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Abstract:
The primary purpose of this study was to investigate the effect of chip-shaped solids on the energy
losses in axi-symmetric pipe expansions and to compare these losses with water alone flowing through
the expansion. Since the energy loss hL is calculated using an empirically-determined loss coefficient
the study was performed by comparing the value of KL obtained at various concentrations for a given
flow rate with that from clear water.

Five separate expansion angles were tested with downstream velocities of 4, 6 and 8 feet per second.
The individual velocities were run with solids at volumetric concentrations of 0, 5, 10, 15 and 20%.

At the 4 feet per second velocity the energy loss remained essentially constant for a given expansion as
the concentration ranged from 0 to 20%. The higher velocities showed an almost linear decrease in the
energy loss as the concentration of solids was increased. 
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ABSTRAC$

Tke primary purpose of this study was to investigate

the effect of chip-shaped solids on the energy losses in

axi-symmetric pipe expansions and to compare these losses

with water alone flowing through the expansion,. Since the .

energy loss h^ is calculated using.an empirically-determined

loss coefficient the study was performed by comparing

the value of Kt obtained at various concentrations for a b.
given flow rate with that from clear water,

Rive separate expansion angles were .tested with down­

stream velocities of 4,. 6 and 8 feet per second.. The indi­

vidual velocities were run with solids at volumetric con™ ■ 

centrations of 0, 5j 10$ 15 and 20#,

At the 4 feet per second velocity the energy loss 

remained essentially constant for a given expansion as the 

concentration ranged from.Q to 20#, The higher velocities 

showed an almost linear decrease in the energy loss as the 

concentration of solids was increased.



CHAPTER I

INTRODUCTION

A. Need for study

The main purposes of this paper will be to determine 

the energy losses (head losses) in axi-symmetric flow ex­

pansions carrying a mixture of water and relatively large 

rectangular chip-shaped solids and to compare these losses 

to expansion losses with clear water flowing. This study 

was initiated to gain technical knowledge necessary for 

estimating the head losses in pipe lines which may be used 

for transporting solids whose density is approximately 

that of water.

This study is part of a project sponsored by the U.S, 

Forest Service investigating the hydraulics of transporting

Fig. I. Axi-symmetric pipe expansion.
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wood chips .in pips linesi The potential for.moving large 
quantities of ,wood chips over long distances in this matter 

has aroused the' interest of several pulp and paper compa>- 

nies in the. Wnited States and Canada.- Suoh a study ..will be 

a first- .step in obtaining design data for planning subse­

quent pipe line systems*

B 0' Basic, head loss equation

The equation most commonly used in engineering ealeula-,

tions for estimating head less  ̂ hj^ for a diffuser shown in
: -

Bigb I, is a modified version of that developed for an 

abrupt enlargement (@ =180°)* The head'loss for an abrupt 

expansion is:

hL (I)
The theoretical development .of this is. in Appendix Ar*

Theoretically* Eq,» (I) is good only for abrupt; expan­

sions,* Archer and Gibson both found the head loss, slightly 

larger than that indicated by this equation which is then 

modified by introducing a coefficient. Kjj as shown by Eq.* (2),*

h  * kJ, <T1 - V 2ZaS (2)
Kjj is generally called the loss coefficient, and is deter­

mined empirically* Eor abrupt expansions, F. E» Archer [1] 

found that K1- varied from 0*754 to I.-*225* Gibson [5] .found



that for a given area ratio with downstream velocities Vg 

greater than 5 feet per second, the loss coefficient was 

essentially constant* Below 5 feet per second the loss 

coefficient falls off somewhat rapidly with decreasing velo­

cities.^ Gihson [2] plotted values of vs. the expansion 
angle Q for various upstream and downstream area ratios

(A-ĵ /Ag) 6

Ihe purpose of this study is to compare values of K-̂  

for clear water to Kjj for a known concentration of a solids- 

water mixture. For a given flowrate, a change in koad loss 

Iijj between clear water and water carrying solids would 

indicate that Kjj is a function of the solids concentration. 

Then by experimentally determining head loss Bjj for differ­

ent concentrations of solids at given flowrates and solving 

for Kj from Eq6' (2), comparisons of Kj can be obtained.



CHAPTER II

EEVEIOPMEHT OE HYPOTHECIS

Am understanding of the flow characteristics in expan­

sions is necessary to formulate a hypothesis which will re­

late head losses of clear water to losses for liquid-solid 

mixtures flowing for such sections and to design an experi­
ment to test this hypothesis„

A literature review was conducted to formulate a hypo­

thesis concerning the change in when solid particles were 

introduced into the flowi Ho specific literature on the 

head losses due to axi-symmetric expansions carrying a 

liquid-solids mixture could he founde This led to a litera­

ture search which pursued two separate areas: (I) The

mechanics of head loss in expansions with a liquid flowing, 

and (2) the transportation of liquid-solid mixtures in pipe 

lines, A correlation of the two studies allowed for the 

hypothesis to he formed;,

Af Head loss in expansion

The flow of fluids through expansions is a process 

which Converts kinetic energy to pressure head (P/zf)» This 

process is less that one hundred per-cent efficient because 

of the dissipation of the turbulent energy in the fluid.
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Tkis redtaced effieiemey is a measure of the head less ±h 

the expansion.*,

The loss in any expanding section can he divided into 

two parts 3 that due to friction on the boundaries and that 

due to the shape or form of the conduit, c,ailed the "form 

loss’8* The total loss is dependent on the upstream and 

downstream area ratio [5] , the. boundary geometry [7], and 
the velocity distribution [11] .» Except for gradual expan­

sions (© less than 10°) the. friction loss is negligible 
compared to the "form loss".

The "form less"* .which is taken to be the total head 

loss will be explained by the use of Prandtl^s [9] boundary 

layer theory ;o.f flat plates which can be modified for cir­

cular pipes.

The theoretical boundary layers for flat plates are 

shown in Eigs. 2 and Eig» 2 shows a boundary layer for 

a zero pressure gradient ( 3P/3x = ©),» This is also the 

general shape of the boundary layer for a negative pressure 

gradient* (9P/3x<0), Eig. 5 is for'an adverse pressure 

gradient ( 3P/dx >0)..

If the pressure is decreasing (9P/dx<©) in the down­

stream direction, the pressure forces and the inertia■forces 

of the free stream flow are in the same direction and com-
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plement each other in overcoming the viscous frictional 
forces within the boundary layer. This results in a reduc­

tion of the downstream boundary layer thickness, S.

