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ABSTRACT
FACULTY OF ENGINEERING & APPLIED SCIENCE
DEPARTMENT OF MECHANICAL ENGINEERING
Master of Philosophy
CAR COOLING SYSTEMS AND THEIR PUMPS

by Farrokh Elmieh °

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 407 for the designs tested.

The introduction discusses current tendencies in car (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°¢ 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, wiﬁh 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
auvtomotive pump performance and to further basic cavitation studies.
During the experiment the two aspects of the work were often merged

together.

Punp Performanc

Pump performance tests include 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 preoduction tolerances in components are to be examined.

By using these results in non-dimensional correlations, we hope %o
redesign pumps and housing to seek improved head/flow and cavitation
performance, with due regard to cost, reliability, duravility and size.

(Co-operation with engine manufacturers is essential).

During experiments pump seal performance is to be checked for

weak points and improve desgign.

Cavitation Studies

By measuring pump performance under cavitation conditions with a
range of water glycol concentrations, the standard predictive correla-

tiong will be checked,

S

Using water glycol mixture as a circulant we are going to attempt
to derive correlations applicable to two-component liguids and compare
the cavitation damage from two-component mixtures with established data

for standard liquids.

These are ultimate objectives even thoueh personal problems cut
J gn p i,

short the programme.



CHAPTER T

INTRODICTION

In terms of gize, the circulating pump for automotive liquid
coolant systems is amongst the smaller sgizes of pump marketed. Because
of the high volume of sales at > 106 p.a. in the U.K. alone (though
diminution in demand might be anticipated in the near future) the

cunuwlative value is very large.

The need for a performance and cavitation investigation in auto-
motive water pumps is accentuated by the worldwide tendency to buy and
use a one engine package and the use of air conditioning svstems., It
follows that ccoling 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(15> (because of the larger temperature
difference between coolant and air compared with older cooling systems),
reductién 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 1o 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 cars, with discharge straight into the
cylinder block. Thus there is a highly lrregular cavity to receive flow

from the impeller.



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 than in cars, especially as system specifications are higher,
Diesel 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.(26} 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.(15}



CHAPTER TT

HISTORICAL INTRODUCTION 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.(1)

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 heppen 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 cooliﬁg) engines were on the marketh

between 1910 - 1920. The Kruff flat four was a successful example.(z)

2.2 Different varieties of early cooling system

Some of the earlier cars employed a combination of water cooling
for the combustion head and valve passages and seatings, and air or oil

cooling for the cylinder barrel,



There were two principal methods of cooling systems with water in

the early twentieth century, these were

1 ~ the natural convection, or thermo syphon sy stem

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 oxder 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
periphery 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 circulationwas slightly more than that for others<5)
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 espscially on family cars even after the 2nd
World Wer. 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 wgéther, the possibility of the water
jacket bursting dus lo 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 s pump was

fitted,

The respective percentage of cars fitted with thermo syphon cooling
systems at the Olympia Motor Show were & in 1905, 11% in.1906(3>. The
percentage of cars with thermc syphon cooling system increased to 31% in

1918(4) |

The disadvantages of- thermo syphon cooling system were:



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 bvottom of
radiator (a styling problem), btut 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 were advised to use rain water for the coolant by many manu-
facturers, especially for those who lived in the countryside.(TB) There
were advertisements stating that only a pint of water for every 300 to
500 miles was required depending on the nature of roads enoounterﬂd( 3)

or a pint of water every dayfl(jz)

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 usu9]1J
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 ,wear(B),

Fig. (7) shows a gear pump which was in common use in early 1900,

This type of pump was liable to wear from dirt in the water more than



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 purps 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, damage vas almost 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 tc 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 punp. This method was not very successful
ag 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 1906.

Table I Respective Percentage of Various Cooling Systems in Cars in

1905 and 1906.

YEAR | Taermo | Gear pump Centrifugal { Centrifugal RADIATOR e
syphon | Gear driven | Gear driven ! Friction driven|Gilled ;Toneycomb

1905 | &% 33% 43% 167 41% 5%

1906 | 11% 27% 61% % 37% 6%

One of the famous companiss which changad its pump from gear pump

to centrifugal type in 1906 was Rolls Royce.



In early pumps both the spindle and the bearings in which it ran,
were made from brass, wnich occasionally caused great wear. The problem
was lack of lubrication caused by lsakage of grease out of pump bearings.
At the time, the brass spindle and white metal bearings (80% Zn, 164 tin
and 4% 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. (10). 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 sﬁfing Fig. (11) fitt-
ing into a notch at the end of the spindle, and pressing against a

collar with enough force to keep it tignt.

In July 1911 Albion patented a ccoling system with pump impellor
inside the cylinder block(B). 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 1918), Fig. 14, 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, Sunbean

and Fudson).

2.5 Radiator

In the early types of motor cars, pipes curied 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-

(8)

fashion for present day motor vehicles, Table 1 shows the tendency of
P ¥ N

gible for producing the honeycomb type radiastor which is the principal

using honeycomb radiator in 1905 and 1906.



2.6 Antifreeze

The use of antifreeze was suggested by some specialists in early

1900(6). The most common antifreeze was 30% glycerine., It was soon
realized that glycerine affected the rubber hose of +he piping system
adversely(9). 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<4). 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 alcochol. Drivers had tc be very caree
ful that the percentage of alcohol did not exceed 50% as this increased
the fire risk. Calcium chloride or any alkaline solution was corrcsive
to metal parts. The pH value of (CaClz) 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 hefore the 2nd World War
were recognized as inefficient and they were the subject of a great deal
of experiment in Europe and America. Pressurized cooling systems using
a high boiling point coolant were suggested before the 2nd World War(jo),
The 1939-1945 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. (15). Pressirized 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
lock due to increased temperature(11). Ethylene glyccl 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 1930'3(10). Ethylene glycol water

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

ing systems were employed.

Table IT shows the specification of cooling systems of some

popular cars from 1910,



Table IT. Tmprovement of Cooling System of Some Automotive Engines,

Model of Car Cooling Thermostat Shutter  Production Remark
system on front of vear
radiator
Ford Model 'T* Ts, F. No No  1909-1928
Austin Ts. No No 1910
Austin Pu. No No 1914-1915
Austin 20 Pu. F. No No 1921-1932
Austin 7 Ts. No No 1923
Cadillac Pu. ng) Bellows No  1923-1924 Two pumps
Cadillac Pu, ng) No au 1924-1939
Austin 7 Ts. F. No No 1924-1938
Rolls Royce
Phantom Pu. F, No ha 1925-1928
Ford 14 & 24 (1)
Hp. Ts.Pu.F. No No 1928-1934
Rolls Royce
(Phantom) Pu. F. No au 1929-1939
Austin 20 Pu. F. Yes (3) No 1932-1936
Austin 10-4 Ts. F. No No 1932-1934
Ford Model (Y) Ts. F. No No 1933-1946
Austin 10-4 Ts. F. Yes (3) No 1934-1936
Ford Delux
4 cylinder Ts., F. No No 1935-1937
Austin 10-4 Ts., F. Bellows No 19361947
Austin Big 7 Ts. F. No No 1937-1938
Austin 20 Pu. F, Bellows No 1937
Ford Prefect  Ts. F€5) No No 1939-1957
Austin 8 Ts., P. No No 1939~1952
Ford Anglia TS.F§6) No No 1945-1950
" " 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

" " Ts.Pu.F.P. Wax No 1963 -3 n




Abbreviation

Ts. Thermosyphon system

Pu. pump circulating

Ts, Pu. Thermosyphon and an impeller assisted circulation
F, fan

P. . pressurized system

au autcmatic

ha  hand operated

(1) They used a condenser, in order to prevent the loss of the
cooling water by evaporation. The operation of the condenser reguired
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. (11)
(3) The Smith R.R. 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.



CHAPTER TIT

AUTOMOTIVE COQLING SYSTEMS

3,1 Different Varieties of Cooling Systems

Fig. 1 shows the basic design of automotive liguid 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
alr which is passing through the radiator. Some is transferred to the
coolant or oil which ig 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:
L]

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

(32)

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

oil consumption due to some of the lubricating oil being buret in |
This system is still undoubtedly noisier in action. The additional
noise of air-ccoled 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 waver 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 14w 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
the larger heat fluxes are collected in liquid

conductivity of water ,

1
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cooling system. Tor 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 - Full 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
3 o D (S
vlene-glycol water mixture must be used, The boiling point can be increased

by pressurization. Nowadays there are two common ccoling 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 Britich ones, the cooling system radiator filler
cap is fitted with two valves, namely a vacuum valve and a pressure

valve as shown in Fig. (15).

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 liguid coclant is heated its volume
increas2s and this amount of volume goes to the closed header tank
mounted at a well cooled point. When the engine ccols, the volume of
coolant decreases again and the radiator automatically refills from the

header tanks.
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Fig. () shows a sealed cooling system, so thab the pressure
through the system can be maintained at a constant level above atmos-

pheric pressure,

nhave a thermostat which controls the coolant

[e23

Most of the new  car
temperature. It is obvious that at a definite mean temperaiture for the
cooling water the engine works at its best efficiency. When an engine
is started in the ccld 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 hp. 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 radiator 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 commer.
cial vehicle. There are itwo tvpes of thermostat in common use: Bellows
type, Fig. (14), and wax pellet element thermostat, Fig. (17). Some
cars use a shutter control thermostat which conirols the amount of air
coming through radiators. The disadvantage of this system is the higher

S

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
coolent 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 %o 1.5 bar radiator top tank operating pressure and 26%

(33)

at 2 bar pressure,
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Heat rejection is increased at higher speeds and on gradients.
Moore(14) 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%¢ and 2500 in casgt-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

42

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 temperatnre), it is noticed that the flowrate

doubled.(19)

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 ig shut, yet give an adequate flowrate when it opens.
The head/spsed curve should also be rather flat to avoid excessive
pressures wnen the engine speed is high and still give an adequate flow

when moving slowly in traffic.

