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SUMMARY 

Experimental work has been carried out with a hydraulic flow 

test rig in which flows of water up to 65 kgs-l can be measured 

with a weigh-tank and its diverter valve to an accurary of ± 0.2%. 

The nature of the experimental work has been to investigate 

the system pressure losses due to the components in line 

(i) For interference free flow; 

(ii) For interactions. 

The components used are 90 degree circular bends and orifice plates. 

Bends of radius ratios from R/D - 1.49 to 4.89 and nominally 

standard single-hole and multi-hole orifice plates of area ratios 

from m-0.170 to 0.508 have been tested. To investigate the 

interaction effects arising from an orifice plate in proximity to 

bends, various bend-orifice plate (in a few instances orifice 

plate-bend) combinations have been arranged. 

The bore diameter of duct (or pipe) and bend is approximately 

D- 145.05 mm and tests have been performed for Reynolds numbers 

ranging from ReD - 0.7 x 105 to 6x 105. 

In those instances in which results from the experimental work 

can be compared directly with published results, agreement is good. 

However, many of the experimental results, particularly the 

measurements of interactions between bends and orifice plates, 

are new. 
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List of Principal Symbols continued 

0 bend angle (degree) 

v kinematic viscosity (stokes) 

p density of fluid (kg/m3) 

pressure drop parameter 

Meaning of other symbols is given where they appear in the text. 
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GENERAL INTRODUCTION 
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1.0 INTRODUCTION 

Pressure losses (or head losses) in duct systems and 

components have been much investigated, and extensive data drawn 

from the experiments are available [e. g. Miller (1971), Ward- 

Smith (1980)]. Differences do exist between the data, and have 

been explained in terms of experimental error and in a lack of 

understanding of the more detailed physical effects which contri- 

bute to the pressure drop. Theoretical studies can, and have 

improved the understanding of internal flows, and consequently 

have contributed to the better interpretation of experimental data 

[e. g. Patankar and Spalding (1967), Ward-Smith (1971), Cebeci and 

Smith (1974)]. 

Unfortunately, the basic equation of fluid mechanics, i. e. 

Navier-Stokes equation, which embraces three-dimensional 

compressible and incompressible flows, including laminar and 

turbulent conditions, can only be solved in a small number of 

particular instances, and in general the solutions are approximate 

and rely upon an input from experimental observations [e. g. 

Schlichting (1979)]. 

In this thesis the procedure for calculating system pressure 

losses is based on the one-dimensional equations for the steady 

turbulent flow of an incompressible fluid by the use of loss 

coefficients found by experiment. From a design point of view 

this approach is adequate when the relevant loss coefficients are 

available. However, in many instances the upstream and downstream 

conditions which prevail in the experimental determination of the 

pressure loss coefficient do not prevail in the system through which 
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the flow is to be predicted. 

error: 

There are two principal causes of 

(i) Pressure losses arising from practical causes such as joints, 

variations from nominal dimensions, dents, aging, etc., 

(ii) Interaction or interference effects. 

In systems which contain long lengths of straight ducts of constant 

cross section the system pressure loss is dominated by the pressure 

losses in the straight ducts and any uncertainty in the loss 

coefficients associated with components such as bends and valves 

is of little consequence in the overall pressure loss. That is 

not so in systems in which the components are closely spaced and in 

which very complex flow phenomena will occur. The presence of 

adverse pressure gradients is one of the main causes for energy 

dissipation over and above the normal pressure loss due to friction. 

The combined losses of the interacting components may be either 

greater or smaller than the sum of the individual losses in inter- 

ference free flow. In such systems an improved knowledge of the 

interference effects of interacting components becomes important. 

Although the problem of interference is not a new topic it has 

not been studied comprehensively, and there are gaps in the 

published data. Fortunately, excellent data are available on 

certain component interactions such as those of bend into bend, 

bend into diffuser, diffuser into bend [e. g. Ito (1959), Miller 

(1971)]. The present work is principally concerned with the 

interactions between bends and orifice plates. The combined head 

loss coefficients, interaction coefficients, and the variations in 

the orifice plate discharge coefficients have been found for various 
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combinations of 90 degree bend, orifice plate and straight duct 

spacer lengths. Circular cross-sectional bends of various radius 

ratios and both single-hole and multi-hole orifice plates of 

various area ratios have been used. The experimental apparatus, 

test procedures and results are presented in Chapters II and III 

respectively. However, before the interference effects can be 

identified it is necessary to determine the performance of each 

component in interference free flow. This will be discussed in 

the following paragraphs. 

1.1 FLUID FLOW AND PRESSURE LOSSES IN DUCT SYSTEMS 

In a system the pressure (or head) losses arise primarily from 

frictional resistance and changes in direction or cross-sectional 

area of the ducting. The contributions to the overall loss due to 

changes in direction or area will be larger if flow separation occurs, 

for instance, at sharp bends and at orifice plates. Additionally, 

a small percentage of energy is also lost in turbulent flow by the 

formation and decay of turbulent eddies [Bradshaw (1971)]. Many 

systems consist of a series of components which are closely spaced. 

When the downstream velocity profile from one component affects the 

pressure drop of the next it is necessary to take the interaction 

effects into account. 

1.1.1 Flow in a Duct 

1.1.1.1 The One-Dimensional Equations for the Steady Flow of an 

Incompressible Ideal Fluid 
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An ideal fluid is assumed to be inviscid. With the further 

assumption of incompressibility the rate of change of the potential 

and kinetic energies of the fluid is equal to the rate at which the 

pressure does work on the fluid at any arbitrary points on the 

streamline, and this is expressed in Bernoulli's equation as 

2 

z1 + Y1 + yg - z2 +7+ 
2g 

constant (1) 

or 

V2 
pgz1 + pi + p-r - pgz2 + 

P2 
+p2- constant (2) 

or 

substituting (pgz + p) with the piezometric pressure, 

p*, Eq. (2) becomes 

V2 v2 
P* 1+ p2 p+ p2 =constant 

where z- elevation above a datum 

E= static pressure head, h 
Y 

V2 
2g = velocity head 

p static pressure 

p- dynamic head 

y- specific weight of fluid, pg 

p- density of fluid 

g acceleration du! to gravity. 

(3) 

In addition, incompressibility by itself gives the continuity of 

volwaa flow which is expressed by 

Q Al V1 - A2 V2 - constant (4) 
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where Q- volumetric flow rate 

A- cross section of duct 

V- velocity of fluid. 

1.1.1.2 The Equations for the Steady Flow of an Incompressible 

Real Fluid 

To account for the effect of the non-uniform velocity profile 

and surface friction, Bernoulli's equation has the modified form 

V2 V2 
Z1 + 

Y1 
+ 0ý -2 2g - Z2 +Y+ a2 2+h 

(5) 
I. 

l_2 

or 

or 

V2 V2 

pgz1 +P1 +a1 
ý: 

pgz2+p2+a2 p2 +PL 
1_ 

i6) 

2 

V2 V2 
22 pi+a1 P . p2+a2P +PLý-2 

where z- elevation above a datum 

2-- mean static pressure head, h 
y 

a- kinetic energy correction factor 

3E - mean velocity head 2g 

head loss due to frictional effects between 
1-2 

stations 1 and 2 

y- mean specific weight of fluid, pg 

p- mean density of fluid 

g- acceleration due to gravity 

p- mean static pressure 

(7) 
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V2 
mean dynamic head 

PL 
1-2 

- pressure loss due to frictional effects between 

stations 1 and 2 

p* - mean piezometric head. 

In most duct problems stations 1 and 2 may be suitably 

selected so that a may be omitted [Ward-Smith (1980)). Thus, for 

a uniform distribution of velocity, i. e. al = a2 - 1, the energy 

equation, Eq. (5), becomes 

V2 
z +pl +1sz +p2 + 

V2+ 
(8) 

1y 2g 2Y 2g 1-2 

where z= elevation above a datum 

P- mean static pressure head, h 

V, 2 
. mean velocity head 2g 

head 
1-2 

loss due to frictional effects between stations 

1and2 

The equation of continuity is 

Q-Al V1 sA2 V2 (9) 

where Q- mean volumetric flow rate 

A= cross section of duct 

0 mean velocity of fluid. 

In ducts of constant cross section of sufficient length, 

conditions become established at some distance downstream of the 

entry to the duct such that the velocity profile takes a form which 

does not change, and then the flow is said to be fully developed. 

About that there is a general agreement but there are differences 
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in the values of the entry length given in the literature necessary 

for fully developed flow to obtain [e. g. Barbin and Jones (1963), 

Miller (1971), Ward-Smith (1980)]. 

Pressure drop due to frictional effects, pL or hL, may be 

expressed in terms of the kinetic energy based on mean fluid velocity, 

length as expressed in equivalent diameter of duct and in terms of 

a friction factor which is determined experimentally. That is: 

. 
'f 

L V2 
D2g 

where f= friction factor 

L length of duct 

D= equivalent diameter of duct, 4A/P 

V2 
2= mean velocity head. 2g 

1.1.1.3 Friction Factor 

The friction factor expressed in Eq. (10) is known as the 

(10) 

"Darcy equation", whereas the friction factor given by Fanning is 

in the form of 

tL =4fD22 $ (11) 

In the remainder of this work the Darcy form of the equation will 

be used. 

It has been found experimentally that the decrease in the 

roughness of the duct wall below a certain value which depends upon 

Reynolds number, Re VxDjproduces 
no decrease in frictional loss. 
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With such roughness the duct is said to be hydraulically smooth and 

in those circumstances the experimentally determined friction factors 

are described by the Kärman-Prandtl expression 

1-2 log10 (Re i) - 0.8 (12) 
T 

which is valid for 3x 103 < Re <3x 106. 

If the duct is not hydraulically smooth, e. g. commercial ducts, 

the experimentally determined friction factors are. described by 

the Colebrook-White expression 

1=-2 1og10 
2.51 

+k (13) 
Re? 3.7D 

where k- mean roughness height 

D- equivalent diameter of duct 

Re - Reynolds number based on equivalent diameter of duct. 

It should be noted that the Colebrook-White expression essentially 

reduces to the Kärmän-Prandtl expression for k-0. 

If the Reynolds number is less than about 2300 the fluid flow 

is laminar, and is dominated by viscous shear rather than inertial 

effects. It follows from the Hagen-Poiseuille equation for the 

pressure drop in a long circular duct with laminar viscous flow that 

when the pressure drop is expressed in velocity heads, the friction 

factor is given by 

f64 Re (14) 
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1.1.1.4 Definition of Friction Loss Coefficient in a 

Straight Duct 

Head loss coefficientof a straight duct is defined by 

Kf = fD (15) 

and total head loss, ht, in the system is then given by 

V2 ht Rf 2g (16) 

or ht = If L V2 
g 

(17) 

where Kf = friction loss coefficient 

v2 
2- mean velocity head 

S 

L- length of duct 

D- equivalent diameter of duct 

f- friction factor 

1.1.1.5 Definition of Component Head Loss Coefficient 

With reference to Figure 1 in the straight ducts, both 

upstream and downstream of the component, uniform rates of head loss 

with position exist. This is expressed in the same figure as the 

upstream and downstream tangents, and the component head loss is 

defined by the difference between the head losses measured from 

far upstream to far downstream within the tangents. Then, the 

component head loss coefficient, Kc, is given by: 

K 
hL 

(18) 
C V2/2g 
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With this definition all the head losses of the component, inclu- 

ding the head losses arising from the re-development of velocity 

profile after the component, are included in the component head 

loss coefficient. However, if the cross-sectional areas at stations 

1 and 2 of the upstream and downstream tangents differ, the mean 

velocity head, V2/2g, may be defined at either point, and Kc may 

be based upon the upstream conditions so that 

K 
hL 

V1 /2g 
(19) 

or may be based upon the downstream conditions, when it will assume 

a different numerical value, and the definition then becomes 

K 
hL 

c V2/2g 
(20) 

In such circumstances the velocity upon which Kc is based must be 

stated clearly. 

1.1.1.6 Definition of System Head Loss Coefficient 

The system head loss coefficient, Ks, is defined as the ratio 

h 
of the head loss divided by a mean velocity head, i. e. Ks . 

X2/28 
as illustrated in Figure 2. When the distribution of 

head loss in a component is unknown the component is shown as having 

zero length. 

1.1.2. Flow in Bends 

An extensive literature is available on the flow through bends, 
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and the necessary references can be found in many textbooks. 

For example, Zanker and Brock (1967) have presented the most 

readily available references together. 

Flow through bends is obviously more complicated than the 

flow in straight ducts, and more variables such as the radius ratio 

(R/D) and deflection angle (9) of the bend are involved. For 

design purposes reliance must be placed upon the results of experi- 

mental measurements even if these results differ in some ways 

[Gray (1945)]. However, some theoretical discussions of the flow 

through bends have been published, and various dimensionless 

variables have been proposed, e. g. Re (D/2R) 
1, 

Re(D/2R)2 and 

0(2R/D). A theory for the pressure losses in the curved ducts 

under conditions of laminar flow was first presented by Dean (1927)'. 

The theory relates to the steady flow of incompressible fluid 

through a curved duct of circular cross section together with the 

assumption that a laminar flow is established at entry to the bend. 

Dean concluded that pressure losses may be expressed in terms of 

the parameter, Re(D/2R) 
', 

and the relevance of this parameter was 

confirmed by the experiments of some investigators [e. g. Eustice 

(1911), White (1929)]. Ito (1956) has also investigated the 

similar variables on the pressure losses for turbulent flow in 

smooth duct bends of circular cross section theoretically and 

experimentally, and expressed his results (bend head loss coeffi- 

cients) as a function of two dimensionless numbers, Re(D/2R)2 and 

A(2R/D) . The analysis in terms of these dimensionless variables 

belongs to R/D a 5.0,8 2a4.7 and to Re s2x 105. The 

Reynolds numbers, Re, of the present work start within Ito's range, 

but extend beyond 2x 105. However, the radius ratios, R/D, of 
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the bends used in the present work are less than 5.0; conse- 

quently complete correspondence with Ito's work is not to be 

expected. However, there are other published data which are 

relevant, and the experimental results from the present work, which 

are described in Paragraph 2.3.3, are compared with some published 

data in Chapter III (see Para. 3.5.1). 

In the following paragraphs some general background data for 

the interpretation of the results is given. 

1.1.2.1 Definition of Bend Geometry 

The geometrical parameters of a circular bend of constant cross 

section are, in general, defined from the basic dimensions as 

illustrated in Figure 3 

in which R- radius of curvature of bend 

D- internal diameter of bend 

R 
Da radius ratio 

6- bend angle. 

1.1.2.2 Definition of Bend Head Loss Coefficient 

To obtain a bend head loss coefficient, the head loss coeffi- 

cients measured from far upstream to far downstream are plotted 

against the axial length of the duct expressed in diameters as 

described in Paragraph 2.3.3 .A typical example taken from present 

work is shown in Figure 4. For the purposes of the present work 
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it was not necessary to measure the pressure distribution around 

the bend itself, but this was done by Ito (1960) and a typical 

pressure distribution around the bend is shown in Figure 5 

With reference to both Figures 4 and 5 it is clear that a 

considerable amount of energy is lost in the downstream tangent. 

As also reported by Miller (1971), up to 50 per cent of the bend 

pressure loss may, in fact, occur in the downstream tangent. 

Under these circumstances, it is particularly necessary to define 

a meaningful bend head loss coefficient. 

In general, three different bend head loss coefficients may 

be defined as illustrated in Figure 6, where the curves of 

A-B-B1-C1-D1 and A-B-C-D represent the actual hydraulic gradient 

and the hydraulic gradient in a corresponding straight duct 

respectively 

(i) Bend head loss coefficient based upon the head loss over the 

bend itself, which is denoted by Ke 

h 
Re 

e V2/2g 
(21) 

(ii) Bend head loss coefficient based upon the head loss at some 

approximate point in the downstream tangent, which is denoted 

by xd 

K 
hd 

-= 
V2/2g 

(22) 

(iii) Bend head loss coefficient based upon the head loss at some 

point in the downstream tangent far from the bend, e. g. 
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L/D > 50, which is denoted by Kb 

V2/2g 
Kb h (23) 

It should be noted that Fig. 6 relates to an ideal system in 

which all internal diameters are the same, and there are no imper- 

fections at the connecting flanges. In actual systems where 

differences in diameter may occur, and which will have imperfections 

at the joints, the pressure losses due to these imperfections may 

be considerable [Eastwood and Sarginson (1960)]. 

1.1.2.3 Flow Through a Bend 

The principal causes of the pressure losses particular to bend 

will now be discussed. 

With reference to Fig. 7, which relates to flow of an ideal 

incompressible fluid of uniform velocity approaching a bend, the 

2 
total head at the entry to the bend is (p/Y + 

V/2g). As the flow 

passes into the bend there exists a pressure gradient across the 

bend to balance the centrifugal force on the fluid due to its curved 
2 

streamline since the total head (P/v +V /2g) remains constant along 

any streamline. At the outside of the bend a change of head takes 

place, and the. velocity head, V2/2g, is converted to pressure head, 

P/Y. Then, the velocity increases on the inside of the bend as the 

pressure head is converted to velocity head. At the bend exit 

plane the flow process is reversed on both sides. 

