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NOMENCLATURE 

The following nomenclature ±5 used in this thesis: 

A = area in square feet of fluid stream 

A0 = area of orifice in square feet 

A = area of pipe in square feet 

B width of approach to orifice slot 

b width of orifice slot 

= orifice contraction coefficient 

D diameter in feet of fluid stream 

D0 diameter of orifice 

diameter of pipe 

F force acting in a given plane in pounds 

g acceleration due to gravity - 32,2 ft/sec/sec 

H total fluid head of system 

change in total fluid head of system 

Jlinear distance downstream of orifice in feet 

P pressure in psi of fluid stream 

change in pressure in psi 

Q fluid flow through the system in gpm 

q fluid flow through the system in cf s 

V velocity in ft/sec of fluid stream 

Z elevation of system in'feet 

orifice approach boundary angle 

1' specific weight of water - 62.L. lb s/ft3 



NONENCLATURE (Conttd) 

Sab scripts 

i through 13 points of pressure measurement as denoted in Figare 3 

X refers to jot at distance) downstream of orifice 

Oi, 02, 03 denotes orifice number one, two, ai. three respectively 

P refers to containing pipe 

j refers to orifice jet at the vena contracta 



AN EXPERINENTAL DETERNINATION OF COEFFICIENTS 
FOR THE CONThACTION AND DIFFUSION 

OF SUBRGED JETS IN SERIES 

SYNOPSIS 

This thesis reports the results of a series of tests which were 

made on several orifices in series. Experimental results wereob- 

tamed which indicated the validity of orifice contraction coeffi- 

cients for water which had previously been obtained by oths for 

two.dirnensional fluid flow with air. From additional eriinental 
data, an equation was derived which in dimønsionless terris describes 

the pressure recovery pattern of a jet downstream of an orifice when 

contained in a pipe0 

INTRODUCTION 

One of the problems encountered in the design of a puing 

station to supply cooling water for a nuclear reactor was the 

development of a device that would penit the delivery of a portion 

of the normal cooling water flow to the reactor at a greatly re- 

duced pressure under certain operating conditions. The devi.ce 

selected to perform this function was a throttling valve followed 

by a group of orifices arranged in series. This thesis reports the 

developmental testing which was p'formed on this device, the ori- 

fice flow coefficients which were verified and the equation for the 

pressure recovery pattern of the jet which was derived from the 

results of this testing program. 



Statement of the Problem 

In the process pumping system under consideration, water is 

normally supplied to the reactor by a number of large centrifugal 

pumps driven by synchronous motors. Regulation of the pump dis- 

charge is accomplished by the use of a cone valve in the individual 

pump discharge line, which compensates for normal variations in 

the process water system flow characteristic. During certain 

periods of reactor operation, it is necessary that the pumping 

system supply reduced quantities of water to the reactor at 

greatly reduced 'essures for extended periods of time. 

Specifically, the normal process pump discharge conditions 

are approximately 10,000 gallons per minute (gpm) at 62 pounds 

per square inch (psi). The reduced operating conditions are such 

that each pump must be capable of supplying flows of from 2000 to 

000 gpm at pressures of from 2 psi to l2 psi. The pump dis- 

charge head at these reduced flows is approximately 7l psi. 

Since the cone valve used for normal flow regulation would not 

operate satisfactorily under these conditions, it was necessary 

that an alternate means of regulating the pump discharge be 

provided. After consideration of a number of alternate schemes, 

the system finally selected consisted of a globe valve followed 
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by three orifices in series. The orifices were installed downstream 

ol' the globe valve in order to provide sufficient back pressure to 

suppress cavitation which would otherwise occur in the valve and 

the domstream piping, Sizing of the orifices was on the basis 

of obtaining the maxiirnmi pressure drop possible without permitting 

cavitation to occur in the jet downstream of the individual orifices. 

Considerable attention was given in the design and subsequent proto- 

type testing program to the selection and confirmation of orifice 

contraction coefficients and jet expansion characteristics so that 

the design would have reproducible characteristics from unit to 

unit and could be fitted into restricted physical spaces. 

One of the prime considerations in the design of a cooling 

system for a nuclear reactor is that the flow of coolant to the 

reactor shall be uninterrupted for any reason whatsoever. In 

order to verify the design and to determine that no conditions 

were present which might compromise the integrity of the process 

water system, an extensive testing program was conducted on a 

prototype assembly before final installation of the bypass 

assemblies was made. 

Description of Testing Program and Procedures 

The testing program was conducted on the prototype assembly 



shown in Figure 1. The specific objectives of the testing program 

were as follows: 

1. Verify that the installation woiüd function satisfactorily 

under the required operating conditions, 

2. Determine that cavitation would not be present in the 

assembly under normal operating conditions. 

3° Determine the minimum spacing between the orifices for 

the maximum pressure regain. 

), Determine that vibration noise9 and pressure fluctuations 

were within acceptable levels when operating under the 

design conditions. 

As may be noted from the stated objectives of the testing 

programs the primary objective was the verification of a proto- 

type design. Although the experimental results used in the prep- 

aration of this thesis were obtained during the testing program, 

it was not possible to obtain the quality or quantity of test 

data that woald be gained in a pure research program on the same 

subject. The need for further research in this field is 

emphasized. 

The test installation was fabricated from carbon steel piping 



of the sizes shown in Figure L, The pressure reducing orifices were 

fabricated in the form of modified flow nozzles from carbon steel 

billets., The modified flow nozzle form was used for the design of 

the orifices in order to insure the proper angle of approach, to 

minimize the effects of wear or erosion on the orifice character- 

istics, and to provide for the fabrication of the assemblies to more 

uniform throat dimensions0 

A series of test runs were made to cover the entire range of 

possible operating conditions of the bypass assemblies. Measure- 

ments and evaluation of the bypass performance were made by the use 

of a series of pressure measurements taken during each test rim. 

Testing was performed with both four and six inch size internal 

parts in the globe valve to determine if significant increases in 

operating fledbility would be achieved by the use of one size in- 

ternal parts in preference to the other. 

