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SUMMARY

THE USE OF TEMPERATURE

AS. A VARTABLE IN HYDRAULICS

by

AJAR, BELAGIB
(B.Sc.(Eng.), D,I,C., A,M,I ,Mech.E,)

)

Use of Bernoulli (or Fuler) equation in
Hydraulics is restricted to flows which can be considered
frictionless and in which there is no external work
transfer.

Flow of a liquid causes changes in the
thermodynamic state of the liquid - these changes being
inevitably irreversible, It is clear therefore that a
complete description of liquid flow processes can only
be obtained by using the more general equations of
thermodynamics, The main obstacle to this procedure
has been the difficulty of measuring the small
temperature differences encountered in liquid flow
and on which the thermodynamic equations are dependent,

Thus research was aimed first at developing
simple methods and techniques for measuring small
temperature differences such as those occurring in

hydraulic (or liquid) flow systems; and at surmounting the
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various difficulties inherent in such measurements, As a
result it is now in most cases possible to obtain an |
accuracy of = 1mC° in the measurement of temperature
difference across a hydraulic flow system (1 millidegree =
0.001 ¢c°), Under favourable conditions an accuracy of

2 0,3mC° has been attained. The apparatus used for such
measurements is cheap and very simple,

A suitable equation for use in the thermodynamic
treatment of liquid flow is the Steady Flow Energy Equation,
It was found necessary, however, to recast this equation
in a special form for convenient application to liquid
flow. This necessitated introductibn of
certain thermodynamic properties (e.g. (Q}VﬁﬁP)T). The
values of these properties for water were evaluated and
presented in tabular form fqr the ranges 1-50°C and 1-200
atmospheres., Examples of the order of magnitude of
these properties for some other common liquids are also
shown,

In contrast to Bernoulli and Euler equations
this version of the Steady Flow Energy Equation depends
on both the temperature and pressure as variables,

The equation has been used in the analysis of a number
of hydraulic flow systems of varied nature with very

satisfactory results,

Research/
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Research was conducted‘to show the practicability
and advantages of using the témperature as a variable in
two imporant fields of hydraulié practice, namely the
measurement of efficiency and of the rate of flow, The
development of the technidues of temperature measurement -
referred to above - rendered practicable the application
of the thermodynamic methods of measuring hydraulic
efficiency to machines operating at heads as low as
100 feet - lower than hitherto possible. The development
of these techniques of thermdmétry also rendered practicable
the use of novel and simple thermometric methods for
measuring the rate of flow.

In conclusion it is hoped that the satisfactory
results obtained in this research will help to ihspire
more confidence in the use of temperature as a variable
in Hydraulics and stimulate interest in Thermohydrauliés‘—“

the thermodynamic treatment of liquid flow.
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PREF ACHE

DEFINITION OF THE TERM HYDRAULICS AS
Uoskl IN THIS THESIS

Hydraulics in the original sense meant the
study of water and its application, or briefly 'water
engineering,' As the engineers interest in other
fluids increased, the coverage of Hydraulics was
extended to the study of other liquids and, on
occasions, gases. However it was soon realised that
liquids and gases have many divergent properties and
it is inconvenient to deal with both under the same
heading, For this reason the use of the term
Hydraulics was then confined to the study of liquids
and liquid flow, In this thesis, Hydraulics will

be taken to cover this latter meaning,

Limitation of the Practical research work undertaken

For practical reasons all experimental (ﬁ&?
work was done only on water at room temperatures,
However there is no reason why the conclusions
drawn may not be applicable to other ligquids satisfying
the pure substance conditionj or to water and to
these liquids at temperatures different from room

temperature provided that heat transfer to the




surroundings is accounted for, The necessary
thermodynamic properties of water are evaluated
and tabulated in detail for the range O -~ 50 °¢ and
1 -~ 200 atmospheres corresponding properties of some

other common liquids are shown in Table 2.1,

Units
The subject of this research is related to
a number of scientific fields, namely Hydraulics,
Thermodynamics and Physics,
In Hydraulics the concept of head or
energy per unit weight is dominant, In Thermodynamics
and Physics all properties are expressed in terms of
unit mass, Physicists prefer the use of such units
as slug, Newton et,, which make 'g ' (the constant of
proportionality in Newtons Second Law of Motion)
numerically equal to unity, On the other hand-many
mechanical and hydraulic engineers (especially those
engaged in practical industrial work) prefer the use
, b, K ‘

of units such as 1lb Kgf so that numerical

m? g’
values of the weight and mass of a body are
approximately equal on the surface of the earth,
To neutralise these differences the
constant, gu; is introduced in all equations where

ambiguity may arise, A table of the values of gu

(11)




(t11)

is shown in the nomenclature, By introducing gu the
egquations are made valid for any system of units;
also the conversionyfrom energy per unit mass to
energy per unit weight or vice versa can easily be

done by multiplying by (g,/g) or (g/gu) respectively.

