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CHAPTER I

INTRODUCTION

1.1 Background

Considerable emphasis has recently been directed toward

assuring that health and safety standards in industry be

kept at a safe level for the workers. Many industrial pro-

cesses release toxic fumes and vapors, or harmful particu-

lates to the surroundings which humans would breathe if no

measure were taken to capture these pollutants at their

source. One of the most efficient means to eliminate con-

taminates is by an exhaust ventilation system.

Since contaminates may be produced by a number of

individual processes within one bUilding, an exhaust ven-

tilation system might require a network of ventilation lines

which connect to a common main discharge header. In order

to properly design a ventilation system, the pressure drops

across each component of the system must be known. The pri-

mary reference used to determine pressure drops in ventila-

t10n systems is the book entitled Industrial Ventilation, A

Manual of Recommended Practice; published by the American

Conference of Governmental Industrial Hygienists.

This manual recommends that converging flow fittings

have a tapered main stream body with a length at least twice

1



the diameter of the main upstream connection. The pressure

drop in the flow from branch to common stream is given as

a fraction of the branch velocity head depending on the

particular branch inlet angle. The manual also assumes

there is no pressure drop in the flow from main upstream to

common stream for all branch inlet angles.

A study of other literature available which deals with

the pressure losses in converging flow fittings for exhaust

ventilation systems and joining water flow pipe lines shows

that losses are a function of the ratio of branch to up­

stream volume flow and not solely branch flow rate. Also,

this literature shows pressure losses do occur in the flow

from upstream to common stream. Unfortunately, this pres­

sure loss information was limited to fittings with constant

mainstream diameters as opposed to the fittings commonly

used in industrial ventilation which have tapered body

mainstreams. The reliability of these results was felt

questionable because the only experimental work performed

in this area used water flow in pipes with diameters much

smaller than normally required in ventilation ductwork.

Experimental work had been conducted by Healy, Patterson,

and Brown (Ref. 12) on converging flow fittings, but this

investigation was limited to rectangular ducts normally

used in heating and cooling return air systems.

2



1.2 Statement of Purpose

Since pressure loss information for converging flow

fittings was found vague and incomplete, an investigation

was felt necessary to correlate pressure losses for all

fittings normally used in industrial ventilation exhaust

systems. The National Institute for Occupational Safety

and Health, Department of Health, Education and Welfare, has

felt that such a study is vital to the needs of people and

therefore, sponsored a one and a half year project to make

available pressure loss design data. This project was

divided into two programs. The first program was a solely

experimental investigation of pressure losses in sixteen

converging flow fittings with eight inch common stream

diameters which covered a wide range of branch tap and main

fitting body styles. Results from this first study were

given in Reference 18.

The second program was an investigation to correlate

pressure losses on a generalized basis which would be valid

for all converging flow fittings normally used in industry.

Since the fittings covered in Reference 18 were restricted

to eight inch common stream diameters, it was felt addi-

tional fittings ·should be studied which had take-off diame-

ters over the range from three to sixteen inches in order

to assure the generality of results.

3
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generalized pressure loss program are presented in the

following context. All experimental portions of this in-

vestigation were made over the range of flow conditions

most commonly used in industrial ventilation systems.

Branch velocities varied from 1000 feet per minute to 6000

feet per minute, velocities in the main upstream ranged

from 1000 feet per minute to 5000 feet per minute, and the

ratio of branch velocity to main upstream velocity was

allowed to vary from seventy-five hundredths to six. The.-~ ~

branch entry angle covered thirty, forty-five, and ninety

degrees. All fittings studied in the experimental inves­

tigation conformed to those fittings manufactured for

industrial exhaust systems.

4



CHAPTER II

APPROACH

2.1 Introduction

An important guideline in developing pressure loss

information for duct design work requires that design data

be available in a concise, easy-to-use form. The most

commonly accepted presentation of design data for divided

flow fittings uses a dimenslonless pressure loss term as a

function of some dimensionless flow condition and dimension-

less fitting geometry parameter. Conventional data is

usually given in graphical form where the dimensionless

geometry parameter is fixed for a particular curve and the

dimensionless pressure loss and dimensionless flow condi-

tion parameters are allowed to vary. This chapter defines

the dimensionless parameters used in this investigation

and describes the approach to determine values for these

parameters.

2.2 Fitting Parameter Definitions

Figure 2.1 depicts a typical fitting used in this study

where flow parameters and geometry parameters are designated

at their proper locations. The different parameters are

5
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defined as:

Db A diameter of branch take-off, inches=

Du A. diameter of upstream take-off, inches

Dd A diameter of downstream take-off, inches

Ab A cross-sectional area of branch, inches sq.

Au A. cross-sectional area of upstream, inches sq.

Ad A cross-sectional area of downstream, inches sq.

Vb A mean velocity of branch flow, fpm

Vu A mean velocity of upstream flow, fpm

Vd A mean velocity of downstream flow, fpm

Qb A mean branch volume flow, cfm

Qu A mean upstream volume flow, cfm

Qd A mean downstream volume flow, cfm.

2.3 Loss Coefficient

With the exception of Reference 13, past literature

shows that pressure losses exist between branch to down-

stream sections and upstream to downstream sections. There-

fore, two dimensionless pressure loss parameters were re-

qUired to describe the pressure drops encountered in

converging flow fittings. These two pressure drop para-

meters were defined as the drop in total pressure between

either the branch to downstream or upstream to downstream

sections divided by the kinetic energy of the downstream

•
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flow. The expressions for these parameters were:

2.1

2.2

where CB 6. branch loss coefficient, dimensionless

CM 6. main loss coefficient, dimensionless=

6.Ptbd 6. total pressure drop at 'standard conditions from

branch to downstream sections, inches of water

6.Ptud 6. total pressure drop at standard conditions from

upstream to downstream sections, inches of water

Vd 6. mean velocity at the downstream section, fpm

The branch and main loss coefficients were defined by

equations 2.1 and 2.2 because these relations gave convenient

forms for design work and equations 2.1 and 2.2 also were

consistent with similar works by other authors.

Previous work with converging flow fittings showed that

CB and CM would correlate against Qb/Qu. Other parameters

which were felt to influence the branch and main loss coef-

ficients included Ab/Ad , Au/Ad' and branch angle.

2.4 Numerical Values for CB and CM

An accurate theoretical approach to determine the

branch and main loss coefficients would require complex

8



mathematical expressions to describe turbulence, separation,
I

vortex formation, and a number of other effects within the

fitting which cause drops in total pressure. Expressing CB

and CM solely in terms of the dimensionless forms Qb/Qu '

Ab/Ad, Au/Ad' and branch angle by a pure theoretical ap­

proach might prove nearly impossible. A pure theoretical

"black box" or system boundary approach was not sufficient

because certian nonusable static pressure terms appeared

when conservation of mass and momentum were applied around

the system boundary. Even if a pure theoretical approach

would have given a workable solution, the information would

only be valid for ideal fittings and not those fabricated

in production processing for the commercial market.

It was felt that reliable data could only be determined

by an experimental investigation. It was hoped that general

expressions could then be found by empirical means using the

experimental results, and this would allow the branch and

main loss coefficients to be determined for any fitting

geometry.

The experimental program set forth was to cover thirty-

three fittings over a wide range of diameters and three

commonly used branch angles. The branch and upstream dia-

meters varied from three to fourteen inches, the downstream

diameter varied from four to sixteen inches, and the branch

9



angle was thirty, forty-five, or ninety degrees. The com-

binations or branch, upstream, and downstream diameters were

representative of fitting diameters used in practice.

The analytical program consisted of first theoretically

describing the branch and main loss coefficients by the

system boundary approach using conservation of mass, momen-

tum, and energy. The equations were then rearranged to

express as many terms as possible in the form of Qb/Qu ,

Ab/Ad , Au/Ad' and branch angle. All terms that could not

be equated by Qb/Qu , Ab/Ad, Au/Ad' or branch angle were

dropped. The remaining equation was felt to give a first

approximation of the branch and main loss coefficients.

Experimental results could then be used to empirically fit

the approximate theoretical equations to meet the experi-

mental values. These semi-empirical equations could then

be compared with the experimental work in this investigation

and with other authors of similar studies to determine the

degree of reliability in the final analytical expressions.

10



CHAPTER III

EXPERIMENTAL PROGRAM

3.1 Introduction

The experimental investigation set forth was divided

into five basic subdivisions. These five areas included:

equations needed to reduce raw data; choice of equipment;

choice of instrumentation; raw data collection; and reli-

ability limits of reduced data. Each of the above consi-

derations is discussed in this chapter.

3.2 Experimental Determination of the Loss Coefficients

Proper evaluation of the branch and main loss coeffi­

cients, equations 2.1 and 2.2 respectively, required that

the basic loss coefficient definitions be broken down into

a combination of parameters that could be measured in the

laboratory. Certain correction factors were also necessary

to standardize results with duct design information used

in the design field.