Briefly the following test procedure was followed during each 

series of test runs. The back pressure on the downstream orifice 

was maintained by the use of a gate valve in the discharge line from 

the test installation. The desired back pressure was set during the 

test run with the globe valve in the fully open position. After the 

back pressure was set, the gate valve position was left unchanged 

for that particular test run, approximating the flow characteristic 

of the reactor system. Test runs were made at O, 2, O, 7, 100, 
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and 12 psi back pressure with the globe valve in the 1/14, 1/2, 3/14, 

and fully open positions for each of the back pressures. 

During the test runs on the four-inch diameter valve seats, 

the upstream and downstream pressures were read for each orifice 

as well as system back pressure, flow, and pressure upstream of the 

globe valve. These same readings were taken during the test runs 

on the six-inch valve seats as well as the pressure at 1/3 and 2/3 

the distance from the first to the second and second to third ori- 

fice. The additional readings were taken during the second set 

of test runs in order to establish the flow pattern downstream of 

the orifice. Pressure recovery readings were not taken downstream 

of the third orifice as the pressure recovery pattern was adequately 

established on the first two orifices. 
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REVIEM OF LITERATURE 

In order to provide a satisfactory design for the bypass assem- 

bly, it was necessary that the flow characteristics of the orifice 

assemblies be rather precisely predictable and reproducible. To 

satisfy this requirement, arid as noted previousiy, to minimize the 

effects of wear atri erosion and to provide for the fabrication of 

succeeding orifices to uniform characteristics, the decision was 

made to fabricate the orifices in the form of modified flow nozzles. 

Although considerable valid inforiation is readily available for 

the flow characteristics of both sharp edged orifices and standard 

flow nozzles or venturies, little information was found to be read- 

uy available that was directly applicable to the orifice con.fig- 

uration selected for usage (3, pp. 1-55; 7, pp. 22-30; and 12, 

pp. 62-70). The information found to be the most directly appli- 

cable to the case under consideration is a tabulation of the co- 

efficient of contraction, C, for varying approach boun dary condi- 

tions with two-dimensional flow taken from the original work of 

von Mises (11, p. 3).i). This coefficient is the ratio of the cross 

sectional area of the fully contracted jet to that of the eff lux 

section and is a function of the approach boundary geometry of the 

fluid path. Sufficient data, as reproduced in Table 1, were given 

to permit interpolatìon for any boundary proportions in a two- 

dimensional flow pattern. it is postulated that these same data 

would apply to three-dimensional flow from an orifice as well. 



The data of Table 1 have been reproduced in graphic form in Figure 2. 

An experimental verification for the use of these data is found 

in the work of Curtis, et al (, pp. 17-20). This experimental work 

confirmed the assuniption that the coefficient of jet contraction for 

a submerged orifice is the same as it would be for a free jet. It 

ïs pointed out in the reporting of this work that if the saine co- 

efficient of discharge is obtained for a given orifice under several 

sets of conditions, then the same coefficient of contraction applies 

to the cases under consideration. 

Further confirmation of the applicability of the data reported 

in Table 1 is found in the work of Rouse and Abul-Fetouk (lo, pp. 

L21-26). The original data of von Mises were analytically developed 

by conformed methods applied to a series of slots under a wide vari- 

ety of boundary conditions and confirmed by experimental testing 

with air jets. To date, no comparable exact analysis of orifice 

flow has been accomplished. Since the limiting condition of flow 

from slots arid orifices may be expressed in terms of the same 

equation, the assumption is made that the discharge function for 

slots may be adapted to orifices of similar proportions by uti- 

lizing the von Mises coefficient, C, corresponding to a given value 

of b/B for the same magnitude of diameter ratio. The validity of 

this assumption was confirmed by electrical analog and relaxation 

studies made by Rouse and Abul-Fetouk. The results obtained 
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TABLE I 

COEFFICITS OP JET CONTRACTION 
POR WO-DIN3IONAL FLOW 

(After von Mises) 

b/B or Do/tp O = 900 p = 13° P 
= 1800 

j 

0.0 O.7I.6 0.611 O.37 O.00 

0.1 0.7)47 0.612 o.)46 O.13 

0.2 0.7)47 0.616 0.S 0.28 

0.3 0.7)48 0.622 o.66 o.5)4i 

o.h 0.7)48 0.631 0.8O 

0. 0.7)49 0.6)4)4 O.S99 o.S86 

0.6 0.72 0.662 0.620 0.613 

0.7 0.758 0.687 o.6S2 0.6)46 

0.8 0.768 0.722 0.698 0.691 

0.9 0.789 0.781 0.761 0.760 

1.0 0.829 1.000 1.000 1.000 

J_f4 

(U 
jn 

.Jg 

Definition Sketch for Table 1 
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confirmed that the data of von Mises could be considered valid for 

orifices of equivalent area ratio, for either liquid or gaseous flow. 

During the compilation of infoiiîation for determining the co- 

efficient of discharge, it became evident that there was little pub- 

lished information directly applicable to the case under considera- 

tion. It was found that this same condition existed in regard to 

the prediction of the jet diffusion patterns downstream of the ori- 

fice. The accurate determination of the point of full pressure re- 

covery downstream from each orifice was important in the solution of 

this problem in that the space available for installation of the by- 

pass assemblies was severely limited in some cases. 

The diffusion pattern of submerged jets has been the subject of 

considerable interest in recent years. This has been caused in part 

by increased emphasis on air conditioning and ventilation applica- 

tions and in part by the current activity in the fields of jet pro- 

pulsion and rocket engines. Prior to this time, most of the avail- 

able information indicated that the madmum pressure regain by the 

jet would be accomplished in a minimum of from four to five pipe 

diameters downstream of the orifice (3, p. ]J4; 2, p. 37; and 6, 

p. 76g). 

A paper by Albertson, et al (1, p. 639) presented an aniLytioal 

derivation of the flow pattern of a submerged jet which required the 

use of an experimentally determined constant. Experimental data 
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which justified the analysis and provided the necessary coefficients 

for flow from either slots or orifices were included in the paper. 

The experimental work in support of this paper was peioiied using 

air as the working medium of the jet, with the stated supposition 

that the results would be applicable to any fluid. In the discussion 

of this paper, it was pointed out that the data and analyses were 

valid only as long as the boundary conditions remained constant 

(1, p. 69L). 

cperimental work reported by Forstall and Gaylord on submerged 

water jets (9, p. l61) verified that the work of Albertson, et al was 

applicable to submerged water jets Únder unifoxii boundary conditions. 

