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2. 

ABSTRACT. 

The design of a plant for the measurement of the 

specific enthalpy of steam up to temperatures of 75000 

and pressures of 1000 bar is presented, and measurements 

are reported up to temperatures of 700oC and pressures of 

1000 bar. 	Tile experimental method adopted was that of 

constant—flow calorimetry, and the plant designed included 

a boiler—feed pump, a boiler and superheater, pressure and 

temperature measuring stations, a set of throttling devices 

and a condenser-calorimeter. The measuring systems were 

designed so that the overall accuracy of measurement of 

specific enthalpy was approximately 0.1%. 	The method of 

operation of the completed plant and the computation of 

the results was arranged so that the stability of the 

system could be shown. 
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NOTE ON INCLUSION OF RESULTS.  

In order to show that the design was successful, 

and for the convenience of readers, the results obtained 

during the last five years are included herein. 

The author wishes.to  point out that these results 

were obtained with the help of graduate students, as three 

people were'needed to take the necessary readings during 

experiments. 	Initially,.these students were under the 

author's direction, but during the period when most 'of' the 

experiments were made, the responsibility for day to day 

supervision of the plant was taken by Mr M.B.Hooper, to 

whose work the author is greatly indebted. 
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SYMBOLS AND UNITS. 

Symbol 	Meaning. 	 Units 

A 	Specific free energy (Helmholtz). 	J/g ' 
(a H\ 	. 	. 	. 

CP 	(3T/P  In this report, this, the isobaric 	J/g deg C 
specific heat—capacity, is always 
referred to as "specific heat" • 

d Diameter. 	 cm 

E Specific internal energy. 	J/g 

G Specific Gibbs free energy. 	J/g 

H Specific enthalpy of steam. 	J/g 

H* 	Apparent specific enthalpy of steam. 	J/g 

HK 	Single apparent specific enthalpy point. 	J/g 

H 	Mean apparent specific enthalpy of an 

	

00 	.experiment at pressure Po  and 
temperature To  (.sHi.,/n). • • 	J/g 

• 
H*
0 	0 

	

1 	
= H*

0 	C 
+ k + ES 	 J/g •  

H Mean apparent specific enthalpy of an 

	

10 	experiment corrected to pressure P1  and 
temperature T1  =.11460  + .€2  ZIP + CO1T 	J/g 

• H*11 	1110  + ko  + ES = H60  + .e T. AP + 0, AT + Ec  -14-S  J/g 

H1 	Specific enthalpy at P1  and T/, 

= 1180  +22AP + CiAT + Ec  + Es  + ci.44 	Jig 

las. 	Specific enthalpy of water 	J/g 

h1 	Specific enthalpy of outgoing cooling water. J/g 

h2 	Specific enthalpy of incoming cooling water J/g 

ha 	Specific enthalpy of condensate 	J/g 

k 	Thermal conductivity. 	J/s cm deg C 

L Length.. 	 . cm 

In this thesis the word "specific" is, for brevity, often 

omitted. 
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Symbol . 	'Meaning 	Units  

eT 	(ti) T 	
J/g bar 

W + E 
M. 	Cooling water flow rate - 	M  tm  M 	g/s 

P . 	Pressure of steam. 	 bar 
P Mean pressure at which an experiment 	bar .• 0 	was performed. 

P1 	Pressure to which an experimental 	bar 
enthalpy was adjusted. 

A.P 	'P1 - P0 	
bar 

Q 	Total. or gross heat leak. 	J/s 

q Heat'leak. 	 J/s 

clip. 	Heat leak correction.. 	J/g 

S 	Specific entropy of steam. 	' J/g deg C 

T 	Temperature of steam. 	00 

T 	Mean temperature at which an 
0 	experiment was performed. 	. 00  

T1 ' 	
Temperature to which an experimental 
enthalpy was adjusted. 	00 

AT 	T1  -T0 	
deg C ,  

tM 	
Time of collection of cooling water. 	s 

tp 	Time of collection of condensate. 	s 

V 	Specific volume of steam.. 	cm3/g 

V(x) 	Variance of x. 

W1Y1 	Cooling water collected in time tm 	g 

W . 	Condensate collebted in time t 	g 

Cr. 	Heat transfer coefficient 	.J/s cm2  deg C 

EC 	Correction to apparent ehthalpy for 
heat exchange between condenser and 	J/g 
surroundings. 

Es 	Correction to apparent enthalpy for' 
variation in heat stored in condenser 	J/g 
with time. 



Symbol 	Meaning 	Units  

13. 

Correction to cooling water collected 
for evaporation loss during collection. 
Temperature of water 

Temperature of outgoing cooling water. 	00 

Temperature of incoming cooling water. 

Standard deviation of x. 

Temperature of condensate. 

Ambient air temperature. 
	oC  

Condensate flow rate = Wµ/tµ 	g/s 

Nu 	Nusselt number. 

Pr 	Prandtl number. 

Re 	Reynolds number. 

Note on units:— The units used are related by. 

1loar cm3/g = 1/10 J/g. 
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(2) THERMODYNAMIC PROPERTIES OF STEAM. 

(2.1) Numerical Evaluation of Thermodynamic Properties  
of Fluids. 

The evaluation of all the thermodynamic properties 

of a fluid is a simple task if an analytic relation 

between certain triads of properties is known. 	These 

triads are E,V and S; H,P and S; A,V and T; G;ID and T. 

The task is complicated by the facts that at least one 

member of each of these triads is not accessible to 

experiment, and that, although derivatives of them can be 

measured, the experimental methods result in a collection 

of numerical data from which an analytic relation must be 

found.'.  

As distinct from these complete triads, the most 

common measurable triads are P,V and T; H,P and T and ' 

CP' P and T. 	The relations needed to obtain the other 

thermodynamic functions from any one of these triads'is 

displayed in Table 1. 	Sufficient data has to be amassed 

to enable an analytic relation between the measured 

variables to, be found, and in each case certain auxiliary 

information is needed which must be obtained from other 

experimental data.- The constants which are also needed 

depend on the reference states to which the properties 

are arbitrarily referred. 



Table 1  

The Relation of Thermodyramic Functions to Measured Properties. 

Measured 
Properties 

V, P, T  H, P, T Cp, P, T 

Measured 
Derivatives 

(av/aT) p (311/3P) ir (dCp/OT)p 

Auxiliary 
Measurements 

Cp = f(T) at P = Po  V = f(P) at T = To  V = f (P) at T = To  

Derived 
Properties 

P 

V 

T 

S 

E 	. 

H 

A 

G 

Measured 

Measured 

Measured 

So  +r(Cp.dT/T) --).rp 
P 
 (av/aT) pdp 

To 	o 

- 	H -PV 	• 

pi  r 

Ho  + i COT - /IV - T( algaT)pll.P 
To 	PO 

E - TS 

H - TS 	. 

T 

so  

Measured 

V /To- I i (a1/3P)TaT/T2  il 
To' 
Measured 

• . 
+ 

T
.1p  i ( ali/aT )paT/T 
o 

H - P'V 

Measured 

• 

E - TS 

H - TS 

• 

Measured 

vo  - n I( aCpA3T) pciTdT/T I 
- To  

Measured 

S
o 
+ f(C

P 
 dT/T) 

To 

H - PV 

Ho_ + f cva 
To 

E - TS 

H - TS. 
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It will be noticed that beginning from any triad of.  

measurable properties, processes of differentiation and 

integration are involved, which may caus6 two different 

errors in the calculated properties.• The first error may 

arise if the analytic formulation chosen to describe the 

measured properties is inaccurate in reflecting the 

behaviour of their derivatives. 	This is difficult to 	check 

since the best thermodynamic experimental data is not 

good enough to yield reliable derivatives, except for the 

first, which may be precise if a great deal of information 

is available. 	This possible inaccuracy may give rise 	to 

considerable variation in the derived functions. 	The 

second effect arises because the experimental errors of the 

measured properties must cause an error in the properties 

derived from them, the effect of which. is unknown. 

The practical way to deal with these problems is to 

make measurements of more than one triad, and this has been 

done in the case of steam and water, where the specific 

volume, specific enthalpy and specific heat have all been 

measured over a wide range of pressure and temperature. 

Details of this are given in the next Section. 	Other 

triads of properties could have been used, and for a 

general account of the whole problem the reader is 

referred to Bain and Le Fevre, 1955. 
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(2.2) History of Experiments on the Thermodynamic  

Properties of Steam. 

The thermodynamic properties of steam and water began 

to assume an economic importance greater than that of other 

fluids with the growth of the electricity generating 

industry and the realization that the use Of higher 

pressures'and temperatures could lead to increased 

efficiency. Early work on these properties is reviewed in 

detail in H.L.Callendar's book "The Properties of Steam", 

published. in 1921. 	It was in 1921 that the first moves 

were made towards international. collaboration, as a result 

of which several important experimental investigations were 

carried out. 

The specific volume was measured at the 

MaSsachussetts Institute of Technology in the period 1930-36 

(Keyes,1933; SmithlKeyes and Garry,1934; Smith and Keyes, 

1934; Keyes, Smith and Gerry,1936; Collins and Keyes,1938) 

from 15 bar to 500 bar, and from 30°C to 430°C, thus 

producing data in the compressed water and superheated 

steam regions. 

The specific heat at constant pressure was measured 

at Munich in the late 1920's (Koch,1932) for compressed 

water up to 200 bar, and for .superheated steam from 120 to 

200 bar and up to 450°C, and was also measured at Prague 

from 1926 to 1932 (Havlidek and Miskovsky,1936) from 250 
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to 400 bar in the region of 400°C, during the same 

programme as their enthalpy measurements. 

The specific enthalpy was measured by Havilcek and 

Miskovsky from .1 to 400 bar and from 150 to 550°C. 	This 

property was also studied in considerably greater detail 

at the Imperial College between 1931 and 1940 (Callendar and 

Egerton, 1960) and from 25 to 200 bar and from 200 to 550°C. 

Callendar and Egerton (1932) also determined the 

position of the saturation line. At about the same time 

the National Bureau of Standards, Washington, carried out 

an investigation into the position of the saturation line, 

and also the liquid and vapour specific enthalpies and 

volumes over the whole range from 0°C to the critical 

point (Osborne, Stimson and Fiock, 1930; Osborne, Stimson 

and Ginnings, 1937, 1939a, 1939b). 	This work was preceded 

by the publication of a careful review of all previous 

calorimetric work in the saturation region (Piock, 1930) 

and of an examination of the problems of calorimetric 

measurements in .a two-phase region (Osborne, 1930). 

Investigations over a limited region were made into 

the Joule-Thomson co-efficient (Kleinschmidt, 1926), and the 

isothermal enthalpy pressure co-efficient (Collins and Keyes, 

1938), and the specific heat of steam at zero pressure was 

computed from spectroscopic data (Gordon, 1934). 
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During the period in which these investigations 

were continuing, three International Conferences on the 

Properties of Steam were held, at which interim reports on 

the state of each investigation were given and attempts 

were made to combine the work into agreed tables. The 

first Conference, held in London in 1929, introduced the 

concept of the International Skeleton Tables, which contained 

tabular values of specific enthalpy and specific volume at 

intervals of pressure and temperature close enough to 

permit the production of narrowly-spaced tables without 

ambiguity but wide enough to facilitate scrutiny of each 

entry=  and accompanied each entry by a "tolerance", that is, 

a number not statistically defined, within which it was believe 

the correct value must lie. The 1930 Conference in Berlin 

and the 1934 Conference in New York revised both the values 

in the tables and their tolerances and it was agreed that 

any steam table at close intervals which reproduced the 

Skeleton Tables within such tolerances should qualify as 

an International Steam Table. 

In the late 1940's there began to be felt a need 

for a revision of the 1934 Skeleton Tables, in particular 

of their tolerances, and it was agreed that this should be 

coupled with an extension of the tables from 400 bar, 550°C 

to 1 000 bar, 800°C. 	Consequently a further international 
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programme was set up, in connection with which several 

Conferences have been held. 

During this later programme, the specific volume 

was measured at Los Angeles (Kennedy, 1957; Kennedy, 

Knight and Holser, 1958; Holser and Kennedy, 1958 and 

1959) to 1 400 bar, 1 000°C. 	An earlier paper (Kennedy, 

1950) was subsequently (Kennedy, 1957) stated to contain 

invalid results, and the work repeated. 	The specific' 

volume was also measured in several different experimental 

projects in Moscow. 	At the Moscow Thermoenergetics 

Institute (M.E.I.), the limits of experiment were in one 

case 80 bar to 1 000 bar, and 300°C to 650°C (Kirillin et 

al, 1950, 1951, 1953, 1958, 1959a, b and c) and Were for 

another group, up to 1 200 bar and up .to 900°C (Vukalovich. 

et al, 1959, 1961, 1962). 	A third group, working at.the 

All-Union Thermotechnical Institute (V.T.I.), made a 

detailed study of the specific volume in the neighbourhood of 

,the critical point (Rivkin and Akhundov, 1962) which they 

later extended to 600 bar and 500°C (Rivkin and Akhundov, 

1963). 	In Ottawa, the specific volume of compressed water 

has been measured up to 1 000 bar in the range 0°C to 150°C 

(Kell and Whalley, 1963 a and b; Kell, McLaurin and Whalley, 

*1963), whilst a report from Tokio gives data from 10 bar to 

900 bar in the range 600°C.to 900°C (Tanashita and Watanabe, 

1963). 
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The specific heat at constant pressure was measured 

at the M.E.I., Moscow, by Sheindlin et al (Sheindlin, 1954; 

Rasskazov and Sheindlin, 1957-1958; Vukalovich, Sheindlin 

and Rasskazov, 1958; Sheindlin, Shpilrain and Sychev, 1958). 

. This work was rapidly superseded by a more accurate 

investigation at the V.T.I., Moscow, which has extended 

from 25 bar to 800 bar, 25°C to 600°C and is still continuing 

(Sirota and Timrot, 1956; Sirota, 1958; Sirota and Maltsev, 

1959, 1960, 1962 a and b,:1963). 	A few values for the 

specific heat at pressures below atmospheric have been 

determined (McCullough, Pennington and Waddington, 1952). 

Recently, a programme has been started to measure 

the specific heat at constant volume in Dagestan, and 

results have been published along the saturation line and in 

the neighbourhood af the critical point. (Amirkhanov and 

Kerimov, 1957, 1961, 1963). 

The specific enthalpy of steam has not been so 

widely studied. Apart from the present work, some work 

has been reported from the M.E.I., the highest determination 

being 500 bar, 600°C (Vukalovich, Zubare-cr and Prusakov, ' 

1958 and 1962) whilst new programmes are under way at 

the High Temperature Institute, Moscow (Sheindlin, Sychev 
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and Khilal, 1963)' and at Osaka (Yamada and Nagai, 1963). • 

An interesting variation on the usual enthalpy : 

investigation has been made at Erlangen (Blank, Schmidt 

and Schmidt, 1962) in which the enthalpy difference .f or a 

finite temperature difference at constant pressure was 

measured. 	By suitable arrangement of experimental conditions, 

and the assumptions of a reference value of enthalpy, the 

results can be summed to give specific enthalpies. 	The 

limits are 100 bar to 400 bar and 400°C to .700°C. 

The work of Gordon on the specific heat of steam 

at zero pressure has been carefully re-computed in 

accordance with more recent theories of molecular behaviour 

(Friedman and Haar, 1954). 

Of the Conferences held during this period, those 

.at Philadelphia in 1954 and at London in 1956 were principally 

concerned with establishing the machinery of consultation. 

A smaller group set up in London, the International Co- 

ordinating Commission on the Properties of Steam, met in 

Moscow in 1958 to study the experimental programme and again 

in Munich in 1962 and Providence in 1963 to produce new 

Skeleton Tables. Their recommendations were accepted at 

a full International Conference at New York in 1963. 



23. 

(2.3) Experimental Determinations of the Specific 

Enthalpy of Steam. 

The first systematic attack on the measurement .of 

the enthalpy of superheated steam was made by Prof. H.L. 

Callendar, .of Imperial College. 	Having demonstrated the 

accuracy possible with constant flow calorimetry, he used 

this method for measurements from 1902 until his death' in 

1930. His earlier work is reviewed in detail in his book 

(Callendar, 1920), and his later work is best summarized in 

two papers.(Callendar, 1926 and 1928). 	It was his practice,  

not to publish his experimental results in detail, but 

instead to publish steam tables derived from a combination 

of his results and of the characteristic equation evolved . 

by him from semi-theoretical considerations. His work 

thus cannot be reviewed and it was in any case repeated 

and superseded by the measurements of his son, G.S. 

Callendar, and Sir Alfred Egerton (1932, 1960) also made 

at Imperial College. 

The other workers in this field have already been 

noted (pp. 18 and 19 	), and their work will now be 

considered in more detail. 

Certain items are common to all apparatus for 

enthalpy measurement; they consist of a water purification 

unit, a boiler and superheater unit, a pressure and 
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temperature measuring station, a pressure-reducing device,. 

a region in which heat is added or subtracted, and a flow 

measuring device. Measurements made when the apparatus is 

in a steady state enable an energy balance to be drawn up, 

from which the enthalpy change of the steam can be deduced. 

The plants may be considered to be in two main 

sections. 	The first section is arranged to provide a 

steady flow of pure, air-free steam at constant pressure 

and temperature, and though the plants differ markedly in 

their methods of achieving this, the differences are 

matters of practical convenience only. 	The second section 

of each plant contains the measuring arrangements, and the 

differing arrangements of these are of importance. 

A diagram of the various arrangements used is 

given in Fig. 1. 

(2.3.1) EFerton and Callendar (1932, 1960). 

In Egerton and Callendaiss plant the steam passed 

down a throttling tube of small diameter and expanded to 

near atmospheric pressure, in a condenser-caloritheter, 

where heat was removed from it by a current of cold water. 

The energy balance was* - 

p(il-hu) = m(hi  - h2) + • q 
giving - 

HM 
= 	- h2) + h + = H* .9. 

* For list of symbols see p.8. 
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COMPARISON OF THE MEASURING SYSTEMS OF APPARATUSES  
FOR THE DETERMINATION OF THE SPECIFIC ENTHALPY. OF STEAM.  
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The heat, leak, q, was evaluated by subsidiary 

experiments and finally represented as a series of 

empirical lines of constant "cooling effect" on a graph 

of heat leak against temperature. Egerton and Callendar 

.defined the "cooling effect" as (H0  Hp)/Cp  where - 

Hp  = enthalpy of steam at pressure P and 

temperature T, 

Ho = enthalpy of steam at pressure atm and 

temperature T, 

C = specific heat of steam at pressure atm 

(the temperature not being defined).. 

	

Some confusion attaches to this graph. 	The 

subsidiary experiments on which it is based are nowhere 

described, and it appears that they may relate to an early 

type of thermometer pocket which was not used in the 

	

experiments finally reported as most reliable. 	The most 

important conclusion is that the heat leak is independent 

of the steam flow rate and this is supported by experiment. 

The method of experimentation was to carry out from 

three to five experiments, as nearly as possible replicates 

of one another, and after making all the minor corrections 

necessary for each run, to take the mean and to this add the 
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heat leak correction, as found from the graph. 	In some 

cases this was'repeated several times at the same 

temperature and pressure.with different flow rates and comparison 

of these cases shows no dependence of the results on flow rate. 

The accuracy claimed is about.0.5 cal/g (2.0 J/g), 

this being given as the "probable error". 	An analysis of 

•the work by -the present author leads to the conclusion that 

the word "probable" is not to be understood in a statistical 

sense, and that a better estimate is to take the standard 

.deviation of their results as 4.0 J/g. 

.(2.3.2) Havlicek and Miskovsky (1932). 

In their plant the steam, after throttling, passed 

through a second temperature and pressure measuring chamber 

before reaching a condenser calorimeter through which passed 

a current of cold water. Both measuring chambers and the 

throttle had guard—heaters which were adjusted to reduce 

the heat leak to as nearly zero as possible. The energy—

balance equation is the same as that for Egerton and . 

Callendar's plant — 

H= 	- h2) + h + = H* + 
m 

The heat leak, q, was not evaluated independently 

of H. For each steam condition, six experiments were made, 
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two at each of three steam flow rates, and H and q were 

found by fittingthe results of the six experiments to the 

.equation - 

= H - 	
11 

by least-squares methods. 	The heat leak q was assumed 

to be independent of g. . 

TheCinterpolation of a second temperature and 

pressure measuring station between the primary station and 

the condenser means that the area of heat loss is greatly 

increased. Although this loss would be reduced by the 

provision of guard heaters, the uncertainty in its 

measurement will be increased by the fact that additional 

energy terms, due to the presence of the guard heaters, are 

present in the energy balance, although subsumed in the term 

"q". 	Since the guard heaters are adjusted until the 

observed temperature drop across the heater surface is 

zero for each steam flow rate, it is uncertain whether 

it is sufficient merely to assume the heat leak to be 

independent of flow rate and there is not sufficient 

information presented to check the assumption. 

Havlicek and Miskovsky state their accuracy to be 

about 7 J/g, the term "accuracy" not being well-defined. 

The present author's analysis of' their paper leads to the 



2q. 

conclusion that 7 J/g is acceptable as the standard 

deviation of their results. 

One minor systematic correction now necessary to 

their work derives from the use of the 1930 values of 

Osborne, Stimson and Ginnings for the enthalpy of water. 

These, the best available at the time, have now been 

superseded by the 1939 values of the same authors. 

Because of the lack of detail given by Havlicek and 

Miskovsky it is not possible to correct each of their 

results independently. 	The present author's conclusion 

is that the best correction is to increase each result by 

0.5 J/g, which is well within the error of their experiments. 

(2.3.3) Vukalovich, Zubarev and Prusakov (1958, 1962). 

In this plant the steam, after throttling, was 

split into two streams of unequal quantity, each of which 

flowed through calorimeter condensers upon which heat.. 

balances were made. The items of equipment in each branch 

were as nearly as possible duplicates and'the respective 

heat leaks were thus the same except for the effect of the 

differing steam flows in them. The energy balance equation 

for each branch is the same as for Egerton and Callendar's 

plant, but the effect of the differing mass-flows was taken 

into account by introducing a term,13, thus - 
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In one branch the energy balance is - 

H = H A A 

and in the other - 

H 	
gB 

4.  (1 + g)(1  

B 

The term B was calculated from a knowledge of the 

thermal characteristics of the plant and from readings of 

thermocouples placed at various points on the apparatus. 

Given g?, each experiment gave a value for H by' 

solution of the two equations. 

The accuracy claimed for their results is 1.5 cal/g' 

.(c. 6.0 J/g) and the author's analysis of their work suggests 

this is correct, if this is taken to be the standard deviation. 

The greatest uncertainty lies in the determination 

of the term B. 	This it is said was calculated, but no 

details are given of the method used. 

(2.3.4) Blank, Schmidt and Schmidt (1962). 

In this plant the steam, after passing a thermometer 

pocket, flows through a helical tube, which is heated 

electrically, and then passes a second thermometer pocket 

after which it is condensed. The energy balande envelope 

is drawn around the heated section between the thermometer 
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stations, which is elaborately baffled with a number of 

silver shields and differential thermocouples. 

The energy balance equation is - 

W 	q 

or - 

where W power input from heaters. 

q is found by comparing the output of the heater 

when the steam is flowing, to the output when it is not 

flowing and the various thermocOuples read the same. A 

small correction is needed for the effect .of the steam-flow 

on the temperature distribution; the method of making 

this correction is not clear. 

Experiments were arranged so that, at constant 

pressure, the outlet temperature of one experiment became 

the inlet temPerature of the next. 	Thus, the total 

enthalpy at various temperatures was known subject to the 

provision of an accurate base value. 