The velocity head downstream at standard conditions

was related to the velocity downstream by

(Ref. 3)

11
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and the change in total pressure from branch to downstream

was given by

Equation 2.1 was then rearranged into the form

CB' = (Hvb - Hvd) + (Pb - Pd)
HVd

3.3

where, HVb ~ mean velocity head of the branch, inches of

water

HVd ~ mean velocity head of the downstream, inches

of water

~ static pressure of the branch, inches of water
=

A static pressure of the downstream, inches of

water

CB' ~ branch loss coefficient less friction loss=

terms, dimensionless.

The velocity heads of the branch and downstream were not the

centerline velocity pressures directly given from raw data,

but were velocity pressures determined from the mean velo-

cities in the duct. Mean velocities were related to mea-

sured centerline velocity pressures by

(

HvCL \1/2
Vs = 1096.5 CLCs ps sJ (Ref. 3)

12



where, Vs ~ mean velocity in a section, fpm

CLCs ~ centerline coefficient of a section, dimen­

sionless

HVCLs ~ velocity head measured at the centerline of

a section, inches of water

Ps ~ density of air at a section, Ibm per cubic

feet.

Velocity heads in equation 3.3 were then determined by

Hvs = (Vs /4005)2 3.5

where, Hvs ~ velocity head in a section at standard condi-

tions, inches of water

Vs ~ mean velocity in a section, fpm

Equation 3.3 was also corrected for friction in the

straight duct by the equations presented in Appendix C.

The new equation for branch loss coefficient was

CB = (Hvb - Hvd) + (Pb - Pd) - (~Pfb + ~Pfd)

Hvd
3.6

where, ~Pfb ~ friction pressure drop in branch, inches of

water

~Pfd ~ friction pressure drop in downstream, inches

of water.

In using equation 3.6, all pressures must be converted

to standard conditions or remain at experimental conditions.

Any experimental pressure can be multiplied by (O.075/p)

13



to obtain pressure at standard conditions provided temper-

atures are near standard room temperature, where p is the

density of air during the experiment in Ibm per cubic foot.

Since ~Pfb and ~Pfd in Appendix C were given at standard

conditions, all experimentally determined pressures were

converted to standard conditions in order to preserve the

homogeneity of data.

All terms have been accounted for except the calcula-

tion of density. Since the experiments were run at near

standard conditions, the perfect gas law was assumed to

hold. Density was related by

p = Pda (144)
R(Tdb + 460)

(Ref. 15) 3.7

where, p ~ density of the dry air, Ibm per cubic feet

Pda ~ absolute pressure of the dry air, psia

R ~ gas constant for air equal to 53.34 ft­

Ibf/lbm-oR

Tdb ~ dry-bulb temperature, of.

~da was determined by

where,Pbar ~ ambient barometric pressure, psia

Ps Astatic gauge pressure at a section, psig

Pwv A partial pressure of the water vapor, psia.

14
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The static gauge pressure was subtracted from the ambient

barometric pressure because gauge pressures are negative

in exhaust systems. Partial pressure of the water vapor,

Pwv , was calculated by the Carrier equation as follows:

(Ref. 5)

where, Psvwb ~ saturation pressure of water vapor at the

wet-bulb temperature, psia

TWb ~ wet-bulb temperature, of

Curve fitting pressures of saturated water vapor near stan-

dard temperature gave

Psvwb = 0.0292
0.036Twb

e psia

where, TWb is in of.

The procedure to determine the equation for the main

loss coefficient with correction terms followed the same

routine as just presented for the branch loss coefficient.

Equation 2.2 then became

eM 3.8

where, Hvu ~ mean velocity head upstream, determined by

equations 3.4 and 3.5, inches of water

Pu ~ static pressure upstream, inches of water

6PfU ~ friction pressure drop in upstream, inches

of water.

15 61 {'co
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An alternative method to calculate HVd was by a mass

balance. Since Mach Numbers never exceeded one-tenth, the

flow could be considered incompressible (See Ref. 20). The

mass balance related downstream velocity by

3.9

where, Vb n mean velocity in the branch, fpm

Vu n mean velocity in the upstream, fpm

Ab n cross sectional area of the branch, in. sq.

Au n cross sectional area of the upstream, in. sq.

Ad n cross sectional area of the downstream, in. sq.

SUbstituting Vd from equation 3.9 into equation 3.1 gave the

velocity head downstream in terms of conservation of mass.

Both the measured and mass balance methods to determine

HVd were completely correct, although variation could occur

due to inaccuracy of a manometer reading. To determine

which method yielded a more precise loss coefficient, an

uncertainty analysis was devised for both cases. This un-

certainty analysis followed the precedures outlined in

Reference 6 and the case for HVd calculated via mass bal­

ance is given in Appendix E. Observin~ uncertainties in,
the two loss coefficients showed that determining Hvd simply

through measurement placed an uncertainty interval of over

twice the uncertainty interval by using the mass balance

16



basis. Therefore, it was decided that equations 3.6 and

3.8 could be more precisely calculated by using equations

3.9 and 3.1.

3.3 Equipment

Air flow for this investigation was made available by

connecting the duct work to the suction inlet of a centri-

fugal fan. The apparatus first used in this study produced

adequate flow rates for fittings with downstream diameters

of eight inches or less, but a higher-capacity centrifugal

fan was required for fittings with downstream diameters

greater than eight inches. The lower volume flow system

was similar to the higher volume flow system and both ap-

paratus are depicted by the schematics in Figures 3-1 and

3-2 respectively.

The low volume flow set-up used an American Blower

Company centrifugal fan with a capacity of 3,000 cubic feet

per minute at a static pressure rise of five and one-half

inches of water. A five horsepower direct current motor

drove the fan. Variable motor speed was accomplished by a

rheostat which allowed the motor to run from 1,000 to

1,250 revol~tions per minute.

Higher volume flow rates were achieved by a Sirocco

centrifugal fan also made by American Blower Company. The

capacity of this fan was 7,000 cubic feet per minute at a

17
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static pressure rise of four inches of water. A direct

current fifteen horsepower General Electric motor was used

to power this fan at speeds between 400 to 700 revolutions

per minute. Motor speed was controlled by varying the

voltage to the motor.

Simple round concentric taper transitions were used on

the smaller fan for reduction from the fan inlet diameter to

test section diameter. Because of space limitations, two

elbows plus additional straight duct were needed to connect

the fan to the test section on the higher flow apparatus.

Supply outlets on both fans were left open to the surrounding

room.

The duct work was obtained from United Sheet Metal, a

division of United McGill Corporation in Westerville, Ohio,

and was of the circular spiral type manufactured by this

company. Butterfly type volume dampers at the branch and

main duct inlets provided additional control of air flow.

Bellmouth fittings at the inlets helped reduce inlet losses

and provided more uniform flow. The fittings tested were

of the type manufactured by United Sheet Metal,for the com­

mercial market. Standard "off the line" production fittings

were used with no attempt made to selectively pick good or

bad ones. Fittings that are machine-made do not have vari-

ations as great as exist for handmade fittings. A complete

20



list and description of the fittings investigated is pre­

sented in Appendix B.

Straight duct was connected to the fittings by slip-

ping the duct over fitting take-offs and securing by sheet

metal screws. To prevent air leakage, the joints were

sealed with standard duct tape. The system was self-sealing,

since the negative gauge pressure tended to draw the tape

into any cracks or holes. The ductwork was supported from

the floor by means of stands made from wood. Other than the

bellmouth fittings at the two inlets, no special precautions

were felt necessary to straighten flow patterns or smooth

turbulence since the experiment was conducted on the suction

side of the fan where flow disturbances from fan blades do

not exist.

3.4 Instrumentation

Since many fittings of various sizes were studied, a

versatile means to measure air flow was required. The pitot-

static tube was chosen because such a device is portable,

easily used, and not restricted to one size duct as in the

case of the flow nozzle. Standard size pitot-static tubes

normally have outside diameters of either one-eighth inch
,

or five-sixteenths inch. The larger of the two pitot-

static tubes is generally a better measuring probe because

it has a much faster response to pressure changes. On

21
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the other hand, this tube had a diameter large enough com-

pared to duct diameters of eight inches or less to increase

the velocity head by one to two percent due to the Bernoulli

effect. Therefore, both size tubes were used depending on

the duct diameter. One-eighth inch outside diameter tubes

measured flow in ducts up to eight inches in diameter, and

five-sixteenths inch tubes were used in ducts with dia-

meters larger than eight inches.

All pitot-static tubes were commercial tubes manu-

factured by Dwyer Instruments Incorporated in accordance

with ASME standards. Tests were conducted to determine

the degree of variation of flow measurements using the

purchased pitot-static probes. A sharp edged orifice flow

meter and a stagnation tube made from a hypodermic needle

were used to measure mass flow rate in a pipe with a two

inch inside diameter. The pitot-static tube was then used

to measure the same mass flow rate. Agreement between the

pitot-static tube and stagnation tube was within one-half

of a percent. The orifice flow meter and pitot-static

tube had a one and nine tenths percent variation in flow

rate. The precise discharge coefficient for the orifice

meter was not known. At this point, it was assumed that

flow measuring procedures with pitot-static tubes could

accomplish the accuracy needed in this study. Periodic

checks were made to be sure the static pressure holes and

total pressure hole did not become clogged.
22



The procedure to measure air flow using a pitot-

static tube first required a twenty point velocity tra­

verse (see Ref. 13) with the tube to determine the center-

line coefficient for that section. The mean velocity was

then determined by the product of the centerline coeffi-

cient and centerline velocity. Traverses were made possi-

ble by attaching pitot-static tubes to clamps that could be

slid in the horizontal and vertical planes on rails rigidly

mounted to fixed stands. Tubes were allowed to enter the

duct work through holes in the duct walls. To assure symme-

trical velocity profiles, pitot-static tubes were placed at

least ten diameters downstream from flow disturbances (see

Ref. 13). Careful checks were made to assure the pressure

sensing probes remained parallel with the walls of the duct

as recommended in Reference 22. During regular data collec-

t1on, the sensing probes remained stationary at the center-

line of the duct.

