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IN the  autumn of 1906 Messrs.  George Kent,  Limited, were  asked  by 
Messrs. Harper  Brothers  to  prepare designs for the  meters which 
would be required  in  connection  with  the  Victoria  Falls  and  Trans- 
vaal  Power Scheme,’ which was then  under  consideration. 

This  work  was  undertaken by the  Author,  and  the  preliminary 
designs  having  been  prepared and provisionally  accepted, the neces- 
sary  experimental  work was carried out  during  the  summer  and 
autumn of 1909. The  first  meters  were  constructed  during 1910, 
and erected  on the  Rand  under  the  Author’s  supervision  during 
1911. Since that  date a number of additional  meters  have been 
sent  out  to  Johannesburg, so that at the present  time  the  aggregate 
capacity of the  air-meters  installed  is  over 300 million  horse-power- 
hours  per  annum. 

I n  this  Paper  the  Author proposes to give  some  account of his 
work in connection  with  these  meters  and of the subsequent  work 
carried out by himself and by the firm with which he  is associated 
in developing the commercial metering of air, gns, and  steam. 

.- ~~~~~ 

’ A full  account of this scheme will be found in Mr. A. E. Hatlley’s Paper on  
(‘The Power Supply on the Rsncl” (Journal Inst,. Elrc. Engineers, ~ o l .  51 
(1913), p. 2). See also Mr. C .  M. Clark’e Paper, Journal South African Inst. 
Epgirleers, 1914 (ahstwct it1 Miputca of $‘rocecdiPg.s I Q S ~  C.E, vol. csuis. p. 623) 
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THE Am UNIT. 
Under  the  terms of the  agreement which was drattrh up between 

the  Power Company and  the consumers, it was stipulated  that air- 
meters  should be obtained which would register  accurately to 
within 3 per  cent. 

It was provided that  the Power Company and  the consumers 
should each install  their own meters, which  should preferably oper- 
ate  upon  ditferent principles, and  that  the charges  should be based 
upon  the  mean of the  readings of the  two  meters  thus  installed a t  
each point of supply. 

It was further provided that  the  air  unit,  in  terms of which the 
meters were to  register, should  be the  quantity of air which would 
be compressed from  mean  atmospheric  pressure  and  temperature 
on  the  Rand  to  the  pressure of delivery, by the  expenditure of 
one  kilowatt-hour of energy in  an  isothermal compression process 
of the  same  overall efiiciency as that which obtained between the 
indicated power in  the  steam-cylinders  and  the air delivered in  the 
case of certain specified compressors then  in use upon  the  Rand; 
it being  understood that these compressors  should be put  in  first- 
class order  for  the purpose of the  test  and  run  under  normal 
conditions as regards speed and pressure. 

I n  choosing a suitable  energy  unit  for  the  measurement of com- 
pressed air, it has  to be considered whether  the basis of the measure- 
ment should be the  energy  required  to compress each pound of 
air to the  temperature  and  pressure of delivery or use, or the  energy 
available in each pound of air at that  temperature  and  pressure when 
compressed. Either  method would form a satisfactory basis of sale ; 
but it is obvious that  the former, which is more closely related  to 
the cost of production, is for that  reason the more satisfactory. 

The  formulas which  give the  number of kilowatt-hours  required, 
on the  bwis  adopted by the  Victoria  Falls  and  Transvaal  Power 
Company, to compress isothermally  the  weight of air delivered per 
second to  the  pressure  at  the  point of supply  are  establishcd in  
Appendix V. 

TIIE U VENTUILI ” AND ‘‘ GATE ” AIR-E~ETERS. 
In   t he  type of meter which the  Author designed for  thc  Power 

Company, the flow of air was measured  in  terms of the  differential 
pressure  obtained  from a Venturi  tube of known  up-stream  area  and 
throat-ratio; while in  the  type of meter which he designed for 
the consumers, the flow was measurctd in  terms of the  angular 
displitcemont of a weighted gate  hung  in  the air-way. 

~ - - ~~ 

1 12.086 lbs. per square inch (absolute) and 60° F. 
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I n  order to  simplify  the  construction of the meters, it was  agreed 
that, except in those cases where it was found necessary to measure 
the flow in close proximity to  the compressors, the correction for 
temperature should not be automatic ; but  that a given  mean  tem- 
perature of delivery  should  be  assumed  for  each  mine,  and the 
recorders  should  be set so as  to  register  in accordance with  these 
various  mean  temperatures.  Assuming,  then, that  the  temperature 
in any particular case is constant, it will be seen  from the equations 
obtained in Appendix  V that  in the case of the  Venturi  meter  the 
air-units measured  can be taken,  without  sensible  error,  as  equal  to 
the  product of a constant  multiplied by functions of the pressure in 
the  main  and  the  differential  pressure  obtained  from  the  Venturi 
tube ; and  in  the case of the  gate  meter, fo the product of a  constant 
multiplied  by  functions of the  angle moved through by the  gate  and 
the  pressure  in  the  main. 

Fip 1. 

LOH6lTUDlNAL S E C T I O N  
S E C T I O N  A A  

By  the employment of suitable devices, movements  are  obtained 
which  depend  upon the pressure and  the flow, and which are propor- 
tional respcctivcly to  the lognrithms of the  functions  to be multiplied. 
These  movements are  then added  together  on a differential  gear, 
Figs. 1,  which  communicates to  the centra1  spindle,  on which it is 
carried, the algebraic  sum of the motions  transmitted  to it. The 
motion of this spindle is therefore  proportional  to  the  logarithm of 
the  product of these  functions,  and,  by  means of an anti-logarithmic 
cam and feeler, it is transformed  into  one  proportional  to  thc 
product  itself. I n  this way an  angular displacement  proportional 
to  the  rate of flow in air-units  per hour is obtained. 

Amounts  proportional  to  this  angular  displacement  are  added  to 
the counter-reading a t  equal  intervals of time  by  means of a clutch, 
one  member of which is rotated  continuously at a uniform  rate 
by a small  air-turbine  controlled  by a contrifngel  escapement. 

Downloaded by [ University of Liverpool] on [12/09/16]. Copyright © ICE Publishing, all rights reserved.



Proceedings.] Aik,  GAB, hkD STEAni. S11 

The  other member,  which is connected through a train of wheels to 
the counter,  is  thrown int.0 gear a t  a fixed point in   the revolution 
of the  first member ; and  out of gear a t  a variable  point,  the positiotl 
of which is determined by the  angular displacement proportional to 
the  rate of flow referred  to above. The  adjustment for mean  tem- 
perature  is effected very  simply by 
altering  the  setting of the  anti- 
logarithmic cam on  the  differential- 
gear  spindle 1 in accordance with a 
scale of temperatures  engraved  thereon. 
The  counter  thus  registers  the  tot,al 
number of air-units passed. 

The size of the  throat of the  Venturi 
tube  installed a t  each point of supply 
is chosen so that  in every case the 
same  differential  pressure is obtained 
a t   the  maximum flow called for by 
the  consumer,  This enables all the 
recorders, whose action  depends  upon 
the  differential pressure, to be iden- 
tical  and  interchangeable.  When it 
becomes desirable to  increase  the capa- 
city of any  meter, it is only necessary 
to replace the  existing  throat-section 
of the  Venturi  tube by one of larger 
diameter,  and  to  alter  the gear-wheels 
in  the  counter-train of the recorder. 
A special expansion-joint  is provided 
in connection with  the  Venturi  tube 
to enable  this  exchange  to be made 
easily and quickly. 

The  gate  meter is arranged so that 
its capacity can be  increased oven 
more simply. This  is effected by in- 
creasing the loading of the  gate  in 
such a way that  the  ratio of the  initial 
and final moments  tending  to close i t  
remains  unchanged, i.e., if the  change 
of loading is always made in  such a 
way t h a t   t h e  centre of gravity of thc moving parts  remains  on 
the  line  ptssing  through  the  original  centre of gravity  and  the 
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axis of the bearings, then  the  original  calibration  still holds good, 
cxcept that  the  quantity passed by the  meter is increased in  the 
ratio of the  square  root of the new  loading to  that of the old. 

Scalc: 3+ Inch = 1 Foot, 
INCHES q, , . , p \FOOT 

F;g. 2 (p. 111) shows a 
section  through  the  Venturi 
tube  and  the expansion-joint. 
The “ throat-ratios ” of the 
tubes  supplied  range from 
about 2 0 to 5 * 0. 

Fig. 3 is a section  through 
the  Venturi recorder, which 
shows the  arrangement  where- 
by the  differential  pressure 
obtained  from the  Venturi 
tube  is  measured. 

It consists of a light  in- 
verted bell immersed in  an oil 
seal, the  throat pressure nct- 
ing  on  the inside of the bell, 
and  the  up-stream  pressure on 
the outside. An increase of 
the flow thus causes the bell 
to descend. The  weight of 
the bell is  taken by a carry- 
ing float which is always 
totally  immersed in  mercury. 
The  displacement of the bell 
is made  proportional to  the 
1og:~ritlnn of the  number of 
:tir-units  passing by means 
of :t shaped  float, the bell 
descending  until  the increase 
in  the difference in pressure 
is bitlanced by the increase 
in buoyancy.’ The  carrying 
float is built  up of slate  and 
vulcanite in  the  ratio of 
1 to 2 * 46 in order to  com- 
pensate for changes of tempe- 

r+aturc, and so prevent  error  in  the zero flotation-level. The  arrangc- 
ment  is  sensitive t o  a Venturi head of less than lb. per  square 

The formulas for  calculating this float are derived in Appendix VI. 
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inch,  and will measure Venturi  heads  up  to 0.85 lb.  per square  inch, 
an  accurate  range of flow-measurement  down to  one-twentieth of 
the  .maximum flow being  obtained. A valve is provided  whereby 
the  pressure  on  both sides of the bell may  be equalized and its 
zero  checked. Various  protective devices are  installed  in  order  to 
prevent  the oil seal from  being blown over  by  careless manipulation 
of the valves. Among  these  is  the  small check-valve shown in 
Figs. 4, which is  fitted  between  the  up-stream  and  down-stream cocks 
and  the bell-chamber, This consists of a circular  plate suspended 
between two  machined faces, against  one or other of which i t  is 
blown if there  is  any  sudden flow into or out of the bell-chamber. 
A small hole in  the  plate allows the pressure to equalize  gradually. 

The  pressure of delivery, pl, is measured by  means of a battery of 

S E C T I O N  n H .  
A 

SECTION AA. 

steel  di:lplmqps, which are shown in Fig. 5 .  The reqnirecl angular 
motion  proportional to  log [ylg log p l / p a ]  is obtained by means of 
a cam.  These diaphragms  are  made of untempered  steel of special 
quality.  They  give a small movement of considerable power, and 
the  resulting  motion of the cam has  rather less lag  due  to  the 
elastic  inertia of the  metal  than  that observed on an  ordinary  test 
gauge of good quality. 

The  centrifugal  escapement,  with  its  air-turbine  and  regulating 
valve, is shown in Fig. 6. It will be seen that  with  an  increase 
of speed there will  be a n  increase in  the  friction  between  the 
brake  and  the  surface  upon which it rubs,  due to   the increase 
in  the  centrifugal force of the movable  weight. It can  be  shown 
from  theoretical considerations, and  is  borne  out  by  actual  tests, 
that  after  such a speed has been reached that  the brake  is 

[THE INST. C.E. VOL. ccrv.] I 
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continuously  in  contact  with  the  braking  surface  the  revolutions 

Sca le?  Half  Full Stre 

per  minute  are increased by approximately  the  same  amount  for 
each  pound rise  in  the  pressure at the  turbine-jet. As this  increase 
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in  the  revolutions  per pound  increase of pressure may be made 
small, it is possible to  obtain  very close regulation of the speed 
if an  accurate reducing-valve is  installed between the  variable  high 
pressure in  the  main  and  the desired constant low pressure a t   the  
turbine-jet. I n  their  latest  form  these  centrifugal escapements 
run at about 600 revolutions  per  minute,  and  there is an increase 
of about 3 revolutions per minute for each  pound change in 
the  air-pressure at the turbine-nozzle. The  standard  pressure 
at the  turbine-nozzle is 1 lb. per  square  inch,  and  the  regu- 
lating-valve  is capable of maintaining  this  pressure  constant 

with a variation of less than -& lb. for  any  pressure in  
the  main between 60 lbs. and 120 lbs. per  square  inch.  The 
maximum  error in  the speed of the  turbine,  therefore, does not 
exceed X B &  X 100 = 21r per  cent.,  and  the  actual  average 
error is less than  this.  When a regulating-valve has to  operate 
between  large differences of pressure it is difficult to prevent it 
from  hunting.  This difficulty is overcome in  the valve shown in 
the  Figure by constricting, a t  one  point,  the  area of the passage 
which  communicates the  pressure at the  turbine-jet  to  the  under- 
side of the bell, 

I 2  
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The  centrifugal escapement described above is replaced by a 

Fig. 7. 