The errors in the final enthalpies are clearly. 

cumulative, and if the base values are taken as correct, 

vary from 0.5 J/g to. 4.0 J/g. 	The relation between this 

error and a standard deviation has been the subject of much 

discussion, between Dr. K.R. Schmidt and the present author: 

the only conclusion reached is that the standard deviations 

must be somewhat smaller than the errors.quoted. 
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(3) DESIGN OF ENTHALPY APPARATUS 

The purpose of the present investigation was to 

extend the direct measurement of the specific enthalpy 

begun by Egerton and Callendar up. to a limit of 1 000 bar 

in pressure and 800°C in temperature, with an accuracy of 

measurement of about 1 part in 1 000, with some overlap' 

with their measurements. The limits of Egerton and 

Callendar's work were, approximately, the 10 bar isobar, 

the saturation line, the 220 bar isobar and the 6000C 

isotherm, and it was considered that if the lowest pressure 

of experiment were to be about 50 bar, and the lowest 

temperature about 400°C, sufficient overlap would be 

obtained. ' 

The method employed was essentially that used by 

Egerton and Callendar, but in order to cover the wider 

ranges of pressure and temperature new apparatus had to be 

designed and made. 

Such an apparatus (see Fig. 2) would comprise a 

water purification system, followed by a de-aerator, a feed-

pump, a boiler and superheater, which would be of the 

flash-boiler ty•pe and electrically heated, and a station at 

which the pressure and temperature of the steam is to be 

measured. 	After the pocket would come a throttle through 

which the steam could expand adiabatically into a condenser. 
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Stations would be provided for the measurement of the 

temperature of the condensed steam and of the incoming 

and outgoing cooling water and for the measurement of the 

rate of flow of the condensate and cooling water. 

From data so obtained the enthalpy of the steam at 

the measured temperature and pressure could be calculated: 

an  energy balance for steady flow through the condenser 

gives - 

where - 

M[(hi  — h2) + (U21  — 	)/2 + g(Z1  — Z2)] 

+ 1.4[(hil  — H) + (u2bi  — u2)/2 + g(zu  — z)] = -Q, 

U2 are the velocities of cooling water at 

exit and inlet, and. 

11y, u are the velocities of condensate and, 

steam, respectively. 

Z1,  Z2,  z14 and z are the corresponding 

altitudes of exits and inlets, and 

g is gravitational acceleration. 

The design could be adjusted so that the kinetic and 

.gravitational terms become negligible, and the energy 

balance becomes - 

m(H — h 	h1  —h ) + Q 	 (3.1) 
thus defining Q. 
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Hence - 

H=Nh1  -h2)+h
P 
 + a 	  (3.2) 

1.1 

We now define the apparent enthalpy of experiment, H60 by - 

H*00 1,1 
= -(h1  - h2) + 

and describe Q as the overall heat leak and Q/µ as the 

overall heat leak correction. 

The general relation between enthalpy and apparent enthalpy,  

we write as - 

	

H = H* + ,- 		  (3.4) 

(3.1) 	Steam-Raising Equipment:. 

(3.1.1) Feed Pump: 

The primary design datum was the planned.steam flow 

rate. 'A small flow rate would result in an economical and 

compact plant; a large flow rate would result in increased 

accuracy of experimentation. The maximum flow rate 

immediately possible was determined by the maximum electrical 

power available in the laboratory, without special steps 

being taken to increase the supply. 

It was ascertained that a 3-phase 230 V, 50 A supply 

could be brought to the laboratory, i.e., there would be up • 

(3.3) 
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to 37.5 kVA available. 	The maximum enthalpy of steam 

under the design conditions was at 50 bar, 800°C, and was 

assumed, by extrapolation of existing data*, to be about 

4 500 J/g. 	If the overall efficiency of the heating 

circuit was taken to be 80%, the maximum possible flow 

rate was given by - 

37 500 x 0.8  
4 500 	g/s = a g/s 

The minimum enthalpy of steam under the design 

conditions was at 1 000 bar and at the lowest temperature 

to be investigated. 	If this were taken to be 400°C, the 

enthalpy was found, by extrapolation, to be about 1 800 J/g. 

The maximum flow rate under these conditions was - 

37.500 x O.& 
 g/s = 161 g/s 

1 800 

The minimum flow rate possible would depend on the 

plant as a whole and its response to small disturbances, 

rather than on one specific point of design. 

With the flow rate' range fixed it was possible to 

draw up the following rough specification of the feed pump:- 

All data on the properties of steam quoted hereafter are 

taken from or based upon the V.T.I. Steam Tables, 1958. 
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.Inlet pressure: 	Atmospheric. 

Outlet pressure:. 	1 000 bar. 

Inlet temperature: 	In the range 0-100°C. 

Throughput: 	0-17 g/s, variable. 

Flow characteristics: 	Any chosen flow to 

be constant to at 

least 0.1%. 

Working fluid: 	High-purity de-aerated 

water. 

Special characteristics: Contamination of 

working.fluid to be 

negligible. 

This specification could not be met comercially, 

but the Engineering and Research Division of the Distillers 

Co. Ltd. offered to develop an existing model which would 

meet these requirements, save that the throughput would 

not be greater than 10 g/s, and that the flow would not be 

constant, since the machine would be a single-stage 

reciprocating pump. 	This offer was accepted. 

The pump as delivered by Distillers Co. Ltd. is 

shown in Fig. 3. 	It is a single-stage reciprocating pump, 

fitted with tandem ball-valves on both suction and delivery 
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side. 	The piston is .1.111 cm (7/16 in) diameter, with 

a stroke of 6.99 .cm (44 in), and thus has a swept volume 

.of 6.78 cm3. 	It is driven at 72 rev/min by a 3.7 kw 

(5 hp) motor through a worm gear and thus has a theoretical 

output of 8.13 cm3/sec. 	It was found in practice that 	the 

output was very nearly 8.1 cm3/seo at low pressure, 

decreasing as the pressure was increased, due to the effect 

of the compression of water on the volumetric efficiency. 

The-piston is of BN, steel, a very hard steel of 

high tensile strength, which is covered by a thick layer of 

chromium, which is then ground and lapped to a close fit in 

the cylinder. 

The pump body is made of "Hydurax" bronze, a high-

silicon bronze made by Langley Alloys Ltd., of high-tensile 

strength and good machining properties. 	It has proved 	to 

be unaffected by water in service. 	The balls and ball 

cages are of 18/8 stainless steel. 

The output is varied by a by-pass valve, which opens 

at the beginning of the delivery stroke and closes after 

some Proportion of the stroke has been made. 	The valve 

motion comes from an eccentric on the pump crankshaft, which 

'transmits its movements to the valve through an arrangement 

of levers. 	Adjustment of the settings of these levers 



alters the proportion of the stroke for which the valve is 

open and hence alters the delivery. The valve piston is 

in chromium-clad BBB, steel; the valve body in "Hyduraz" 

bronze and the valve seat .and housings in 18/8 stainless 

steel. 	This arrangement was found to work well at low 

pressures, but above 200 bars'the re-seating of the valve 

was not sufficiently reproducible on every stroke and 

fluctuations occurred in the output from the plant. 

Above 200 bars, therefore, the by-pass valve was 

removed and replaced by an arrangement based on the 

principle that whatever reduces the efficiency of a pump 

may be used to vary the flow. 	The first step was to 

increase the clearance volume of the pump, so that in a 

delivery stroke the piston must first compress the clearance 

volume to the working pressure before beginning to deliver 

water to the boiler. 	For this effect to be noticeable in 

a liquid pump, the extra volume required is large compared 

to the swept volume. 

If the swept volume of the pump = vscm3  then it 

will deliver vs/V2  g per stroke at a pressure P, where V2  

is the specific volume of water at the appropriate pressure. 

If it is desired that the pump shall deliver nvs/V2- g per 

stroke at this pressure P, (where n < 1) then (1 - n)vs/VP g 



of water must be compressed into the clearance volume. If 

the clearance volume is vc cm3, the total mass in this volume 

at pressure P must be [(1 - n)vs/Vp  ye/VI]. g, where V1  is 

the specific volume of water at the suction pressure. 

hence the volume contains - 

- n)vs/vp  vc/vi]•vp cm3  

at pressure P, 

Hence - 

(1 — n) c — c 
V 	V 	V ' 

	

1 	P 

whence - 

v = (1 —n) v 	 s V —Y 1 	P 

From this equation Graph 1 was drawn, showing the 

clearance volume vs. pressure for various flow rates, from 

which it will be seen that a clearance volume Of about 500 cm3  

satisfies all requirements above 200 bars. 

An Immaculate 3 stainless steel bottle of 535 cm3  

capacity was utilized as a clearance volume. 	55.9 cm 

(22 in) long and 3.5 cm (13/s in) diameter, it had an outside 

diameter of 8.9 cm (31h in), and had been originally used in 

work up to 2 000 bar. 	Plugs. of 'WS  stainless steel were 

made to fit the bottle, neoprene 0-rings being used for the 
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.Pressure seal, the connection to the pump being through • 

a side opening. 	A number of stainless steel rods were cut, 

of varying lengths, to form a series whose volumes were 

300, 200,100, 50, 30, 20 and 10 cm3. 	Before each run 

began, a suitable combination of rods was placed in the 

clearance bottle to reduce its volume approximately to 

that required for the rate of flow desired. 

The connection to the pump was made through a high- 

, pressure needle valve, made of FCB(T) and EMS stainless 

steels. 	By partially closing it, energy of compression 

was wasted in forcing water through, thus further delaying 

the point at which the pump pressure rose high enough to 

deliver water to the boiler. 	Thus the valve acted as a 

fine control on the rate of flow. 

Since the valve heated up in use it was fitted with a 

water cooling jacket which completely enclosed it except 

for its handle. 	By varying the water flow through this 

jacket, the eauilibrium temperature of the valve could be 

varied and this could be used as a final very precise 

control on the rate of pumping. 

After working satisfactorily for several thousand 

hours,.the clearance bottle developed a fatigue crack. At 

the time it happened the experimental programme had reached 

800 bars, so it was replaced by a much smaller Nimonic 80 
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bottle of 142 cm3  capacity. 	No volume-filling rods were 

used with this bottle, but it was fitted with a water-

jacketed needle-valve which provided all the control 

necessary at.these high pressures. 

(3.1.2) Materials of Construction of High-Pressure 

High-Temperature Equipment: 

Once the flow rate was established it was possible 

to proceed with the design of the high-pressure high- 

temperature section. 	This was to consist of a boiler and 

superheater, with two temperature measuring points, and a 

lead from the superheater measuring point to a pressure 

measuring unit. 	In addition, some form of throttling device 

was necessary. 

A preliminary decision was taken to make all these 

units out of the same material, if possible, in order to 

avoid local electro-chemical potentials which might lead 

to corrosion. 	In an unpublished report, Egerton and 

Callendar describe how, after running their eauipment with 

a Monel boiler a  d 	superheater without trouble for' 

some years, a change to a stainless steel superheater caused 

corrosion in the boiler, despite the fact that it was 

operating under the same conditions as hitherto. 
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The use of dissimilar materials in pressure plant 

construction is usually recommended on the ground that there 

.would be less risk of any screwed joints seizing up. 	The 

great disadvantage of such a step lies in the change of 

stresses in joints as the temperature is raised, due to 

differing thermal expansions, thus producing .a possibility 

of leakage or of overstressing of members. 	In practice, 

very few cases of seizure at joints of similar materials 

occurred, probably because of the care taken in lubrication 

and'in not over tightening joints. 	At first, molybdenum 

disulphide-based lubricating greases, were used on all 

mating surfaces, but it was discovered that any grease left 

on the steam side of a joint caused severe corrosion, due, 

it is believed, to sulphur released by the reaction between 

steam and molybdenum disulphide. ' Thereafter, on a suggestion 

'from the Research Department of the English Electric Co. Ltd., 

anhydrous cobalt oxide was used, with complete success. 

Diameter. of Tubing: 

It was decided that the internal diameter of the 

boiler and superheater should be of the order of 34 to in. 

The basic design figure for boiler and superheater is the 

heating area available, and since the design ratio of wall 

thickness to bore diameter will be constant whatever the 

'actual bore diameter, then for a given heating area, the 
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smaller the bore size, the smaller tie total amount of,metal 

used. 	In addition it was expected that some difficulty' 

would be experienced in fabricating large sections in the 

high-alloy materials which would be needed. 

Before proceeding to the final design a survey was 

made of the materials. available. 	The only ones which 

satisfied .a preliminary survey were those produced originally 

for use in gas turbines, and talks with the makers reduced 

these possibilities to one - Nimonic 80A,.made by Henry 

V;iggin & Co. Ltd. 	This material, which could be used up. 

to 800°C, and whose properties are summarized in Table 2, 

was available as forged round bar up to 6" diameter, and 

as hexagon bar, and though no tubes had yet been drawn, the 

makers were prepared to draw tubes of the bore size 

contemplated, provided the wall thickness did not exceed 

the bore diameter. 

For this material, plastic extension could be 

disregarded below about 400°C. 	Above this temperature, 

creep would be a function of both stress and the tine of 

application of the stress. 	Both the pressure and 

temperature of the steam were to. be varied from experiment 

to experiMent and the time each experiment would take was 

unknown, as was the number of experiments necessary at any 
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one steam state. 	In addition, it was known that the' 

properties of tubes drawn from a Nimonic alloy could differ 

significantly from that of the same alloy fabricated by 

other means,. but tubes had not before been drawn in the 

selected alloy, Nimonic 80A. 

In these circumstances, it seemed the best procedure 

to adopt was to use a simple equation to represent the 

strength of the alloy in creep conditions.' The maximum 

shear stress formula for the elastic deformation of thick-

walled cylinders has been used in conditions where creep is 

expected by substituting in it an arbitrary figure, the stress 

to cause 0.1% creep in a given time. 	The formula then gives 

the pressure which will cause 0.1% creep in the same time. 

This,iS a purely empirical formula, and is the most 

conservative of any yet proposed (Burrows, Michel and 

Rankin, 1954) - 

= 	- " 
a-  2 	ro 

where - 

r. 
= ratio of inner diameter of cylinder to outer, 

7; 
 

= stress to cause 0.1% creep strain in time t, 

P = pressure to cause 0.1% creep strain in time t. 



Table 2 

Properties of Nimonic 80A. 

Composition 

Element C Ti Cr Al Si Mn Fe Co Ni 

Wt., ye 0.1 max 1.8-2.7 18-21 0.5-1.8 1.0 max 1.0 max 5.0 max 2.0 max Balance 

Physical Properties 

Density 8.2-8.25 g/cm3  Mean Thermal Expansion Coefficient 

Melting Range 1 360-90°C 20-100°C 	11.9 x 104  (deg C)-' 

Mean Specific Heat 20-400°C 	13.5 
20-600C 	14.0 

20-100°C 	" 0.431 J/g °C 20-800°C 	15.1 
20-900°C 0.536 J/g °C 20-900°C 	15.8 

Thermal Conductivity Electrical Resistivity 

10000 0.121 J/cm °C 20°C 	124 x 10-6  ohm cm 
900°C 0.276 J/cm 00 

Creep Characteristics 
(after standard heat-treatment) 

Alloy 
Stress (tons/in2) to Produce Creep Extension of Stress (tons/in2 ) to Produce Creep Extension of 

0.1 per ceit in 0.2 per cent in 0 5 per cent in Rupture in 
Temp., 

°C 
100 
hours 

300 
hours 

1 000 
hours 

3 000 
hours 

10 000 
hours 

100 
hours 

300 
hours 

1 000 
hours 

3 000 
hours 

10 000 
hours 

30 000 
hours 

100 
hours 

300 
hours 

1 000 
hours 

3 000 
hours 

10 000 
hours 

30,000 
hours 

50 
hours 

100 
hours 

300 
hours 

1 000 
hours 

3 000 
hours 

10 000 
hours 

30.000 
hours 

Nimonic RCA 

650 

700 

750 
815 

29.0 

19.6 

13.9 
8.0 

25.1 
16.0 

11.0 
6.0 

21.0 
12.0 

7.8 

3.8 

17.2 

8.3 
5.4 

2.3 

4.4 
(3.3) 

1.5 

(33.0) 

23.2 
16.2 

8.9 

29.0 

19.6 
13.1 

6.9 

24.8 

15.7 

9.8 

4.7 

20.9 
12.1 

6.9 
2.8 

16.6 

8.2 

4.3 
1.7 

(4.6) 
(17.4) 

9.6 

(31.3) 
21.7 

14.3 

7.5 

26.8 

17.9 
10.9 

5.2 

22.6 

14.4 

7.8 

3.4 

18.0 

10.6 
5.0 

1.9 

13.8 

7.1 
(3.0) 

(26.2) 

(17.9) 
10.0 

(31.5) 
22.7 

14.8 

7.9 

27.0 

18.7 

11.5 

5.6 

22.8 

15.0 

8.5 
3.6 

18.2 

11.0 

5.5 
2.2 

(14.0) 

7.3 

(3.5) 
. 	(1.2) 

Reproduced without change from "The Nimonic Alloys: Design Dat", 1957. 
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Using the maximum wall thickness it was possible to 

manufacture, ri _ 1 1  so that - 
ro  3 

P - - 9  " 

The stress data on the creep of Nimonic 80A (The 

Nimonic Alloys Design Data, 5th Edition 1957) is in 

tonf/in2: we require P in bars. 	Allowing for this, the 

equation becomes — 

P/bar = 0.014568 6/tonf/in2 • 

Combining this equation with the stress-strain- 

•time diagrams given in the Nimonic Alloys Design Data book, 

we arrive at the following table:- 

Table 3  

Internal Pressure to Cause Distortion or Rupture 
of a 9/16 in o.d. x 3/16 in i.d. Tube under 

Creep Conditions. 

Condition 
Time, hour 

0.1% Extension, 
bar 

Rupture, 
bar 

Metal Temperature: 	650°C: 

100 1 990 2 470 
200 1 835 2 265 
500 1 505 2 045 

1 000 1 440 1 870 

Metal Temperature: 	750°C: . 

100 , 955 1 230 
200 825 ' 1 090 

' 	500 665 915 
1 000 535 790 

. 
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On this information and after further talks with 

the tube manufacturers it was decided to adopt a tube size. 

of 0.476 cm (3/16 in) bore and 1.429 cm (9/16 in) external 

diameter. 

If it is assumed that the steam temperature will be 

. 50°C less than the metal temperature, we can say that 1 000 

bar, 600°C working conditions can be held for over 1 000 

hours without causing undue distortion, but the same 

lifetime at 700°C means the working pressure must be lowered 

to 500.bar. 	Furthermore the permissible pressure falls 

rapidly with temperature above a metal temperature of 750°C: 

at 815°C (equivalent to a steam temperature of 765°C) a 

1 000 hour life with 0.1% creep is available at 260 bar, 

but 500 bar would shorten the lifetime to about 120 hours. 

It was decided therefore to design on the basis 

that the limits of the plant would be 1 000 bar at 600°C, 

and up to 500 bar at 700°C: between 500 and 1 000 bar the 

pressure limit would be assumed to vary linearly with 

temperature.. 

In practice, the tubes drawn were proven by test on 

specimens to have at least as good properties as those 

listed in the Nimonic Design Data Book, and accumulated 

evidence has enabled less conservative pressure-stress 
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equations to be Used with confidence. 	It has also been 

found in practice that the Nimonic tubes rupture at their. 

hottest point before there is any measurable deformation at 

any'other place where it matters (e.g., at screwed joints 

or welds). 	The overall effect of these findings is to 

increase the usable pressure-temperature limits of the 

Plant to at least 1 000 bar, 700°C. 	The imponderables 

which remain are the length of time taken to perform 

experiments at any given steam condition, the number of 

times the plant must be heated and cooled in doing so, ,and 

the way in which the cumulative nature of the stresses caused 

by these effects is to be expressed. 

Only one failure has occurred which could be ascribed 

to cumulative creep and in this case it was found that the 

'tube had endured over 2 000 hours of a wide variety of 

temperatures and pressures, confirming the conservative 

nature of the design. 	No failures have occurred in the 

'boiler. 

Length of Tubing: 

Given a tube diameter of 3/16 in it was now possible, 

to calculate the length required. 	Considering first the 

steam side of the tubes - 

cr,(1-rd.L)LT., 
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where - 

= heat rate, 

it di/ - heating area, 

a = heat transfer coefficient, 

and, asslyming turbulent conditions - 

Nu  .ad 	0.8 p 0.4 = 0.023 Ra 	pr 0.4 

the single phase region. 

At any given steam condition, the only terms in 

the above equations which are variable arep. and L, and we 

can write - 

0.2 p 	= L x constant 

Thus for two different steam flows, at the same 

steam state, the design lengths are related by 

We shall therefore take it = 8 g/s, the maximum flow 

rate, for design calculations, since this will give us the 

maximum length. 	The properties of steam reouired -

viscosity, thermal conductivity and specific heat - are 

not required with great accuracy for heat transfer 

calculations and some Russian data, based on experiment, 
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was accepted without further analysis. 	This data was 

later collated and published as Tables V, VI, VII, VIII 

and IX of the V.T.I. Steam Tables, 1958, and extends up 

to 400 bar,700°0. 	Graph .2 shows the variation of the 

Prandtl number with temperature at various pressures, 

Graph 3 shows the logarithm of the Reynolds number vs. 
temperatUre at various pressures and Graphs 4 and 5 the 

Nusselt number and the heat transfer coefficient as 

calculated from the Nusselt equation. 

Since it had been decided to heat the steam by 

passing a current directly through the tubes, the only other 

heat transfer coefficient to be considered was that due to 

scale in the tubes. Since only water of high Purity was 

to be used, this source of scale could be neglected. 	It 

was arranged that special attention should be paid in 

manufacturing the tubes to cleaning the inside bore and, 

during heat treatment, to filling them with an  inert gas. 

It was felt that if this were done and if, under operating 

conditions, care was taken never to admit air to the tubes 

whilst they were hot, then the scale heat-transfer 

coefficient could be neglected. 

The eauation - 
01, 47d_LW 

May now be written - 

L = 
ircIGT 
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, , It is assuined that .tiT is at all points along the 
~ 

. , , 0 
, length of the tube'constant at 25 c. In fact, ~f AT at 

Jehe outlet to the tube is 250 C,' it will at other points' be 

higher than this. ,The exact determination of AT seems not 

essential in view ~£ its complexity and the approximate 

,'nature of the basic relation assumed: the 'present 

assumption is iri'any case conservative. 

"With this assumption, all the quantities in the 

first member oithe righthand'side of the equation are 

constant and for any steam condition 

, ,: H 
L = 0 ~ 214'a: cm. 

Because of the variation of both ct and II with steam. 

conditions,' ca12ulations'have been made of the length of 

'tube, needed to heat water or steam over short intervals of 

tempe~ature, within which the arithmetic mean of a can be' 

used. We thus have: ata given pressure P, the length 

of tube required to heat fluid from T to, (T + AT) is -

,_ [~~J~~6T 
'6L =' 0.214 1 ( )"cm. 

- " ",,' ,'2 ctT + ctT .+ b.T , 

The results of ,this calculation are given in Table 

4 and' displayed on Graph 6. The lack of ~greementr of the 

point at '200 bar with the others 'is because of lLYlce'ri1ainty 
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in the data in the near-critical region. 

From Graph 6 it will be seen that the boiler must 

be about 70 ft long for a pressure of one bar and that 

thereafter the length required decreases with increasing 

;)ressure. 	The length of the superheater increases. with 

increasing pressure in the range 1-400 bar, and it is 

necessary to extrapolate to 1 000 bar to find the maximum 

required length. 	This is estimated to be about 20 it. 

As will be shown below, the spatial requirements 

sof the design resulted in the final figure for the length 

of boiler tubing being 100 ft and for the superheater 

tubing being 20 ft. 

Table 4  

Length of Boiler and Superheater Tubing. 