V

Fig. 2. Boundary layer profile for 
flat plates 3P/dx = 0.

Fig. 3. Boundary layer profile for 
flat plates 3P/3x>0.



TJie adverse pressure gradient of Fig. 5 has its forces 

directed upstream and tends to augment the retarding effect 

of the viscous frictional forces in reducing the momentum of 

the' boundary layer .flow so that the boundary layer thickens 

rapidly. If these forces act over a sufficient distance a 

separation of flow from the plate surface .will occur at 

point C as shown in Fig,. 3, At this point the velocity can 

no longer move against the pressure gradient in the region 

adjacent to the wall. Farther downstream at D,- a backflow 

or eddy exists« These eddies will exist for .some distance 

downstream until they are damped out by the viscous fluid 

action.

Expansions in pipelines afford adverse pressure gra­

dients necessary for the separation of flow and the forma­

tion of eddies similar to those described for flat plates>

An experiment performed by 8, J * Kline [7] showed the 

effect of diverging boundaries on eddy formations, Kline 

found that he could control the separation point by adjust­

ing a flexible Incite wall used as a diffuser. The position 

of the separation point has not only been found to be 

dependent on the geometric shape* but also on the boundary 

roughness and the Reynolds number, (YD/o/ju.). Separation 

builds up gradually, forcing the main stream of flow away 

from - the boundary* -causing the separation point' to move

-7-
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upstream until equilibrium is readied.- Separation is gener­

ally located at the upstream end of an expansion for cen­

tral angles greater than 10°.

The eddies formed due to flow separation have relative­

ly, low forward velocities and occur near the boundaries or 

in regions where rapidly-moving streams enter or move past 

stagnant or slower moving s t r e a m s - As these slow moving 

eddies mingle with the rapidly moving central part of the ' 

stream, the kinetic energy of the central core is decreased. 

The resulting discontinuity in the velocity profile results 

in high shearing stresses occurring in the fluid and violent 

turbulence being generated. The efficiency of changing the 

kinetic energy to flow work energy (also referred to as 

pressure head* P A )  depends on how much of the initial ener- 

gy is used forming and dissipating eddies and how much 

energy is direct frictional loss. Kinetic energy is inher­

ent in the large eddies and is dissipated in the form of 

heat and is called the head loss due to the expansion.,

Pig, 4 is a schematic representation of the location 

of eddies which have been measured in and downstream from 

diffusersi- The form loss of a diffuser results- from slow • 

moving eddies shearing on the faster moving central core of 

the diffuser. When separation occurs, the entire flow



pattern and pressure distribution is greatly altered from
-9-

that of established uniform pipe flow.

The distance required to dissipate these eddies is 

called the settling length. This settling length is the 

distance from the diffuser entrance to the point where the 

hydraulic grade line becomes linear as shown on Fig. 5. 

Kalinske [6] found that the settling length for 6 = 7.5° 

occurred approximately 13 diameters downstream from the 

diffuser entrance. Both Archer and Kalinske found that the 

flowrate had little effect on the settling length.

Since the velocity profile within the settling length 

is irregular and consists of eddies, the settling length is

Separation

Fig. 4. Schematic representation of 
diffuser flow.



Settling
length

Pig, 5, Diagram of energy grade line and hydraulic 
grade line in the vicinity of a diffuser.
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a funetion of the magnitude and distribution, of the turbu­

lence created. That is, the larger the eddies to be dissi­

pated the longer the settling length. The 1 pressure recovery 
of the flow is not complete until the flow has become uni­

form in the downstream section, A graphical indication of 

the head loss, h^, due to the expansion is represented on 

Fig* 5o Establishing the elevations of upstream and down­

stream energy grade lines at the diffuser entrance will 

allow for the head loss, h-j-, to be determined*

B,,. Flow of liquid-solid mixtures

Liquid-solid mixtures may be divided into two classi­

fications for pipe flow; "settling" mixtures and "non­

settling" mixtures, according to the rate of settling of 

the solid material which depends upon the particle size., 

shape, density, the concentration of particles, the liquid 

density and viscosity, and the velocity of the liquid. The 

solids used for this study may be classified as a non­

settling mixture, The literature available for non-settling 

mixtures in quite limited,

Mikio Hino [4] developed theoretical equations relating 

turbulence intensity and the decay time of eddies to the 

concentration of solids in the flow* The non-settling

solids -in this case had an average size of 100 microns to
,

155 microns, Hino found that the decay time of eddies
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deereased as the solids eoncentration increased, A decrease 

of 60^ in the decay time was found for a concentration of 

3,» Qfo „ He also found that an increase I in concentration broke. i
up the large scale eddies into smaller eddiess therefore 

increasing the turbulence intensity. Breaking one large 

rotating eddy into several smaller rotating eddies increases 

the amount. of rotation in the fluid,- or as stated., the tur­

bulence intensity-,

K a- E, Spells has stated [12] that -in turbulent flow it 

is the velocity fluctuation's with instantaneous components 

perpendicular to the general direction of flow which are 

able to disperse solid particles through the bulk of the 

fluid and maintain them in suspension* The ease with which 

this is done must depend upon the particle size and density, 

and the intensity of turbulence*

Assuming that HinotS results can be applied to parti­

cles larger than 155 microns in diameter, a correlation 

between solid-liquid mixtures in pipe flow and flow.through 

a diffuser can be made,-.

The turbulence of the fluid tends to spread the solid 

particles throughout the entire bulk of flow and therefore 

into the eddies near the diffuser boundariesa The particles 

dispersed throughout the flow shortens the distance down­



stream required to dissipate the energy in these eddies 
indicating a reduction in the head loss»

Since the form losses of a diffuser results from large 

slow moving eddies shearing on the faster moving central 

core of the diffusers a reduction in the form loss can be 

expected if these same eddies are not allowed to form. 
Suppressing them will increase the turbulence intensity and 

reduce the settling length,

Assuming this is how solids will change the flow struc­

ture in a diffuserj the hypothesis can be stated as; nFor 

a liquid-solids mixture flowing through a diffuser, the 

head loss will be less than that obtained for liquid alone,'5 

To test the hypothesis, experimental tests were run to 

determine K-j- for expansions with various solids concentra­

tions for given flow rates and to compare these values of 

Kji to those occurring with no solids at the same flow rates.