F=----- : /  

B A C K  E L E V A T I O N  O F  R E C O R D E U  

'INCHES 9 p Scale: 2 lnchcs =.I Foot. 
+ ? 2 1 9  g INCHES .\ 

clock or an electric motor in! cases in which the small passages in 
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the  regulating-valve  are  liable  to be choked  by dirt or oil, or by 
frozen  moisture  deposited  from  the  air. 

Fig. 7 shows the  general  arrangement of the mechanism of the 
Venturi recorder,  which  shows the positions of the pressure 
diaphragms  and  the  various cams and  the  centrifugal  escapement. 
The  motion of the bell is  transmitted  to  this  recorder  through R 

gland,  the  spindle of which is rotated by  means of a rack  attached 
to  the bell itself. 

Figs. 8 are sections  through one of the  gate  meters  supplied 
to  Rand Mines, Limited.  The  drawing shows the  hanging  gate 
ant1 the  dashpots by  which any  tendency of the  gate  to oscillate is 
checked. The  bar  which  carries  the  weight by means of which 
the capacity of the  meter is  altered  is also  shown. This  bar passes 
through  the  centre of gravity of the  gate,  and is radial to  the  axis 
about which the  gate moves. The motion of the  gate is trans- 
mitted,  by bevel  wheels  which are housed in a special  pocket out 
of the way of the air-flow, through a gland  to  the  recorder which 
is placed  above. 

The  gate  meters  are so designed that, even  when  working at their 
maximum  capacity, the  pressure-drop across the  gate is always 
small. Under  these  conditions  the  stream-lines  are  practically 
identical for water  and air, and  the  weight of fluid passing  for any 
particular  gate-opening  and  gate-loading  is  inversely  proportional 
to  the square  root of the  relative  densities of water  and air. It 
is therefore possible to  calibrate  these  meters  accurately by means 
of water flows, if the buoyancy of the  gate  during  the  water 
calibration  is  known  and  compensated  for. 

THE CUT-OUT VALVE. 

As neither  the  Ventnri  meters  nor  the  gate  meters  are  arranged 
to  register  at a higher  load  than  the  maximum for which they 
happen to he  adjusted,  the  Author  designed a simple  type of 
“cut-out ” valve  which  ccmes into  operation when the maximum 
capacity of the  meter is exceeded. This valve,  which  is  shown in 
Figs. 9, consists of a hanging  gate SO weighted that  i t  always tends 
to  remain open. By  means of a screw  passing  through  the casing, 
the  gate  can be set at various  distances  from the orifice which it 
closes. The air passing  tends  to close the  gate;  and  it will be 
obvious that  the nearer  to  the orifice the  gate is set,  the  smaller 
will  be the flow at which it closes. The  exact flow a t  which the 
valve  closes is indicated by a s a l e  against  which  the  position 
of the screw is read, the  graduations  being  determined by actual 
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ca1ibration.l I n  addition  to  preventing overloading of the  meters, 
these valves have proved very  useful in  restricting  the  rate of 
supply of air  at  any  particular  point  to  that  contracted for by the 

Figs. 9. 

I I 

A -  R 
S E C T I O N  AA 

consumer, and  in  this way they  have reduced very considerably the 
difficulties of the  power-station  in  maintaining  the necessary air- 
supply a t  all points of the system. 

THE LIMIT VALVE, 
Another  type of valve  which the  Author designed in 1910 is so 

arranged  that  only a fixed maximum  quantity of air  can be taken. 
This valve,  which  may  be termed a limit valve, does not  cut off the 
consumer  when  the flow for which he  has  contracted  has been 
reached, but  simply  limits  the air he  can  take  to  that  maximum. 
It consists of a balanced throttle-valve moved vertically by a 

Theory shows that  the riae of presrrure p - p ,  due to the sudden  closing of 
this valve cannot exceed that given by the relation 

p - p ,  = pp)' lbs.  per square inch. 

p ,  = 120 lbs. per square inch abs. 
Thus, when V = 40 feet per  second. 

f = GOo F, 
p - p ,  (for air) = 6.03 lbs. per square  inch. 
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piston  on  the  same  spindle,  the  piston being actuated by the 
difference of pressure across an  orifice through which tlte nir passes. 

A- I 
P L A N  W l T Y   P A R T  O F  COVER R E M O V E D  

A 

As soon as the flow for which the vnlve is set  is  slightly exceeded, 
and  the  lifting force on  the  piston,  due  to  the difference of pressure 
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across the  orifice, becomes grester  than  the  weight of the  moring 
p r t ,  the  piston  rises  and  partially closes the valve ; thus  throttling 
the flow until  the load on  the  piston  is  again balanced by the drop 
o f  pressnre. Figs. 10 (p. 120) shows the  arrangement  adopted in 
order to obt:lin n perfectly-bdanced  throttle-valve. It will be 
seen that  the valve consists of two  concentric cylinders, and  that 
the  pressure , 0 1 1  the  two  ends of the  inner  cylinder is always 
that of the  air  on  the  upstream side of the valve, while the pres- 
sure on the two ends of the  outer  cylinder is nlnays that of the 

S E C T I O N A L  E L E   V A T  I 0  N 

I H C H E S P  I 3 4 $ 6 INCHES 
Scale: 2 Inches = I Faot 

air on the  do&stream side. The upper edge of the  outer cylinder 
is bevelled as shown, in  order  to  prevent  an  unbalanced force from 
being  introduced by the suction which would otherwise  act  on  this 
edge when the valve is nearly closed clown. 

The valve  can be  set to regulate a t  various flows by altering  the 
width of the orifice formed  between the  top edge of the  cylinder 
in which the  piston works and the  bottom edge of the  casting 
through which the  throttle-valve pssses. It is arranged so that 
this adjustment can be nmde from  outside while the valve is under 
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pressure, a scale being provided  which shows at what flow the valve 
will come into  operation. 

It may be of interest  to  note  in passing that n number of these 
limit valves are  in use in various  parts of the world as filter-bed 
modules controlling the  rate of filtration of potable  water. 

THE SQUARE-EDGED ORIFICE. 

The orifices shown in Fig. 11 (p. 121), which the  Author designed 
and calibrated in 1910, were installed  in connection with  manometers 

Fi!/s. 12. 

S E C T I O N A L  E L E V A T I O N  

,L- 
,- - 

Q E C T I O N A I  C L A N  

at the Rosherville and  Robinson  Central  Deep  stations  in  order  to 
indicate  the compressor-discharges.’ This  arrangement proved to be 
a very  accurate  and  convenient means of measuring  the  rate of flow, 
and a number of similar  installations  are now in use upon the  Rand. 

A typical  air-meter  installation  on  the  Rand  is shown in Figs. 12. 

J. L. Hodgson : “ T h e  Metering of Compressed Air,”  Proc. South African 
Inst. of Engineers, vol. X, 1911. 
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THE RAND AIH-CALIBRATION PLANT. 
The  meters  required  in connection with  the  Victoria  Falls  and 

Trnnsvaal  Power Scheme, together  with  various sizes of Venturi 

tubes, nozzles, and orifices, were calibrated on n special plant, 
which was designed and  built a t  Erith by Messrs. Fraser  and 
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Chdmers,  in  consultation  with Mr. A. M. Robeson, Mr. A. Smart', 
n,nd the  Author.  The  plant was erected in  the  first  instance  to  the 
Author's speei6cation in 1909, and,  after being placed at   the  disposal 
of  Messrs. Kent  for  about G months by Messrs. H. Eckstein :Incl 
Company at Erith, wns tnken down and  re-erected a t  Ferreira Deep 
on the  Witwatersrand. It is now the  stnndnrd  air-cdibration p1:tnt 
for  South Africa. 

The  air  to be  measured is passed through a large displacement 
meter (Figs. 13, p. 123) which is built  somewhat on the  lines of a 
steam-engine. It has  three  cylinders 36 inches in diameter,  and 
the  stroke is 27 inches. The admission and discharge of the  air  to 
the  cylinders  are controlled by means of piston-valves which are  set 
to  cut off exactly at  the  top  and  bottom of the  stroke.  The  stroke- 
volume is 95.156 cubic feet, ant1 the  meter  therefore passes 50 lbs. 

Pi!/. 14. 

Scaie (Approximately): I Inch -14 Feet. 
F E E T  I 0  6 0 10 20 FEET 

weight of air  per  revolution a t  100 lbs. per  square inch  (abs.) and 
513" F. (abs.); or, roughly, 1 ton  per  minute at the  maximum 
speed a t  which it is designed to  run.  This  displacement  meter 
forms  pa.rt of a closecl air-circuit (Fig. 14)  wherein the air is 
circulated by a single-stage  Rateau  fan, which is driven  by a 
50-HP. motor a t  2,500 revolutions per minute,  and produces a 
difference of pressure of about 2 - 5  lbs. per  square  inch when the 
air is at a pressure of 100 lbs.  per square inch. The pressure in 
the  circuit  is  maintained by a small " make-up" compressor, 
requiring  about 30 HP., which delivers into  the  circuit between 
the dinpluoenlent meter  and  the  Rateau  fan.  After  leaving  the  fan 
the  air passes through a cooler, so that  the  temperature  in  the 
remainderof  the  circuit may be kept  constant. It is then passedsucces- 
sively through  the  meter  to be tested  and  the ditsplacement meter. 
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FRONT E L E V A T I O N .  

TIIE PRECISIOK MASOMETEL 
I n  order  to  obtain  great accuracy 

in  the  differential  pressure measure- 
ments,  the  Author designed the pre- 
cision manometer  shown in Figs. L5 

7 (p. 125). I n  this  instrument  practi- 
cally the whole change of level takes ' 

J place in one limb, so that  i t   is  only 
1 

5 necessary to  read  the change of level 
in  this  limb  and  make a correction f which depends  upon  the  ratio of 

2 its cross-sectional area  to  that of 
the reservoir into which the  up- 
stream  pressure is introduced.  The 
diameter of this reservoir is large, 
so that  any  variation  in  the  internal 
diameter of the gauge-glasses fitted 
involves no appreciable  change in 
the  constant by which the  readings 
of the  instrument  have  to be multi- 
plied. The  change of level of the 
liquid in  the gauge-glass is measured 
by means of a travelling microscope 
which is moved by a guide-screw 
having  ten  threads  per  inch. A 
graduated  dial  is  fitted in connec- 
tion  with  the  handle by which this 
screw is rotated, so that readings 
accurate to less than inch 
can be taken. One of the   d ie -  
culties  met  with  in  designing  an 
instrument  that would enable a 
change of liquid level to be read 
to  anything  like  this degree of 
accuracy was the difficulty of 
obtaining a definite  and  consistent 
reading  on  the meniscus. It was 
overcome by using a microscope of 
thirty  diameters  magnifying power 
and a gauge-glass of *> inch  in- 
ternal  diameter,  and  illuminating 
the meniscus alwhys in  the sam9 
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direction. It will be seen (Figs.  2.5) that  the gauge-glass  passes 
through a tube  which slides  on the  end of the microscope, and  into 
which  light  can  enter  only at   the  end.  The  inside of this  tube 
is blackened to  prevent cross-reflection. High accuracy  can be 
obtained  only by using oil or alcohol as the  manometer liquid,  since, 
even  with the cleanest possible gauge-glass, a water  meniscus is apt 
to be  sluggish.  The  accuracy of the guide-screw,  by  means of 
which  the microscope is traversed,  need  not be of very  high  order, 
as great  precision  in  the  measurement is only  essential at  the 
low heads. 