For flow of an incompressible real fluid through a bend the flow 

process will be different from that of a flow of an incompressible 
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ideal fluid. The factors such as bend geometry will also affect 

the flow in a bend. For example, the effects of the smaller bend 

radius ratios, e. g. RID = 1.0, on the separation and pressure loss 

have been already reported by Miller (1971). It was also found 

by Weske and Providence (1948) that for the flow in curved circular 

ducts of constant cross section at very large Reynolds numbers, 

e. g. ReD -5x 105, the effect of viscosity might be disregarded 

except in a very thin layer adjacent to the wall, and the net 

pressure drop would be a function of radius ratio , R/D, and Reynolds 

number, ReD In the straight duct before the bend, for turbulent 

flow of a real fluid, due to viscosity the velocity varies from 

zero at the wall to a velocity of approximately 1.2 times the mean 

in the central core. As the flow passes into the bend the faster 

moving fluid in the central core is acted on by a larger centrifugal 

force than the slower moving fluid near the duct walls. Then, 

across the bend a smaller pressure gradient is required to balance 

the smaller centrifugal force on the fluid. Consequently, a 

secondary flow occurs in which the fluid in the central core moves 

outwards and the slower moving fluid inwards towards the centre of 

curvature as illustrated in Fig. 8. The secondary flows move 

at a considerable angle to the mean flow direction. Since the 

mean axial velocity of fluid must remain unchanged the mean actual 

velocity will be greater due to the superposition of the secondary 

flow [Eastwood and Sarginson (1960), Ward-Smith (1980)]. Thus, 

there will be an increase in the velocity head and a corresponding 

drop in the pressure head. After the fluid leaves the bend exit 

plane much of this velocity head may not be converted back into 

pressure head, and will be dissipated in boundary friction and 
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turbulence losses in the immediate downstream tangent of the bend 

exit plane. 

It is also evident in Fig. 5 that variations in static 

pressure at a cross section start before the bend entry plane. 

While the fluid flows through the bend, at some stage before the 

bend exit plane, the static pressure reaches a maximum and a 

minimum on the outer and inner walls respectively. Then, at the 

bend exit plane a favourable pressure gradient is established on 

the outer wall while an adverse pressure gradient develops on the 

inner wall. Some appreciable variations in static pressure at a 

section persist approximately up to 2 duct diameters [Ito (1960), 

Ward-Smith (1963,1968,1971), Miller (1971)]. As will be seen, 

the severity of the adverse pressure gradient on the inner wall is 

the main factor for the pressure loss through sharp bends. A 

separation of flow occurs when the radius ratio of 90 degree bend 

is less than 1.5, and bend head loss becomes independent of Reynolds 

number below 106 [Miller (1971)]. 

1.1.2.4 Factors Affecting a Bend Performance 

As previously mentioned, extensive data are available on 

pressure losses due to bends. The effects of R/D, 8, ReD and the 

cross-sectional shapes on the magnitude of the bend head loss 

coefficient have been reported by many investigators [e. g. Ito (1956), 

Ward-Smith (1980)]. 
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1.1.2.4.1 Upstream Tangent Conditions 

In a system in which a long upstream tangent exists fully 

developed flow is established, and the velocity profile in a smooth 

duct is dependent only upon the Reynolds number. When the length 

of the upstream tangent is reduced, e. g. L/D < 15, the velocity 

profile will be changed, thus the change in pressure distribution 

will affect the basic frictional characteristics of the bend. 

However, the experimental data indicate that the effect of the 

upstream tangent conditions has a smaller effect on the pressure 

loss due to bend than the downstream tangent conditions [Ito (1960)]. 

1.1.2.4.2 Downstream Tangent Conditions 

Assuming a fully developed flow exists in the upstream tangent, 

three types of downstream tangents are suggested: 

(i) Long tangents for which L/D is greater than about 50; 

(ii) Medium tangents for which L/D is in the approximate range 

5< LSD < 50; 

(iii) Short tangents for which L/D is smaller than about 5, i. e. 

0SL/D<5. 

With reference to Fig. 9, which has been given by Ward-Smith 

(1976), it is concluded that the large adverse pressure gradients 

will be associated with small values of R/D and L/D, and bends 

having such properties would be expected to have high pressure 

losses. Meanwhile, in the same Fig. 9 the effect of the length 

of the downstream tangent on the bend head loss coefficient may be 

seen. 
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1.1.3 Flow Through Orifice Plates 

The orifice plate is one of the pressure difference flow 

measurement devices, which is widely used in industry. There are 

many forms of orifice plates which differ in the detail of the 

profile of the hole, e. g. square-edged, conical-entrance and quarter 

-circle. These variations and the flow characteristics which go 

with them have been extensively investigated and the results are 

tabulated in Standards such as B. S. 1042 (1964,1965) and A. S. M. E. 

(1961,1971). 

In addition to the varieties of orifice plates there are 

several alternatives in mounting, and in the measurement of the 

pressure difference. An orifice plate might be mounted directly 

between flanges or be set in a carrier ring which is then mounted 

between flanges. The pressure difference might be measured between 

corner tappings (tappings close to each side of the orifice plate), 

or between flange tappings (tappings one inch upstream and one inch 

downstream from the orifice plate), vena contracta tappings (tappings 

one duct diameter upstream and half a duct diameter downstream from 

the orifice plate), D and D/2 tappings (the same as vena contracta 

tappings), or duct tappings (tappings two and a half duct diameters 

upstream and eight duct diameters downstream from the orifice plate). 

Again the characteristics of the various combinations are given in 

appropriate Standard Codes. In the present work the nominally thin 

square-edged orifice plate has been used, mounted in a carrier ring 

with corner tappings (because existing material had to be used the 

present test carrier rings and orifice plates do not quite satisfy 

the standard dimensions given by B. S. 1042 (1964), but the experi- 

mental results indicate that these deviations are insignificant). 
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For standard calibrations, in contrast with in situ calibra- 

tions, it is necessary that there should be a straight duct 

upstream of the orifice plate of at least 50 duct diameters [see, 

for example, B. S. 1042 (1964) and Patel (1974)]. It was thought 

that multi-hole orifice plates might be less sensitive in this 

respect, and that their calibrations would be less affected by 

the proximity of a bend. For that reason the square-edged multi- 

hole orifice plates have been included in the tests. 

1.1.3.1 Definition of Orifice Plate Geometry 

A standard single-hole orifice plate with corner tappings is 

shown in Fig. 10, in which the orifice plate installation is 

either by a mounting between the duct flanges or by a carrier ring. 

For design purposes the necessary requirements, specifications and 

recommendations are extensively given in References [e. g. B. S. 1042 

(1964,1965), Clark (1965)].. All primary characteristics of the 

test carrier ring and orifice plates are as shown in Figs. 11 to 

16 and in Table 1 respectively. 

With reference to Fig. 17 it may be seen that the main 

geometric parameters are expressed as the ratios of the total 

orifice area to the duct area, the hole diameter to the duct 

diameter, the hole edge (or plate in the figure) thickness to the 

hole diameter, and the pitch to the hole diameter. For a 

circular duct of constant cross section and a single-hole orifice 

plate or a multi-hole orifice plate with regularly spaced equal 
2 

circular openings, these ratios become m=Ä. 
Nz 

, S. 
d' 

d' ä 
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where ma area ratio 

ß- diameter ratio 

t/d - thickness/diameter ratio 

p/d - pitch/diameter ratio 

Ns number of holes 

D- internal diameter of duct 

d- diameter of hole. 

1.1.3.2 Fluid Flow Through An Orifice Plate 

Typical incompressible fluid flow through an orifice (for 

turbulent conditions, e. g. ReD >4x 103) is illustrated in Fig. 18 

As the fluid approaches the orifice the fluid accelerates and an 

abrupt change takes place. The cross section of the stream passing 

through the orifice continues to decrease for a short distance 

downstream from the orifice and reaches a minimum which is called 

the "vena contracts". Between the orifice entry and the vena 

contracts, the stream shows a favourable pressure gradient; then 

it gradually diverges until it fills the duct in a region of 

turbulent mixing dominated by an adverse pressure gradient. When 

the flow of fluid reattaches to the duct wall an amount of fluid is 

returned to the separated region which also satisfies the continuity 

condition within the separated region. 

It is to be noted that the discussion given above embodies a 

flow model of a free jet together with a separation flow region. 

A general analysis of flow regimes for various orifice geometries 

has been studied by Ward-Smith (1971), and extensive data have been 
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made available on flows through orifice plates. 

1.1.3.3 Characteristics of Fluid Flow Through an Orifice Plate 

When an area change occurs by means of an orifice plate in 

line, the area of the "vena contracta" becomes an important factor 

for the flow characteristics. A contraction coefficient, Cc, is 

defined as the ratio of the "vena contracta" area to the orifice 

area. By extensive experimental measurements, it has been found 

that Cc depends primarily upon m (or ß), orifice geometry, and the 

properties of fluid flowing, and Cc decreases as m decreases, e. g. 

see Ward-Smith (1971) in which Ward-Smith has deduced the relation- 

ship between Cc and m for both the square-edged single-hole and 

multi-hole orifice plates. 

Experimental measurements have also shown that the static 

pressure of the fluid flowing through an orifice increases to a 

maximum at the corner of the orifice and duct wall in the upstream 

tangent, whereas in the downstream tangent, the static pressure 

decreases to a minimum approximately in the plane of the "vena 

contracta" [Engel (1931), Engel and Davies (1938)]. The distance 

from the orifice is typically between }D and 1D [A. S. M. E. (1971)]. 

This distance is dependent upon m, and becomes less as m becomes 

larger. For an incompressible fluid the position of the vena 

contracts is not very dependent upon the rate of flow. 



23 

1.1.3.4 Classical Derivation of Orifice Plate Discharge 

Coefficient 

In Fig. 18 the geometry and flow pattern are given. As 

described in Para. 1.1.1.1 , the basic one-dimensional equations for 

an incompressible flow are the equations of continuity and Bernoulli 

(or energy). For the development of the theoretical equations of 

flow the following conditions will be imposed: 

(i) z1 = z2 

(ii) The fluid performs no external work when it flows 

from the point 1 to 2; 

(iii) The flow is steady, axial, and inviscid; 

(iv) The velocity profile is uniform (which implies the 

kinetic energy correction factor is unity, i. e. 

al = a2 = 1) ; 

(v) There is no normal stream turbulence. 

Then, the equations are expressed by 

(i) The continuity equation 

A1V1 = A2 V2 (24) 

(ii) The energy equation 

22 P 

Yi 
+ 2g = Y2 

+ 2g 
(25) 

and it then follows that 

p1 p2 
V2- 

P[1 AZ (Ä7) 

or 

V2 ---ý-A ---Z 
1- (Alý 

(26) 

(27) 
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The theoretical equation for the mass flow rate or the 

volume rate of flow is given by 

Mth p A2 V2 p A2 2ghA (28) 

1- 
()2 

2gh 
or Qth - A2 V2 -A2 2 (29) 

A 
1- 

(A1) 

where Ath m theoretical mass rate of flow through orifice 

Qth ' theoretical volume rate of flow through orifice 

A area 

Va velocity of fluid 

p static pressure 

h- static pressure head, p/y 

y- specific weight of fluid, pg 

p density of fluid 

g- acceleration due to gravity. 

In practice, the effects of real fluid flow exist and 

theoretical equation for Mth or Qth must be modified to the actual 

flow conditions. To obtain the actual flow from the theoretical 

equation a "discharge coefficient" is introduced. 

In its principal aspect the discharge coefficient, Cd, is 

simply an experimentally derived coefficient which reconciles the 

idealized flow model with the much more complicated actual 

circumstances. The complications of the real circumstances are 

reflected in the way in which Cd, as an empirical coefficient, 

varies with a number of parameters such as area ratio, Reynolds 
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number, Mach number, duct size, duct roughness, velocity profile, 

orifice geometry, orifice bore finish, orifice plate surface 

finish, tapping size and location. In the classical approach the 

definition of Cd is given by 

Cd= actual rate of flow (QA) 
(30) 

theoretical rate of flow (Qth) 

With reference to Fig. 18, , for a flow of a real incompressible 

fluid, the discharge coefficient, Cd, is 

QA 
C= d A0E 

where QA - actual flow rate 

A- total orifice area 0 

E velocity approach factor, 1/ 1-m 

m- area ratio, Aa/A 

A duct area 

g- acceleration due to gravity 

h= differential head across the orifice plate. 

(31) 

1.1.3.5 Derivation of Orifice Plate Discharge Coefficient 

Using Dimensional Analysis 

Ward-Smith (1980) and others have defined the discharge 

coefficient in a way which is an improvement upon the classical 

approach and i. s more closely in accord with current knowledge of 

fluid mechanics. For a given orifice plate in the system the 

discharge coefficient, Cd, can be written as 
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` 
Cd 1(1-m ) 

function 
(m, D 

pV1D1 

,uJ 
(32) 

AZ(2pApud) 1 

where M- mass flow rate 

D2 
ma area ratio, 

2 

lD2 
A2 - orifice plate throat area, 42 

p density of fluid 

Apud - pressure difference across the orifice plate, 

(pu-pd) where pu and pd are measured in the 

upstream and downstream ductings respectively 

E- measure of the effect of the roughness of the duct wall 
D1 

V1 = mean flow velocity in the upstream duct 

D1 = internal diameter of the upstream duct 

u- dynamic viscosity. 

From this analysis it has been found that the discharge coefficient, 

Cd, is, in general, a function of 

(i) The geometry of the flow path; 

(ii) The position of the pressure tappings; 

(iii) The area ratio; 

(iv) The detailed design of the internal face and upstream 

edge of the orifice; 

M The flow Reynolds number; 

(vi) The size of the duct (due to surface roughness effects); 

(vii) The quality of the flow entering and leaving the orifice 

plate. 



27 

1.1.3.6 Factors Affecting Orifice Plate Discharge Coefficient 

It is seen from the definition of Cd that Cd is based on 

experimental measurements. A complicated relationship exists 

between Cd and the variables such as area ratio, Reynolds number, 

orifice geometry, etc. Clark (1965) has also given extensive data 

on the overall accuracy of flow measurement, and has pointed out 

the importance of the variables such as duct roughness, operating 

conditions, etc., affecting Cd for the standardization of installa- 

tions such as Class -A Standard and Class- B Standard. If the 

ducting is smooth and is maintained in this condition whilst in 

service the installation is said to be Class -A Standard with the 

overall tolerance, corresponding to 95% confidence, up to t 1.8%. 

A Class -B Standard will apply to normal service conditions by 

covering more correction factors for the flow measurement, where 

the permissible overall tolerance corresponding to 95% confidence 

may be up to ± 4%. The installations where the overall tolerance 

exceeds ± 4% are unclassified. 

It is also seen from the interpretations on Cd given above that 

there are many variables affecting Cd. Those variables and 

recommendations with respect to the effects of each of them have 

been extensively given in Standard Codes [e. g. B. S. 1042 (1965)]. 

In the following paragraphs, some of the most important effects will 

be introduced for both square-edged single-hole and multi-hole 

orifice plates concerning an incompressible fluid flow through the 

orifice plate. 
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1.1.3.6.1 The Effect of Reynolds Number 

It is known from the tests of Johansen (1929) on thin, 

square-edged orifice plates that the relationship between Red and 

Cd is as illustrated in Fig. 19. At very low values of ReD, Cd 

inreases as ReD increases. With a further increase in ReD, e. g. 

ReD > 103, Cd decreases as ReD increases and at very high values 

of Re,, Cd will reach an essentially constant limit somewhere 

between Cdo " 0.58 and 0.60, although, Halmi (1973) has indicated 

that Cd does not become exactly constant even though ReD increases 

up to a value of 10 x 106. (The ReD sensitivity changes with duct 

size, area ratio, and type of tappings). 

1.1.3.6.2 The Effect of Geometrical Parameters 

The basic parameters such as the area ratio, m, and the 

thickness/diameter ratio, t/d, can be formed from the dimensions 

of the orifice plate as previously described in Para. 1.1.3.1" In the 

case of the multi-hole orifice plate there are additional factors. 

Thus, the number of holes, N; the pattern of holes on the orifice 

plate; the pitch/diameter ratio, p/d; and free area of holes/ 

maximum free area possible ratio, Af/At, are found to affect Cd as 

also indicated by Kolodzie and Van Winkle (1957). The effects of 

m and t/d for various flow regimes of orifice flow have been 

described by Ward-Smith (1971), and for a given m and Re,, Cd will 

increase as t/d increases. 

Meanwhile, as shown in Standard Codes [e. g. B. S. 1042: 

1964], for a single-hole orifice plate with corner tappings Cd 
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increases as m increases, and at higher area ratios, e. g. m>0.4, 

Cd becomes lower. 

1.1.3.6.3 The Effect of Installation 

A number of factors can affect Cd with respect to either the 

variations in the design of orifice plate and carrier ring or the 

characteristics of the duct line. The specifications and require- 

meats of the standard orifice plate do indicate that Cd is very 

much affected by the design conditions. For example, even a slight 

rounding on the upstream edge of the orifice plate will create a 

]arger vena contracta, then Cd will be correspondingly greater 

depending upon the degree of roundness of the upstream edge and the' 

diameters of duct and orifice. 

It is known that, for rapid and easy installation, easy change 

of orifice plates can be done by the use of carrier ring. Like an 

orifice plate a carrier ring must also be designed as recommended 

in the Standard Codes [e. g. B. S. 1042 (1964)]. The carrier ring 

must never be less in diameter than the internal diameter of the 

upstream duct but may be greater by up to 3% providing the recess 

is not wider than 0.1 D. If the carrier ring is smaller in 

diameter than the duct Cd will increase or decrease depending upon 

the other flow conditions. 