All pressure measurements were made by commercial mano-

meters. Five inclined manometers and one U-tube manometer

were required with the proper scale range and readability

selected for each pressure reading. Velocity pressures for

the branch take-off and main upstream were measured with

Ellison inclined manometers, both of which had zero to

three inch scale ranges, one-hundredth of an inch of water

scale divisions, and readability to one-hundredth of an

23



inch of water. The velocity pressure downstream was mea-

sured with a Meriam manometer having a zero to six inch

scale range, a scale division of five-hundredths of an inch

of water, and readability to two-hundredths of an inch of

water. This manometer was eventually exchanged for a more

precise Meriam manometer which could be read to one-hun-

dredth of an inch of water. Static pressure drops from the

branch to downstream and upstream to downstream were mea-

sured with Meriam inclined manometers with a zero to twelve

inch scale range, two-hundredths of an inch of water scale

divisions, and readability to one-hundredth of an inch of

water. The static gauge pressure was measured at the down-

stream station by a U-tube manometer ~ith readability to

five-hundredths of an inch of water. This satisfied the

accuracy needed for static gauge pressure measurement be-

cause this pressure was added to the ambient barometric

pressure which had a magnitude several thousand times the

readability of the U-tube manometer. The degree of reada­

bility was determined by comparing pressure readings from

the different manometers to a Meriam micromanometer which

could be read to one-thousandth of an inch of water.

A standard sling psychrometer was used to measure

the dry-bulb and wet-bulb temperatures which had a reada­

bility of one haIfa degree fahrenheit.

24



3.5 Experimental Procedure

The six manometers mentioned in the previous section

were connected to pitot-static tubes as shown in Figure 3-3.

Inclined manometers were first leveled and zeroed. The fan

was allowed to run for several minutes before data collec-

tion to assure steady flow. Dry-bulb and wet-bulb temper-

atures were taken at the main upstream inlet. The ambient

barometric pressure was measured with a nearby barometer.

Additional temperature and barometer readings were taken

periodically depending on how rapidly ambient conditions

changed for that particular time of day. Frequent checks

were also made against possible leaks in tUbing and mano-

meter fittings.

Flow rates were controlled by the volume dampers and

fan speed. All manometers showed quick response to flow

changes and stabilized completely within one minute. Some

fluctuations did occur in the branch velocity pressure at

high branch flow rates. The fluctuations were attributed

to flow resonances and could not.be eliminated. Uncertain-

ties due to fluctuations were seen to be approximately one

percent of the velocity head. The uncertainty analysis

discussed in Appendix E showed that th~ possible error in

the final fitting loss coefficient due to flow fluctuations

was usually less than one and a half percent. A precaution
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against misread manometers required two people to simul­

taneously collect the same data and compare results after

each data point. Approximately thirty data points were

taken per fitting to cover the branch and main upstream

velocities and velocity ratios previously set forth.

Distances between the static pressure holes in the

test probes and the center of the fitting were measured.

The friction pressure drop between the pitot-static tube and

fitting could then be determined by the equations presented

in Appendix C and subtracted from the measured pressure drop

to standardize loss coefficient information on a no length

basis.

A complete list of raw data collected is tabulated in

Appendix·D of Reference 19. This data was reduced by an

IBM 370/165 computer using the equations in Section 3.2 and

reduced results are also listed in Appendix D of Reference

19.

3.6 Discussion of Data

Results for the thirty-three different fittings studied

are in graphical form and prese~ted in Appendix A. Two

plots are given for each fitting, one for the branch loss
.~

coefficient defined in equation 2.1 and the other for the

main .loss coefficient defined in equation 2.2. Both loss

coefficients are plotted against the ratio of branch volume

flow to the upstream volume flow.
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An important consideration in experimental work is to

know the reliability of the results. Error in the results

is the sum of fixed error and random error. Fixed error

occurs from a miscalibration of a measuring instrument.

Random error is the noise or fluctuation of a reading.

Attempts to eliminate fixed error were made by checking

manometer calibrations against a precision micromanometer

and taking the utmost care in referencing zero pressure

readings. Random error was reduced by requiring two per-

sons to read each pressure reading and estimate an average

pressure where fluctuations occurred. This also eliminated

bias in data which sometimes results from only one person

collecting data.

The major precaution to assure that the curve drawn

through the data points represented the true curve was

simply to run enough data points per fitting that the gen-

eral trends were undOUbtedly defined. Prediction of the

maximum random error was made by the uncertainty analysis

(see Ref. 6) in Appendix E. Although this error varied for

different flow conditions, it normally stayed around !7

percent for the branch loss coefficient and ±lO percent

for the main loss coefficient at the higher volume flow

ratios. The scatter band was roughly ±3 percent for the

branch loss coefficient and ±4 percent for the main loss

coefficient at the higher volume flow ratios.
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Data reproducibility was checked by conducting tests

on two fittings which had previously been studied. The

first fitting was a fitting investigated by Sepsy-Lauvray

(see Ref. 18) and the second fitting was an arbitrarily

chosen fitting previously studied in this investigation.

Agreement between Sepsy-Lauvray's branch and main loss

coefficient values and the values of the reproducibility

check were within 4 percent. The test performed on the

fitting which had previously been studied in this investi­

gation gave branch loss coefficient values within the

originally observed ±3 percent scatter band and main loss

coefficient values within the ±4 percent scatter band seen

in the original test for this fitting. At·t~l~·point, the

experimental loss coefficient results were felt completely

reliable within the precision needed for duct work design.
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CHAPTER IV

ANALYTICAL PROGRAM

4.1 Introduction

As mentioned in Chapter II, the analytical approach

taken in this investigation was to empirically fit theore-

tical equations to correspond with the experimental data.

The correction factors which were added to the theoretical

values of the branch and main loss coefficients were placed

also observed that correction factors were dependent on the

downstream diameter for fittings with branch angles of nine-

ty degrees.

A general system boundary energy and mass balance was

first applied to a fitting. Although it was found that

this energy balance approach did not yield useful equations

for calculating the branch and main loss coefficients, the

analysis did produce results which revealed an interesting

phenomenon within fittings depending on the downstream

diameter and branch angle. The theoretical energy-mass

balance analysis and the results of this analysis are pre­

sented in this chapter.

The principle of conservation of mass and momentum was

then applied at the system boundaries. This momentum
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expression was manipulated into two dimensionless forms to

describe the branch and main loss coefficients. Certain

minor terms in these theoretical loss coefficient equations

were dropped so that all terms could be arranged as factors

of Qb/Qu,. Ab/Ad, Au/Ad' and/or branch angle. The remaining

terms in the theoretical branch and main loss coefficient

equations gave numerical values in the range of the experi-

mental data. Empirical correction factors were then deter-

mined for particular fitting geometries. An in-depth dis-

cussion of the analytical investigation is given in this

chapter.

4.2 Conservation of Mass and Energy

The assumptions used in the energy-mass balance analy­

sis were: (1) no change in potential energy; (2) no heat

transfer; (3) steady flow; (4) no mechanical work done on

the system; (5) incompressible gas; (6) perfect gas; and

(7) constant specific heats. The energy balance reduced to

an expression stating that the flux of internal and kinetic

energy plus the flow work at the branch and upstream sec­

tions equals the flux of internal and kinetic energy plus
,

flow work at the downstream section. The mathematical

r
'!

expression for the energy balance was

( Vb2 Pb) ( Vu2 PU )mb ub +--- + + mu Uu + + =2 p 2 p

31
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Using the definition of enthalpy (h ~ u + p) and conserva-= p

tion of mass (mb+ mu = md), the energy-mass balance rela-

tion took the form

(
V 2 2

mb (hb - hd) + mb b 2Vd ) + mu Chu - hd) +

For a perfect gas,

hu hd .= CpCTu Td)

hb hd = Cp(Tb Td)

Tb = ~
pR

Tu =
Pu
pR

Td = Pd
pR

R = Cp - Cv

C
y = ?- = 1.4

v

These relations were substituted into equation 4.2 and the

new expression was written as equation 4.3

+ m (Vu2-Vd2)= 0,u 2

4.3

Substituting the expressions

mu = pAuVu

32



Qb = AbVb

Qu = AuVu

Qd = AdVd

and HVd = PVd 2
-2-

into equation 4.3 and making the proper manipulations, a

dimensionless energy-mass balance' expression was formed and

given by equation 4.4.