P, 
bar 

6T, 
°C 

AL 
Total L ft 

P, 
bar 

L3T, 
°C 

AL 
Total L ft 

Boiler 
Super- 
heater Boiler 

Super-
heater cm ft cm ft 

1 25-100 160 5.0 200 25-364 426 14.0 
100 1 	385 44.8 69.8 364 ?125 ?4.5 ?21.5 

100-400 608 20.0 364-400 ?90 ?3.0 
400-600 366 12.0 12.0 400-450 110 3.6 

50 25-263 420 14.0 ̂  
450-500 100 3.2 12.8 

263 636 21.0 
500-600 182 6.0 

25-300 474 15.6 263-300 92 3.0 45.0 300 
300-400 312 7.0 300-350 74 2.4 21.8 
400-600 374 12.2 r  12.2 350-400 114 3.8 

100 25-310 492 16.2 
4.8 

 400-450 146 

310 430 14.2 
450-500 102 3.4 14.4 

310-350 100 3.2 37.2 500-600 188 6.2 

350-400 112 3.6 400 25-300 472 15.6 
400-600 374 12.2 12.2 300-350 70 2.2 20.6 

350-400 86 2.8 . 
400-450 140 4.6 
450-500 122 4.0 14.8 
500-600 190 6.2 
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Boiler : Water heated from 25°C to 400't 
Superheater: Water heated from 4-00.0 to 600.0 
Flowrate : 8 gis 

Boiler 

Superheater 

Extrapolation 

100 ZOO 300 400 500 600 700 800 900 1000 
Length of boiler and superheater tubing. 	P bar 
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(3.1.3) Boiler: 

(3.1.3.1) General Arrangement: 

The factors governing the arrangement of the 

100 1? 4- of boiler tubing into as compact a shape as possible 

were - 

(a) At this time the welding of Nimonic 80 

was not a sufficiently well tried 

technique to ensure complete reliability 

of welds. 

(b) It would be much easier, if screwed 

joints were to be used,'if these were 

simple straight-line connectors, rather 

than headers. 

(c) 'The minimum diameter around which it was 

possible to bend the tubing without 

danger of cracking or distortion was 6 in. 

(d) For reasons of safety, the whole of the 

high-pressure high-temperature system 

should be enclosed in X,- in steel plate. 

(e) The boiler tubing should be accessible. 

From these considerations resulted the final assembly 

shown in Figs. 4A .nd 4B, consisting of eleven 3 ft long 
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J--shaped tubes PJ-Id two straight tubes, one 11 ft long and. 

one 3 ft long, connected together with straight-through 

Nimonic unions and forming a star shape in end elevation. 

The assembly was carried on a Syndanyo and mild steel cradle, 

which ran on rails into a cylindrical mild steel drum. 	For 

ease of accessibility the space inside the drum was left 

empty and loss of heat was reduced by lagging the outside 

of the drum. 	The drum was permanently closed and lagged 

'at one end'and the other was closed by a removable steel 

plate which could be enclosed by detachable lagging. 

The electrical supply was introduced by electrodes 

of. multiple Yonel strips which entered through holes in the 

centre of the removable end closure. 	One electrode was 

bolted to a nickel clamp welded to the central J-tube, and 

the other to two nickel clamps welded close to the. ends cf 

the straight tubes, which formed the water inlet and exit 

tubes. 

The method of connecting the tubes together (see 

Fig. 5) relied on a line contact being made between the tubes 

and connector and this was not suited for carrying the 

heavy currents.envisaged. 	Consequently, electrical by- 

passes were provided at each joint by welding nickel strips 

30.5 cm x 3.1 cm x 0.6 cm (12 in x 151. in 	in) to each 	• 
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tube near each end. 	These were arranged so that two 

adjacent strips spanned the union between them and could be 

bolted together. 	The size of the nickel strips were 

chosen so that their electrical resistance was negligible 

compared to the Nimonic tubing. 

(3.1.3.2) Electrical Supply: 

Requirements: 

The total load to be carried by the supply to the 

boiler is the energy required to heat water from approximately 

room temperature to approximately 400°C at any desired pressure, 

Plus the heat lost through the boiler casing. 

The lower the operating pressure, the higher the 

useful heat load: so we will use data for 1 bar, with 

inlet temperature 25°C, outlet temperature 400°C. 	The 

maximum flow rate is 8 g/s, so the maximum energy require- 

ment is - 

8(3 278 - 105) = 25.4 kW 

To calculate the heat lost, we may assume the air 

which is trapped inside the steel drur to attain the tube 

- temperature and, conservatively, take the 	in thick drum 

also to attain this temperature. 	Thus the temperature of 

the inside of the lagging is 400°C. 



	

° 	• 

If the drum is covered unifoinily with a 4 in layer 

of commercial magnesia cement, then for the heat transferred 

through the lagging we can write - 

k 

which becomes 

(400 tL) 	 - 8.5 x 10-5  watts/cm2 degC -  

where k has been taken from IdacAdams (1953) Table 

p. 453. 

From the lagging the loss to the air by radiation 

and connection can be written as - 

tL 20) . 	 - 5.7 x 10
-4 a watts/cm,2  degC ( 	-  

(see Fishenden and Saunders (1950), p. 99). 	Values of a 

for various values of t are given in Table LVII of the 

above reference, and a trial and error solution Gives 

q = 8.5 x 10-3  watts. 	The total loss from the whole of. 

the lagging is then approximately 750 watts. 	This is less 

than 3% of the maximum heat input and about i02 of the 

minimum heat input. 	This was acceptable and this arrange- 

ment of lagging was used. 
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The total maximum power load is thus 26.1 IfJ. 

The electrical resistivity of Nimonic 80 is given as 124 

microhm-cm. at 20°C ("The Ninonic Alloys", 1957), and does 

not vary by more than a few per cent in the range 0-800°C 

(Private Communication, N.P.L.) 

Thus, for a tube with external diameter 1.4016 cm 

(9/16 in) and internal diameter 0.4672 cm (5/16 in), the 

resistance per length is 0.00276 ohm/ft. 

It would be advantageous to feed the supply in to 

the centre of the tube and remove it, at earth potential, 

at each end, and thus the effective resistance is that of 

two 50 ft long tubes in parallel-, which is 0.069 ohm. 

The maximum voltage required is then 

(26.1 x-0.069)1/4  = 42;5 V. 

The maximum current is 42.5 V/0.069 ohm = 616 A, 

Equipment: 

The electrical supply to the. boiler is taken from 

the mains at 400 V and leads through a transformer capable 

of continuous variation over a narrow range ("Regavolt" by 

British Power Transformers Ltd.), which is. used as a 

voltage stabiliser, to an autotransformer. 	The secondary 

of this is capable of adjustment and its output goes to the 

input of a step-down transformer, the output of which is led 

by heavy copper bus-bars to the entrance to the boiler. 



The voltage stabilizer is operated by a bridge, 

specially designed by E.R.A., which compares the voltage 

across the terminals of the boiler with a reference voltage. 

The supply has three points where adjustments may 

be made. 'The number of turns of the secondary of the 

autotransformer can be altered when it is not on load in a 

series of staos of several kilowatts each, and further 

adjusted when it is on load over a range• of a few kilowatts, 

in steps of about one hundred watts. 	A fine control is 

provided by making slight variations in the reference voltage. 

The supply thus available at the boiler terminals 

has a maximum of 37.5 kW (50 V at 750 A) compared with our 

design requirement of 26.2 kW (42.5 V at 616 A). 

(3.1.4) Superheater: 

(3.1.4.1) General Arrangement: 

The same factors as governed the boiler design 

apply to the superheater, save that it could be made in a 

single 20 ft length. 

The final assembly, shown in Fig. 4, was of a single 

tube bent into a flat-bottomed U-shape, which lay horizon-

tally inside a in thick mild steel box, on Syndanyo 

battens. 	The box was filled with exfoliated vermiculite 

and lagged on all sides Prd bottom with 4 in of "Viceroy". 
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lagging, a commercial product made of corrugated laminations 

of aluminium foil and asbestos paper, and finished with a, 

polished aluminium surface. 	The top of the box was closed 

with a heavy removable wooden lid. 

The electrical suooly was introdiaCed at one end of 

the box by a' heavy nickel bus-bar welded to the centre of 

the U of the Nimonic tubing. 	The electrical connection 

at the far ends of the tube was a nickel bar to which both 
• 

tubes were welded and to which multiple - oriel strips were 

bolted, which carried the current back to the same end of 

the box as that by which it was introduced. 

The nickel bus-bar at the.ends of.  the tube was 

bolted to the steel box, while the central bus-bar -,... not 

res trained and the tube was thus free to expand as the 

temperature rose. 

(3.1.4.2).Electrical Suooly: 

Reouirements: 

If the superheater is to raise steam from 400°C to 

600°C at any pressure up to 1 000 bar, the maximum energy 

requirement is found to be at abbut 400 bar, were 

1 450 J/g. With the maximum flow' rate, the maximum oower 

demand is 8 x 1 450 = 11.6 kW. 



The heat lost was approximated by assuming first, 

that each half of the tube could be considered to lose neat 

only to the half of the box adjacent to it, second that the 

ends could be-neglected:and third that the average 

length for conduction through the vermiculite could be 

taken to be - 

f
5de/fcle 

where x was a radius from the tube to the walls of the box 

and 0 was the angle swept out by x. 	When account was also 

taken of the lagging external to the box, the heat loss was 

found to be about 850 watts. 

Thus the total maximum power requirement is 112.5 k<<. 

Using the data of the previous section, and the similar 

arrangement of central electrical input, the resistance of, 

the superheater was found to be 0.014 ohm. 

The maximilm voltage required is then 13.2 V. 

The maximum current recuired is then 545 A. 

Equipment: 

The electrical supply to the superheater is formally 

the same as that to the boiler, the differences being due to 

the differing power requirements. 	It is fed from the mains 

at 250 V and can supply up to 24 kW (20 V at 1 200 A) compared 

with the design requirement of 12.5 kW (13.2 V at 945 A). 
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(3.1.5) Thermometer Pockets: 

Superheater: 

This unit, which also contains provision for a 

Pressure lead to be attached, is shown in Fig. 6. 	It is 

machined from Nimonic 80A, and is in two parts. 	The head  

contains the entry hole for steam from the superheater and 

a hole to which a tube leading to the pressure measuring 

section can be attached. 	It also contains seatings on to 

which three thermocouples can be attached. 	Two of these are 

search thermocouples, which are used to check temperatures 

at various points adjacent to the main, central, thermocouple. 

This is used for measuring the steam temperature and is 

described in detail below in the Section (3.2.1). 	The body 

of the thermometer pocket has a.central hole down which the 

steam passes and is machined at the bottom to take a 

connector and orifice. 	silver radiation shield is.  

inserted into the central well and surrounds the steam 

thermocouple. 

Boiler: 

This, placed between the boiler outlet and super-. 

heater inlet, is similar to the superheater pocket save 

that it contains no lead for pressure measurement and 

provision for only one thermocouple. 	In use, the steam 

flow is in the reverse direction to that in the superheater 

thermometer pocket. 
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(3/1.6) Throttle: 

The steam conditions produced in the plant will 

depend on the rate of flow of steam, the energy input to 

the steam and the throttle through which the steam is 

finally expanded to atmospheric pressure. 

It is clear that though an adjustable throttle would 

give additional flexibility to the control of the plant, it 

could be dispensed with. 	On the other hand, a preliminary 

calculation showed that it would be impossible to cover the 

whole range of pressure and temperature with a single, 

fixed orifice, so that a range of sizes would have to be 

made available. 

The final decision to use a system of.fixed orifices 

was made on the grounds that such nozzles would occupy little 

space and contribute to a compact assembly, whereas any 

adjustable nozzle would give rise to a considerable 

complication of the plant if increased heat losses were 

to be avoided. 

To investigate the orifice sizes needed, it was 

first assumed that heat losses from the steam could be 

neglected. 	widely used equation for flow through an 

orifice is - 

y - 1  
	 P V n2lY  (1 - n V  
y -1 	1.1 
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where - 

y = Ratio of the specific heats, 

n = An experimental constant. 

In the absence of further Information at the time, 

-\), was assumed to be constant at 1,365 and n to be constant 

at 0.534. 

On choosing the units of to be lb/h and of 

a to be i 2* n  the equation became, upon introducing the 

diameter, d, - 

 

p  

 

2 

bar'  
V  

cm3/g_ 

 

 

This diameter was the diameter of the flow stream- 

lines at their closest andwas related to the true diameter 
r -14 

by the empirical coefficient of discharge, ICa  L. 	For the L . 

present work Cd was assumed to be constant at 0.6, and the 

final equation was - 

0.820 
lb/h  

n 

)2 

 

2 

bar  
V  = x, say. 

     

     

      

* The scientific work is carried out in the L.K.S. system, 

but the engineering sizes must be in British units, so as 

to be suited to the workshops. 
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graph Was than plotted with d as ordine and x as 

abscissa for various values of µ , .and immediately beneath;  
it was plotted a.second graph, using as abscissa the 'scale 

of x of the first graph and as ordinate values of temperature. 

Isobars were plotted, using as data the values of Kennedy et 

al (see Graph 7). 

The two graphs together formed a nomogram by means of 

which orifice sizes could be chosen. 	y y desired Pressure 

and temperature was located on the lower half of the graph 

711d from this point a vertical line was drawn to cut the 

lines of constant mass-flow on the upper half of the graph. 

The intersection of the vertical with a desired mass-flow 

gave the orifice required for these conditions. 

From this graph a range of orifices was selected 

which would cover the whole range of operation of the plant, 

and they are marked on Graph 7. 

After considerable working experience had been 

accumulated it was found that there was some difference 

between the predicted and 'actual behaviour of the orifices. 

On the graph, the difference could be summed up by saying 

that the mass-flows at a given pressure and temperature with 

any one orifice did not lie on a vertical line, but on a 

straight line of positive slope which intersected the 
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expected vertical line at the zero of the diameter axis,' 

the slope decreasing with increasing values of x. 	In view  

of the assumptions made in deriving the orifice equation, 

some such deviation was not unexpected, but the Practical 

effect was that the available orifices gave smaller pressures 

than expected and at the highest pressures smaller orifices 

were needed. 	The smallest orifice of the original set 

(0.010 in) was the smallest which could be drilled in 

Nimonic 80, and a new method had to be devised for making 

smaller ones. 

The smaller orifices required were made with the spine 

external dimensions as before, but were drilled with a hole, 

tapering at 5°, to Y8 in 'diameter. 	A solid tapered PlUg 

was made to fit this hole and ground'into place. A small 

cut, of known depth, was then made down the side of the 

tapered plug and this formed the orifice. 

A method was then found to relate. the size of this 

cut to the expected conditions of plant operation. 	It was 

known, with the ordinary circular hole orifices, that there 

was a simple relation between the mass flow obtained under 

given pressure and temperature conditions and the pressure 

produced by pumping water through it at a known rate at • 

atmospheric temperature. 	It was found that the same 
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relation held for the plug orifices and by this empirical 

means it was found possible to continue the range of orifice 

sizes. 	At the conditions requiring the smallest orifice 

size (1 000 bar, 400°C) the conditions were so sensitive to 

orifice size that at few strokes of a knife-edged file on 

the orifice was sufficient markedly to change conditions. 

A major problem in maintaining stable conditions in 

the plant has been the'fact that, at some steam conditions,: 

the orifice in use tended to decrease in size. 	At all 

three temperatures investigated, 400°C, 600°0 and 70090, 

the effect became more marked with increasing pressure, and 

at.any pressure the effect increased with increasing 

temperature. 	The influence of pressure could be shown 

very clearly when an orifice was almost choked by .reducing 

the pressure to about 100 bar and maintaining the working 

temperature. 	If after a few minutes, the pressure was 

restored to the working value, the expected flow rate would, 

be obtained. 	Such tentative investigations as were carried 

out suggested that metal from the superheater tubes was 

dissolved and re-deposited in the orifice where the steam 

conditions changed abruptly. 	It was' found that the addition 

of sodium silicate, to maintain a silica concentration of 
• 

approximately 1 part in 107  in the boiler and superheater 
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reduced the effect to manageable proportions, hence the ' 

' origin of the deposits was not further explored. 

(3.1.7) Water Purification: 

The remaining steam generating equipment to be 

described is that heeded for water purification, since the 

water fed to the boiler must be of high purity and 

substantially gas-free. . The storage tanks, two 180 litres 

(40 gallons) polythene tanks at ground level, held both 

condensate returned from the condenser and distilled water 

made frOm mains water by two Manesty 3 kW stills, with a 

combined output of about 2.5 g/s. 	A small centrifugal 

pump raised water from the storage tanks to a third 

polythene tank,. mounted approximately 4.6 m (15 ft) aboVe 

ground level, which was the gravity feed tank. Sufficient 

storage capacity was thus provided that, if the condensate 

had for some reason to be diverted to waste and if also the 

stills were not operational, the plant could continue 

operating at maximum flow rate for about 21 hours. 'If, in 

addition, the centrifugal pump failed, the reserve was still 

sufficient for 7 hours' operation at full flow rate, which 

was ample time in which to shut down. -(A further small 

.reservel  of 2 hours at maximum flow rate, existed in the 

deaerators.) 
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From'the gravity feed tank, the water passed into 

two deionizing columns, which could be operated in series• 

or parallel. 	Each column was a Perspex cylinder, 91.4 cm 

(36 in) high and 8.9 cm (3Y2 in) diameter, containing 3 000 

cm3  of a mixed-bed deionizing resin, Amberlite MB-1, which 

was supported on a fine stainless-steel gauze. A valve 

manifold was provided so that the resins could be regenerated 

in situ. The water supply at.this point was mainly returned 

condensate, which was of such purity that regeneration of the 

columns was necessary only after several months. 'During 

normal operation, the electrical resistivity of the product 

is about 1 megohm-cm, and the colljmns were regenerated when 

the resistivity began to fall from its normal value. 	It 

was noticed that the first de-aerator, situated immediately 

below the outlet of the deionizing columns, gave off a 

powerful amine-lime smell some hours before any change in 

resistivity of the water could be detected and this was 

taken as a warning signal. 

From the deionizing columns, the water passed to two 

de-aerators in series, which were simple open-topped boiling 

tanks of Nimonic 75 sheet, the first of 46 litres (10 gallons) 

capacity and the second of 8.3 litres (2 gallons) capacity. 

About 5% of the throughput was boiled away in each tank and 
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the output was tested for oxygen content from time to time by 

an electro-chemical method devised by. Young (1956): it was 

generally found to be less than 0.01 parts per 106. 

.From the de-aerators, the water passed to the feed-

pump through a cooler, where the water temperature was 

reduced to about 50°C, in order to avoid cavitation during 

the suction stroke of the feed-pump. 

(3.1.8) Safety Precautions: 

In the Sections on boiler and superheater design, 

it was noted that the tubing was in each case surrounded 

byA in steel plate. The only other parts at both high 

pressure and high temperature were the thermometer Pockets 

and their associated tubing and this was shielded by hinged 

panels of A in steel plate, which could be folded back for 

maintenance work. 

Precautions were needed not only to safeguard 

personnel, but to guard the boiler and superheater tubes 

against overheating in the event of a water supply failure, 

so the.electrical controls were interlocked in such a way 

that the pump had to'be working before the heating currents 

could be switched on. 

The most probable accident seemed to be a blockage 

of the small orifice used, leading to.a very rapid rise in 



81. 

pressure. 	A bursting disk unit, supplied by Distillers.  

Co. Ltd., was therefore fitted in the line between pump 

and boiler. 	A selection of bursting disks was available, 

so that the relief pressure could be related to the working 

_pressure. 

The bursting disk unit was so positioned that, when 

it operated, the blast broke a strip of thin metal foil and 

thus opened a relay, which stopped the pump and also, by 

means of the interlock mentioned above, shut off the heating 

supply. 	This relay could also be opened by two switches, 

which were placed near the plant operators' working position's, 

• for use in emergency. 

(3.2) 	Measuring; Equipment: 

(3.2.1) Yleasurement of Steam Pressure: 

The pressure measuring instruments were connected 

to the superheater thermometer pocket by a 3.7 m (12 ft) 

tube, shaped like an inverted U, which at the end distant 

from the pOcket was quite cold and contained water. • The 

tube was connected to one outlet of a pressure vessel, the.  

other outlet of which contained liquid paraffin B.P., and 

was connected by a four-way block to a free-piston pressure 

balance, a Bourdon-tube gauge and an oil injector. 

The location of the paraffin-water interface, 
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inside the pressure vessel was found by treating the 

fluids as the dielectric of a capacitor, one plate of which 

was the wall of the vessel, and the other a probe in the 

centre of the vessel, made from a 0.32 cm (;4 in) metal 

probe, insulated by a glass sheath. 	The .capacitance thus 

formed was connected to a "Telstor" made by Fielden 

(Electronics) Ltd., which is a type of Wheatstone capacit-

ance bridge, sensitive enough to show movements of the 

interface as a variation in the out-of-balance current.from 

the bridge. 	The instrument was calibrated experimentally,' 

and the limit of accuracy, ±0.2 cm, was due to. defficulties 

in determining the position the position of the interface 

by direct measurement and not.due to the.characteristics of 

the instrument. 

For the insulated. probe two reqUirements had to be 

met: that the metal and its insulation should have similar 

compressibilities, to avoid the insulation cracking when 

under pressure; and also should have similar thermal 

expansions, to avoid cracking during the glass-working 

operations. 	Several combinations of metal and glasses, 

including quartz, were tried before a satisfactory 

combination ofVilo K" rod and Pyrex glass insulation was 

found. 

The oil injector used was a Blackhawk hand 
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hydraulic pump, Model P228, rated at 40 000 lb/in2  

(2 600 bar), and the Bourdon-tube gauge was a Standard 

Test Gauge made.by the Budenberg Gauge Co. Ltd. and.cali- 

brated to 1 600 bar. 	This was used only as a pre.ssure 

indicator, the•actual measurements being carried out on the 

free-piston pressure balance. • 

The balance was a small piston and cylinder 

assembly, supported on a central hollow pillar, through 

which the pressure to be measured was applied to the base 

of the cylinder. The external balancing force was provided 

by disk-shaped cast iron weights which were overhung on 'a 

stainless steel carrier which was itself supported on a ball-

bearing resting on the head of the piston. The design was 

closely copied from that of Bett, Hayes and Newitt,(1954), 

whose design was itself a modification of one used by the 

Budenberg Gauge Co. Ltd. This Company provided the 

balancing weights and two piston and sylinder assemblies, 

one of nominal diameter 0.25 in (6.35 mm) for pressures of 

200 bar and below and one of nominal diameter 0.11 in (2.794 

mm) for pressures above 200 bar. 

It was decided that an accuracy of about 1 part in 

2 000 was sufficient for measurement of the pressure and 

this made unnecessary many of the refinements adopted by 

Bett, Hay6s and Newitt. The balance was rotated by hand, 
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the rising and falling of the piston were judged by eye 

and the balance and weights were not installed in a constant 

temperature enclosure. 

The various hydrostatic heads in the system 

together caused a correction of the order of 10-3  bar and 

thus were negligible at all pressures. 	The disk weights 

were periodically weighed on the standards balance, referred 

to in Section (3.2.3.6), to the nearest 0.01 g. 	The two 

piston and cylinder assemblies were calibrated against an 

assembly which had been itself calibrated against the 

primary pressure standard of Bett, Hayes and Newitt: the 

accuracy was found to be ±0.5 at.1 000 bar and better than 

this at lower pressures. The same experiment showed that 

the variation in effective area with' pressure was negligible. 

(3.2.2) Measurement of Steam Temperature: 

The steam temperature was measured by a chromel-

alumel thermocouple axially immersed in the superheater 

thermometer pocket previously described (see Fig. 6) The 

couple was contained in a thin-walled stainless steel 

sheath, 0.318 cm CA in) o.d. x 0.051 cm (0;02 in) thick, 

and insulated from it by compressed magnesium oxide. 

The sheath was welded - to a Nimonic plug which 

screwed into the head of.the vessel, and the junction end 
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was surrounded by a silver radiation shield which offered 

little resistance to the flow of steam. 

The e.m.f. of the chromel-alumel thermocouple was 

measured on a standard d.c. potentiometer using switched 

resistors and a slide-wire. The reference potential was 

supplied by a Weston cell, and the out of: balance 

instrument was a microvoltmeter. The potentiometer was 

checked by using a second Weston cell as the unknown 

potential and the microvoltmeter checked by the instrument 

used for the microvoltmeter in the Smith Bridge circuit. 