A  steady  reading  on  this  instrument was obtained,  in  spite of the 
pulsations  due  to  the  displacement  meter, by damping  the  manometer 
by  means of a needle-valve placed between the reservoir and  the 
gauge-glass. I n  order  to  determine  that no appreciable  error was 
caused  by this procedure, the  investigation which is summarized  in 
Table 11, p. 135, was made.' 

Various  other  instruments  were  designed by the  Author for use 
in conjunction  with  this  calibration  plant,  among  them  the  single 
tube  manometer  illustrated  in Fig. 26 : a  large  number of these  are 
now in use for measuring  differential  pressures. 

The pressure was measured a t  one  point  only in the  circuit,  and 
differential  pressures  were  taken  by  means of manometers'between 
this  and  other points. 

It was found  that,  owing  to  the  large  mass of metal in the 
various  parts of the  circuit,  and  more  especially  in  the  displaccrnent 
meter,  the  most  accurate  results could be obtained  only  when  the 
tests  were  taken at  the  temperature of the  atmosphere,  khatever 
that happened  to be. 

COMPARISON  OF AIR AND WATER CALIBRATIONS. 

At  the same  time  that  these  tests  were  carried  out  on  the  Erith 
calibration  plant,  the  Author  carried  out  corresponding  tests  on a 
water  calibration  plant  which  had  been  installed a t  Messrs. Kent's 
works at  Luton  during 1908. The  object of these tests was to  deter- 
mine  to  what  extent  the  air-  and  water-discharges  through  the  same 
nozzle were  comparable,  and-whether  allowance  had to be  made for 
any more  complicated  relation than  that, for a given  difference of 
pressure  across  the nozzle, the weight  discharged  per second varied 

I See also Appendix VIII. 
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as  the  square  root of the density of the fluid passing. This com- 
parison was all  the  more  important owing to  the cost of calibrating 
large  air-meters, which measured  up  to,  say, 4,000 HP., with 
air.  An  investigation,  summarized  in  Table I, had shown that 
the power required  for  calibrating  any  given  meter  in a closed 
circuit,  such  as was employed in  the  Luton  and  Erith  plants,  varied 
inversely as the  square  root of the  density of the fluid circulating. 
On reference  to  the Table, it will be seen that  the cost for power 
when  using  water as the  calibrating fluid is only 1/28-6th  part of 
the cost when  air  at  atmospheric  pressure is used, and part 
of the cost when  superheated  steam  is used. The economy effected 
in  the cost of calibration is actually much more  marked  than  is 
indicated by the figures in  the Table, as the  capital  outlay  and  the 
staff required  are  much less in  the case of the  more efficient plants. 

TABLE I.-cOMPARISON OF h W E R  REQUIRED FOR VARIOLTS TYPES Oh’ 

CALIBRATION PLANTS. 

The  following  Table  gives,  according to the type of calibration plant uscd, the 
approximate power in  kilowatts  required for testing  a B-inch meter, which I u w  
a capacity of 6 lb. of air  per second a t  80 lbs.  per  square  inch  (abs.) aud B O O  E’. , 
and which causes a friction drop of 1 lb.  per  square  inch  in the main. 

The Table has bccn calculated on the following  assumptions :- 

(c() That where the  meter is calibrated  in a closed circuit,  therc is an 
additional  fall of pressure of 1 lb.  per  square  inch  due t o  friction  in 
the  circuit ; 

( b )  That  the efficiency of the compressing or circulating  plant is 0.64 ; 
(c) That 20 lbs. of steam, if used  for the purpose of producing power instead 

of for the purpose of calibrating  meter*, would produce 1 kilowatt- 
hour. 

~ ~ _ _ _ ~  ~~~~~ ~~~ ~ 

I Discharging  steam a t  80 h .  pcr quare 

the  meter  and a valve into  a condenser 
inch  (abs.) and 100’ superheat  through 925 

111 

IV 

V 

Discharging air  at 80 lbs.  per  square I 
inch (abs.) through  the  meter  and  a 598 ~ 830 
valve to  atmoapllere . . . . . . 

Discharging steam  at 20 lbs.  per  square 

the meter  and a valve into  a condcnBer 
inch(ab8.) and looo superheat 345 1 483 

Circulating  air a t  14.7 lbs.  per  square 
inch (abs.) in  a closed circuit . . .)l 20‘6d 

Circulating air a t  80 lbs. per s(1uare inch 
(abs.)  in a closed circuit,. . . . . 
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These  comparative  tests between air  and  water  have been con- 
tinued a t  intervals  during  the  last G years.  The following are 
the  Author’s  general conclusions as to  the  relation  between  liquid 
and gaseous flows through nozzles and orifices. 

I n  considering  these  conclusions, i t  will be necessary to  refer to  
the discharge-formulas (Km. 24 to  29) for nozzles and orifices which 
are  derived  in  Appendix 11. (The symbols and  constants used are 
tabulated  in  Appendix I.) 

For high values of the  ratio P$?, (say  when PJP, is less than 
1 . O  and  greater  than 0 * 98, or when  (Pl-Pz)/Pl does not exceed one- 
fiftieth)  the coefficient of discharge for R nozzle or orifice is  sensibly 
the same for water  and air flows, provided that  the discharge in  the 
case of the  water flow is proportional to  the  square  root of the 
pressure-difference  across the nozzle. If the  water discharge  does 
not follow a square-root law-and it usually does not do so unless 
special  precautions  have  been taken in designing the nozzle-there 
is,  except  where P,/P, is very  nearly  unity,  no  simple  and  exact 
relation between water  and  air flows. 

For lower  values of P,/P,, say between 0.98 and 0.527 in  the 
case of sir,  the discharge-coeiticient,l  which  may be as low as 0-85 
in  the case of a shaped nozzle, approaches unity  as P,/Pl 
diminishes. 

It findly reaches  unity, or some limiting  value between 0.97  and 
unity,  about  the  same  time  that  the  ratio P,/P, approaches the 
critical  value  0.637, a t  which  value the velocity of the particles in 
the  throat of the nozzle is theoretically  equal to  the velocity of sound 
at the  temperature  and  pressure which  prevail  there. Above this 
value (i.e., when P,/P, lies  between 0.62‘7 and zero) the discharge- 
coefficient  becomes constant at  some,value between 0.97  and unity.’ 

The value of the discharge-coefficient  for air flows may  there- 
fore difl’er very  considerably  from the discharge-coefficient for 
water flows when  the  value of P,/P, deviates  appreciably  from 
unity. It is possible, however, to  construct a shaped nozzle which 
has n constant discharge-coeflicient of about  0.985 over a range 
of 1 to 30 when  tested  with  water,  and  for  such a nozzle the  air 
coefticient will be sensibly  constant  for  all  values of P,/P,. 

In  this  connection it is  interesting  to  note  that a shaped nozzle 
for which the water  discharge  does  not follow a square-root  law,  has 

* In equation (8). 
* In  the case of steam flows the discllarge-coefficient may exceed unity, owing 

3 In  equation (11). 
[l.UE ISST. C.E. TOL. CCIT.] H 

to  heat being lost by radiation from the nozzle. 
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for  air a discharge-coefficient that  is  between 0.97 and  unity 
when  the  value of P,/P, lies  between 0.527 and zero. 

The  most  usual  relation which is  found  to  exist  between  the  drop 
of pressure across a shaped nozzle :mcl the  water  discharge thro11gh 
it above the critical velocity, is t l l a t  t,he discharge varies as the 
mth root of the  drop of pressure,  wl~ere 711 has some value  between 
1 a 94 and S * 3. This  deviation  from  the  square-root law--which 
can be obviated'if  the walls of the nozzle imnlediately  upstream 
of the section at which the  throat  pressure is taken  approximate 
to  the  shape  that  the degree of convergence of the walls still 
fmther  upstream would impose on a jet discharging from  them, 
:md if the  throat  pressure is not measured downstream of the 
sc:ction a t  wllich the w\.nlls of the nozzle ngnin become pnrallel to  the 
:Isis "---is co~rrp:~l.ntiveIy  unin1port:mt  ludess the nozzle is recluirrtl 
to be used for measurements  over a h rge  range of  flow. In tlnt 
case, if the  discharge be  calculatetl on  the  assumption of a constant 
coefficient of discharge and a square-root law, the  actual discharge 
for badly-designed nozzles may differ  from  the calculated by as mucl1 
as ? 5 per cent. at  the  extreme Bows. 

Figs. 17 show how the discharge coeficient varies with P,/P, for 
various  typical nozzles and orifices. It was found  experimentally 
that  the  value of the  air-discharge  coeficient in the  limiting case, 
when P,/P, equals  unity,  agrees  approximately  for each of these 
nozzles with  the  value of its  water-discharge coefficient. 

The values of the discharge-coeficient  given in  Cases I, 11, nntl 
III are for small nozzles. For  larger nozzles these values would be 
more nearly  unity. 

Case I shows a badly-designed nozzle. The discharge-coeficient 
would be  much more  constant,  and mow nearly e(lu:Ll to unity, if 
the  parallel  part  were removed. 

Case I1 shows R better  form, 

011 reference to Fig. 17 i t  will  be  Jeen that t h e  change3 do not  take place 
exactly at  the tlleoretical  value 0.527.  The existence of a clu~nge  in  the nt~Lure 
of the flow a t  or  about  the tlleoreticul  value can best be s h o ~ u  by plottiug  actus1 
values of V, against I'JP1 for a shapecl uozzle which has  a  constaut  discharge- 
coefficient a t   the  smaller  values of I'?/P, ; such a nozzle is shown a t  11, Fiy. 17. 
It will be  found that at  or  about  the theoretical  value,  and for all values of p J p ,  
which are less than  this,  the velocity is constant. In the case of a  square-edged 
orifice such  as tllat showu a t  IV, Fig. 17, and  for wllich R variea with l'#,, this 
efect cauuot be  observed,  as in  this c w e  there is 110 particular  value of P2/Pl, a t  
which the velocity becomes coustnnt. 

It should be pointed out  that  the  form of nozzle which  Professor Gibson used 
in his  invei~tigation  on " Abnormal Coefficients of the  Venturi Meter " (Minutes 
of Proceedings In& C.E., vol. cncix, p. 391) does uot conform t o  either of these 
conditions. 
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TESTS ON SQUARE-EDGED  ORIFICE^. 

I n  1910 the  Author  carried  out a number of tests on the dis- 
charge through square-edged orifices, in  order  to establish an easily 
reproducible standard whereby the flow of air,  steam,  and  water 
might be measured. 

The  coeficient of discharge  for  water  for such an  orifice, when it 
is titted  in a length of bored  pipe, and  the  upstream  and  downstream 
pressures are measured in   the plane of the orifice, as shown a t  
Case 1V, Figs. 37, does not differ materially  from 0.608 for values 

V A L U E S  O F  PJP,. 

of the  ratio of the  diameter of the orifice to  the  diameter of the pipe, 
dJtE,, which lie between zero and 0.7. For values of dJd, which 
are  greater  than  this,  the discharge-coefficient gradually diminishes, 
and is so sensitive to  minute  variations  in  the  conditions  under 
which the orifice is installed,  owing to  the  rapid  variation  in  the 
pressure  immediately  upstream  and  downstream of the orifice, that  
it is preferable to calibrate each individual orifice in place. 

It is important  that  the  pressure holes should be in the  plane of 
the  orifice, especially when d,/d, is large, if  the  results  obtained 
fro111 experiutents  with orifices in one size of main :we to be  nsctl in 

K 2  
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calculations  for  mains of other  diameters; because when d 2 / d l  is 
large  there is a rapid  increase of pressure  immediately  upstream of 
the orifice and a further  fall of pressure, and  then a rapid recovery, 
on  the  downstream side. This  rrecessifafcs that the position of  the 
presmre holes in  difc)rent sizes of pipes should be geowetric.ctlly similar 
;f the disc.1kcxrge-coq~ficients f i w  orijkes lmci t rg  the s a m  vdrtes (f d,/tl,  
are to be identical.' 