Breaking the definition of branch and main loss coefficient

into velocity heads, static pressures, volume flow ratios,

and area ratios gave

4.6

Observing equations 4.4, 4.5, and 4.6, it was seen that the

equations could be combined and the Pb-Pd and Pu-Pd terms
Hvd Hvd

could be eliminated. From continuity, equations

Qb/Qu 1 0
Qb/Qd = (l.O+Qb/Qu) and Qu/Qd = (l.O+Qb/Qu) allowed equa-

tion '4.4 to be rearranged and CB expressed in terms of CM,

33
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CB = y-l 1.O+Qb/Qu_l.O+CM+(Ad/Au)2+(Ad/Ab)2 (Qb/QU)3_1 . 0
y Qb/Qu Qb/Qu Y(Qb/Qu) (1.O+Qb/Qu)2

4.7

The significance of having CB as a function of CM, Qb/Qu,

Ab/Ad, Au/Ad, and Y was that by empirically determining CM,

a theoretical value of CB could be calculated. It was

originally felt that the theoretical value of CB should be

reliable because the energy-mass balance relation (equation

4.1) was based on a conservative set of assumptions.

Accuracy of the theoretical equation for CB was studied

by SUbstituting experimental values of CM, Qb/Qu ' Ab/Ad,

and Au/Ad into equation 4.7 and comparing the theoretical

and experimental values of CB. Although the assumptions

used in the energy-mass balance were felt conservative

enough to yield accurate values of CB, the actual case

implied that the mathematical model in this theoretical

investigation was not reliab~e. Definite trends of inac­

curacy were attributed to the branch angle and the down-

stream diameter for branch angles equal to ninety degrees.

Deviations between experimental and theoretical values of

CB were relatively small for fittings with thirty degree

branch angles. Deviations were definitely greater for

fittings with forty-five degree branch angles than for

34



those with thirty degree branch angles; A substantial loss

in accuracy was observed for fittings with ninety degree

branch angles. Also, inaccuracy was distinctly greater for

ninety degree fittings with downstream diameters less than

ten inches than for ninety degree fittings with downstream

diameters of ten inches or greater.

The most reasonable explanation for the decrease in

accuracy with an increase in branch angle was that tur-

bulence within the fitting was increased with increasing

branch angle. The turbulence converted the kinetic energy

of the flowing fluid into thermal energy by viscous dis­

sipation of flow eddies. This phenomenon was felt to have

caused a heat transfer from the fitting to the ambient

which was equal to the order of magnitude of the drop in

enthalpy plus kinetic energy flux between inlet and exit

conditions. The significant decrease in accuracy for

ninety degree fittings with downstream diameters less than

ten inches was attributed to an effect produced by a lip

formed in the fabrication of the branch tap to main fitting

body connection (a detailed description of this lip is given

in Section 5.2 under Effect of the Branch Tap Entrance).

It was felt this connection had a more significant effect

on turbulence for fittings with downstream diameters less

than ten inches because the lip required in the fabrication
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of the branch tap to main fitting body connection was

closer to the size of the downstream flow area than the lip

in fittings with ten inch or greater downstream diameters.

The proposed reasons for inaccuracy of the energy-mass

balance equation could not be proven with the test facility

used in this investigation, but the phenomenon was further

confirmed by the trends of the theoretical equations derived

on a conservation of mass and momentum basis.

4.3 Conservation of Mass and Momentum

A system boundary was described around a fitting which

cut through the branch, upstream, and downstream sections

perpendicular to the f~ow. For this steady flow analysis,

the sum of the forces and momentum flux in the main stream

direction were equated to zero. Force contributions in the

general case were attributed to the pressure forces, wall

friction, and pressure gradients within the branch tap.

The wall friction was not included because the loss coeffi-

cients were to be standardized on a no-length basis. Pres-

sure gradient effects in the branch tap were dropped because

the resultant force from such a gradient in the mainstream

direction appeared to be small. Momentum fluxes were des-

cribed by the mass flow rate times the velocity component

36 At
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in the mainstream direction at a cross-section. The general

momentum balance equation was

4.8

2Dividing equation 4.8 by Vd Ad and sUbstituting m=pVA for

the branch, upstream, and downstream mass flow rates gave

4.9

SUbstituting the downstream velocity head expression in for.

the downstream velocity (Vd
2 = 2Hvd/P), knowing Q = VA, and

mUltiplying equation 4.9 by 2/p gave

4.10

Making several manipulations on equation 4.10 and combining

with equations 4.5 and 4.6 gave theoretical expressions for

the branch and main loss coefficients (equations 4.11 and

4.12 respectively).

CB=l. 0+ I~b Ad) 2_2Ad (Qu)2_2Ad (Qb)
2
cose-Pb (Ab cose -1. 0\ _;P u Au

\Qd Ab Au Qd Ab Qd HVd Ad J Hvd Ad

4.11
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(
Qu Ad)2 Ad (QU)2 Ad (Qb)2 I'u (AU ~ P'h AbCM=1.0+ - - -2- - -2- - cos6--- ---1.0 -~ -=-cos6
Qd Au Au Qd Ab Qd Hvd Ad HVd Ad

4.12

In duct design work, pressure data is useful only in a

pressure drop or pressure increase form. Since branch and

upstream static pressure terms appeared in equations 4.11

and 4.12, CB and CM could not be expressed solely in terms

of Qb/Qu, Ab/Ad, Au/Ad, and branch angle unless these pres-

sure terms were related by general empirical expressions or

the pressure terms were dropped from the equations. The ex-

perimental data was used to attempt to correlate the terms

containing Pb and Pu , but no apparent correlations were

observed.

It was felt the last two terms of equations 4.11 and

4.12 should be dropped so that CB and CM would be in terms

of only useful parameters. These simplified theoretical

equations were designated by CBt and CMt and were 'given by

equations 4.13 and 4.14 respectively.

CBt = 1.0 +(Ad Qbf - 2 Adeu)2 -2 Adeb)2 cos6
Ab Qd Au Qd Ab Qd

CMt = 1.0 +edQuf - 2 Adeu)2 _2Adeb)2cosS
Au Qd Au Qd Ab Qd

4.13

4.14

r:; (
1,,;....... ~
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Substitution of CB (equation 4.5) and CM (equation 4.6)

into equations 4.13 and 4.14 for CBt and CMt gave

4.15

4.16

,
and subtracting equation 4.16 from 4.15 gave

= a or

Thus, simply dropping the static pressure terms from equa­

tions 4.11 and 4.12 implied the static pressure of the

branch section equals the static pressure of the upstream

section. The experimental data was used to compare values

of Pb and Pu for different fittings and different flow

conditions. For each of the fittings in the experimental

investigation, deviations between Pb and Pu were small only

ror branch to upstream velocity ratios near one, and at

branch velocities around 1000 feet per minute. Since the

velocity ratios reached six and the branch velocities

reached 6000 feet per minute, the condition Pb = Pu was not

satisfied for the general case. Nevertheless, CBt and CMt
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were used as first approximations to determine the branch

and main loss coefficients.

4.4 Correction Terms

4.4.1 Introduction

The branch and main loss coefficient analytical ex-

pressions were

CB = CBt + ~CB

CM = CMt + ~CM

4.17

4.18

where CBt and CMt were evaluated theoretically by equations

4.13 and 4.14 respectively, and ~CB and ~CM were evaluated

by pure empirical expressions depending on the branch angle

and downstream diameter for fittings with ninety degree

branch angles. Correction factors ~CB and ~CM were deter-

mined by plotting the difference between the experimental

and theoretical values of CB and CM against various com-

binations of flow ratios and area ratios.

It was observed that the reliability of the empirical

correlations for ~CB and ~CM were consistent with the

trends of accuracy in the theoretical energy-mass balance

equation. These trends implied that ~CB and ~CM gave

better correlations for thirty degree branch angles than

for forty-five degree branch angles, and forty-five degree
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branch angles gave better correlations than fittings with

ninety degree branch angles. Also, fittings with ninety

degree branch angles showed better correlation for down-

stream diameters greater than or equal to ten inches than

those with downstream diameters less than ten inches. With

the exception of ~CM for fittings with thirty degree branch

angles, correlations wer~ not well defined. General ex­

pressions for ~CB and ~CM required lengthy trial-and-error

attempts at combining parameters to satisfy all cases covered

in the experimental investigation. Although the analytical

expressions lacked accuracy in some cases, it was felt that

these equations could be used in design work to give fairly

reliable loss coefficients. The evaluation of ~CB and ~CM

follows in this chapter and a comparison between analytical

work in this investigation and similar works by other au-

thors is found in Chapter V. Comparison between the analy-

tical expressions and experimental results is found in

Appendix A.