-15-



CHAPTER III

EXPERIMENTAL METHODS

To test ,the hypothesis t that solids added to flowing 

fluids reduced the head loss caused hy enlargements $ the 

following experimental design included (I) head loss meas­

urements a and (2) the determination of solids concentra­

tions »

A» Head loss measurements
The head loss occurring in fittings is equal to the 

elevation of the upstream energy line (EG-L^)e at the "begin­

ning of the fitting minus that of'' the downstream energy 

grade line (ECD2)e projected hack to the fitting entrance 

as shown on Pig® 5«. This loss includes Doth the form losses 

and friction losses on the boundaries of the diffuser,® Eq6 

(3) gives the relationship for head loss resulting from 

fittings*

The subscripts indicate the elevation of the individual 

energy grade lines directly above the diffuser entrance* 

Combining Eq* (2) with Eq6 (3) and rearranging:

%D = - (BG%2)e (5)

(EGDi)g - (EGSg)g

(Vi - VgjZ/Sg (4)
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fflhe energy grade line (EG-I) at any point in the flow is 

equal to the hydraulics grade line (HG-E) at that point plus 

the vel'oeity head (V^/2g) Eased on the average velocity*

The elevation of the hydraulic grade line (HGE) is equal to 
the pressure head (P/zf) plus the elevation head (S)»

Computations of head Ioss9 h^9 require that the up­

stream energy grade line (EGE^) and downstream energy grade 

line (EGEg) he established at the diffuser entrancee To 

establish this9 the slopes of the energy grade lines (SEGE) 

must be determined*

The HGE has a constant downward slope in the direction 

of flow for a uniform flow in a pipe of constant cross 

section. This uniform slope, or rate of head Ioss9 is due 

to a constant rate of friction loss in the fluid occurring 

at the pipe boundaries and is called the normal friction 

slope. The non-linear portion of the downstream hydraulic 

grade Iine9 HGEgf in Eig, 5 is caused by a non-uniform velo­

city profile of the flow resulting from a boundary layer 

separation and the formation of eddies in and downstream 

from the expansion® Average pressures measured in this re­

gion of flow result in the curved- portion, of the HGEgr6- The 

velocity distribution In the region of a pipe expansion is 

shown on Eig6 4.«
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If the horizontal datum is t.aken at the eenter line ©f 

the pipej the- elevation head is then everywhere equal to 

zero» Referring to Fig. S9 the EG-Ip at point I, (EGLp)1 J is

where ZR is the distance in feet from point I to the diffu­

ser entrance as shown in Fig. 6.

(EGL-^)e is established in the same manner and is repre­

sented by Eq>: (6) using IBS as the station number for the

where SEGL^ is the slope of the energy grade line upstream 

from the. diffuser*.

Since the velocity head is constant for a given cross 

sectional area* the slope of the hydraulic grade linej SHGL9 

is equal to SEGL in the region of uniform flow.' The follow­

ing describes the procedure to determine SHGL9 and conse­

quently,, SEGLo

To establish the SHGL9 the h^ between every pair of 

pressure taps is determined by Eq* (Y)s which is derived in 

Appendix B,

is represented by Eq. (5)*

(EGL2 )e = (EGL2)1 + (SEGL2)(XR) (5)

pressure tap just upstream from the diffuser entrance.

(BSI1 )e = (BSB1 )h d s - (SBSB1 K X e d s - XE) (6)



X(n+1)

©  (D

Fig. 6. Diagram showing notations used in 
computational analysis.
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rs *s,mf - S'G.ffl A t
8,G iOff . 12 .

(7)

S 0G 6m^ and are the specific gravities of the manome­

ter fluid and fluid flowing in the system respectively,

A t  is a differential manometer reading in inches between 

two pressure taps,. Knowing the h^ and distance between 

each pair of pressure taps, A x ,  the SHQ-I between each pair 

of pressure taps is computed by:

SiKrL = (hL ) / A x  /g\

The slopes between successive pairs of pressure taps in 

both the upstream and downstream regions of uniform flow 

varied slightly because of experimental errors and slight 

irregularities in the flow.

Using Bqi,- (8) and statistical methods as- explained in 

Appendix G, the best fit downstream slope of the hydraulic 

grade line, S H G L g is established from pressure tap I to 

the high point on the HGL shown on Big*- 79 using the follow­

ing iterative procedure,

. Starting at the downstream end of the test section 

with the pair of pressure taps I and 2, an approximation of 

the downstream slope of the hydraulic grade line, SHGLg9 is 

determined from:



Y = P A

Pig0 7 o Coordinate system used to 
determine SHG-Lge
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( S H M 2 )1 = tiB(lri2)/[X(2) - X(I)] (9)

with subscript I denoting the section of pipe between pres­

sure taps I and 2. Eq# (9) is a first approximation of the 

best fit slope of the downstream hydraulic grade line and is 

set equal to SHGEg,

The slope of the hydraulic grade line between the next, 

successive paii of pressure taps (SHQ-Eg)g computed:

(SEGEgjg = k%(2_2)/[%(3) - X(2)]
where the subscript 2 denotes the section of pipe between 

pressure taps 2 and 3i
A comparison of the slopes is made by the following 

equations
I(SHGL2 ) - (SHGL2)2I, - E <  0 (10)

E is the statistical test for the significance of the differ­

ence between the two Slopesa The confidence of the E is 

dependent on the number of points used to determine the 

slopes being compared, E is discussed in Appendix G a If 

this inequality is satisfied? SHGL2 is then corrected by a 

statistical method called "the method of least squares'1 

which is also discussed in Appendix G 6-. Prom- linear regres­

sion the general slope equation for a line that best fits a 

set of points and may be written as:
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Z x 1Y1 - E ^ aZ r 1A, 

Z i 12 - (Ex1 )2A
(11)

where n is the niunber of observations, In Eg.., (11) Z. is 

the horizontal distance from the origin of coordinates and 

corresponds to a vertical measurement, or pressure head 

(P^/g"), B represents the slope of the best fit line and 

now becomes the new approximation for SHG-E2 «• The origin of 
coordinates was set at the final pressure tap of the experi­

mental system as shown by Big, 7«

If the inequality is not satisfied in any portion of 

the test section further downstream than is consistent with 

other results the data is checked and the apparatus inspect­

ed for physical conditions causing this, Ihe data is sub­

sequently run again,-

Assuming that the inequality is satisfied, using the 

new approximate slope SHG-E2 the procedure was repeated to 

compare this slope with that between pressure taps 3 and 4

by*

If the inequality of Eq* (12) is satisfied the slope is once 

again corrected by'the general slope equation, Eq* (Il)0

(SHSI2) - (SHSI2), I - B <0 (12)
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From 6 the above prooe&tafe was repeated tmtil Eq.,*

(12) was no longer satIsiffied̂  or nntil the inequality of 

Eq. (13) is satisfied«i.