The  curves  plotted in Fig. IS shorn, for  various values of d2 /d , ,  
and  for  one  particular velocity of flow, how the pressure  varies in 
the  vicinity of the orifice.2 They also show that  the recovery of 
pressure is  greatest  for  large values of d,/d,, and  that  the  point of 

Fiy. 19. 
1 .  l I 

I I I I I I  / / I  I 
n 

maximum  recovery of pressure  travels  farther  downstream as the 
ratio d,/d, is reduced. It is worthy of note that in cases where 
~ 7 ~ / d ~  is  large,  more  than half the  differentid  pressure  is recoveretl 
without  any special  means  being taken, snch ss the  fitting of n 
diverging cone, to effect such  recovery. 

For  air flows the discharge-coefiicients  for  these  square-etlgrtl 
orifices are  identical  with  the muter  values  only  in the  limit when 
PJP, is  unity. As P,/P, diminishes, the discharge-coefficient 

1 See a160 Appendix 111. 
2 Compare Pi:]. 2 of Mr. Holbrook Claskell's Paper, " The Diaphragm 

h.lethd of Measuring the  Velocity of Fluid-Flow in Pipes '' (Ninutes of Proceed- 
ings Inet. C.E., vol. cxcvii, p. 250). 
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increases  according to  what  is  apparently a straight-line law, which, 
if assumed to hold beyond the  limits of the  experiments which the 
Author  has been able to make, would seem to  indicate a value of 
0.914 when the  ratio PJP, is zero.' The values plotted2 were 
calculated from  the  experimental  results  by  means of the /3 curve 
for I I  = 03 (Fig. 25, p. 154) and  equation (26). The  Author  has 
investigated  the value of this discharge-coefficient for square-edged 
orifices for which TL is  large only for values of P,/P, which lie 
between 0 * 15 and  unity,  and he is by no means certain of the 
value of the coeflicient for values of PJP, which are less thau 
0.3 ,  as the  tests made with  the smaller  values of P,/P, were 
not suHiciently numerous.  This will be  easily  understood  when i t  
is  stated  that for the sizes of orifice with which tho  Author was 
working, at  the  time  these  tests were taken, more than 1,000 HP. 
w:ts required when working at low values of the  ratio P,/P,. These 
tests and others were taken iLt Ragged Chutes in  Korthern  Ontario 
by the  courtesy of the  Northern  Ontario  Light  and  Power Company, 
who put  their  test  plant at the  Author's disposal during  the  autumn 
of 1915. The conditions  for  testing a t  Ragged Chuteswere ideal, as 
a supply of dry  air at a uniform  temperature  and  pressure  and  free 
from  pulsations was available from a Taylor  hydraulic compressor 
inst8alled under  the bed of the  Montreal  river close to  the  test-house. 

On  reference  to Figs. 17, it will be seen that  the value of the 
discharge-coeHicierlt for vxrious  values of P,/P, is given with  fair 
accuracy  by the  relation 

C 2  = 0.914 - 0.306 p2. 
P1 

As far :W the  Author's  investigations show, this  relation also 
holds approximately for steam flows. A number of testt; were 
carried  out  on square-edged orifices placed in a 6-inch main a t  
&lessrs.  Fraser  and Cllalmers's  works at Erith  during October, 
1910, using  steam a t  50 to 70 lbs. per quare inch absolute  and 
about 60" F. superhe;Lt. The  results of these  tests, which were 
contined to  the  higher values of P,/P,, agreed with  the above 
formula  within 2 1 per  cent. 

The  investigation of the  value of the discharge-coefficient for 
square-edged orifices is  interesting from a laboratory  point of view 
only, as the  sharpness of the  square edge is  very  apt  to be damaged 

Compare also the following tests 011 slurp-edged orifices. Rateau, " Experi- 
mcntal Researches on the Flow of Steam  through Nozzles and Orifices" ; Dr. 
Fisher, " The Discharge of Steam  through Nozzles and Orifices " (Proc, Inst, &I.E. 

________~ 

1911, p. 927). 
2 See also the equation on this page. 
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by handling or by erosion  due  to  the flow. The  value of the 
discharge-coefficient then increases, and  the discharge through  the 
orifice can  no  longer be inferred  with  certainty  from previous tests. 
For this reason the  Author,  although  retaining  the use of square- 
edged orifices for stnzndard work'  on  account of the ease with which 
they  may be  reproduced  accurately, and  the exactness with which 
the coefficient is known,  uses in commercial work orifices which have 
slightly  rounded edges. The  value of the discharge-coefficient for 
such orifices, though it must be determined in each c:me by a c t r d  
calibration, changes far less with erosion. A note  on  the  coeficient 
of discharge of square-edged orifices is given  in  Appendix 111. 

TIIE MEASUREMEKT OF PULSATING FLOKS IS TERMS OF THE MEAX 
DIFFERESTIAL PRESSURE ACROSS A CONSTRICTIOS. 

The  equations given in  Appendix I1 are  derived  on  the assump- 
tion  that  the flow has reached its steady value and  is  non-pulsating. 
I n  almost  every case  which occurs in practice the flow to  be 
measured  pulsates to a greater  or less  degree. It therefore becomes 
a matter of considerable importance to determine  to  what  extent 
the readings of instruments whose design is based on  these equa- 
tions  are  liable  to be in error  when  the flow pulsates. 

I n  order to  simplify  the  investigation, it has been  assumed that 
the flow at any  instant is proportional  to  the  square root of the 
tiiff'erential pressure which exists at that  instant between the 
upstream  and  the  throat of the nozzle, and  that  the  reading is taken 
on a simple  manometer which is damped by  means of a needle v:tlve 
placed between the  two limbs. Under  these  conditions  the  qumtity 
calculates from the  reading of the manometer will be in error, 
owing to  the  fact  that, when the flow is  pulsating,  the  square  root of 
the  head, which is indicated by the damped manometer, diff'ers from 
the  mean of the  square  roots of instantaneous heads  over any given 
period of time.  The  actual  amount of error  depends  upon  the 
ratio of the  amplitude of the  pulsation  to  the maximum differential 
pressure produced by  the flow, m r E  upon the wnve-form of * t k c  
tl<ffcrmtiaZ preumrc. If this wave-form be unsymmetricnl  about 
the  mean value, as is  usually  the case in practice, then  the  yumtit,y 
c;rlcul:Lted from the rending of the damped manometer will in 
gat~eral  5e  greater or less than  the  true value,  according to  whether 

* The actual dischzrge for a mluare-edged orifice, for which d2/cl, is  less than 
0.7, c m  be p~edicted from the results of previous tests with  much grenter 
ac;curacy than that for  any fornl of shaped ooaale. 
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To he  used  when the  rate of flow of liquid  through  the damping orifice in the 
~nanorneter is directly proportiovwrt to the differential  pressure. 

( 'asc I. 
11 = 1'0 

R. _)-LI-Ii- 

0'95 0.814 

1 '00 0.707 0.578 
l 

The derivation of the  equationa from which these Table8 are  calculaled is 
given in Appendix VII1. 
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the peaks of the wave-form are relatively  broader than  the hollows 
or  not, 

Values of the coefficient, 7, by which the discharge, as calculated 
from  the  reading of a damped manometw,  must be multiplied in 
order  to  determine  the  true flow are  given  in  Tables I1 and I1 A 
for  three wave-forms  which may be considered as approxim:xtely 
typical of the mean  and of the  extreme cases which  occur in  prwticc. 
It will be seen  from  the  Tables that  this  coeficiezt  varies  very 
considerably  with  the wave-form, as well as  with  the  amplitude 
of the pulsation, but  thttt  its  variations  with  wave-form are, for 
slwh  amplitudes as usually occur in practice, not  great  when  the 
manometer is dampecl with a '~'iscozcs liquid. This fact is of 
considerable  importance  when  designing  apparatus  for  measuring 
pulsating flows. 

Another  source of error  is  introduced by the  pulsation of the 
pressure in  the main. It is quite possible, for  instance,  to  obtain a 
definite  indic;ttion on it manometer wllich is connected to :tdj:tuerlt 
holes in  the wall of a p:trdlel  pipe in which there is no flow,  if the 
pressure in  the  main  is pal-nting, and one of the limbs of the 
manometer  is of distinctly  larger  capwity  than  the  other ; provided 
that  the pressure-pipe  connected to  this  larger  wpacity h ~ s  a different 
coeflicient of discharge  when the  capwity  is filling u p  from  the  main 
from  that which it has  when the capacity  is  again  discharging into 
the m:tin. I n  order  to  avoid  this  error,  constrictions which arc of 
very  much less area  than  the  pressure-pipes or the pressure-holes in 
the nozzle or orifice, and which are so shaped that  their coefficient of 
discharge in  both  directions  is  the same,  should be inserted  in  the 
pressure-pipes  between the manometer and  the  main. 

If the capacities of the pressure-pipes  between  these  constrictions 
and  the manometer are  not equal,  no  additional  error will  be intro- 
duced into  the  manometer  reading, but if the  pressure  is  suddenly 
turned  on  when  the  manometer  is  not equalized, t h e   l i q ~ ~ i d  will  be 
blown  over  owing to  the pressure  rising  more  quickly on that side 
in which there is least  capacity. Also, if the capncitiea are  equal 
apd the constrictions are different in area the stamt! thing will occw. 

A rather  different  type of error  must  be  guarded  against when 
determining  the  rate of air-consumption of high-speed  petrol- 
engines  by  means of a nozzle or an orifice and a manometer, or by 
mems of a gate  meter, such as  is  shown  in Figs. 8, p. 118. 

In   t he  case of 3 foula-cylinder  engine  there may be :&S many as 
5,000 pulsations  per  minute, whose wave-form approximates  to  that 
dealt  with  in Case 111, Table IT, and for which a may be as high 
as 0.8 or 0.9, 
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For  pnlsations of this  frequency  the  inertias of the  water 
column  or  the  gate  are  relatively so great, that  perfectly steady,  and 
apparently  quite  accurate  readings,  may be obtained, which, 
however, may be in  error by as much as 15 per  cent. 

I n  such cases as these it is necessary to employ an  antipulsator 
in order- to reduce the  value of U as far as possible before applying 
the correction indicated in Table 11. 

The  antipulsator consists  essentially of R chamber fitted  with a 
flexible wall placed on  the  downstream side of -the meter.  The 
flexible wall must be so devised that only a small change of pressure 
is  required  to produce  a large displacement. Further, it must be 
combined with some  device which throttles  the flow enterirlg  the 
flexible walled chamber  to  approximately  its  mean value. 

In cases where  the  pulsating  gas  to be measured is under 
pressure, an  equivalent  arrangement  is  obtained by  surrourldirlg 
the flexible wall by a second chamber which is connected by a 
passage of large xren to  the  upstream  side of the  meter. 

The  amplitude of the  pulsation a may be  measured by means of 
an  appmttus such as has been described by Dr. Watson  and Mr. 
Ilerbert Schofielcl.’ There  is a slight discrepnncy  between the 
values of 0 for square-edged orifices given  by Dr.  Watson  and  the 
value which is now put forward by the  Author.  This discrepancy 
is : h o s t  completely explained by the  facts  that  the orifices used 
by Dr. Watson were not  installed  under  the  smle conditions its 

those  calibrated by the  Author,  and Dr. Watson’s orifices were 
not  siulilw  to one mother,  nor were their pressure-holes simi1:arly 
situated. 

T m  PCLSATISG-FLOIV METEIZ. 

The foregoing rerrmrks, which are by no  means  exhaustive, 
indicate 2% few of the  considerations which have  to be t;akrn into 
account when pulsating flows are measnred by means of the 
dilf’ercntial pressure across a constriction. 