The chromel-alumel sheathed thermocouples, made by 

Pyrotenax Ltd., were purchased in batches of seven, all cut 

from the same production batch of wire. 	One of the seven 

was designated as the cold junction thermometer and the 

other six were dalibrated against it by the N.P.I. at 50 

degC intervals from 0-200°C and 100 degC intervals.  from 

200-800°C. It was found that each of the six gave identical 

results in calibration. 

Periodically the thermocouple in use was checked 

by comparison with the standard platinum resistance 

thermometer, in the same way as the platinum thermometers 

were checked, and also it was connected in opposition to 

another unused.thermocouple of the same batch, with both 

couples in the same heating bath. In addition to the fixed 
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point baths.  used, a Grace-Hall oil-bath was used to obtain 

readings at precisely 50, 150 and 200°C. 	The only 

variations found in use were changes in the zero-point 

e.m.f., equivalent to a few hundredths of a degC. 

Our estimate of the overall accuracy of the thermo- 

couple installation was ±0.25 degC and it is believed that 

this was the error in the measurement of the steam temperature. 

The depth of immersion, - l1 in (280 mm), the small diameter 

of the thermocouple wires, 0.03 in (0O6 mm), and the 

thinness of the thermocouple sheath, 0.02 in (0.51 man) 

combined to make the conduction error. negligible. The 

diameter of the pocket was a compromise chosen so that the 

steam was turbulent at all experimental conditions, while 

the velocity was low enough for the kinetic, energy term in 

.the energy balance to be negligible. 	The error caused by 

radiation exchange between the thermocouple, the radiation 

shield and the pocket wall was not calculable because the 

radiation absorption characteristics of steam are nat known 

at the experimental conditions. However, this error would 

'be negligible even in a transparent gas and steam is far from 

transparent to radiation. 	Using the search thermocouples, 

it was found that the steam temperature did not vary axially 

by more than our estimate of the accuracy of measurement 

(±0.25 degC) over 4  in on either side of -the measuring 

position.. 
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In addition, there remained the errors due to the 

difficulty of reproducing precisely the International 

Temperature Scale fixed points. 	It is believed that at 

400°C, i.e. below the sulphur point, these errors were 

negligible compared with the accuracy of the installation, 

but that at 700°C they were of the order of 0.5 degC. 

(3.2.3) Measurement of Enthalpy: 

(3.2.3.1) 'The Condenser-Calorimeter: 

The steam upon passing through the orifice will 

expand, and space must be provided below the orifice for 

this expansion to continue to atmospheric pressure. 	The 

steam is then to be'condensed and cooled by water and 

arrangements made for the accurate determination of the 

various steam temperatures. 

Referring to Fig. 7 the condenser'is divided into 

three sections. (In what follows capital letters refer to 

steam-side conditions, lower case letters to water-side 

conditions.) 

At station 1, the steam has expanded isenthalpically 

to one bar. The maximum enthalpy of the expected 

experimental conditions may be taken to be about 3 900 J/g, 

and at one bar the corresponding temperature is 690°C. 

Between stations 1 and 2 the steam is cooled to 100°C, 
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between stations 2 and 3 the latent heat is removed and • 

between stations 3 and .4 the condensate is assumed to be . 

cooled to 85°C. 

T1 . 690°C 

T2 = 100 C 

T
3 = 

100°C 

T4 = 	85°C 

Thus 

H1  = 

= 

H4 = 

- 

3 900 J/g 

2 675.8 J/g 

419.1 J/g 

355.7 J/g 

AH12 
AH23 = 

AH34 

1 224.2 J/g 

2 2567 J/g 

63.4 J/g 

The steam flow rate is taken as 8 g/s, the maximum, 

and the cooling water inlet and exit temperatures are 

assumed to be 25 and 65°C respectively, i.e. 

= 65°C h4. = 	.271.8 J/g 

t1  = 25°C hi  = 104.8 J/g 

The equality - 

(steam flow rate x fall in specific) = (C.V. flow rate x rise in specific)
ethalpy 	 enthalpy 	• 

can now be applied to various sections, to give further 

information. 

'Applied to the whole condenser, it gives the 

cooling-water flow rate = M = 169.7 g/s. 

Applied to the section between stations 1 and 

2 it gives h2  = 162.5 J/g, and hence 

t2  = 38.8°C. 
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Applied to the section between stations 2 and 

3 it gives h3  = 268.9 J/g, and hence 

t
3 

= 64.3°C. 

From this data and Graph 5, of the variation of 

heat transfer coefficient with temperature, which includes 

a one bar line, most of Table 5 can be constructed, which 

shows the local steam and water heat transfer coefficients 

at the four stations. 	It was intended to construct the 

condenser-calorimeter of•either brass or copper: the less 

favourable material is brass, so values of the heat transfer 

coefficient of brass are needed. 	Values of the variation 

with temperature of the thermal conductivity of brass are 

given in McAdams (1953), and the temperature at each 

station may be taken as the mean of the steam and water side 

temperatures. 	The values were converted to local heat 

transfer coefficients on the assumption that the metal used 

would be of 20. S.W.G. thickness. 	(The effect of the metal 

on the overall heat transfer is so small that these assump-

tions can be widely varied without causing a significant ' 

difference.) 

The overall heat transfer coefficient was taken to 

be the reciprocal of the sum of the reciprocals of the heat 

transfer coefficients of steam, water and metal. No 

allowances were included for scale. 



Table 5  

Heat Transfer Coefficients for Condenser. 

. Temperatures in 0C Heat Transfer Coefficients in J/s cm2  degC 
Position Condenser Steam Water Condenser Overall 

Steam Water Tube 	• • (x 103) (x 103) 'Tube (x 103) 

1 690 .25 358 	. 275 300 126 143.3 
2 100 39 70 190 345 111 122.3 

. 	3 100 64 82 520 425 112 233.4 
4 . 	85 65 

• 
75 485 430 • 112 227.4 

... 

As will be seen from Table 5, the overall heat 

transfer coefficients at each station are close enough 

to each other for the heat transfer coefficient for each 

section to be taken to be constant, its value being the 

arithmetic mean of the bounding section values i.e. 

a12 = 1(a1 + a2) = 132.8 x 10-3 J/s cm2  degC 

a23. 	= 177.8 x 10-3 

a3 
	= 230.4 x10-3  

From the data previously obtained for the various 

temperatures, the logarithmic mean temperature differences 

for each section were found to be - 

A612 = 253.1 degC 

A023  = 47.3 degC' 

X634.= 2/.1 degC 
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By applying to each section the equation - 

;la= ccALT 

the following surface areas were arrived at - 

Al2 = - 291.4 cm2 

• A23  = 2 146.7 cm2 

A34 = 
	81.2, cm2 	

• 

A = EA.k  = 2 519.3 cm2 390.5 in2  
• • 	 . 	_ 

It is of interest to note that this shows that of 

the whole cooling area of the condenser, 11.5% is used to 

cool the steam from 690 to 100°C, 85.4% is used to condense 

the steam and 3.1% is used to cool the condensate from 

100 to 85°C. 

Using this area as a basis, and bearing in mind 

that the heat transfer coefficients are only approximate, 

the final design was produced as shown in Figs. 8, 9 and 

10, with a cooling area of 697.4 in2. 

The orifice was retained in position by a Niionic 

union which had a tapered bore and to which was joined a 

vertical Nimonic pipe 20.3 cm (8 in) long and 0.714 cm 

(9/32 in) internal diameter. 	Thisweis screwed into a brass 

header, which.acted as a distributor to the main condenser 
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which consisted of 37 brass tubes in parallel, each 61.0 Cm 

(24 in) long by 0.635 cm Min) o.d. and of 0.09 cm (20 S..W.G.) 

thickness. They led to a second header and were supported 

by five baffles, two of which were integral with the headers. 

Segments were omitted from each baffle which produced cross 

• flow of the cooling water over the tubes. 

The whole was encased in a brass cylinder, which had 

hollow walls. The 1 in space between the walls was filled 

with insulating material and the cylinder closed with a 

water-tight Tufnol end. This cylinder was in turn enclosed 

in a larger brass cylinder and the cooling water flowed 

through the annular gap between the two cylinders before 

flowing over the tube bundle and thus the heat losses- from 

the cooling water were reduced. The three streams - of inlet 

cooling water, outlet cooling water and condensate - were 

each led out by horizontal tubes of 9.525 mm CA in) internal 

bore, within which was situated platinum resistance thermo-

meters of 6 mm bore. The resulting annular gap of approx. 

1.75 mm.ensured a high velocity past, and hence good heat 

transfer to, the thermometers. 	The thermometers were 

immersed in the water stream for some 20 cm (8 in) and 

the whole, including condenser, thermometers, and about 

.15 cm (6 in) of outlet tubing of each stream was immersed 

in cork chips in an aluminium box, there being about 6 cm 
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(2') in) of cork chips on all sides of the condens6r. 

Auxiliary experiments indicated that the thermometers, 

when placed with the centres of their coils in line with 

the exit from the condenser, were situated where the change 

in temperature with distance was zero, and jigs were cut 

. to ensure that the thermometers were always assembled in 

the same positions. 

The cooling water supply was from a tank on the.  

roof, itself fed from the mains. 	By the time the steam 

generator was steady, the temperature of the water reaching 

the condenser had become almost steady and fell at.the 

rate of a few hundredths of a degree per hour for the 

duration of the experimental period. Usually, the cooling 

water was at a.lower temperature than the surrounding air 

. in the laboratory and an estimate had to be made for the 

heat gained by it during its passage through the condenser. 

One end of the condenser box could "see" the end.pf the 

boiler lagging and allowance had to be made for the heat 

gained in this way also, Since the boiler was always run 

between 370 and 400°C, the surface of the boiler lagging was 

very nearly at the same temperature throughout the work.'  

This correction is c  'and was evaluated from theoretical 

considerations as - 

• ,r7 	 r7:V. 



[(0.25•J/s degC) (9 

where - 

E C  = required correction to apparent enthalpy, 

ea  = ambient air temperature, 

b = boiler lagging surface temperature. 

0..;'033 J/s degC) 

The size of this correction.was small, varying.  

between -0.4 J/g and +2.0 J/g, and is recorded for each 

experiment in Table 15. 

In addition allowance must be made for the fact that 

all parts of the condenser could change in temperature 

during a run, thus either adding to or subtracting from the 

total amount of heat given up 'by the steam during a run. 

This correction, Fs, was theoretically evaluated in terms 

of the various water temperatures as approximately - 

Es 
1 r 

= 	( 1 000 J/d.egC) [17 Le + 60 Le2 + 1.5 Le ] 

where -.  

Ot = duration of experiment (seconds), 

Aei  = rise in temperature of outgoing cooling 

water during run, 

AO2  rise in temperature of incoming cooling 

water during run, 

AO 	rise in temperature of condensate during run. 



The size of this correction was small, varying 

between +0.8 J/g and -0.8 J/g, and is recorded for each 

experiment in Table 15. 

(3.2.3.2) Platinum Resistance Thermometry: 

The platinum resistance thermometers used to 

measure the inlet and outlet cooling water temperatures 

and the condensate temperatures were chosen from six 

thermometers, which were all 4-conductor 18 ohm platinum 

thermometers, with the resistance spiral non-inductively 

wound on a silica cross 2 in (30.8 mm) long. 	The leads.  

were 10 in long, and the whole was encased in a Pyrex 

envelope 6 mm external diameter, filled with helium. 

Initially all six thermometers were calibrated at the ice, 

steam and sulphur points by the N.P.L., and five of them 

were available for use on the apparatus and one was kept 

as a standard. Periodically the thermometers in use were 

checked against the standard at the ice, steam and sulphur 

fixed points. The variations found were of a negligible 

and non-systematic nature. 

The thermometers were connected through a selector 

switch tO a Smith's No. 2 Difference Bridge (Smith, 1912),  

which is a form of Wheatstone Bridge, modified to take account 

of the resistance of the thermometer leads. The out-of- 
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balance indicator was a microvoltmeter which was graduated. 

to 1 hiV and read to 0.1 µV. 	The resistors of the bridge, 

which were oil-cooled, were checked from time to time 

against a standard resistor, and the microvoltmeter, although 

used only as a null indicator, was none the less checked 

'against an instrument designed and built by E.R.A. which'  

could supply a range of accurate voltages between 1 la and 

1 mV. The characteristics of these instruments will be 

found in Tables 6 and 7..  

The errors connected with this system of measurement 

are examined below. 

Table 6 ' 

Characteristics of 

Platinum Resistance Thermometers. 

Thermometer 
R of 
ohms 

H100 li_s_ 
'. 

a x 1031  
(degC)-1  

,0 x1061  
(degC)-2  Ro 

C541377 17.8549 1.39152 2.6517 3.9733 0.5809 
C548077- 18.2167 1.39157 2.6513. 3.9743 0.5850 
C548078 17.9489 1.39164 2.6513 3.9751 0.5870 
C548079 17.9870 1.39135 2.6502 3.9721 .0.5857 
C548080 17.9559 1.39152 2.6510 ,3.9737 0.5855 
C548081 "18.0587. 1.39127 2.6499 3.9712' 0.5854 
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Table 7  
.• 

Characteristics of Smith Difference Bridge No.2, L310867. 

All resistances given at 26°C. 
,Temperature coefficient of resistance,2 x 10-6  (degC)-1. 

Nominal 
Resistance 

' 	Resistance 	"" 
in ohms 

Measured  
Change 

micro- 
ohms 

in in 
.. 

Nominal 
Resistance 

Measured. 
Resistance 

ohms 
Change 
in 
micro-
ohms 

On 
8.10.54. 

On 
12.9.59 

On 
8.10.54 

On  
12.9.59 

Q Arm I:A.rOl 
190 190.004 190.000 -4,000 50 49.9996 49.99995 +350 
S Aim 20 19.9999 20.00001 +110 
190 190:001 190.001 -1!'000- 20 	, 19.9996 19.99981 +210 
R Ann ' . 	' 10 9.99969 10.00008 +390 
70 	' 70.0005 70.0000 '-500 ." 	5 4.99995 5.00000 +50 

2 1.99998 1.99997 ,-10- 
, 	2. 2.00006 2.00006 0 

• 1 	i 	0.99999 0.99998 -10 
. ''' 	0.5 	0.50001 0.50000 .-10 

. ' 	0.2 	' 	0.20000 0.19999 -10 
0.2 " 	0.19999 0.20000 .:+10 

, -, , 0.1 	0.09999 0:09999 0 
0.05 	0.049995 0.049990 -5 • 
0.02 0.020005 0.020000 '-5 

• 0.02 0.020005 0•.020010 +5 
'-0.01 0.010005 0.010000 . -5 

Water Temperature and Resistance Bulb Temperature: 

The thermometers were immersed to a depth of 8 in 

(20 cm) in the water stream, and the tube surrounding them 

was itself surrounded on. all sides by 6 in (15 cm) of cork 

lagging, so the difference between'the water temperature and 

the thermometer temperature should be negligible if. the 
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water stream was at a constant temperature. There have' 

been several occasions when while readings were being taken, 

.large changes 111Ave taken place very suddenly in either the 

steam flow or the cooling water flow. 	In every Case-the 

resistance of the thermometers has become stabilized at 

the new value within half a minute. Since no experiment 

was accepted unless the changes in all the properties read 

were very small, the effects of time lag could thus be'  

ignored. 

Resistance Bridge Errors: 

The resistance of a platinum thermometer, P, was 

measured by balancing the Smith Bridge four times, using 

the arrangements shown in Fig. 11. The balances without 

P (arrangements A0  and B0) were usually made before and 

after an experiment in which several determinations of P 

had been made. If these balances were the same within the 

limits of observation, then the possibility of variations • 

• in the resistances of the bridge can be ignored. 

The effect of a constant error in the resistances 

must also be considered. Using the nomenclature of Fig. 

11, where - 

R, ,Q and S are'constant resistances, 

X is a variable resistance, 

P is a platinum resistance thermometer, 



FIG.11. SMITH BRIDGE ARRANGEMENTS FOR MEASURING AN UNKNOWN 
RESISTANCE, P. 

0 
• N..14 
, • 
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then after all four arrangements have been balanced to give 

readings of XA0, XE0  XA1  and X131  respectively - 

P  = 1q0c.A.0 ) f.  (XBo - x)31)] 

Thus only constant errors. in the X resistance will 

affect the value of P. The values of the components of 

the X arm were therefore checked from time to time against 

a standard resistor, which was placed in circuit instead 

of P. 

The determination of the bridge resistance before 

and after each experiment checked the presence or absence 

of random variations in resistance, but it could be that 

if the temperature of the Smith Bridge as a whole altered, 

then a balance was still obtained at the same values of 

X0  before and after an experiment, so the effect of 

temperature must be considered separately. 

Since all the bridge resistances are of manganin, 

we can represent the variation of any resistance, Z, with 

temperature, by - 

where for this particular 'instrument e0  = 26°C. 



105. 

If - 

and XBO were determined in immediate succession 

at 01  °C, 

XAl and  XB1 were determined in immediate succession 

at e2 °0, 2 	' 

P' was the value of the unknown resistance found 

under. these conditions, and 

P was the value of the unknown resistance when the 

bridge was throughout at 00°C. 

Then - 

Pe — P = z a[(02 — eo)(xAo xBo) - 	- eo)(xA 	)] . 

There are two cases to consider - 

(a) Where the bridge temperature did not 

vary during an experiment, but the 

temperature was not the temperature 

of calibration, 

(b) Where the bridge temperature did vary 

during a run. 

The first case is obtained by letting 02  = 01  in the above 

analysis, when - 
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" = Z 'io[(xAo + 'to) - (xm xB1 )3  
a is 2 x 10-6  ohms/dogC. 

It was found experimentally that XAO = XBO  te 68 ohms. 

We will assume - 

XAO = XBO  = 68 ohms. 

With respect to X.,
A"1 	X

B1 ' AP will have its largest value 

when they are at their smallest value. 	This occurred 

when the water temperature being measured was at its 

maximum, 100°C, when P 25 ohms. We will assume 

XAl = XB1  = 39 ohms. 

The equation is then - 

Ae10 AP =1 2 x 10-6  oc  [(68 + 68) - (39 + 39)] ohms 

= 58 x 10-6 
Aei0 o 
dee 

The resistance, Pe, of the platinum thermometer is related 

to the water temperature, Ow, by - 

Pe  = P0(1 + apew + Pp(ew)? ) 

For present purposes, the quadratic term can .be neglected 

and the relation between AP$ and Aew  is then - 

at) 



We may take P0  as 18 ohms and(Zp  as 4 x 10 ohms/degC, thus - 

Pe  /ohms 

72 x 10 
. 	- 

The relation between the enthalpy of cooling water and its 

temperature is - 

0 

Thus - 

hw .= C Pew.:  

The relation between the apparent enthalpy and the cooling 

water enthalpies is - 

and so, considering only variations in H* due' to the water . 

enthalpies - 

All* = —M(ph L 	+ u 

Since all three thermometer resistances were balanced 

consecutively on the same bridge, the only terms they do not 

pe degC 
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have in common are P0, oil, and the specific heat. Therefore 

[t 
C 

	_  
61-1* = 58 x 10-6 A910 µ 

li f 
Voccp 	po

c 
 ap 	voap

\ 
 

It is found that with any combination of platinum thermo-

meters available for use, the firSt term in the square 

bracket is always small compared to the second, for any 

reasonable value of E/11. 	Therefore we write - 

C  
611* = 58 x 10-6 6810 

72 x 10-3 

and taking C = 4.2 J/g, we have - 

Aelo 
= 3.38 x lo-- degC 

It is clear that if H was to be measured to about 0.1%, and 

was between •1 800 and 4 000 J/g, it was of no .importance 

at what temperature the bridge is held steady. 

The second case, when the bridge temperature is 

assumed to vary, follows the same reasoning as before but 

without the initial simplifying assumption that 02  = 01.  

The result is - 

6 	-8  
0 	1 

degC 

-8  0)1 = 0.117 x 10- 	2 [8 	- 39 	Jig degC  

0* = [0.9 	2  degC  
8
C + 94.3 	-3  J/g 0 	. 
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It is clear that the temperature difference of the bridge 

between the beginning and end of experiments was also not. 

of importance. 

In practice, therefore, the bridge was filled with 

oil and no arrangements for temperature control were made. 

It was found that the temperature of the bridge in use 

varied between 24 and 27°C, and that during an  experiment 

the variation in bridge temperature rarely exceeded 

±0.3 degC..  

Effect of Errors on Enthalpy Measurement: 

We assume that the inevitable errors in judging 

when, the bridge is balanced were random and begin with 

P= 	[(xAo xBo) — (xiki 	x131)] 

The variance error equation of this is - 

v(P) = [v(xAo) + v(xBo) + v(xA  + v(xBi  )] 

But we can assume, since the operation of deciding on a 

balance was.the same each time, that 

v(A0) v(x
Bo) = V(Xm) = V(x.131) V(X) say 

v(P) = v(x) 



a 100 - 1 
Po 

100 	1002  

444.7 19 PS - 1 
0 

444.7)2  

110. 

The resistance and temperature of the platinum thermometer 

are connected by - 

Po(i + cce + 002) 

but cc and. e were themselves the results of experimental 
determinations, of Po  at 0°C,of P100  at 100°C and of P3  

at 444.7°C. 	We first write the error equation of the 

quadratic, rearranged to give the temperature error -- 

v(e) - 

v(Pa ) v(P0 ) 
	 (i + ae + 002) 2  + e2  

P02 	
p02 
	

(v(a) + e2v(I_9)) 

(a + 203)2  

• Now a and. i3 are related to P-7 U  P100  and Ps  by the equation - 

from which we obtain - 

a = 0.13 100 
 - 1) - 0.65 x 10-3 

0 

and - 

= 6.51 x 10 6  (DPS  • - 	2 9.0 • x 10 6 (F100 po  - 1 



The error equations from these are - 

	

10 	2 
Vka 	1 ) = 	2 [013‘2() Vk P 	100 

	

, 	
+ (0.65 x C-  

o 	10)2(V(Ps  )+P) V(P0  ))1 
„ 

0 0 

10-6) 2  (V(P ) s Pit C
(6.51  

2 Pq 
+ (.-') Ir(P0)) + (29.0  p 0 

X10- 
(rf-D N 

' 	 01  

, 

-'' 

p 	)2 

( 	 00 	, 	, 

13 	1“130 ))1 0 

and - 

V(6)= 	[(6.51 x 2 P 0 

Let V(P0) = v(Ploo)  = V(Ps) = V(V), since the calibrations 

were made consecutively, and using the following average 

values, 

Po  - - 18 ohms 

P100/P0 = 1.39 

PS  /P0  = 2.65 

then - 

IT(a) = 1.530 x 10-4  V(X1  

v(g) = 86.60 x 1'0-12  V(V) 

Inserting these in the error equation for 0, and using the 

average values - 

a 7  4 x 10-3/(degC)-1  

Q = 0.6 x 10-6/(deg0)-2 
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we obtain - 

182
)  
11 + + 4 00-3  6 +0.6 x10-6  e2)2} + (1.53 xio-4  62 +86.6 xi0-12 (34) V(X') 

v(e) _ 	 

Since e must lie between 0 and 100°01  several terms are 

negligible and the equation simplifies to - 

1 (1 + 4 x 103 8)2 1 2 	V(X')(1.53 	10 4 2] v(e) = [v(x){ 	+ 	 + 	x 
16 x 10

-6 18 	18
2 

V(6) (386 + 1.54 e + 23.1.x 10 4  62) V(X) + 9:56 62  V(X').  

The error equation for H* with respect to water temperatures 

only is - 

v(H*) . 	{2  v(e1 	2 ) + c2  v(e2 )1J 11 
+ C2  v(6µ) 1  

If we assume C1 	C2 C14  = 4.2 and adopt the values used 

in designing the condenser, viz. - 

= 65°C, e2  = 25°C, 6u = 85°C and MAI = 21 

we obtain 

v(e1 ) = 387.1 V(x1) + 40 391 MI) 

V(82) = 386.4 V(X2) +. 	5 975 V(X') 

V(8m) = 3875 V(XIJ) + 69 071 V(X') 

-6, 10 	+ 1.2 x 10-3  8)2  
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and - 

V(H*) = 7 854 D387.1,V(X.1 ) + 40 391 V(X')1 + 386.4 V(X2) + 5 975'17.(XOT 

17.64 (387.5 V(XM) 1-'69 071 V(X1)). 