Contributions which are believed to be of

original nature

(1) A hydraulic bridge for measuring small
temperature difference (Chapter 9); published:

Journal of Scientific instruments, Vol. 41

pps 596-598 Oct, 1964

(2) The pair ratio method of measuring small
temperature difference (Chapter 7); published:

Journal of Scientific Instruments, Vol. 41,
PP, 592-595 Oct,., 1967

(3) A general expression for the isentropic
stagnation temperature of fluids (Chapter 3):
published:

Nature. . 989-090 ., Vol, 204, No, 4962
5th’Dec. 196k ' P ’




(tv)
(&) A general expression for the overall
recovery factor of streamline cylindrical

pockets normal to the direction of flow

(Chapter 10).

(5) Development of the heat diffusion methods

of measuring the rate of mass flow (Chapter 12),

The following contributions are believed to

be important improvements and additions to existing

work :
(1) Presentation of the Steady Flow Energy
| Equation in a special form for convenient
application to liquid flow (Chapter 4),
(1) Calculation of the property (@ h/z’P)T
“ of water for the temperatures Q - 50°C and
pressures 1 - 200 atmospheres (Tables 5.4 and
546)
(1i1) Simple exposition of the principles of

the thermodynamic methods of measuring the
efficiency of hydraulic machines (Chapter 11),
(ii) and (iii) are published in
NEL Report No. 163

(National Engineering Laboratory, East Kilbride,
Glasgow)
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NOMENCLATURE

Resistance~temperature coefficients,
Coefficient of the monitor thermometer,

Equivalent coefficient of the monitor.
thermometer

The isentropic and the isothermal
coefficients of pressure~enthalpy per
unit mass,

The average isentropic and isothermal

coefficients of pressure-enthalpy per
unit mass ¢

AS/VO y Ap/V
Equivalent area of heat transfer,
The hydraulic bridge constant ,

The specific heat at constant pressure
per unit mass,

The average specific heat at constant
pressure per unit mass (mechanical
units),

GP/J or Cp in heat units,
Diameter of the pocket,

Diameter of the pipe,

Total energy per unit mass .

Friction coefficient ( sppendix 10,1)

Acceleration due to gravity,

Standard acceleration due to gravity
(32,174 £t2/sec.}, ;




(att)

4 constant dependent on the system
of units used:-

= 32,174 1b_ £t./1b, & for lb_/lb, system

= 1,00 lbmft./pdl.sg. for lbm/pdl. system

= 1,00 slug ft,/lbfs2
2

for slug/lbf system
= 1,00 g.cm,/dyne s for g/dyne system
= 9,81 Kg.m./Kgfs2 for Kg/Kge system .
Enthalpy per unit mass.

Coefficient of heat transfer by natural
convection ,

VO&P-

Head losses due to friction (energy per
unit weight),

Mechanical equivalent of heat
(J = 1400.2 ft, lbf/CHU).

Coefficient of thermal conductivity,
The pair ratio (Ch, 7)

The test ratio (Ch, 7),

The monitor ratio (Ch, 7)
Resistance of leads - |

length

Coefficient of the hydraulic bridge,

Power index in the expression for the
frictional recovery factor,

The pair ratio and the test ratio
of the transformer ratio-bridge
Appendix 10,1) n = RY/(RY + RJ -




(xacitt)

Absolute pressure.
Ltmospheric pressure,
The average pressure coefficient,

The pressure coefficient at 6° to the
direction of flow (clockwise) (Ch. 10),

Pressure in the free stream.
The prandtl number (Ahcp/k)

Heat transfer to the fluid per unit mass,
(in mechanical units).

Rate of flow per second (vol/sec):

Heat transfer to the fluid per second
(mechanical units) ,

Rate of mess flow per second (mass/8econd),
Radius,
Frictional recovery factor.

Local frictlional recovery factor at e°
(Ch, 10),

Resistance.,

Overall recovery factor (Ch, 10).
Reynolds number (VD/¥).
Resistance of thermometer at 0°C
Resistance of thermometer at T°C
Entropy per unit mass .,

Total entropy ,

Coefficient of stagnation, (T/v)(?V/QT)p
(Ch, 3),

Thickness ,



(xxiv)

Lbsolute temperature of the fluid:
Temperature Celsius,
Measured temperature.

Local temperature on the sgrface of a
non-conductive pocket at ©° to the
direction of flow (Ch., 10)

T, or temperature of the fluid at the

free stream.

Temperature at the outer edge of the
boundary layer of the pocket, at ©
to the direction of flow (Ch, 10).

Room temperature (Celsius),
Internal energy per unit mass.

Absolute velocity (in the direction
of flow)

Absolute velocity, U, at @ = o relative

to pocket

’
ibsolute velocity at the free stream
Velocity at the outer edge of the
boundary layer and tangential to the
pocket

The specific volume (per unit mass)

The specific volume of water at AOC
end atmospheric pressure v, = 1 ml/gm

= 1/62.43 £v7/1b_

Lverage velocity Q/A

External work done by fluid per,
unit mass

Ideal external work which can be done

by the fluid per unit mass (frictionless
flow),
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5 *mw A
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()

Energy loss per unit mass due to
degradation by friction

(wp = (g/gu} He

External work done by fluid per second
(mechanical units).

Height above datum .