The other practical factors affecting Cd are the duct lines 

and operating conditions. As might be expected these factors have 

been interpreted in different ways by various investigators, and 

some recommendations have been made, of which the most relevant 
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points are as follows: 

(i) Upstream and downstream ducting before and after the 

orifice plate must be uniform and straight without any 

other obstructions such as valves, bends, etc., for certain 

specified distances; 

(ii) If the internal surface of the duct upstream tangent is 

not adequately smooth it will effect Cd depending upon the 

values of the duct roughness and area ratio, m; 

(iii) If a reduction in a straight duct upstream of the orifice 

plate is required it can be done by the use of smaller m 

values; 

(iv) Asymmetric jointing of the orifice plate must be prevented. 

1.1.3.7 Definition of Orifice Plate Head Loss Coefficient 

With reference to Fig. 18 the orifice plate head loss is 

taken as the difference in the head losses between the two static 

pressure tappings, which are not in the immediate pressure field of 

the orifice plate, less the friction loss. The orifice head loss 

coefficient is then defined by 

Ko =h (33) 
V2/2g 

where K0 - orifice plate head loss coefficient 

h- head loss 

V2/2g = mean velocity head. 
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In standard codes [e. g. B. S. 1042 (1964)], the net pressure 

loss has been also expressed as a percentage of pressure difference 

across orifice plate, and as expected, the percentage net pressure 

loss decreases when area ratio, m, increases. 

1.1.3.8 Factors Affecting Orifice Plate Head Loss Coefficient 

To measure a meaningful loss coefficient, the static pressure 

tappings before and after the orifice plate must be located at some 

distances where the straight duct friction gradients are not 

substantially affected by the static pressure distribution due to 

the orifice plate in line. From examination of experimental results 

[Engineering Sciences Data (1972)], the recovery plane where the 

positive friction gradient is again established is shown to be 

approximately 6D downstream from a single-hole orifice plate, and 

for a multi-hole orifice plate this distance may have a value of 

6d/rm. 

As indicated in Para. 1.1.3.3, the contraction coefficient, Cc, 

and area ratio, m, are very important factors which affect the 

characteristics of flow through an orifice. Assuming a one- 

dimensional incompressible flow and the equations of the Bernoulli 

and continuity applied to the "vena contracts", and writing the 

momentum balance between the vena contracta and the recovery plane, 

it has previously been shown [e. g. Ward-Smith (1971)] that the 

orifice plate head loss coefficient, Ko, is 

K0 m1-Cm2 (34) FCc m 
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where Cc is a function of m and t/d. Zanker (1961) has also 

shown that for a more precise value of Ko the momentum balance 

equation could be written by the use of the improved flow 

equations, where the kinetic energy correction factors, a, and 

momentum factors, ß, enter the basic flow equations. However, 

these variables tended to be self-compensating and effects on 

the orifice plate head loss coefficient, Ko, were small when 

compared to the Eq. (34). 

Extensive data given by Ward-Smith (1968) have also been 

used to obtain an expression correlating K0 as a function of t/d 

and m. The expression for t/d < 0.8 is as follows: 

2 
1 

K0 
0.608m (1-m2 * 6) (1+(t/d) 3.5)+m3.6 

-1 35 

which correlates the experimental data in the ranges 

0< t/d < 0.6,0 <m<0.75,0.57 < K0 < 35000 

with a root-mean-square error of 9.5 per cent. 

It may be seen from the relationship between K0 and Cc and 

m that the variations of K0 with ReD will be small at high values 

of Ren. 

For a multi-hole orifice plate it is obvious that the 

additional geometrical factors will 

upon the number of holes, N, the pa- 

the pitch/diameter ratio, p/d, etc. 

performed to observe the effects of 

described in Para. 2.3.4. 

also affect Ko depending 

ttern of holes on the plate, 

Some experiments will be 

these variables on K0 as 
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1.1.4 Component Interactions 

System pressure losses are usually estimated by summing the 

individual pressure losses of each component in a system. This 

approach may not be so reliable when the components are closely 

spaced to one another. Under these circumstances an interaction 

or interference will occur between the components, and the pressure 

losses of these interacting components will be either greater or 

smaller than the sum of the individual losses in interference free 

flow. Thus, the interaction effects may become important on the 

overall pressure losses in a system. 

Various component interactions have been studied and reported 

in the literature. For example, Ward-Smith (1971) has particularly 

considered the effects of the length of the downstream tangent on 

the performance of a single bend. It has been shown that the 

static pressure differences extend about 1.5 to 2 duct diameters 

before and after the isolated bends, therefore, the minimum spacer 

length for which the static pressure distributions in two adjacent 

bends are independent is about 3 or 4 duct diameters. Below this 

value a primary interaction occurs depending upon the configuration 

of the two bends. Miller (1971) has extensively reported the 

effects of combinations of bend-bend, bend-diffuser, diffuser-bend, 

and found the interaction coefficients for various combinations and 

spacer lengths. On the other hand, extensive data and recommenda- 

tions have also been tabulated in Standard Codes such as B. S. 1042 

(1964,1965) and A. S. M. E. (1971). 

The flow characteristics of both bends and orifice plates 

in isolation have been previously described in Paras. 1.1.2 and 1.1.3. 
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The question now arises how the combined bends and orifice plates 

affect the overall pressure loss in system. In the present work, 

the effects of closely spaced bends and orifice plates will be 

covered, and typical measurements for various combinations will be 

presented in Para. 2.3.5. 

1.1.4.1 Interaction Effects 

A component with upstream and downstream tangents of constant 

cross section, sufficiently long for a fully developed flow to be 

attained, is free from interference effects. The characteristics 

of a fully developed flow are the velocity profile and turbulence 

parameters being independent of axial distance. The static 

pressure is constant at a cross section, except for the small order 

turbulence perturbations, and the axial static pressure gradient 

becomes constant. Thus, with fully developed flow conditions, the 

static pressure distribution of a component can be defined in 

interference free flow. In practice, the component head loss 

coefficients are obtained with long upstream and downstream tangents. 

When the components are closely spaced the basic component head 

loss coefficients no longer apply. Two main interaction effects 

can be considered: 

(i) Primary effects associated with the interaction of the 

static pressure distributions of the components; 

(ii) Secondary effects associated with the upstream velocity 

profile and turbulence distribution at entry to the 

second component. 
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More complex flow phenomena will occur for very short spacer 

lengths. The presence of adverse pressure gradients will affect 

the overall pressure loss depending upon the dominant parameters 

of the components in controlling interactions. 

An interaction can be either favourable or unfavourable. If 

the pressure loss across a combination of components decreases as 

the spacer length also decreases, the interaction will be 

described as favourable; otherwise the interaction is unfavourable. 

1.1.4.2 Interactions Between Two Components 

It may be seen from the static pressure distributions of each 

component such as a bend and orifice plate that there will be a 

critical spacer length for two interacting components. Below the 

values of the critical spacer length the static pressure distribu- 

tions will interfere, and primary interactions will arise. For 

the values above the critical spacer length only the secondary 

interactions will occur, where the effects of the upstream velocity 

profile and turbulence distribution on the second component are 

dominant in controlling interactions. 

With the available data in the literature, the pressure 

losses of an interacting bend and orifice plate in combination 

are less easily predicted. However, it is obvious that if the 

spacer length increases the secondary interactions will also be 

gradually decreased. For further increase in the spacer length 

each component in the system will be expected to show their 

individual characteristics as in interference free flow. 
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It has been shown that the primary interactions are of much 

greater importance than the secondary interactions for specific 

component combinations such as bend-bend, bend-diffuser, and 

these effects have been extensively discussed in References [e. g. 

Ito (1959), Miller (1971), Ward-Smith (1971)]. In the present work, 

the bend-orifice plate combinations will be particularly studied. 

1.1.4.2.1 Combination of a Bend and Orifice Plate 

Consider a system in which a bend of constant cross section 

is followed by an orifice plate, and an incompressible fluid flows 

through the combination. For an insufficient spacer length an 

interaction will occur between the bend and orifice plate. Thus, 

the calculation of the total pressure loss will differ from that 

for interference free conditions. As discussed in Para. 1.1.2.3, 

when the fluid leaves the bend, the non-uniform flow conditions 

exist and a fully developed flow can be established in the down- 

stream tangent only some 40 duct diameters or more after the bend. 

However, if a bend is closely spaced with an orifice plate the flow 

characteristics will vary depending upon the parameters of the 

combination. The important parameters affecting bend-orifice 

plate interactions are: 

(i) Bend cross-sectional shape; 

(ii) Bend deflection angle; 

(iii) Bend radius ratio; 

(iv) Spacer length; 

(v) Orifice plate shape; 

(vi) Orifice plate area ratio; 
(vii) Reynolds number. 
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Based on the work of Ward-Smith (1976), a primary inter- 

action between a bend and orifice plate is anticipated for critical 

spacer length values less than about 2 duct diameters as deduced 

from the separate static pressure distributions of both the bend 

and of the orifice plate. Under these circumstances, it is 

anticipated that the adverse pressure gradient on the inner wall 

at the exit from the bend will tend to interact favourably with the 

pressure gradient in the orifice . plate. From these considerations 

it may be then anticipated that the interactions will become 

increasingly favourable. 

(i) As the spacer length is reduced to values of less than 

2 duct diameters; 

(ii) As the bend radius ratio is decreased; 

(iii) For larger orifice area ratios. 

For the values of the spacer length larger than 2 duct diameters a 

secondary interaction will occur. The secondary effects can be 

explained by the variation of velocity profile with the spacer 

length. As described in Para. 1.1.2.3, a velocity profile from a 

bend exit is non-uniform and includes a secondary flow which often 

increases the energy dissipation. The secondary flows will be 

slowly damped and exist for over 40 duct diameters or so after the 

bend [Miller (1971)]. When this non-uniform velocity profile 

enters to the orifice plate the performance of the orifice plate, 

e. g., Cd, may also be significantly changed depending upon the 

complicated relation between the contraction coefficient, Cc, the 

kinetic energy correction factor, a, and the orifice plate area 

ratio, m [Zanker (1961)]. As also indicated by B. S. 1042 (1965), 

for a 90 degree single bend upstream of a single-hole orifice plate, 
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a negative error (or variation) in Cd occurs and the error in Cd 

decreases as the spacer length, Ls/Ds, increases. 

A typical result from the present tests (e. g. Fig. 20) 

suggests that an unfavourable interaction occurs after the critical 

spacer length. The head loss of the combination decreases until 

a minimum is reached at a value of the spacer length between 5 and 

10 duct diameters. Then, the head loss again increases favourably 

as the velocity profile is re-developed with increasing spacer 

length. As will be expected, for large values of the spacer 

length these interaction effects disappear, and the head loss of 

the combination will be equal to the sum of the head losses of the 

bend and orifice plate in interference free flow. 

1.1.4.2.2 Combination of an Orifice Plate and Bend 

When an orifice plate is closely spaced upstream of a bend 

both primary and secondary interactions will again be anticipated. 

The parameters affecting bend-orifice plate interactions would be 

the same as those given above in Para. 1.1.4.2.1. A primary interac- 

tion may be expected for values of the critical spacer length less 

than about 7 duct diameters where the adverse pressure gradient at 

the immediate downstream of the orifice plate will interact 

unfavourably with the adverse pressure gradient on the outer wall 

at the entry to the bend. Thus, as the spacer-length decreases 

to zero the head loss of the combination will be expected to 

increase. For larger values of the spacer length the secondary 

interactions will exist and be controlled by the changed flow 

characteristics such as the non-uniform velocity profile at outlet 
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from the orifice plate. As described in Para. 1.1.3: 8 for a 

flow through an orifice plate, extensive regions of flow separation 

occur, and the static pressure recovery plane is about 6 duct 

diameters downstream of the orifice plate. Ito (1960) and Miller 

(1971) have also indicated that the effect of the upstream tangent 

conditions has a small effect on the bend performance. With a 

developing velocity profile approaching the bend, the bend head 

loss in the downstream tangent will be reduced when compared with 

those for a developed upstream velocity profile. It may then be 

expected that the head loss of the combination will decrease until 

a minimum is reached at a value of the spacer length, generally, 

between 5 and 10 duct diameters. For further large values of the 

spacer length, e. g. 20 duct diameters, there will be no interaction 

between the orifice plate and bend, and the state of interference 

free flow will be observed for the pressure losses. 

According to B. S. 1042 (1965), the error (or variation) in Cd 

is positive by up to 1% for a single-hole orifice plate-bend 

combination with a spacer length less than about 3 duct diameters. 

This indicates that the error in Cd increases as the spacer length, 
L 

Ls/D , decreases to 
Ls 

= 0. Ds 

1.1.4.3 Definition of Interaction Coefficient 

For the combined components with upstream and downstream 

tangents the system head loss coefficient, Ks, in the general form 

is given by 

K$ =Ku+ Kfd + Kf 
8+ 

CE KcI x Ci (36) 
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where Kf = friction loss coefficient for the upstream tangent 
u 

Kf friction loss coefficient for the spacer length 

Kf - friction loss coefficient for the downstream tangent 
d 

Kc - component head loss coefficient for interference 

free flow 

C. - interaction coefficient. i 

However, it should be noted that in Eqn. (36) Kc are defined in 

terms of the upstream velocity head of the first component. 

In a system in which the cross-sectional area is constant, 

assuming a fully developed flow in the spacer length, the inter- 

action coefficient, Ci, is then expressed by 

CiK$-Kf (37) 

G Kc 

where K. system head loss coefficient 

Kf = straight duct friction loss coefficient 

KC = component head loss coefficient for interference 

free flow. 

Thus, for the present work Ci becomes 

K 
C1 -K 

Com (. 38) 
ob 

where Kcam - head loss coefficient of the bend-orifice plate 

or the orifice plate-bend combination. 

K0 - orifice plate head loss coefficient for interference 

free flow 

Kb - bend head loss coefficient for interference free flow. 
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CHAPTER II 

EXPERIMENTAL APPARATUS AND TESTS 
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2.0 INTRODUCTION 

The apparatus comprises a sump, a pump, an upper tank 

approximately 17m off the ground, a downcomer, a weigh-tank with 

a diverter valve and drain back to sump. The bore of the duct 

work is, in general, 145.05mm in diameter, and the maximum flow 

rate of the apparatus is 65Kgs-. The general arrangement of the 
1 

test rig is shown in Fig. 21. 

The first test which had to be carried out was aimed at 

establishing the accuracy with which the flow rate can be measured 

with the weigh-tank and its diverter valve. These tests were 

followed by measurements of the discharge coefficient of a sharp- 

edged single-hole orifice plate, upstream of which was a run of 

straight duct over 80 duct diameters long. Downstream of the 

orifice plate there was a further run of straight duct of 100 

diameters. Discharge coefficients so obtained were compared with 

the values published in B. S. 1042 (1964). The comparison was very 

satisfactory and provided additional confirmation of the high 

basic accuracy of the test rig, which is estimated to be within 

+ 0.2%. In these tests, the configuration of duct work downstream 

of where the downcomer turns into the horizontal direction is shown 

in Fig. 22. 

The principal experimental work was carried out with regard 

to the interactions of various bends and orifice plates in combina- 

tion for various spacer lengths. For these tests the general run 

of duct work had to be re-arranged as far as the duct-location in 

the laboratory allowed. A typical arrangement for a bend and 

orifice plate combination is as shown in Fig 
. 23. where 
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the upstream and downstream tangents of the test bend are 

approximately 120 and 50 duct diameters. With the results of 

the preliminary tests, which were obtained for each test bend and 

orifice plate alone for an interference free flow, the interaction 

coefficients were found experimentally. 

In the following paragraphs the apparatus, tests and typical 

results will be described in detail. 

2.1 EXPERIMENTAL APPARATUS 

2.1.1 Upper Tank and Height Over Weir Gauge 

The constant level upper tank with the capacity of 32,500kg 

is supplied with water from a sump below the floor level of 

approximately 30,000kg capacity by means of a centrifugal pump 

driven by 50HP variable speed motor. The weir of the upper tank 

is provided by means of the subsidiary tank as illustrated in Fig. 24 

The constant head only obtains if water is flowing over the weir, 

and a glass section is provided in the overflow ducting at laboratory 

level to provide visual confirmation that overflow exists. In 

addition, an electrical level gauge is provided in a stilling 

compartment within the subsidiary tank. The gauge comprises a 

float and a linear potentiometer, and is read remotely at the 

control position in the laboratory by means of a voltmeter. This 

height meter indicates the level within + 0.5mm. During the test 

the weigh-tank becomes filled and the level of the water in the 

sump falls with the consequence that the head across the pump 

increases. In principle, this requires continuous adjustment 

of the-speed to maintain constant flow. However, from the flow 

equation between the upper tank and the sump it becomes evident 
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that the adjustment of the speed is small. The flow equation 

may be written in the form 

h= K2g (1) 

and consequently 

ah =2 AV (2 ) 
hV 

where h= static head 

K= head loss coefficient between stations at the upper 

tank and the sump 

V2 = mean velocity head 
21 

V= mean velocity of fluid in duct 

Ah = change in static head 

AV = change in velocity. 

By taking the values of h= 17m, &h = 1.5mm 

V= 410-5 

which is insignificant. 