Wnen 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 fto beoiling 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 arcund 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 modern
passenger carsg. Circulating pumps may then be positioned to suilt space
eriteria with a belt driven cr may be mechanically coupled to the engines.
The ratio of the pump to the crackshaft speed is generally around
(1 - 1.5)(15>, so that the Tlow rate of coolant is related to the engine
speed rather than coolant temperature, i.e, heat release rate. An
electrical driven pump is fezsible 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



air conditioning, are 2.7 1lit/min KW(js) and 1.5 - 2 litre/min, KW for

naturally aspirated diesel engines.

3.3 Coolan®t Licuids and Iphibitors

Over the yvears many coolants have been tried in automotive engines
(& H
but 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 (1like cast iron, aluminium, brass, etc,)
3) water expands upon freezing

4) rather low boiling point.
ol

Many liquids have been added to water fto reduce its freezing point:
these liquids include sugar, glycerine, methanol, ethanol, isopropanol,
ethylene glycol (ethanedial), calcium chloride, magnesium

(17)

chloride.

0f all additives used to decrease the water freezing point, only
two of them are in common usge today, methanol and ethylene glycol.
Bthylene glycol is increasing in use and methanol is decreasing, because
methanol has a boiling point of 6500 which ig below the desired minimum
engine coolant operating temperature of 8200, but it produces the bigger

freezing point depression compared with other liquids.
(]

Water as used in car cooling systems is natural water and 1t is
likely to contain calcium, magaesium 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 correosive, so
corrosion inhibifors must be added to water. In emergency cases where

hard water is used as a coolant it can reduce the heat transfer between

15
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the cylinder and coolant considerably by forming a layer between the
cylinder and coolant, This sort of water was often used in Army

vehicles

Physical properties of ethylene-glycol (CH20H>2 have been published
(18) (see Appendix VI) and they show that glycol begins decomposing
even below its boiling point.<19) The mechanism of thermal decomposi-
tion of glycol is oxidation; this prodiuces various acids, the main one
being formic acid. Thermal decomposition is catalysed by the presence

(20)

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 50% by
weight ethylene-glycol/water mixture is about O.Z%(zj) (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 absoclute at
saturation, However, it reduces to batween 0.2 to 0.3 by weight when
the pressure in the system is reduced to 0.3 bar absolute in the
mixture.(21>

Because of the corrosiveness of water and the decomposition of
ethylene~glycol, it is customary to add corrosion inhibitors to the
ethylene-glycol/water mixture, For these reasons commercially avail-
able brands of ethylene-glycol (antifreeze) generally contain corrosion
inhibitors which are bagically standardized.<22) 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
peint 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.(23} When
chooging a proper inhibitor, the heat transfer between a metal surface

and a coolant must be mentioned. The deposition of corrosion products
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and scale in the cylinder head can seriously arffect heat trasnfer
¥

(23)

processes which may cause the metal to crack, Recently there was

an attempt to use soluble oil as an inhibitor (railways and military

(24,25)

vehicles) which gave good results in many cases, except in one

; . . . 26
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 (B) 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 oorrosivity.(27)

3.4 Choice of Coolant Temperature and Pressure Level.

Bxperience has shown that the hotter engines can work with fewer

In warm engines

problems 1
the thermal efficiency is higher and alsc 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
; . o} o . e . .
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 recent year:
because of high speed requirement, also in some casesair conditioning 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 geins
in heat rejection per volume of radiator core is to increase the mean
temperaﬁure difference between the coolant and cooling air. This can be
done by increasing the beiling 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 svstem.

A low coolant temperature increases temperature stresses in the
cylinder bleck 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 - 0.48 bar
(4 - 7 PSI), although on scme American cars it is as high as 1.03 bar
(15 PSI). Pressurized cooling system affords a good protection when

running at high altitude and tropical conditions; also for long hard

driving pericds,

3,5 Flow Rate in Coolant System

A considerable proportion of the heabt of combustion of the fuel is
lost so far as useful work on power is concermned, 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 thz 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 1osses<28). It can be seen that for passenger
cars with compression ratio of 10, 23% of heat rust be carried off by

cooling system. This percentage increases as compression ratio reduces.

(29)

We can write that the heat dissipated by an engine is equal to:
Fa :
A = G+ 7 = Gyt dy+ Ay 3~1
where 4 = total heat dissipated per unit time
qg = heat from the gases
Pm = power lost in mechanical friction including the power lost

in water pump and oil pump
a4 = heat %o the coolant radiator
q, = heat to the 0il radiators (if any)

= heat escaping directly from the engine including

radiation and heat lost in the exhaunst 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

anounts of aq and q3 are increased.
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The internal combustion engine of a modern day automobile has a
max. thermal efficiency of abouthgqﬁ(Buy. 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
where w = fuel consumption kg/kw, W is engine power output kw

C = calorific value of petrol Joules/kg

k1 and k2 are dimensionless and roughly constants

a4y = kya, = kwWé where k = ke k, 3.2

e m v

ay = G, Cp(io Ti) 3.3
where G_ = mass flow rate of coolant kg/hr

Cp = specific heat at constant pressure Joules/kgOC

To = outlet coolant temperature from the engine

5 = inlet coolant temperature to the cylinder block

From equation (No. 3-1 and 3-2) (above) we can find the flow rate
of ccolant system for a known engine, since k is found experimentally

—to -be OiB - 0043

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 0.7114 mm to 3.05 mm and fins are

made of 0.076 -~ 0.127 mm(31}, the smaller thickness ig predominant because



of cost, greater thicknesses are used where strength requirement demands

it (commercial vehicles).

Heat flow from the radiator to the air is equal(29>
n  n-1
q = Akr K. G, L ('I;I. - Ta) 3-4

where g = engine jacket loss
A = radiator surface ares
G = mass flow of air per unit time divided by the cross
sectional of flow area (air)
T = typical length of the core section (airside)

T.. = average temperature of the radiator surface, equal to
the mean water temperature, since the tubes are thin
and have a high conductivity

T = Ambient air temperature

= coefficient depending on core design and viscosity

and thermal conductivity of air

To obtain the dimensions of K% we write:

when we put the dimensions of physical guantities of each

symbol in the equation No. 3-2 we have

- -1
B ! _om
r LZK M2 n Ll’l 1 0 Mn L/}"n o
LT
= - -
b - g1 o7 g7 ~
r M LR ™

the dimension of thermal conductivity is

T2776™! and the dimension of viscosity is

B = B

D = ML”qT"1.; So the dimension of K is equal to



21

D . £ | 3-6

Radiators are formed by an assembly of sheets or tubes, called a
core, which containg 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 Kr’ L
and n; since n for radiators uswally lies between 0.7 and 0.8,
increasing the value ?r will reduce Aan, 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 2.7 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 PSIG) pressure cap value,



CHAPTER IV

CAVITATION,

4,1 Cavitation Inception

Cagvitation is the result of a reduction of the local pressure in a
disturbed 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 thz gas comes out of solution and forms cavities in wnhich the
pressure will be greater than the vapour pressure of the liquid. Even
if there are no visible gas bubblesg, 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 muclei are present, the liquid may actually stand negative
pressures or tensions without undergoing cavitation. Theories have been
produced to show that liguid 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(34). 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(BS) 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
smission of light may come from the bubble, The cause of this sono-
luminescence 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

2
between one twentieth and one thousandth of a seoond(Jé), Tn 1960

22
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Jarman(34) and co~workar 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 during 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

(38)

experiments that temperature rises to 500 to 800°C can occur in the

1O,OOOOK have been suggested while Wheeler has concluded from his
material at the centre of an implosion. As ultra high speed cine films
have shown the collapse is completed in a period of milli or even micro
seconds, Harrison(39) 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 Dimensionless Groups

Cavitation flows are commonly described by the cavitation number

o = = 4-1

The 1limit 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 ab the desinence pressure, P This state is referred to

as desinent cavitation. Thus the desinent cavitation mmber, Gd is

defined as
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For incipient cavitation there will correspond a particular value
of p called the "inception pressure" P i Thus the incipient cavitation

number, 0. is défined as

Poi ™ Py

o, = T ' 4-3

i
zp U

Incipient cavitation ani desinent cavitation are only identical

when P s The cavitation is more developed as P i drops below

= P .

wd

D . The difference between p and p . is often called "cavitation
wd wd @i

hysteresis". 1In terms of the cavitation number, incipilent and desinent

cavitation are related by the expression

Thus, for a given flow condition, G4 appears to be the upper limit for
05 Furthermore, incipient cavitation is random in nature whereas

desinent cavitation is repsatable.

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 aand thus we are ignoring all

dynamic effects due to translation of btubble.