Inasmuch as the case under consideration provides for uniform bound- 

ary conditions due to the jet expansion occurring inside of a pipe, 

it was felt that the equations, coefficients and flow pattern pre- 

sented in this paper would be, in general, applicable to the case 

under consideration; although this work was based on a jet i ssuing 

from a straight pipe into an infinitely large reservoir. 

Additional work on the diffusion patterns of jets was found in 

the work o± Boscale, Martin, and Dennis (Ii, p. 96). A continuation 

of these studies was reported by Fink and Pollis (8, p. 31). In both 

of these theses, the subject under study was the effect of a jet from 

an orifice on the perforiìance of a downstream orifice at varying 

rates of flow. These theses were a reporting of experimental 
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results, with little or no analysis or rationalization of the test 

data. In general, the conclusions reached were that dth turbulent 

flow at less than two pipe diameters downstream, a pressure rise 

would be experienced on the second orifice, while at distances 

greater than four pipe daineters domstream, the two orifices were 

completely independent of each other. At distances of from two to 

four diameters, there was some slight interference between the ori- 

fices, but each one could be considered independently for pressure 

loss and regain purposes although they could not be used for flow 

measurement purposes without prior calibration. 

In sunmiarj, a literature search provided values for the jet 

contiction coefficient and the jet eansìon pattern which ci1d 

be used as a design basis, Previous experimentation and analysis 

indicated tht these values should be applicable to the case under 

consideration, 



EXPERINENTAL INSTALLATION AND TESTING PROGRAIVI 

Description cl' Test Installation 

The general arrangement of the test installation was as shown 

in Figure 1. This test set-up was installed in a new process pump- 

ing station which was in the initial operation phase of construction. 

Since the final bypass design selected was to be installed before 

startup and. normal operation of the pumping system, the testing pro- 

gram was carried out on an expedited basis. Water was supplied to 

the test installation from one of the newly installed process pumps 

which took suction from the existing process water system. The pro- 

cess water is a clean, filtered water to which slight amounts of 

chlorine and sodium dichromate have been added. During these tests, 

the water temperature was approximately to 8°C. The discharge 

of water l'rosi the test installation was to a sewer through several 

hundred feet of 22-inch temporary piping which had been installed 

for operational testing of the process pumps. The flow measuring 

orifice was located in this temporary test line. 

The details of spacing of the orifice assemblies and the loca- 

tien of the pressure measurement taps are shown in Figure 19, Appen- 

dix I. Figures 20, 21, and 22 in Appendix I indicate details of the 

respective modified nozzles used as orifices in these tests. These 

nozzles were machined from carbon steel billets to within one one- 

thousandth of an inch of the indicated nominal dimensions. The 
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elbow between orifices number one arid two was inst1ed to determirE 

its effect ori the pressure recovery pattern of the jet since it might 

be necessary to use similar elbows in the final installation. 

All indicated points of pressure measurement were connected by 

tubing runs to a valved manifold. Connected to this manifold were 

o-800 psi arid minus 30 inches of mercury (" Hg) to l psi calibrated 

pressure gauges, The O-800 psi gauge used for all but a few of the 

pressure measurements taken, was accurate and readable to one psi at 

any point on the scale. Connected to this same manifold was a pres- 

sure transducer used in conjunction with a Brush high speed recorder 

to record the high frequency pressure fluctuations which could not 

be followed by the pressure gauge. This recorder was used to deter- 

mine if flow instability patterns were occurring in the orifice 

assembly under the severely throttled and reduced back pressure test 

conditions, Noise and vibration readings were also made during each 

of the test runs, 

Flow measurement was by means of a sharp edged orifice located 

in the waste line to the sewer, This orifice was located a consider- 

able distance downstream and had an approach of approximately one 

hundred feet of straight pipe. This orifice had been installed ear- 

lier for the measurement of flow from each of the pumps during ini- 

tial run-ins. Accordingly, the orifice had been sized for a pressure 

differential of 200 "Hg at 10,000 gpm, and had been operated for an 
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excess of LOO hours with back pressures of approximately two to 

five psi which had probably caused some erosion in the throat of 

the orífice. The flow characteristics of this orifice had not been 

determined by testing but only on a calculated basis. As will be 

discussed later, there is reason to view with suspicion sane of 

the low flow readings obtained with this orifice. Pressure measure- 

ment of the differential across the orifice was by means of a mer- 

cury manometer. Although a number of other pumps were connected 

into this same discharge line, all connections to the line were 

valved and it is not believed that any leakage into or out of the 

line occurred during testing. 

The gate valve shown in Figure 1, was used for maintaining the 

desired back pressure on the orifice assembly during the test rims. 

This valve was a standard twelve-inch double disc gate valve. Al- 

though this type of valve is not normally used for this type of 

application, it proved satisfactory for this testing program. 

The flow control valve used upstream of the orifice assembly 

was a six-inch UOO #ASA globe valve fitted with a parabolic plug 

and seat ring. Some of the earlier flow tests were made using a 

four-inch diameter seat and plug in the valve while the final tests 

were made using a full size six-inch seat and plug. These several 

sizes of seat and plugs were tested to determine which provided the 

greatest flexibility in operation of the bypass. 



Test 

Ag noted previously, test runs were made ith a varng back 

pressure maintained on the downstream orifice as the primary vari- 

able. For each particular test run, the back pressure was set at 

the desired value with the flow regulating globe valve fully open. 

The orifice back pressure was maintained by the gate valve located 

downstream of the last orifice. Once a gate valve setting was made 

for a particular test run, the gate valve was left in that position 

so that the variation in back pressure simulated the reactor flow 

characteristic. Test runs were made at initial back pressures of 

O, 2, O, 7, 100, and l2 psi. 

During each test run, variations in flow were obtained by 

throttling with the upstream globe valve. Arbitrarily, valve posi- 

tions were taken at 1/b, 1/2, 3/b and full stem travel of the valve, 

rather than at set flow values due to communication difficulties. 

These positions were chosen so that reproducible valve positions 

were more easily established ±th the valve motor operator and did 

not represent equivalent flow areas due to the construction of the 

valve. These same tests were made with both four and six inch 

seats installed in the valve. 