4.4.2 ~CM for Thirty Degree Branch Angles

Good correlation was observed between ~CM and CMt

(equation 4.14) for fittings with thirty degree branch

angles. ~CM appeared to represent a parabola, and using

the method of least squares, a second degree curve was fit
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to ~CM versus CMt. The empirical equation for ~CM was

~CM:z 0.0556 CMt
2 - 0.0106 CMt - 0.116

4.4.3 ~CM for Forty-Five Degree Branch Angles

4.19

Fair correlation was observed between ~CM and CMt

(equation 4.14) for fittings with forty-five degree branch

angles. Similar trends of ~CM appeared for forty-five and

thirty degree branch angles, except the ~CM parabola for

forty-five degree branch angles tended to be shifted in

the ~CM direction as a linear function of Au/Ad· The em-

pirical equation fit to ~CM versus CMt and Au/Ad was

~CM = 0.096 2 0.41 Au/Ad + 0.109 4.20CMt -

4.4.4 ~CB for Thirty Degree Branch Angles

Although a general correlation of ~CB for fittings

with thirty degree branch angles was not obvious, 8CB was

observed to be a linear function of Qb/Qu for fixed Ab/Ad

and Au/Ad. Various combinations and arrangements of

Qb/Qu , Ab/Ad, and Au/Ad were tried and the most appropriate

form of ~CB was

42 r:;, ."
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where, Ar = Ab/Ad (Ab/Ad + Au/Ad)
Au/Ad

81 = 0.0111 for Ar > 0.56
Ar -o.462 -

13 1 = -2.71 Ar + 1.635 for Ar < 0.56

4.4.5 8CB for Forty-Five Degree Branch Angles

Correlations of 8CB for fittings with forty-five degree

branch angles gave trends of correlation similar to those

~f the thirty degree branch angle case. 8CB was described

by the following combination of parameters:

8CB = 13 3 Au/Ad Qb/Qu + 13 2 4.22
Ab/Ad

where, Arl
Ab Au/Ad)= - (Ab/Ad +
Ad

83 = -2.15 Arl + 0.838 for Arl < 0.36

13 3 = -0.118 Arl + 0.10 for Arl> 0.36

82 = 0.55 for Au/Ad < 0.6

82 = -0.03 for Au/Ad ~ 0.6.
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4.4.6 ~CB for Ninety Degree Branch Angles and Downstream

Diameters > Ten Inches

/ ( Au/Ad . ~
Plots of ~CB versus Vb Vu Vb/Vu = Ab/Ad Qb/Qu) a~

fixed Ab/Ad and Au/Ad for ninety degree branch angles showed

a grouping of curves for downstream diameters greater than

or equal to ten inches. ~CB for downstream diameters

greater than or equal to ten inches was

w 4.4.7 ~CB for Ninety Degree .Branch Angles and Downstream

Diameters < Ten Inches

Plots of ~CB versus Vb/Vu for ninety degree branch

angles and downstream diameters less than ten inches showed

considerable deviations between curves of fixed Ab/Ad and

Au/Ad. Curve-fitting procedures similar to those applied

to ~CB for thirty and forty-five degree branch angles were

used for this ninety degree case and ~CB was found to be

described by

4.24

where, Arl = Ab/Ad (Ab/Ad + Au/Ad)

a5 = -1.483 Arl + 0.544 for Arl < 0.4
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a5 = -0.133 Arl + 0.003 for Arl > 0.4

4.4.8 ~CM for Ninety Degree Branch Angles and Downstream

Diameters > Ten Inches

~CM was plotted against Vb/Vu for fittings with ninety

degree branch angles, ·and -a ·distinction was observed between

curves for downstream diameters greater than or equal to ten
.
inches and curves for downstream diameters less than ten

inches for fixed Ab/Ad and Au/Ad. For the entire range of

downstream diameters investigated, ~CM showed poor corre-

lation against all combinations of parameters tried. AI-

though empirical expressions were obtained for ~CM, the

reliability of these equations was felt questionable. ~CM

for fittings with ninety degree branch angles and downstream

diameters greater than or equal to ten inches was related by

~CM

4.25
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4.4.9 ~CM for Ninety Degree Branch Angles and Downstream

Diameters < Ten Inches

As mentioned in section 4.4.8, ~CM for ninety degree

branch angles gave poor correlation. It was also observed

that as the downstream diameter decreased, the trends of

~CM became less defined. ~CM for downstream diameters less

than ten inches could be represented only by a rough approxi­

mation equation. For some combinations of Ab/Ad and Au/Ad,

the equation for ~CM described curves that tended to di-

verge from the experimental data at low and high branch to

upstream volume flow ratios. It was felt that the curves

used in design work would be more 'reliable if extrapolations

were made from analytical curves described over the range of

Qb/Qu from 0.6 to 2.4 than for establishing the curves over

the entire range of Qb/Qu by the analytical expressions.

Therefore, the generalized main loss coefficient curves in

AppendiX D for fittings with ninety degree branch angles

and downstream diameters less than ten inches were based on

analytical equations for Qb/QU from 0.6 to 2.4 and were

linear extrapolations for Qb/Qu < 0.6 and Qb/Qu > 2.4.

This analytical expression for ~CM was

.!
~CM

4.26

46



where, C = 0.53 for (Ab/Ad + Au/Ad) > 1.2

C = 0.735 for (Ab/Ad + Au/Ad) < 1.2

4.4.10 Summary of Analytical Equations

The branch and main loss coefficients were described

by equations 4.17 and 4.18. These equations were

CB = CBt + flCB 4.17

CM = CMt + flCM 4.18

where CBt and CMt were evaluated by equations 4.13 and 4.14

respectively for all Ab/Ad, Au/Ad' and all branch angles.

Table 4-1 lists the equation numbers pertaining to flCB and

flCM for different branch angles and specifies the reliabili-

ty restrictions based on comparison between the analytical

equations and the experimental data.

TABLE 4-1

EQUATION NUMBERS FOR flCB AND flCM

e flCB flCM Reliability Restrictions

30 4.21 4.19

45 4.22 4.20

90 4.23 4.25 flCB and b.CM only for the downstream
diameters > 10 inches-

90 4.24 4.26 flCB and flCM only.for the downstream
diameters < 10 inches,
flCM only for 0.6 < Qb/Qu < 2.4
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CHAPTER V

DISCUSSION OF ANALYTICAL RESULTS

5.1 Introduction

Accuracy of the semi-empirical equations in Chapter IV

was observed to be dependent primarily on the branch angle

and downstream diameter. The diameter dependence was con-

tributed to manufacturing inconsistencies in the lip formed

at the branch tap entrance. It was noted that effects from

deviations in the fabrication of this lip became suppressed

for ten inch or greater downstream diameters. The effects

of a lip at the branch tap entrance were also felt to accent

losses for increasing branch angle. Verification and dis-

cussion of the branch tap entrance effect and comparison

of the analytical equations with other sources of infor-

mation is presented in this chapter.

5.2 Effect of the Branch Tap Entrance

Standard manufacturing techniques of divided flow fit-

tings cover three basic types of branch tap entrances.

Choice of the type of entrance is determined by the size of

the fitting body, style of the fitting body, and branch

angle. These three branch tap entrance categories are de-

picted by Figures 5-1, 5-2, and 5-3. Generally, the rolled
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WELD

FITTING BODY'

FIGURE 5-3; ROUND EDGE ENTRANCE.
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edge entrance (Figure 5-2) was used in the fittings for this

investigation, although some of the fittings which had

small branch diameters and small tapered fitting bodies did

not allow construction of the rolled edge entrance and re-

quired use of the sharp edge entrance (Figure 5-1). This

rolled edge entrance was formed simply by rolling an over-

lapping portion of the fitting body into the inner periphery

of the branch tap. Also, fittings with constant main stream

diameters and ninety degree branch angles employed the round

edge entrance (Figure 5-3) which had a large radius compared

to the radius of the rolled edge." Even though the type of

entrance varied between fittings, it was felt that data

should be established for fittings made within the limits

of production techniques and not for laboratory controlled

fittings.

An experimental investigation was conducted to deter-

mine the degree of variation in the branch and main loss

coefficients due to the branch tap entrance effect. Two

fittings were chosen which originally had sharp edge en-

trances. One fitting had a three inch diameter branch,

three inch diameter upstream, four inch diameter downstream,

and a forty-five degree branch angler, and the other fitting

had a three inch diameter branch, four inch diameter up-

stream, six inch diameter downstream, and a ninety degree
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branch angle. Standard loss coefficient tests were first

performed on each fitting. The branch tap entrance on

both fittings were then machined to form an approximate

three-sixteenths inch radius edge. Standard tests were

again performed on both fittings and the branch and main

loss coefficient plots for the sharp edge and round edge

cases were compared. Figures 5-4, 5-5, 5-6, and 5-7 are loss

coefficient comparison graphs which show data points for the

sharp edge and round edge entrances and the curve of the

analytical equation for each of the fittings. Deviations

in the loss coefficients between the sharp edge and round

edge cases ranged between twenty and thirty percent. Al-

though the two fittings used in the experiment typically did

not have round edge entrances, the investigation did show

the significance of variation in the branch tap entrance

on the branch and main loss coefficients.

5.3 Comparison of Analytical Equations with Experimental

Data

Figures A-l through A-66 in Appendix A compare the

experimental data with the semi-empirical branch and main

loss coefficient equations. Each dashed curve represents

the analytically determined branch or main loss coefficient

and the solid line represents the curve drawn through the

experimental data points. The semi-empirical loss
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coefficient values were calculated by equations 4.17 and

4.18 where the correction factor equation numbers are listed

in Tab~e 4-1 corresponding to particular fitting geometries.