It will therefore be interesting  to consider a special type of meter 
which is  able  to  measure  accurately  pulsating flows of any wave- 
form  and  amplitude.  This  meter, . which was designcd by 
Mr.. E. Gray  and  the  Author,  is  illustrated  in Figs, 1.9, p ,  138, 

The air on passing through  the  meter displaces ;L g;tte whose 
movement is controlled by a flat  spiral  spring.  The  gate  is pivoted 
in  the  centre of a cylindrical  cavity,  and in moving  uncovers a port 

“ 011 the  Measurement of the Air-Supply to Internal-Combustion  Engines I JJY  
lnwns o f  3 Throttle-Plate” (Proc? Inst. Mech. E,, 1913, pt. 2, p. 5171, 

Downloaded by [ University of Liverpool] on [12/09/16]. Copyright © ICE Publishing, all rights reserved.



135 IIODGSON ON TIIE COMMEIXIAL METERING OF [Minutes of 

in the  bottom of this  cavity  through which the  air discharges to  the 
downstream side of the meter.  There is n small  clearance between 
this  gate and the walls of the  cavity  through which the  air also 

Fi!ls. 19. 

S E C T I O N  9 .  C 0 .  

S E C T I O N  L O O K I N G  D O W N  ON a a 

_.~  P L A N  

INCHES0 I 2 ? 4 S ~ fi‘NC’qFT. 

” Scale 3 Inches-l  Foot. 

passes. The port is so sh:~,ped as to rnn.ke the movement of the  gate 
proportional  to  the  rute of flow through  the  meter.  The curious 
shape of the  port necessary to  oIh%iu this result will h0 obberved Bn 
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reference  to  the  Figure.  The  gate  has a small moment of inertia, so 
that it follows each pulsation of the flow. The  motion of the  gate 
is  transmitted by means of a hair  spring  to a pointer which is fixed 
to  another  spindle pivoted in  the same axial  line.  The  yielding 
transmission provided  by the  hair  spring enables the  pointer, which 
is damped by means of vanes immersed in oil, to  remain  steady 
while the  gate itself oscillates. It will be seen, on  reference to 
Appendix IX, that  since  the  turning  moment  acting  on  the  pointer 
due  to  the  hair  spring  is  proportional  to  the  relative displacement 
between the  gate  and  the  pointer,  and  the  rate of motion  permitted 
by the oil is also proportional to this  turning  moment,  the  pointer 
will indicate  the  true  mean flow, whatever be the wave-form 
according to which the  gate is displaced. The  particular  meter 
illustrated was designed, in its various sizes, to  indicate  the  rate 
of air-consumption of coal-cutters,  rock-drills  and  small  pneumatic 
tools. I n  its earlier  forms it has been used very  largely on 
the  Rand. 

THE Fas PRo1,onTIosaL METER. 

The  importance of securing  the  highest possible economy in  the 
use of compressed air  in  mining will be realized when i t  is stated 
that  in  the case of those  mines on the  Rand which use machine 
stoping,  approximately 3 tons  weight of air  has  to be delivered 
underground  for each ton of ore milled, and  that  the power used in 
compressing the  air which is required by the  rock-drills  is at least 
equal to  the mill-engine power. This economy c m  be obhined by 
maintaining a uniform  pressure of supply, by employing  only tlle 
most efficient  tools  and  maintaining  these in  a high state of 
eficiency, by  laying  the  underground  mains of sufficient  capacity, 
and by preventing leakage. It is considered  by those  in  charge uf 
the compressed-air distribution on the  Rand,  that by careful 
attention  to  detail  at  least 20 per  cent. of the  air now required 
could be saved. 

The  meter  last described  provides means whereby the  air-con- 
sumption of each type of machine  may be determined,  both  on  the 
test-bench  and  under  working  conditions. If each  machine in use 
is  brought  to  the  surface periodically and overhauled, and  its  air- 
consumption  is checked by  such a meter before it is again  sent 
underground, a very  marked economy in  the  total air-consumption 
of any group of machines  may be obtained : but, while  considerable 
economies can be effected in  this way, the most efficient check on 
the  air-consumption  can be obtained 011ly by  means of permanent 
counter-meters installed on the maiu distribL1tion lines it~d on  the 
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principal branches. Such  meters should be of simple construction 
and  not easily put  out of order.  They should correct  automatically 
for  variations of pressure,  though  not necessarily for  variation of 
temperature.  They should preferably  register  in  energy-units 
rather  than by weight  or volume, and  they should be so arranged 
that a diagrammatic record of the flow can be obtained if desired. 

The  fan  proportional  meter, which is shown in Figs. 20, fulfils 
these  requirements. I n  this  meter  an  obstruction  is placed in  the 
air-way  to  divert a portion of the flow through a shunt  circuit, 
where it drives a  small  impulse-wheel  connected by gearing  to  the 
counter of the  meter.  The  motion of this impulse-wheel is retarded 
by a fan  attached  to it, and  its speed of revolution is made  to  vary 
with  the  pressure, by deflecting, in such >L way as not  to  alter  the 
resistance of the  shunt  circuit, a portion of the  air which drives 
it.  The  driving force on  the impulse-wheel is  proportional  to  the 
pressure-difference xcross the  jets which drive it, and  this,  being 
equal  to  the pressure-difference  across the obstruction in  the  air- 
way, varies, for  any  given  density of air,  as  the  square of the weight 
pwsing.  Since  the  motion of the impulse-wheel is  retarded by X 

I’m whose resistance  to  rotation is proportional  to  the  density of 
the  air  in  the  main  and  to  the  square of the speed of revolution,’ 
the  area of the undeflected portions of the  jets  must  vary  approxi- 
mately as the cube of the pressure, if the speed of rotation is to be 
proportional  to  the  energy passing. This  is efl’ected by making t,he 
nozzles of the necessary cross section, and deflecting a portion 
of the air issuing  from then1 by plates whose motion is deter- 
mined by the  pressure  in  the  main,  These  plates  are moved by 
sealed Bourdon  tubes which are  subjected  externally t,o the pres- 
sure of the  air in the main. If these  tubes  have been previously 
evacuated,  their  motion vi11 be independent of the  temperature 
of the  air  and  proportional to the  external  pressure (abs.) to  whicl~ 
they  are  subjected. 
In order t1va.t the  meter  may  register  with suflicient accuracy 

when the flow is  pulsating,  the  parts  are so proportioned  that  the 
tuaximum  resistance  to  rotation  is  obtained  for  the  minimum 
moment of inertia of the impulse-wheel and  the  fan.  The use of 
heavy damping and extremely  light  rotating parts is also advan- 
tageous  in  that  it minimizes the  error  due to counter-friction and 
1 cduces the wear on  the  bottom  pivot by keeping down both  the speed 

The law of resistance of rotating  fans of various  proportions is dealt with ill 
a Paper by the Author oq (‘ The Fan Dynamometer ” (Proc. Inst. of Autowoluile 
Engineers, 1916), 
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of rotation and the load to  be carried. The accuracy of the meter n t  

Figs. 20. 

low flows is greatly reduced if there is undue friction in the cow Iter- 
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train ; though  the accuracy a t  high flows is scarcely at all afYected 
by this cause. 

Referring  to  the  Figure, it will be seen that two  jets are used to 
drive  the impulse-wheel in  order  to avoid side  pressure on the 
pivot.  There  are also two Bourdon tubes  to  operate  the  plates 
which deflect the air, and so cause the impulse-wheel to  rotate at a 
speed proportional  to  the  energy passing. It will be noticed that 
the  obstruction which causes the pressure-difference  across the 
impulse-wheel takes  the  form of a butterfly valve, which is SO 

arranged  that it can  be locked in  various  definite positions. If, now, 
the relation between the flow and  the  drop of pressure across the 
impulse-wheel jets is determined by calibration  for  these positions, 
a:~ch nmter can Le immediately  set so as to  deal most efficiently 
with any flow within its range. 

I h e  maintenance of these  meters  in  any  mine or group of mines 
in wllich t h y  may be installed  is  simplified by the fact that  the 
recording mechanism in  all of them is interchangeable,  the body 
and  the butterfly-valve  being the only parts which vary  with  the 
size of the main. 

The whole of the moving p u t s  can be clamped for  transit by 
means of a single screw, and  the  meters can be put  into use without 
skilled  supervision. 

A diagram record of the flow may be obtained by connecting a 
diff’erential pressure  recording device, such as is described below, 
across the  butterfly-valve. If the  diagrams  are divided in  tenths of 
maximum flow, they can be used for  meters of any capacity, provided 
tlutt the  readings  are  multiplied  by  the  figure which corresponds 
with  the size of the mnin m t l  the ;wgle a t  wllich the  butterflyvalve 
is  set. 

r l  

Tlrs STEAM R,\m-oF-FLOw IsDrcdmn. 

In the  steam-metering  instruments designed by the  Author n 
flexible diaphragm controlled  by springs is used to measure the 
tlifferential  pressure. It is impossible to  obtain  any  large  range of 
n~easurement  with  an  instrument of this  type  unless  the  springs 
wllich control  its  movement  are  arranged  to come against  stops as 
the  diaphragm moves, so that  their  “rate ” increases with  the head, 
or unless two or more diaphragms, which come into  operation 
successively as the head increases, are used. In any  instrument of 
this  type difficulties are  mused by the ‘ 6  lag ’I in  the  springs  and  in 
the  material of which the diaphragm is made, and by the  liability 
of the diaphragm  to be darnaged by careless manipulation of the 
pressure-cocks. 
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One of the  simplest of these flexible-diaphragm instruments, 
which are equally  applicable to  the  measurement of steam,  water, 
or compressed air, is illustrated  in Fip. 2 2 .  The  main  point of 
interest  to be noted in  this  instrument is the way in which the 
diaphragm  is  protected  from damage  by  careless manipulation of 
the pressure-cocks or by overload. It will  be seen that if the 
pressure on the clownstream side of the  diaphragm becomes 
greater  than  that  on  the  upstream side, the  diaphragm will 
turn inside  out  and  protect itself from  damage by  bedding on 

the curved surface behind it. At  the same time  the upstrenm 
pressure-hole will be sealed. If, on .the  other  hand,  the  pressure 
on  the  upstream  side becomes much greater  than  that  on  the 
downstream side, then  the  resulting movement of the  diaphragm 
will cause the  downstream pressure-hole to be  sealed and .R 
valve, which equalizes the  pressure  on  both  sides of the  dia- 
phragm, to be opened. I n  the case of the steam-measuring 
instruments,  it is very necessary that  the protective devices 
should be arranged so that  under no condition of overload or 
manil~dation of the pressure-cocks can live steam come into 
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contact  with  the  diaphragm.  The diaphragm-case is filled with 
water,  and  in  order  to  ensure  that  the  line of demarcation  between 
live  steam  in  the  main  and  the  water  that condenses in  the 
pressure-pipes is at  the same  level.on  both  sides of the  instrument, 
SO that  there  is  no  “false  head” on the  diaphragm  due  to  this 
difference of level, it is necessary to  lay  the  pressure-pipes horizon- 
tally  and  on  the  same  plane  for some  distance after  they leave the 
steam  main.  These  pressure-pipes  may be either  laid  straight or 
bent  up  into  the form of a  flat  spiral. It is necessary to  adopt 
the  latter  form  when  the  instruments  are  instnlled  on  shipboard, 
owing to  the rolling  and  pitching of the vessel. The  motion of the 
tlixphragm is  transmitted to the outside of the diaphragm-case 
through a gland. 

l h e  diaphragm  is  arranged  to  work  in a vertical  plane,  in  order 
t o  facilitate  the  expulsion of air  from  the  diaphragm-chamber.  The 
instrument shown in  the  Figure  is a rate-of-flow  indicator. The 
diagram-recording  instrument  is practicitlly the same,  except that  a 
pen is  attached  to  the  indicating-pointer.  The  pressure-corrected 
counter  instrument  has in addition a suitable  pressure-correcting 
device and a counter-recording  gear. 

The  principal uses of steam-meters  are  in  indicating or recording 
the  rate of  flow in various  chemical processes, the  rate of steaming 
of  boilers, and  the  rate of steam-consumption of turbines. In most 
of these cases an indication of the  rate of flow, or a t  most n cli;tgrnm 
record mhich shows that  the  operator has kept  to  his  instructio~~s, 
is sntficient. 

,> 

TIIE VEXTURI GAS-METER. 