'Is h m S - hl(^(n+l))/Cx^ +1) - Z(a)]|- B >  0 (13>
For the section of pipe represented as (n-(n+l)) the abso­

lute value in Eq.. (13) is greater than E jf indicating that 

the change in slope is significant.according to the'statis­
tical t test used to determine E*' The SBEL2 is then equal 

to the corrected value of slope obtained up to section (n) 
by Eq6 (10) § this is used to determine SEGL2 and (EGL2 )e,.

The slope of the upstream energy grade line SEGL^ was 

established in much the same manner as SEGLg6 Since the 

entire EGL^ is linear the use of Eq* .(10) was not required 

to determine the significance of slopes between upstream 

pressure taps.

Knowing SEGL^ and SEGL2 $ Eq.*. (3), (5) and (6) are used 

to determine the ĥ .a Since the mix flowrate QM was measured 

in each ease  ̂ the velocities and Y 2 could be determined 

from the continuity equation V = Q/A* Eq6 (2) is then used 

to determine K̂ ,.

B 0 Concentration of solids

The concentration qf the solids in the test line was 

determined using the following procedure* The inflow of



Cleai? water and outflow of mix flow were measured simulta­

neously while holding the volume in the mix tank constant,. 

When these conditions were met the flow of solids? QS9 could 
he determined from,the following equation:

Q)S = QH — QlW

The volume concentration G9 of solids in the system can then 
he expressed hys

8 = .# = m - . m
QM ■ QM

G is the volumetric concentration of solids expressed as a 

per centage of the total volume of the mixture,
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©HAPTER IV

APPARATUS DESGRIPTI6U

The apparatus description will he given in three parts: 

(I) a description of the plastic chips used to simulate 

wood Chips9 (2) a general description of the entire appara­

tus $ and (3) a detailed description of the 30 ft,* test 

section and measuring equipment used for determining the 

head loss due to the expansion* Pig.® 8 shows an overall 
view of the general apparatus 'with the. test section removed.® 

A 0 Plastic chips

The solids material used for the test was plastic 

chips with a specific gravity close to I »01® The Chips9 

red in color9 had dimensions of 3/32 in®x 3/8 in»x 1/2 in®- 

with a tolerance of + l/l6 in®, in the width and length®

B® Complete laboratory apparatus

It was necessary to have a separate feed system for 
both the chips and water in order to obtain different chip 
concentrations in the system®. Two storage bins were main­

tained for this purpose® The required volumetric flowrate 

of chips and water were then discharged into a mixing tank 

for injection into the test line®



Rotating
drum

Chute

Water
storage

bin
Gatestorag valve

Magnetic 
flow meter Mix

tank
Vertical

onveyor

D.C. Motor5 h.p. pump

Fig, 8. General apparatus.
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Water was pumped from the storage M n  through a 3~ineh 

pipe line into the mixing tank hy a 1740 rpm* 5 h ap. centri­

fugal pumpo The desired' flow of water was regulated By a 

gate valve in the 3-inch line. Installed in this same 3- 

inch line was a magnetic flow meter for measuring the water 

flow into the mix tank,.
The plastic chips were dumped from their storage Bin 

By gravity onto a conveyor Belt 18 inches wide then elevated 

Before being dumped into the mix tank as shown on Fig, 8,

The amount of chip feed was controlled By a vertical gate 

mounted on the chip storage bin. For recirculation of chips 

through the system* a chute was lowered to the position 

shown by a cross sectional view of the chip Bin in Fig, 8 

allowing the chips to pass directly from the rotating drum 

down to the conveyor,. To remove chips from the system* 

the chute was raised to a vertical position.

The contents in the mixing tank were then pumped By a 

400 gpm*'1090 rpm centrifugal pump into a 4-inch line lead­

ing to the test section,. The' rate of flow of the mixture 

was controlled By installing a 15 h.p, direct current motor 

to the pump. The motor speed and consequently the pump 

speed was controlled By using the rheostat on the central 

control panel as shown on Fig., 9*
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Pig. 9 o Control panel.

From the 4-inch line, the mixture passed through 

another magnetic flow meter before being throttled down to 

a 3-inch plastic line 12 feet long. The flow then passed 

through a clear plastic diffuser into a 16^-foot length of 

4-inch plastic line. This particular 3-inch and 4-inch line 

constituted the test section in which all pressure measure­

ments were performed. Six-foot lengths of plastic pipe
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weire joined "by tongue and groove joints to form the required 
pipe lengths.

After passing through the test section the flow was 

then elevated and dumped into a rotating drum.,- The outer 

wall of this drum was constructed of -J--Inch wire mesh. This 

wire mesh allowed the water to separate from the chips. The 

water dropped directly downward onto a pan where it then 

ran into the water storage tank. The chips continued down 

the inclined, drum and dropped either into the chip "bin or 

onto the chute for recirculation.

Fig. 9 shows the control panel which consisted of 

switches j flow meter charts j- a manometer showing the mix 

tank level and a rheostat for control of the direct current 

motor.. Also5 within easy reach of the operator was a gate, 

valve handle for controlling the flow of clear water into 

the mix tank. Off-on switches were provided for the con­
veyor beltp, rotating drum, both pumps and the .two flow meter 

charts, located directly under the control panel were the 

relay and. fuse boxes for all electrical equipment used.

Ci0 Test section and measuring devices

I. Plow and concentration measurement

The operation of the magnetic flow meter*- Pig. IO9- is 

based on the principle that the voltage induced by a con-
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Fig. 10. Magnetic flow meter, 

ductive fluid moving through a magnetic field is propor­

tional to the velocity of the fluid. A magnetic field is 

produced by saddle-shaped coils wrapped around the flow.

The induced voltage generated by the conductive fluid is 

sensed by two electrodes located between the coils and at 

the fluid boundaries. These two electrodes are connected 

to one of the dynalog flow recorders shown in Fig. 9.

The faster the fluid moves through the magnetic field, 

the greater the voltage generated, A direct, linear 

measurement of the flowrate of the fluid is thus provided. 