C31 

However, in practice, it was found for a flow rate of 60kgs-1 

with 8000kg of water flowing to the weigh-tank the suction head of 

the pump increased by more than 0.7m (water level in the sump fell 

below the range of the sump pneumatic gauge), and the height over 

the weir fell by 1.5mnL. For smaller flow rates, e. g. 11 kgs-1, 

with a similar amount of water to the weigh-tank, the height over 

the weir changes more, but as the time to the weigh-tank is so long 

the minor adjustment of pump speed needed to keep within a similar 

limit is made easily. 

In addition to the means of precise control of level in the 

upper tank, pneumatic gauges are provided in both the upper tank 



45 

and the sump to give an approximate measure of water levels in 

these components. The time constant with which the level in the 

upper tank responds to an adjustment at the pump is approximately 

3 minutes, and consequently early knowledge of when the level in 

the upper tank is approaching its overflow value is essential in 

controlling the pump effectively. The pneumatic gauge in the 

sump is essential for avoiding overflow of the sump, and also 

judging whether there is sufficient water in the sump for the 

next test. 

2.1.2 Ducts 

All ducts are of smooth PVC tubing except the downcomer from 

the upper tank which is not necessarily hydraulically smooth. 

(However, the tests for the friction factors have indicated that 

the PVC tubing are not exactly hydraulically smooth as described 

in Para. 2.3.2). The glassfibre bends of various ratios of 

R/D = 1.49,3.42 and 4.89 were expected to be smooth, and the 

measured bend head loss coefficients have indicated that they 

are smooth. The method of making glassfibre bends is described 

in Appendix A, and relatively small defects in the product 

are noted. The dimensions of the bends which have been tested 

are given in Table 2. 
. Lengths of the upstream and downstream 

tangents have been selected to be sufficiently long as far as the 

duct-location in the laboratory allows. The dimensions of the 

straight ducts are shown in Table 3. The fourteen metal flanges 

made of Mild Steel are screwed onto the short pieces of spacer 

ducts, but the PVC flanges have been fitted on both ends of longer 

ducts by PVC cement. A metal flange is shown in Fig. 25. 

The horizontal sections of the main line in the laboratory 

have been well braced, and there is no disturbance of the ducting 
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for the flow of water. 

Diagrams of the duct line with the various test bends and the 

pressure tapping connections are given in Figs. 26 to 29. 

2.1.3 Diverter 

In order to divert water to the weigh-tank, and then back to 

the drain the diverter is actuated in both directions. From previous 

tests [Crook (1974)] it has been shown that the mean setting error 

using the diverter is 

-1 x 10-3 < 
JAT/Tý 

<+1x 10-3 (4 ) 

where -y = error in time to the weigh-tank 

R 
M= error in mass to the weigh-tank. 

The mechanical principle of the diverter is illustrated in Fig. 30. 

The assembly of all fourteen tubes in line is rocked by a double 

acting hydraulic power cylinder, fed from the outlet of the main 

pump, and controlled by a pneumatically actuated spool valve. 

There are fourteen flexible tubes (in 31.75irmº bore) connected to 

the diverter. 

Each tube (in 25.4 bore) is connected flexibly with a valve 

bank at the end of the main line (in 145.05mm bore). The valves 

are either fully open or fully closed so any tube in use runs full. 

Flow rate is set by the number of valves open. 

2.1.4 Switch 

The main elements of the switch are shown in Fig. 31. 

The spindle is connected co-axially with the diverter and rotates 

with it. The body of the switch is held against rotation by the 

spring and setting screw. Switching occurs when the wiper passes 
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across the boundary between the insulating inner body and the gold 

plated strip. There are no forces which can cause bouncing of the 

wiper. The switch and clock are connected by up to 30m of co-axial 

cable of 100pF per metre. The delay because of the capacitance of 

the cable is too small to be of consequence. The order of magnitude 

of the delay is 

16.7x103x100x10 12x30 
= 50 p s. 

2.1.5 Clock 

The electronic time counter (Fig. 32) reads to one 

thousandth of a second with a specified error of no more than +1 
6 

count in 1x10. The counter was checked against the Racal Instruments 

Universal Counter Timer Model 835. 

2.1.6 Weighbridge 

In previous tests the weighbridge had been calibrated against 

substandard weights of the Inspector of Weights and Measures. The 

substandard weights were used to calibrate a smaller weighbridge 

which was then used to define the values of cast iron masses which 

were then used to calibrate the large weighbridge. The result of 

calibration was a random error of less than + 0.1% and a systematic 

error of less than + 0.1%. The weighbridge has a capacity of 

20,000kg and is graduated in intervals of 5kg. The weighbridge can 

be read to within + 1.0kg. 

2.1.7 Thermometer 

Temperatures of the flowing water are measured to the nearest 

hundredth of a degree centigrade by a mercury thermometer set in 

the drain to sump of the diverter valve. 
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2.1.8 Manometers 

Pressure differences are measured by a differential air-water 

manometer for moderate pressure differences, and a water-mercury 

manometer for large pressure differences (Fig. 33). The scale 

is graduated in millimeters, and a tenth of a millimeter is estimated. 

The manometer glass tubes are made of 12.7mm internal diameter bore. 

The ranges of those differential manometers are shown in Table 4. 

It is estimated that pressure differences are read to within ± 1.0%. 

2.1.9 Static Pressure Tapping Connections 

The location of the static pressure tapping connections is 

shown in Fig. 34. At each location two tappings of 6.35mm bore 

are provided at 1800 intervals. The neighboring static pressure holes 

were spaced at least 29cm apart to keep clear of any interference 

effects among themselves [Ito (1955,1956)]. 

The pipe wall thickness is approximately 10.5mm (actual 

10.5 + 1.5mm). 

To communicate the pressure of the water flowing accurately 

to the manometer, the length of the static pressure tappings should 

be at least twice the diameter of the bore of the tapping EMiyadzu 

(]L936)]. The greater length was obtained by screwing brass bushes 

with a bore of 6.35m4n diameter into the wall of the duct as illus- 

trated in Fig. 35. 

The problem arises of connecting any single tapping selected 

from a large number of tappings to one or other of the two manometers. 
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The solution to this problem which was adopted was to connect the 

static pressure tappings to a manifold via diaphragm valves so 

that any selected static pressure tapping could be connected with 

either of the manometers. The system of ducting, valves and 

manifold is illustrated in Fig. 36. PVC tubing of 7.94mm 

bore and approximately 12n length (5 = 1511) was used for the 

conne ctions . 

Some preliminary tests were made on similar ducts with the 

static pressure holes, 11.5mm and 1.05nan in diameter respectively., 

which were drilled at 900 intervals in the circumference as 

illustrated in Fig. 37. It was found from these tests 

(see Figs. 345 to 354) that neither the 11.5mm nor the 1.05rrmi 

diameter tappings gave consistent results, and that the variations 

were greater with the 1.05mm holes. The reason for the larger 

error with the 1.05mm diameter static pressure tapping might be 

because of the heights of burrs relative to the hole size or 

specks of dust [Shaw (1958,1959)]. As a result of these tests 

the former static pressure tapping shown in Fig. 35. 

was adopted. With this design of tapping, the length of the 

tapping is approximately 6.55 diameters of its bore, and satisfies 

the criterion that the length should exceed 2 diameters. 

Care was taken in drilling and tapping the duct wall, and 

the inner surface of the duct was carefully de-burred. 

2.1.10 Orifice Plates and Carrier Rings 

All square-edged single-hole and multi-hole orifice plates 
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were made of approximately 3.17mm thick H/H brass sheet, except 

the two single-hole orifice plates with area ratios of m=0.389 

(one of them was originally m=0.386 before it was finally 

re-bored to m=0.389) which were made of EN 58 J stainless 

steel. The orifice plate holes were bored to produce sharp 

upstream edges, and care was also taken to satisfy the dimensional 

and constructional requirements of B .S . 1042 (1964). The downstream 

edge of the orifice plate was not bevelled, but the tests showed 

that the thickness of the orifice plate (approximately 3.17mm) 

had no significant effect on the discharge and head loss 

coefficients when compared with the standard values. The measured 

values are compared with the values of B. S. 1042 (1964) in 

Paras. 3.3 and 3.5.2. 

All orifice plates were drawn across fine grade emery paper 

laid on a flat surface to remove burrs. To determine the orifice 

diameter, the average of four measurements of diameters were taken 

by an inside micrometer and were confirmed with a vernier gauge. 

Errors of measurement in diameter are assessed as less than 

+ 0.05%. 

Both carrier rings were made of mild steel and were nominally 

identical. They produced very consistent values of orifice plate 

discharge coefficients. Some measurements for the single-hole 

orifice plate with area ratio of m=0.387 are given in Fig. 38. 

The low and high pressure connections of the carrier ring, 

which were at 1800 intervals in the circumference, were 

connected to the water-mercury manometer by PVC tubing of 
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7.94mm bore. Each orifice plate is fitted into the carrier 

ring by 16 screws (2BAx*" CSK SS screws). 

The details of the carrier ring and every orifice plate 

tested are shown in Figs. 11 through 16, and the primary 

characteristics of all orifice plates are also given in 

Table 1. 

2.2 PROVING OF THE APPARATUS 

All of the work which will be described subsequently 

depends upon the accuracy with which flow rates may be measured 

by the weigh-tank apparatus. The calibration of the weighbridge 

itself has been referred to-already, and the possible errors due 

to the errors in the weighbridge itself are a random error of 

less than + 0.1% and a systematic error of less than + 0.1%. 

The other principal measurement is the measurement of the 

time during which the weigh-tank is being filled, and in 

practical terms this resolves itself in to setting the instants 

at which the clock is switched on and is switched off. This 

may be said because with a crystal controlled clock, which has 

been checked against standard time signals, the percentage 

error in the clock itself is too small to be of any significance. 

A check of the clock which was made indicated the clock error to 

be within + 0.001% which only increased to within + 0.003% 

when the temperature of the envelope of the crystal was raised 

by 20°C. 

The principle of the setting of the switch correctly will be 
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discussed with reference to Fig. 39a and 39b. In Fig. 39a 

the angular position of the diverter drum is shown as a 

function of time. Actual measurements with a linear 

transducer demonstrated that over the important part of its travel 

the drum moves with a constant velocity as is indicated in the 

figure. The switching point in the figure is at position "y" 

to give the switching instants T1 and T2. In Fig. 39b 

the flow rate to the weigh-tank is shown as a function of time. 

The reasonable assumption will be made that the way in which 

flow rate rises to its full value, and the way in which flow 

rate falls back to zero are highly reproducible although the exact 

forms are not known. The problem now can be expressed as finding 

that value of "y" which in turn gives times T1 and T2, such that 

the area ABCD is equal to the area OEFG. If now two occasions 

of diverting are considered in which in the first instance for 

the sake of definiteness a time of diversion to the weigh-tank 

of 100 seconds is given by the clock, and in the second instance 

the time given by the clock is 200 seconds, then if "y" is set 

correctly the masses to the weigh-tank should be precisely in 

the ratio of 2 to 1. If "y" is set too low, i. e. y1 , then the 

ratio will be slightly greater than 2. Let it be assumed that 

the value of "y" in Fig. 39a is correct, then a lower 

value of "y", y1, will add a time 'AT to the interval between 

switching on and off the clock whilst that makes no difference 

at all to the timing of the diversion of the flow. The mass to 

the weigh-tank in the first instance, Ml, may be expressed as 
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Mý =M (100 - AT) (5 ) 

and it follows in the second instance 

M2 =M (200 - AT) (6) 

then the ratio 

M2 
=2 (1 + 

AT 
M 200 

1 

(7) 

In this M is the actual flow rate, whereas the calculated flow 

rates, M1 , are given by 

Mý 
ml 

=M(1- 
AT 

100) (8) 

and 
.1 m 

M2 

207 -M (1 - 
AT 

200 
) (9) 

consequently 

+ 
AT (10) 

Al 200 
1 

in which the terms in AT'2 and higher powers are ignored. 

Consequently, if there is an error in timing the flow rates., 

as calculated from the mass to the weigh-tank and the time to 

the weigh-tank as shown by the clock, it will appear to depend 

upon the time for which the flow is diverted to the weigh-tank. 

That is an impossibility. 

Partial differentiation of 

"N (11) 
T 

gives the proportional error as 

DM N AM AT (12) 

MMT 
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The intention with respect to errors will be expressed as 

rý T/T 
-1x10 

3<-< 
+1x10 

3 (13) 

The weighbridge can be balanced and read to within +1.0kg. It 

follows that to satisfy the intention with respect to error, 

a mass of 1000kg or greater must be sent to the weigh-tank. 

For a typical flow rate of 60kg/sec the time of diversion to 

the weigh-tank would be 16.66 seconds, and to satisfy the intention 

with respect to time, a timing error within ±16.66 milliseconds 

would be required. The time taken for the tubes of the diverter 

drum to pass over the separator plate is 230 milliseconds, and 

a timing error of 16.66 milliseconds in positional terms implies 

that at the instance of switching on and switching off the clock 

the tubes are away from a central position over the separator 

by d/27.61 where d is diameter of the tubes. In actual dimensions 

(d=25.4mm) this would mean that switching occurs when the tubes 

are displaced 0.92mm from the intended position of switching. 

This would be a large displacement, and in positional terms the 

switch can be set to within +0.5mm. 

In Fig. 40 the effects upon the measured flow rates 

caused by various postulated errors in the instants of switching 

are shown. 

It has been assumed above that the flow rate, 
i, depends 

solely upon the number of valves which is open. However the 

flow rate, as found experimentally and indeed as one might expect, 

varies with the temperature of water flowing in the system. It 
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is therefore important that comparisons between the calculated 

flow rates, Mý and M2, should be made at the same temperature 

of the water. An example of such a comparison is shown in Fig-41 

in which flow rate, as deduced from the mass to the weigh-tank 

and the time by the clock, is plotted as a function of temperature. 

The various points relate to times of diversion of 70 to 140 

seconds. All of the points lie within 0.1% of the regression 

line, and do not give any evidence of a timing error [Crook 

(1974)]. 

2.3 PROCEDURE OF TESTS 

The test procedure generally consisted of: 

(i) Measuring the flow rates; 

(ii) Measuring the friction factors for the straight 

duct, and obtaining the experimental friction 

factors; 

(iii) Measuring the pressure drops in the duct line 

due to the bends, and obtaining the experimental 

bend head loss coefficients; 

(iv) Measuring the pressure drops in the duct line 

due to the orifice plates, and obtaining the 

experimental orifice plate discharge coefficients 

and head loss coefficients; 

(v) Measuring the system pressure drops due to the 

various combinations of bends and orifice plates, 

and obtaining the variations of the orifice plate 

discharge coefficients and the interaction coefficients. 
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The lines to the manometers were purged carefully before 

the readings of the pressure differences were taken. 

2.3.1 Measurement of Flow Rates 

Each flow rate which was desired has been determined by the 

number of valves open. In making the measurement of actual flow 

rate by the weigh-tank apparatus, the water flowing in the system 

was diverted to the weigh-tank typically for 60 seconds, and the 

net mass to the weigh-tank was measured by the weighbridge. The 

temperature of the water was also measured to read the density 

of the water. By means of those measured values the mass flow 

rate was calculated by 

M=T ('4) 

and then the volume flow rate itself was deduced by 

Q=p (15 ) 

where 
i= 

mass flow rate 

M= net mass to the weigh-tank measured by the 

weighbridge 

T= time to the weigh-tank measured by the 

electronic time counter 

Q= volume flow rate 

p= density of the water at the time of measurement. 

For each test in which the flow was diverted to the weigh-tank 

the procedure in measuring the flow rate was repeated, and the mean 

flow rate was obtained by dividing the measured mean mass flow rate 
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by the mean density of the water. A typical plot of mass flow 

rate, M, -against the number of valves open, n, is shown in 

Fig. 42. 

2.3.2 Measurement of Duct Friction Factors 

The location of the static pressure tappings is shown in 

Fig. 43. For the duct friction factors, the pressure drops 

were measured by the air-water manometer between the static 

pressure tappings 'A' to 'D' spaced at a distance of 635.4cm 

(43.7D) and 100cm (6.7D) respectively upstream of the test bend 

of R/D = 1.49. The distance between the downcomer and the static 

pressure tapping 'A' was over 1250cm (86D). This would indicate a 

fully developed turbulent flow for each test. The plane at 'A' was 

adopted as the reference and pressure drops were measured between 

'AB', 'AC' and 'AD' for both top and bottom static pressure 

tappings. The experimental values of friction factor were 

obtained from the measurements of pressure drop, and the mean 

friction factors were taken as the slope of the plots of K 

(head loss coefficient due to duct friction) versus L/D (axial 

length in duct diameters). Typical plots are shown in Fig-44 

in which the head loss coefficients are those given by the bottom 

static pressure tappings (the reason for choosing the bottom 

readings is explained in this paragraph). The curve of Fig. 44a 

relates to the lowest Reynolds number used in the work and the 

curve of Fig. 44c relates to the highest Reynolds number used 

in the work. The lines must pass through (0,0), and for each 

instance 3 experimental points provide 3 slopes. These slopes 

are always within + 3.0% of the mean. Fig-43 illustrates 
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the system duct work, and shows a straight piece of duct upstream 

of the bend of R/D = 1.49 and a straight piece of duct downstream 

of the bend. Both upstream and downstream straight lengths carry 

static pressure tappings, in the instance of the upstream tangent 

in 4 planes, and in the instance of the downstream tangent in 6 

planes. In each plane diametrically opposite static pressure 

tappings were provided which were normally at the bottom and the 

top as mentioned in Para. 2.1.9. The pressure differences between 

the various planes should be the same irrespective of whether the 

pressure differences are measured between top static pressure 

tappings or between bottom static pressure tappings. In Fig. 45 

typical plot of system headloss coefficients, Ks, is shown, and 

it is clear from the plot that whereas there is little difference 

between top and bottom head loss measurements in the downstream 

tangent, there is a substantial difference between top and bottom 

head loss measurements in the upstream tangent. The plot clearly 

suggests that some of the static pressure tappings in the upstream 

tangent are giving false readings. This was confirmed by rotating 

the upstream tangent about its axis through 90 and 180- degree. 