The  metering of large  gas-mains is  an obvious  application of the 
Venturi  tube  and  its recorder, Here  i t  offers substantial  advan- 
tages  over  the  drum  type of station  gas-meter,  on  account of its 
smaller  initial cost and cheaper  installation,  and  from  the  fact that  
the recorder,  which is connected with  the  Ventnri  tube by pressure- 
Fipes,  need not be placed in  the pipe-line. 

The  first  Venturi ga.s-meter was installed at   the  Bromley Chs- 
works in 1909, and on this  meter, which is still  working 
satisfactorily,  most of the practical  difficulties  which  lay in  the way 
of the successful measurement of gas  by this  method were inet 
with.  The chief of these were the deposition of naphthalene ant1 
tarry matters  in  the  throat of the  Venturi  tube,  and  the  varintion 
of the  density of the gas  with  the  quality of the  “make.” 

In measuring  town gas, difficulty is seldom  experienced  from the 
deposition of tarry  matter or naphthalene at  the  throat, because in 
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the older gas-plants  the bulk of the  naphthalone  is usually removed 
by “scrubbing ” the gzs with  anthracene oil or other solvent, and 
in   the newer plants  the  naphthalene is present in small quantities 
only,  as  the more modern  retorts  are 30 designed that  the volatilized 
products  are  subjected  to  high  temperatures  for as short a time as 
possible. An  inspection of theVenturi  throat once every 3 months, 
and  the provision of some simple  form of heating,  such  as a steam 
radiator,  for use during  the colder months of the  year,  is  all  that  is 
necessary to  ensure  satisfactory working. 

I n  order  to  facilitate  the  inspection of the  throat,  the  gas  Venturi 
tubes  are  installed  with a by-pass, and a special and easily 
removable  type of throat-section is provided. 

In   t he  more modern Venturi  gas-meters of the  Author’s design, 
shown  diagrammatically in Fig. 30 (p. 165), the  Venturi head is 
measured  by a water-sealed  bell whose motion is transmitted by 
suitable  means  to a cam. This is so shaped that  the feeler which 
comes into  contact  with it adds  on  to  the  counter-reading an 
amount  proportional to  the  square  root of the  Venturi head a t  
each revolution of the  heart-shaped cam which actuates it. If 
this  heart-shaped cam were rotated a t  a uniform speed, the  rate 
of registration  for a given flow in  the  main would be proportional 
to  the  square  root of the  density of the  gas passing, and  the  meter 
would therefore  only  read  correctly  for  gas  of a particular  density. 
The  correction  for  variation  in  the  density of the gas is obtained by 
making  the speed of rotation of the  heart-shaped  mm  depend  upon 
the  density by driving it by means of a small wet gas-meter which 
is rotated  continuously by gas escaping from  the  main  through a 
small orifice to  the  atmosphere,  the  pressure across this orifice 
being  maintained  constant by a specially sensitive  regulating-valve. 
Since  the  rate of flow through  this orifice, across which the 
difrerence of pressure  is  maintained  constant,  is  inversely propor- 
tional  to  the  square  root of the  density of the gas, h e  variation  in 
speed of the  wet  meter gives the  exact compensation required,  and 
the  counter  registers  the  actual volume passing. It will  be observed, 
from Fig. 30 (p. 165), that  the  regulating-valve is compensated for 
changes of level of the  liquid seal  by means of the displacer D, 
and  for  variations  in  the  inclination of the balance-arm  by the 
weight C. The  ratio of the  area of the bell to  the  area of the 
controlled orifice is  made  large enough to  prevent  variations  in  the 
pressure  from  anijcting  the accuracy of working. I n  practice  the 
valve  maintains  the head  across the orifice 0 correct to within 
+. 0.002 inch of water. A more complete statement of the 

theory of this  meter  is given in Apperdix XI. The first Venfuri 
[THE INST. C.E. VOL. CCIV.] L 
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gas-meter  to be  constructed on this  principle was installed  in  series 
with  an  existing  drum-type  station  gas-meter at  the  Luton Gas- 
works in 1913. It has now been  under  observation  for  nearly 
2 years,  and over this  period its readings  have  been  found  to  agree 
with  those of the  station  meter  to  within 1 per  cent. 

I n  concluding  this  Paper,  the  Author mould like to thank  all 
those who  have placed facilities a t   the  disposal of Messrs. George 
Kent,  Limited,  and himself to enable  him to carry  out  the  work 
described,  and  he  would  especially  desire  to  thank Mr. A. M. 
Robeson,  late  Consulting  Engineer  to Messrs. H. Eckstein  and 
Company, Mr. Bernard  Price, Mr. G. M. Clark, of Johannesburg, 
Mr.. M. A. Vieli?, of New York,  Messrs.  Fraser  and  Chalmers 
and Mr. A. Smart, of Erith, Messrs. C. A. Parsons  and  Company, 
of Newcastle, Mr. Woodward, the  late Manager of the  Bromley 
Gas Company,  and Mr. Phillips, the Manager of the  Luton Gas 
Company. H e  would  also  wish to  thank  those who  have  assisted 
him in  the  actual  calibration  work,  and  in  the  design of the 
apparatus  described,  more  especially  Mr. F. Gray, Mr. E. W. 
Hovenden, B.Sc., and Mr. N. H. Hunt. 

The  Paper is accompanied  by tracings,  from  which  the 
Figures  In  the  text  have  been  prepared. 

[APPENDIXES, 
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APPENDIX I. 
TABLE OF SYMBOLS AND CONSTANTB. 

A,, A, = areas ir, square  feet. 
a,, a,2 = ,, ,! ,, inches. 
d,, d, = diameters  in  inches. 

r = d,/d,. 
* n =  area of up-stream 1 

area ot orifice or of nozzle throat = AJA, = a,/.* = ;,. 
t N = 2 = - l]* [n' - l]** 

"a, 

S = thickness of orifice plate  in  inches. 
9 = coefficient of contraction  for  square-edged orifices. 
X = ,, , I  friction ,, ,,  ,, I ?  

= 0.97. 
V,, V, = velocities in  feet  per second. 

1 P,, P, = pressures  in  pounds  per  square  foot (abs.). 
t p , p l , p ,  = ,,  ,, ,, ,, inch(abs.). (p, - p,) = differential  pressure in pounds  per  square  inch. 

R = P,/P1= P2/P1. 
R, = the value of €',/Pl which  satisfies  equation (23). 
f = the  temperature  in O F. 
T = temperature  in O F. (abs.) 

Q = discharge  in  pounds per second. 
C = ,, ,, cubic feet per  second. 

D, D, etc. = ,, ,, ,, ,, ,, minute. 
= " discharge coe5cient," 

actual dischwge 
theoretical  discharge' 

A = specific gravity of gas relative  to air. 
y = ratio of the specific heats, 

7 = pulsation  coefficient  as  defined in equation (42). 

= (459.5 +f). 

§ - - _ _ _ _ _ ~  

= 1.408 for  air. 

W,, W, = weight of fluid  in  pounds  per  cubic  foot. 

* In the case of a Venturi  tube  this  quantity is usually  termed the '' throat ratio." 
t This  factor  completely  specifies the size  and  proportions of the nozzle or orifice. 
3 The symbols P, and p ,  are used to  represent  the pressure at  the narrowest 

section of the discharging jet,  except when the ratio P,/P, is less than R,, as 
defined above. P, and p ,  are  then used to represent the external  pressure into 
which the  jet discharges. 

5 By '' theoretical  discharge " is meant  the discharge  calculated on the assump- 
tion  that  there is no loss of energy due  to  friction,  that  the  streamlines  are parallel 
a t   the  cross  sections  between  which the differential  pressure is measured, and 
that  the velocity of flow is uniform acroas boil1 of these  sections. 

L 2  
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According to  Regnault 1 cubic metre of pure dry  air  at 0' C. and 

Taking 1 cubic metre  as 35.31659  cubic  feet, 
760 millimetres of mercury weighs 1.293319 kilogram. 

1 kilogram  as  2.20462 lbs., 
T as (459.5 +fo F.), 

and 760 millimetres of mercury at  Oo C. a3 equivalent to  a 
pressure of 14.69628  lbs.  per  square  inch, W = 2.69981 p/T 
is the weight of 1 cubic  foot of air a t  pressure p and 
temperature T. 

The weight of a cubic  foot of distilled  water  freed  from  air a t  
62O F., as given  by Mr. H. Chaney, of the  Standards  Depart- 
ment of the Board of Trade  in  the Philosophical  Transactions 
of the Royal  Society  in  1892, is 63.2786  lbs. 

g = acceleration  due to  gravity, 
= 32'  2  feet per  second  per  second at  Greenwich. 

$J 6 B and E are  terms which are defined in equations (15), (17),  (13)  and  (22) 
respectively, and whose values  for air can  be found on reference 
to Pigs. 21, 22 and 23. 

70 y r: a and b are defined  in  Appendixes VI11 and  IX. 
R I<, etc.,  are numerical  constants. 

M = rerolut,ions  per  minute. 
Other symbols  are  defined  in  Appendixes V and VI. 

APPENDIX 11. 

THEORY OF DISCHARQE THROUQH NOZZLES AND ORIFICEB. 

Let A, and A, in Figs. 22 be two  cross-sectional a r m  in  a converging nozzle a t  
which the stream  lines are parallel and  therefore normal * to  the sections  con- 

sidered ; and a t  which the velocities, 
Figs. 22. pressures  and  densities are respectively 

If a  steady flow be  maintained, the 
-80 same  weight of fluid  will  pass  each cross 

I section  in unit  time. 
q.46.9 Assume that no energy is supplied to 

v,, PI, W, and v,, pz, W,. 

3--510 or  abstracted  from the fluid  between 
9-  10 the two  sections, so that the energy 

??.% In the case of an incompressible  fluid, 

:: pzM'z that   a t  A, in  the ratio of  AJA,. This 

! I  v, 4; 

I passing  remains the same. 

the velocity a t  A, will  be greater  than 

corresponds to  an increase in the  kinetic 
energy;  and since the  total energy 

is less than a t  A,. 
is  the same, the potential  energy a t  A? 

I $  v, -L I 
1 1  ,? / - tAX-;. which  passes  each of the cross  sections 
>Aa-1 

- 

* The volume  passing any cross  section in  unit  time is equal  to  the velocity of 
the fluid  multiplied by the area of the section only when the stream linea are 
perpendicular to the section. 
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If the fluid  considered  be  a  gas, there will be a  further increase of velocity 
and  consequent  reduction of pressure,  owing to  the increase of volume  which 
takes  place  when the pressure-energy,  and  consequently the pressure, falls.' 

When (P1 -P,) is large in  relation to PI,+ the change in volume which is 
consequent  upon the fall  in  pressure  between A, and A, muaes the discharge- 
formula  for gases t o  differ  materially  from that which  holds for liquids. 

If, however, the difference  between the physical  properties of liquids  and gases 
be  adequately  taken  into account, the gaseous  discharge  can  under  certain 
conditions be calculated  with  accuracy when the liquid  discharge is known. 

The general  discharge  formulas for nozzles and orifices are derived ae follows :- 
If the energy  per  pound of fluid is assumed to  be  constant,  the  potential energy 

Also, since there is no  net gain  or  loss of energy, the expansion  will  be 

Hence- 

liberated  between A, and A, will  be  equal to  the kinetic  energy  gained. 

adiabatic. 

The  potential  energy 
liberated  per  lb. of fluid . . . .  
between A, and A, 

The  kinetic  energy 
gained per lb. of fluid . . . . . . . . . . .  ( 2 )  
between A, and A, 

For adiabatic  expansion . . . . . . . . .  (4) 

Now Q = A,V,W, . . . . . . .  . (4a) 
= A,V,W, . . . . . .  * . (5) 

(4)  and (7) in ( 5 )  give 

Q = A,V,W, = A,v,Wl (6) P '  

This is the general  discharge  formula  required,  where R is the experimental 
discharge-coefficient. 

. ~ ~ ~ _ .  