The two flow meters were calibrated to provide direct read­

ings in gallons per minute through the transducer system.
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As the density of the plastic chips was approximately that 
of the watery they were assumed to have the same velocity as 

the water and thus did not affect the induced voltage* The 

chart readings therefore indicated volumetric flow rates of 

either clear water or the water-chip mixture,*

2.o Pipe and test section

The test section consisted of 3-and 4-inch inside dia­

meter pipe made of acrylic plastic -J--Ineh thick.*- Pig*. 11 

shows the test section and measurements between manometer 

taps*

At each pressure reading station three different mano­

meter taps were installed at 120° from each other as shown 

on Fig*- 12*- A 5/l6-ineh hole was first drilled l/8-inch 

deep into the l/4-inoh plastic section* Using 5/16-inch 
plastic rod, nipples I inch in length were shaped on a lathe 
to fit the drilled hole in the test pipe,*- The nipples were 

then drilled completely through with a l/8-inch drill* The 

nipples were glued into the prescribed holes and allowed to 

dry* A 3/32-inch drill was then .used to finish drilling 

through the l/4-ineh wall of the test section* Tygon tubing 

of l/4-inch I0D* was placed over these nipples for connec­

tion to the manometer board.
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The spacing between pressure taps 
9 through 18 varied for individual
expansions.

Expansion
section

Victaulic couplings

Pig, 11, Test section
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Fig. 12. Pipe cross section showing 
pressure tap installations.

Five separate expansion angles were used for the test. 

The central angles 0 were 10°, 30°, 60°, 90° and 180°.

Fig. 13 shows each individual expansion angle.

Each diffuser piece was so constructed that the overall 

length was 3 feet. This allowed for the removal and instal­



lation of individual diffusers into the test section within
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a matter of minutes.

Pig. 13« Diffuser sections.

The diffuser formed butt joints between the upstream 

and downstream test sections. Victaulic couplings were used 

to hold the pipe sections in place. A victaulic coupling 

consists of a clamp fitted over a rubber gasket. Each end 

of pipe was grooved for the setting of the clamp. Pig. 14 

is an illustration of a victaulic coupling.
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Rubber gasket Metal clamp

Pig. 14. Cross section of
victaulic coupling.

3. Manometer board
The pressure measuring devices consisted of a manometer 

bank and flexible tygon tubing connecting this bank to the 

individual pressure taps. The manometer bank was designed 

to measure differential pressures, not total pressures.

Pig. 15 shows the manometer board.

The manometer fluid was injected into the system 

through a valve on top of the reservoir tank. With valves A 

and B opened and C closed, the manometer fluid entered the 

manometer tubes. The fluid from the test pipe then filled 

the remainder of the manometer tube and tubing which connec­

ted the top of the manometer to the pressure tap.



Pig. 15. Manometer board.

The top of each manometer tube was provided with a 

glass "T" section for bleeding air from the system. One 

arm of the "T" led to the manometer, one to the pressure 

tap on the test line and the other contained a short piece 

of flexible tubing which was opened and closed by means of 

a screw clamp. With the system in operation, opening the 

screw clamps allowed water and air to move through the tygon 

tubing and out this arm of the glass "T" section.
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Talire G was used to flush clean water through the mano­

meters and tygon tubing back into the test system. For this 

operation valve B was closed and valve A was open*

When the system was in operation, valve A was closed, 

subjecting the entire system to the pressure in the manifold 

. as shown on 1’ig,, I[5.* For maximum deflections of 48 inches 

at maximum velocities with water as test fluid, carbon tetra­

chloride was found:suitable for the manometer fluid. The 

carbon tetrachloride was^ colored red with Sudan III dye,
The reservoir tank  ̂ manifold, and connecting lines to 

the valves were constructed of copper t u b i n g E v e r y  connec­

tion was fitted with solder. The manifold had 5/l6-ineh 

copper tubing protruding upward one inch for connecting the 

glass manometers, Tygon tubing was fitted oyer both .'the 

protruding copper nipples and glass tubing. The upper end 

of the glass manometers were held in place by extending 

them through 5/8-inch holes in a piece of sheet metal,

A 55 mm camera was used to obtain pictures of the mano­

meter board for data collection. Instantaneous readings 

were obtained and the running time of the machinery was 

reduced considerably by the use of a camera, A tripod was 

used to give the camera rigid' support, F'or obtaining pic-



Irares without the use of lighting blaek and white film with 
an ASA number of 400 was used'*
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A, Preparation of apparatus

For eaesh individual diffuser* data was ealleoted for 

mix flowrates of 151s 226$ and 501 gallons per minute? gpnu 

In addition* a test was run at,550 gpm for the 10 degree 

expansion. The above flowrates correspond to velocities of 

4 9 6 * 8 and 8,75 fps in the 4-inch line,, At each flowrate 

tests were run with chips at volumetric concentrations of 

0, 5, 10, 15 and 2@#.
Prior to a data collection run it was necessary to 

clean the manometer board. The manometer fluid was removed 

from the board by siphoning. Valves A and 0 were opened 

while B was closed and the tygom tubing connected to valve 

0 was then lowered to siphon the fluid into a container.i>

By opening valves A and 0 and closing B, as shown on Fig,

15 <, clean water could be flushed through the manometer 

tubes, After removing the screw clamp from the "T n section 

on top of the board? a small brush was inserted into the 

manometer tube for cleaning. Clear water would then flow 

through the ©pen tube* The clamp was then replaced and the 

brushing procedure repeated for each tube,



To remove impurities the carbon tetrachloride was 

strained before being placed into the reservoir tank.

Valve 0 was then closed and B was opened to allow the car­

bon tetrachloride to flow into the manometer board, The 

system was then started and the air bled from the manometer 

tubes by opening the screw clamps one at a time.

Two people were required to collect the necessary data 

The console operator controlled the mix flow QE9 the clear 

water flow QW9 and the chip flow while notifying the camera 

man when to take each individual picture of the manometer 

board. This notification was necessary since QE would oon^ 

tinually vary up to as much as + 25 gpm,

The cameraman prepared an identification tag for each

specific run-. This tag was placed beside the manometer / - • ■
board and contained QE9 QWt the concentration O 9 the expan­
sion angle G 9- and the date,. This information corresponded, 

to the headings in the data book,

B>. Procedure for data collection

The data collection procedure was to obtain ten pic­

tures for all concentrations at a given flowrate, A new 

flowrate was then selected and the procedure repeated. Per 

an example of the procedure the 151 gpm flow will be used,-
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The data eolleotion started with QE and QW "both "being 
set to 151 gFQio When these values were reached (zero con­

centration) the console operator would notify the cameraman 

when to take a picture;,- lor each picture taken the console 

operator would enter into the data book Qj!? QW and the time 

on the flow chart corresponding to each specific picture*■ 

Ten pictures of the manometer board were taken*

With 10 pictures of the pressure data secured for zero 

concentration the console operator steadily increased the 

flow of chips in the system and at the same time slowly 

decreased the flow of clear water to a predetermined flow- 

rate required for the transportation of 5 per cent solids 

in 151 gpm of mixture,,. Prior to starting the general test­

ing program a chart with values of QW was prepared for given 

values of QH and, 0,

When the level of the mix tank became steadyp the con­

sole; operator then notified the cameraman that QM. was steady 

and close to the desired Value5, at which time a series of 

ten pictures was taken. After obtaining 10 pictures more 

chips were injected into the system and the procedure re­

peated for mix flowrate of 151 gpm and 10/6 concentration. 