With the exception of main loss coefficients for fit-

tings with ninety degree branch angles, the analytical equa-

tions showed close agreement with the experimental data.

As mentioned in sections 4.4.8 and 4.4.9, correction fac-

tors could not be correlated accurately for main loss coef-

ficients when the branch angle was ninety degrees.

A recent experimental investigation by Sepsy-Lauvray

(Ref. 18) included several converging flow fittings of the

type applicable to the analytical equations. Their data

for four fittings is compared with the analytical equations

in Figures 5-8 through 5-15. Figures 5-8 and 5-9 show loss

coefficient data from Sepsy-Lauvray's work, Springman's

work (Ref. 21), the experimental portion of this investi­

gation, and the semi-empirical equations for Ab/Ad = 0.562,

Au/Ad = 1.00, and branch angle = 45 degrees. The fittings

studied by Sepsy-Lauvray and Springman in Figures 5-8 and

5-9 had six inch branch diameters, eight inch upstream and

downstream diameters, and forty-five degree branch angles.

It was noted that onlyth~ branch loss coefficient could

be extracted from Springman's data. The experimental data

in Figures 5-8 and 5-9 for this investigation was collected
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from a fitting with a four inch branch diameter, six inch

upstream and downstream diameter, and a forty-five degree

branch angle. Good agreement was observed between the ana­

lytical curves and experimental data in Figures 5-8 and

5-9.

Comparisons were made in Figures 5-10 through 5-15

between analytical loss coefficient values and Sepsy­

Lauvray's data for three fittings which had four inch branch

diameters, six inch upstream diameters, and eight inch down-

stream diameters. The branch angles for these three fittings

investigated by Sepsy-Lauvray were thirty, forty-five, and

ninety degrees. Excellent agreement was observed between

data and analytical values for the thirty degree branch

angle fitting (Figures 5-10 and 5-11), although deviations

increased for the forty-five and ninety degree fittings

(Figures 5-12, 5-13, 5-14, and 5-15).

Sepsy-Lauvray also investigated fittings with branch

angles of fifteen and sixty degrees. Analytical branch and

main loss coefficients (equations 4.17 and 4.18) were

evaluated for branch angle equal fifteen degrees and cor­

rection factors from equations 4.21 and 4.19. These values

were compared with Sepsy-Lauvray's data for the fifteen de-

gree branch angle fitting, but agreement was not felt close

enough to deduce that the analytical expressions were valid

for fifteen degree branch angles. The same check was made
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between the analytical equations (using correction factors

from equations 4.22 and 4.20) and Sepsy-Lauvray's data for

the sixty degree branch angle fitting. Significant devia­

tions were also observed for this sixty degree branch angle

case. It was felt the analytical expressions should not be

used for branch angles other than thirty, forty-five, or

ninety degrees.

Pioneering work in pressure losses for converging flow

fittings was conducted by Petermann (Ref. 14) and Vogel

(Ref. 23) at the University of MUnich in Germany. Both in­

vestigations used small diameter flanged fittings and water

flow. Analytical curves are compared with data in Figures

5-16 and 5-17 for Petermann's data and in Figures 5-18 and

5-19 for Vogel's data. The solid curves in Figures 5-18

and 5-19 are for downstream diameters greater than or equal

to ten inches and the dashed curves are for downstream dia­

meters less than ten inches. Although Petermann's and

Vogel's data did not agree with the analytical values, the

general trends between the curves were consistent.

5.4 Comparison with Analytical Work from Other Sources

Three previous analytical studies were conducted to de­

termine branch and main loss coefficients for converging

flow fittings. Behls-Brown (Ref. 4) made a purely empirical

analysis of fittings with constant mainstream diameters and
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forty-five degree branch angles. The expressions deter-

mined by Behls-Brown were

and

eM = [-1.461 (1d
b
)0.9306] {1.0 _ 0.3015

(Ad/Ab)0.6566

+ 0.5978 - 0.5926 f1. °- 0.3015 )
\ (Ad/Ab)0.6566

5.2

Ashley (Ref. 1) analyzed converging flow fittings with

constant mainstream diameters by a purely theoretical ap-

proach. Assumptions in Ashley's model were: the branch

and upstream static pressures were equal; potential flow

existed; and branch flow entered the mainstream at an ef-

fective angle less than the actual branch angle; and the

model was only valid for Vb/Vu < 1.0. The equations be-

came involved and the branch and main loss coefficients

could not be expressed explicitly. Although Ashley's as­

sumptions were supported by the discussion in section 4.3,

the- information was felt limited since the theoretical

model became inaccurate for Vb/Vu > 1.0.

65



The Handbook of Hydraulic Resistance (Ref. 10) pre-

sented semi-empirical loss coefficient equations for con-

verging flow fittings. Although the original derivation

of these equations was not available, it was noted that the

form of the theoretical expressions in the Handbook of

Hydraulic Resistance were the same as CBt (eq. 4.13) and

CMt (eq. 4.14). It appeared the empirical corrections of

CBt and CMt in the Handbook of Hydraulic Resistance were

far too simplified when compared with the experimental

data in Appendix A.

A particular case was chosen which could be applied to

the analytical studies of Behls-Brown, Ashley, the Handbook

of Hydraulic Resistance, and this investigation. For the

case selected, Ab/Ad = 0.3, Au/Ad = 1.00, and the branch

angle = 45 degrees. Branch and main loss coefficient curves

are compared in Figures 5-20 and 5-21 for these four analy-

tical works. All branch loss coefficient curves tended to

group together at low Qb/Qu, although Ashley's and the

Handbook of Hydraulic Resistance's curves tended to drop

below the curves of Behls-Brown and this investigation as

Qb/Qu increased. It was felt that the decrease in the two

curves was attributed to ~he unreliable assumption in the

Ashley and Handbook of Hydraulic Resistance equations which

required Pb = Pu • The trends of the main loss coefficient
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curves were the same for the four analytical studies, but

no grouping between curves was observed.

5.5 Reliability of the Analytical Equations

It was not felt appropriate to simply specify one un-

certainty tolerance limit on the branch and main loss coef-

ficients for the general case. Reliability was observed to

depend on Ab/Ad' Au/Ad' branch angle, Qb/Qu' and downstream

diameter. When correlating the correction terms in section

4.4, accuracy was seen to decrease as the values of Ab/Ad

and Au/Ad decreased; accuracy decreased for increased branch

angle; accuracy decreased for Qb/Qu < 0.4 and Qb/Qu > 6.0;

and accuracy decreased for the downstream diameter less

than ten inches although this decrease in accuracy was not

necessarily proportional to the diameter. Nevertheless,

the analytical equations were felt to give loss coefficients

. within roughly five to twenty percent of the actual values

for production fittings.

One of the main sources of possible inaccuracy between

loss coefficient values from the semi-empirical equations

of this study and the actual values from a randomly chosen

production line fitting could be attributed to inconsisten-

cies in the fabrication of the branch tap entrance. Since

the fittings used in the experimental investigation had

branch tap entrances standard for that particular fitting

geometry, the semi-empirical equations were felt to be re-

presentative of design data for the nominal production fitting.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction

The experimental investigation showed that the branch

and main loss coefficients (defined by equations 2.1 and

2.2, respectively) correlated with good agreement when

plotted against the ratio of branch to upstream volume flow

rate.

It was observed that no simple generalized plots could

be constructed directly from the experimental loss coeffi-

cient curves. Analytical expressions must be derived which

would allow evaluation of the branch and main loss coeffi-

cients for all fittings commonly used in industrial exhaust

ventilation systems. The semi-empirical loss coefficient

equations were found to be functions of Qb/Qu, Ab/Ad, Au/Ad'

branch angle, and downstream diameter. These analytical

.expressions consisted of theoretical loss coefficients plus

empirical correction terms. Although the correction terms

were difficult to correlate, the final forms of the semi-
'.

empirical equations were felt to give reliable loss coeffi-

cient values for converging flow fittings used in the design

field. Generalized curves are given in Appendix D for thirty,

forty-five, and ninety degree branch angles over a wide

range of Ab/Ad and Au/Ad.
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6.2 Conclusions

6.2.1 Branch Tap Entrance Effect on the Loss Coefficients

The three types of branch tap entrances (sharp, rolled,

and round edge entrances) discussed in section 5.2 were

shown to have a significant effect on the branch and main

loss coefficients. The experiment mentioned in section 5.2

verified that a twenty to thirty percent deviation could

occur in both loss coefficients between the sharp and round

edge entrance cases.

6.2.2 Failure of the Simple Energy-Mass Balance Model

The energy-mass balance model in section 4.2 was based

on setting the flux of internal and kinetic energy plus

flow work at the branch and upstream cross-sections equal

to the flux of internal and kinetic energy plus flow work

at the downstream cross-section. This theoretical model

was proven unreliable, and the only reason for its unreli-

ability was attributed to heat transfer from the fitting to

the ambient due to viscous dissipation of turbulent eddies

as the branch flow enters the mainstream flow., Although

such heat transfer was felt small, it was noted that energy

drops or gains of the flow in the fitting were also small

because there was no process within the fitting which could

add energy to the flow such as mechanical work or a heat

source.