It was found that the pressure differences were associated with 

the static pressure tappings and were unaffected by rotation of 

the tangent, and it is concluded that some of the static pressure 

tappings in the upstream tangent are defective. 

The problem arises of identifying the defective static 

pressure tappings, and indeed of justifying whether any of the 

static pressure tappings are to be relied upon. It may be seen 

from Fig. 45 that if the pressure differences given by 
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the bottom readings of the upstream tangent are regarded as 

reliable, then the slopes, which indicate friction factor in the 

straight duct are substantially the same both upstream and down- 

stream of the bend. This was found to be so in all circumstances, 

i. e. over the range of Reynolds numbers employed and for all of 

the various radius ratios of the bends tested. It should be 

noted that in order to determine the straight duct friction 

gradient in the downstream tangent strictly it is the gradient 

of the asymptote of plots which should be taken. The local 

effect of the bend is confined to within approximately 30 

diameters downstream of the bend. It is the point beyond the 

L/D = 30 which should be used for the estimation of the straight 

duct friction gradient (see, for example, Figs. 50 to 77). 

Additional evidence is provided by calculating friction 

factors from the head losses. In Fig. 46 some typical 

results of duct friction factors measured from top and bottom 

static pressure tappings in the upstream tangent are presented, 

and in the same Fig. 46 the Kärmän-Prandtl curve is also 

plotted as a function of Reynolds number ReD = VxD, i. e. the 
v 

curve 

1=2.0 log (ReD )-0.8 (16) 

which is relevent for 3x103 < ReD < 3x106. It may be seen 

that the friction factors derived from the bottom readings are 

close to the Kärmän-Prandtl curve from the lowest ReD = 0.85x1.05 

up to ReD = 3x105, and that thereafter the friction factors lie 
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above the Kärmän-Prandtl curve. This would indicate a duct 

with the relative roughness of approximately D= ]xlO 5, 
and 

is consistent with the data from the duct manufacturer, who 

quote the same value of relative roughness [Chemidus Wavin 

(1975)]. Hereafter all pressure differences for the upstream 

tangent will be based upon the bottom readings which give 

results which are internally consistent and externally 

consistent with the Moody diagram E Moody (1944)]. 

The reason why some static pressure tappings in the upstream 

tangent are not reliable is not known definitely but is possibly 

due to the difficulty of making the static pressure tappings. The 

form of the static pressure tapping is shown in Fig. 35 

and possibly in the early tappings the wall of the duct was 

distorted by pressure from the tap when the thread was cut 

in the blind hole, and also by pressure from the bush connected 

to the valve when it was fitted to the pressure hole. Detailed 

internal inspection of the static pressure tappings was not 

practicable because of the difficulty of access. It is probable 

that the greater reliability of the static pressure tappings in 

the downstream tangent reflects the greater experience which had 

been acquired when they were drilled. 

2.3.3 Measurement of Bend Head Loss Coefficients 

Some typical arrangements for the test bends are shown in 

Figs. 26 through 29. Three 90-degree glassfibre bends with 

radius ratios of R/D = 1.43,3.42 and 4.89 and one 90-degree 

PVC bend with radius ratio of R/D = 4.18 were tested, and 

their bend head loss coefficients were measured. 
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For each bend, the procedure for obtaining the bend head 

loss coefficients for a range of Reynolds numbers was the same. 

The pressure drops for the duct plus bend were obtained by 

measuring pressure differences (by means of the air-water 

manometer) between the static pressure tappings located at 

'A', 40 diameters or so upstream of the bend entry plane, to 

'P', 45 diameters or so downstream of the bend exit plane where 

the flow is again fully developed. 

With reference to Fig. 43 the pressure drops were 

measured from the top and bottom static pressure tappings at 

planes 'E', 'C', 'D', 'E', 'F', 'G', 'H', 'J' and 'P' relative 

to the plane 'A' for each selected flow rate, then the. mean 

system head loss coefficients (except for the upstream tangent 

where only the more reliable bottom readings were used), K=h, 
s V2/2g 

were plotted against the distances from plane 'A' as shown 

typically by Fig. 47. As is to be expected these plots 

fall in two straight lines separated by an apparent discontinuity 

over the bend. The distribution of head loss in the bend is 

unknown, therefore, the bend is represented as having zero 

system length, i. e. LID =0 (see diagram inset in Fig. 47), 

and consequently the apparent discontinuity represents the gross 

head loss coefficient over the bend. The gross bend head loss 

coefficient is not quite the gross bend head loss coefficient 

because there will be small pressure drops attributable to 

disruption of a continuous smooth bore at the flanges (see Fig. 48). 

However, because no numerical value can be given to such losses, 

they have not been taken into consideration and the gross bend 
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head loss coefficient and bend head loss coefficient will be 

treated as identical. In some instances, which did occur, 

the bend was connected to the main duct work by short lengths 

of ducts whose diameters differed slightly from that of the 

main duct work. It is also to be noted that the actual bores 

of the bends tested differ slightly from the bore of the main 

duct work as is shown in Tables 2-3. Some typical 

arrangements are illustrated in Fig. 49. 

and their mean diameters are also indicated. In all these 

instances the gross bend head loss coefficient was corrected for 

the pressure losses due to sudden enlargements and contractions. 

In the plots of the system head loss coefficient, Ks, against 

the axial length to duct diameter, L/D, the D always stands for 

the actual bore, i. e. a piece of connecting duct of smaller 

diameter and length of equal diameter is represented by 1 unit 

of L/D. In principle, an additional correction should be 

made on account of the changed velocity of flow through the 

connecting ducts, i. e. change in friction factor due to change 

in Reynolds number. In practice this correction is extremely 

small, and has not been applied. 

For all instances shown in Figs. 50 through 77. 

the apparent discontinuity in the head loss coefficients 

consists of the head loss coefficient attributable to the 

bend plus the head loss coefficient attributable to the 

connecting ducts in the line. For each bend tested these 

gross head loss coefficients were plotted against the 
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Reynolds numbers as shown typically by Fig. 78. 

As is to be expected the gross bend head loss coefficient 

decreases as the Reynolds number increases. 

With reference to Fig. 43 the system head loss 

between 'A' and 'P' can be regarded as the straight duct friction 

loss which would occur if the bend was removed and the downstream 

tangent was joined to the upstream tangent in line, plus the 

head loss due to the presence of the bend. Consequently, the 

system head loss coefficient between 'A' and 'Pt is given by 

KS =Kb+Kf ('7) 

In these instances in which connecting duct work of different 

diameters was used the measured system head los coefficient 

will include the sum of local head loss coefficient due to 

sudden enlargements and contractions, and then becomes 

Ks =Kb +Kf+ 7- KL 

from which 

(is 

Kb = Ks - Kf - FKL (19) 

or Kb = KG- T- E KT (20) 

where Kb = bend head loss coefficient 

Ks = system head loss coefficient 

Kf = friction loss coefficient 

KL = local head loss coefficient 

KG = gross bend head loss coefficient. 

The problem now arises of assessing the sum of the local 

head loss coefficients, E KL. The correction has in fact 

been made by setting down the various diameters present and 
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applying appropriate head loss coefficients for sudden 

enlargement and contraction as given in Fig. 49. 

To provide some experimental verification of this procedure 

connecting ducts were made up with various short lengths of 

various diameter ducts. The head loss coefficients for these 

various configurations were measured and the differences 

between them were compared with the calculated differences 

based upon the theoretical head loss coefficients due to sudden 

enlargement and contraction. The experimentally found differences 

are compared with the predicted values in Table 5, and 

the two sets are in fair agreement. This gives some experi- 

mental justification for the way in which the sum of local 

head loss coefficients, E IKL, has been in fact evaluated. 

Typical results are given in Figs. 79 to 81. 

Very careful and accurate measurements are necessary to 

obtain consistent bend head loss coefficients as is also 

indicated by Ito (1956) and Miller (1971). For a typical 

instance the numerical values from Fig. 51 can be 

given as follows: 

K = 1.613 
s 

Kf = 1.326 

KL = 0.050 

f= 0.01472 

LID = 90.1 

R/D = 1.49 

ReD = 2.72 x 105 
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To find the bend head loss coefficient, Kb, the friction loss 

coefficient, Kf =fxD, plus the sum of local head loss 

coefficients, KL, is subtracted from the system head loss 

coefficient, Ks. That is: 

Kb=KsKf- EKL (21) 

from which 

Kb = 1.613 - 1.326 - 0.050 

then becomes 

Kb = 0.237 

The accuracy of the system head loss coefficient, Ks, and the 

friction loss coefficient, Kf, is estimated to be within + 0.2 

and 1.0% respectively. Estimating the accuracy of the sum of 

the local head loss coefficient, KL, which is substantially 

a small value, to be within + 10.0% the overall accuracy of the 

bend head loss coefficient, Kb, is estimated to be within + 9.0%. 

From this instance it may be seen that the accuracy of the bend 

head loss coefficients largely depends on the accuracy of the 

measured duct friction factors for fully developed flow and the 

geometry of the duct work. 

The measured gross bend head loss coefficients, KG, in Figs. 50 

through 77 were corrected for the sum of the local head loss 

coefficients, E KL, and then the bend head loss coefficients, 

Kb, were found over a range of Reynolds numbers for a number of 

different bend geometries. The results are presented as the bend 

head loss coefficient, ISb, as a function of the Reynolds number, 
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Re D, and also the bend head loss coefficient, Kb, as a function 

of the radius ratio, R/D, for a number of specific Reynolds 

numbers, ReD. The results are given in typical Figs. 82 and 83. 

2.3.4 Measurements of Orifice Plate Discharge 

Coefficients and Head Loss Coefficients 

The geometry of all orifice plates tested are given in 

Table 1. The orifice diameters were carefully measured 

at four places with inside micrometers, and the mean value of 

four readings was taken as the orifice diameter as previously 

mentioned in Para. 2.1.10. To calculate the area ratio, m, of 

each orifice plate, the mean internal diameter of the duct was 

taken from four readings measured at a point about two duct 

diameters (2D) upstream of the orifice plate as indicated in 

Standard Codes Le. g. B. S. 1042 (1964)]. Eight single-hole and 

nine multi-hole orifice plates of various area ratios were tested 

to measure the additional pressure drop in the line due to the 

orifice plates, their discharge coefficients, Cd, and head loss 

coefficients, K0 (except for the single-hole orifice plates with 

the area ratios of m=0.386 and 0.387). The procedure for 

obtaining the orifice plate discharge coefficients and head loss 

coefficients for a range of Reynolds numbers was the same in all 

instances. The carrier ring containing a given orifice plate 

was inserted in the line between two flanges where there were 

upstream and downstream straight sections of over 1200cm (82D) 

and 600cm (41D) respectively. For the range of Reynolds numbers 

tested, the flow approaching the orifice plate was therefore 

fully developed and turbulent. 
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The location of static pressure tappings is shown in Fig. 84 

The plane at 'A' was adopted as the reference, and the pressure 

drops between the static pressure tappings 'A' (14.5cm=1D) 

upstream and 'B' (252.5cm=17.4D), 'C' (455.5cm=31.4D), and 

'D' (585.5cm=40.3D) downstream of the orifice plate were 

measured by the water-mercury manometer for both top and 

bottom static pressure tappings (in this instance, because of the 

relatively large pressure drops, the disparity between the 

pressure difference readings given by the top and bottom static 

pressure tappings is of no significance). The pressure drop 

between the high and low pressure corner tappings of the carrier 

ring was also measured. 

For each test, the orifice plate which was always fitted 

into the carrier ring by the screws as mentioned in Para-2.1.10 

was carefully inserted in the line between two flanges (care 

was taken to adjust the high and low pressure tappings connections 

of the carrier ring into a horizontal plane, i. e. normal to the 

plane of the top and bottom pressure tappings). With the water 

flowing in the duct work the air was removed from the ducts and 

each line connected to the manometer. The flow was set at a 

desired flow rate by opening an appropriate number of the 14 valves, 

and the constant head was obtained by adjusting the pump speed for 

the conditions as described in Para. 2.1.1. When the flow conditions 

were stable the weighbridge was balanced and the temperature of the 

water was measured at the beginning of each test. Then the 

orifice plate pressure difference, h O. P., was usually measured 

when the flow had been diverted into the weigh-tank, which was 
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for a period of approximately 60 seconds. The weighbridge was 

again balanced and the net mass to the weigh-tank was found in 

order to derive the mass flow rate. The pressure differences 

were measured for both top and bottom static pressure tappings 

located between 'A' to 'D'. Each test was repeated and the mean 

values were used to calculate the orifice plate discharge coefficients 

and head loss coefficients. 

It should be noted that, because of the existing screw 

tappings on the carrier ring, unless otherwise stated, the normal 

position of each multi-hole orifice plate when fixed into the 

carrier ring was used as illustrated in Fig. 85. 

To obtain the experimental orifice plate discharge coefficients, 

Cd, the Eq. (31) given in Para. 1.1.3.4 was used. Some typical 

plots of the orifice plate discharge coefficients, Cd, versus the 

Reynolds numbers, ReD, are shown in Figs. 86 through 101 

and in these instances the different dates of measurements are 

also indicated. For each orifice plate tested Cd decreases when 

ReD increases, and tends to an asymptotic value at the higher 

values of ReD. 

To find the orifice plate head loss coefficient, Ko, the 

calculated friction loss coefficient, Kf, in the straight duct 

was subtracted from the measured system head loss coefficient, 

Ks, between the static pressure tappings 'A' (1D) upstream and 

'B' (17.4D) downstream of the orifice plate. The same procedure 

was also applied between the static pressure tappings 'A' (1D) 



69 

upstream and 'C' (31.4D) and 'D' (40.3D) downstream of the 

orifice plate. Then, the mean value of the top and bottom 

readings was taken as the experimental orifice plate head loss 

coefficient. Some typical plots of the orifice plate head loss 

coefficients, ö, versus the Reynolds numbers, ReD, are shown 

in Figs. 102 through 115 with the dates of measurements 

as indicated. Tests show that the orifice plate head loss coeffi- 

cient tends to an asymptotic value at the higher Reynolds numbers. 

All the experimental results as presented have fully taken 

into account any effects arising from variations in temperature, 

both in respect of the flow of water and also with respect to the 

manometer reading. The sump water has been treated as-having 

unit density at 4°C. The density of water was measured from time 

to time and values of the specific gravity of the sump water 

about 1.0006 were obtained. The enhanced density of water was 

attributed to the presence of salts from the concrete sump, and 

the system was periodically emptied and refilled with tap water. 

The error in Cd due to the density variation is within + 0.06%, 

and has been regarded as too small to be of significance. 

2.3.5 Measurement of Interaction Effects Between 

Bends and Orifice Plates in Combination 

In Paras. 2.3.3 - 2.3.4. the experimental head loss coefficients of 

the bends and orifice plates were given. In this paragraph the 

method of measuring the effects of the interaction between orifice 

plates and bends in combination will be described, and results 

will be reported. In general, the orifice plates were placed 

downstream of the bends, but in a few instances they were placed 
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upstream. The glassfibre bends with radius ratios of R/D = 

1.43,3.42 and 4.89 and the PVC bend with radius ratio of 

RID = 4.18 were used, and were combined with both single-hole 

and multi-hole orifice plates of various area ratios, in. Spacers, 

with lengths ranging from Ls/Ds = 0.55 to Ls/DS = 16.49, were 

used. The arrangement of the test line is illustrated in Fig. 23 

The quantities deduced from the tests are the head loss coeffi- 

cients of the various. bends and orifice plates in combination, 

Klo, the interaction coefficients, Ci, and the orifice plate 

discharge coefficients, Cd. In this work the disparities 

between the readings of the top and bottom static pressure 

tappings, which had to be considered in detail when the duct 

friction loss was being considered in Para. 2.3.3 , are too 

small to be significant in the context of this paragraph. 

The experimental procedure for obtaining the head loss 

coefficients of the combinations of the various bend and 

orifice plates, Klo, and the discharge coefficients of the 

orifice plates, Cd2 in each combination was the same in all 

instances, and the tests covered a range of Reynolds numbers, 

ReD. For each combination, with the bend upstream of the orifice 

plate or with the orifice plate upstream of the bend, the carrier 

ring containing a given orifice plate was inserted in the duct 

line between two flanges at a chosen spacer length of the line, 

and with the water flowing in the duct work all lines were 

carefully purged. The water flow was established and a constant 

head was maintained by adjusting the speed of the pump as 

previously described in Para. 2.1.1. When the flow conditions 
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were stable, with reference to Fig. 23 , the pressure 

differences between the static pressure tappings 'A' to 'P' 

were measured with the water-mercury manometer for both top and 

bottom static pressure tappings. The pressure difference across 

the orifice plate as given by the low and high pressure connections 

of the carrier ring was also measured with the water-mercury 

manometer. At the beginning of each test the temperature of the 

water flowing was read, and the mass flow rate was measured by 

means of the weigh-tank apparatus. The period of diversion to the 

weigh-tank was approximately 60 seconds. The flow rate was 

changed by opening various numbers of the valves of the valve 

bank. Each test was repeated and the mean values of the readings 

were used to calculate the combined bend and orifice plate head 

loss coefficients and discharge coefficients of the orifice plate 

in combination. For each combination, the pressure differences 

were usually measured at three Reynolds numbers. 