When the data for all concentrations at QH = 151 gpm was 

securedi, the system was cleared of chips and the entire
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procedure was repeated for QM = 226 gpm and QM = 301 gpm.
Two runs-at all concentrations were obtained at QM = 151 and 
226 gpm to check the repeatability of the data*

After processing the film., a strip film projector was 

used to project the. pictures of the manometer board on a 

screen. The manometer readings from each negative were re­

corded along with the corresponding QM and QW from the data 

book. This data was recorded on a data form standardized 

for the IBM 1620 Model IIi computer and is shown on Fig, 16.9 

From these computation sheets the data was transferred to 

input data cards for use in a Model II5 1620 IBM computer. 

Upon comparison of results of the analyzed data, re­

runs were made if necessity occurred, A plot of vs, 0: 

for a given mix flowrate gave an indication of. which data 

was consistent in its trends. After the reruns were com­

pleted 5 the expansion angle was replaced and the entire 

procedure repeated.
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Fig. 16. FORTRAN sheet with reduced data.



CHAPTER VI

DATA AMLTSIS

One complete set of data at a given flowrate and con­

centration for use in an IBM 1620 digital computer is shown 

in Hig0, 16,6 Ctolumns I through 5 indicate the run number0. 

Columns 7 through 18 are for the flowrates of the mix and 

clear water j respectively* given in' gpm*' The manometer 

readings for one,run required the use of two lines "between 

the columns 20 and 78fi For a given run* going left to 

right* the readings correspond to pressure taps I through 10 

on the first line and pressure taps 11 through 20 on the se­

cond Iine0 The manometer readings are in inches*

Wsing the above input data* the computer program per­

forms the following operations in sequence for the,computa­

tion of K^g
(a) Computes the average manometer, reading for 

each pressure tap*

(b) Computes the variance for each manometer 

reading as explained in Appendix O 0

(c) Computes the slope between each pair of pres­

sure taps and determines the variance of this slope»
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(&). ©ompTiites the downstream HG-I slope as ex­

plained in Ghapter 3 and Appendix C e This requires 

a significance test for the difference "between two 

slopes and the computation of the approximate HG-L 

slope using Hqe (Il)e

(e) Computes the upstream HGL slope.

(f) Computes K-̂  from Hqe- (2) and the prohahle 

error in 0

(g) , Computes the volumetric concentration of 

solids*

A sample of the output data tabulation is shown in Appendix 

D e

To establish a confidence interval of 90% for the d.own- 

stream HGL slope 10 separate readings of each manometer 

tube were obtained for each set of data.

Table I is a summary of results for the 10 degree 

expansion showing values of and the probable error of 

K̂ c, PHKj^ for various flowrates and concentrations» Table 

Ti through Y s which are similar to Table Ip for the expan­

sion angles of 30, 60* 90 and 180 degrees are in Appendix B,» 

On the graphs of vs, Cls shown in H'igs* 17* 18* 19,

20 and 21, is the loss coefficient determined from Hq,-e 

(2) for a given concentration* The results of K-̂  for clear



TABLE I

FiTTMMA-RY OE COMPUTED RESULTS 0=10°

• QM = 151 gpm I QM = 2 26 gpm QMi = 301 gpm QM = 330 gpm
O K I PEKl 'CE 5I  ■PEKl 0. K I PEKl ' O % PEKl

0.000 0.02 0.01 0.000 0.09 0.01 0.000 0.15 0,01 -0.011 0.17 0.00
.000 .20 . .01 .000 .16 .00 . .000 ■ .11 .00 -0,003 .11 ,00
.000 ,29 .00 .000 .20 .00 - .000 .20 .00 .042 ‘ .12 .00
.052 .26 .01 .048 .20 .01 .052 ,18 .00 .043 ,17 .00

-. .35 .01 ; .052 .20 .01 .101 .12 .00 T .048 .13 .00
.061 .51 .01 ,102 .19 .01 .102 1*13 ,00 .089 .04 ,00
.094 .27 .01 .106 .20 .00 ,149 .09 .01 ,097 .09 .00
.103 .30 .02 . .149 .12 ,01 .150 .09 .00 .,102 .08 ,00
.151 .28 .01 .158 .12 .01 .194 .02 .01 ,146 -*0.01 .00

.153 .30 .01 »204 ,08 ,01 ,246 -0.02 ,00 .151 .02 .00

.195 .32 .03 ,202 .00 .02 .160 .03 .00

.200 .19 .03 .193 ,02 .00

.206 .22 .02 .196 -0.05 .00

. ,197 -0,02 .00



Fig. 17. Graph vs. C

• QM = 151 gpm

* = 226 gpm

o = 301 gpm

330 gpm
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Fig. 20. Graph vs. C

Fig. 22. (Kl )0Z(k L)0 v s ‘ C »
6 =  10°

8=180

Fig. 21. Graph vs. C (
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Fig. 23. (k i )c/(k i,)0 vs- °*
6=30°, 60°, 90° and 180°
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water, (K^)q, agreed closely with the results of both Gribson 

[3] and Archer [l]. For flowrates of 226 gpm and larger 

K-Ji was found to be a function of the expansion angle and the 

chip concentration, (K^)0, the loss coefficient determined 

for a given concentration can be expressed as a function 

of (K^j)q and G,, Wsing the graphs vs, Cf, an empirical re­

lationship was derived for any expansion angle to express 

(Kjj)0 and is expressed by:

= <kL>0 - O-90 04)
where C is the concentration in per cent, Eq., (14) is good 

for concentration in the range of 3 to 20$, The effect of 

chips on Kjj is shown by Eq., (14) and Figs, 17, 18, 19, 20 

and 21, An increase in the chip concentration will produce 

a decrease in Kjj,

The trend for the 151 gpm flows was for (Kx ). to remain 

essentially constant with a maximum variation up to 0,,1 for 

concentrations of 5 and 10$ and to then decrease to (Kjj) 0 

equal to (Kjj)q as the concentration approached 20$, The 

large variation in analysed data for the 151 gpm flow exist­

ed because of the small differentials in the manometer 

readings, A difference of + 0,1 inch between the pressure 

taps Pjjjjg and Pj shown on Fig, 6 results in a change of
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±  O »03 for K^j at this flow, A change in the downstream hy­

draulic grade line slope of + 0.0001 changes by + 0,01.