Subscripts 1, 2 refer to the inlet
and outlet of a flow system respectively,

Grggk‘gotat;qns
Callander resistance-~temperature
coefficient, (Ch. 7) -

hngle measured clockwise to the
direction of flow -

QYTOr 1IN eneeq

difference sass

T2 - Tl A\
TR""“ T A .
The specific heat ratio CP/Cv '

Efficiency, hydraulic efficiency (respect) -
Hydraulic efficiency of a turbine .
Hydraulic efficiency of a pump -

Joule Thomson coefficient

(2T/2P), (Ch. 2) g

Kinematic viscosity (LE/T).




CHAPTER _ONE

INTRODUCTION
1.1 The limitations of the available equations

of Hgdrauiics

Hydraulics as known today is based mainly
on the laws and equations of Mechanics, e.g., Newtons
Second Law of Motion and its corollaries for fluid
flow, Bernoulli and Eulers' equations. However it
was always realised thet these equations have serious
limitations, being based on the assumption of inviscidity
of the fluid and on the absence of external work.
Thus in addition to these equations a form of 'total
energy! or 'total head'! equstion is often quoted in
text books of Hydraulics, This consists of Bernoulli
or BEuler's equation supplemented with the term for
hydraulic losses, This term obviates only the
assumption of inviscidity -~ but it does not of course
account for the external work, When this has to be
considered, for example, when measuring the efficiency
of a hydraulic turbine, a long costly 'detour' has to
be made instead of evealuating the external work directly
from the change of the fluid properties, The detour
involves the assessment of the characteristics of the
generator and accurate measurement of the rate of
discharge., To overcome these limitations a logical

development might have been the employment. of the more



general equations of thermodynamics, However, the

use of such equations in practical Hydraulics would
involve the measurement of temperature, Unlike the
case of gas flow, the changes of temperature in liquid
flow are very small and are difficult to measure
accurately. Thus there was no alternative; but to
exclude the use of these temperature-dependent

thermodynamic equations.

l.2 The use of temperature as a veriable in
deraglics '

From the preceding paragraph, it can be
concluded that it is mainly a problem of measurement
that inhibits the use of temperature as a wvariable
in Hydraulics, and consequently inhibits the useful
representation of the process of hydraulic flow by the
more general equations of thermodynemics, The first
objective of the research reported in this thesis was
to develop simple methods for the accurate measurement
of small temperature differences such as those occurring

in a hydraulic flow system,

The second objective was to apply the basic
principles of thermodynemics to hydreulic flow. This



implies the adoption of the general thermodynamic
steady flow energy equation instead of the idealised
equations of Fluid Mechanics., As will be shown later,
this equation has to be recast in a special form for

convenient application to hydraulic flow.

The third objective was to show the
practicability and the advantages of using this general
thermodynamic equation and of using the temperature as
a variable in two important fields of hydraulic practice,
namely, the measurement of efficlency and of the rate

of flow,

The following thesis is thus divided into

three perts in accordance with the above objectives,




PART A

THEORY

APPLICATION OF THE BASIC PRINCIPLES
OF THERMODYNAMICS TO HYDRAULICS




CHAPTER  TWO

SOME DISTINCTIVE FEATURES OF LIQUID
THRRMODYNAMICS

2ol Incompressibility

A study of liguids would hardly be complete
without an introductory discussion of this distinctive
liguid behaviour, to which the science of Hydraulics
—UWGS its historic existence long before many other

sciences,

In mathematical terms incompressibility may

be defined as
v = a constant,or dy = 0.

Surprisingly, for liquids these simple equations
are as important as the perfect gos law is for gases, Both

are approximate, but are Jjustifiable and useful assumptions,

No liquid is actually incompressible, but the
deviation from this condition is very small as can be

seen from applylng the following equation,

For a mono-phase substance, v = f(P,T)

and for any thermodynemic process,

(dv /v ) = (A/) [(av/aP)po + (é)‘v/éT%)dT]

- (1 /7 )(«’ov/zsun)T and (J./v)(av/zﬂ‘)P are the isothermal



compressibility and the isobaric  (constant pressure)
coefficient of thermal expansion respectively. For
water at 15°C and atmospheric pressure these are equal
to about 4,7 x 107 =5 per atmosphere and 1,5 x 107 h
degree °c respectively, For eir, if the perfect gas
law is assumed, the coefficients are equal to (1/P)
and (1/T). 4t 15°C and atmospheric pressure these
are of the order of 1,0 per atmosphere and 3.5 x 10“3

per degree °c.

The above exemple clearly Jjustifies the
assumption of incompressibility of liquids in Hydraulics,
where only the variation of density or specific volume
is in question, Thus the assumption is effectiﬁely
used when integrating vdpt! or (dpﬁﬂl) to obtain the
head in Bernoulli eqguation or when comparing the
velocities in tﬁo sections of a !stream~tube! of
different areas. In this latter case it is safe to
assume that at constant rate of mass flow the velocity
or kinetic energy is only a function of the area
(VA = a constant), and that it is indeperdent of any
thermodynamic or heat transfer process taking place
between the two sections, The thermodynamic
significance of this lies in the fact that the inlet

and outlet conditions in a reversible process (except




the temperature) are assumed to be typical to those
in an irreversible process, Thus the avallable
head for a turbine, which may be defined as the
output of an ideal frictionless machine, can be
assessed from the neasurc.ents wmede on the

actual mechine,

For a thermodynamic treastment of liquid flow
considering varistions in temperature, the assumption
of incompressibility has to be cearefully reviewed,
It must not imply, for example, that the temperature
change, due to isentropic expansion or compression, is
negligible. This temperature change, although small,
may be of the same order as that in the viscous process
being studied., For exemple, in an efficiency test on
a turbine supplied with water at 20°C, such assumption of

inconpressibility may cause an error of not less than 6%.