At equilibrium the pressure on the bubble must be balanced, Thus<40)

P, = D+ R _ 4-4

{
i

where is bubble radius
is the surface tension

is the local liquid pressure

H oM o =

is the internal pressure of the bubble

The internal pressurs can also be written in the form:

— - '_('
p. = Dy Apv+pG 4-5

where Py is the wvapour pressure at the bulk temperature of the fluid

APV 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.

P is the pressure exerted by tne non-condensable gases.

The liquid pressure can also be written in the form:

P = P - Ppy 4-6

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

Pog ig the reduction in the liquid pressurs due to turbulence

and surface roughness.
Substituting equations (4-6) and (4-5) into (4-4) we have
i 28,
“Py = TPH IRt Epg -TR TPy 4-1

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

= e Prr 28 /R by
o = Cp+ - - N 4-8
z0U  =zeU0 7 zp U0, 2pU

i,

where CP’ a pressure coefficient at the location of the characteristic

bubble, is defined as .

- D_~D
@®
Cp = o s 5 4~9
= ®
Equations like (4-8) have been derived by several authors<41’42’43’44).

It is seen that high gas contents, turbulence and surface roughness tend
to increase 94 whereas surface tension and heat transfer have the

opposite effect,

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

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

immersed bodies, C own to become nearly constant at sufficiently

o is kn
high Reynolds Number(42) At high Reynolds number the effect of turbu-

p
lence and surface roughness ("”257?7 is becoming negligible,

FoU



The cavitation paramster, ¢, is a very useful 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 opsrated under unfavourable conditions is along the
inlet edges of the impeller vanss 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 ¢ at which cavitation inception occurs somewhere in the pump

is designated as o,

Another useful cavitation parameter is Oin 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 Oy is
equal to

o = YPSE 4-10
th Y
where NPSE is net positive suction energy and
. s os P
Y is the total specific energy equal to-E“ where

Pp is the total pressure rise by pump.

It is possible to write for net positive suction energy

5
= - (% - - -1
NPSE = DCPS Py + Dy = Dy) 4-11
where pg = static suction (+) or 1ift (-)
p = suction line losses (friction, entrance and fitting)
Py = absolute pressure at the liguid free surface
Py = vapour pressure of liquid at pumping temperature

Another useful parameter is suction specific speed

s . _NJ/a 4-12
(NPSH)

Aot

where N is rotation per sec.

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

_ _m /9 - : 4-13
(WpaE)4

€]

sf

where o is rdd/sec and Q is m3/sec and NPSE is in J/Kg.

This parameter is widely used for punping machinery. Tt should
be noted that Tin and sz vary in the opposite direction as the sever-
ity of the cavitation condition changes; that is, as the tendency to
cavitate increases, Oy decreases, but sz increases. One can find the

relatior twee - ne whe . i ha Y
on between SSI’ Oy and n_p Where N e 1S shape number
W %Q,
3 4-14
(Y)*

The following interrelation beiween S of? Dops Tin is obtained from
Equations (4-10, (4-13) and (4- 14).

e} %
sf 3

T2 = (o)

sz th

n_. 4/3
af

<S ) = Oth 4"'15
af

The cavitation characteristic is often presented as in Fig. (22)
for a2 constant speed and flow (possibly at the best efficiency point)
specific energy or head or efficiency is plotted against NPSE (WPDH) or
Tipe The figure shows the typical wide difference in NPSE between
inception and perfermance breakdown. Tt can be seen that the inception

P

of cavitation does not recessarily cause a reduction in punp head or
efficiency, since a rise in head o prior to the final Treakdown has
frequently been cbserved, This slight rise in head is usnally explained
by a reduction in the skin friction following the formation of a +thin
layer of vapour at the surface of +he impeller vanes., This explaration
is in agreement with the fact that +he rise in performance is most
freguently observed uncer conditione tending towards instab ilities,
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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pronouwnced influerce since such instabilities are controlled by the
skin frict Jon(15) The increased head during the early stages of
cavitation development is similar to the increased 1ift found for the

(467 Jr7)

sharp edged, thin profiles of Numachi 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,

(46)

the increase in head night have been even greater

As opposed to runring 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. Hcwever, the disadvantage of running with

cavitation is the risk cf ercsion damage .

4.3 Air Content Effect

In order to clearly bring out the problem for coneiderationit is,

necessary to distinguish between two broad categeries of ecavitation.
(=

Vaporous cavitation is the sudden expansion and the collapse of a vapour
bubble due to vaporization of the liquid at the bubble wall whereas
aseous cavitation is the relstively slow exrancion of a gas bubble due

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

found that as the vaporous cavitation disappeared, a few isclated
Ay
bubbles persisted to much higher p essures<43). It was hypothesized

that these shationzry 'spots of cavitation' were in fact gasecus cavi-

tation. With this as the predominant phencmenon, Egquation (4-8)

(43)

reduces to

4-16

Trom Bquation (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 o and inversely
proportional to the square of velocity. If the bubble becomes saturated
with airv,
p, = OB 4-17

(41)

where @ is the dissolved air content and 8 is the Henry's Law coastant



29

Therefore the difference between 04 for gaseous and vaporous cavitation
58

is directly proportional to the di golved air content,

Bguation (4»16) shows that cavitation number is dependent on air

y

content, Figure (23) shows the effect of air content on cavitation

(48

number at inception point, before breakdown anl at breakdown

4.4 Thermodymamic Effects

The cavitation characteristics of most centrifugal pumps operating
on cold water are either known from actual tests or can be established
fairly closely from the available information on similar pumps. The
NPSE of pumps handling liquid other than cold water are usually estimated
(often with a considerable discrepancy) by considering the performance
cf the same punp on a water test. It has been found experimentally that
for liquids other than water, NPSE can be reduced below or increased

above their values for cold water, when the density of the liquid is

(49)

more than that of cold water, e.g. glycol, glycerine, etc. Stepanoff
presented experimental results on a pump handling water up to 15006 and
demonstrated that less HPSE 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 1imit the flashing of water into steam

cgused 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<5o) for inception point can be expressed as:

B = 4-18

S

Fa)

where V. is volume of vapour per unit mass of mixture if the pressure
and temperature are given time to reach equilibrium and Vf is volume of

the liquid at the same condition. Approximately one can roughly write
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v Ah
-y

where v is the specific volume of the vapour

(0

is the specific volume of the ligquid
is latent heat of vaporization J/Kg
Ah, is an increment of liguid enthalpy corresponding to the

energy reduction ANPSE (J/Kg) below the saturation conditions

Since equilibriumn conditions are not realisedvﬂuring liguid

passage through the low pressure zones, the ratio 63 = 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 liguid to boil or
its *readiness' to flash into vapour. Thus it is indicative of the
‘rate of wvaporization' of the liguid under cavitation conditions pro-
ducing the measurable effect of %}.

By simple algebraic manipulation and the Clausius-Clapeyron

Equation (4-19) is transformed to:

- v
FPSE ‘
p - X Zxc 7| 2 420
h.. = f
Tg - :

where Cp is specific heat of liquid Joules/Kg deg K

T is temperature of liquid oKelvin

or -2
B B CT v,
B o B - . B 1.2 - 4-21
1 ANPSE ANPSH 2 v
. hfg e

For liquid other than cold water we can write

- (WPsE) b IANPSE [ 422

(NPSE)liquid water

Equation (4-22) with minus sign is presented elsewhere(49’50’51’52)
the present author added the plus ¢ign for liguids in which the density

and viscosity are greater than water. One can write
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" 5 quid th pater ! 4-23

The determination of ANPSE is important for knmowing the cavitation

behaviour for liquids other than water,

(M)

energy is a function of inverse of thermal cavitation parameter.

Spraker suggested that depression in net positive suction

ANPSE 1
=== - £1(3)

= 4~24

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

Ward and Sutton<52) suggested that in absence of information one

can approximately use

-
Vg - 0.244 (SI unit) 4-25
£

Equations 4-25 and 4-21 can give us an approximate indication of
q g

the reduction in NWPSE below thabt of cold water,

Dimensional analysis was applied for finding a relation between
fluid properties and cooling effect(44) due to vaporization. He found

that

Ap h 3.3
2 r 7.0~
OLUGJ
UCO OAX .
where Re = —W~EW—~ Reynolds number
C,u _
P o= -2 Prandtl nmamber
T k
t.U
CStr = ETEER Strouhal number
t time

AX cavity length

Equation 4-26 tends to wnderestimate the cooling effect compared

31
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with the experimental data. Spraker(5]> snowed that Stepanoff's
factor (B) can be applied to a first degree of approximation and

(44)

howed that the use of B overestimated thermodynamic

(53)

theory shows quite remarkable agreement with the experimental data

Furness

effects, Chivers golution based on Lord Rayleigh's bubble growth

obtained from his own pump, Operating in water at different tempera-
tures, His solution is not applicable to different fluids but only

(54)°

the same fluid at different temperature

The cavity pressure depregsion 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
(55,56,57,58)

Moozre. 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

A good agreement was obtained in comparison between experimental
and predicted results, The cavity pressure depression which was calcu-

lated by Ruggeri equal to
2

Pey lar Ve
/ 4 -
AEV = gAhv == \pf) \CDT )(Vf) 4-27

where Ahv decrease in vapour pressure due bo vaporization, metre of liquid
AE_ = gbh decrease in vapour energy J/kg
. . , 3
o . saturated vapour density kg/m

" liquid " kg/m3
C_ specific heat of liquid J/(kg)(X)



v
o
Vapour liquid volume ratio-vg is not possible to measure
£
directly and thus the value of this ratioc can be used only in a relative

(58)

sense. Their calculation ghows that in a venturi

v @oe Uy 08§ 0.2 (& 0.3
B - H HE 428
Ve preda  'f Ref Door 2y
ref D ‘ref
(NPSE) + (8E)) Ty 2 )
ref ref ref
= (-~U.1 ) 4-29
(NPSE)Pred%(AF )Pred
; . . . k 2
where o is thermal diffusivity o =g m"/sec
pPf
k " " conductivity of saturated liquid J/(m)(sec) ( K)

U1 mean axial inlet velocity m/sec

D characteristic body dimension m

Ax  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 valué of w/wNC s Ox of
equation (4-28) was considered consbtant for various liguids, liquid

temperature, and pump rotative speeds. Thus one can write

(NPSE)ref + (AE )ref _ (Nref)g 4-30

(NPSE)Pred + (8E )Pred N

-8 Qo (Czeny iy’

( - —)(F— 4-31
f Pred Vf ref o Nref

For an estimation of AEV (gAhV), there is a need to have two sets
of experimental data at the same w/wNC and 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.