2.3.5.1 Variations in Orifice Plate Discharge 

Coefficients 

One purpose of this work was to find out the variations 

in the orifice plate discharge coefficient when the orifice 

plate was close to the bend. The calculation procedures were 

based on the apparent area ratios of the orifice plates, 

Ms = Ao/As, depending upon the internal diameters of the 

connecting ducts measured at the upstream side of each orifice 

plate installed in the duct line. With this assumption the 

discharge coefficients of the orifice plates in combinations 

have been found, and some typical plots of the orifice plate 

discharge coefficients, Cdi, versus the Reynolds numbers, ReD, 
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are presented in Figs. 116 to 134. As is to be expected, 

for the same spacer length, the discharge coefficient decreases 

when the Reynolds number increases. This difference between the 

discharge coefficient of the orifice plate in combination with 

the bend and the discharge coefficient of the same orifice plate 

as measured in the straight length for an interference free flow 

was expressed as a percentage of the latter discharge coefficient 

Variation in Cd _ 
Cdi - Cd 

(22) 
(%) Cd 

where Cdi = discharge coefficient of the orifice plate when 

there is an interaction between the orifice plate 

and bend 

Cd = discharge coefficient of the orifice plate when 

the orifice plate is in isolation. 

As previously described, the discharge coefficients of each 

orifice plate in an interference free flow had been found, and 

the orifice plate discharge coefficients, Cd, versus the Reynolds 

numbers, ReD, are shown in Figs. 86 to 101 . To calculate the 

variations in Cd due to the various bend and orifice plate 

combinations at the same Reynolds numbers, ReD, the orifice plate 

discharge coefficients were taken from the figures for both 

instances. For each combination the mean percentage variations 

in Cd were obtained in the range of the Reynolds numbers, and 

some typical plots of the mean percentage variations in Cd versus 

the spacer lengths, Ls/Ds, are presented in Figs. 135 to 142. 

It is concluded from the test results that 

(i) With the single-hole orifice plate downstream of 
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the bend the percentage variation in Cd is always 

a negative value, and rises to a maximum magnitude, 

e. g. -3%, between Ls/Ds =4 and 7 (Fig. 135); 

(ii) With the multi-hole orifice plate downstream of the 

bend the percentage variation in Cd is usually a 

positive value depending on the geometry of the 

multi-hole orifice plate, and falls to a minimum, 

e. g. -0.4%, between LS/D5 =8 and 12 (Fig. 136); 

(iii) With the various orifice plates upstream of the 

PVC bend of R/D = 4.18 the percentage variation 

in Cd rises up to +1.0% at the spacer lengths of 

Ls/Ds = 0.7 and 3.28 (Fig. 141), and with 

the single-hole and multi-hole orifice plates 

of m=0.232 and 0.231 respectively upstream of the 

glassfibre bend of R/D = 1.49 the percentage 

variation in Cd is sensitive to the diameter 

difference at Ls/Ds = 0.55 for the single-hole 

orifice plate, e. g. it rises to +3% (Fig. 142). 

2.3.5.2 Interaction Coefficients 

Another purpose of this work was to obtain the interaction 

coefficient, Cis which expresses the change in the sum of the 

head losses over the bend and orifice plate arising from their 

close combination in the line. With reference to Fig-23 

the system head loss coefficient, Ks, between 'A' and 'P', 

for example:, may be expressed as 

KS = (Kb + K0) Ci + Kf (23) 

with Kb_o = Ks -. Kf = (Kb + KO)Ci (24) 
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it then follows 

ci = "b-o 
x0 +K 

(25) 

where Kb_o is the measured head loss coefficient for the bend 

and orifice plate in combination, Kb and K0 are the measured 

head loss coefficients for the bend and orifice plate each in 

isolation, Kf is the measured friction loss coefficient for all 

straight sections of the line between 'A' and 'P', and Ci is the 

interaction coefficient for the bend and orifice plate in 

combination. Obviously, with a sufficient spacer length, 

Ls/Ds, between the bend and orifice plate they will not 

interact and the value of the interaction coefficient, Ci, will 

be unity. However, with an insufficient spacer length, Ls/Ds, 

the flow between the bend and orifice plate does not recover 

to a fully developed velocity profile. Then, for short 

spacer lengths there may be a static pressure interference 

between the bend and orifice plate, and the interaction 

coefficient, Ci, will differ from unity. The slope of the 

curve of Ci against Ls/Ds may be positive or negative. If 

the slope is positive the interaction is said to be favourable 

and if the slope is negative the interaction is said to be 

unfavourable as previously described in Para. 1.1.4.1. 

The system loss coefficient, Ksp is not necessarily 

measured between 'At and IPI but may be taken from any point 

upstream of the combination to any point downstream of the 
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combination. The system head loss coefficient, Ks, was 

measured as a function of the axial length, L/D. By the 

system head loss coefficient is meant the pressure loss in 

velocity heads between any two static pressure tappings, 

and by the axial length is meant the length in duct diameters 

between the two static pressure tappings minus the circumfer- 

ential length around the bend if the bend should intervene. 

Fig. 143a, which is purely illustrative, illustrates the 

reckoning of the axial length, L/D, where the 'D' always stands 

for the actual bore, e. g. a piece of connecting duct of larger 

diameter and length of equal diameter is represented by 1 unit 

of L/D. It is to be noted that each test bend is terminated as 

the 90 degree bend. Both integral tangents of the bend are 

included in L/D, and then are treated as an axial length in 

bend diameters, i. e. L/D = 0.55,1.1 and 2.0 for the glassfibre 

bends with radius ratios of R/D = 1.49,3.42 and 4.89 respectively, 

and L/D = 0.7 for the PVC bend with radius ratio of R/D = 4.18. 

Fig. 143b illustrates the plotting of the system head loss 

coefficients in which the static pressure tapping 'A' is taken 

as reference. The slopes of the lines upstream of the bend and 

downstream of the orifice plate substantially represent the 

straight duct (or pipe) friction loss, and separation of the 

lines which is denoted by 'K 
-o 

'gives the head loss coefficient 

due to the bend and orifice plate in combination. The separation 

denoted by 'K 
s-1' represent the head loss coefficient for the 

spacer length which separates the bend and orifice plate. 

For each combination the head loss coefficient, Kb-o, was 



76 

found by plotting the system head loss coefficients as typically 

shown in Figs. 144 to 248 , by drawing the best two straight 

lines, and by noting the separation. The system head loss 

coefficients upstream of the first component in the combination 

were based upon the readings from the more reliable bottom 

static pressure tappings (Para. 2.3.2), and the mean 

values taken from the top and bottom static pressure tappings 

were used as the system head loss coefficients downstream of 

the second component in the combination. Although this was 

done to obtain the best possible accuracy any disparity between 

the pressure difference readings given by the top and bottom 

static pressure tappings are of less consequence in this context 

than they were in Para. 2.3.3 because the head loss 

coefficient of the orifice plate is very much greater than 

that due to the bend. However, the measured head loss 

coefficients for the various bend and orifice plate combinations 

as indicated by the figures will include the sum of the local 

head loss coefficients due to the use of connecting duct work 

of slightly different diameters. To find the net head loss 

coefficient for the bend and orifice plate in the combination 

the value of the sum of the local head losses has to be subtracted 

from the measured gross head loss coefficient (the measured 

gross and net head loss coefficients of a bend-orifice plate 

combination will then be symbolized by Kb 
o and Kb-0 respectively). 

The sum of the local head loss coefficients, ZIL, due to sudden 

enlargement and contraction were evaluated as previously described 

in Para. 2.3.3 . Thus, Eq. (23) for the system head loss 

coefficient may be re-written as 

KF- (26) 
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Some typical plots of the net head loss coefficients, %-0, 

for the various bend and orifice plate combinations versus 

the Reynolds numbers, ReD, are presented for the various 

spacer lengths, L8/Ds, in Figs. 249 to 269. For the same 

spacer length, the tests indicate that the head loss coefficient 

for the bend and orifice plate in the combination increases 

when the Reynolds number increases. 

The interaction coefficient, Cis was then calculated 

from 
%-o 

iI +K 
0 

(27) 

in which all values of Kb_o and Kb have been corrected for the 

local head losses, Z KL (the measured value of K0 is not 

affected by the EKL). The net values of Kb-o and Kb were 

drawn from Figs. 82 and 249 - 269 respectively. Some 

typical plots of the interaction coefficients, Ci, versus 

the Reynolds numbers, Re D, are shown in Figs. 270 to 289 

for the various bend and orifice plate combinations and 

spacer lengths, Ls/Ds. It is to be noted that there is no 

substantial variation of Ci averaged over the range of ReD 

employed, some typical plots of those mean interaction 

coefficients, Zi, against the spacer lengths, Ls/D5, are 

presented for the combinations with the various bends upstream 

of the various single-hole or multi-hole orifice plates as shown 

in Figs. 290 to 295 . The trend of the curves in general is the 

same for each combination. The interaction coefficient rises 

to a maximum at approximately L8/Ds =4 and falls to a minimum 
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at approximately Ls/Do =7 as in Fig. 290 which is for 

the combination of the PVC bend of R/D = 4.18 and the single- 

hole orifice plate of m=0.389. However, it is noticeable 

that there are some exceptions to the general trend at small 

values of Ls/Ds, which occur when certain glassfibre bends 

of R/D = 1.49,3.42 and 4.89 were used, and these were known 

to produce small sudden changes in the areas at their connections 

to the line. This effect may be seen in Figs. 292 to 295 

where L5/Ds = 0.55,1.1 and 2.0 are for the bends of R/D = 1.49 

3.42 and 4.89 respectively; the points for the glassfibre bends 

rise above the general trend, but at larger values of Ls/Ds the 

points for the bends are in conformity with the general trend. 

In Fig. 296 , the interaction coefficients)Ci, are 

plotted against the spacer lengths, Ls/Ds, for the various orifice 

plates upstream of the PVC bend of R/D = 4.18. The tests indicate 

that there is an unfavourable interaction for those instances as 

the spacer length decreases from Ls/Ds = 3.28 to 0.7. It was 

also predicted by Ward-Smith (1976) that the interaction 

coefficient would fall to a minimum value between Ls IDs =5 

and 10, and would be unity at the large values of Ls/Ds' In 

Fig-297 the interaction coefficients, Ci, are also plotted 

against the spacer lengths, Ls/Ds, for the single-hole and multi- 

hole orifice plates with area ratios of m=0.232 and 0.231 

respectively upstream of the glassfibre bend with radius ratio 

of R/D = 1.49. In this instance the trend of the curve is the 

same but the effect of the larger bend diameter at Ls/Ds = 0.55 

introduces a larger interaction coefficient, e. g. Ci = 1.04. 
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Some tests were also performed to measure the head loss 

coefficients for the various orifice plates upstream of the 

glassfibre bend with radius ratio of R/D = 3.42 when the spacer 

length was 45 duct diameters. The test procedure was the same 

but the reference plane 'A' was at 1 duct diameter upstream 

of each orifice plate inserted in the duct line, and the 

pressure differences were measured between 'A' to 'P' as 

illustrated in Fig. 84 . Some typical plots of the 

system head loss coefficients, Ks, versus the distances from 

the reference plane 'A', L/D, are presented in Figs . 298 to 333, 

and in the same figures K, K* ,K and C are also 0 o-b O. P. i 
indicated. 
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CHAPTER III 

TEST RESULTS 
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3.1. The Effect of Temperature 

It was soon discovered in testing that the measured mass flow 

rate, M, to the weigh-tank varied with the temperature of the water, 

8, to a greater extent than is implied by changes in the density of 

the water. This is illustrated in Fig. 41 where over a 6-hour 

period the temperature of the water rose by approximately 3°C and 

the measured mass flow rate rose by approximately 0.4%. The 

figure contains points relating to the various mass flow rates and 

various masses to the weigh-tank, but dispositions of these points 

are mixed and there is no consistent segregation as would be given 

by timing error (see Fig. 40 ). The implication is that the spread 

of the points is due to random errors in measurement. 

The line through points is the regression line of M upon A. 

The standard deviation, c, of M about the regression line was 

calculated, and the bar in the figure is for ± 2a, i. e. indicates 

the 95% confidence limits. The arrowed line indicates an error of 

0.1% (not ± 0.1%). It may be seen from the figure that the random 

error is less than ± 0.1%. 

3.2. Mass Flow Rate and Number of Open Valves 

The mass flow rate, i. was measured with 2 to 14 valves open 

which gives a range of Reynolds numbers, ReD, based upon duct 

diameter, from. ReD - 0.7 x 105 to 6x 105. The mass flow rate to 

be expected was also calculated from the system head loss. Terms 

appropriate for the constrictions of the valves, for the flexible 

tubes connecting valves to the diverter, and for the discharge from 
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the tubes were included but the accuracy of these terms is not 

important because the major system head loss comes from the main 

duct friction loss. Fig. 334 shows a close correspondence between 

the measured and the calculated mass flow rates. It should be 

noted that on the scale of this figure the temperature effect is 

too small to be of any significance. 

3.3. Measured Orifice Plate Discharge Coefficients 

3.3.1 Single-hole Orifice Plate Discharge Coefficients 

As an additional check upon the measured mass flow rate the 

single-hole orifice plates with area ratios from m-0.171 to 

m-0.508 were arranged in the line for interference free flow 

(80D upstream and typically 100D downstream from the orifice plate). 

The measured discharge coefficients, Cd, for the single-hole 

orifice plate of m-0.386 and those given by B. S. 1042 (1964) are 

shown in Fig. 335 as a function of Reynolds number, ReD. It may 

be seen from the figure that the measured single-hole orifice plate 

discharge coefficients differ from B. S. values by less than ± 0.3%. 

In Fig. 336 the measured values of single-hole orifice plate 

discharge coefficients and B. S. 1042 (1964) values and their 

tolerances are compared. The figure relates to a Red -5x 105 

based on the orifice plate hole diameter. It may be seen from the 

figure that the Cd values are within the tolerances given by B. S. 

1042 (1964). 
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It was noted in Para-2.1.10 that the orifice plates tested 

do not quite satisfy the standard dimensions given by B. S. 1042 

(1964) as regards the larger orifice edge thickness and non-bevelled 

downstream edge. This may explain why the measured values of the 

orifice plate discharge coefficients tend to be towards the upper 

bounds of the B. S. values. The accuracy of the measurement by the 

weigh-tank apparatus has been described already in Para. 2.2, 

but it is of some interest to use also the measured orifice plate 

discharge coefficient to obtain another estimate of accuracy by the 

process given by B. S. 1042. (1964) and Clark (1965). The results of 

doing this indicate the system may be classified as Class-A Standard, 

95% confidence limits of measurements ± 0.5%. 

3.3.2 Multi-hole Orifice Plate Discharge Coefficients 

As previously mentioned in Para. 1.1.3, the multi-hole orifice 

plates with area ratios from m-0.170 to m-0.387 were also 

included in tests to measure the discharge coefficients for inter- 

ference free flow. The test results cannot be directly compared 

with B. S. 1042 (1964) values because there are no B. S. values for 

the multi-hole orifice plate discharge coefficients. However, 

Fig. 337 shows that the mean values of the discharge coefficients, 

Cd, is very much dependent upon the number of holes in the orifice 

plate, N, and area ratio, m. 

The additional parameters affecting the discharge coefficients 

of the multi-hole orifice plates have been previously mentioned in 

Para. L 1.3.6.2, and Kolodzie and Van Winkle (1957) have also reported 
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the effects of these parameters for Reynolds numbers less than 

2x 104. For the present work Cd is, to a greater or lesser 

extent, found to be affected by 

(i) The number of holes, N; 

(ii) The pitch/diameter ratio, p/d; 

(iii) The thickness/diameter ratio, t/d; 

(iv) The area ratio, m; 

(v) The orientation of the orifice plate relative to the 

connections of the high and low pressure tappings of 

the carrier ring; 

(vi) The Reynolds number, ReD or Red. 

In Fig. 338 it may be seen that for the orifice plates with 

the same area ratio of me0.17, the largest values of Cd are 

measured with the 9-hole orifice plate, and the lowest values of 

Cd are obtained by the 3-hole orifice plate. The maximum 

difference in Cd is about 5.5%. In the same figure the compari- 

son for the two 4-hole orifice plates shows that, with a constant 

value of t/d, Cd increases as p/d increases. The maximum 

difference in Cd is 0.2%. 