70



6.2.3 Limitations on the Assumption Pb = Pu

Past authors have felt it reasonable to assume Pb = Pu

in converging flow fittings. The experimental portion of

this investigation shows that the assumption Pb = Pu becomes

unreliable for branch to upstream velocity ratios greater

than one and branch velocities greater than 1000 feet per

minute.

6.2.4 Branch Angle Effect on the Semi-Empirical

Correlations

Correction terms ~CB and ~CM become more difficult to

correlate as the branch angle was increased. ~CM for ninety

degree branch angles could not be correlated accurately,
"

although an empirical equation was determined to give approx-

imate values of ~CM.

Also, it was observed that the semi-empirical equations

in this investigation were unreliable when used for branch

angles other than thirty, forty-five, or ninety degrees,

and new empirical correction terms would need to be deter­

mined for any additional branch angles not covered in this

stUdy.
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6.2.5 Downstream Diameter Effect on the Semi-Empirical

.Correlations

For all branch angles, the comparison plots in Figures

A-I through A-66 showed the best agreement between experi-

mental and analytical curves for downstream diameters greater

than or equal to ten inches. It was felt that correlations

became less accurate for downstream diameters less than ten

inches because the physical dimensions of the branch tap

entrance lip were significant compared to the dimensions of

the fitting; whereas in the case of the ten inch or greater

downstream diameter fitting, the inertia of the bulk flow

was great enough to suppress the pressure losses from tur-

bulence produced by the branch tap entrance lip. The dia-

meter effect for ninety degree branch angles was predominant

enough that the empirical correction terms for downstream

diameters less than ten inches were distinct from the cor-

rection terms for ten inch or greater downstream diameters.

6.2.6 Comparison Between Analytical Equations and Other

Sources

In all cases, the curves of the analytical equations

followed the same trends as the data from other authors.

With the exception of Petermann's (Ref. 14) and Vogel's

(Ref. 23) data, analytical branch and main loss coefficient
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values showed close agreement with the data rrom the other

investigators. Deviations between the data or Petermann and

Vogel and the analytical equations were attributed to the

downstream diameter erfect mentioned in section 6.2.5

(all downstream diameters were approximately two inches) and

possibly a Reynolds number efrect. The downstream Reynolds

numbers ranged rrom 40,000 to 700,000 (well within the

turbulent region) for the experimental portion or this in-

vestigation, but since Petermann and Vogel used water and

small diameter pipes to determine their loss coefficients,

it was questioned that the data might have been collected

at low enough Reynolds numbers to allow the viscosity or

the water to have signiricant inrluence on the loss coerfi-

cients.

6.2.7 Effects on the Loss Coerficient ror Variable

Observation or the generalized curves in Appendix D

showed the following: the branch loss coefricient increased

for decreasing Ab/Ad and/or increasing Au/Ad for all branch

angles; the main loss coerficient increased for increasing
"

Ab/Ad and/or decreasing Au/Ad ror thirty and forty-five

degree branch angles; and the main loss coefficient fol­

lowed no derinite trends for variable Ab/Ad and/or Au/Ad

for ninety degree branch angles.
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6.2.8 Diffuser Losses for Tapered Fitting Bodies

Although total pressure losses due to the diffuser

effect in the mainstream for tapered fitting bodies were

intrinsic in the empirical correction factor ~CM, the mag-

nitude of the diffuser loss coefficient for each fitting

investigated was compared with the value of the main loss

coefficient. The diffuser loss coefficient was dependent

on the degree of fitting body taper and was evaluated by an

empirical expression found in Reference 10. For all fit-

tings studied, the diffuser loss coefficient usually was

less than one percent of the main loss coefficient. Thus,

it was felt total pressure losses due to the taper of fit-

ting bodies was small compared to the other sources of

pressure loss in the fitting.

6.3 Negative Loss Coefficient

The concept of a negative loss coefficient might seem

unfeasible because this would imply a total pressure increase

in the direction of flow and a violation of conservation of

energy. However, occurrence of a negative branch loss coef-

ficient is seen when the upstream flow rate is high enough

compared to the branch flow rate that the upstream flow can

add sufficient energy to the flow between the branch and

downstream to cause an increase in total pressure. The

same argument holds for a negative main loss coefficient

where the branch flow rate is 'great enough compared to the
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upstream flow rate that the branch flow adds sufficient

energy to the mainstream flow to cause an increase in total

pressure between the upstream and downstream. This explana-

tion of the negative loss coefficient phenomenon is consis-

tent with similar arguments posed by Sepsy-Lauvray (Ref. 18),

Behls-Brown (Ref. 4), and the Handbook of Hydraulic Resis­

tance (Ref. 10).

6.4 Recommendations

6.4.1 Better Main Loss Coefficient Correlations for Ninety

Degree Branch Angle Fittings

Empirical correction terms for CM for ninety degree

branch angle fittings were determined in sections 4.4.8 and

4.4.9, where it was mentioned that, at best, only approxi-

mate correction terms could be correlated. It is felt that

the semi-empirical main loss coefficient equations for

ninety degree branch angles are accurate enough for design

work, although more precise correlations would be desirable.

6.4.2 Overall Performance Coefficient

In the duct design field, the performance of $uch fit-

tings as elbows or transitions is determined by the value

of the loss coefficient. Since converging flow fittings

require two loss coefficients, the overall efficiency of a

converging flow fitting relative to the overall efficiency

of another converging flow fitting is not clearly defined
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by simply comparing the branch or main.loss coefficient

graphs. In fact, at the present time there is no way to

rate the overall efficiency of converging flow fittings.

There is a definite need to define an overall performance

parameter for converging flow fittings. Although time did

not allow the author to thoroughly investigate the defini-

tion of such an overall performance parameter, the author

intuitively felt this parameter might be some factor of

CB + CM. Several plots were constructed and CB + CM was

observed to correlate against Qb/Qu.

The author suggests further investigation in defining

an overall performance parameter should include attempts

at correlating the following forms:

CB + CM
Qb/Qu '

CB + CM
Vb/Vu

CB + CM
, In(Qb/Qu)' or

CB + CM
In (Vb/Vu) .

It is warned that a simple correlation of one of these forms

does not necessarily mean a universal overall efficiency

parameter has been found. For the aid of future investiga-

tors in converging flow fittings, tabulated raw and reduced

data for this investigation can be found in Reference 19,

and tabulated raw and reduced data for additional fittings

can be found in Reference 18.
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APPENDIX A

COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS

Plots of the semi-empirical branch and main loss coef-

ficient equations are compared with the experimental curves

in Figures A-I through A-66. Each dashed curve represents

the semi-empirically determined branch or main loss coeffi-

cient and the solid line represents the curve drawn through

the experimental data points. The semi-empirical branch

and main loss coefficients were evaluated by equations 4.17

and 4.18. These equations were

CB = CBt + ~CB

CM = CMt + ~CM

4.17

4.18

where CBt and CMt were evaluated by equations 4.13 and 4.14

respectively for all Ab/Ad, Au/Ad, and all branch angles.

Table 4-1 lists the equation numbers pertaining to ~CB and

~CM for different branch angles and specifies the reliability

restrictions based on comparison between the analytical

equations and the experimental data. Actual data points

for each fitting are also shown.

The schematic drawing on each plot gives the take-off

diameters and branch angle for the different fittings. Iden­

tification codes for each fitting (for example,L-IRT-AA
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corresponding co Figure A-I) are helpful in referencing

material throughout the Appendixes for a particular fit­

ting. The first two parts of the code (L-IRT) are fitting

description codes, and the last part (AA) identifies an

individual fitting. A list of all fitting descriptions

and codes is given in Appendix B.
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APPENDIX B

DESCRIPTION OF FITTINGS

Figures B-1 through B-33 depict the thirty-three

fittings used in the experimental investigation. A list

of fitting dimensions is presented in Table B-1.

The joint between the branch tap and main fitting

body corresponded to the sharp edge entrance, rolled edge

entrance, or round edge entrance. Each of these type en-

trances is described in Section 5.2. Even though variations

occurred between the branch tap entrances, it was felt im-

port ant not to modify the manufactured entrance to comply

with a standard type entrance. Using stock branch tap

entrances assured that results were representative of pro­

duction fittings used'in practice and not in controlled

laboratory conditions.
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TABLE B-1

FITTING DIMENSIONS

Drawing Branch Upstream Downstream Branch
Fitting and Inside Inside Inside Entry
Ident. Picture via. , Dia. , Dia. , Angle,
Code Figure Inches Inches Inches Deg.

L-IRT-AA B-1 4 4 6 30

L-IRT-BB B-2 4 4 6 45

T-IRT-CC B-3 4 4 6 90

L-I-DD B-4 3 6 6 45

T-I-EE B-5 3 6 6 90

L-IRT-FF B-6 3 4 6 30

L-IRT-GG B-7 3 . 4 6 45

T-IRT-HH B-8 3 4 6 90

T-I-JJ B-9 3 4 4 90

L-I-KK B-IO 3 4 4 45

L-IRT-LL B-ll 3 3 4 30

L-IRT-MM B-12 3 3 4 45

T-IRT-NN B-13 3 3 4 90

T-I-OO B-14 4 6 6 90

L-I-PP B-15 4 6 6 45

L-IRT-3A B-16 6 8 10 30

L-IRT-3B B-17 6 8 10 45

T-IRT-3C B-18 6 8 10 90

L-IRT-3D B-19 8 8 10 30

11 {~ .-
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TABLE B-1 (CaNT 'D. )

FITTING DIMENSIONS

Drawing Branch Upstream Downstream Branch
Fitting and Inside Inside Inside Entry
Ident. Picture Dia. , Dia. , Dia. , Angle,
Code Figure Inches Inches Inches Deg.