242 The Change of Enthalpy

From the two-property rule, the thermodynamic
state of a pure substance and hence all its properties
may be fixed if two of them are known, Thus the
enthalpy cen be defined es a function of any two of

the other properties. Pressure and temperasture will

~J



be chosen because they are the least difficult to

measure when the fluid is in motion.

For a mono-phase substance h = f (P,T)

and ah = (28) ap + (2B ) (2.2)
P T |

'For the purpose of the following analysis (?-’wh/“a Plg,

the isothermal coefficlent of pressure enthalpy, will’ be

denoted by aq. (2h/ 2T)p, the specific heat will be

denoted as usual by cp.
From appendix i (2.1) aq = ?:)h/'a*P)T [V - T{ov/® T)
(243)

Thus equation (2.2) may be recast in its

more usual formiw

dh n{v -T (B3v/ » T)P¥ dP + ¢, dT (2 4)
As will be shown later this equetion provides one of
the most useful arguments in liguid thermodynamics or

"hermo~hydraulics."

It is worth noting that for a gas obeying the
perfect gas law (Pv = RT), the term T(?W/«.:iT) is equal
to v, thus (2h/ 2 P)q ori—v -T (3Vv/? T)P] is

equal to zero, Hence

i = a7
dh o D

This is the equation often used for the change

of enthalpy of air and most other gases. On the other




hand, because (BV'/'E?'I‘)_p for a2 liguid is usually very
small, T (B\r/BTP)p for most liquids at normal room
temperetures is only a fraction of v (Table 2.l),
Consequently the term {wv - T (2v /B‘P%ﬂ dP
constitutes en importang portion of the-change of
enthealpy. This is a distinctive contrest between gas

end liquid thermodynamics.,

23 The constant~enthalpy Temperature Pressure

relation, (he Joule~Thomson Coefficient,
2T BP,}
L

From equation (2.4 ),
(27/@ P)h = [T(av/BT) -v]/c,p = - (aT/cp)
(2.6)

- ,\U'h

The Joule-Thomson coefficient is an
important thermodynamic identity which has been
studied in detail for many gases end vapours. It
has many practical applicetions, e.g. in gas liquefaction
by throttling and in the determination of the specific
heat (Ref. 1), The latter applicetion is also

possible in case of liquids as described in Chapter (5).
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- An interesting contrast between liquld and
gas behaviour is displayed by equation (2.6). \;From
the structure of the equation it can be seen that for
a perfect gas the Joule~Thomson coefficient 1s zero.
It can also be inferred that for gases not obeying
the perfect gas law it is likely to be positive while
for liquids it tends to be negative, This implies that
a gas cools while a liquid heats up on throttling.
Indeed this is the case for most common fluids. at room
temperatures, although.at high temperattﬁgé and /or
high presSures some flulds tend to haﬁe'a point of

inversion where the slgn of the coefficient éhﬁngesé

The relat:l.onfcr(?v”l‘/ op )h provides the
theoreticql basis of two novel de¥ices developed in
this research, nsmely the hydraulic throttling
calorimeter aﬁd the hydraulic bridge described in
Chapters (8) and (9) respectively. The former is
used for sténdardisation and celibration of temperature
measuring apparatus, The latter is used for
measurement of small temperature dlfference, The
theory of both devices is based on the fact that the
Joule~Thomson coefficient represents the temperature/
pressure ratio in the constent enthalpy process of
throttiing. Thus when its value is known, the small

temperature change can be assessed precisely from the
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corresponding simple pressure measurements.

The value of the coefficlent for water may
be obtained by the aid of Tables (5.4) and (5.7). &t
about 15°C and etmospheric pressure the value of the
coefficient is about 1.6 m°C per lb/inz(millidegree; n’C =
0.001L°¢) .

ek The constant-entropy Temperature/Pressure relifion,
(3T/3P)
8

From Appéndix (R,2),
(®T/2P); = (T/c ) (Pv/>T) (2.7)

Like the Joule~Thomson coefficient, this is
a useful thermodynemic quentity, It provides the means
for estimoting the reversible part of the temperature
change in any process, It also provides the means for
assessment of the temperature change due to an isentropic
acceleration or deceleration of flows This application
will be discussed in detail in the following Chapter and
later in the text,

The coefficient ( DT/ZbP)s is positive for
both gases and liquids, except for water below 4°C and
at low pressures (Refer to Tables (5.3) and (5.7).)