In Fig. 339 the plots of Cd against ReD are shown for the 

4-hole and 3-hole orifice plates with the same area ratio of 

m-0.231. An investigation of the orientation of the orifice 

plate relative to the pressure tappings of the carrier ring is 

made for the 4-hole orifice plate. It may be seen that there is 

a variation in Cd, which is about 0.57. . 
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3.4 Static Pressure Tappings 

In Para. 2.3.2 the difficulties, which were experienced with 

the static pressure tappings in obtaining reliable static pressure 

readings, were described. It is to be expected that the static 

pressure gradient far upstream and downstream of the bend should 

be substantially equal, and should correspond with the straight 

duct friction gradient. Figs. 340 to 344 show test results of 

that nature and it may be seen that the static pressure tappings 

of 6.35 mm. diameter give the head loss coefficients which corres- 

pond most closely with the expectation. In particular, it may be 

seen from Fig. 344 that the most satisfactory static pressure mea- 

surements are obtained by taking the bottom readings upstream of 

the bend, and either top, bottom or mean values downstream of the 

bend. In Figs. 345 to 354 the measured upstream head loss 

coefficients and expected friction gradient (hydraulically smooth) 

are plotted. The plots are given from ReD = 0.8 x 105 to ReD 

6.1 x 105. It may be seen from Fig. 44 that the bottom static 

pressure tappings of 6.35 mm diameter give head loss coefficients 

accurately consistent with the expected friction gradient. From 

the totality of these tests it was concluded that the bottom static 

pressure tappings upstream, and both top and bottom static pressure 

tappings downstream, yield reliable static pressure measurements. 

3.5. Head Loss Coefficients of Bends and Orifice Plates 

for Interference Free Flow 

The derivation of interaction coefficients, Ci, requires the 

measurement of component head loss coefficients, i. e. Kb and K0, 
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in interference free flow and the measurement of the head loss 

coefficients of the componenents, i. e. Kb-o or Ko_b, in 

combination. The test results in interference free flow are 

described in this paragraph. In these tests only the preferred 

static pressure tappings, as described in the previous paragraph, 

were used (see Para. 2.3.4 for the orifice plates). 

3.5.1. Bend Head Loss Coefficients 

In Figs. 50 to 77 the test results, and the derivation from 

them of the values of KG (the gross bend head loss coefficient) are. 

shown. In setting up the various bends in the line it was 

necessary to insert straight lengths of make up pieces downstream 

and upstream of the bend. These make up pieces and bends them- 

selves had their defects. They were not all of precisely the same- 

bore. The effect of all defects is present in KG, but allowances 

for them have been made in the calculation of Kb (net bend head 

loss coefficient). The Figs. 50 to 77 cover tests with the 

bends of RID = 1.49,3.42,4.18 and 4.89 and Reynolds numbers of 

ReD - 0.8 x 105 to ReD - 5.6 x 10. 5 

The plots of Kb versus ReD are shown in Fig. 82. It may 

be seen that Kb decreases as ReD increases for each bend tested. 

In Fig. 83 the plots of Kb versus R/D are given at constant 

values of ReD, and it may be seen that the bend head loss coeffi- 

cient, Kb, has a larger value at the radius ratio of R/D = 1.49 

because of the predominant effect of the sudden change in flow 

direction, and a smaller value at the radius ratio of R/D - 3.42. 

With the bend of radius ratio of R/D - 4.89 the bend head loss 

coefficient, Kb, increases again as the friction losses in the 

bend tend to become proportional to the axial length of bend itself. 
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In Fig. 355 a comparison of the present values of Kb with 

the published values of Kb for different cross sections is shown. 

Kb is presented as a function of R/D and the experimental results 
5 

are presented for Re, -1x 10. The figure shows good agree- 

ment between the present values and existing published values. 

3.5.2 Orifice Plate Head Loss Coefficients 

In Figs. 102 to 115 the plots of the measured head loss 

coefficients, K0, versus the Reynolds numbers, ReD, are shown for 

both single-hole and multi-hole orifice plates. It may be seen 

from the figures that K0 increases as ReD increases, and approaches 

limiting values asymptotically at the higher values of ReD. 

In Fig. 356 the mean values of the measured orifice plate 

head loss coefficients are compared with those given by B. S. 1042 

(1964). The orifice plate head loss coefficients are presented 

as a function of the area ratios, m. It may be seen that agree- 

went seems satisfactory. Another presentation can also be made 

by calculating the percentage net pressure loss of each orifice 

plate which is defined as the ratio of orifice plate pressure 

loss to the maximum pressure difference across the orifice 

plate, i. e. Ko/KO. P.. For this reason, in Figs. 357 and 358, 

the percentage net pressure losses are plotted against the Reynolds 

numbers, ReD. Then, the mean values of the percentage net pressure 

losses are shown as a function of the area ratios in Fig. 359 

together with the curve given by B. S. 1042 (1964). The values 

obtained for the single-hole orifice plates are in close agreement 

with B. S. values. For the multi-hole orifice plates there are no 
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B. S. values but Fig. 359 shows that the percentage net pressure 

loss of multi-hole orifice plate is larger than the percentage 

net pressure loss of the single-hole orifice plate of the same 

area ratio. 

As previously mentioned in Para. 1.1.3.8 the head loss 

coefficients of the multi-hole orifice plates are also dependent 

upon other additional parameters such as the number of holes on 

the orifice plate (N), the pitch/diameter ratio (P/d), etc. For 

both single-hole and multi-hole orifice plates of the same area 

ratios of m-0.38 and 0.23 the plots of Ko versus ReD are shown in 

Figs. 360 and 361 . It may be seen from these figures that for 

a constant value of Re,,, which was ranging from Re,. - 0.9 x 105 to 

Re, =5x 105, Ko for the multi-hole orifice plate has a smaller 

value than Ko for the single-hole orifice plate with the same area 

ratio. The maximum difference in Ko is 1.4% for the area ratio 

of m-0.23. Another presentation of Figs. 360-361 may be seen in 

Figs362-363, in which the Reynolds numbers, Red, are based on each 

of the hole diameters of the orifice plates with area ratios of 

m=0.38 and 0.23, and for a constant value of Red the difference 

in K0 were found to be smaller, e. g. 1.1% instead of 1.4% for 

m-0.23 given in Fig. 361 , than when the comparison was made at 

the same value of Re.. 

In Fig. 364 the test results of K0 versus ReD for various 

multi-hole orifice plates with the same area ratio of m-0.17 are 

shown. It may be seen thata maximum pressure loss occurs with the 

3-hole orifice plate, and a minimum with the 9-hole orifice plate 

according to the data given in the same figure. In the case of the 
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4-hole orifice plate it is also evident that Ko decreases as 

p/d increases. 

3.6 Interaction Effects Between Bends and Orifice Plates 

in Combination 

To obtain the interaction effects between various bends and 

orifice plates measurements were made with the various spacer 

lengths ranging from Ls/Ds = 0.55 to Ls/D$ - 16.4. In this para- 

graph the test results are described for interacting bends and 

orifice plates in combination. 

3.6.1 Variations (or errors) in Orifice Plate Discharge 

Coefficients 

In Figs. 116 through 134 the test results for the orifice 

plate discharge coefficients, Cdi, versus the Reynolds numbers, 

ReD, are shown. With various spacer lengths, various bends of 

R/D - 1.49,3.42,4.18 and 4.89 have been combined with various 

orifice plates from m-0.171 to m-0.508 as indicated in the 

figures. The test results cover Reynolds numbers from ReD 

0.9 x 105 to ROD - 5.5 x 105. The derivation of the variation 

in Cd was made as previously described in Para. 2.3.5.1, and the 

plots of mean variations in Cd versus the spacer lengths, Ls/Ds, 

for various bend-orifice plate combinations are shown in Figs. 135 

and 142 . From these test results it was concluded that 

(i) With the single-hole orifice plate downstream of the bend 

the percentage variation in Cd is always a negative value, 
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and rises to a maximum magnitude, e. g. -3%, between Ls/Ds =4 

and 7. The percentage variation has larger magnitudes as 

the area ratio , m, increases, and larger spacer lengths are 

needed for larger area ratios for a zero error in Cd; 

(ii) With the multi-hole orifice plate downstream of the bend the 

percentage variation in Cd is usually a positive value 

depending on the geometry of the multi-hole orifice plate, 

and falls to a minimum e. g., -0.4%, between Ls/Ds =8 and 12. 

(iii) With the various orifice plates upstream of the PVC bend of 

R/D - 4.18 the percentage variation in Cd rises up to + 1.0% 

as the spacer length, Ls/Ds, falls from Ls/Ds = 3.28 to 

is 
s 

/Ds = 0.7. (This percentage variation in Cd s shown to 

be less than + 0.5% at spacer lengths, L. /D., between 1 and 

3 according to B. S. 1042 (1964)). With the single-hole and 

multi-hole orifice plates of m-0.232 and 0.231 respectively 

upstream of the glassfibre bend of R/D - 1.49 the percentage 

variation in Cd is sensitive to the diameter difference at 

LS /Do = 0.55 (see Tables 2 and 3 for the diameter differences 

between the main duct and bends) for the single-hole orifice 

plate, e. g. it rises to + 3%. 

In Figs. 365 and 366 a comparison of the percentage mean 

variations in Cd against Ls/Ds for single-hole and multi-hole 

orifice plates of the same area ratios are shown. It may be seen 

that the multi-hole orifice plates are not always less sensitive 

to the changes than the single-hole orifice plates as was thought. 

Another presentation is given in Figs. 367-371 where the orifice 

plates have been combined with various test bends, and plots of the 
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percentage mean variations in Cd against the spacer lengths, Ls/Ds, 

are shown. It may be concluded that the percentage mean varia- 

tion in Cd is lesser for the combination of multi-hole orifice 

plate and bend of R/D - 1.49. 

3.6.2 Interaction Coefficients 

In Figs. 144 through 248 the test results and the derivation 

of Ihro and oK _b 
(the gross head loss coefficients of combined 

bend and orifice plate) are shown. In each figure the character- 

istic data for the combination is also indicated. The values of 

Kbro and Ko_b have been corrected, as described in Para. 2.3.5.2 

for local head losses due to sudden enlargement and contraction. 

The net head loss coefficients, Kb_o and Ko_b, of bends and 

orifice plates in combination are presented as a function of the 

Reynolds numbers, ReD, in Figs. 249 to 269 The figures relate 

to the various combinations of bends, orifice plates, and spacer 

lengths, Ls/Ds. 

Interaction coefficients, Ci, were calculated from 

K 

K where Kb and Ko for approximate values C. - Kb+K or Ci -K +b Kb 
oo _bb 

of ReD have been taken from Figs. 82 and 102-115. The plots of 

Ci against ReD are shown in Figs. 270 to 289 for various combina- 

tions with various Ls/Ds. The test results generally indicate 

that CI does not vary substantially with ReD. 

In Figs. 290 to 297 the mean interaction coefficients, -C 
is, 

are plotted against the spacer lengths, Ls /Ds. It may be 
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concluded that 

(i) With the single-hole orifice plate downstream of the bend 

Ci rises as Ls/Ds increases and has a maximum value between 

Ls/Ds =3 and 4, and then Ci falls to a minimum value 

between Ls/Ds =5 and 11. At larger values of Ls/Ds, UI 

tends to become unity. The variation in Ci is larger the 

larger the area ratio, m; 

(ii) It may be seen in some instances, e. g. Figs. 292 and 294 , 
instead of. Ci rising as.. Ls/Ds. increases from small values 

that Ci has a relatively large value at small Ls/Ds, that 

falls with Ls/Ds and then subsequently shows a maximum and 

minimum. . This more complicated behaviour occurred in tests 

in which the glassfibre bends were used in which there is a 

known difference in internal diameters between the duct work 

and bend; 

(iii) With the multi-hole orifice plate downstream of the bend the 

curves show the same trends as those given by the single- 

hole orifice plate downstream of the bend; 

(iv) With the various orifice plates upstream of the bend Ci 

becomes less than unity and then increases as Ls/Ds decreases 

to Ls/Ds = 0. The variations in 'E C 
3. with area ratio is small. 

If the sudden diameter change in the vicinity of the orifice 

plate, e. g. with the glassfibre bend downstream of the 

orifice plate, occurs Ci becomes larger, and is more affected 

by the multi-hole orifice plate of the same area ratio. 

In Figs. 372 and 373 a comparison of Ci against Ls/Ds for 

single-hole and multi-hole orifice plates of the same area 
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ratios are shown. It may be seen that the curves give the same 

trend, but the values of Ci for the multi-hole orifice plates are 

below the values of Ci plotted for the single-hole orifice plates. 

The-effect of the larger diameter of the glassfibre bend of 

R/D = 1.49 becomes evident at Ls/Ds - 0.55, and the multi-hole 

orifice plates seem less sensitive to this diameter change. 

In Figs. 374 to 379 the values of Ci are plotted against Ls/Ds 

for the various bends upstream of an orifice plate. In these 

figures the effect of the greater differences with regard to the 

glassfibre bend diameters of R/D - 1.49,3.42 and 4.89 at Ls/Ds 

0.55,1.1 and 2.0 respectively may be seen. It seems that a 

larger variation in Ci occurs with the glassfibre bend of R/D 

1.49 and a smaller variation with the glassfibre bend of RAD - 3.42. 

In Figs. 298 to 333 the test results show that CI is close to 

unity for Lg/DS = 45. 
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CHAPTER IV 

DISCUSSION 
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4.1 Orifice Plates in Interference Free Flow 

The pressure (or head) loss coefficient of an orifice plate, 

Ko, varies rapidly with the area ratio, m. Other parameters, such 

as the orifice edge thickness /diameter ratio (t/d), Reynolds number 

(ReD) and in the case of multi-hole orifice plates the pitch/ 

diameter ratio (p/d), the orientation of the holes, have some 

influence on Ko. However, when the results of head loss tests on 

orifice plates with different area ratios are compared directly 

using K0 values, these smaller variations due to the secondary 

parameters can often be masked. In order to highlight the effects 

of these other parameters, Ward-Smith (1968) has introduced an 

alternative dimensionless quantity. The pressure drop parameter, 

, 
is defined by the relation 0 

1 
oam(1+ K, T-) (1) 

Ward-Smith (1968) provides a full discussion of the variation of 

*o with m and t/d. In particular, for the free jet flow regime, 

with which the present tests correspond, a simple one-dimensional 

analysis of the flow shows that 'o se Cc (see Para. 1.1.3.8). 

For each orifice plate tested the experimental pressure drop 

parameters, qo, are plotted against the Reynolds numbers, ReD in 

Figs. 380 and 381. It may be seen that po slightly decreases as 

ReD increases and tends to an asymptotic value at the higher 

Reynolds numbers and the smaller area ratios. From these figures 

the mean values of the pressure drop parameters, *o, are obtained, and 



96 

the plots of *o versus m are shown in Fig. 382. 

it is assumed that Cc is given by 

CC(m, o) a1 

m(1+, tö) 
(2) 

To compare the present test results the values of Cc given by B. S. 

1042 (1964) are also plotted in Fig. 382. It may be seen that 

the results for the single-hole orifice plates are in close agree- 

ment. The reason why the *o values for the multi-hole orifice 

plates are generally higher, e. g. the maximum difference in 0o is 

3.0% for the 9-hole orifice plate of m-0.171, may be explained 

by the relationships given in Fig. 356 and Eq. (1) itself. 

Ward-Smith (1968) has also developed correlations for pub- 

lished experimental values of *o and K0 where, at the high Reynolds 

numbers under consideration, it was assumed that *o and K0 were 

independent of ReD. These correlations are 

(1) V+c - 0.6081[1 + (t/d)3.5] 
11 

- m2.6i + X2.6 (3) 

where Oc = correlated orifice plate pressure drop parameter 

t/d = thickness ratio 

m area ratio. 

Eq. (3) is given for 0< t/d < 0.8. 

(ii) K'12 -1 (4) 
c L0.608 

m (1 - m2.6)(1 + (t/d) 3.5) 
+ m3.6 

where Kc - correlated orifice plate head loss coefficient 

t/d - thickness ratio 

In B. S. 1042 (1964) 

m- area ratio 
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Eq. (4) is said to correlate the experimental data in the ranges 

0< t/d < 0.6,0 <m<0.75,0.57 < K0 < 35000 

The overall root-mean-square errors in *c and Kc are also said to 

be 3.1% and 9.5% respectively. The above correlations were obtained 

over a wide range of experimental data, including precision-made 

orifice plates and multi-hole plates which were crudely fabricated, 

which explains the large tolerance bands. 

In Table 6 values of o and Ko as derived from the present 

tests are compared with values of ýc and Kc calculated from Eqs. 

(3) and (4). It may be seen that the errors in ýo/*c and Ko/Kc 

are within 3.1% and 6.6% respectively, i. e. To > *c and 190 <K. 
c 

However, it is to be noted that the values of ýo and K0 have been 

obtained by averaging the values for each orifice plate at the 

various Reynolds numbers. 

As mentioned in Paras. 1.1.3.4 and 1.1.3.5., the derivations 

of the discharge coefficient, Cd, for orifice plates have been 

studied by many investigators. Fig. 336 shows that the present 

test results of Cd for the single-hole orifice plates are within 

the limits of B. S. 1042 (1964) values. In Fig. 337, in the range 

of ReD employed, the mean values of Cd are plotted against in. It 

may be seen from this figure that the parameters involved in multi- 

hole orifice plates produce different discharge coefficients which 

are larger than the discharge coefficients for the single-hole 

orifice plates of the same ratio. The additional parameters such 

as p/d, N, Af/At, etc., will also affect Cd. These effects are 

apparent in Fig. 364. 
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4.2. Interaction Effects 

From the test results it has become evident that an interaction 

occurs between closely spaced bends and orifice bends. 