* Corresponding  changes in  the velocity,  pressure  and  density are shown in 
Figs. 22. They  have  been  calculated on the basis that p L  = 100, W, = 0.519, 
V, = 10 and A,/A, = 4. 
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The  actual volume  passing  (measured at  P and T, or W) may be  obtained 

from the relation C = -~ (9) 

Equation (8) being  cumbersome to  me,  its evaluation  may be simplified by 
combining i t  with  the less complex  formula  obtained on the assumption that W 
is  constant. 

To  derive this  formula,  the loss of potential  energy is equated  to,  the gain of 
kinetic  energy  per  pound of fluid  between A, and A,, thus :- 

Q 
W . . . . . . . . . . . . . . .  

.. . . . . . . . .  (10) 
Inserting (10) in ( 5 )  and  multiplying (5) by n, we have 

Q= nA2[(Pl-P2) 29 . . . . . .  (11) 

This is the approximate  equation  corresponding  to (8). Combining (8) and (11) 

where 

I -  ,?h,- 1 J m 2  - R? 

Equation (13) enables Q to be calculated in  terms of P, and P2/P,. 
I n  most  cases that occur in  actual  metering  the value of P,/P, lies  between 

Under  these circumstances the pressure-difference (P, - P,) can  be  measured 

It is therefore  necessary to express the discharge  equation (12) in  terms of the 

This  can  be  done in two ways, the first of which  involves  what is practically 

These  equations,  which are easily  derived  from (12), are :- 

0.98 and 1. 

much  more  accurately than  the pressure-ratio P,/P,. 

pressure-difference. 

P, and (P, - P2)  and  the second what is practically P, and (Pl -P2). 

and 

where 
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By (13) and (15), 
B = rp (l-R)t . . . . . . . . . . . .  (18) 
B = 6[R (1 - R)]+ . . . . . . . . . . .  (19) 

Hence, by (17), 

and 

. . . . . . . .  (20) 

The formulas  derived up  to  this point are general for air, gas or steam. 
The  relation between P,/!?, and 6 and P,/P, and rp for air is plotted  for  various 

value8 of n in Figs. 23 and 24 respectively. 
It will  be  noticed, on reference to  these Figures, that when n> 3, 6 can be 

taken a8 unity  for values of P,/P, which lie between 0.98 and 1.0; while 
the corresponding  values of rp differ  considerably  from  unity. 

Equation (16), which  involves 6, is therefore  in many  cases  a  more  convenient 
equation to use than  equation (14), which  involves rp. 

The values of 5 plotted  in Fig. P7 are calculated  from the relation 

i.e., 

Thc relation  between Fz/P, and  for  air  discharge is plotted  in Fiy. 25. 

Upon  reference  to  equation (13), i t  will be seen that B is a  maximum  when 

(1 - I?,’?) (R); 
_____-__ is a  maximum, 

i.e.,  when 

and  that  the discharge,  which is proportional to B, apparently  diminishes  for 
values of P,/Pl which are less than  the value R, which sstisfies  equation (23). 
Actually,  however, the preseure at   the  narrowest  section of the issuing jet  cannot 
fall below P, R, ; for when this velocity is reached the velocity of discharge 
becomes equal,  as is well  known, to  the velocity of wave propagation at   the  
temperature  and pressure  which  exist a t  this cross  section,  and  any  external 
pressure less than P,  R, is unable to transmit itself  backwards  along the issuing 
jet  and affect the discharge. 
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For values of the external  presmre less than P, R, the weight &charged 
therefore becomes directly proportional to PI, B remaining  constant at  the value 
which obtains when €',/P, = It,. 

I 

0- 
? 
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Substituting  the following  values in equations (16), (12) and (14), 

A, = 5 = .% 
n 144 

N - u1 - = a, when n = 00. - - 
P, = 144 p 1  
1'1 - P, = 144 (pl - p,). 

g = 32.2 
an11 p u t t i ~ ~ g  

W = 2.6988* p,/T, 
there is ohtainerl,  as the actual  discharge  equation for. pure dry air, 

lbs. of air  per second . . (21) 

= 1.089 R N 6 [ ( p l  - p  ) &lf ,, ,, ,, . . . ( 2 5 )  
Tl 

= 1.090 SL N B p l  I ,  ,? I ,  . . . (26) 

where SL = the experimeihl diucharge-coe~~ficiel~t. 

Fig. 24. 

39 

When n = 00 and pJp ,  is less than 0.5269 [the value of R, which  satiifies (23) 

Q = 0.533 R a2 p ,  [:l]* lbs. of air  per second . . . . . (27) 

for air discharges] we have 
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The values of +, F and B for air may be  obtained  from the curve6 plotted  in 
Figs. 24, 23 and 25 respectively.  Various  values of are  given in Table 111. 

S3117VA 
r$ 
D 

When  calculating the discharge  through  square-edged orifices, the ratio of the 
area of the up-stream  bore of the pipe to  the area of the O E ~ M  C O T L ~ T U C ~ U  of the 
issuing  jet, m / $ ,  must be used  instead of n vhes  obtaining B, F ,  9 or 6 froacthe 
plotted curves, 
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When R and X are known the  ratio a/$ may be calculated as follows :- 
By  equation (12), 

Q = l&k P gPIJvllt B 

and X = 0.97. 
this reduces to 

TABLE III.-VALUES 01” R. 

Value of Cl for Water Flows ; or for 

unity when f ~ ~ / p ~  that its value will lie some- 
R approximates to In general i t  may be taken as  in Case I, Pig. 17. 

and also with  the flow 
through  any given nozzle. Badly-designed nozzle, 

\ R varies  with  different nozzles 

pZ/p1 is less than 0.98. p& lies  between 0.98 and  Unity. 
or Gaseous Flows when Air Steam or Gaseous  Flows when Type of Xozzle or Orifice. 

Valne of Cl for Air, Steam 

____ -_ 

l 
i is less than where  between 0 * 75 and 0.95 

~ .- ~~ 

Well-designed  nozzle, 
nozzles, and is constant  for as  in Case 11, Fig. 17 
nozzles to 0.99 for  large I varies  from 0.94 for small (L.)./ Z ~ ,  Y f l  

any  one nozzle . . . . / 
Square-edged orifice in 

~~~ 

thin  plate of thickness 

values of d, . . . . . holes  arranged as in 
R=O’914-O.3O6p,/p1 less than 0.7, and  for  all O.02d2,withpressure 

R = 0.608  for  ratios of d,/d, 

Case IV, Fig. 17. . 1 l 
_ _ _ _ ~ _  -~ 

I R amroximates to  1 

Orifice in  &-inch  plate l ’. = o’82 when ’2 = 0’25 unity when p2/pl  

with  upstream edges . 
rounded t o  &-inch 
radius,  and  with  pres- 
sure-holes  arranged  as 

inch. . inch  and d, is not less than ” less than 
. . . .  

in Case 111, Fig. 17 . 

I I 

* It should be noted  that  the value = 0.608, and  the values of - given 

b y  (2s) apply  only to  orificea isstalled in a parallel  pipe, and to orifices for  which 

a 
+ 
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The  water discharge  equation 

C = 0.08474 a N (p1 - p%)L cubic feet per second (at 6Z0 F.) . (29 

is obtained by substituting W = 62.2786  together  with the above  values of 
A,, N, l’, and g in equation (11). 

APPENDIX 111. 

NOTE ON THE COEFFICIENT OF DISCHAIWE FOIL SQWAI~R-ELIGED ORIYICIG. 

There  is considerable  divergence in  the  experimental  results published in the 
different textbooks on hydraulics as to  the  nature of the variation of this dis- 
charge-coefficient with the diameter of the orifice and  with  the head  producing 
discharge. 

In  the Author’s  opinion, this divergence in  the  results  is mainly due  to  the 
orifices tested not being  geometrically similar,  and  to  the pressure-holes not  
being in  the  plane of the orifice. 

‘PIE Author’s  tests cover a  range of diametcrs  which  vary  from ?l6 inch up to 
9 inches, the orifices  hcing in each  case proportioned :+m1 illstalled as shown :LL 
IV, Fig. 17. 

His  results show that,  for  all values of d, within these  limits,  and  for  all values 
of rJ2/d1 less then  0.7,  after the critical  heed has beeu  reached the coefficient 
of discharge for  any orifice  will not differ by more than f 1 per  cent.  from  the 
value  0.608. 

Below the critical  head the water  discharge  varies as (pl -p2)m, where m is 
about 0.488. 

The  experimental  values of the discharge-coefficient, and  approximate* values 
for  the  critical  head,  are given for  the  smaller orifices in  the following Table :- 

Diameter of 
Upstream. 

dl 

Diameter of 
Orilice. 

~~~ 

dY 

0.0660 
Inch. 

0.1256 

0.2412 

0.3530 

8ld2 
(approxmate). 

0-04 

0.02 

0.02 

0.0’2 

n. 

0.612 

0 * 605 

0.607 

0.606 

Crilical Head 
in Inches of 

Water. 

340 

250 

154 

87 

d,/d, < 0.7, and  to cases where the density of the fluid  on the up-stream1 and 
down-stream  sides of the orifioe is sensibly the same. 

These values do not apply to gaseous discharges  when there is an appreciable 
drop of pressure wrom the orifice  (see F i g .  17, Curve IV) ;  or to those cases 
where  a  liquid je t  discharges into  air  through  an orifice for which &,’cl, > 0.2, 
or when the pipes up-stream  and down-stream of the orifice are of widely different 
dixmeters. 

:f Tire critics! Ilepll  fine-, not OCCllr at  sny  rerr well rnalkpd yoigt, 
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Great  care was taken in  the preparation of  these s~saller uriilces. Thefaere 
m d e  in  hardened  steel to  ensure  that  their edges were exactly  square  and  with- 
out  the least  trace of any “ wire  edge.” 

Their  diameters  were  measured  in four directions a t  45O t o  one  another by 
means of a  travelling  microscope,  and  these  measurements  were  checked  to the 
nearest  inch  by  means of specially  made  plug  gauges. 

The orifices were  calibrated with water,  which was first  filtered  in  order to 
avoid the least  trace of deposit. 

These tests on  very  small orifices are of importance, as they  help  to show that 
similar  orifices  similarly  installed  may  be  espccted t o  have the same coefficient, of 
discharge,  whatever be their  diameter. 

APPENDIX IV. 

THE VICTORIA FALLS AND TRANSVAAL POWER COMPANY AIR UNIT. 

The  air-meters used  in  connection  with the above  scheme are arranged to 
register the  erergy  in  kilowatt-hours necessary to  compress the  air supplied from 
the mean  atmospheric  pressure  and  temperature a t  Johannesburg to  the pressure 
of delivery by an  isothermal  compression  process of overall efficiency E. 

Assuming that  the mean  atmospheric  pressure and  temperature  at Johannesburg 
are 12.086 lbs.  per  square  inch and 519.5O F. abs. respectively, that  the gas 

constant ~ ~ for air is 53.337, and  that 1 kilowatt-hour is equivalent to  

2,654,155 foot-pounds, we have- 
G T )  

Kilowatt - hours  required 
t o  compress 1 lb. of air  from 
12.086 lhs.  per  square  inch 
and 519.5O F. (ak.) to pres- 
sure p l  by  means of an 
isothermal  compression  pro- 
cess of overall efliciency E. 

- 2,302585 X 53.337 X 519.5 lo,n - p ’ ~ - _  
2,654,155 E 12.086 

- 

APPENDIX V. 

TEE METER FORMULAS. 
The  air discharge  through  a  Venturi tube  in pounds  per  second is given by 

equation (24). 
If U be the number of kilowatt-hours (as calculated on the basis of the 

Victoria  Falls and Transv<aal Power  Company’s  contract)  which  ore  required to 
compress the air delivered  per  second, then, by (24) end (30)- 
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where [,,, = (Ls-') is calculated for the  particular value of n. used at  the mean 

pressure p ,  and at   the  mean  value of ( p ,  - p,), a t  which the  meter has to work. 
1 It m 

The  slight  error caused  by the variation of cp with p ,  is neglected. 
For  the  gate meters- 

\vheref(O) is the weight of air  that would  be  passed at  gate opening B at  unit 
pressure and  temperature, on the  assumption  that for any  gate opening 0, the 
weight of air passing  per  second  varies  as the square  root of the product of the 
density of the fluid and the  moment  tending  to close the gate. 