The value of the coefficient for liquids is much smaller

as may be judged from the equation.
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For a perfect gas the above relation is

usually represented by the equation

(T,/T;) = (Py/Py) Iéf' (2.8)

fn interesting applicrtion of equation (2,7)
is in the estimation of the temperature gradient in an
adiabatic quilescent mass of fluid, i.e, 2 fluid with no
(or negligible) mass trensfer or heat interchange
between its layers. In this case the change of
temperature with depth is essumed to be analégous to

that in an isentropic compression of the fluid,
By the aid of the relation,

VAP = - (g/gu ) 447, (2,9)

equation 2.7 mey be recast as,
(ar/az) = -(v/v )@v/eT) (1/c, )e/e, ).

For air in a quiescent atmosphere at 15°C and
standard g,
(dT/d3)

i

~(1/c ) (e/e, ) (2.11)

(sssuming Pv = RT)

1°C rise per 336 ft. decrease
-of altitude.

lle
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For water in a quiescent ocean at the same

conditions of air above,

(aT/dz) = 0,048 °C rise per 1000 ft.-increaée
of depth. | (2.12)
(This figure applies to salty water containing 3.5 %. .
salt})




A APPENDIX (2.1)

VALUES OF THE COEFFICIENTS OF PRESSURE-ENTHALPY

The Value of 87T

By definition h =u+ Pv j (A,T.1)
differentiating , dh = du + Pdv + vdp (A.I.2)
From the first Law of Thermodynamics and the
definition of entropy:
Tds = du + Pdv (a,1.3)

Thus equation (A,I.2) becomes

dh = Tds + vdp , (A.T.4)
Introducing the Gibbs Function:

and differentiating gives d G = dh -~ Tds - sdt, (A,I1.6)
From (A.T.4)
dh - Tds = vdp
hence equation (A.I.,6) becomes:
dG = vdp ~ sdT, (A,T.7)
From the rules of Partial Differentiation

if G = £ (P&T),

™~
3G 2G
25/t \= E(iST P
(A.1.8)
5T 5P eds
/P T

1k



Applying equation (A.I,8) to (A.I.7),

. (%-‘,%)P = (%—%)T (A:1,9)

(one of Maxwell's relations ref, 2)

From equation (A,I,4) and the definition of 8,

oy = (28) LT T %%) L (A.1.10)

substituting for (?=;> from equation (4,1,9),
2
T

a = ah = V - T ‘av R
T ~3-~.P) . (57 ; (A,I.10)

If for a gas the law Py = RT is assumed, then
T (%%)P will be equal to v, hence ag or ('%‘%)T will

be zero,
Equation (2.2) becomes;

ah = (3P, = op ar (A,1,12)

Th. Yaluehof &y

From equation (A,I,4)

(28) = v (A.I,13)
s
By definition a_ = (24 hence
s =P . e
a, = v (A.I,14)

15



APPENDIX  (2,2)

Value of (QT/JOP) o

By the two~property rule

s = f (P,T) (A.2.1)
ds = (28/0P)p dp + (23/0T)p dT (A.2,2)
CLRTOP) = - Ps/OP)y [/ (D8/2T),  (4.2.3)

By substituting for - (2s/ :DP)T by (O v/EDT)P
from equation (A4,1.9) in Appendix 2.1 above equation
{A,2.3) is recast as

(2T/2P) = (dv/dMp/(Ds/DT)p  (4,2.4)

Multiply numerator and denominator of right hand side
of équation (L.,2.4) by T, and substitute Cp for
T (Jds/d Tp

(21/0P), = (T/ep ) (Dv/ODp  (h.2.5)

16.
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CHAPTER _ THREE

A THERMODYNAMIC TREATMENT OF
LIGUID FLOW

3.1 Euler, Bernoulli and the steady flow
energy eguation

In Chapter (1) it was mentioned that both
Buler and Bernoulli's equations had been developed
from the laws of mechanics only, Thus to derive
them the assumption of inviscidity of the fluid and
the absence of external work had to be made. A
more general equation suitable for fluid flow is
the steady flow energy equation (denoted sometimes
by S,F.E.E,) This equation is developed from the
law of comservation of energy or the First Law of
Thermodynamics, For a pure substance in the absence
of capillarity, electricity and magnetism this

equation may be written in the form

dw = dq - [dh + (1/g,) Vav + (8/g,) de (3.1.a)
energy per unit mass
or (g /g) dw = (g,/g) dq - [(g,/&) dh +(1/g)VaV + dz |

(3,1.b)
energy per unit weight
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Euler and Bernoulli's equations may be derived
from the steady flow energy equation in the
following manner.
The S, F.E,E. is written for inviscid flow:
dw, = dq - [_dh + (1/g,) Vav + (g/g,) dz]
(3.2)
The subscript 1 denotes that the corresponding

change is taking place in an ideal frictionless flow.