During each test run, pressure readings were taken at the 

indicated points of pressure measurement by use of the test 

manifold. Pressure fluctuation readings were taken at each test 



point, while flow readings were made at the beginning and end of 

each test run0 During each test run, noise and vibration readings 

were also taki over the 1gth of the test installation. Those 

additional test data are not reported in detail in this thesis. 

Test Installation Litations 

The installation in which this testing was performed was not 

completely satisfactory for several reasons. The size of the equip- 

ment involved and space limitations precluded rearrangemt of the 

facilities once the test setup had been made. Secondly, the test- 

Ing was performed for the purpose of veri1ring a proposed design 

and not for the accumulation of test data for scientific purposes. 

Due to scheduling requirements, it was necessary that the testing 

be carried out on an eedited basis with little time available 

for the rechecking of doubtful points and the test installation 

was dismantled immediately on completion of the tests. 

In general, the pressure measurements were quite good. The 

pressure gauge used in the testing was one which is used as a sec- 

ondary standard for most operational instrument checks. The pres- 

sure taps were taken at points of as uniform flow as could be 

selected. Prdably more turbulence was present at Point 1 than at 

the other locations due to the globe valve being located a short 

distance upstream. However, since a pipe wall pressure tap rather 

than an internal pressure probe was used for pressure measurement; 
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and the resulting pressure readings were of the average pressure in- 

side the pipe rather than point pressure readings, there is little 

uncertainty- regarding these data. 

The measurements of flow are felt to be open to more question 

than the readings of pressure. As may be noted from the plots of 

test results, some scatter in the flow data is apparent. It may 

also be noted that deviation of the test data from the calculated or 

assumed curves is more apparent at the lower rates of flow. Pre- 

vious experice and published information indicates that oririce 

plates of the type used in this test will generally be accurate to 

within plus or minus one percent at the design point of the orïfice 

( 2, p. 128). However, since the orifice characteristic varies as 

a square, any inaccuracies in the reading of the pressure di±'f eren- 

tial will proportionally- be greater errors at low rates of flow. 

The orifice plate used in these tests had previously operated for 

a period of time with little or no back pressure present which 

could result in some cavitation erosion of the orifice throat. 

It was not possible to measure the orifice throat to veriir if 

this had occurred. Another factor which would contribute to flow 

meter errors is the presence of air in the line. The discharge 

line was vented before testing started but it is conceivable that 

additional air could be present in the line and carry through the 

metering orifice at the lower rates of flow. It should be noted 

that considerable variations in the orifice coefficient can be 
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expected to occur at Reynoldts numbers less than lO to 1O (i, 

p. t9). This factor could, by itself, be the cause of the apparent 

inaccuracies in the flow meter at the lower rates of flow. 

Although the flow measurements appear to be satisfactory at the 

higher flow rates, there is some question of their validity at lower 

rates of flow. The datum spread at the higher flow rates is felt to 

be satisfactory, although less variation would certainly be desir- 

able. 

The total effect of possible errors in flow and pressure 

measurement on the results obtained is relatively small although 

errors in flow measurement are apparently present at the lower 

fl conditions. The test results may be considered to be gen- 

erally valid, although they may be open to some question as pre- 

cise quantitative values. 
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ANALYTICAL DERIVATION OF FLOR EQUATIONS 

The flow through a series of orifices or flow nozzles will 

follow the general patterns shown in Figure 3, provided that inter- 

ference between the successive orifices does not exist. 

Several measurements of pressure difference may be made to 

verify that the performance of an orifice is satisfactory and as 

calculated. These measurements as applied to orifice number one 

are the pressure difference across the orifice, i.e., pl - 2, the 

hydraulic head loss across the orifice stage ¿P_2, and the pros- 

sure difference across the orifice stage P1 - With the excep- 

tion o the first stage orifice, the head loss across the orifice 

stage will be equal to the pressure difference across the stage. 

These two values are not the same for the first stage orifice due 

to the change in pipe diameter at the orifice section and the re- 

suiting correction for the veioci±r of approach to the orifice. 

A derivation of this is contained in the section that foilows. 

Each of these measurements of orifice performance will be evaluated 

to provide a measure of the accuracy of the prediction of flow 

through the orifices, 

There are a number of factors that influence the steady state 

irrational flow of fluids in a system that were not considered in 

the solution to this problem. These factors are namely viscosity, 

gravity, fluid density, surface tension, and compressibility. The 
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effects of gravity on the flow of an incompressible fluid with uni- 

form density and boundary conditions are not significant and need 

not be considered (ii, p. ). 

Variations in the density of the fluid stream would have sig- 

nificant effect on the numerical values obtained, but by use of the 

basic flow equations developed later, suitable equations could be 

derived which would permit the use of the data obtained for fluids 

having densities other than that of water, For the case under con- 

sideration since water may be considered to be incompressible, the 

density of fluid stream may be considered uniform ai no correction 

need be made. 

The surface tensioni of the water is not a significant factor in 

this case as the fluid stream is totally enclosed and surface tension 

is a factor only when a liquid vapor interface is present in the sys- 

tem, which does not occur in the case under consideration (13, 

p, 3). 

The effect of changes in viscosity by itself, will not sig- 

nificantly alter the results obtained; however, if due to the change 

in viscosity, the flow through an orifice becomes laminar, th&i the 

relationships obtained are no longer valid (11, p. 36), In the 

instant case, the minimum Reynoldt number obtained was greater 

than 1,700,000 so this does not become a significant factor. Fur- 

ther confirmation of this may be found in the work of Boscale, 
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Martin, and Dennis (1f, p. 96) and of Fink and Fouis (6, p. 31) 

where it is clearly shown from the experimental data that at 

Reynold's rn]mber in eess of lO4 to lOs, there is no variation 

in the orifice coefficient with flow, 

In the derivations that follow, the head loss that occurs in 

each stage of the orifice assembly was assumed to take place be- 

tween the contracted zona of the jet and the point of complete 

expansion downstream, Actually, there dll be a very slight löss 

in the orifice between the point of upstream pressure meairement 

and zone of jet contraction. However, this loss is so smafl com- 

pared to the expansion loss of the jet that it may be ignored for 

experimital purposes. The derivation that follows assumes that 

all of the loss occurs in the jet diffusion pattern downstream of 

the orifice throat. 