In practice, in making calibration measurements, it was 

found that a'balance could be obtained to 3 x 10-5  ohms. 

That is - 

V(X') . 9 x 10-10  

During an  experiment, the need for quickness in reading the 

instruments necessitated'a restriction in the accuracy of 

observation. 

The inlet and exit cooling water thermometers were 

read to the nearest 0.001 ohm: that is, the range of error 

was 5 x 10_4 
 owns, so the standard deviations of these 

.instruments could be taken to be one third of this - 

V(X.1).  = V(X2) = 2.8 x 10-8  

The condensate thermometer exhibited small rapid 

fluctuations which it proved impossible to suppress and in 

this case the bridge was balanced only to the nearest 0.01 

ohm, and thus - 

V(Xii) = 2.8 x 10:6 
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Inserting these values we have - 

v(e1) = 4 719 x10-8, a(el).. 0.0070C 

v(e2) = 1 620 x 10-8, c(82) = 0.004°C 

v(edL- 1 147 x 10-6, 0-(01) =.O.034°C 

v(144.) = 0.5181. 	aibV) = 0.72 jig 

Since the lowest expected value of H is about 1 800 J/g, 

these reading errors are tolerable. 

(3.2.3.3) Measurement of Flow: 

• After leaving the condenser, the condensate 

passed by way of an aftercooler to a'hinged vertical tube 

terminating in a fish-tail orifice and so to the storage. 

tanks. 	At pre-determined time intervals the hinged tube 

was made to swing through a small vertical arc so that the 

issuing curtain of water cut across a knife-edge and fell 

into a collecting tank. 	After a fixed time the tube swung. 

back and the contents of the tank were weighed. .The 

switch which actuated the collection of condensate • 

simultaneously operated a similar device for the cooling 

water. 

(3.2.3.4) Measurement of Time of Collection:  

The time of collection was determined by an 

instrument devised and built by E.R.A., which was essentially 



:a synchronous clock driving a series of geared wheels 

carrying cams which engaged micro-switches, one of which • 

.completed a circuit so that a motor was energized to force 

the hinged tube in one direction, whilst a second switch 

later re-energized the motor in the reverse direction to 

return the hinged tube to its original position. 

The time of collection could be selected to be 30, 

40, 60, 80 or 12,0 s, whichever was most convenient. 

In the calculation of the enthalpy, .the flow rates 

of•cooling water and condensate appear as a ratio, so the 

exact time of collection was unimportant provided that the 

.collection of both streams was made simultaneously. 

Although the impulses fed to the motors moving the fish-

tails were simultaneous, the mechanical design may have 

been such that the streams did not cross the knife-edges 

simultaneously. 	This was checked by fitting electrical 

contacts above the knife-edges, connecting the contacts to 

a chronograph and measuring the difference in time at which 

collections began and ended. .In no case was the difference 

found to exceed .0.02 s, which was the limit of accuracy of 

the chronograph. 

In the heat loss correction, the rates of flow appear 

independently of one another, so that some knowledge of the 

exactness of the time of collection was needed. 	The method 
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outlined above was used to check this, and showed that the 

actual• collecting time did not differ from the nominal 

collecting time by more than 0.02 s. 

(3.2.3.5) Measurement of Mass of Condensate: 

The mass of condensate was determined using a 

single-pan balance in which the'load was balanced by the 

deflection of a counter-poise arm. An optical system 

showed the movement of the arm on a ground-glass screen 

directly as a load in grammes. The accuracy of the balance 

was checked against a set of rhodium-plated brass weights,  

which had an N.P.L. Class "A" Certificate. 

The cans in which the condensate was collected were 

screw-top aluminium containers of 450 g capacity. Each 

had a polythene liner to the screw-top which was adjusted 

to make the mass of each empty vessel the same. The 

balance had an adjustable zero to allow for the mass of a 

can and the empty cans were checked against the set zero 

before each run. 

The after cooler ensured that the condensate was 

only a few degrees above room temperature when it was collect- 

ed, and the correction for evaporation was thus negligible. 

The.balance was graduated to 0.1 g and was read to 

this figure. Experiments bf one hundred weighings of 
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random quantities of water, checked against a standard 

balance, gave a standard deviation of ±0.047 g. 

Buoyancy corrections were investigated and found 

to be negligible. 

(3.2.3.6) Measurement of Lass of Cooling-stater: 

. • The cooling-water was weighed on an equal-arm 

balance which was poised to the nearest 100 g, the remainder 

of the load being read from a scale. 	The balance was checked 

against the'standard weights referred to above, and the 

weights normally used on the balance were checked against 

the same standards on a balance whiCh was sensitive to 10}tg 

and which was reserved for standardizations. 

The cans in which the cooling-water was collected 

were of, stainless-steel or brass, and had closely fitting 

lids of the same material. 	Their Capacity was approximately 

8 kg of water. 	They each had their own counter-balancing 

mass which was cheCked before and after each run. 

The balance was graduated to 0.5 g and read t 0.1 g. 

Experiments of weighing .one hundred random quantities of 

water, checked against the standard balance, gave a standard 

deviation of ±0.187 g, and this may also be taken as the 

accuracy of adjustment of the'counter-balancing masses. 

The buoyancy corrections were investigated and proved 

to be negligible. 
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The cooling-water was at. a temperature. of from 

30-80°C at the collecting point and some. correction was 

necessary for the evaporation which occurred during.  

From the empirical corrections available, we. 

chose that due to Hinchley (1922) who gives, for the 

evaporation from a free surface, the relation - 

[(pe 
- 
pa)  /50 mmHg  11 .2 

Tim = (0.95 kg/m2  h) Atm  

where - 

11
L1 = mass lost in kg, 

A evaporating surface, 

tm  = time of collection, 

Pe = water Vapour pressure of cooling water, 

Pd = partial pressure of moisture in air.. 

Experiments were devised to check this formula. One 

collecting can was lined with loosely fitting plastic sheet 

secured only to the top edges of the can. 	At one point 

the plastic sheet was held away from an edge so that water 

could enter between the sheet and the can itself. , A. collar 

was fitted round the fish-tail from Which the water issued 

so that the Opening, was blocked during collection, and a 

hinged lid arranged so that it closed as the fish-tail 

swung away at the end of a collection. 	Thus there were no 

evaporation losses during a collection using this can. 



119. 

Experiments were made, under a wide variety of 

water temperatures and air humidities by making alternate 

collections in ordinary cans and in the closed can, 

sufficient collections being made for the means of each 

type of collection to be significantly different. 	The 

actual differences in weight were then compared with the 

correction calculated from Hindhley's formula and found in 

every case to be larger by a factor of 2.0 ±0.1. 	The 

final formula used for. the evaporation correction was 

therefore - 

Ti m  = (1.90  kg/m2  h) A tm[(Pe _ 	/50 mmHg] • 2 
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(4) OPERATION OF ENTHALPY APPARATUS 

(4.1) 	Experimental Method: 

. At low pressures, it was found that a considerable 

range of experiments could be made with one orifice in 

place, so it was most convenient t rU the plant continuously 

for one.  week, during which time a block of experiments was 

done, then to shut down for one week, and so on. 	During 

the weeks shut-down the previous week's work Was prepared 

for computation, the boiler feed-pump gland re-packed, the 

orifice changed, the thermometers and thermocouple calibrated, 

and any checks and maintenance required carried out. 

During the running weeks, the plant was in the care 

of six operators, working three shifts in pairs. 	It was • 

fouhd that the plant became stable enough to make a s run 

about 12 hours after starting up, and that when conditions 

were changed after a run it took between 3 and 12 hours for 

the plant to become steady enough for a further run. At 

the end of theveek the plant was shut-down slowly, taking 

from 6 to 8 hours, and the feed-pump was not stopped until 

the pressure had fallen to atmospheric and the steam 

thermocouple recorded less than 100°C. 	This precaution 

was taken to ensure that the tubes were never exposed to 

air when hot. 
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At high pressures, only a few experiments could be 

made with one orifice, but the starting up and shutting 

down periods were mach shorter, so these experiments were 

made by daily runs carried out on every other day, the 

alternate days being used for checks and maintenance. 

Before each run the operators were notified of the pressure, 

temperature and cooling water flow rate required, and'their 

permissible variations. 	The tolerances for pressure and 

temperature were chosen so that the possible errors in 

(311
aP
) and M used to correct the results to round figures 
T 	aT 

would cause negligible errors in the final enthalpy. 	The 

plant was brought within the. required limits by adjusting 

the heat input to boiler and superheater and by adjuSting 

the steam flow rate. 	It was found that as the plant 

apprOached stability the steam temperature Was the last 

parameter to become steady, so once all the parameters were 

within the limits readings were taken of this at frecuent 

intervals. 	If it appeared to be steady, a run was prepared. 

The zeros of the two balances were checked, the 

balancing masses of the water cans were checked,. the two 

clocks used were synchronized, the potentiometer standard-

ized, the Smith Bridge internal resistance measured, and the 

barometer and the wet-and-dry bulb hygrometer read. These 

points and others were systematiCally noted on a check list. 
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The run was then begun with two operators, one reading 

temperatures and the other pressures and flow rates. 

The operator in charge of temperatures, with the 

Smith Bridge in the "A" position, read the resistance of 

the inlet cooling water thermometer, the.exit cooling 

water thermometer and the condensate thermometer. 	He then 

read the e.m.f. of the steam thermocouple on the potentio-

meter, altered the Smith Bridge to the "B" position, read 

the resistance'of the three thermometers again and then 

the steam temperature again. 	He then repeated the whole 

cycle again and again. 	Each time he took a reading he 

also noted the time of reading from a clock graduated in 

fifths of minutes. 

The second operator placed cans under the condensate 

and cooling water collectors, _at knife-edges in position 

separating can from waste, then started the collection of 

both streams simultaneously. 	Thilst the collection was • 

going on he measured the pressure, then he placed the lids 

on both cans, weighed them and repeated the whole cycle 

again and again, noting the times of readings. 

A run lasted for about an hour, in which period 

every measurement would have been repeated about thirty 

times. At the end of the run every check and measurement 
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made before the run began was repeated and marked' on the 

cheek list. 

The plant conditions were then altered to those 

specified for the next run.  

(4.2) 	Computation of Experimental Results: 

The major problems in all dynamic heat measurements 

'are those due to thermal lags, and it is necessary to 

organize the computation of the results to show that the 

plant is steady: it is not sufficient simply to take the 

mean of the various readings, but their variation in time 

must also be taken into account. . This introduced difficulties 

with the platinum thermometer readings: the calculation of 

thermometer resistance required the knowledge of the Smith 

Bridge readings in both "A" and "B" positions at the same 

time, which was impossible. 

The original solution was to plot all the readings 

against time, plot smooth curves through the points, note 

all the readings at equal intervals of time and then work 

out the enthalpy for each set of readings. 	This procedure 

was found to take so long that the procedure was programmed 

for a computer. 

For each set of result's graphs were plotted against 

time of the two flow rates, the steam temperature, the cooling- 
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water outlet thermometer resistance and any parameter which 

showed unusual trends. Any run in which any parameter 

.showed abrupt Changes, wide fluctuations or large changes 

with time was rejected and later repeated. 	For the 

remainder, the evaporation correction was worked out, details 

of the current thermometer and pressure gauge constants were 

added and the whole sent to English Electric Co. Ltd. Data 

Processing Division, where it was fed into a DEUCE digital 

computer. Within the computer, the reference numbers of 

the weights on the pressure balance were compared with the . 

latest table of calibration of pressure balance weights 'and 

.converted to grammes. 	The interval between the first and 

last times at which all the parameters existed within the 

experiment was then divided into 31 equal sub-intervals. 

The converted pressure-balance data, and all the other data 

in its received form, were then subject to a second-order 

interpolation to bring them to the 32sub-interval.bounds. 

At each of . these 32 points the physical properties. were pro-

duced from the instrument readings as follows:- 

(4.2.1) Steam Pressure: 

The load in grammes was multiplied by the value of 

gravitational acceleration at Imperial College (981.187 

cm/s2), and was divided by the effective cross-sectional 
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area of the pressure-balance piston, as reported, to give 

the gauge pressure in bars (the scaling factor from dyn/cm 

'to bars being included in the reported data). 	The 

barometric pressure was then added to obtain the absolute 

pressure in bars. 

2 

(4.2.2) Steam Temperature: 

The e.m.f. was converted to temperature using a 

polynomial derived from least-squares fitting of the latest 

thermocouple calibration figures. 

(4.2.3) Water Temperatures and Enthalpies: 

The cooling-water inlet and outlet and condensate 

thermometer readings were all three handled in the same 

way. The resistance of the thermometer was obtained from 7 

Pe = [(xAo - 	(xBo xB )] 

where -. 

PO  = resistance of platinum thermometer, 

XAO = reading of variable resistance of Smith 

Bridge With thermometer switched out and 

Bridge in "A" position, 

XBO = reading of variable resistance of Smith 

Bridge with thermometer switched out and.  

Bridge in "B" position, 
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XAl = reading of: variable resistance of Smith 

Bridge with thermometer switched in and 

Bridge in_ "A" position, 

XB1 = reading of variable' resistance of Smith 

Bridge with thermometer switched in and 

Bridge in "B" position. 

The resistance was then converted to temperature by solving 

the equation - 

P0  P0  (1 + ae +/902) 

where P0, ct and/3 were derived from the current calibration 

figures. 

The temperature was then converted to enthalpy by 

a formula given by Le Fevre (1955). 	This states that the . 

specific heat-capacity at constant pressure for water under 

a pressure of 1 013 250 dyn/cm2  is C J/g degC, where 

C 4.169036 + 3.639 x 10-14  
C15 4.169036 + 3.639 x 10-14  

(100 + -05.26 + 4.67 x  10-(2(+2  

(100 + 15)5'26  + 4.67 x 10-  

+0.003.654t)) 

C15 • = 4.18546 J/g degC, and 
• 

t = water temperature in °C(Int.). 

This statement was produced by removing the 

. prematul.erounding, and the errors of calculation or 



Table 8  

The Variation of Specific Enthalpy with Temperature of Water under a Pressure of 1 bar. 

Temperature in 0C 
athalpy in J/g 

0 1 2 3 4 5 6 	. 7 	i 	8 

0 0.0600 4.2756 8.4876 12.6964 16.9023 21.1054 25.3061 29.5045, 33.7009 37.8953 
10 42.0880 46.2790 50.4687 54.6570 58.8440 63.0300 67.2150 71.39911 75.5823 79.7648 
20 83.9466 88.1279 92.3086 96.4888 100.6686 104.8480 109.0271 113.2059,117.3845 121.5629 

30 125.7411 129.9192 134.0972 138.2751 142.4530 146.6309 150.8088 154.9867'159.1647 163.3428 
40 167.5210 171.6993 175.8778 180.0564 184.2352,188.4142 192.5934 196.7728;200.9525 205.1325 
50 209.3127 213.4933 217.6741 221.8553 226.0368 230.2187 234.4009 238.5835'242.7665 246.9500 

60 251.1338 255.3181 259.5029 263.6881 267.8738'272.0601 276.2468 280.4341284.6219 288.8103 
70 292.9992 297.1888 301.3790 305.5698 309.7612313.9533 318.1461 322.3396!326.5338 330.7288 
80 334.9244 339.1209'343.3181 347.5162 351.7151!355.9148 360.1154 364.31691368.5193 372.7226 

90 376.9269 381.1322 385.3384 389.5457 393.75401 397.9634 
.4-  

402.1736 
I 

406.38541 410.5981 414.8120 
100 419.0271 

1 	' 
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printing in• the report of J. de Haas (1950) for the 

International Committee of Weights and Measures. 	The 

experimental observations underlying the formulation given 

in the report by Haas are those of Osborne, Stimson and 

Ginnings (1939). 

This formula is for a pressure of 1 013 250 dyn/cm2, 

whilst the approved zero point for energy calculations on 

steam is the triple point, where the internal energy of 

the liquid pha$e is to be taken as zero. 	To supplement 

the given formula we therefore need the enthalpy .of steam 

at 000', 1 013. 250 dyn/cm2  pressure. 	This is 0.0600 J/g. 

Table 8 shows the relation between temperature and 

specifid enthalpy of water under 1 bar pressure, as computed 

froM these considerations. 

(4.2.4) Flow Rates: 

The cooling-water and condensate flow rates were 

obtained in g/s by adding on the evaporation correction 

and dividing by the time of collection specified. 

(4.2.5) Apparent Enthalpy of Steam: 

This was computed from equation (3.3) - 

H* = 	h2) + h 

The computer then printed out its computed values 
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of 11601  Po, To, Mok, hi, h2  and h at all 32 points and• 

gave a summary consisting of the means of all the above 

values and their standard deviations. 

An example of a typical experiment is shown in 

Graphs 8 and 9. 	In Table 9 we show the data sent•to DEUCE 

except for readingS taken during the run. The latter are 

plotted against time, together with DEUCE's interpolationsl  

in Graph 8. In Graph 9 we show the variation in physical • 

properties as worked out by DEUCE and in Table 10 we give 

DEUCE's summary. 

(4.3) 	The Energy Balance: 

On page 31 we wrote the energy balance of the 

plant as - . 

µ(H - 	= M(h - h ) + Q 	 (3.1) 
_ - 	1 	2 

which may also be written as - 

H = H* + Q/12 	 (3.4) 

It is the purpose of the present Section to consider in 

detail the composition of the heat leak, Q, and then the 

method of converting the measured apparent enthalpies, H*, 

into true enthalpies, H. 

It will be seen that in the above equation the apparent 

enthalpy tends to the true enthalpy as the steam flow rate 

increases without limit, providing the heat leak remains' 
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Table 9 ,. 

Input Data to DEUCE from Imperial College for one Experiment. 

Block E30, Run 6  

' Orifice Size: 	0.011193 cm2 

Steam Thermocouple: 	Ref.No. H.6212(2) 

correlating equation T = -0.057 + 253.023 (2) - 47.522 (-10 92  + 100.434t10)
3 

 10  

-. 89.681 4)4+38.537 4)5 - 8.019E )6+ 
0.652 (*)-) 

T in 0C, E in mV. 

Platinum Thermometers: 

Position Ref.No. Ro 

C.W. In 079M 18.0616 ohms • 3.9724 x 10-3  -5.892 x 10-7  

C.W. Out 078 17.9760 3.9695 x.10-3  -5.875 x 10-7  

Condensate 080 17.9617 	' 3.9784 x 1073  -5.874 x 10-7  

Pressure Balance: 

Piston Ref.No. K228 
Gauge Pressure = (load in g x 3 3.0377 x10-3) bar 
Atmospheric Pressure = (Barometer reading in mmHg x1.333) bars 

Weight Table: 

Wt .No . Mass in g ' Wt .No . Mass in g.  
• 

161 6664.2 171 2665;5 
162 6664.4 173 666.1 

170 2665.9 177 133.3 



Condensate temperature at fish tail, OC 

C.W. temperature at fish tail, 0C 

Barometric pressure, mmHg 

Table 9 (Contd.) 

Check List Readings: 

Smith Bridge Internal Balance "A" position, ohms 

"B" position, ohms 

Hygrometer:. Dry bulb temperatUre, OF 

Wet bulb temperature, OF 

Before , After 

27.996 27.996 	' 

28.016 28.016 

80 80 

65 65.5 

16.8 17.0 

55.3 55.4 

757 	756 

Evaporation correction. Condensate 	nil 

Cooling water . +0.81 g 
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Cooling water inlet 
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0 Experiment readings 	' 
• Interpolations by DEUCE into 

experiment readings 

GRAPH. 8. INPUT DATA FROM IMPERIAL COLLEGE AND 
DEUCE'S INTERPOLATIONS  

'The limits shown represent the variation of each parameter will produce a change of one part in a thous.4nd of the apparent 
enthalpy,assuming all the other parameters to remain constant,except for L,where the variation shown is that which will produce a change__ 

of one part in ten thousand of the apparent enthalpy. 
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36350= 

Apparent enthalpy Ho0 3630.0 
joules/g. 362501: 

3620-0= 
131.807 

131.60= 
Cooling water flowrate 

M, g/s 	 131.40 

131-20E- 	 • 

131-00= 

7.33- . 

7•32 E- 
Condensate flowrate p, 	7.31 	 • • • • 

g/s 	 7. 30 7E• 

7-29:- 

Output cooling water 

234-00— 

• • • 

. • 
enthalpy hi , joules/g 233.50 

47.50 ..... . . 
Inlet cooling water 
enthalpy hz,joules/g. 

47.0 
Condensate enthalpy 289-00R  • • • . 

, Joules/g. 286•00 

• Steam temperature 596-0E- . 	................. 
T, 'C. 594-0E- 

Steam pressure 66.OF 
P, -bars ' 	• ' 	• '• r -t •1 	• • l• 1 _1 "1 •1 	• 	1 	• 1 	• 1. I 63.O 80 90 100 110 120 130 140 150 160 170 180 190 200 .210 220 230 240 

•
.1 

• 

. • • • 
.... 

•I 	• I 	• 1 • 	• 	r 	l 	"I • t • 1 • ' • .   
250 260 270 280 290 300 310 320 330 340 360 

Time , _units of Ys minute 

GRAPH 	9.  OUTPUT DATA FROM DEUCE 
`The limits shown represent the variation of each parameter will produce a change of one 	„ 

part in a thousand of the apparent enthalpy.assurninz alt•the other parameters to 'remain constant. 
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Table 10  

SuMmary of Output Data .from DEUCE for same .Experiment. 

Units Mean Standard Deviation 

Apparent enthalpy  J/g 3,628.88 ' 	±2.49 

Pressure bar 64.15 ±0.04 

Temperature 0C 595.34 +0.18 

Condensate flow • g/s. 7.305 ±0.006 
Cooling water flow g/s 131.055 ±0.122 

Condensate enthalpy J/g 287.71 ±0.48 
C.W. out enthalpy J/g 233.74.  ±0.15 
C.W. in enthalpy J/g 47.49 ±0.03 

Computation interval 	, 103.5 seconds 

Duration of computed run 	53 	minutes 

Duration of observations 	61 	minutes 	• 
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finite. 	It will therefore be,convenient to consider in• 

addition the behaviour of each component of Q, as it is 

isolated, as the steam flow rate increases. 

If a fixed closed surface be drawn around the 

condenser, then Q is the sum of all the heat' fluxes crossing 

the boundary, providing the boundary cuts the four points 

at which the temperature measurements are made. 	It is 

convenient to take' as part of the boundary the surface of 

the lagging of the condenser and thermometer pocket (see 

Fig. 9): the boundary is closed at the thermometer pocket 

end by a plane at right angles to the steam thermocouple 

and passing through the thermocouple junction. The 

boundary at the exits from the condenser is drawn at the 

points where the cooling water inlet, cooling water outlet 

and condensate temperatures are measured, along the inside 

of their containing rubes, and across these tubes at right 

angles where they emerge from the condenser lagging. 

Before considering the boundary further, it is 

necessary to show that our use of the simplified energy 

balance, equation (3.1), i.e., the neglect of gravitational 

and kinetic energy terms, does not introduce a significant 

error. 

The inlet and outlet of the steam flow through the 
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boundary are 'at different heights and their difference can 

contribute.a term of order of magnitude 3 x 10-3  J/g to the 

measured enthalpy. Similarly, the difference in heights 

of the inlet and outlet cooling-water can contribute a 

maximum of 0.7 x 10-3  J/g. Both these terms can be negledted. 