33
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Experiments with mercury showed that for all gas contents, the
cavitation number reaches & maximum for an intermediate temperature
and then decreases substantially<59). This effect is most pronounced

for the lower gas content.

H

4,5 Cavitation Behaviour of Mixtures with Particular Emphasis on

B.G/W Mixture

)

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

For a mixture of two or more ligquids, Stepamoff(6o suggested

individual NPSE equal to its weight fraction in the mixture, Spraker(51)
found that hydrocarbon mixtures have an additional decrement in NPSE
over tha% for pure fluids having the same thermal cavitation parameter
(B), and this additional decrement is temperature dependent. Therefore

Spraker hypothesiged that

il

MWPSEmi ANPSEpure + ONPSE 4-32

X

SNPSE £(T) 4-33

it

The relations found by Spraker belbween SNPSE 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 cavitation behaviour
than Water(61>, and its incipient cavitation number at constant temper-
ature and velocity is lower, i.2. it is less likely to cavitate(61>.
This is maybe because of the higher viscosity of ethylene-~glycol
(CHZOH)2 which generates a lower bubble collapse speed than water near
the solid surface. Plesset(éz) shows that as one goes from pure water
to pure glycerol (63H5(OH)3) through mixtures in various proportions
there is a minimum damage rate at about 2%, water and 7% glycerol.

The damage rate in pure glycerol reaches only about 50% of the rate
observed in puve water. At temperatures lower than 8000 glvcol has a
better cavitation behaviour then water, but when the temperature rises,

(63)

water has a better behaviour, and in 20% water-glycol mixture:
welght loss of specimens is more like water than the proportional
weight fracticon of the mixture., The same weight loss at the same temp-

erature of the specimen in water and 20% water glycol mixture can be



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 4-27 for cavity pressure
depression for 54/46% of E.G/W shows that Ahv values at 102°C are
about half of those of water, Fig. (25) which shows that the cooling
effect in E.G/W is not as important as for water. Fig. (26) shows
the 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 moleoules.<64) Now, because of random motion of
liquid molecules,(65) 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 momerntum.

The thermal gradient canuses an imbalance in the system, l.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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. ~ _ o
able to force their way to the cold region and concentrate in thatb

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 5.G/W mixture. The flux J

1
of component 1 (the component of lower molecular weight in a binary
solution) can be expressed in terms of the thermal diffusion constant(64)

. — 1 o
3? = - D12 [grad X1 - DT X1 X2 7 grad'?i 4~34

where D, thermal diffusion constant
J, flux of component 1 m/sec
D diffusion coefficient
mole fraction of component 1

T absclute temperature (mean)
If x is space coordinate in direction of flux

ax
R
Jyo= ‘Dm[ & " P f1%e T ﬂx] 4-35

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

%, D, x— 3L 4-36

J = Dp Xy %X, Dy X5y

’I'D1

The value for the thermal diffusion constant can be calculated at
the steady state(67) when_3?1 = 0

Aax
G 1, @ \
XZ, ax - Dp 7 X 3% 4-31

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

(%6)

to calculate the thermal diffusion constant

M.V, + M, V.

2 Y 1 Yo ‘ AU2 AU1
Dp = RT(M X, + M. X,.) [”’""‘""»‘"’“ 4~38
AEQLE, + M, v, 7
where Vi‘molar volume of component i m3/kg mole
1

R universal gas constant 8.3143 J ' K mole”
AU internzl activation energy J/kg mole

Mi molecular weight of component i kg mole



The internal activation energy is equal to
AU = AH - pAV 4-39

where AH is activation energy for motion J/kg mole’

. ~2
p is pressure Nm

(66)

temperature, the internal activation energy is given by

By using the Eyring theory of the variation of viscosity with

AU = 4-40

a3In(uy) n(us?)
R { [ 3;g§§i; } - pT [ Ezgéfg; ]

b
. . . -1
where y is absolute viscosity kg m/s

uvcan be found from an empirical equation

o= A eC/T

In Byring equation A and C are functions of the molar volume

(68)

and internal energy of vaporization

hNA Aev/2.45RT
b= e 4-41

hfg - pAV '

It

Ae
v

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

is steam and superheated throughout the process, the approximation is

)(93)

very close to actual behaviour

Aev = hfg - RT 442
where hfg is the molar heat of wvaporization of the liquid.
Aev.is the internal energy of vaporization J/kg.

34 J s

mole”1

h is planck constant 6.6256 x 10~

NA is Avogadro constant 6.02252 x 1023
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Using equations 4~43 and 4-44 in 4-40 we have

Ae dh

_ v T fg Toap, 10V
o= R [ NG A 7] - [ v op " ¥ op ] !
P . T
4-45

At atmospheric pressure the value pAV is negligible but in our
case when the preésure at collapse is very high (582000 Atm max.

(46>).

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 &.G. By
neglecting the %§ pert in equabtion 4-45, thermal diffusivity of the
ethylene glycol-water mixture near the collapsing bubble was calculated,
it shows a negative value for the thermal diffusion constant (-5.2232).
This shows that water is concentrating in the %ggi region, This can be
explained by considering that the thermal diffusion is dependent on

(%g), i.e., molecules with high molecular weight and low model volume

can press their way to cold region.

38
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Differential migration of molecules due to thermal gradient might
be very important at cavitation behaviour of pumping mixed petroleum

productsg.

4.6 Cavitation Erosion

Erosion due to cavitation is a major problem, The capacity of
materials to resist cavitation erosion is frequently termed their
tcavitation stability'. The cavitation stability of materials varies
within wide limits depending on their physical propertieg and condition,
also upon the hydrodynamic conditions in the flow and the properties of
the liquid. TFour different possible kinds of attack were delineated

(46)

el sewhere

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 oxygzen and

water vapour.

3) The development of electrical potentials which mav 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.(7o) It is
not possible to find one single explanation to cover all causeg 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 thig apparatus for the production of intensive local
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cavitation erosion gives us 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-

(11,72,

ility of materials by using magnetostrictive vibrators at N.E.L.
73,74) and elsewhere<75). Figure (27) shows the rate of erosion for
different materials versus itesting 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.

{76
Mabsumura et al.\7 ) f

ound 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 ani iron, which have a single peak,
and they also found the first peak appears in the rate time curve as

temperature rises from 90 to 200°C.

Cavitation~erosion damage increases with temperature up to a

. . o . . . .
maximum at about 50°C after which it decreases owing to the rapidly

(78)

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

increaging vapour pressure , when the test pressure is atmospheric

pressures over a range from 0.35 Bar to 3.0 Bar (5.0 to 43.5 P.S.I.).
(72)

obtained by Hobbs and Taird using a magnetostrictive transducer for

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

these tegts., It seems this result is important in automotive coolant
system pumps when a pressurization system is used and also where
vitration induced cavitation is suggested in the cylinder cooling
jacket(79). But cavitation erosion damage observed in cooling systems

(77‘)’

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

is a result of chemical and mechznical effects working together

therefore difficult to discuss the full implications of Hobbs' experi-
ment in relation to automotive cooling systems, He showed that hard-

ness and tensile strength are the main properties governing erosion



41

behaviour(73). Results of laboratory tests indicate that the highest
cavitation stability is exhibited by aluminium bronze and stainless

(73,74)

steels

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 matallic components of hydrauvlic 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

PR )

The occurrence of cavitabion is a consequence of the reduction in
the absolute pressure of a liquid to some critical valuej 1t 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, Wwe 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 1lift above the recommended value.



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
gection 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 occcur 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
punp 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 fto 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 (29) shows typical cavitation 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<8o). Figure (22) shows constant capacity
cavitation test results obtained with a propeller pump. It can be
gseen a certain increase in head and efficiency of the pump Jjust before
commencement of cavztatwon(45), This can be explained in that before
cavitation commences, the liquid breaks away from the walls of the
chanmels in the impeller and the frictional resistance decreases with

a corresponding increase in head and pump efficiency.