From the First Law of Thermodynamics and the

definition of entropy and enthalpy,
Tds = dh -~ vdp.
For frictionless flow the change of entropy is
\\due only to heat transfer. Hence
dq = Tds = dh ~ vdp (3.3)
The substitution of this value of dq in equation
{3.2) gives
aw = - [vip + (1/g) V4V + (g/g, ) 4z (3.4)
dwi is the maximum or ideal work obtainable

from the flow, In the absence of this external

work equation (3,4) gives Euler's equation

vdp + (1/gu) vav + (g/g,) 4z =0 (345)

It is worth noting that the validity of equation
(3.5) (or Euler's equation) is not affected by the

presence or absence of heat transfer, By the integration
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of Euler's equation and with thé assumption that

v or 1o

Bernoulli's equation is obtained,

B

a constant, the well known form of

2 2
Plﬂﬂ o+ yl /Zgu + (géﬁ1) Zl o P2/p + V2/2gu

+ (g/g,) 2,
(3.6)

3.2 A _thermodynamic expression for the hydraulic

losses

To overcome the limitations imposedvby'the
‘assumption of invisecidity, the following 'total‘ehergy'
version of Bernoullifs equation is often used in text |
books of Hydrauiics for flow in the absence of external

WOrk ¢ w
2 o | 2
Pl//"’ + Vl /2gu + (g/gu) Zl = P:a//b*' VZ /2gu'+
(e/e,) 4y + (8/g,) H
(3.7)

Hp in equation (3,7) is the hydraulic 6r head losses

(energy per unit weight) due to friction and shear

forces between the points 1 and 2, It represents the

portion of energy which is degraded or turned into the

lower grade thermal energy. Also it can be considered




R1

as a measure of the irreversibility of the flow in
the sense that it cannot be converted back into any

of the three forms of energy included in the equation.

In the absence of external work, Ho may be
assessed directly by using equation (3.7). But a
useful expression for general application may be
obtained by using the foregoing more general

thermodynamic equations, (3.l.a) and (3.4)a

From the preceding thermodynamic explanation
of Hf it may be defined as the difference between the
maximum work which is obtainable from the flow ~
namely the ideal work in the frictionless flow ~ and

the work which is actually produced by the flowie

(g/g, ) dHy = dwy = dw, -dw (3.8)

From equations (3,1,a) and (3.4),
dwe = dh ~ vdp - dg (3.9)

From equation (2.,4) for dh and equation (3.,9)

dwg = e a7 - T@v/2T AP - dg
(3.10)

To obtain equations (3.,9) and (3.10) it is
assumed that the kinetic energy~terms at the end of a

reversible and an irreversible process are the

‘same (Section 2.1),
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Due to the short time in which the process of
heat transfer takes place, and due to the low potential
difference between the room and the fluid temperature
in most of the fields of hydraulic practice considered
in this thesis; dg may be neglected (Refer to Section 6.7)

Thus equation (3,10) may be re~written as

dwf = [ep dt -~ T @v/ 2 T)Pdp:\' (dq(;lc:)]-))

A very instructive form of eguation (3.11) may be
obtained by substituting for T (@v/ 2 T) dp from

the thermodynamic relation,

(21/3 P)_

i

(T/Op) (@v/2 T)p (2.7 )

with the result that

1

dw e ¢, (dT - 4T )  (3.12)
(dT -~ dT_) is the difference between the change of
temperature in the actual viscous process and that
resulting from the isentropic expansion or compression

of the fluid,

It is worth noting that equations (3.11) and
(3.12) are applicable irrespective of the presence or

absence of external work.




3.3 A general expression for the isentropic

stagnation temperature of a fluid
The stead¥y::; flow energy equation applied
to an isentropic flow givesi=-
the isentropic change of enthalpy (dh)S = v (dp)
=~ UdU (3,13)

From Maxwell's thermodynamic relations
(Ref. 2) and the definition of specific heat at

constant pressure (or from Appendix 2),

(21/2P), = (T/e )(v/2Dp (2.7)

By substituting for (dp)S from equation

(3.13) and rearranging, equation {(2.7) becomes
(m)g = - (T/v)(2v/ D T) (UaU/oy) (3.14)

If (T/v) (3v/ @ T)P(l/cp ) is assumed a
constant (or if an average value is adopted for it),
the integration of equation (3.14) between the free~
stream and stagnation conditions gives:-

L= Tyt (TA)@v/2 TR0 f2e )
(3,15)

For afluid obeying the perfect gas law the

stagnation coefficient (T/v)(@dv/ 2 T)p iz equal to

.
-y

* Elagib, The Journol 'Nature,® (Ref, 3)

23
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unity; only then is the following equatieon, which
is often quoted in text books for the stagnation

temperature,. is applicable,
2
Ta. = TOQ + U e /2Gp (3 alé)

For water at atmospheric pressure, the
coefficient varies from about 0,04 at 14°C to about
0.12 at 50°C; (Refer to Table {(5.,1) for values of
v and to Table (5.3) for values of T (3V'/3’T¥, )
but at high pressures and temperatures it may exceed
that of » perfect gsos, . For, example at 200
atmospheres and 300°C, the coefficient reaches 1,43,
An even more interesting fact is that at temperatures
between 0°C and 4°C and low pressures, the stagnation
coefficient for water is negative, (because (8v /2 T)p
is negative). Thus, contrary to expectation, the
stagnation temperature is less than that of the free

stream.,

This discussion of the stagnation temperature
will be referred to later, in Chapter 10 when the

thermometer problem'is discussed.,
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3.4 A thérmgdzgamig i;lﬁéﬁgéﬁidhzgi.a thrauliﬁ
fiow system .