Because of the similarity of the graphs of vs. 0 

for all expansion angles, dimensionless curves of (Kjj)0/ 

(Kl )q v s . 0 were plotted in Pigs. 22 and 23 for use in 

engineering computations. To use these graphs, a value of 

(Kl )0Z(Kl )0 is obtained for the desired concentration. 

Multiplying this value by that obtained for clear water in 

Gribson1 s work will yield the desired (Kl )q value, To ob­

tain an immediate comparison of results a composite graph 

of (Kl )q/(Kl )0 v s . G for the expansion angles of 30°, 60°, 

90° .and 180° was prepared. The 10° diffuser was not inclu­

ded due to the wide variation in (Kl )q/(Kl )q created by the 

small loss coefficients i n v o l v e d T h e  following approximate 

empirical relationship was derived for 30, 60, 90 and 180 

degree expansions:

0 is in per cent.,'-

When the difference between two slopes is non-signifi­

cant as determined by the statistical method in Appendix G, 

the two slopes are assumed to “be. in the linear portion of 

the HGrl0 When the difference in slopes is significant the



—SO—

HGrL is now assumed to be in the curved portion and. the com-
i ' '

puter no longer continues to compute a new approximate slope* 

which is noted as BT on the output data in Appendix Bi.

This is the position at which the settling length ends as 

shown by Bigi 3,» Bue to insufficient data and test methods* 

the settling length was not determined for atiy of the test 
data.

The sample of output data in Appendix B is for a flow- 

rate of 151 gpm and concentrations ranging from 0 to 20$* 

all for the 10 degree expansion. A, list describing the. 

symbols used on the output is also present. The remainder 

of the data may be found on file in.the Bepartment of Oiyil 

Engineering and Engineering Mechanics^ Montana State Uni­

versity, Bozeman, Montana,.



CHAPTER YII

CONCLUSIONS AND RECOMMENDATIONS

A decrease in was observed as the chip concentration 

increased at flowrates of 226 gpm and larger. This is in 

agreement with the hypothesis formed in Chapter 2« The 

value of shows a decrease which seems to be a linear 

function of the increase in concentration* In the range of 

data observed decreased by a numerical value of 0*2 for 

concentrations o f  20$.

Por the 151 gpm flow at concentrations of 5 and 10$ 

a small increase in (K^)q was noted* At higher concentra­

tions (K^)e decreased to values of (Kjj)q and slightly 

smaller*. A possible explanation lies in the magnitude of 

the head loss and probable error of h^*

Por this particular Study9 improvements in the physi­
cal apparatus could be made by:

(a) Testing various upstream and downstream area 

ratios.

(b) Discarding the victaulip couplings which 

create undue turbulence»

(e) Using a larger manometer board with a lighter 

manometer fluid for more accurate results. This would
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"be particularIy helpful at low velocities and would 

also aid in determining the settling length.

To further increase the technical knowledge of chip 

transportation in pipe lines* the following studies are ref- 

commended for liquid-chip flows at various concentrations 

and flowrates:

(a) A study of head losses through valves at 

various openings.
(h) A study of losses for- various types of pipe 

intersections.

(e) A study of losses through pipe bends with 

various degrees of radius.

(d) A study of head losses for horizontal and 

inclined pipes,and the effect of diameter of these 

losses. These effects should then be compared with 

clear water losses *,

('e) The above test should be run with chips of 

different specific gravities. Various combinations of 

these chips should be tested.

(f) The above test should at some time be perform­

ed with actual wood chips

(g) A study of the injections and separation of 

solids for the pipe line system.
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APPENDIX A

DEVELOPMENT HEAD LOSS EQUATION 

FOR ABRUPT EXPANSIONS

The flowrate Q through the central volume ABOD of Fig, 

(A-I) is:

Q - A1V1 - A2V2 (A-I)
where a is the cross sectional area through which the flow 

is being measured, and V is the mean velocity through A.

The rate of change of momentum is equal to the summa­

tion of external forces and can be written for non-compres- 

sible fluids as:

d (MV) 
dt (v „ V A2V2TT

(V2 - V1 ) = P v P1A 2 P2A2

A C

Fig. A-I, Abrupt pipe expansion.
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where P-̂  and Pg are pressures in the up and downstream 
areas respectively and Zr is the unit weight of water. Re­

arranging the above equation:

h  - h  . v ( h  - h )
'S " 7 S 2g (A-2)

Applying the energy equation between section AB and GB 
gives:

Rearranging the energy equation to reads
P p

P1 - P9 T 9 - T 1
S g '  (A-3)

and equating Eq, (A-2) to E q , (A-3) for (P^ - Pg)/^ gives:

2
T, •f h. (A-4)

Solving Eq., (A-4) for hT gives:

llL =
(?i - Tg)

2g



APPENDIX B

HEAD LOSS EQUATION FOR USE 

WITH MANOMETER READINGS

The manometer bank was designed to measure differen­

tial pressures, not total pressures. With the manifold 

pressure constant, the larger pressures force the manome­

ter fluid into the manifold as shown by Fig. B-I where 

P-z; The head loss in a pipe with steady flow is

usually expressed as a change in pressure head, thus

-L Y

Manifold

Fig. B-I. Manometer readings in relation 
to pipe flow.
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Tff is the specific weight of the fluid flowing in the test 

-section and may be written as Eq> (B-I),* _ The dimensions of 
Tf are lb/ft^»

^ff = (5°G.ff) (B-I)

Brom Big,c B-I? Eqe, (B-2) can be written with in inches*

P 1 + s.9.ff Ofw) Z1 + S ,.G , m f (Tw) >
(Y. - Yp) (B-2)

Bg + (1^) + 8.G * ^  — --  (1^)

Eq* (B-2) can be rearranged to give. the head, loss ass

h - pS ~ ?1 A ? So&9mf .“ .Sd&-°ff A z
^if Ŝ o G- 6 ̂ _ 1 2 .

where A y  = Y^ - Yg.,



APPENDIX G

DEYEDOPHBNI.STATISTIGAL EQUATIONS

A statistical analysis was carried, out to find: (I)

the variance of the individual manometer readingss and (2) 

the, significance of difference of slopes for finding the 

best fit slope of the energy grade lines. The latter 

analysis required the computation of the slope of the best 

fit line for linear regression,

A 0 Variance of manometer readings

The first objective after .obtaining the manometer read­

ings was to find the statistical confidence interval for 

each individual reading. The method to obtain this interval 

is described below.