The results of many tests on pumps have been correlated by the
. 81 .
Hydraulic Institute in the U.S.A.( ) They plotted a graph relating

0y, Fo shape number for ocriftical and other conditions. Figure (30).

4.8 Cavitation in Automotive Watsr Pump

The material of automotive waber pumps is often aluminium ov cash
iron. luminium ig attractive material because of its light weight,
favourable nature for production techniques and bebtter cavitation
pitting resistance than cast iron(7 ). But aluminium has a poorer
resistance to corrosion when antifreeze (water glycol mixture) is used
ag the coolant in cooling systems< 7>. In addition to mechanical
effects of cavitation on the pump, punp danage seems also Lo be due to

(79)

cheniczal effects

Many types of experiments have been used in studying the pump cavi-
tation problem, such as engine dynamometer, tests in a laboratory, sounic
vibrator rig, Venturi rig, and car field tests. Car manufacturers
indepzndently develcped laboratory pump tests to find a representative
flow rats 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, 2 high flow
(o S Py 3

rate bubt avoiding excessive pressures at high speed.,

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

tation erosion/corrosion anl this seems cn the way to being accepted by
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(82,83)

most interested groups . A laboratory pump test according to an
A.S.T. M. standard was developed for rating the compatibility of
aluninium pumps witn various coolants. Pumps were rated for damage
visually after 50 hours using a scale from 1 to 10, 1 being verforation

(82)

and 10 being no damage . Table ITI gives some typical results of

(7

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

Table IIT Laboratory Pump Test Results - 50 hours.

Type of :‘Type'of i% water T - Pump damage scale
coolant inhibitors* temperature  (after a 50 hour run)
Water - 100 | 115% 8

104 glycol A 9% 115 1

106 A 90% 85 4

o5 m A 5% 115 2

50% " A 50% 120 2

506 " B 50% 120 7

507 n ¢ 504 120 8

*  gee reference 22,

Test conditions are very important to this test, which is illustra-~
ted in the data of TableIIl,by the 2nd and 3rd results, where tempera-
ture was varied, The fact that different antifreeze corrosion inhibitors
rave widely varying results when tested similarly, was interpreted ag
proof that chemical effects were occurring in addition to the mechanical
effects of cavitation.

'

Bthylene glycol has a slight deleterious effect upon most metal

and rubbsr; it attacks lead~tin solders so that it is necessary to use

(84)

a gpscial cadmium~zinc solder

Cavitation erosion/corrosion or pitting of the water side of

water coolad engine can b2 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, Vibrabtory 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
blooks<36’84’85’15). Tt 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 Hobbs showed that in vibratory cavitation the erosion rate

(72)

Other ways of reducing pump cavitation

increased with square of pressure , 1s not necessarily applicable

to automotive water pumps(77>.
damage have been investigaﬁed<{7 . Small changes in design can often
be helpful, as for example where a small change in the housing of the
Pord 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 succesgsfully employed in the field of
chemical and the process industries. The use of a single étage pumnp
impeller running at speeds from 2900 to 25,000 rev/min makes possible

(86)

a. large performance envelope with a flat head/flow characteristic

(86,87)

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

which is important in aubomotive water pumps. But the shape

diffuser may not be convenient for integral installations in the c¢~linder
block. Also, the process punps showed an outpuf prezssure which is very

2 .
nearly related to (speed)” and this is rather steep for automotive use.



CHAPTER ¥

BACKGROUND ON NON CAVITATING PERFORMANCE,

Non dimensional coefficients were used to plot the results

§ = "gg 5-1
ND
Y -
"t o
Power
A o= e 5-3
P QN%B
N /Q
ne = L4 5-4
(v)*

where & is discharge coefficient
% is head "

A_ is power "

is shape number

ig impeller diamater

Q is flow rate m3/s

Y ig specific energy J/kg

But it must be mentioned that when the non dimensional variables
vary at cavitating conditions, a single parameter relationship § = £(#)
is nob applicable and other parameters such as scale effect, Reynolds
number, thermodynamic effect, surface roughness and turbulence effect

L

are important 2% cavitating condition. So that these parameters can

te added to the one paraneter law, we must write

[i] = f(Q, R@, sep ) 5"'5

Experience in the U.5.A. has shown thzt car engines usually have
resistance equivalent to that through a 1.9 - 2.5 cm diameter crifice,
while the resistance for a large engine is usually equivalent to that
through a 2.8 - 2.9 cm diameter orifice<15>. So that the flow rate:/
head loss characteristics of the coolant flow passages obeys Uthe

square law,



47

CHAPTER VI

THE TEST RIG

6.1 Planned Bxperimental Programme ani Test Rig Design

There were two aims in the designing the test rig:

1. To measure the external characteristics of automotive water pumps
. 0
at various speeds (1500 - 6500 rpm), temperatures (15 - 130°C),

top tank pressures and at various concentrations of antifreeze.

5. Took at the cavitation characteristics of auntomotive 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 U.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. TLater 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
comnmected to a plenum chamber Figs. (35,36). Four 12.5 mm dianeter
bolts held the housing against the moveable vertical machined face of
(89)
motor, coupled to an electro-magnetic induction coupling provides a

vaeriable speed drive between O and 2400 rpm, A plain spurs gear and

the bracket which had been designed by Saunders A 5.6 kxw electric
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e

pinion of mild steel step-up the speed after the coupling and provide
2 maximun speed of 6800 rpm in the secondary shaft. This 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 comnected to a galvanometer

via slip rings.

Fluid is supplied to the test pump through 2 long suction pipe
with strainer, valves and one glass cection which is installed upstream
of the pump inlet Fig. (31). This pipe is set in a 230 litre capacity
(Fig. 38) pressurized tank. Tne flowrate was measured by a 25 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 peints by using a six-way
valve and a precision Bcurdon 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.)
Tig. (37). An expansion tank was designed to collect the liguid expan-
gions; a 1%” relief valve prevents the gystem 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 feor car cooling were selected by manufacturers
becausgse of their ability to work in various environments without having

the problem of boiling.

Temperature wag 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. 1In 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 wag noticeable leakage at the joints, Initially, there was
no strainer in the system, but because of the seizure of the turbine
flow meter which w2« 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
becaused it is 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 expsrimenis a 25 mm (1") Warren
Morrison diaphragm valve with Butyl rubber diaphragm had been usged but
this showed lsakage at 90°C with ethylene-glycol/water mixture (allow-
able max, temp. was 120°¢C for EG/W according to the manufacturers
catalogue)., It was decided to change the 25 mm diaphragm valve to a
32 mm (14") Saunders diaphragm valve with Viton material. This attempt
was succesgsful and it produced a lower resistance in the discharge line
which is desirable. By using the 13" Saunders valve, it was realized
that to have a good control on the flowrate 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 PIFE 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 unconirolled flow patteran (swirling flow)
entering the inlet of the pumps. For having a better flow pattern, fluid
was supplied through a suction tbox (this will allow us to use Hewlett
Packard quartz thermometer for accurate temperature measurement), &

straightener and a glass section which is held by two PIFE bellows,

Fig. (42).

0-100 PSIa absolute Statham pressure transducer was purchased to
. 2 . .
use with Scannlvalve(9 )* This will allow a future researcher to
measure pressure very accurately and to study pressure variation in

the pump housing.



The torque meter in shaft drive arrangement had been used for about
9 years before these experiments were started. It soon began to give
erratic readings and the repairing of the torque meter took a consider-
able amownt of time, See Appendix II for detailed work which was

carried outb.

Pearings in the drive shaft arrangement were redesigned because of
nigh torque absorption of the old bearings. The old pre-packed grease
bearings were replaced by new oil cooled bearings and the paired thrust
bearings at the end of the drive shaft were changed with one Jjournal
bearing. The new arrangement reduced torque absorption in the bearings

by more than 50%; see Appendix ITI.

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 wasg
occasionally checked statically by dead weight tester (each fortnight).
Before any tests, the test rig must be zun. for about & an hour for
warming-up at 4000 rpm. (This time had been 15 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 & normal test procedure for
plotting the nead/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. TFor 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 V.

50
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CHAPTER VIT

RESULTS AND DISCUSSIONS. WNON CAVITATING FLOW

7.7 Introduction

Tests were carried out with four pump types (4, A,, B and C),
using water and 54% 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.G/W mixture was

used as a fluid in the system,

Table IV, Specification of Pumps Tested.
i et ! 3
PUMP | Speed R nmax? Dia. of |Shape Liquid Tamp Pressure
~ R.P.M [Lit/min| J/kg: Impeller | No. °C | Rise
| § Bar
N A §
O-H.C 500 | 118.4 |136.4139.%  0.071 m | 102 | 2% o550 1,364
A EG/W !
KENT 544 of i
= '/'O N 7 1 / :
5 5500 | 102.3 | 55 |24 {0,057 m | 188 ze/m | 25 | 0.55
|
0.H.C| . ; v | 54% of] ?
Iy 5500 158.4 {111.612% 0.0715m | 137 B /W 28 ’ 1.116
of,
ESSEX | 6000 13.18 [ 113.3] 267 0.06 m 135 24” of 23,5, 1.133
a BG/W ;

* Based on experimental results

Pump A is cast iron and B has a cast iron impeller with a cast
aluninivm 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 mamufactured from stecel sheet S.A.%., 1008 14 gauge (1.897 mm)
and the new arrangement termed type A1. This sheet metal impellier
hag sharp edges at the inlet and outlet which has a greater change of

flow geparation at the edges.
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7.2 Non-Cavitating Results on Pump B,

Tegts were carried out up to 6500 rpm, but a slight efficiency
drop was measured at speeds above 5500 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 car) and 120 litre/minute (high flowrate,
when thermostat is open) is about 0.3 bar abt high speed (6500 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 %o 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 EG/W.