APPENDIX VI. 

THE SHAPED FLOAT AND BELL. 

Let PO{ = weight of 1 cubic  inch of oil. 
ZLJm = ,) , , , mercury. 

a ,  n, as etc. = areas  in  square inches. 
d h  dh ,  dh,  = heads i n  inches of oil. 

de = downward  displacement of float  relative to bell  chamber  due to 

dbl = rise of average  oil  level due  to  the downward  displacement de of 

db,,, = rise of mercury  due  to  the downward  displacement dc of the 

increase d h  in the Venturi  head. 

the bell. 

float. 
d l  = db,,, +- dc 

= increase  in the  depth of float  immersed  due  to  increase dh in the 
Venturi  head. 

It will  be  seeu on reference to equations (22) and (31), that if p ,  and T, are 
assumed  constant  the  air-units  per second  passing a Venturi  tube are given,  with 
negligible  error,  by an equation of the form- 

U = A h + ( l - B h ) .  . . + . . , , . . . (33) 

where h = p - y ~ z  = Venturi head  in  inches of oil of density ?VI, 
W 

Let a = cross-sectional  area of the  shaped float  in  square  inchea a t  distance 
I inches from  the level a t  which it floats  when the differential 
pressure is h,,. 

It is desired to proportion the float so that when the differential  pressure  on 
the  bell ia increased from h,, to ?L it shall  descend a distance- 

C = G (log U - log V") , . , , , , + (34) 

Downloaded by [ University of Liverpool] on [12/09/16]. Copyright © ICE Publishing, all rights reserved.



Proceedhgs.J AIR, GAS, AliD S‘l’EAif. 1$9 

Referring to Pig. 26, i t  will  be  seen that, for a atllall imrement d h  in  the 
differential  pressure, on equating  forces  and buoyancies- 

101 d h  a,  = W E  a, (dc + dbl + dhJ + ~n . a dl  (35) 
where 

dbl = dc, 
Fig. 26. 

“5 + a, 

as + a6 dh, = dh,  

dl = (db, + dc) -. . . . (36) 

= +b,,‘3 . . . . . (37) A 

These values in (34)  give- 

d l  = D d k  + (1 - L) dc . . (38) 

where 

Putting (33) in (34) and  differentiat- 
ing, 

G 1 - 3 B h  
,j ( h - Bh2 } (39) de = 0’4343 ~ 

Substituting (39) in (38) and  integra- 
ting, 

1 = Dh + (1 -L) G log {h$ c 
(1 - Bh)]]h=h . (40) 

h=ho 

BY (3% (371, (38) and (39) 

. ~~ 

where 
1 

3 B’ 

0.4343 G .  3 B  -k M’ 

F =  - 
2 D  H = 

2 D  I( = 
0.4343 CS. 3’ 
M y = -  

S B’ 
Equations (40) and (41) enable the contour of the shaped float to  be calculnted. 
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On p. 213 of vol. cxcvii of the Proceedings, Mr. Holbrook Gaskell, Jun., 
published some notes  on his repetition of the Author’s work on  the square-edged 
orifices which the  Author designed in 1910.* 

I n  re-deriving the discharge  equation in  the form which i t  had been corn- 
munimted  to  him  by  the  Author, Mr. Gaskell made a slip  in  the value wilicll he 
assigned t o  I ,  

This  should be ‘~ (1 + :y . Pl-r-P? 
4Y P I + . . . )  

instead of 

Fig. 27. 

If the above form of the discharge  equation is used, i t  should be borne in  mind 

tlmt, while E varies very little  with ‘a, its variation  with n is considerable. 

This  is  shown  in Fig. 27, in mllich tile  full  curves give the relation 

betweeu E and - for vmious values of ‘IL. Tlle dotted line AB SIIOWY the 

value given by Mr. Gaskell, wl~ile  the  dotted line AC d1owu Mr. Crtakell’s  value 
when corrected a8 above. It will be obvious from  this  Figure  that when 
evaluating [, its variation with 11 must in most cases be  taken  illto  account. 

P1 

2’ I 
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APPENDIX VIII. 

IXVESTIQATION  OF  THE  VALGE OF THE  COEFFICIENT BY NHICH THE  DISCHARQE, 

AS CALCULATsD FROX THE READING O F  A DAMPED MANOMETER, MUST BE 

MULTIPLIED IN ORDER TO OBTAIN THE TRUE FLOW. 

Referring to Fig. 25- 

Let I/ be the maximum  difference of pressure due  to m y  flow-measuring 
device  in which the flow at  each instant is proportional  to the  square 
root of the differential  pressure.* 

5 be the corresponding  mean  reading  observed  on a manometer  which is 
damped  by  means of a  small orifice placed  between the two  limbs. 
This orifice is assumed to have the same coefficient of discharge for 
flows in  either direction. 

,, ay be the difference  between the maximum and  the minimum  values of 
the differential  pressure. In  order  to simplify the  investigation, i t  
is assumed that  the differential  pressure  changes  suddenly from  its 
maximum to  its minimum  value  and vice versa, insteacl of gradually, 
as would usually  occur  in  practice. 

,, t and bt be the  time  in seconds  during which the differential  pressure  remains 
steady at  the maximum  and  minimum  values  respectively. 

Fig. 28. 

Assuming that  the  rate of flow through the damping orifice  placed between 
the limbs of the manometer  varies as the square root of the diferentiul pressure, 
and that the wave-form repeats  itself  identically so that the differential  pressure 
observed  on the manometer  msumes a steady  value, then, since the exchange 
of liquid  between the two  limbs  during  any  complete  pulsation is zero- 

t d - ( F g  = btd- - (y - a!J), 

whence 

* It should be noted that for pulsations of very  high  frequency the flow at  any 
instant may not be proportional to the square  root of the differential .pressure rut 
that  instant. 

\THE INST. C.&. VOL, CCIV.] M 
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The  apparent discharge  per 

observed mean reading z . . 
second, as calculated  from the 

The  true discharge  per  second, 
as  obtained by considering  each = _ _ _ ~ ~  + 
part of the wave-form  separately 

therefore 

} Kt dT 
K6t .J1J-.z/. 

t + bt t + 6 t p  ’ 

9 =  
true discharge  per  second - { 1 + 6 Jl-a} (d(1+6y) - 

apparent  discharge  per second - { h/(i-+ Kij 1 y62) (1 + 6) 
. . . (42) 

If a riscous liquid is used  in the manometer, so that  the  rate of exchange of 
litluirl between the limbs is directly  prqortionctl t o  the  differential pWSW% 

t (y - z )  = bt [ z  - (y - a y ) ] ,  
and  equation (42) becomes 

. Fig. 29. 

I. ......_... . L ....... ....... j 
I G 

. Fig. 29. - 

Let  it  further be assumed that  the gate has a small  moment of inertia,  and  the 
reaction due  to  the flexible  coupling is negligible, so that  its movements follow 
the wave-form  exactly. 

* Actually the  pointer will  alwaya oscillate  blightly  about this mean  position. 
The curve KLMN represents  its motion to  an enlarged scale. 
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Let  a be the  angular displacement  between the gate  and  the  pointer a t  any 
instant, and T the  time of one  complete  period. 

Then, since the  turning  moment which moves the pointer is proportional to 
the  angle a, being  produced  by the hair-spring  which  connects the gate to  the 
pointer  spindle ; and  the couple resisting motion is proportional to the velocity 
of the pointer,  being  produced by vanes  moving  in  thick oil, the  rate of motion of 
the  pointer a t  any  instant will  be  proportional to a, and Kadt will  represent  its 
actual  motion  in time dt. 

Further, since the  net morement of the  pointer  during  a complete cycle  is 
zero, 

I.e., . . . (44)  

That is, the area BCD is equal to  the area DEF, and  the  ordinate TJ gives the 
xnean height of the periodic  curve  and  represents the  true mean flow for the wave- 
form  considered. The  pointer will  therefore  indicate the  true mean flow corre- 
sponding  to any periodic  wave-form. 

It will be obvious that if the law of damping of the pointer is such that  the 
couple  resisting  motion is not  directly proportional to  the velocity, the  pointer 
can still be  made to indicate  the  true mean of the periodic  curve,  provided that 
the  relation between the  turning  moment  whicl~ moves i t  and  the angle a is 
altered  in  such  a wdy that  its  rate of motion is at each instant proportional  to a. 

APPENDIX  X. 

TREORP OP THE FAN PROPORTIONAL METER. 

Referring t u  Fig. 20, p. 141, if n/+ for  both  the impulse-wheel jet and for 
the obstruction in  the main is > 4, and if the discharge is such  that  the value of 
the  ratiop,/p, lies  between 0.98 nnd 1, equations (9) and (16) show the volume 
per  second  passing in the main, and hence the velocity of discharge  through the 
impulse-wheel jet, is proportional to- 

The  linear velocity of the impulse-wheel  blades is proportional to M, the 
number of revolutions per  minute. If this is not negligible in comparison  with 
the velocity of discharge through  the  jet, 

where K,, K,, K,, etc.,  are numerical  constant,s. 
If W, be the  density of the medium  in  which the impulse  wheel and  the 

damping  fan  rotate,  and  the  resisting  torque  due  to pivot and counter  friction 
is q, 

Torque resisting  rotation of impulse wheel = K,lV$f2 + Q . . (46) 
M 2  
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Equating (45) and (46) and solving the  resulting  quadratic, 

This  equation show  that for f l o w  higher  than  those a t  which the 

constant  term K 3 becomes negligible in comparison with K, p!-:?'), M is ' n7, W ?  ', and  hence to  the volume per second passing in 

the main. 
For  these higher flows equation (47) reduces to 

The meters  are designed so that  the friction term K, is negligible  below 

about  one-fifteenth of full load. 
If 1II is  required to vary in  any given way with W,, this can be  effected hy 

making the movement of the deflecting plates  dependent upon W,, and  then 
suitably combining this movement  and the cross-sectional Bhape  of the jets which 
drive  the  impulse wheel. 

W2 

APPENDIX SI. 

THEORY OF THE VENTURI GAS-METER. 

The gaseous dischuge  in cubic feet  per  minute  through a Venturi  tube  is given 
by the relation 

where T, is the absolute  temperature  and p l  the absoluto pressure at   the Venturi 
upstream, p? the  absolute  pressure at  theVenturi  throat, l< a numerical constant, 
and A the specific gravity of the gas relative to air. 

Referring to Fig. 30, F is a amall-displacement gas-meter which is  rotated by 
the gas that escapes to  atmosphere  through the pipe A. Attached to the  spindle 
of this  meter  is a heart-shaped cam a, which lifts the feeler H. 

The distance between the zero position of the  point of this  feeler  and  the 
surface of the cam E is made  proportional to [ p 1  - for each position which 
the cam is caused to  take  up by the bell B. 

Each  time the feeler  is raised from the surface of the cam, an  amount propor- 
tional to this  distance  is  added on to  the  counter-train  by  means of a pawl  ant1 
ratchet.  The  counter thus registers an amount proportional to 

- p,]* X M . . . . . . . (50) 

where M is the  number of revolutions  per  minute of the  meter F. 
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The  rate of rotation of this  meter depends  upon  tlle  discharge through  the 
orifice 0, which is given  by the relation 

where p ,  and p 5  are  the pressures on the  up-stream  and down-z;tream  sides of the 
orifice respectively  and  T, the  up8tream  temperature. 

If D, is the number of cubic  feet  per  minute passing through the meter F a t  
temperature T, and  pressure p 3 ,  

- 
/PZTZ 

AT, 

Putting M = &D3 in (SO), 

Quantity  registered = K [ p ,  - p?]! X K,D3 

Now if ( p ,  - p&) is kept  constant by means of the regulating valve M, and if, 
by mit&ly arranging the apparatus, the temperatures T, and T, are made sensibly 
eclual to T,, and  tlle  pressures p 3 ,  p ,  and p ,  to p ? ,  equation (53) becomes 

. (54 j  

which is identical  with  equation (49). 
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