4.2.1. Effects of Bends Upon Discharge Coefficients 

As mentioned in Para. 1.1.3.6.3., the orifice plate discharge 

coefficients are also affected by upstream and downstream conditions. 

The effect of installation has been described in Standard Codes, e. g. 

B. S. 1042 (1965), and recommendations have also been given. It is 

shown in B. S. 1042 (1965) that 

i) For an orifice plate downstream of a single 900 bend the error 

(pr variation) in Cd is negative, and has a larger magnitude as 

the spacer length decreases from Ls/Ds = 12 to Ls/Ds = 4; for 

example the error in Cd is about - 2% at Ls/Ds =4 for an 

orifice plate of m-0.3, and - 6% for m-0.6; 

ii) For an orifice plate upstream of a single 900 bend the error 

in Cd is positive, of small magnitude, and is less than + 0.5% 

between Ls/Ds w1 and 3 for all sizes of orifice plates. 

It should be noted that B. S. 1042 values are given for single- 

hole orifice plates, and may not be valid for multi-hole orifice 

plates. It is in fact evident from Figs. 135 and 141 that the 

present test results for single-hole orifice plates are in fair 

agreement with B. S. values but the results for multi-hole orifice 

plates show a quite different trend (see, for example, Fig. 136). 

The magnitude and direction of the error in Cd will depend upon the 

conditions existing in the flow and the geometry of multi-hole 
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orifice plate in combination. The magnitude of error in Cd is 

usually positive as typically shown in Figs. 136 and 141 (see also 

Para. 3.6.1. ). 

4.2.2. Interaction Coefficients 

In Para. 1.1.4.3 the definition of the interaction coefficient, 

Ci, has been given. For closely spaced bends and orifice plates 

the primary and secondary interactions will occur and affect the 

pressure loss in the system as previously mentioned in Para. 1.1.4.1. 

With a bend upstream of the orifice plate, as based on the work of 

Ward-Smith (1976), a favourable interaction may be expected for the 

spacer lengths less than Ls/Ds = 2. At the higher values of Ls/Ds 

the secondary interaction will be dominant and Ci will be unity when 

the velocity profile is completely re-developed. With an orifice 

plate upstream of the bend, as described in Para. 1.1.4.2.2, an 

unfavourable interaction will be expected for the spacer lengths less 

that Ls/Ds a 7. Again at the higher values of Ls/Ds, Ci will 

approach to unity. 

Test results, such as those of Figs. 290 and 291, have provided 

some experimental confirmation of the predictions given by Ward- 

Smith (1976), although it has been found that the interactions are 

more complex than predicted. From test results (Figs. 290 - 295) 

it may also be seen that Ci has a maximum between Ls/Ds -3 and 4 

and a minimum between Ls/Ds =5 and 11. The magnitude of Ci 

becomes larger for larger area ratios, m. (e. g., in Fig. 290, at 

L$/D$ = 4, Ci = 1.06 for m-0.508 and Ci 1 1.02 for m-0.232. 

At L$/DS = 9, Ci 1 0.97 for m 0.508 and Ci = 1.0 for m=0.232). 
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It is also evident in Fig. 372 that CI shows the same trend for 

the combinations of bends and multi-hole orifice plates but the 

values of CI are smaller than the values of Ci for the same 

combinations of bends and single-hole orifice plates. The 

effect of interactions on multi-hole orifice plates of various 

area ratios for Ls/Ds s4 is less than the effect on single-hole 

orifice plates as shown in Fig. 372. However, in the case of 

orifice plate-bend combinations Ci does not vary substantially, 

but for a change in diameter at Ls/Ds = 0.55 multi-hole orifice 

plate of m00.231 is more sensitive than single-hole orifice 

plate of m-0.232. (See Figs. 296 - 297). 

It is seen in Fig. 290 that C1 falls to a minimum from a 

maximum between Ls/Ds =3 and 7. As was described in Para. 

1.1.4.2.1., the primary interactions will occur between the adverse 

(positive) pressure gradient on the inner wall of the bend and the 

negative pressure gradient in the orifice plate when they are 

combined with a spacer length of Ls/Ds s 2. With longer spacers 

and at greater distances away from the bend the static pressure 

gradient becomes negative, and the non-uniform velocity profile 

leaving the bend exit will be re-developed. For an insufficient 

spacer length the flow does not become fully developed between the 

components, and an unfavourable secondary interaction can occur. 

As proposed by Ward-Smith (1976) the physical considerations applied 

to bend and diffuser combinations may be applied for bend and 

orifice plate combinations. 

An attempt will now be made to explain the interactions, and a 

schematic representation of the effects of spacer length and 
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configuration on the static pressure distribution will be 

illustrated as shown in Figs. 383 and 384. In Fig. 383a the 

static pressure distributions around a bend and an orifice plate 

are illustrated, and the static pressures on both walls are shown 

to coincide between 1 and 2 duct diameters downstream of the bend. 

In Fig. 383b it is supposed that the orifice plate is positioned 

within those 1 to 2 duct diameters. The postulated effect of this 

is that the negative pressure gradient associated with the orifice 

plate limits the region of the adverse pressure gradient associated 

with the inner wall of the bend. It is also postulated that the 

effect of this limitation is to reduce the system pressure loss 

below that which would be associated with the system if a fully 

developed flow existed with these components. These postulates 

lead to an initial value of Ci less than 1.0 and a value of Ci which 

increases as the distance between bend and orifice plate is increased 

up to approximately 2 duct diameters. In Fig. 383c the orifice plate 

is at the greater spacer where the interaction of the pressure 

gradients become less, and the flow in the spacer moves towards the 

fully developed state as the spacer length is increased. In the 

limit the value of Ci must be unity, and if it is assumed that non- 

uniform velocity distribution in the spacer upstream of the orifice 

plate leads to a greater system loss, then it follows Ci must approach 

unit value with Ci increasing as the spacer length increases. The 

simplest consequence of these arguments is that Ci rises monotonically 

from an initial low value to unit value as the spacer length increases 

as illustrated in Fig. 383d. However, experimental results are 

different in that there is a maximum and a minimum in the curve of 

Ci against Ls/Ds for small values of Ls/Ds (see, for example, Figs. 
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290 and 291). From the above arguments and experimental results it 

would seem that, although the broad trends have been satisfactorily 

predicted, the notion of the interactions of the static pressure 

gradients is insufficiently refined to account for all the details 

of the observations. It is possible that the existing small adverse 

pressure gradient immediately upstream of the orifice plate 

may affect the interactions of the static pressure gradients; 

that has not been taken into consideration for the qualitative 

predictions. 

For an orifice plate upstream of the bend the same arguments 

may be illustrated as shown in Fig. 384. The critical spacer length 

is about 7 duct diameters, and the adverse pressure gradient after 

the vena contracts plane of the orifice plate will unfavourably 

interact with the adverse pressure gradient on the outer wall of 

the bend (Fig. 384b). Consequently, the value of Ci will be minimum 

at about Ls/Ds = 7. At larger values of Ls/Ds Ci will approach 

CI - 1.0 as in interference free flow (Fig. 384c). No experi- 

ments were made in this range of Ls/Ds. However, for values of 

Ls/Ds in the range 0< Ls/Ds <6 experiments were made and these are 

shown in Figs. 296 and 297, where the interaction coefficient is 

plotted. These figures show a reduction of Ci with Ls/Ds. It may 

be seen in Fig. 384d that the results are in accord with the 

predictions of Ward-Smith (1976). 

For various bend-orifice plate combinations it is also evident 

from the test results that 

(i) The interaction effect of bends on single-hole orifice plates 

is dependent upon the area ratio, m, and the value of Ci is 
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larger than 1.0 between Ls/Ds =0 and 4 (see Figs. 290 and 

374 to 376); 

(ii) The interaction effect of bends on multi-hole orifice plates 

shows the same trend for the curve of Ci against Ls/Ds, but 

Ci does not vary substantially with m and the initial value 

of Ci is smaller than 1.0. A maximum value of Ci (Ci Ad 1.0) 

can be seen at about Ls/Ds -3-4 (see Figs. 291 and 377 to 

379) ; 

(iii) A comparison of interaction coefficients for single and multi- 

hole orifice plates of the same area ratios (see, for example, 

Fig. 372) suggests that the favourable interactions show less 

variation for a bend and multi-hole orifice plate combination 

between Ls/Ds =0 and 4. At higher values of Ls/Ds the values 

of Ci for multi-hole orifice plates become smaller than the 

Ci values for single-hole orifice plates. However, it should 

be noted that for smaller area ratios (e. g. m-0.23 in Fig. 

372), the values of Ci become coincident at about Ls/Ds s 10. 

It then seems that the effect of secondary interactions can be 

reduced by the use of smaller area ratios Consequently, 

provided greater system pressure loss is acceptable, and 

assuming a fix spacer length, from the point of view of 

interaction coefficient it is preferable to use orifice 

plates of small area ratios. The inconvenience of higher 

system pressure loss is somewhat ameliorated if multi-hole 

orifice plates are used. 

An important outcome of these experimental results is the 

demonstration that the performance of multi-hole orifice 
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plates is, in general, less sensitive than that of single 

hole orifice plates of the same area ratios to interaction 

effects. This has important implications in the field of 

flow metering. 

It is quite clear that much remains to be done in elucidating 

the flow phenomena which lie behind the experimental observations. 

Now that the overall behaviour of combinations of bends and orifice 

plates has been observed, it would seem that more detailed 

investigations in a few well chosen instances, are required. The 

investigations in mind are 

(i) Measurement of pressure distributions which will include 

measurement of the static pressures on both outer and inner 

walls of the bend; 

(ii) Measurement of velocity profiles both upstream and downstream 

of the orifice plate; 

(iii) Flow visulation tests with transparent ducts with air or 

with water. These tests may have to be limited to low 

Reynolds numbers; 

(iv) If measurements those of such as (i), (ii), (iii) above are 

carried out with air then turbulence levels could also be 

measured by means of hot wire anemometers. 

However in the opinion of the writer the most fruitful 

investigation is likely to be the measurement of static pressure 

distributions. 



105 

CHAPTER V 

CONCLUSIONS 
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(i) Measurements of the overall accuracy of the apparatus 

indicate that the system is a Class-A Standard; 

(ii) Tests have been made on orifice plates, including 

single-hole and multi-hole types, and bends in both interference 

free and interacting conditions. Measurements have been taken at 

high flow rates of water, and the Reynolds numbers are in the range 

0.7x105 < ReD< 6x105; 

(iii) For the same area ratios and flow conditions, the 

discharge coefficients obtained with multi-hole orifice plates exceed 

those of'single-hole orifice plates; 

(iv) Detailed measurements show that the discharge coeffi- 

cients and head loss coefficients of multi-hole orifice plates are 

affected by additional factors such as the number of holes, spacing 

of holes, orientation of holes relative to the pressure connections 

of the carrier ring, etc.; 

(v) Head loss coefficients of both single-hole and multi-hole 

orifice plates vary with Reynolds number in the range 0.8 x 105 < ReD 

< 5.3 x 105 and rises to a limit at the higher values of Reynolds 

number (ReD Oº 5x 105) ; 

(vi) For the same area ratios, the head loss coefficients of 

multi-hole orifice plates are smaller than those of the corresponding 

single-hole orifice plates; 
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(vii) Measurements of the head loss coefficients of 90° 

bends in interference free flow have been obtained for a range of 

radius ratios and Reynolds numbers. Where comparisons could be 

made with existing measurements, good agreement was found; 

(viii) For various bend and orifice plate combinations with 

various spacer lengths ranging from Ls/D8 =0 to Ls/Ds = 16.5 it 

has been found that the effect of the bends on the discharge 

coefficients of multi-hole orifice plates is, generally, less than 

that for single-hole orifice plates; 

(ix) Interaction effects between bends and orifice plates 

have been measured, and a wide range of conditions have been 

investigated. Comparisons have been made between these measure- 

ments and the qualitative predictions of Ward-Smith (1976). 

Some agreement has been observed, but in some circumstances it 

is found that the interaction is more complex than was predicted; 

(x) It is necessary to make more detailed observations in 

a few instances, to elucidate the evidently complex flow phenomena 

which occur; 

(xi) Some of the experimental data which has been required 

is potentially of value in appropriate design circumstances. 
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TABLE 2. Actual Dimensions of the 90° Bends Tested 

Name Radius of Mean Integral Radius 
Curvature Internal Tangent Ratio 

(R) Diameter R/D 
(D) 

MM mm mm 

G. F. - 1.5 228.6 152.79 84.6 1.49 

G. F. - 3.5 533.4 155.59 176.0 3.42 

PVC - 4.0 604.7 144.47 101.2 4.18 

G. F. - 5.0 762.0 155.76 306.5 4.89 

TABLE 3. Actual Dimensions of the Straight Ducts 

Name Length 
(L) 

.= 

Internal 
Diameter 

(D) 
mm 

U. T. -1 6000 145.66 

U. T. -2 6000 145.05 

S. L. -1 152 144.65 

S. L. -2 375 144.80 

S. L. -3 375 144.93 

S. L. -4 760 141.14 

S. L. -5 760 145.18 

S. L. -6 1370 146.49 

S. L. -7 1545 146.01 

D. T. -1 5115 144.60 
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TABLE 4. Manometers Used for Tests 

Name of Measured Pressure Difference Manometer 

(Water-Mercury) 0- 1500 mm of Mercury 

(Air - Water) 0- 1500 min of Water 

TABLE 5. Differences in Local Loss Coefficients Due to 

Change in Diameter of Spacer Lengths 

Arrangement 
ures) fi e ( 

Calculated 
b S dd 

Measured at ReD 
g s e y u en 

Enlargement 
1x105 3xl05 5x105 

and Contraction 

Fig. 79 0.007 0.007 0.014 0.019 

Fig. 80 0.010 0.009 0.019 0.017 

Fig. 81 0.014 0.019 0.026 0.031 
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APPENDIX A BENDS 

All the bends required for the test work could not be obtained 

commercially and a number were made in glassfibre. The bends are 

circular bore, 90 degree, and have short integral tangents. Bends 

of R/D = 1.49,3.42, and 4.89 were made in glassfibre, and one PVC 

bend of R/D = 4.18 was purchased. All bends tested are shown in 

Fig. 385 . 

The glass fibre bends were made up from two halves which were 

butted together and joined by wrapping with glassfibre tape and 

resin. The halves were made on plaster of Paris moulds which 

themselves were made on the base plate shown in Fig. 386. The 

base plate is arranged both with a pivot, and with slot plates for 

striking out the integral tangents. Technical details of the 

processes are recorded in Appendix B. Satisfactory bends were 

produced but difficulties were encountered in maintaining a 

circular bore, and smooth surfaces by way of the joints. 
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APPENDIX B PROCESSES FOR MAKING GLASSFIBRE BENDS 

1. Making Moulds 

Master moulds were made from the plaster of Paris. The 

instruction for the preparation of plaster is given as follows: 

(i) Warm water and a thinner mix of plaster was used; 

(ii) Solution of "Glue Size" was added to water before mix 

(Glue Size" is a retarding agent); 

(iii) Plaster was added to water until powder remained all over 

the surface, was left to stand without mixing for approx- 

imately 10 minutes, was used portions with a platter knife 

without disturbing bulk - lasts approximately 30 minutes. 

When the plaster was prepared some appropriate amount of 

plaster was put on to the template track and was swept by the 

smallest striker plate with radius of r= 50.8mm. Then, the half 

of the mould was completed by the striker plate with radius of 

r= 76.2mm. To make the integral tangents of the moulds at both 

ends the striker plate was moved in the appropriate slot plates. 

All the materials used are shown in Fig. 386 . 

After the two halves of the moulds were set they were polished 

for a smooth surface by using a glass paper. Then the halves were 

ready to produce a bend. 

2. Making Complete Glassfibre Bends 

To have made the glassfibre bends the instructions were 

followed as advised by the manufacturer [see, for more information 

Strand Glassfibre Brochure (1976)]: 
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(i) The surface of the plaster mould was fully sealed by 

"Release Agent No. 1". Before applying "Release Agent 

No. 2", three to four coats of "Release Agent No. 3" were 

applied by a soft cloth, then one coat of "Release Agent 

No... 2" was sponged on and allowed to dry. 

(ii) Gel Coat (Resin B) and hardener were brushed on to the 

dry release agent; 

(iii) When the Gel Coat was set "Resin A" (the hardener was 

added into the resin in the proportion supplied by 

approximately 1 part to 150) was brushed thickly over the 

surface, and "Mat" was placed on top and pushed into the 

resin with a stippling action. More resin was put on top* 

until the Mat was thoroughly wetted out and all air bubbles 

removed by a roller. The next layer was put straight on 

top, and the resin was again added, and then the same 

procedure was followed for the next 2 or 3 layers; 

(iv) The first half of the bend was released from the mould when 

it was fully hardened and release agent was washed off with 

warm water; 

(v) It was then polished by rubbing down with a 600 grade wet 

and dry paper used wet, and followed by polishing compound; 

(vi) For a better inside surface, 1 to 2 layers of surfacing 

tissue were applied; 

(vii) The laminate was cut with a jigsaw (or hacksaw). 
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(viii) When the two halves were ready they were jointed in 

the form of bend by using a glassfibre tape, and then 

applied to more 3 layers on. 

Finally, each PVC flange was jointed on to both ends of 

each glassfibre bend by using "Microseal T17". 