There is no sign of cavitation in both fluids until 1O3OC with water and
ethylene-glycol/water mixture, during the experiments with pump 18).

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

(88,97)

mixture, in spite of the higher viscosity of 54/46% by weight 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. Tt shows that in pump (B) temperature change reduces the

friction losses due to surface roughness in the pump.

7.3 Non-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 9200), when the
fluids were water and 54/46% 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-

o

ditions. When increasing the speed at breakdown point Fig. (63), flow-
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rate does pot change, i.e. NPSE, 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 pronouncéd
when gﬁéyleme—glyool/water mixture is used as a fluid in the system.
The /¢ curve moved towards the § axis at high speed at cavitating
condition, Fig. (62), and it must be mentioned that the cavitation
numbers for % head drop are the same in the case of water at 6500 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
t/© curves at cavitating conditions at the same speed but varying
temperatures. It ig 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 10700,
The bottom end of this curve is doubtful because of the low NPSE at

high temperature. There are three possible explanations for this effect:

1 -~ Two-phasge flow in the flow meter because of the presence of
vapour bubbles in the mixture when it passes through the flow meter.
The posgibility of the presence of wvapour 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 etnylene~glycol/water mixture at 1 bar absolute
is about TﬁOOC). 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

(98)

for the decomposition of_eﬁhylene—@lycol/water mixture.
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a - The oxygen content of the coolant.

- The temperature of the coolant and the temperature of the

o'

walls between which the coolant flows.

-~ The presence of copper in the system,

[¢]

Pig. (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 1b ft.,
(galvanometer has three scales O - 1.5, 0 - 5, 0 - 15 1b ft).

The manufacturer claimed that the torque readings were within t W of
the true torque over the major part of each scale. The torque readings
show that at high speesd (more than 3000 rpm), when the Reynolds numbers
are large, the similarity law is applicable. By assuming a mean power
coefficient curve in Fig. (65) at high speeds, it was found that the
torque readings were within * 2% of the mean torque over the major part
of 0 - 1.5 1b ft scale at low speed (1500 rpm). But the torque reading
at 1500 rpm shows about 404 error on torque readings compared with the
mean curve on Fig. (65) when there i;Taaeflowrate. This error decreases
L

to 254 at higher flowrate. There are %we reasons which could be put

forward to explain these errcrs.

1 - The rating of the torque meter is 0 - 15 1b ft and at low
speed (1500 rpm) the maximum torque reading was 0.2 1b 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 (2:1) 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

D
Because of the effect of Reynolds number it is almost unacceptable to

.
about four times smaller than at 6000 rpm (R = &%~ and R = %).

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).



Fig. (66) shows the effect of external pressure in increasing
the flowrate, when the pump is initially working under cavitating
conditions. By changing the inlet condition, which means raising the
pressure inside the tank by forcing the air pressure into the bellows

or by reducing the NPSE by closing the inlet valves, flowrate is
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increased or reduced as showa 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 54% by weight of ethylene-glycol in

water) at the same temperature and in cavitating condition (point O

on the graph Fig. 66), we can approximately say

Q@ = 154 1it/min NPSE, = T4 I/ kg
g = 159.1 1it/min NPSE = 60 J/kg

By assuming that we need 170 lit/min of fluid, the required NPSE

ig equal o
89.5 J/kg
69 J/kg

il

NP SHy

NPSE

i

GW

The NPSE figures show that in order to reach the proper flowrate
by increasing the NPSE, 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 54/46 EG/W.

In a pressurized system less NPSE was necesgsary for the EG/W than
water, i.e. less top tank pressure, There is a sealing problem at
high top radiator tarnk pressure at high temperature in car. Figure
(67) shows the effect of NPSS change at complete breakdown, It demon-
strates that for the pump to be working wnder non-cavitating conditions
at 10100, the top tarnk pressure must be raised to increase the NPSE
by abvout 100 J/kg (about 9.8 m head). The more or less horizontal
line in Fig. (67) when ¥PSE reduces by closing the valve in suction
line, can be explained, by considering that, the pressure drop in the
system is changed by ciosing the sucltion valve, t, by increasing
the +top tank pressure at vreskdown 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 sysbem towards the head/flow curve of the

pump at non cavitating condition.
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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 disgk 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 bebtween the
impeller and housing. (This brings the square housing design, the
protuberance simulates the side of the frént 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 4o a better
velocity distribution in the cylinder block and better performance of

the pump itself.
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7.5 Non-Cavitating 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. (80-A). It has to be mentioned that the pressure rise in
punp C for same flowrate and speed when water circulates in the system
is less than for 54/46% E.G/W, Fig. (74). This is rather interesting
as for high viscosity, the head should be higher than that for low
viscosity liquid(101). This might be 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 ZOOC). Falling pressure head at high flowrate

is because of losses in inlet head.

Fig. (75) shows the non-dimensional head flow characteristic at
various speeds. The difference between.w/m curves for various speeds
shows the Reynolds number effect. Fig. (76) illustrates the dimension-

less head flow curve at various temperatures at 6500 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) but there are differences on the Ap/m
curves. The torque reluctions at various flow rates for the same speed

are almost the same, Table V.

Table V. Torqueabsorption before modification (b.m) and after

modification (a.m).

Torgue abscrption 1b.ft.

SPHED ® . a,m Mbmma
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




. 4 kS F -
The new modification does not change the head/flow curves Fig,

(79), but it increased the efficiency (see Table (VI).

Table VI. Efficiency Increase After Modification at the Best
Efficiency Point.

Flow rate Specific ﬂm
e max
@ 1it/min Bnergy Y J/kg
b.m. g.m. o.m. Al b.m. a,.Mm, b.m, a.m.

Temp

SPEED

7000 149.6 | 145.1 161.5 | 161.7 17.0 | 18.7 25 25
5000 96.11 113 89.5 17 24,2 | 27.2 23 27 .5
1500 34,1 33.2 5.0 7.0 5 12.4 22.51 27.5

waf
The non dimensional power/floz curves are rather flat, by comparing

them with Kp/m curves for pump A, Fig. (77). This might be because of
high mechanical torque absorption in the pump's sealing. In that case
the EEZ%Z% 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). Torque absorption in the bearing was measured by running the
impeller in the air. TableVII shows the amount of torque absorption

in the pump seal (considering 96% efficiency for tooth belt).

Table VIT Torgue Absorption in the Pump's Seal

Torque absorption Torque absorpiion in A
SPEED in pump when the pump's seal when When pump runn-
@ = 0 1b-ft pump running at air 1b-f1t 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
punps. 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 diZferent points

of volute of pump C were measured. The effect of cavitation on the

59
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the pressure at the beginning of volute is more prorounced.than the
pressure at the discharge passage. The static pressure at the beginning
of volute is about 3}% 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 4, A1, B and C, it is cbvious that pump C has
the steepest head/flow characteristic and pump B has the flzttest one
between the tested pumgs, Fig. (80-B).

There are three important factors which can change the shape of
(101)

head/flow characteristic
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-

Also radial or spokelike vane can produce a flat ¢/¢ character-

istic,
istic. Reducing the number of the impeller vanes gives the steeper
head/flow characteristic<101). Unfortunately it 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 A1, pump A has a wider

impeller than pump A1.

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 eyer is different. Table VIII

shows the pressure drop at the impeller eye in respect to pump B (it

has the flattest 4/¢ curves).

Table VIII Pressure Drop at the Impeller Eye in Relation to Pump B

for ¢ constant.

Punp | Dia. of Dia. of Q Ah xk 5
impeller impeller eye| flow rate
A 71 m 40 mm 1.93 Qg 4,20 &
Ay ]71.5 mm 55 mm 1.97 Qg 1.80 Ang
B 57 mm 41.2 mm Qp Bhy
c 60 mm 36.5 mm 1-79QB 1.9 AhB




This shows that at the same flow coefficient pressure drop at
the impeller eye is higher for pumps A, A1 and C then pump B. As flow
coefficient increases this inlet line pressure drop increases, i.e.
less hezad produced at the discharge for pump 4, A1 and C in respect
to the normal head rise (steepeming 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, A1 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). Tanis pressure difference causes an

g T
unequal pressure distribution in the suction line, this might produce
. . .. BYCTV o . P .

cavitation in the &% ; line because of high pressure at suction

line.