As noted previously, several measurements of orifice perform- 

ance may be established, These may be expressed for orifice number 

one as, 

- Pressure difference across orifice nuiter one 

P1 - p Pressure difference across orifice stage number one 

Hydraulic head loss across orifice stage number one 

These are the measurements for which equations Will be derived 
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in the following section as a means of verifying the predicted ori- 

fice performance. 

The definition of the pressure recovery pattern of the jet 

downstream of the orifice is less subject to a rational analysis 

than the flow through an n'ifice. The method selected to evaluate 

the pressure recovery pattern of the jet was from eerimantal data 

to construct a pressure recovery pattern which could then be corn- 

pared to available patterns of pressure recovery. This is carried 

out in succeeding sections of this thesis, 

General uations for Flow through Orifices or Nozzles 

If the flow of fluid through a section of pipe is uniform, i.e., 

the rate of flow is constant, Bernoullist equation for the flow be- 

tween points 1 and 2 may be expressed as (13, p. 8L). Assuming 

fric tionless f lowe 

H1 + 
2 

+ Z1 = H2 + 
2 
2 Z2 = H + 

2 
V 

2g 2g 

If the static head on the system is constant, then: 

pl + 

-y 

2 
V1 1 = 

_7 

2 

Z = 
2 

2 
v 

If, as in the case under consideration, the static elevation aC 

the system is constant and Z1 Z, then: 
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2 2 2 Pl + V1 = P2 + V2 P + 

7 

However, if an energy loss occurs in the fluid stream between 

points 2 and due to diffusion of the jet with its accompanying 

friction losses, then: 

1 + i P2 V2 P 

7 7 - q.(l) 

By the continuity of flow equations, it may be shown that, 

Q A1 V1 = A2 V2 = A V 

Also, by definition of 

C A 
C O 

From Equation (i) - Solving for pl P2 

pi + = P2 + V 

2g 2g 

= V 

a- 

Substituting, 

V1 = A2 V2 

A1 

then, 



pl P2 
2 

V2 

Since, 

then, 

and 

A2 = C0A01 

2 
P1 P2 = V2 

Q 
A01 C 

¡ i 

2 
A 

I - A1 

C2A2 

AI)i 

- C 21 

by substitution, the following equation is obtained: 

Pressure Difference Across Orifice Number One 

Q 
Pi_P2 

(A01C) 

Solving for 

/ 22 
/ 

C0 A0 

Ç AI 

It has been previously shown that, 

+ vI = p + 

-y 

Eq. (i) 

Neglecting the friction forces between the fluid and the pipe 
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walls by means of the momentum equation, it may be shown that a sum- 

mation of forces acting on the fluid stream between points 2 and 

is (13, p. 213). 

= 

g 

which equates to, 

P2A - PA 

(v - V2) 

= 21 (v - y2) 

g 

Solving for 2 simultaneously i..th quation (1) yields: 

22 
P2 P5 

= (V5 - y2) V5 V2 + 

¿y 
A5g 2g 

substituting V5 Q/A5 and solving for 5-2 yields: 

= (V2 V5)2 

ï 2g 

since Q = A2 V2 = A0 C V2 

and V2 q 
A01 

and V5= Q 

? ' 
f \2 

then, 5-2 1 1 q - Q \ or, 

AoCc 

Pressure Loss Across Orifice Stage Number One 

P5_2 = 
2 f 

A5 
l 

2 

2gA Ao1CC1 
Eq. (3) 



However, this equation is not a usable f orni for measuring ori- 

fice performance; therefore, by rearranging Equation (i), the 

folloiing equation is obtained: 

= 1- 
2g 

Since, Q = A1 V1 = A V 

then, 

Pl 
+ i I 2 - 

5-2 
= 

+ / 
12 2 
A A1 

2g I 

Simplifying yields the head loss of orifice stage number one, 

= (A - 1 
2g 4 / 

Eq. (b) 

Solving for Pl 

It has been previously shown that, 

= (V2 V)2 
2g 

substituting in Equation (i) and rearranging yields, 

2 2 2 
Pl = 

(V2 V) V V1 

2g 
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substituting Q/A for V yields, 

Pl_P=1 (Q Q+l/Q2Q2 
i ÇccAo 

which simplifies to: 

Pressure Difference Across Orifice Stage Number One 

PlPQ2(A 
2g A Ld1 

C 

4 
Eq0 () 

By sim1ar derivations for the second and third stage orifices, 

the following expressions are obtain1: 

Pressure Difference Across Orifice Number Two 

I 22 P_P6 2 ' (1_C0A0 

2 
2 2 

A2 Eq. (6) 
g 

02 C 
\ 

Pressure Difference Across Orifice Nuier Three 

7 22 
P9 P10 = 

2 y i 
i _ c 

2g A C (\ 4 Eq. (7) 

As noted previously, since the flow areas at points , 9, and 

11 are equal, the pressure difference per orifice stage is equal to 

the pressure loss per orifice stage as no velocity of approach con- 

nection is necessary as at orifice number one, therefore: 
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Pressure Loss or Difference Across Orifice Stage Nuner Two 

P_P9 
= 

A9 
_ 

2gï t\ 
A02Ç 

) 

Eq. (8) 

Pressure Loss or Difference Across Orifice Stage Nuither Three 

p9 p1 
/ A11 - 

2 

2g Â21 A03 C Eq. (9) 

To obtain the over'a1i head loss of the assembly of three ori- 

fices, several methods are available. The one most easily used is 

the difference between initial and final system pressures pins a 

correction for the velocity of approach to the first stage orifice, 

or, 

2 2 
p1 P11 

______ 
2g 

Substituting, the foliowtng is obtained: 

V 2 2 
H = Pi - pii + Q I S_ 2_ or, 

2g I A2 A2 
\\l 11 

H = i - 1l 
Q2 

;) 

which yields for the over-all orifice assembly head loss, 

H Pl _ Pli + Q2 ( 4 
A 

2g A2 A2 \ J 
Eq. (lo) 

lii \ I 
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Arithmetical Evaluation of General Equations for Flow Through 