As a sumﬁary of the above thermodynamic
treatment of h&dfaulic flow, a thermodynamic illustration
of akhydrauiig flow system is presented in Fig, 3.1,

The diagram represents a hydro-electric power scheme,
The energy balance is represented by the steady flow

energy equatibn outlayed in the form

- az + (g,/2) dg = (g, /g)dw + (g./ &) vdp
+ {1/g). Vav

+ (g,/g) }:deT.-T(av/a T>§ (qb]
(energy per unit weight) (3417}
The terms are presented in units of energy
per uni£ weight so that they appear in units of
length or héight in the normal manner followed in
hydraulic practice. The equation is formulated in
such form from the relation d“& = dw + dwp of

equation (3,8) and from eguations (3,4) and (3.10)

for dw, and dw, respectively,

If the heat transfer is neglected equation

(3;17) may be reduced to

“ dz = (g,/g) dw + (g, /g) vdp + (1/g) VAV _

+ (g, /e) [epdT =T v/ T)xp |
P
(3.18)
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To assess the maximum work obtainable from
the scheme equation (3.4) is integrated between the
points 5 and 1, giving

5 5 5
[" g o ane -f w-f (e ave
1 1 1

(Vg = Vg = 0)  (3.19)

If 'g!' and the atmospheric pressure are
assumed constant between the reservoir and the tailrace

levels, equation (3.19) may be reduced to

enenrgy per unit
weight of fluid.

It is worth noting that the préSehée or
absence of heat transfer does not affect thé validity
of equation (3.19) or (3.20),
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CHAPTER _ FOUR

A SPECIAL FORM OF THE STEADY FLOW ENERGY
ELUATION FOR APPLICATION TO HYDRAULIC FLOW

Consider the hydraulic flow system illustrated
in Fig. (4.1 ), which may represent a machine producing
or absorbing external work, a throttling valve, an
orifice or may Jjust represent a length of piping,

The S.F,E,E, (3.1,a2) when integrated between points
(1) and (2) givesti~
W o= (ny-hy)+(1/2g) (V,*-V,%) +(a/e,) (41-8,) + q
(4,1)

As explained in section (3.,2) the heat transfer
q may be neglecdted. Both the kinetic and position
energy terms in the right hand side of equation (4.1)
are measurable by normal mechanical means. To assess
the value of the enthalpy term the usual methods
followed for gases, e.g. the direct use of enthalpy-
entropy charts, cannot be applied conveniently because
the pressure and/or the temperature differences
involved in hydraulic flow are relatively very small,

To make use of such charts, they need to be very large
and very detailed, However, reports hy RSgneﬁ&Showed

that satisfactory results are obtainable if these

* (Ref., &)



methods “are applied to feed water pumps., Here, again
the pressure and/or the temperatgre differences are
high and are of the same order as those occurring in
gas flow, Thus for normal hydraulic practice a
special technique has to be devised, This is achieved
by breaking up the enthalpy change and expressing it

as in equation {(2,2).

dh = (dh/dP)dp + (2h/DT) AT (R.2)
= aqdp + ¢ T | (Section 2.2)
Integrating,

(hy=hp) = Ap (Py-Pp) + Cp (T1-T5), (4.2)

where

P
1

1 P 1
2

the average isothermal
coefficient of pressure

enthalpy

and Tl
Cp = ‘é/(Tl"TZ?) °y dT, the average
2 T2 2
specific heat. (4.3)
Thus equation (4,1) may be re~-written as

A 2 2
w o= ATl(Pl-Pz) + sz(Tl~T2)+(1/2gu) (vl.vz)

+ (g/g, ) (Gy~Zp) o - o (hok)

29
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The arrangement of the 5.F,E.E, in this
manner reduces the need for asccurote mersurement of absolute
temperature to that of th¢ temperature difference. The

absolute. temperature needs only be measured approximatelys,

If the flow is isentropic, the integration

of the S.F.E,E, gives

2 2
w, = (hy-hy) +(1/2g ) (V; -V, )+(g/g,)(5,~2,)
1 1 (ks5)
(hy-h,) = J?_ (2n/2P)  dp = fz vdp (46)

Appendix  (2,1)
The subscript 's! denotes that the flow is-
isentropic (or assumed to be isentropic) w; is the
reversible or ideal work {(Section 3,1), In consistence
with the preceding notations for the partial

derivatives of enthalpy,

(hl"‘hz)s = AS (Pl - Pz) (LI-¢7)
where 1

A, = (l/(Pl-Pz? )‘gz a,dp, the average
isentropic coefficient of pressure enthalpy. (4.8)

Thus equation (4.5) may be re-written as

2 2
wy = A_(Py~P,)+(1/2g ) (V,-V,)+(g/g,) (Z1-3,)  (h.9)
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s %p and Cp

for water are presented in Tables (5.1 - 5.7). (Refer

The properties, ap, Aqp, ag, A

to Chapter 5).