The difference in kinetic energy of the steam 

passing the thermocouple junction and the condensate leaving 

the condenser depends partly on the density of the steam 

and hence the pressure and temperature of ,experiment. Of 

the results reported, the kinetic energy difference is,  

greatest at 60 bar, 700°C, when it contributes 0.5 x 10-3  J/g 

to the enthalpy. 	The variation in kinetic energy of the' 

cooling water entering and leaving the condenser contributes 

a term of between 10-3  and 10-4 J/g. These terms can also 

be neglected. 

We may now return to a consideration of heat fluxes 

crossing the boundary, beginning with the heat flux crossing 

.that part of the boundary surface which is the surface of 

the lagging. The temperature differences determining this 

energy flux are (T - eA) and (e2  - 8A). From the geometry 

of the apparatus, it would seem to be a reasonable assumption 

that the radiation and convection loss from the lagging 

around the condenser (as distinct from the lagging around 
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the incoming steam pipe) is a function only of (e2  - 

The energy flux under this assumption is µ(0, E0  being the 

correction given on p. 90 for the energy interchange 

between ambient air and condenser. 

We shall define a net heat leak, q, by - 

q = 

For the heat transfer across the remainder of the lagging 

(around the steam pipe entry to the condenser) we can 

write - 

(e 	) 

where 

es  = Temperature of surface of lagging, 

6a 	Temperature of ambient air, 

- A function. incorporating the convection • 

heat transfer coefficient', the equivalent 

radiant heat transfer coefficient and the 

area of the lagging. 

The minimum possible value of this is zero when 

the surface temperature equals the ambient air temperature, 

and its maximum imaginable value is KI(T - ea), since the 

temperature of the lagging can.never rise above the steam 
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temperature. Since K1 is finite within these temperatu're 

limits, then, no matter how µ and M may vary, this part of 

q is finite and bounded. 

To complete consideration of the hot end of the 

boundary, there remains the heat conducted across the.plane 

at right angles to the thermOcouple. For this we can.  write 

(ai44)7,3A3K—:ica) 

where - 

Thermal conductivity of metal of 

thermometer pocket, 

Area of pocket across which heat is 

conducted, 

Temperature gradient in metal at 

boundary, 

Thermal condilctivity of lagging around 

thermometer pocket, 

Area of lagging across which heat is 

conducted, 

= Temperature gradient in lagging at 

bOundary. 
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The minimum value of this term is zero when the 

temperature gradients are zero. The maximum numerical 

value is undetermined but is clearly finite: it occurs 

when the steam, in the course of its journey down the 

pocket, somehow cools from the temperature at which it 

leaves the superheater to the cooling water inlet 

temperature. Since 2 and.X3 are finite within thee 

temperature limits, then no matter how p. and M may vary, 

this part of q is finite and bounded. 

At the cold end of the condenser, somewhat similar 

reasoning holds for the heat conducted across the boundary 

cutting the tubes carrying cooling water and condensate. 

There is for each tube a heat transfer of the form - 

.22). XnAn  (ox  = 4, 5 and 6), 

and in each case (.Q),and hence the heat flux remains 
4):( 

finite no matter how p. and M vary. 

The remaining parts• of the boundary to be considered 

are those lying along the inner surfaces of the platinum 

thermometer pockets and the tubes carrying the water flows. 

The heat crossing these could have been directly measured 

by observing the temperature of the water where it leaves 

the lagging and comparing that with its temperature at the 
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exit to the condenser. Provision was not made for this • 

in design, and 'we hesitated to alter the plant after 

many measurements had been made with it lest we alter condition 

significantly. 	However, it is sufficient to note that the 

heat transferred will depend on the temperature differences 

between the water and the tube and that these will remain 

finite no matter how 1.t. and M will vary. 

Thus the heat leak, q, is finite and bounded, and we 

can say that it is indeed true that in the equation - 

• H 	+ 

the apparent enthalpy tends to the true enthalpy as the steam 

flow tends to infinity. 	It would therefore seem that a 

method of working would be to perform experiments, at any 

fixed pressure and temperature, at various steam flows and 

from the results extrapolate to infinite steam flow, thus 

obtaining the true enthalpy. From^the•preceding discussion 

of the heat leak we can say that, if the .plant is run at ,a 

steady pressure and temperature, the difference between the 

apparent enthalpy and the true enthalpy will be due to various 

temperature gradients existing in the apparatus, and what-

ever these temperature gradients are, they will be ultimately 

determined by five things only - the rate of flow of steam, 

the rate of flow of cooling water, the temperature of the 



141. 

incoming cooling water, the temperature of the surrounding 

atmosphere, and the material and dimensions of the plant.. 

Since the last of these is unchanging and the effect of the 

ambient temperature is negligible within its possible 

variations, all the effects can be summed up in an 

expression which gives the true enthalpy as a function of 

the apparent enthalpy, the steam flow, the cooling water 

flow, and the cooling water inlet temperature. 

The initial experiments showed that the temperature 

of the incoming cooling water did not affect the results 

at all within the range of variation's of this parameter 

(approximately 5°C to 25°C). 	Therefore, at fixed steam 

pressures and temperatures a series of experiments were 

carried out in which the steam flow rate and cooling water 

flow rate were varied over as wide a range as possible within 

the limits of the plant, with the intention of fitting some 

equation of the form H61  = ,f(µ111)—to the results. 	First, 	I. • 

however, to further corrections had to be made, because 

the experiments, of course, could not be made at exactly 

the pressures and temperatures specified. They will be 

considered in detail later: fot the present they will be 

written as TAP  and yff,respectively. 

The values finally used for correlation are 

therefore (#80  -1-(0. 5i-Cp/1T4GTAP), which are given the symbol 



H;1  (see footnote). 

The position now is that we have, at one pressure. 

P1  and temperature T1, a number of corrected apparent 

enthalpies, H;11  for a number of values of 1.1. and M. 	These 

we wish to correlate in the form - 

= H1.1 + 

subject to the condition that for all 1..t, and M, q remains 

finite. 

Without further knowledge of the system, this . 

last requirement suggests as a simple relation having the 

required properties - 

R 

7  A (M)M-r  Z___ r 
r = 0 

where - 

Ar(M) 71,  co as M oo. 

Footnote:- The interrelation of the various symbols for H* 

are - 
+ 	+ 	• oi 00 C 

= 	+ C 6T + a 10 00 P T 
= 	+ 	+ + C + 4 AP 1100CSP 

= H01  + cpbT + tve 

= sik + 	+ io c s 
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Ar(M) may well be similarly formulated as - 
N 

Ar(14) 

-7:: 0 

Introducing for convenience the symbols la = 11-1  and 

we have - 

area
N  

w 	 n - 

r= 1 n=0 

Least squares fitting of the corrected experimental 

results to some of the simpler equations generated by 

equation (4.3.1) was done by the DEUCE computer of the 

National Engineering Laboratory. Mr. R.W. Bain, then of 

that laboratory; planned the programme for the work. The 

computer produced, for each fitting of each equation, the 

value of the constant term in the equation (i.e.., the true 

enthalpy, 114 ), its standard error and the sums of the 

squares of the residuals about the equation. 	The goodness 

of fit of each equation was compared with the others by 

comparing the ratio of the sums of squares with that given 

in a table of the F-distribution at the appropriate number 

of degrees of freedom. By requiring that the change 

caused by adding an extra term to an equation should be 

significant at the 5% level the following equations were 

selected. 

(4.3.1) 
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The equation in two unknowns which best fitted the results 

was - 

H* 1  + a2 1/g 	  (4.3.2) 11 7   

The equation in three unknowns which bedt fitted the results 

was - 

H 1 	a1  + a2  142 + a3  1/42M 	 (4.3.3) 1  

No increase in the number of disposable constants 

significantly improved : the fit. The value of the true 

enthalpy given by equation (4.3.2) was in every case within 

1 J/g of that given by equation (4.3.3),- but also in every 

case the goodness of fit of equation (4.3.3) was significantly 

better than that of equation (4.3.2), so equation (4.3.3) 

has been used. 

Equation (4.3.2), gives us IL, = a1  and q = -a2, 

i.e., the heat leak is independent of the rates of flow of 

steam and cooling-water, and it is the equation which has 

been used by previous workers on the direct determination 

of enthalpy. 

Equation (4.3.3) may be regarded as a modification 

of equation (4.3.2), reducing to it if the cooling-water 

flow rate is held constant. 	It gives us H1  = .a1  and 

q = -a2  
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(4.4) Pressure and Temperature Corrections to  

Apparent Enthalpy: 

If the pressure and temperature of any expei.iment 

are Po  and To  respectively instead of the nominal pressure 

and temperature, P1  and T1, at which a group of experiments 

are to be correlated, then the effect upon the enthalpy of 

the differences (P1 - P0) and (T1 - T0) must be taken into 

account before the correiationdeScribed in the previous 

Section can be carried out. 

Considering first the temperature correction'alone, 

then the true enthalpy at TI  is related to the true enthalpy 

at T0  by - 

2 
1 providing higher order terms of the form —(-- 1T2  etc., may be eo p  

neglected. 	But - 

40+qo 

and so - 
H1  = 
	+ (aH/a)p  AT + (10  g 

Notice, in passing, that — 

(aH/aT) = (alliVaT)p  + (2g11) 

H1  = H0 	aT + ( -1 AT 3H 
• • 	P 
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i.e., the derivative of the apparent enthalpy is not 

necessarily equal to the derivatiVe of the -true enthalpy. 

Similar reasoning applies to the pressure Correction 

and the complete equation, showing both corrections, 'is 

= I:181  + (aWaT)p  AT + (aH/aP)T  AP + 

= H*01  + CP 
 AT + QTAP + gig 

Values of C andt T  can be found'in two distinct ways: 

either by adopting those available from other workers, or 

by assessing them from the present experimental data. 

If only the present experimental data is used, 

the basic equation is expanded in the form - 

—H* +C 	+ z + — 10 P 	T 

Incorporating this change in equation (4.3.3) we can now 

write it as - 

= a1  + a2  1 + al 1 /14M + a
4A

T + a5AP " 

 

(4.4.1) 

 

where - 

a4 = —C + a 	& as before, a1  = H1, (a2  + a ) = q 

The regression can now be made on equation (4.4.1), 

instead of equation (4.3.3) and will still give Hi  at P1  

and T1,  as well as estimates 	 -S T. of 0 P  and  
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This method was used on all the results reported• 

here and it was found that in every case the value of the.  

enthalpy obtained was within one standard .deviation of the 

result obtained by using the method to be described below.,  

However, the values of C obtained from equation (4.4.1) 

were accompanied by coefficients of variation of the order 

of 5 to 50% and the values of t2  by coefficients of 

variation ranging from 10 to 100%, and the method was there—

fore not used, with the exception to be noted. 

The second method was to correct the results to the 

required pressure and temperature by using values of C2  

and2T obtained from other work. During the course of 

this project various expedients have had to be used to 

estimate CP'  but it is now possible to use values taken 

from the tables produced by Sirota (1363a) for consideration 

at the Sixth International Conference on the Properties of 

Steam. 	These tables are based on the experimental data 

of Sirota and of Koch, which are the most reliable sources 

of data on the specific heat. 	The tables are extrapolated 

above 500 kg/cm2  to 800 kg/cm2, .but the figures given have 

since been supported by further experimental work from 

Sirota (1963b). 

'Thus, with the exception of the trivial extrapolation 

from 784.5.bar (800 kg/cm2) to 800 bar, siecific heat values 
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based on experimental data are available for all the 

measured points except the 1 000 bar, 400°C result, which. 

will be considered later. 

There are no measured values of.e T  available in 

our range of experiment and estimates of it were therefore 

made by the differencing of several steam tables and the 

graphical smoothing of each set of differences. 	The mean 

of the several- results was taken as the best value ofi T' 

:The steam tables considered, each of which was used 

for those parameters within its range, were Keenan and 

Keyes (1936), upper limits 379.2 bar, 871°C (5 500 lbf/in , 

1 600°F); Callendar and Egertoxli (1939), upper limits 

220.6 bar, 538°C (3 200 lbf/in2, 1 000°F); Jap. SoC. Mech. 

Eng. (1950), upper limits 294.2 bar, 600°C (300 kgf/cm2i 

600°C); Schmidt (1956), upper limits 294.2 bar, 800°C 

(300 kgf/cm2  800°C); Timrot et al (1958), upper limits 

392.3 bar, 750°C (400 kg f/cm2, 750°C) and Vukalovich (1958), 

upper limits 980.7 bar, 1 000°C (1 000 kgf /cm2, 1 000°C). 

The values of C2  and AeT  finally adopted are shown 

in Table 11. 

At 1 000 bar; 400°C experimental data was lacking 

for both C andiT' The only derived data available was 

that which could be obtained from the enthalpy table in 
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Vukalovich (1958), which ends at 981 bar 	000 kg/cm2),. 

and is derived from specific volume data. 	It was 

decided that in this case it would be preferable to use 

the first method of correlating the results, i.e., to 

use equation (4.4.1.) 



----_,zz,.......  
P bar 400 600 	. 700 

(aHM)", in J/g degC: 

60 2.466 2.324 2.345 
200 6.460 2.776 2.608 
400 8.792 '3.622 
600 6.012 :4.526 
800 5.380 5.024 

(ali/ap)T  in J/g bar: 

60 -2.204 -1.036 -0.769 
200 	- -3.842 -0.857• -0.619 
400 -0.995 -0.904 
600 -0.235 -0.913 
800 -0.123 -0.670 

1 0. 

Table 11  

Values of (aH/aT)p and (aVap)T  used for 
Correction of Results. 

Table 12  • 

EXperimental Values for the Specific' Enthalpy of .Steam. 

H a.nd  0$ in J/g. 

‘°C 'r......---..."--.--. P bar 
400 600 700  

H aH n H GE n .11 aH n 

60 3,179.9 1.3 30 3,656.1 1.2 30 3,896.1 3.7 30 
.200 2,817.3 2.5 37 3,539.1 1.2 31 3,804.2 1.8 16 
400 1,927.7 2.5 20 3,343.6 2.0 16 

600 .1,846.1 3.6 17 3,150.7 2:3 23, 
800 1 2,978.1 3.5.  17' 

1,000 1,804.7 2.9 18  

.. 4 

n = No. of experiments. 
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(5 ) RESULTS 	ENTHALPY .1-'22PAP,ZPUS 

At 13.conditions of pressure and temperature, 

approximately 9 000 energy balances have.been made, from 

which approximately 300 mean apparent enthalpy results 

have been obtained for use in determining the true enthalpies 

of the 13. steam conditions. 

The results are summarized in Table. 12 and are 

reported in detail in Table 15,where each part deals with 

one pressure and temperature, at the end of this report. 

The pressure, temperature, steam flow rate, cooling 

water flow rate, apparent enthalpy, cooling water and 

condensate enthalpies reported for each experiment are the 

means of the 32 interpolations made by computer in the 

data for that experiment. 

Then follow the four corrections to be made to the 

apparent enthalpy to give the next column, the corrected 

enthalpy, HIl, which is the value used in the heat leak 

correlation. - 

The correlating equation is given at the head of 

each part of the table, as is the equation for the heat 

leak and the final value for the true enthalpy. 

Returning to the body of the table, the next 

columns show the heat leak and heat leak correction for 
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for each experiment, calculated from the equation shown,• 

and the last column the value of 11,1 for each experiment,. 

found by adding. 01 for that experiment to the value of 

HIl  found. 	The mean of these values of H) is, of course, 

the same as the value of the intercept, al, of the correlat-

ing equation. 

(5.1) 	Errors of Results: 

In the experiments carried out at any one pressure 

and temperature, the enthalpies.are calculated at three 

successive removes from the original pointer-readings and 

it will be convenient to consider the errors at each of 

these levels. 	They are - 

(a) Apparent Enthalpy Points (Hil: 

These are the 32 apparent enthalpies 

calculated for each run by DEUCE at equal 

intervals of time, usually from 32 sets of 

pointer-readings originally at random 

intervals of time. 

(b) Apparent Enthalpy Results (H602: 

These are the means of each of the 32 

apparent enthalpy points calculated for 

each run. 
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(c) True Enthalpy (11.)12: 

This. is the result Obtained by a least-

squares correlation, using' equation 

(4.3.3), of all the apparent enthalpy 

results after correcting them by (-s  and 

(c  and for deviatils in pressure and 

temperature from those - wired. 

.(a) Apparent Enthalpy Points  

When. all the precaution6 and corrections that.  suggest 

themselves have been taken, the errors remaining in the 

apparent enthalpy points are the normally distributed errors' 

due to instruments and operators and the errors due to the 

interpolations. 

The errors of interpolatidn are very small.  compared, 

to the other errors, and thus can be.neglected, but the 

fact that interpolations have been made increases the problem 

of finding the true error associated with each point, since 

each interpolated value depends on several instrument 

readings. 	The effect of this on the true error has been 

reduced in general, by making 32 readings into which 32 

interpolations are made, and can be further reduced by using 

for further computation not each individual point but a 

statistic comprising all 32 of them. 	Since this is what 

is done, we shall treat the DEUCE interpolations as though 
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they were actual pointer-readings. 

If - 
X = f (x1 	• • • xn  

where xl, x2, etc., are measurements which vary independently, 

then - 

•axi
). 	

\ 2 
V(X) = (2  V(x 1  ) + (21I-)

2 
 V(x2  ) + 	 ax2 	. 	ca 	 xn 9 	n) 

where V(xn) is the variance of xn. 

sus many as possible of the instruments used have 

had their variances measured by independent experiments 

which have been diScussed. 

have - 

= 0.187 g 

'6(Tim) = 0.05 g 

• 6(W4 ) = 0.047.g 

Collecting them together we 

v(WM) = 350 x10 4  g2  

V(77m) = 25 x 104  g2 

v(Wu ) = 22 x 10 4  

61 ) = 0.007 degC 	V(01 ) = 0.74 x 107.4  (degC)2  

.aif32) = 0.004 degC . 	v(e2) = 0.16 x 10-4, (degC)2 

cr(au ) =0.034 degC 
	

y(eu ) = 11.5 x 10 4  (degC)2  

The value of cr(TiN) is only an estimate. 

The values of V(tp.) and V(tm) are more difficult 

to define: our experiments only showed a variation eual 

to the accuracy of our method of checking, i.e., the true 
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error was probably less than this. 	Without further 

evidence, it would seem to be reasonable to assume that 

this variation represents the range of values possible. 

Bearing in mind that, approximately, the range, R, of a 

statistic is three times its standard deviation, this gives 

us 7.: 
R(tm) = R(tp) = ±0.02 s 

0.(t) 	±0.007 s 	V(t) = 0.49 x10-4  s2  

equation (3.3) 
H 	. 	- h ) + h 00 Li 1 2, 

is now rewritten in terms of the variables measured - 

+E 	t 
- 	tm  M x M  x 4.19 (e - 62) - 4.19 	 (5.1.1) 

using the approximate relation hx  = 4.19 ex  and using Hi 

as the symbol for one apparent enthalpy point. Equation 

(5.1.1) becomes, as an error equation. - 

v(WM) 4- 	
V2 	

[v(n
l'i

) 	l(w") 	11-(t
l'i

) 	NUJ 

(Wm  + nm)
,  
. 
	 + 	+ 	+ 

t2  

	

. 	M 	t2M  • 	• " 

(e,) +.v(02)] + 4.192  v(eu). 
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Putting in values and remembering that tM  =It 

-h 2 	2 	2 m2 J2  V(11) 	
t 

P  [ELL 	s2]  + 11.1 7  + 201 7  
M 	m 2 	' 

The value of V(Hk) resulting from this equation proves to 

be constants for all variations found during any given run, 

of the quantities on the right-hand side of the equation. 

Hence no difference is caused by using the interpolated 

values instead of the original pointer readings. 

(b) Apparent Enthalpy Results (H602: 

These results are the mean of the 32 points obtained 

during a run, the errors of which we have been discussing 

above. 	The error of this mean must be affected not only by 

the errors of each point due to instrument readings, but 

also by real fluctuations of the plant during the run. 

Allowance must be made for these fluctuations and it can be' 

shown that - 

v(g0).  = v(r) + 1 v(r) 

where - 

V(H*0  ) = Variance of apparent enthalpy result, 0 

V(H*) = Variance of apparent enthalpy point, 

V(f) = Variance of fluctuations of H* due to plant, 

n.= Number of apparent enthalpy points in 

one. apparent enthalpy result. 

• 
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Table 14 - 

. Details of the Errors in the Apparent Specific Enthalpy in Experiments 
carried out at 60.bar, 600°C. 

, 

Il  ef.N. 
- Variances in (Ja) 2  

Standard Deviations 
in J/g 

Due to 

Total 

Due, to Instrument, and. 
Observation Errors of 

Due to 	i 
Fluctua-) 
tions 	1Total 

Instru- 
ments 

Flue- 
tua- 
tions M g t h1 4-1a2 hs  Total 

E30. 1 
2 

' 	4 
' 	5 
'.6 

7 
8 
10 
12 
13 

14 
'15 
. 17 

E31. 8 
13 

'14 
16 

E30.19 
E32.13 

14 

16 
18 
21 

E33.11 
12 

13 
'14 
15 
16 
19 

0.03 
0.02 
0.02 
0.02 
0.02 

0.02 
0.03 
0.02 
0.02 

0.03 
0.04 
0.02 
0.01 
0.01 

0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.01 
0.02 
0.02 

0.02 
0.02 
0.04 
0.02 
0.02 

0.0210.63 

0.52 
0.28 
0.29 
0.52 
0.29 

0.28 
0.38 
0.35 
0.64 

0.34 
0.35;0.68 
0.671.28 
0.82'0.32 
3.49 

1.88 
0.81 
0.36 
1.10 
0.48 

0.47 
1.98 
0.48[0.32 
0.29 
1.14 

0.27 
0.63 
0.62 
0.27 
0.27 

1.24 
0.69 
0,70 
1.27 
0.70 

0.70 
0.70 
0.70 
1.29 
1.29 

0.69 

1.35 

0.74 
0.32 
0.70 
0.73 
0.32 

0.32 
1.32 

0.31 
1.30 

0.31 
0.72 
0.71 
0.31 
0.31 

1.38 
1.32 
1.44 
2.82 
1.61 

1.09 
0.80 
1.44 
2.76 
3.62 

1.09 
0.80 
2.88 
5.35 

20.47 

8.57 
3.91 
1.67 
4.83 
2.59 

2.07 
8.16 
3.34 
1.15 
4.14 

1.21 
2.36 
1.50 
0.98 
1.26' 

0.25 
0.25 
0.25 
0.25 
0.25 

0.25 
0.25 
0.25 
0.25, 
0.25; 

10.25 
10.25 
10.25' 
;0.25, 

10.251 
10.251 
10.251 
0.25; 

0.25! 

0.251 

0.25' 

0.251 
0.251 
0.25 
0.25 
0.25 

10.25125.57 
i  
'0.25111.461 

0.25111.73 

0.251.2.02 

3.42 
2.56 
2.70 
4.881  
2.87! 

2.34 
2.16 
2.76 
4.96 
5.81 

2.40 
2.12 
5.10 
6.75 

5.31 
3.00 
6.93 
3.66 

3.13 

4.40 

6.85 

2.06 
3.98 
3.12 
1.83 
2.11 

70.02 
43.41 
7.73 
12.09 
3.33 

14.72 
17.29 
8.00 
18.37 
39.48 

15.66 
36.44 
17.56 
44.52 
148.14 

{ 

65.10 
33.88 
8.42 
84.85 
28.15 

38.21 
123.53 
-39.96 

- 	23.18 

	

324.03 	1330.88; 

14.34 
29.78 
29.94 
15.73 

 21.61 

F 
i 73.44 
45.97 

i 	10.43 
i 	16.97 

6.20 

i 	17.06 
.19.45 
10.76 

i 23.33 
'.45.29;. 

i 	18.06;  
1 - 38.56i 
1-  22.66 
- 	51.27 
173.711 

76.56 
39.19 
11.42. 
91.78 
31.81) 

41.34H 
135.26i 1 
44.36! 
25.20; 

16.40. 
33.76! 
33.06 
17.561 
23.721 

1 

1.8 
1.6 
1.6 
2.2 
1.7 

1.5 
1.5 
1.7 
2.2 
2.4 

1.6 
1.5 
2.3 
2.6 
5.1 

3.4 
.2.3 
1.7 
2.6 
1.9 

1.8 
3.4 
2.1 
1.4 
2.6 

1.4 
2.0 
1.8 
1.4 
1.5 

8.4 
6.6 
2.8 
3.5 
1.8 

3.8 
4.2 
2.8 
4.3 
6.3 

4.0 
6.0 
4.2 
6.7 
12.2 

8.1 
5.8 
2.9 
9.2 
5.3 

6.2 
11.1 
6.3 
4.8 
18.0 

3.8 
5.5 
5.5 
4.0 
4.6 

	

8.6 	. 
6.8 
3.2 
4.1 

12.5 

4.1 
4'.4 

1 	3.3 
4.8 
6:7 

4.2 
6.2 
4.8 
7.2 
13.2 

1 	8.8 
6.3 
3.4 
9.6 
5.6 

6.4 
11.6 
6.7 
5.0. 

