig46’ External Mounting of 25mm Oil Cooled 
Bearing



1
 
O
.
d
B

F
i
g
4
7
 
F
r
e
q
u
e
n
c
y
 
S
p
e
c
t
r
u
m
 
o
f
 
V
i
b
r
a
t
i
o
n
 
o
f
 
T
e
s
t
 
R
i
g



Fig 48 .Combination of Pressure & Expansion 
Tanks
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Fig. 79 - head/flow Characteristic
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A- CAVITATING CONDITION Q=119.3 Litre/min N=7000 R.p.M.

B- cavitating condition Q=118.1i Litre/min N=7000 R.P.M.

FIG 95- PAINT SPOT TESTS ON PW "C"



C- NON CAVITATING Q=82.1 Litre/min N=3200 R.P.M.

D- NON CAVITATING Q=177.8 Litre/min N=7000 R.P.M.

FIG 95- PAINT SPOT TESTS ON PUT4P "C"



FIG 96-PAINT SPOT TESTS ON THE HOUSING OF PUMP A^ (NO THROUGH-FLOW)



FIG 97 PAINT SPOT TESTE ON THE HOUSING OF PUMP A (HIGH THHOUGH_FLOW)
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