Orifices or Nozzles 

In order to evaluate the experimental data, it was necessary 

to numerically evaluate the general equations derived in the pre- 

ceding sections. These calculated data would then provide a basis 

for comparison with the experimentally obtained data to determine 

if the orifice and jet coefficients which were used in the calcula- 

tions were verified by the experimental datae 

A sample calculation of the numerical evaluation of Equations 

(2) through (io) is contained in Appendix II. The following re- 

sults were obtained from these calculations and were used in Fig- 

ures 1i. through il for the evaluation of the experimental datag 

Equation (2) Pl - P2 =1,329 q2 Eq. (ii) 

Equation (3) or (Lt) --2 l 0,193 q2 or, 

1.270 q2 Eq. (12) 

Equation () pl - P = 1.067 q2 Eq. (13) 

Equation (6) P - 6 
o.8o1 q2 Eq. (1h) 

Equation (7) P9 - P10 = O.b77 q2 Eq. (i5) 

Equation (8) P9 - "io = 0.627 q2 Eq. (16) 

Equation (9) P9 - P = 0.320 q2 Eq. (17) 

Equation (io) = P1 - P11 + .193 q2 or 

2.220 q2 Eq. (18) 
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Derivations of quations for the Pressure Recovery Pattern of a Jet 

Downstream of an Orifice 

Although some general information on the diffusion pattern of 

a jet downstream of an orifice was avai1b1e (1, p. 662; ar1 17, 

p. 1) no specific information was found for the pressure recovery 

pattern of a jet which was directly applicable to the case under 

consideration. In order to evaluate the pressure recovery pattern 

of the jet, the following three step procedure was followed: 

1. Derive a general equation for the pressure recovery pattern 

of a jet downstream of an orifice. 

2. Evaluate the general equation for the case studied by the 

use of experimental data. 

3, From the numerical evaluation, plot in dimensionless terms, 

the recovery pattern of the jet. From this evaluation, an 

equation for the jet pattern may be established which is 

applicable to other boundary conditions by the use of 

suitable empirical constants. 

To derive a ganeral equation for the pressure recovery pattern 

of a jet, reference is made to the generalized nomenclature shown 

in Figure 3° By means of the momentum equation (13, p. 213) it 

may be shown that: 



3 

dF dV or, 

FeQ (vjV) 
g 

This yields, 

P) A = al (v -v) 

Since, Q = Ax V A Vj 

and, A C A0 

Then, 

Px-Pj () or, 

Px _ P = f - J Ag AA 

Then, 

Px Pi = 

(' 
This yields the generalized equation for jet recovery: 

PxP. = 
2 

J 
A A C 

k\ 
Eq (19) 

For a givì set of boundary conditions, this equation will take the 

form, 



P -P. KQ2 
X J 

36 

Eq. (20) 

In order to determine the pattern of jet diffusion, it was 

necessary to obtain numerical values for the variation of the jet 

area, A, with increasing distanee, from the jet. This was 

accomplished in the following manner. 

Plots were made of the experimental results of the pressure 

difference, 
- for each of the six points of pressure meas- 

urement used in this phase of the testing program. These plots of 

experimental data are reproduced as Figures 12 through 17 inclusive. 

It has previously been shown that an equation for the pressure re- 

covery pattern will take the form of the generalized Equation (20) 

for each of the sets of experimental data. A value of K was assunied 

for each set of test data to obtain an equation which fitted the plots 

of experimental data0 The assumed equation which was obtained for 

each point of pressure measurement is shown on the respective plot 

of test data. The values of K which were assumed are: 

Orifice Number One 

P2 = 0.088 q2 Eq. (21) 

- = 0.219 q2 Eq. (22) 

P P2 = O.2Lh q2 Eq. (23) 
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Orifice Number Two 

P7 - P6 0.0201 q2 Eq. (2h) 

- 0.l00 q2 Eq. (2g) 

P9 P6 = 0.162 q2 Eq. (26) 

To determine the limiting values of K for the case under con- 

sideration, calculations were made using Equation (19) when the ex- 

parided jet area, A, was taken equal to the containing pipe area, 

A. These calculations produced the following results which repre- 

sent the maximum possible pressure regain for the test conditions: 

Yrifice Nunber One, ' 
- 2 

= 0.20 q2 

Orifice Number Two, 9 - 6 = 0.178 q2 

To obtain values for the expanded jet area, A, which would par- 

mit an evaluation of the jet expansion pattern, calculations were 

made to evaluate Ax for each of the values of K that were assumed. 

The results of these calculations are shom in Table 2. 

Sample calculations for the determination of the inaximmn 

values of I and the data included in Table 2 are included in Appen- 

dix III. 

Plotting the data from Table 2 as expressed in the dimensionls 

ratios //Do and Dx/Do defines the diffusion pattern of a jet from 



an orifice as shon in Figure 18, This diffusion pattern is based 

on the average velocity pattern, as the pressures used as a basis 

for the detennination of this pattern were based on the average 

velocity in the pipe. 

Since a curve drawn through the experimental datum points de- 

fines the jet diffusion pattern, this pattern may be expressed by 

an equation which represents the experimentally determined curve. 

The derivation of such an equation is contained in Appendix IV. 

This equation may be expressed as: 

= l.0).Ui.8 - 0.1298 I/t)o + 0.0362 

D0 

- 0,00l2 i3/D (26) 

and is valid within the boundary conditions previously defined. 



TABlE 2 

JET EXPANSION PATTERN CACULI FROM 
PERINENTAL DATA. 

STATI A0 A A D, J 'D0 

Ft.2 't,? Ft.2 Izi, In. 

P3 P2 0.088 0.0712 0.0662 0.097 )4.21 18. .l2 l.16 

- P2 0.219 0.0712 0.0662 0.323 771 9.30 2.130 

- P2 0.2)4)4 0.0712 0,0662 0.8O 10.32 1)4.00 2.860 

- 
0.0201 0.08)47 0.08)47 0.093 )4.1)4 12. 2.90 0.960 

- P6 O.1O0 0.08)47 0.08)47 0.19 .Ii.O 2)4.0 S. 1.2O 

P9 - P6 0.1620 0.08)47 0.08)47 0.3)41 7.92 3.S 8.23 1.830 

A) 
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PRESTATION OF DATA 

The results of this investigation are contained in the datum 

used in preparation of Figures 14 through 18. 

Figures 6, 8, 10, and 11 present the calculated and measured 

loss of head for each of the three orifice stages and the head loss 

of the entire orifice assembly respectively. In Figures Lt, , 7, 

and 9, the calculated and measured pressure difference across each 

of the three orifice plates may be found. 