18.2 

4.0 
5.8 
5.8 
4.2 
4.9 
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In any experiment, the values of V(Hi) are uniform, 

and the standard deviation of H*00  includes both the errors 

due to fluctuations and those due to instrument errors. 

Thus there is no need to evaluate equation (5.1.1) in every 

case. 

	

	As an example, however, Table 14 has been included, 

which break dovn the errors of the apparent enthalpy of 

all 60 bar, 600°C results into their component parts. 

The errors in T and P can be considered in the 

same way. 	The corrections E C and ¢ are based on approx-

imate theoretical calculations, the errors of which are not 

knbwn, but their magnitude is so' small that the errors 

propagated are negligible. 

Formally, however, we have froni the equation 

H11  = 140  + CpAT 	A? + E C  + E 
S 

the error equation - 

1 
2 	2 , V(}1*  ) = v(5 ) +cP  v(T)+zT  V(P ) + (T

1  - 
	 V(LT ) +V(E c) +V(E s) 1 	00  

	• (5.1.2) 

as the error equation for H.:11  corresponding to that for 

H* 00.  

(c) True Enthalpy Result (HO: 

The corrected apparent enthalpy results, H*
11' are 

correlated by equation (4.3.5), to give the true enthalpy 
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H* 	ao 1  + 	-1- 11 • a3uM 

by least-squares fitting, and this statistical process 

itself introduces errors. 	It can be shown that the error 

in ' H' i.e., the error in the intercept, is given by - 
'I 

V li t  

	

1 	S 	+ 2 [1 	E(A - 7)2 	Z(AC2 -  

(a - 7)2  E(aw - c7)2  

where A = 0, II = 0, n = number of experimental points (1-1;1* ), 

and - 

2 S n.1 
3 

[ 	11 	 1) 2  - a2 	- H;1 ) (a 	- as 	- 1.)  (aw -a7))] 

On inspection, it will be seen that this equation 

takes account of the range of cr. and (Ito over which experiments 

were performed, the amount of extrapolation ofct, and to 

needed to find the intercept, the correlation between H11  

and mand between H* and cuo, and the. number of experiments 11 

performed. ,In addition, it also allows for the variance 

of HI1, since - 

nV(}111) 	D111:11 -
x11)2 

and - 

nv(H*1  ) 	v 	) 	 ) +•-•• vn(HT-i )  1 
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where V.,(HI1) is the variance of any one corrected apparent 

enthalpy, (the assumption of homoscedaSticity).. 

Thus the value of V(H)1 ) resulting from the least 

squares fitting of equation (4.3.3) sums up all the errors 

of curve fitting,. and includes a term which takes account 

of the errors of the individual H. 11' It has been shown 

that the error of H*1  includes errors due to corrections and 1 

to H* 'and further that the error of H* includes the 
00' 	 00 

variations caused by fluctuations .of the plant and the errors 

of observations of the original readings. c(H)) is there-

fore the figure quoted in Table 12 and in the conclusion as 

the error of our results. 

(5,2) Comparison of Results: 

In Table 13 comparisons are made between the present 

results and those of other workers and between the present 

results and the figures given in the 1963 International 

Skeleton Tables. 

The values of Egerton and Callendar were obtained 

from Table 22 of their 1960 paper, the values at 60 bar 

being found by interpolation. 	The values of Havlicek and 

Miskovsky were found by interpolation of the values given in 

Table 1 of their 1936 paper and those of Vukalovich, Zubarev 

and Prusakov by interpolation of the values given in Table 

12 of their 1962 paper. 



161. 

Table 13  

Comparison of Imperial College Results with those of other 
Determinations and with the 1963 International 

Skeleton Table. 

Entries in body of table in J/g. 

.T, 
°C 

P, 
bar 

Imperial Coileflo Result minus 
1963 
I.S.T. 
Toler-
ance 

.Egerton 
and 
Callendar 

Havlicek 
and 
Miskovsky 

• 
Vukalovich, 
Zubarev and 
Prusakov 

Blank, 
Schmidt 
and 
Schmidt 

Sirota 
et.al 

1963 
I.S.T. 

400 60 +2.9 +4.9 - - -1.2 +2 4 
200 '+4.0 ' 	+1.5 +4.0 - -2 8' 
400 -. -6.4 	. - -2.3 -6 8 
600 - - - +2.9 -1 ' 	8 
800 - -  -8 

1,000 - - _ - +9 .8 
• 

600 60 '-0.2 - - • ._ - '-2 0
0

0
0
%

  
r- 

' . 200 +7.3 - .+7.9 '-0.4 - +1 
.400 - - +1.2 -11.4- -3.5 -3 
600 - . 	- ._ - -4.3 -2 
800 - . 	- ..- - - -5 

_ ___ _ _ _. _ . _ . ___ _ _. _ _ _ . . _ _ _ _ . _ __. •- _ _ . _ . 
700 • 60 - _ , -1. - +4 8 

200 - _- - - . 	-1 11 

• 
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• 

The values of Blank, Schmidt and Schmidt were found 

by interpolatidn of the values given in Table 7 of their . 

1962 report. 	The specific enthalpies quoted in their 

Table 7 are obtained by the successive additions to a basic 

value of their measured enthalpy differences, along nri  

isobar. 	The basic values used were obtained from Koch's 

extended equation. of state, as used in the sixth (1963) 

edition of the V.D.I. Steam Tables. 	These differ from 

the-values obtained by interpolation in the 1963 International 

Skeleton Tables and if these latter values are used, the 

differences (present enthalpy - Blank, Schmidt, Schmidt's 

enthalpy) become -4.7 J/g at 200 bar, 600°C and +8.1 J/g 

at 400 bar, 600°C. 

The experimental work of Sirota et al has been 

on specific heat at constant pressure, and from time to 

time they have published tables of specific enthalpy 

obtained by integration of their results along isobars or 

isotherms. 	Strictly, the comparison shown is therefore 

between an experimental enthalpy and a derived enthalpy, 

but it did not seem appropriate to omit comparisons with 

such a large body of accurate work covering much the same 

range of pressure and temperature as the present work. The 

values used were found by interpolation in their tables of 

specific enthalpy. 
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A comparison is also shown between the present' • 

results and values taken from the specific enthalpy table. 

of the 1963 International Skeleton Table, the 60 bar values 

being found by interpolation. 	The tolerance for each 

Skeleton Table point is also shown. 

In considering this part of the table regard should 

be had to the fact, that, in constructing the International, 

Skeleton Table, the International Coordinating Committee 

on the Properties of Steam had available the results of 

Egerton and Callendar, Havlicek and iiskovsky, the present 

results up to 400 bar, and Sirota's specific heat results 

up to 500 bar. 

All the interpolations mentioned in this Section 

were made using differences up to the third in Bessel's 

interpolation formula. 
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(6) CRITICAL AFilL,,ISZL OF PLANT AND LETHOD 

The present series of measurement of enthalpy have 

extended over 5 years during which time the plant; as 

originally designed, has only undergone minor alterations; 

the method of o2erating it has been modified from time to 

time in the light of experience gained during the course 

of the work. 

It is desirable at the condlusiOn of this report 

to place on record the advantages and shortcomingS bf.the 

plant and to indicate directions in which improvements • 

might be made should a further series of measurements be 

contemplated. 

Ve should like to emphasise that at the outset of 

our work we were faced with the problem of designing a plant 

to operate over ranges of temperature and pressure far 

beyond those used in normal practice, and.the choice of 

materials of construction to withstand the unusual stresses 

at high temperatures was, therefore, of over-riding 

importance. 	This accounts for a degree of "over-design" 

as a safety precaution. 

Scale of Operations: 

The size of the present plant and the fact that it 

includes only a single superheater results in an.unduly 
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long time for heating up and cooling off. 	Furthermore 

there is often considerable delay before stable conditions' 

can be established. 	The latter defect is probably due 

to irregular working of the feed pump and we consider that 

a better design could .be obtained without much difficulty. 

By operating a shift system the disadvantages of the long 

' times for heating and cooling can be obviated. 

Since in  any future Work it would probably be 

necessary to extend the temperature range to circa 90000 

over the presbure range 1 to 1 000 bar it would be desirable 

to reduce the heating and cooling cycles by working on .a 

somewhat smaller scale and by introducing a small secondary 

superheater - possibly of the radiant type. 	The extent 

of the reduction of scale would to a degree be determined 

by the properties of.the materials of construction available 

at the time in question and the method adopted for measuring 

the heat leak. 

Eethod of Cperation: 

We are not entirely satisfied with the present 

method of determining the heat leak, since it involves a 

large number of experimental obserVations. 	It should be 

noted in future designs that the magnitude of the heat leak 

correction is unimportant provided that it can be 
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accurately measured. 	In the present plant the distance 

between the steam temperature measuring station and the 

condenser was reduced to a minimum in an effort to reduCe 

the leak - a quite unnecessary. precaution. 

• In the present plant the condenser is orientated 

horizontally. 	In the interest of smooth running it would 

be preferable to arrange it vertically or with a pronounced 

• inclination towards the discharge end. 

Some attention should be given to the method of 

expanding the steam. 	As has been mentioned, the fixed 

orifice has certain disadvantages particularly if there is 

a danger of material being deposited in it. 	An adjustable 

throttling deviCe might well be considered. 
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(7) CMLUSION.  

The enthalpy of steam has been measured, using as' 

a datum values of the specific heat of water at 1 bar 

between 0°C and 100°C. 	Results have been .obtained.  from 

60 to 1 000 bar at 400°C, fr.= 60.to 800 bar at 600°C, and.  

at 60 to 200 bar at 700°C. 	These results are reported 

in Table 12, page 141, which also includes their standard 

deviations and the number of experiments performed at 

each steam state. 

.The results are compared with those of other 

workers in Table 13. 	The results of Blank, Schmidt and 

Schmidt depend too heavily upon the values chosen for the 

base enthalpy to be used for comparison: the other workers, 

including the present author, depend upon the values of the 

specific heat of water, and they provide 15 points where 

comparison is possible. 	Only two values differ from those 

of the present work by more than the combined errors of the 

two results; these are both at 200 bar, 600°C, where the 

only two values available differ by 7.3 and 7.9 J/g. On 

the other hand, the present value differs from that chosen-

for the 1963 International Skeleton Table by only 1 J/g. 

. In Table 13, the results are also compared with the 

1963 International Skeleton Table values. 	At two points 
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only is their difference significantly greater than the 

standard deviations of the bresent values. 	At one point, 

400 bar, 400°C, the difference, 6 J/g, is less than the 

I.S.T. tolerance of 8 J/g, at the other point, 1 000 bar, 

400°01  the difference, 9 J/g, is just greater than the 

I.S.T. tolerance of 8 J/g. 
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Table 15  

Details of Experimental Results. 
Part 3 - 400 bar, 400°C 

HTI  . 1 927.73 - 95.36/p + 2 695.4441,1 
Hi = 1 928 J/g 
q = 95.36 - 2 695.4/M J/s 

Ref. 
No. 

of Run, 
min. 

P, 
bar 

T, 
°C 

p, 
g/s 

m, 
g/s 

h , 
J/g 

h1, 
J/g 

hp, 
J/g 

Duration  
40, 
J/g 

EC, 
J/g 

ES, 
J/g 

/TAP, 
J/g 

CptiT, 
OA 

41. 
Jig 

4, 
J/s 

q/y, 
J g 

H1, 
J/g 

E51. 5 38 393.94 400.97 7.4955 65.763 48.74 234.35 306.14 1 	934.63 -0.64 -1.60 -1.01 -8.53 1 	921.35 54.30 7.24 1 	928.59 
E51. 2 47 398.69 399.36 7.5072 78.969 46.98 202.73 282.79 921.08 -0.60 -0.01 -1.25 +5.63 923.38 61.17 8.15 31.53 
E51. 1 59 397.26 393.57 7.5396 79.131 50.55 206.07 281.33 913.60 -0.70 -0.06 -2.62 +12.57 921.27 61.24 8.32 29.59 
E51. 6 57 400.72 401.02 7.4855 79.317 47.96 203.93 280.99 933.64 -0.65 -0.02 40.69 -8.97 923.21 61.31 8.19 31.40 
E51. 3 55 397.69 398.12 7.5956 99.396  47.09 173.21 256.45 906.87 -0.56 -0.04 --2.22 +16.53 918.78 68.19 8.97 27.75 
E51. 4 47 399.89 /00.49 7.5555 132.739 44.56 141.38 220.25 921.19 -0.66 -0.09 -0.11 -4.31 913.64 75.01 9.93 23.57 
F 8. 1 46 397.94 401.45 5.3369 78.932 44.23 160.14 218.11 932.45 -0.90 40.27 -1.97 -12.75 917.10 61.15 11.46 28.56 
F10. 1 63 397.73 398.95 4.5221 65.675 50.57 166.80 222.64 910.85 -1.25 +0.13 -2.17 +9.23 916.79 54.24 11.99 28.78 
F10. 2 55 401.22 401.22 4.1499 78.317 46.49 138.66 185.57 925.16 -1.29 -0.95 +1.20 -10.73 913.39 60.88 14.67 28.06 
F10. 3 47' 400.40 401.53 4.3308 .87.880 47.39 133.33 179.77 923.71 -1.22 40.49 4.33 -13.45 909.91 64.63 14.92 24.83 
F10. 4 ' 50 398.23 400.67 4.2477 98.624 47.54 123.21 165.90 923.03 -1.28 -0.11 -1.69 -5.89 914.0667.98 16.00 30.06 
F7A. 1 64 394.99 400.65 4.1875 65.980 48.70 158.23 195.39 921.22 -1.22 -0.24 -4.79 -5.71 909.26 54.43 12.94 22.20 
F 2. 1 .51  398.98 398.12 4.1043 65.706 65.73 170.57 219.53 897.94 -0.79 -0.38 -0.97 +16.53 912.33 54.26 13.22 ' 25.55 
F 2. 2 50 399.49 398.72 4.0807 78.709 65.44 153.65 200.12 901.54 -0.73 -0.06 -0.49 +11.25 911.48 61.05 14.96 26;44 
F 2. 3 46 396.01 401.26 3.8066 98.975 64.74 132.18 171.24 924.65 -0.88 +0.14 -3.81 -11.08 909.02 68.08 17.88 26.90 
F 2.'4 37 396.98 398.71 3.9893 131.606 63.89 116.93 146.49 397.75 -0.84 -0.20 -2.88 +11.34 905.17 74.84 18.76 23.93 
F 9. 1 39 399.77 400.26 2.6493 66.438 40.14 111.61 117.48 909.81 -1.71 -0.60 -0:22 -2.29 904.99 54.68 20.64 25.63 
F 9. 2 39 404.50 397.84 2.7252 78.389 37.78 99.81 102.74 886.93 -1.98 -0.01 44.30 +18.99 908.23 60.91 22.35 30.58 
F 9. 4 -65 400.91 401.99 2.5772 88.162 36.55. 90.21 90.70 926.57 -2.24 -0.04 +0.87 -17.50 907.66 64.73 25.12 32.78 
F 9. 3 38 399.97 400.66 2.6112 98.199 36.08 84.56 86.15 909.39 -2.16 -0.07 -0.03 -5.80 901.33 67.86 25.99 27.32 



Table 15  

Details of Experimental Result6. 

Part 4 - 600 bar, 40000 	• 
HT1  = 1 846.14.. + 4.934A + 480.840 J/g 
H.; = 1 846 J/g 

-4.93 - 480.8/M J/6 

Ref. 
No. 

Duration 
of Run, 

min. 
P, 
bar 

T, 
°C 

p, 
g/s 

M, 
g/s 

h2, 
J7g 

h1, 
J/g 

hp, 
J/g 

Ha  nn , 
JM 

E0, 
J/g 

6g, 
J/g 

626P,  
J/g /s 

H11, 
J/g 

III 
Jis 

(141, 
J/g 

H1, 
J/g. 

F18. 3 '22 601.99 397.99 7.3925 87.598 73.69 204.81 278.61 1 833.05 -0.41 -0.39 +0.47 +12.08 1 844.80 -10.42 -1.41 1 843,39 
P18. 2 4.6 613;65 396.12 7.1141 99.287 77.57 189.10 262.06 818.62 -0.38 -0.09 +3.21 423.33 844.69 -9.78 _1.37 43.32 
P18. 5 41 591.62 396.36 7.0975 111.221 72.83 173.36 252.16 827.65 -0.40 -0.33 -1.97 +21.88 846.83 -9.26 -1.30 45.53 
F18. 4 48 583.50 396.19 6.9361 132.804 72.89 156.02 233.80 825.68 -0.41 -0.42 -2.70 +22,91 845.06 -8.55 -1.23 43.83 
P24. 3 40 607.30 395.87 7.0)3.74 79.523 47.59 186.33 262.29 827.84--0.60 +0.06 41.72 424.82 853.84 -10.98 -1.56 52.28 
F24, 2 40 603.69 398.06 7.0826 99.650 46.42 159.84 243.90 839.79 rO.63 -0.10 +0.87 +11.66 851.59 -9.76 -1.38 50.21 
F24. 1 26 611.18 398.40 7.1170 129.286 45.70 134.75 218.05 835.76 -0.66 -0.29 4 2.63 0.62 847.06 -8,65 -1,22 45.84 
F19. 5 45 608.67 396.83 4.2835 78.876 64.18 152.76 198.64 829.87 -0.87 40.47 +2.04 +19.06 850.57 -11.03 -2.57 48.00 
835. 1 37 610.81 399.58 3.8337 78.777 853.81 -1.44 -2.05 42.54 +2.53 855.39 -11.04 -2.84 52.55 
F19. 6 63 602.17 396.91 3.8684 99.575 63.58 129.24 158.87 832.25 -0.93 -0.42 +0.51 418.10 849.52 -9.81 -2.52 47.00 
F35. 2 34 595.59 399.92 3.6139 100.353 851.83 -1.59 -0.93 -1.04 40.48 848.75 -9.72 -2.69 46.06 
P19. 7 77 600.46 396.75 3.4148 110.345 61.78 114.26 131.91 827.72 -1.13 +0.01 40.11 +19.54 846.27 •-9.29 -2.72 43.55 
F19. 8 33 605.37 396.39 3.3274 132.073 61.23 104.41.112,4.0 827,72 -0.96 -0.20 +1.26 +21.70 849.52 -e,57 -2.58 46.94 
P19. 1 58 607.47 397.17 3.3049 78.900 63.40 133.66 153.46 830.84 -1.06 -0,31 +1.76 +17.01 847.74 -11.03 -3.34 44.40 
P19. 2 51 595.23 394.44 2.8331 98.841 61.49 111.26 115.86 819.02 -1.34 -0.36 -1.12 433.43 849.63 -9.80 -3.39 46.24 
P19. 3 67 611.1.0 397.23 2.7377 111.199 61.04 103.54 103.99 830.44 -1.24. -0.25 42.63 +16.65 848.28 -9.26 -3.33 44.90 
F19. 4 62 616.68 394.25 2.6817 131.977 60,68 95.61 95.59 814.64 -1.27 -0.18 *3.92 +34.57 851.68 -8.58 -3.20 48.48 



Table 15  

Details of Experimental Results. 

Part 6 - 1,000 bar, 400°C 

Ht/  = 1 804.72 - 47.06/11 + 3 328.54,1M - 6.53 (400 - To) - 0.24 x 10r-4 (1 000 - Po) J/g 

1 802..7 J/g 

q = 47.06 - 3 328.5/M 3/s 

Cp . 6.53 t 0.49 .1/8  °G 

?T = (0.2 ± 0.2) 10'4 J/g bar 

Ref. 
No. 

Duration 
,f Run, 

min. 
P, 
bar 

T, 
°C 

p,_ 
E/s 

M, 
g/s 

h2, 
J/g 

h, 
J/g 

hp, 
J/g 

40, 
J/g 

(c, 
J/g 

Es, 
J/g 

eTAP, 
J/g 

C.:FAT, 
J/g 

H11 , 
J/g 

q, 
J/s 

q/p, 
3/g 

ii,;,, 
Jig. 

227. 1 29 597.23 398.66 5.9581 78.098 45.05 165.43 213.78 1 	791.87 -0.75 -0.82 0 48.75 1  799.01 4.45 0.75 1 799.76 
F29. 1 40 1 	015.69 400.68 5.5077 79.354 36.50 146.68 219.60 1 207.07 -0.93 -0.75 0 -4.44 1 	800.95 5.13 0.93 1 801.88 
F27. 2 40 1 000.37 01.23 5.4985 68.640 44.90 171.22 236.70 1 	813.21 -0.92 40.28 0 -8.03 1 	8014.54 -1.h2 -0.26 1 804.28 
729. 3 32 988.17 400.71  5.3744 111.493 3.87 112.71 .165.28 1 	804.51 -1.02 -0.60 0 -4.64 1 793.65 17.18 3.20 i 001.85 
729. 2 43 987.78 393.68 5.3250 98.452 34.66 122.14 179.34 1 756.89 -0.99 -0.33 . 	0 +8.62 1 804.19 13.26 2.49 1 806.68 

F30. 3 29 1 001.01 401.11 5.2398 99.090 35.18 121.18 183.47 1 809.82 -1.04 -0.19 0 -7.25 1 801.3413.48 2.57 1 803.91 
F30. 1 30 995.34 397.72 5.1868 68.749 160.30 40.42 208.39 1 797.50  -0.99 -1.76 0 +14.89 1 809.64 -1.34 -0.26 1 809.38 
730. 2 23 1 001.93 401.43 5.0036 78.978 57.34 139.38 202.45 1 	813.07 -1.07 -0.05 0 -9.34 1 802.61 4.92 0.98 1 303.59 
F28. 1 36 997.20 398.71 3.9863 68.801 39.14 133.25 181.76 1 800.89 -1.24 -0.58 0 +8.43 1 807.50 -1.31 -0.33 1 807.17 
226. 1 34 1'• 009.52 396.70 3.9226 68.650 41.43 133.59 169.88 1 732.74 -1.21 -1.74 0 +21.56 1 801.35 -1.41 -0.36 1 800.99 

727. 3 25 1 	011.41 401.47 3.7994 78.915 35.31 115.20 158.84 1 	818.14 -1.28 -3.34 0 -9.60 1 803.92 4.89 1.29 1 805.21 
F23. 2 36 1 012.33 400.76  3.5654 79.353 38.27 113.10 148.90 1 814.48 -1.41 -2.00 0 -4.96 1 	806.11 5.12 1.44 1 807.55 
728..3 29 988.58 398.89 3.4516 98.749 36.84 95.35 124.76 1 798.60 -1.51 +0.25 0 +7.25 1 804.59 13.36 3.87 1 808.46 
726. 2 42 993.92 398.61 3.4291 79.078 39.43 111.62 132.79 1 796.62 -1.52 -2.61 0 +9.08 1 	801.57 4.98 1.45 1 803.02 
727. 4 33 972.22  401.25 3.2266 95.561 33.39 91.52 107.42 1 	810.84 -1.56 -0.29 0 .-8.16 1 800.63 12.24 3.79 1 804.79 

727. 5 39 977.54 401.39 3.0516 68.143 36.23 111.66 130.31 1 	814.96 -1.60 -0.97 0 -9.08 1 	803.31 -1.77 -0.53 1 802.73 
P26. 3 36 i 010.26 397.38 2.8535 78.258 46,63 107.84 110.72 1 789.55 -1.41 -4.26 0 +17.11 1 800.99 4.54 1.59 1 802.58 
.726. 4 27 1 004.31 399.67 2.4653 99.353 44.13 86.40 86.10 1 798.36 -1.79 -0.87 0 +2.16 1 797.86 13.57 5.50 1 	807.36 



Table 15  

Details of:Experimental Results. 
Part 7 - 60 bar, 600°C 

H11 = 3 656.11 - 159.79/p + 5 894.4647.1 

Hi = 3 656 J/g 

q = 159.79 - 5 894.4/11 

Ref. 
No. 