4.2 Application of the Steady Flow Energy Equation
The special version of the S.,F.E.E, formulated
above may be used to evolve the thermodynamic expression

for the hydraulic efficiency:-

Turbine

. I V
The hydraulic efficiency, Z.t =
The external work produced by the actual machine
The external work producible by an ideal frictionless machine
= (w) / (wy) (4.,10)
From equations (4,4), (4.9) and (4,10)

2 2

e -

2 2

(4.11)
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The hydreulic efficiency )Zp’ =

the external work reguired by an ideal frictionless machine
the external work required by the actual machine

]

(~u?)/ (= w) (4,12)

2 2
= AS(PB"P1)+(1/2gu) (Vz"vl) + (g/gu) (Zl - Zz)

A

2 1R r

(4,13)
Equations (4.11) and (4.13) form the basis of the
thermodynamic methods of measuring efficiency described
in Chapter 11. The analysis leading to these equations
is simpler and much more direct than the available ex-
position by Willm and Campmas (Ref. 5 or as quoted in

Throttle-valve Ref. 24).

For a throttle valve, an orifice,aconstriction
or a section of piping, w = o, Hence equation (4,4)

reduces to

AT

' R 2
1(P1-P2)+ CPZ(T1~T2)+(1/2 gu)(Vl—V2)+(g/gu)(21~Z2) = 0

(Lo1h)
This equation may also be obtained from equation (4.11)

by considering the valve or constriction as a turbine

of zero efficiency.,
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Equation (L4,lh) forms the basis of the
hydraulic¢ throttling ciﬁorimeter and the hydraulic
bridge described in Chapters (8) and (9)

respectively

Hydraulic losses

The hydraulic losses as defined in Section
(342) may be determined for any section of the flow

system by using equations (L.4) and (4.9).
We = wi - W= sz(Tz-Tl) o+ (AsuﬂTl) (Pl - PB) EA.15))
g =0
Like equation (3.11) equation (4.15) is wvalid

irrespective of the existence or absence of external work,
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CHAPTER _ FIVE

THE AVERAGE COEFFICIENTS OF ENTHALPY,

5.1 Evaluation and tabulation of the
coefficients for water

The average coefficients As y AT and Cp
for water are calculated and presented in Tables (5.1 -
5.7) in the form ﬁ; , KT and d; reSpectively,
where

s T

1 ml/gm = (1/68.43) £t7/1b
(5.1)

J = 426,6 Kgf m/Keal = 1L00,2 ft, 1b, /CHU

2 14 -
K o= A / v oy Ap= Ay /vo and G; = Cp /J

Vo

This precedure makes the tabulation independent
of the system of units, The choice of v, makes the
values of A; and Ay consistent with the thermodynamic
correction factors suggested by Willm and Campmas
(Ref. 5) in their analysis of the thermodynamic methods
of measuring efficiency. (Refer also to Chapter 11).

Values of v , ap and T(%?%)P are presented
in Tables (5,1 = 5.4), also as ratios of v, . These
values apply to pure water or ordinary water which may

be considered as reasonably pure, If however, extreme
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contamination with impurities or dissolved air is
suspected, tests have to be carried out to correct

the tebulated values,

For the construction of the tables, all the
values of v and (@v / 3 T% are taken or interpolated
from Amagat's tables,* except the values of (dv /2 T)p
at atmospheric pressure between O - 59C. These are
taken from the revised table of Chappuis* which is more
detailed than Amagat's, Values of cp at atmospheric
pressure and higher pressures are obtained from Tables
compiled by Dorsef*after Osborne and after Koch
respectively. Intermediate values are obtained by
parabolic interpolation, where this is not applicable
(e.g., near 4°C) the values are obtained by drawing fair
curves,

P
The integrations/ 1 2n/? P) dp,

Pa

P

1 :
// (Bh/éP)T dp are worked out by Simpson's Rule,
P

2
with the assumption that the lower pressure is atmospheric,
In cases where this is not so, e.g, in the case of throttle-
valves and multi-stage pumps, then

-1
..‘(o. 30/ 3F)p dp = (4 )p (P=R) = (A )p (Py-

(5.2)

Pa)

)

* These tables are compiled by Dorsey Ref, 6.



where P2, is the lower pressure (which is not atmOSpheric),

5 of A
(AI,)Pl and (AT)P2 are the values & . for the denoted

pressure P; and P, respectively, and %3 is the standard
atmospheric pressure (14.696 16 /in2 or 1,0332 Kg /cmz).

The same procedure is applicable in case of A s °

In reading the value of Cp the average value
t t
of T1 and T2 is to be used. In case of AS and AT the
initial temperature may be used. The error so involved
1
in the value of A, is negligible (maximum error is of

the order of 1 x lO"&%ber atmosphere) .,

An example of the method of calculation of

these properties is shown in appendix (5.1).

5.2 Proposed Methods for the experimental determination

of the average coefficients of enthalpy of liguids,
Apr & Gy,

(a) The constant enthalpy experiment

A hydraulic throttling calorimeter such as
that described in Chapter (8), may be used here. It
consists of a thermally insulated length of a horizontal
uniform pipe, with a valve or orifice at its middle,

A disgramatic illustration of the overall hydraulic
circuit is shown in Fig, (5.1), The circuit comprises

a high head pump, a thermostatic tank end a
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weight ram for adjustment of the circuit absolute

temperature and pressure. respectively,

The liquid is throttled and the pressure
and temperature differences across the throttle are
measured, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>