Fig. (94) shows the zfficiency of different tested pumps at 6500
rpm. A maximum efficiency of 37.5% was recorded for pump A, With pump AL
the efficiency dropped congiderably, this might be Dbscause 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.
N I T

7.7 Paint Spot Tegts

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 bscause it just gives the flow
di stribution 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 cavitating con-
dition, Fig. (95), and when pump is running at low speeds, Fig. (95),
there is alsc inward flow near the discharge in the volute. The author
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thinks that by conbtrolling the axial clearance between the impeller
and the inlet casing, designing the air bleeding hole to reduce the
disturbance in the 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 A1 shows that near the
walls of the housing there is a high radial inward flow, both with ne
throughflow and also high throughflow, Figs. (96-97). 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
tanzential velocity
radial velocity

throughflow is higher than Shat at high throughflow. This does not mean

+o mention that the ratio of when there is no

that the »adial 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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CHAPTER VITI

RESULTS AND DISCUSSION. CAVITATING CCONDITION

8.1 Cavitating Results on Pump A

Figs. (81 & 82) show the cavitating characteristics of pump (A) at
various temperatures in dimensional and non-3imensional 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 total errors
in NPSHE are t4J/kg, ( see Appendix IV). Because of the lack of informa-
tion on the physical property of the ethylene-glycol, the cooling effect
due to vaporizabtion of ethylene-glycol at a cavity boundary, cannot be
calculated, so that the correction factor which was presented by Furness(44)
was not applied to find a cavity pressure. By comparing other results
(when the fluids were water) from Stepano?f‘s(88> (102)
Figs. (24,83) with the results of the ethylene-glycol/water mixture, the

and Chivers results

following points were observed.

1 - NPSE variation as a result of temperature change in the
ethylene~glycol/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 - Othex authors(88“102)

increages, NPSE reduces, but in E.G/W by increasing the temperature there
o

show that in water as the temperature
was an NPSE increase upto a temperature of 93°C but with a further

temperature rise NPSE reduced again. This cannot be explained now as
accurate teshs 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 4.27. The calculated
values show that cooling effect in 54/46% £.G/W mixture is apout half

the value of that for water at the same temperature.
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An attempt was made to calculate the cavitation performance for
E.G/W at 93°C and 102°C by using two sets of (F.E.) available data at
22°C and 9200 for B.G/W but this was unsuccessful as NPSE/temp, curve
is not sgimilar fo classical theory as used in Ref. 58 where NPSE falls
by temperature increase. This might be because of presence of dissolved
gases in the system as one can sze in Equation 4-8. The same sort of

(59)

“increment was observed by Hammit in mercury.

Values of ANPSE as a function of the thermal cavitation parameter
are plotted in Fig. (84), which also shows the average curve for the
pure fluid from Ref, (51). 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)

The modulus of ANPSE was used in Fig. (84) because with the E.G/W, there

than water is rare except some work wnich has been done on mercury.
were NPSE increases due to rise in temperature. A1t the same temperature
the cavitation mumber is higher for 54/46 E.G/W than water, based ou a
% head drop at the same speed, Fig. (85). The cavitation in 54/46 E.G/W
takes place at higher NPSE 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(88~102>. NPSE for %% head drop
when the fluid was water at 6000 rpm shows that there is slight decrease
in NPSE when the temperature risesg from about 250C up to 9300. It shows
that there might be spesed effects on cavitation number, which at high
speed increase the NPSE at high temperature. It is hoped that more
tests will be carried out by others in tne future on the cavitation
characteristics of wabter and various concentrations of the E.G/W at

various temperatures and speeds in order to obtain a clear picture.

8.2 Cavitating Results on Pump B,

After 60 hours running at cavitating and non-cavitating condition
with water and 54/46% by weight 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 51, Fe, A1,

Ca with almost equal concenirations. Also there were small amounts of
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zinc and 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(98> observed that some copper was deposited on any exposed 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 pitti
line, Fig. (8%). Collins<

the aluminium surface may stimulate the cavitation pitting which wasg

gs were found in the housing near the suction

also mentioned that copper deposited on
observed in our experiments. It can be gald that other deposits such
as 8i, 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. (87 and 88) illustrated the cavitation characteristic of
pump C at various temperatures in dimensional and non-dimensional forms
when fluid was water. By considering the error in measuring NPSE the
NPSE increases due to ftemperature increases are within the error's limit
(Y 4 J/kg see Appendix V). Figs. (89-90) show the cavitation character-
istic with 54/46% B.G/W at various temperatures at 6500 rpm in dimen-

sional and dimensionless form.

The cavity pressure depression for 9% energy loss by using
Equations (4-27, 4-30 and 4-31) for water and 54/44% E.C/W mixture in
pump C were calculated, with the results at 28°C and 86°C used as
reference data. The resalts were plotted in Fig, (91). The calculated
values for the cavity pressure depression are not in agreement with
(44) hypothesis (one m/(NPSE)K
curve gt different temperature: For cavitation characteristic of pump
(NPSE)k = (p - Py TP, APV) g for water and 54/46% B.G/W mixture,

There is a maximum for the experimental value for cavity pressure

experimental data by assuming Furness

depression in 54/46% E.G/W mizture and a minimum in the case of water,
) 0 .
Meximum NPSE st 70 °C in water might be because of the presence of
differing amount of air in the system, Fig, (92). NPSE vs. temperature
is almost straight line in case of E.G/W at 5% head drop. Fig. (92)

shows that 54/46% E.3/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 C it is possible to see that at
the same flow rate (not at the same @) and seme speed, NPSE was higher
at 56, head drop for pump (C) than for pump (4), 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 bscause 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.
Tn case of water thne pump breakdown did not happen at all. Cavitation

damage was obszrved in the tongue of aluminium volute casing.
O (&)

The value of |ANPSE| as a function of thermal cavitation parameter
v C o7

(B:“‘gX”*“E'X
v h
£ fg

E.3/W mixture and water do not agree with the pure fluid data from

FR
b§§:> are plotted in Fig. (93). The data for 54/46%
'

ref. (51). The author thinks the different gecmetry 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).



CONCLUSTONS

1 - From the pumps tested, pump B showed itself to have a flatter

head flow characterisgtic than the other pumps.

2 - Similarity law is not applicable to the pump types tested at
low sgpeed for Kp/w as the power absorption in the bearings and seal

is gquite: 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 sutomobtive 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).TesTs Shoew ThaT wy
pm PO vement iy beaving destdn, T /g possible [ ‘»werease 2{ficiency
considerably (See Yale VIL)

6 -~ Local cooling effect due to vaporization is less important
in B.G/W than water. This can be accounted for as a result of higher
viscosity of E.G/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 CK: is negligible at different temperature).
p?f
7 - The calculation of thermal cavitation parameter (B) ghows
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 B.G/W is more like water than glycol.

(51)

to hydrocarbon mixtures with density lower than water. It seems more

8 - The thermal cavitation parameter as derived by Spraker

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 b2 necessary to predict fully the ethylene-
glycol/water mixture's cavitation behaviour as a coolant in automotive
cooling systems. (The results have ghown 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 - 54/46% B.G/W mixture produces higher specific energy at the
same flow rate. (This might be because of higher viscosiiy of E.G/W
suppressing the internal circulation within the region between two
blades.)
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CHAPTER X

FUTURE WORK

Because of high production of the automotive car pumps (106 + in
U.K. 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 £5). 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 discharge cavity geometry and
find the best type of impeller for the housing by considering the capital

cost and durability as well as efficiency.

3 - BExamine 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

pessibility to have better distribution of fluid in the cylinder tlock

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

relationship for cavitation behaviour of E.G/W. Density measurement
will be necessary, as it shows the possible change of concentration of

E.G/W due to decomposition.
6 - Tt will Dbe necessary to test similar pumps in order to assess
changes in behaviour produced by geometric variation in mass produced

items.

- Tegt some pump designs from truck engines, since these are
g 5

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.

9 -~ Compare the laboratory test results with actual engine.
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APPRNDIX I

INSTRUMENTATION AND TEST RIG DETAILS

A-1-1 rive Shaft Arrangement

A 5.6 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 comnect it to the torque
meter drive shaft. This shaft drives the pump through a pair of
(3.581" dia.) 21 gtock 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 palir 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 ugeful when the torque
value is very small. This low torgue causes error in the reading
specially at low speed. Because of safety reasons a sheet metal housing
hag been installed around the pulleys. Alsc 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 ITI). The final
drive shaft is stainless steel and mounted on two jJournal bearings.
Torque transducer is axially mounted between the two shafts with two
flexible couplings. TFlexible couplings protect the torque meter from

any btending 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 3" plate duct was used for making
a 230 litre capacitby pressurized vessel. It was impossible to use a
standard flange for this cylinder, because 1t 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 holesg were drilled at the bottom end: one
of them is 21" BSP for heater installation, There are two holes on the
top end, see Fig. (38,48). 13" BSP tapping was used for installing the

relief wvalve,

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 (2" dia.). Neoprene rubber (34.1
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 (8" 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 %o 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 19 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 13" pipe inside the expansion tank which is connected to
the relief wvalve. 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 vesgsel and it can be used as an expansion and make-up tank for

experiments.



The rig pressure 1s 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 bar absolute (15 to 45 psia). Com-
pressed alr flows through a filter and a micro air regulator, Relief

valve at the top of the pressure tank is set at 3 bar absolute,

A~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 tvpe flow meter
gituated 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 t
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 1lit/
min. The flow meter was installed wvertically. 4 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 150. 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 i'O.ﬁ%
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accuracy. An 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 25 mm flow meter., Flowrate
less than 25 lit/min was calculated from an empirical equation which was
developed by Tan<9o’91). Calibration tests were carried out with a
test rig in the University which p 0.1% accuracy is claimed.(91) The
flow meter wag installed in the calibration rig in a vertical position

with the cone, straighvener and straight pipe.