In general, the agreement between the calculated and measured 

values for pressure difference or loss is quite good. At the lower 

rates of flow, less agreement is obtained. As discussed earlier, 

this is believed due to flow meter inaccuracies rather than from 

any deviation of the flow characteristic from the derived equations, 

since the system flow characteristic is a function of the square of 

the flow. 

A dimensionless pattern ard equation for the diffusion pattern 

of a jet downstream of an orifice, when contained in a pipe, may be 

found in Figure 18. This equation and dimensionless curve is pre- 

sented in a form which may be used for other sizes of pipe or ori- 

fices for the prediction of the jet diffusion pattern. These re- 

sults are based on the measurement of average velocity in the jet 

pattern which is the condition most directly applicable to the 
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majority of problems of hydraulic design. It is recognized that 

the zone of actual fluid flow is somewhat greater than the average 

velocity zone used in this paper. 

The pressure recovery pattern of the jet extends a lesser dis- 

tance dcwnstream frcmì the orifice than a similar pattern previously 

determined by A]bertson, et al, (1, p. 662). However, the work by 

Albertson was based on a jet issuing into an infinitely large tank 

where jet boundary conditions did not limit the diffusion of the 

jet. The faster rate of diffusion of the jet obtained in this paper 

is probably due to a pressure reflection from the limiting bound- 

aries. ctrapolation of the data indicates that the maximum pres- 

sure regain of the jet will occur approximately four pipe diameters 

downstream of the orifice, which confirms the results of earlier 

investigations (8, p. 31; and L, p. 96). 

The jet recovery pattern data represent the combined test re- 

suits of two orifices, the first arid second stage orifices, Al- 

though taken from different sized orifices, the pressure recovery 

data for both orifices agree very closely when reduced to dimension- 

less data. This is confirmation of the previous supposition as to 

the validity of the data when applied to other orifice and boundary 

ratios and configurations. 



CONCLUSIONS AND SUMMARY 

The experimental and analytical results obtained in this thesis 

lead to the following conclusions 

1. The orifice contraction coefficients obtaini by von Mises 

for two-dimensional fluid flow are valid for the three- 

dimensional flow of water through orifices in the range 

tested; i.e., dth approach angles of from 10 to l de- 

grees. Previous confirmation of the coefficients for 

other angles of approach by other investigators, leads 

to the conclusion that von Misest data are applicable 

and may be used for the solution of orifice problns where 

a tapered approach to the orifice is encountered and a 

liquid is the flowing rnedirnn. 

2. The pressure recovery pattern of the jet downstream of an 

orifice may be expressed by the following equation: 

i 2 
DX/DO = l,OtU8 - 0.1298 _//D + 0.0362 I2/o 

- O.00l2 ¿3/Dg Eq. (27) 

This equation may be used for jets issuing from orifices 

inside of a containing pipe. The limits of DX/DO for the 

validity of the equation have not been determined, but the 



supposition is made that it is valid for all reasonable 

ratios of DX/DO. 

3* It is apparent that front three to four pipe diameters are 

required for complete pressure recovery of a jet doinstream 

of an orifice. However, at orifice spacings of from three 

to four diameters even if the full calculated pressure re- 

gain has not been achieved, there is little, if any, effect 

on the performance of succeeding orifices. Previous work 

has indicated that significant interference between orifices 

does not occur at spacings greater than two pipe diameters. 

ii.. Apparently, there is little effect on the jet pressure re- 

covery pattern from a moderate change in direction of the 

containing pipe some distance downstream of the orifice. 

. The test program results indicate that the installation as 

desiied, will function satisfactorily under the required 

operating conditions with no evidence of cavitation, ex- 

cesive pressure fluctuations, or noise noted. 



RONNENDATIONS 

The studies and work resulting in this thesis lead the writer 

to make the following recommendations: 

1, The experimental work performed should be repeated using 

smaller sizes of pipe at reduced flow rates and lower 

pressures. This would permit greater flexibility in the 

performance of the testing and should lead to a greater 

accuracy of results. 

2. These tests should be performed on a laboratory basis with 

additional pressure taps provided so that a more complete 

determination of the jet pressure recovery pattern could 

be obtained. 

3. A considerable amount of additional testing should be per- 

formed with varying ratios of D0AD, i/Do, and to pro- 

vide a more comprehensive basis for the design of multiple 

orifice asseithlies, Specifically, it is recommended that 

the following range of variables should be considered for 

further investigation: 

Ratios of from 0.1 to 0.9 

Ratios of from 1 to O or orifice spacings of 

from 1 to pipe diameters 

Variations in of 10° to 7° 
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APPENDIX I 

DETAILS OF TEST INSTALlATION ND ORIFICE 

Figure 19 - Test Installation Details 

Figure 20 - First Stage Orifice 

Figure 21 - Second Stage Orifice 

Figure 22 - Third Stage Orifice 



I 2'- 

FIGURE 19 

TEST INSTALLATION DETAILS 

AECGE HICHLAND, WASH. 



2' SCH.60 STEEL PIPE 

FiGURE 20 

FIRST STAGE ORIFICE 

ARC-GE RICHLAND, WAHN. 
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FIGURE 21 

SECOND STAGE ORIFICE 

AEC-E RCHIAND. WASH. 



___'i 

AEC.E RICKLAND. WASH. 

FIGURE 22 

THIRD STAGE ORIFICE 
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APPENDIX II 

NUMERICAL EVALUATION OF 0ENEF?AL ORIFICE UATIONS 

From Figures 1, 2, 20, 21 and 22, the following dimensions are 

obtained: 

Orifice No. One 

D1 = .761 in. 

D01 = 3.61 in. 

D3JD ii.626 in. 

0.930 

Orifice No. Two 

D = 11.626 in. 

D02 - in. 

D7D8D9 11.626 in. 

Cc2 = 0.890 
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Orifice No. Three 

D0 = 11.626 in. 

D03 = .000 in. 

D11 11.626 in. 