Duration 
of Run, 

min. 
P, 
bar 

T, 
°C 

p, 
g/s 

14, 
g/a 

._,..,,, 
h2, 
J/g 

h1, 
J/g 

.,,,...,,,„_„,______ 

h14, 
V G 

50, 
J. 	g 

(C, 
J/g 

ES, 
J/g 

{TAP,  
J/g 

Cpaa 
J/g 

41. 
J/g 

q, 
Ms 

0.4,, 
J/g 

u4, 	• 
J/g 

E30. 5 53 64.21 597.35 7.3010 171.102 46.59 190.61 253.97 3 629.12 -0.77 -0.07 +4.06 +6.16 3 638.50 125.40 17.18 3 655.68 
6 53 64.15 596.45 7.3054 131.055 47.49 233.74 287.71 28.88 -0.75 +0.14. +4.00 .18.25 40.52 114.86 15.72 56.24 

4 53 64.32 598.83 7.2993 123.151 48.12 246.07 296.43 36.16 -0.76 +0.04 +4.17 +2.72 42.33 111.95 15.34 57.67 
1 66 63.65 599.74 7.2414 119.633 49.31 251.26 300.14 ' 	36.65 -0.71 +0.22 +3.52 -0.60 40.28 110.56 15.27 55.55 
2 33 64.23 595.42 7.3106 118.072 48.48 254.27 303.49 27.20 -0.72 -0.01 +4.08 +10.64 41.19 109.92 15.04 56.23 
7 61 64.09 596.73 7.2990 107.363 48.60 273.70'319.75 30.85 -0.75 +0.27 +3.95 +7.60 41.92 106.94 14.38 56.30 
8 53 64.16 595.96 7.3037 90.897 50.13 313.07 354.55 26.99 -0.74.  +0.51 +4.01 +9.39 40.16 95.01 13.01 53.17 

E30.13 56 59.0', 600.07 6,6846 178.114 45.67 173.38 238.40 3 641.24 -0.84 +0.05 -0.96 -0.16 3 639.33 126.74 18.96 3 658.29 
12 33 58.88 602.98 6.6615 156.056 46.63 191.84 247.55 49.23 -0.84 -0.18 -1.08 -6.93 40.20 122.06 18.32 58.52 
17 47 57.71 603.63 6.4891 154.950 48.77 190.91 253.91 47.80 -0.83 -0.43 -2.21 -8.44 35.89 121.79 18.77 54.66 
19 56 58.21 600475 6.5501 119.521 48.26 232.28 286.02 43.74 -0.87 -0.04 -1.73 -1.74 39.09 110.52 16.87 55.96 
10 58 58.59 600.15 6.6398 111.959 49.55 248.08 295.28 42.97 -0.80 -0.79 -1.36 -0.35 39.67 107.20 16.14 55.81 
14 - 50 59.02 601.27 6.6805 98.524.1,.9.10 274.70 317.49 44.54 -0.82 +0.20 -0.85 -2.95 40.12 97.17 14.55 54.67 
15 56 57.75 601.26 6.5020 81.608 50.70 313.53 348.83 47.66 -0.80 +0.28 -2.17 -2.93 4-2.04 87.67 13.48 55.52 

E33.12 59 60.05 598.90 5.0032 142.687 29.77 149.49 218.08 3 632.46 -1.32 +0.32 +0.05 +2.56 3 634.07 118.5223.67 3 657.74 
14 59 60.22 601.18 5.0110 108.060 33.16 190.63 242.28 38.15 -1.28 +0.17 +0.21 -2.74 34.53 105.29 21.01 55.54 
15 55 60.19 600.86 5.0138 85.568  35.39 232.44 276.70 39.71 -1.25 +0.16 +0.18 -1.95 36.05 90.97 18.14  54.99 
19 58 60.19 599.41 5.0217 79.319 36.52 248.40 290.93 37.70 -1.26 -0.08 +0.18 +1.37 37.91 85.54 17.03 54.94 
13 56 60.04 597.93 5.0096 78.122 35.15 249.67 290.56 35.97 -1.26 +0.14 +0.04 44.81 39.70 84.4.2 16.85 56.55 
11 64 59.04 603.51 4.8956 73.774 35.64 258.13 294.50 47.33 -1.23 -0.42 -0.93 -8.16 37.43 79.96 16.33 53.76 
16 59 60.24 600.37 5.0088 70.168 37.93 275.63 312.46 42.35 -1.24 -0.34 +0.23 -0.86 40.14 75.87 15.15 55.29 

E32.18 50 60.83601.91 3.8238153.46739.26125.03189.81 3632.13-1.57-0.0340.80 -14..443 626.89121.4331.763 658.65 
13 56 60.46 602.90 3.8049 117.520 39.37 149.78 223.31 33.73-1.54 +0.03 +0.44 -6.74 25.97.109,65 28.82 54.79 
21 65 61.00 600.34 3.8244 98.317 40.35 172.15 246.45 34.75 -1.64 +0.02 +0.96 -0.79 33.30 99.88 26.12 59.42 
14 60 60.63 603.31 3.8071 85.597 61.69 192.15 261.29 44.24 -1.50 -0.24 +0.61 -7.69 35:4_2 91.00 23.90 59.32 
16 56 60.93 602.15 3.8326 77.426  43.12 209.92 274.42 44.14 -1.46 -0.09 +0.90 -5.00 38.4.9 109.43 21.85 60.36 

E31.13 58 60.87 596.79 2.9154 185.481 40.03 94.74 125.40 3 606.01 -2.11 +0.07 10.84 +7.46 3 612.27 123.03 63.92 3 656.19 
14 53 61.23 596.08 2.9299 120.630 42.54 125.67 173.46 04.21 -2.07 +0.26 +1.19 +9.11 12.70 110.98 37.88 50.58 
8 57 61.63 598.69 2.9451 95.572 43.44 148.62 208.52 21.62 -1.95 +0.32 +1.57 +5.04 24.60 98.17 33.33 57.93 
16 58 61.81 599.03 2.9384 81.645 46.37 168.47 229.53 22.08 -1.95 +0.24 +1.75 +2.25 24.33 '87.66 29.84 54.17 
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Table 15 

Details of Experimental Results. 
'Part 9 - 400 bar, 600°C 

= 3 343.64 - 221.08 14A + 6 970.9 14121 
H i1  = 3 344 J/g 

q = 221.08 - 6 970.9/M J/s 

Ref. 
No. 

Duration 
of Run, 

min. 
P, 
bar 

T, 
°C 

11, 
do 

M , 
ds 

h , 
J/g 

h1  , 
J/g 

hp, 
J/g 

* 
1100, 
J/g 

Ec, 
J/ g  

Es, 
J/ g  

6PAP 
J/g 

CPAT, 
J/g 

* F111, 
J/g  

q, 
Vs 

(14t , 
J/g 

HI, 
J/g 

E43. 3 N
1

r•-•
0

(7\
0

0
.11  

Lr% 	
tr1 

383.31 600.10 8.0517 171.073 76.91 221.16 270.91 3 335.78 -0.1,.0 -0.05 -15.25 -0.36 3 319.72 180.33 22.40 3 	311 2.11 
7 402.10 600.75 5.3247 171.647 78.11 173.28 239.83 303.24 -0.62 ;0.02 +1.90 -2.72 306.82 180.47 33.89 40.71 

F40. 5 397.57 600.94 4.5587 171.776  77.10 159.00 223.03 314.60 -0.78 -0.19 -2.20 -3.40 303.03 180.50 39.59 47.62 
E44.32 390.25 601.36 3.0819 171.330 79.10 135.38 169.59 293.03 -1.01 -0.10 -8.81 -4.93 283,13 160.39 58.53 41.71 

31 401.28 601.65 2.9919 171.492 79.13 133.56 167.52 287.61 -1.04 -0.32 +1.16 -5.98 281.43 180.43 60.31 41.73 
. 	6 401.16 593.36 2.6535 171.488 79.25 127.44 159.01 273.55 -1.19 -0.43 +1.05 E4.13 277.11 180.43 68.00 45.10 

----- 
E43. 2 84 400.88 600.31 8.0164 132.171 77.55 260.76 305.24 3 325.90 -0.38 -0.01 +0.80 -1.12 3 329.19 163.31 /  21.00 3 346.18 

6 50 400.81 600.43 5.5428 132.324 73.38 206.30 255.80 310.39 -0.58 +0.12 +0:73 -1.56 309.10 168.40 30.38 39.48 
E44. 5 59 401.72 601.48 2.8604 131.503 79.78 147.33 137.82 293.55 -1.18 -0.40 +1.55 -5.36 288.16 163.07 58.76 46.91 

E40. 6 
_ 	. 

55 398.95 602.74 4.5487 129.895 78.10 185.64 248.87 3 319.83 -0.84 :1-0.14 -0.95 -9.92 3 308.26 167.41 36.80 3 345.06 

E43. 1 57 394.50 600.37 7.8224 98.760 78.23 313.89 357.25 3 332.56 -0.42 -0.13 -4.97 -1.34 3 325.70 150.49 19.24 3 344.93 
5 29 401.99 599.62 5.6894 98.993 78.29 251.63 297.36 313.31 -0.56 -0.06 +1.80 +1.38 315.87 150.66 26.48 42.35 

240. 4 41 400.56 601.65 5.0373 99.487 77.18 231.34 275.23 319.85 -0.74 +0.11 +0.52 -5.98  313.76 151.01 29.98 43.73 
E44. 1 47 403.03 597.61 3.7062 98.765 79.18 193.11 258.30 294.31 -0.87 -0.16 +2.74 +8.86 304.68 150.50 40.61 45.28 

4 64 399.92 601.42 2.9105 98.497 80.21 171.18 221.46 300.15 -1.07 -0.26 -0.07 -5.14 293.61 150.30 51.64 45.25 
7 36 400.72 600.18 2.5528 98.918 80.07 159.61 200.21 232.45 -1.20 -0.16 +0.65 -0.65 281.09 150.61 59.00 40.08 



Tablo '15  

Details of Experimental Results. 

Part 10 - 600 bar, 600°C 
HIl  = 3 150.70 - 140.7761 + 3 778.54IM j/E 

= 3 151 J/g 
q < 140.77 - 3 778.5/1.1  3/s 

Ref. 
No. 

Duration 
of Run, 
'min. 

P, 
bar 

T, 
°C 

p, 
g/s 

' 	. 
M, 
g/s 

h2, 
J7g 

h1, 
J/g 

hp, 
J/g 

* ]I00, 
J/g 

E0, 
J/g 

Es, 
J/g 

- TAP, 
j/0 

CAT, 
J/g 

11-4-4, 
JA 

,,  
q, 
J/8 

qb, 
J/g 

Hi, 
J/g 

F16. 2 14 597.97 597.74 6.8826 99.241 59.32 254,66 309.33 3 126,39 -0.63 40.04 -1,85 +10.23 3 134.18 102.70 14.92 3 149.10 F16. 1 42 602.36 600.45 6.8759 88.200 59.44 278.44 323.84 3 138,02 -0.59 -0.26 +2.15 -2.04 3 137.23 97.69 14.24 3 151.52 
F14. 3 46 611.10 599.71 6.7905 111.467 51.61 224.95 278.03 3 123,33 -0.67 -0.09 +10.13 +1.31 3 134.01 106.88 15.74 3 149.75 F14.41 22 608.27 600.83 6.6763 99.248 52.76 243.00 305.61 3 133.75 -0.71 -0.36 +7.55 -3.76 3 136.47 102.71 15.38 3 151.85 P14.42  30 622.72 601.92 6.6570 98,490 52.68 243.40 304.81 3 126.51 -0.71 -0.54 -20.74 -8.69 3 138.31 102.41 15.38 3.153.69 
F16. 3 40 610.97 601.15 6..5582 111.8111 58.92 525.60 285.71 3 128.18 -0.67 -0.37 +10.02 -5,20 3 131.96 106.99 16.31 3 148.27 
F14. 2 .. 39 594.14 600.07 6.2336 107.290 45.22 211.92 275.19  3 141.58 -0.86 -0.48 -5.35 -0.32 3 134,57 105.56 16.92 3 151.49 F15. 2 43 591.39 600.31 4.7293 111.936 54.87 176.81 247.51 3 133.72 -0.95 --0.14 -7.36 -1.40 3 123.37 107.02 22.63 3 146.00 
F15. 1 72 605.87 599.95 4.6365 97.611 54.87 191.30 256.19 3 128.51 -1.05 -0.02 ,E5.36 -0.23 3 133.03 102.07 22.01 3 155.04 
F15. 3 30 589.22 599.49 4.5421 131.697 54.48 154.71 22.6.00 3 132.05 -1.03 -0:22 -9.84 +2.31 3 123.27 112..09 24.68 3 14-7.95 
215. 4- 56 595.63 600.28 4.3883 95.160 56.19 183.68 254.94 3 135.78 -1.14 -0.05 -3.99 -1.27 3 129.33 102.67 23.40 3 152.73 F15. 5 i6 600.58 598.63 4.1310 89.464 57.66 189.99 258.39 3 124.24 -1.20 40.28 +0.53 +6.20 3 130.05 93.54 23.85 3 153:90 
217. 1 60 595.40 599.70 4,0659 99.262 57.67 176.30 245.18 3 133.14 -0.93 40.55 -4.20 +1.36 3 129.85 102.71 25.26 3 155.11 F17.11 61 595.45 599.77 3.9977 88.173 61.48 191.17 260.44 3 130.8) -0.94 -0.49 --4.15 +1.04 3 127.26 97.92 24.49 3 151.75 717. 7 21 608.47 600.29 3.5875 112.306 58,66 151.53 204.70 3 112.08 -1.06 -1 .03 +7.73 -1.31 3 116.41 107.13 29.86 3 146.27 
F17.12 48 594.13 604.52 3.4354 87.930 61.48 176.79 242.73 3 145.71 -1.11 -1.57 -5.36 -20.46 3 117.21 97.84 27.99 3 145.20 F17. 3 46 588.73 599.80 3.4699 130.560 57.31 135.47 192.19 3 133.25 -1.10 -0.83 -10.29 +0.91 3 121.94 111.84. 32.23 3 154.17 216. 5 • 51 593.17 600.23 2.3366 99.096 59.03 144.46 193.01 3 125.70 -1.30 -0.86 -6.26 -1.04 3 116.24 102.65 35.56 3 151.80 F16. 6 52 604.56 600.60 2.7718 81.905 59.71 158,20 206.20 3 116.77 -1.31 -0.85 44.16 -2.72 3 116.05 94.65 34.15 3 150.20 217. 5 27 612.19 598.29 2.7228 87.611 59.38 157.87 224.14 3 096,94 -1,52 -1.53 +11.13 +7,74 3 112.76 97.75 35.90 3 148.66 
F17. 9 43 603.44 597.85 2.6518 99.559 60.15 137.86 185.47 3 102.87 -1.51 -1.31 +3.14 +9.73 3 112.92 102.82 38.76 3 151.68 2-16. 4 57 601.62 600.86 2.4-912 130.888 58.27 114.62149.41 3 109.98 -1.55 -0,14 +1.48 -3.69 3 105.58 11161 44.92 5 150.50 
P17.10  56 606.25  600.12 2.1b89  112.163  59.78 116.89 148.14.3 101.94. -1.89 -2.67 +5.71 -0.54 3 102.55 107.09 49.37 3 151.92 



Table 15  

Details of Experimental Results. 

Part 11 - 800 bar, 600'0 
2 973.12 + 83.41/ii + 3 654.2/pm Jig 

11.1 . 2 978 J/g 
q = -83.41 - 3 654.2/15 Vs 

Ref. 
No. 

Duration 
of Run, 

cin. 
P, 
bar 

T, 
00 

til 
a/3 

11, 
ris 

h,, 
J/S 

hi , 
J/g 

hp, 
JA 

, 

1-1&); J/9 60,  
J/g 

ES' 
J/g 

{TAP, 
Mg 

CO21 
J/g 

,, 
H11 ,  
J/g 

q, 
J/3  

clAu, 
J/g 

H' 1,,  • J/g 
P39. 1 40 814.02 600.11 7.7193 100.074 18.50 227.08 284.70 2 990.01. -0.85 -1.81 +9.39 -0.55 2 997.02 -119.89 -15.53 2 981.49 
P39. 2 39 804.90 596.49 6.7949 110.710 18.14 1'85.97 252.32 2 987.19 -0.96 -3.01 +3.28 +7.59 2.994.09 -116.39 -17.13 2 976.96 
FA 1 28 804.52 599.16 6.7390 79.172 22.73 251.4.1 302.20 2 988.76 -0.88 -1.08 +3.03 +4.22 2 994.05 ,129.52 -19.22 2 974.83 
837. 2 36 794.29 599.50 6.5050 131.009 18.61 156.24 223..,57 2 995.88 -1.03 -0.07 -3.83 +2.51  2 993.46 -111,28 -17.11 2 976.35 
F57. 3 33 816.24 599.84. 6.2958 78.834 22.71 237.49 293.01 2 990.25 -.1.03 -2.80 +10.88 40.80 2 993.02 -129.71 -20.60 2 977.42 
F4.0: 	1 22 796.20 599.01 6.2939 99.328 21.93 195.10 261.61 2 993,89 -1.00 -1.43 -2.55 4.97 2 993.88 -120.16 -19.12 2 979.76 
P38. 3 31 806.91 593.35 6.0015 131.303 17.53 143.87 214.63 2 978.47 -1.05 -1.01 4.63 -3,29.2 939.33 -111.21 -18.53 2 970.80 
840. 2 42 802.52 600.94. 5,6733 111.117 20.11 162.06 231.81 3 009.33 -1.14 -2.26 -1.69 -4.72 3 002.95 -116.26 -20.47 2 932.48 
F38. 2 30 812.84 602.03 5.5791  98.335 19.72  176.43 237.60 3 004.82 -1.10 -2.39 1.8.60 -10.20 2 999.73 -120.51 -21.60 2 978.13 
F40. 3 22 797.97 598.75 5.5581 131.606 19.014. 134.35 217.97 2 997.59 -1.18 -2.04 -1.36 +6.28 2 999.29 -111.15 -20.00 2 979.29 
839. 3 29 796.73 600.55 5.5543 132.088 17.33 134.66 215.77 3 006.98 -1.20 -1.02 -2.19 -2.76 2 999.81 -111.05 -19.99 2 979.82 
837. 	1 39 807.81 600.25 5.3878 99.021 21.69 171.98 238.44 3 006.17 -1.22 -5.34 +5.23 -1.26 3 003.58 -120.28 -22.32 2 981.26 
F 32.1 16 805.19 600.34 5.3084 78.767 23.50 208.53 258.78 3 004.35 -1.00 -2.80 +3.48 -1.71 3 002.32 -129.75 -24.44 2 977.88 
833. 2 35 800.04 600.58 4.3681 98.272 20.44 143.55 224.99 3 015.71 -1.27 -5.04. +0.03 -2.91 3 006.47 -120.56 -27.60 2 978.87 
832. 2 36 810.67 593.74 3.7239 99.022 20.08 125.70 197.10 3 005.70 -1.50 -8.31 +7.15 +6.33 3 009.33 -120.28 -32.30 2 977.03 
833. 1  48 809.34 600.42 3.5991 97,650 21.14 124.95 199.68 3 016.58 -1.53 -7.80 +6.26 -2.11 3 011.40 -120.79 -33.56 2 977.84. 
833. 4. 19 792.24 598.35 3.3808 79.747 20.96 139.91  210.91 3 016.82 -1.71 -1.93 -5.20 +8.29 3 016.27 -129.19 -38.21 2 978.06 
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• Details of Experimental Results. 
Part 13 - 200 bar, 700°C 

= 3 804.20 - 292:61/11 + 9 711.0/µM 

1 = 3 804 J/g 
q 	292.61 - 9 711.0/M J/s 

Ref. 
I. 

Duratior 
of Run, 
min. 

P, 
bar 

T, 
' 	°C 

P,, 
g/8 

m. 
ds 

h2, 
J/g 

h1, 
J/g J/g W20,  

J. 	g 
(C, 
J/g 

h12,  
'ES, 
Jig 

?TAP, 
J/g 

CpAT, 
J/g 

H.1, 
J/g 

q, 
J/s 

(1/ 	P 

J/g 

i„.1 
.1 f 

J/g 
246 3 49 199.06 700.39 6.9332 131.776 69.75 253.97 296.93 3 773.30 -0.48 -0.10 -0.58 -1.01 3  771.15 21t;.92 31.35 3 802.48 

4 57 200.03 700.55 6.9791 131.358 69.55 254.09 298.81 72.14 -0.47 +0.04 +0.02 -1.43 70.30 218.68 51.35 01.63 
1 38 200.18 699.54 7.0965 79.104 71.24 373.44 413.25 83.06 -0.55 0 +0.11 +1.20 83.82 169.86 23.93 07.75 

F46- 5 43 200.32 700.43 4.5707 132.1.74 69.30 190.13 251.40 3 754.96 -0.76 +0.09 10.20 -1.12 3 155.37 219.30 47.98 3 301.35 
F45. 1 4.1 201.36 700.49 4.5696 132.073 80.21 201.28 256.61 54.46 -0.68 -0.15 +0.84 -1.23 53.19 219.06 47.94 01.13 

2 70 198.55 702.00 4.5254- 99.066 80.86 239.89 283.34 64.76 -0.74 -0.19 -0.89 -5.22 57.72 194.59 43.00 00.72 
3 56 197.80 701.09 4.5069 79.624 81.31 277.10 314.53 73.47 -0.74 -0.43 -1.36 -2.84 68.10170.64 37.86 05.96 

E46. 6 59 200.25 700.93 4.3916 99.075 69.66 224.47 272.43 3 764.97 -0.78 -0.03 -+0.i5 -4.36 3 761.85194.59 44.31 3 806;20 
7 71 200.00 701.67 4.3788 78.719 70.48 263.57 303.74 75.05 -0.791-0.13 0 -2.43 69.76 169.25 38.65 08.41 

42.14 42 199.4.0 702.64  3.7188 131.811 80.05 179.04 245.97 3 754.71 -0.76 0 -0.37 -6.89 3 746.69 218.93 58.87 3 805.61 
15 59 199.78 699.98 3.6918 131.662 79.59 177.85 244.71 49.12 -0.77 -0.50 -0.01 +0.05 47.89 218.86 59.29 07.18 
13 57 200.43 700.46 3.7929 98.813 79.90 213.52 276.12 57.23 -0.77 -0.02 +0.27 -1.20 55.51 194.34 51.22 06.73 
12 58 200.27 699.16 3.8391 78.836 80.69 249.13 299.15 58.01 -0.81 -0.08 +0.17 +2.19 59.48169.44 44.14 03.62 

E39. 7 56 200.06 699.83 2.8618 131.917 73.03 149.91 188.57 3 731.79 -1.39 -0.52 +0.04 10.44 3 730.70 219.00 76.53 3 807.23 
6 40 200.35 702.21 2.8653 98.824 74.23 176.27 221.85 41.23 -1.31 -0.18 +0.22 -5.76 33.86 194.35 67.83 01.69 
5 60 202.39 699.43 2.9318 73.304 75.12 205.4.8 258.10 39.87 -1.20 •1.0.65 +1.42 +1.49 42.23 170.17 58.04 00.27 
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