A-1~5 Pressure Measurement

Pressure measgurement was carried out via oné six-way valve to a
precision (absolute pressure) Bourdon tube gauge (range 9 - 6.9 bar
absolute or 0,100 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 19 pressure tap holes in the
housing for studying pressure distributlon inside. 8ix 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 O - 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 temperature (range 10 to 1500C) which
Howard(32) used previously. Temperature was measured at four points,

inlet and outlet of the pump, main reservoir and ambient temperature.
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+ 0 . . \ . .
There is an accuracy of = 0.25 C at the reading device, Thae combination
of temperature and pressure measurement at pump inlet enables one to

find the net positive suction energy(ﬂPSE),

Experiments showed that there is a temperature rise between suction
and discharge, this difference increases when the resistance in the

system increases (low efficiency).

A1 Heating, Cooling, Thermostat

A three kw domestic heater was installed at the bottom of the tank,
there were two thermostats which control temperature from 2500 to 17OOC.
An ordinary domestic thermostat which is sufficiént to control the
temperature range from 250C to 9300 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 7OOC to 17OOC. This thermostat has a

stainless steel protector sleeve which avoids corrosion problems.

A control panel was degigned to control the heater with these
thermostats. There is a switch for selacting the apprcpriate thermostat.

The accuracy of thermostats is about s 3OC.

There is a small shell and tube heat exchanger which is cooled by
City water. This (borrowed) heat exchanzer 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

0

. . s .
hours) it was possible to have a constant temperature within ~ 2°C
p T

at the suction line.
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APPENDIX T1

TORQUE METER PROBLEMS

A Westland Aircraft (now British Hovercraft Corp.) strain gauge
torque transducer has been ussd 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. 3Bearing

re~-design is described in Appendix IIT.

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 wag investigated. We observed
high temperatures (4OOC after 1 hour rumming 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 = %) and
potentiometer (10 k0 ) and installing the new ones in the indicator, a
quite stable reading of torque has been achieved. (Two 24 ka * 17
resistors and 22 k0O 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 ITI

REDESIGNING THE BZARINGS

The bearings were redesigned because of ‘torque fluctuation and high
parasitic torgque absorption in the oil cooled thrust bearings and grease
cooled journal bearings of the drive shaft, The disadvantages with the

0old 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 tecause 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.

(89)

described elsewhere.

2 ~ Three grease lubricated bearings which were previously used in
the drive shaft installation were chown to be inconsistent in their
torque absorpiion 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 13 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
roace 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.



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 %orque
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 sgpeed.

Table IV, Torgue Absorption in the Bearings
Speed New Design 0ld Design %
Rev/min 1b ft. 1b ft, 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




A-4~1 Shaft Speed Variation

Maximum error by assuming that counter is correct Ty count, is
g 3 rev/min at low speed (less than 3000 rpm) and pa 5 rpm at high speed.

Thig error increases after new 2:1 step up pulleys.

4~4~-2 Torgue Meter

The gtatic calibration shows that the accuracy claimed by the
manufacturer was correct (less than ¥4 over the major part 0 - 15 1b ft).
The estimated read-out error was aboubt 0.005 1b ft (0.0068 Nm) for
0 -1.5 1b ft range and 0.0125 1b £t (0 - 0.017 Nm) for 0 - 5 1b £t
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 Pregsure Gauge
> Do

There were errors on pressure readings which can be classified as

follows:

i - Error due to actusl readings (ambiguity in reading the dial
and pressure fluctuation) is about 1000 Nm ~ 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°¢ change in ambient from 20°¢. 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 tobtal errvor due to all contributions is equal to
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0.3%5 of full scale or about 0.025 bar, which is equivalent to tos
J/xg error. There was also an inaccuracy in vapour pressure which was
calculated from empirvical equation (A-6-13). By assuning that there is
no decomposition in ethylene glycol it can be said that the maximum
total error is not more then T 4 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.

. . . .+ o)
i - Error due to actual reading is about - 0.5°C.

ii - Error due to changing of temperature which is caused by
. , N + ,0 . .
hysteresis effect of thermostat is avout - 4°C, This error varies
with duration time of expsriment, but for an experiment with constant

s . + .0
speed the temperature variation is max. - 2°C.



81

APPEIDIX V

e eecempr——

COMPUTER PROGRAMME

The results were processed by using a short computer programme
to calculate the dimensional and non-dimensicnal coefficients and plot
the head/flow curves at various speeds, by reading the flow rate,

inlet pressure, discharge pressure and ‘torque.











SPFfcO.LT
SPFET.LT
SPFED.LT
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APPENDIX VI

PHYSICAL PROPERTIES OF B.G/W.

Variation of density and vapour pressure versus temperature in
various concentrations of ethylene-glycol/water mixture is shown in
Pigs. (50-51). Fig. (52) illustrates the ethylene glycol's latent

heat of vaporization versus temperature.

There is little information available about vapour 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-
géneous. By using the Clapeyron equation(93) one can calculate the

specific volume of vapour of the ethylene-glycol/water mixture.

¢, = [Cyp+a(r-30) ]4.1868 30<T< 130
A6-1
where Cp is specific heat of the ethylene-glycol/water mixture kJ/kg deg K

T is temperature in %

CBO and a are constants, Fig. (53) shows the specific heat

value of the mixture versus temperature(94>.

Denoting hfm ag the enthalpy of the fluid mixbture, the additional

enthalpy introduced by the liquid-vapour phase change is:

+ () by A6-2

fom Aheq

where X'is mole fraction of glycol in the mixture
hfgm is latent heat of vaporization of mixture kJ/kg
hng is latent heat of vaporization of glycol kJ/kg

hfgW is latent heat of vaporization of water kJ/kg

Now enthalpy of vapour is equal to
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A6-3

hgm - hfgm + hfm
where hbm is enthalpy of vapour mixbture.
By using the Clapeyron equation:
Vegm = Vem Ve A6-4
h
fgm
Vfgm = dpv A6-5
Teat * a7
sat

where me is specific volume of fluid mixture

vgm is specific volume of vapour mixture

v is difference of specific volume of vapour and ligquid

fem
in the mixture
. , 2
p, 1is vapour pressure N/m
. . o
Ts‘t is absolute saturation temperature X
cl
Above assumphion 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 B, . Consgider a solu-

A
tion in equilibrium with its vapour. At equilibrium we have

soln vapour
EA = Ei

soln vapour
EB = EB

Z solution is said to be ideal if the escaping tendency of each

component is proportional to the mole fraction of that component in a

(95)

solution . The definition of ideality implies that a molecule of

A in the solution will have the same tendency to escape into the vapour
¥ T P

whether it is surrounded entirely by other A molecules, entirely by B
molecules, or partly by A and partly by B moiecules, 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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I

lowered fraction of A molecules in the solution (Raoult Law),

o .
pVA = X:A va A6"6

where Poa is the partial vapour pressure of A above a solution

XA is the mole fraction of A in the solution

pzA is the vapour pressure of pure liquid A
So we can write
7 0 ‘.0
- -X -7
P g Py + (1 -5 )pg ho-7
where P is total vapour pressure of mixture
sz 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

dp h
- _ - fg A6-8
dT T XV

sat sat fg .

By assuming that vapour specific volume is much bigger than fluid

specific volume (vg:>:> vr) we can write

Vor 2= Ve 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)(93) to

danv hfg
qd T = A6-10
2
sat R
sat

or Eq. A6-10 may be written as
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hgg ]
dImp. = =~ -== d () A6-11
v R Tsat

By assuming that hfg is constant we can write:

see Fig., 52 for variation of h. in water and glycol
g

fg
h
. g 1 ; -1
Lnp = o X T, + C A6-12

where C 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 EG/W obeys Raoult's law fairly closely,(21) we can write
for EG/W

C
Logyy Py = A -5 A6-13

sat

where A and C are constant. A and C were found by Trimble(ZI) et al
and they deduced a set of equations for various concentrations. In
their equations the magnitude of D, Was calenlated in mm of Hg.

From Equation A6-13 by differentiating with respect to Tsat one obtains

C
= p_X 5 x Log 10 A6-14

sat

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 sgpecific volume of vapour mixture.

Viscosity of ethylene glycol water mixture can be calculated

(68)

Y 1
N = A ejB/’l A6-15

Wnere A and B are constant, value of A and B can be calculated by
knowing two values of viscosity at different temperatures. Fig. (59)

shows the viscosity variation of E.G/W mixture at various concentrations.
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Thermal conductivity of pure ethylene glycol can be estimated

(18) ’

from equation .

k 0.30354 ~ 7.53624 x 1072 % £ A6-16

G

It

where 1 is temperature in ¢
- -
kG is thermal conductivity of glycol Wm % !

For a mixture of E.G and water one can use the following equa-

(96).

tions

X = k X +k

mix w w G XG - <kG - kw)(1 - /XG ) X A6-17

where Xiis weight fraction.

Fig. (56) shows 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 waterts increases
with temperature. So that in car cooling system the maximum concentra-
tion of E.G/W mixture is desirable to be less than 504, (In this
percentage thermal conductivity is almost constant). More than 50%
of E.G in water reduces the thermal conductivity,i.e. heat transmission

capacity of coolant at high temperature.

Fig. (57) shows the diffusion coefficient of E.G, in water at
(68)

various temperatures, by using the Othmer and Thakar's nomograph.
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