L-IRT-3E B-20 8 8 10 45

T-IRT-3F B-21 8 8 10 90

L-IRT-3G B-22 8 10 12 30

L-IRT-3H B-23 8 10 12 45

T-IRT-3J B-24 8 10 12 90

L-IRT-3K B-25 10 10 12 30

L-IRT-3L B-26 10 10 12 45

T-IRT-3M B-27 . 10 10 12 90

L-IRT-3N B-28 12 14 16 30

L-IRT-30 B-29 12 14 16 45

T-IRT-3P B-30' 12 14 16 90

L-IRT-3R B-31 14 14 16 30

L-IRT-3S B-32 14 14 16 45

T-IRT-3T B-33 14 14 16 90
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APPENDIX C

FRICTION LOSS

All results were standardized on a "no length" basis.

This implies that the losses from the wall friction of the

straight duct and fitting were subtracted from measured

static pressure drops between two different sections.

Friction loss in straight ducts can easily be determined by

experiment, but the precise friction loss for taper fit-

tings is quite difficult to predict. Since the length of

the fittings were not much greater than the take-off dia-

meters, it was assumed the wall friction between fitting

entrances and the center of the fitting were the same as

would correspond to a straight section with a diameter

equal to the entrance diameter.

Present friction loss information was not used because

recent chang~s in spiral dUC~ fabrication procedures have

resulted in a change in the friction factor. Experiments

were conducted to measure losses for all diameters used in

the fitting tests. Experimen~~~ procedures were the same

as in Reference 18, and graphical results for 3, 10, 12, 14,

and 16 inch diameter ducts are plott~d in Figure C-l.

Tests had already been conducted in Reference 18 for 4, 6,

and 8 inch diameter ducts.
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In order to most conveniently use friction loss results

in computer computati~ns, curve fitting procedures were used

to determine equations which directly gave the pressure loss

for any velocity and length of duct. These equations were

made possible via a least squares fit OMNITAB "canned"

program furnished by the Mechanical Engineering Department·>

at The Ohio State University. All equations were sixth

order polynomials and are listed in Fortran language in

Table C-l.
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FRICTION lOSS. FOUATIONS
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- 3.956586. E:-IUP3 .._2.

UP3 3

c ..

c

c

C

c

c

C._

_ C

_C

__. C

'~REE I~C~ 011 ~R
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FOUR H'CH 0 I A 8R _. - -------
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Symbol

DPFB

DPFD

DPFU

VB

VD

VU

XB

XD

xu

COMPUTER SYMBOLS FOR TABLE C-l

Description

Friction loss from branch station
to fitting center

Friction loss from downstream
station to fitting center

Friction loss from upstream
station to fitting center

Mean velocity in branch

Mean velocity in downstream

Mean velocity in upstream

Distance from branch station to
fitting center

Distance from downstream station
to fitting center

Distance from upstream station
to fitting center
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Dimensions

in. of H20

ft./min.

ft./min.

ft./min.

ft.

ft.

ft.



APPENDIX·D

GENERALIZED LOSS COEFFICIENT GRAPHS

The branch and main loss coefficient curves in Figures

D-l through D-48 were generated by equations 4.17 and 4.18.

These equations were

CB = CBt + 6CB

CM = CMt + LlCM

4.17

4.18

!:

where CBt and CMt were evaluated by equations 4.13 and 4.14

respectively for all Ab/Ad, Au/Ad' and all branch angles.

Table 4-1 lists the equation numbers pertaining to 6CB and

6CM for different branch angles and specifies the reliail-

ity restrictions based on comparison between the analytical

equations and the experimental data. These plots are to

be used directly for design work where the total pressure

drops from branch to downstream and from upstream to down-

stream .are

6Ptud =

.,.
j!,
".

6Ptbd

where,

= CB(4~~S
CM(4~~5)2

CB'6 branch loss coefficient from graph, dimen-
=

sionless

CM 6 main loss coefficient from graph, dimen-

sionless
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APPENDIX E

UNCERTAINTY ANALYSIS OF EXPERIMENTAL RESULTS

Random error in the final results is that error due

to fluctuations in the measurements. The uncertainty analy­

sis described by Doebelin (see ref. 6) allows prediction of

the maximum random error in the results. This maximum

error would occur when all measurements were assumed to be

taken at the greatest limits of fluctuation. Applying the

uncertainty analysis to this pressure loss study, uncer-

tainty intervals could be established for the branch and

main loss coefficients for any specified flow rate. The

procedure also broke the uncertainty interval into a number

of terms where each term represented the uncertainty a

particular parameter contributed to the loss coefficient.

General representations of uncertainty in the branch

and main loss coefficients are given by

UNCB =

UNCM =

m

L: lmi
aCB
ani

i=l
--.-~.

m

E aCM ...........

lmi ani
i=l

E.l

E .. 2
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where, UNCB ~ uncertainty interval in branch coefficient,

dimensionless

UNCM ~ uncertainty interval in main coefficient,

dimensionless

m ~ number of parameters which determine loss

coefficient

~ni ~ uncertainty in the i th parameter

a ~ partial derivative of loss coefficient with
ani-

respect to i th parameter.

An analysis performed previously (see ref. 18) showed

that the only parameters which had significant influence

in the uncertainty of the loss coefficients were CLCB

(centerline coefficient of the branch), CLCU (centerline

coefficient of the upstream), FBD (friction between the

branch and downstream), FUD (friction between the upstream

and downstream), SPBD (static pressure drop from branch to

downstream), SPUD (static pressure drop from upstream to

downstream), VPB (centerline velocity head in the branch),

and VPU (centerline velocity head in the upstream).

Equations E.l and E.2 may then be rewritten as the

sum of the uncertainties due to the parameters just mentioned.

The new forms are

UNCB = UNCLCB + UNCLCU + UNFBD + UNSPBD + UNVPB + UNVPU E.3

UNCM = UNCLCB + UNCLCU + UNFUD + UNSPUD + UNVPB + UNVPU E.4
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for UNCB: UNCLCB =

UNCLCU =

UNFBD =

UNSPBD =

UNVPB =

UNVPU =

a CB
aCLCB a CLCB

a a CB
CLCU a CLCU

a CB
aFBD a FBD

a CB
aSPBD a SPBD

aVPB a CBa VPB

a CB
avpu a VPU

and for UNCM:

UNCLCB = a CM
aCLCB a CLCB

UNCLCU = aCLCU a CM
a CLCU

.~-.

UNFUD = aFUD a CM
aFUD '. " ,

"

UNSPUD = aSPUD a CM
a SPUD
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UNVPB =

UNVPU =

~VPB a CM
a VPB

~VPU a CM
a VPU

The measured downstream velocity head is noted not

to influe~ce the uncertainty of either loss coefficients

because this velocity head was calculated usi~g a mass

balance as described in Chapter 3. Rewritting the loss

coefficients in terms of mass balance, the branch and main

loss coefficients may be rewritten as equations E.5 and E.6

respectively.

CB A - B + SPBD - FBD E.5= C + B

CM = D - B + SPUD - FUD E.6C + B

?LCB2 VPB [1 (~~/]
4

where, A = - CLCU
2 VPu(~g)

B = 2 DB 2 x DU2
(CLCB) (CLCU) [(VPB) {VPU)]1/2

DD4

4 -- 4
C = CLCB2 (g~) VPB + CLCU2 (DU) VPU_ -. DD

..,

D = CLCU2 VPU [1 - (~g)] - CLCB 2VPB (~~)4
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Partial derivatives of equations E.5 and E.6 were then made,

and used in the equations for UNCB and UNCM. These deriva­

tives gave very complicated forms and are not included in

this discussion.

Uncertainties in the various parameters were made by

careful judgement after observing the trends of accuracy

with which pressure measurements could be taken. The un-

certainties were selected as:

llCLCB = 0.01

llCLCU = 0.01

llFBD = 0.005 in. of H20

llFUD = 0.005 in. of H20

llSPBD = 0.01 in. of H20

llSPUD = 0.01 in. of H20

llVPB = 0.01 x VPB in. of H20

llVPU = 0.01 x VPU in. of H20

Hand calculations of UNCB and UNCU (Eq.'s E.3 and E.4)

were felt unfeasible due to the complicated forms after

taking the ·partial derivatives, but use of the computer made

computations possible. Since the c~mputer program became

'"somewhat involved and lengthy, it was· decided that only the
-',.

. i ,

results of the analysis would be presente~. Although the,

uncertainty analysis was performed on all fittings, only the

results for five random fittings are presented. These
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uncertainties are listed on two pages per fitting where the

first page lists the terms of equation E.3 and the latter

page lists the terms of equation E.4.
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