Cc3 = 0.890 

From these data, the following values may be calculated: 

Orifice No. One 

A1 = 0.181 sq ft 

A01 = 0.0712 sq ft 

A3AA 0.738 sq ft 

C1 = O.86 

Orifice No. Two Orifice No. Three 

A = 0,738 sq ft 

A = 0.102 sq ft 
02 

A7A8A9 = 0.739 sq ft 

c2 = 0.792 02 

A9 = 0.739 sq ft 

A03 = 0.136 sq ft 

A11 = 0.738 sq ft 

C3 = 0.792 

Previously, the following equation has been obtained for the 

pressure difference between points i and 2: 

Pl - 2 ( Q 

2 

( 
cg 

g \AOCC) 4/ Ft:1. (2) 



Note: The fluid flow rate, Q, has been changed in the following 

eqnation to q, in order to provide a more easily manageable 

f orm of the equation. 

Substituting, the following is obtain eh 

or, 

- P2 (62.. lbs/ft) (q2) 

(2)(32.2 ft/sec2)(lljii in2/ft2)(.0712 rt2)2(o.86) 

( 1 - 

(.181)2 

P1 - = 62.I. g2 (1 - 0.133) 
LLO. 7 

Pl - = 1.329 q2 Eq. (11) 

Similar calculations produced the results listed previously for 

other points of pressure measurement as Equations (12) through (18). 



APPBNDD III 

SANPLE CALCULATION OF PRESSURE REGAIN PATTERN 

The expansion pattern of the jet downstream of an orifice has 

been shown to take the form, 

or, 

Px - Pj = Q2 (1 Eq. (19) 
ApA0Cg A 

J 

Eq. (20) 

The maximum expansion, or pressure regain of the jet, will 

occur when the jet has expanded so that D is equal to D, or 

equals A. 

Therefore, an expression for the rnaid.mum pressure regain may be 

calculated by letting A equal A. 

Using orifice number one, the following is obtained: 

PxP. = Q2 (1 - A0C 
J ÇACcg 

\ 

Px Pj = q2 (62,I lbs/ ft3) 

(0.738 A2)(O.07l2 ft2)(O.930)(32,2 ft/sec7 

( 1 - 

\\ 
0.738 



or, 

- = 2.7 q2 (1 - .o89) 

- max 0.20 q2 

A si1ar calculation for orifice number two results in, 

- max 0.178 q2 

In order to, obtain the characteristics of the pressure regain 

pattern, the following calculations were made: 

Combining Equations (19) and (20), the following expression 

is obtained: 

A 
( 
A A0 C 

g 
J 
K 

A 
X T 

At point 3, the value of K has previously been taken from the 

experimental data as being equal to 0.088. Substituting in the 

above equation, the following eression is obtained: 

A3_A 
(o.738 ft2)(0.07l21t2)(0.93)(32.2 ft2/sec2)(]1 2,2)(0 088) 

A3 
62 lbs/ft3 

then, 

= 0.319 

A3 - (o.o712)(o.93) = 0.319 A3 

0.681 A3 = 0.0662 

A3 = 0.0973 ft2 
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From this result, is obtained: 

D D3 = Ii..21 inches 

From Figure 19, the distanc.,(is taken as 18. inches and 

from Figure 20, the orifice diameter is taken as 3.6l inches. 

Using these data, the following constants are calculated: 

l8. in. .12 
3.615 in. 

DX/DO = lj..21 in. = 1.16 
3.615 in. 

Similar calculations for the other points of measurnent of 

experimental datum resulted in the results tabulat ed in Table 2. 
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AP'ENDIX IV 

IYERIVATION OF EQUATION FOR PRESSURE RFXAIN PATTN 

An equation defining the pressure regain curve obtained in 

Figure 18 from a plot of the experimental data is derived in the 

following manner: 

then, 

A curve of the type obtained is as shcwn in the sketch below: 

This may be approximated by an equation taking the form, 

Y = A +BX+CX2+DX3 Eq.(1) 

dY B + 2 C X + 3 D X2 
dX 

Defining boundary conditions, 

then, 

at X2 Y0.92 

r;E 

Eq. (2) 
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at X = lIi., Y = 2.9 

dY = 0.3 = oj$ -- 
From Equations (i) and (2) and the four boundary conditions, 

the following is obtained: 

0.92 = A+2B+1.C8D Eq.(3) 

O = B+LC+l2D Eq.(t) 

2.9 A + itiB + l9 + 27t.2D Eq. () 
O.l = B + 280 88C Eq. (6) 

Subtracting Equation ) from (3), 

.92 = A + B - )4D Eq. (7) 

Subtracting Equation from (6) 

.15 = 21.0 + 76D Eq. (8) 

Subtracting Equation (3) from (s), 

1.98 = l2B + 1920 + 273tiD Eq. (9) 

Multiplying Equation (6) by (7), 

l.0 = 7B + 1960 + tiul6n 

Subtracting from Equation (s), 

l.8S = A +7B - l37tiD 



Subtracting Equation (7) 

0.93 = 6B - 1370D 

From Equation (io), 

B 0.93 +1370D = 0.1 +228D 
6 

Substituting in Equation (9), 

1.198 = 1.86 +2738D + 1920 + 273LD or, 

.12 = 192C + )472D 

Multiplying Equation (8) by (8) 

1.20 1920 + )46o8D 

Subtracting from above yields, 

- 1.08 = 86)4D or, 

D - 0.00l2 

From Equation (8) 

C = :15 - 76D = o.i+ 0.720 = 0.87 
2)4 2)4 2)4 

From Equation ), 

B -)4C-12D 

= - 0.1)4)48 + o.oi;o 

B = - 0.1298 

From Equation (7), 

A =0.92-B+LD 

= 0.92 + 0.1298 - 0.o0 

A = 1.0)4)48 

7L. 

Eq. (lo) 



Therefore, 

Y = 1.o148 - 0.1298 X + 0.0362 X2 - 0.0012 z3 

Checking the equation against the curve: 

x x2 X3 O.1298X O.0362X2 .0012SX3 r 

o 

2 ). 8 O.296 o.iLh8 0.01 0.92 

6 36 216 0.78 1.302 0.27 1.2968 

6 100 1000 1.298 3.62 1.2 2.1168 

1L. 196 27t 1.818 7.10 3.b3 2.8918 

This verifies that the diffusion pattern of the jet may be 

approximated by the following equation: 

DX/DO 
1.018 - 0.129$J/D0 + 0.0362P/D - 0.0012S/3/D 