The average value of all the readings y is found by:

n
y = }_■ Y°/n (C-I)

i=l 1

is each individual reading and n is the number of Indivi= 

dual readings, The variance of n readings is:

^y n-l ^ ( ? i (0-2)

Eor ease of computation Bq., (0-2) can be modified for sum of 

squares of variance SS as follows:
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_n. n
SS = L  (Y. - = L f Y  2

i=l 1 i=l 1
2y Y^ + f )

n n (0;-3)
= E  (Y1)2 - 2y X! Y. + ny2 i=l 1 i=l i

substituting Eq„ (0-1) into Eq0 (0-5):
n n n

SS = E Y , 2 - 2yny + ny2 = E  Y .2 - ( E  Y. )2/n 
i=l i=l 1 .1=1 1

Eq9 (0-2) can now be written as:

S
J

2 I
n-1 ) V a (0-2b)

The standard error of the mean S- is defined as:
J

_ n n
2 ■ J E n 2 - (E T1)2A

Sy = I H r  =
i=l i=l (0-4)

n(n-l)
Wsing the standard error the confidence interval for y can 

be found by:

y + (t)(S-) (0-5)

where t is a statistical test number called Student’s "tn« 

Student’s "t" is dependent on the desired confidence limits 

and n, the number of observations taken,,a Yalues of Stu­

dent’s "t" may be taken from standard statistical tables„

Eor the above test ,!t" has n-1 degrees of freedom, df«,
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Be Significance between two slopes

In linear regression, values are obtained from sev-. 
eral populations, each, population being determined by a 

corresponding value*

The equation for a straight line may be expressed as;

X = a d- bX

where a is the Y intercept and b is the slope of the line*. 

In linear regression it is assumed that a straight line 

best fits a certain set of experimental data* The statis­

tical model for this straight line is written as;

Y =.a t bX + / i  (0-6)
where 6- ̂  is the experimental error* The procedure to make 

a minimum is explained below* Making a minimum pro­

duces the best fit line*

Eq, (<3-6) is rearranged and then squared, as. shown by 
Eq* ((3—7) e

Q =  E e 12
i=i 1

n
E (T3

I = = I

b X,)' (8-7)

Eor to be a minimum, the. following differentials must be 

set equal to zero.

3a
3Q
T̂ b = 0 .

where
3a 2E (T. i b Xi ) = 0 ( M )



a“d ^  = - C ( \  - a - b Z1 JX1 = 0 (0-9)

E g a (C-Sa) is obtained after rearranging Eg* (0-8) and 
multiplying by X.,

Aa^X1 + Ia(IX1 )2 = (Et 1 )(Ez1 ) (O-Sa)

- 62-,

where na = a when a is a constant*

Eg*' (C-9a) is derived by rearranging Eg* (0-9) and multiply­
ing by n,

[̂Ex12 - (Ez1)2A = E x 1T1 - E x 1Er1A

Solving Eg, (C-10) for b gives:

Ex1T1 -Ez1Et1A  
Ex12 - (Ez1)2A

(C-10)

(0-11)

where is an individual reading dependent on a particular 

value„ Eor this study Y^ represents a ■pressure head,

P1A .

An estimate of the variance about regression S 
denoted by:

2
y z is

S 2
y.x (0-12)

where x and y are diviations of individual readings about 

their average, i»e* X1 = X1 - x* E g e (0-12) can then be 

rearranged as:
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sy ? x = E y 2 - b (Z x y )/(n - 2 )

= Ei12 - (E11)2A-13(Ex11! -ExiI>iA)/(a-2) 
v 2where Iy -is developed the same as it was for Egf (G-2b), 

and b is oaloulated from Eg. (0-11).. The' variance of b is 

written as;

q 2 c, 2
o 2 _ y.*x______ yix
h "lx2 'Ez12 - (S1)2A

Xz^ is developed using the same method to develop Zy^. The 

confidence interval for b is;

b ± if] S

Student's "t" now had n-2 df»

To test the homogeneity of two slopes the following 

egnation applies;

K  - h i ^ t + lA a 232) (0-13)
The right side of Eg.- (0-13) is called the error E:. as stated 

in Chapter 3.»: If the absolute value of the difference of
I O I p n m

the slope b^ - b^ is less than ^ j ) .
E 9 then the difference is non-significant and the total 

slope is assumed to include both b^ and bg* If bp bg is
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greater than E the difference is significant and no longer 

assumed to he experimental error0 The slope bg is assumed 

to he in the non-linear region of the _ (HGrL)2 as shown on 

Eig8. 6* Eor this, test t has (n, + n 9 - 4) df, is the .

xI 8 -̂ 2g îas simi-
1

deviation of X1 . about X 9 or xn , = X1 .Ifl y Ifl Ifl p
Iar meaning for the second, set of data, S is named ."the 

best estimate of the variation about regression" and is 

expressed by Et*:, (0-14) *

Iy-L32 - (Iz13J13)2/ & 132 +

Iy2j2 - (Iz23J23)2A x 2fl /(n.H + n9 — 4)
(G-14)

P pfor ease of computation* substitutions for Xy ’ 9 lx 9 Xxy 
and b = Xxy/Xx^9 Ep, (@-14) is written ass

P X h 32 - (X i13)2A 1 - V X V i 3
■b-L-j

3X12r 3 X 1A  J-A1 ). +
Il1 H1

L3S 1A 32 - ( X 1A 3)2A 2

A c3SlA 3A 3 - X1A 33X A 3A 2Jj’ / (nI + -klP ^ ̂

where b^ and bg are obtained from Eq9. (0-11) for each re­

spective sample.;,



Ehe oomputational; program developed for the IBM 1620 

included the ahoye statistical analysis as part of the 

data reduction.
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APPMDIZ D

Oo m p d i e e o u t p u t OE a m l y s e d  d a t a

A sample of the oompmter output with QM = 151 gpm and 
concentrations of 0 to 20# for the 10 degree expansion 

follow herein. Listed below are the identification symbols 
for the computer output which follows:

BI

BI

( M O

DD

DU

KL

OB/S TA 

PE OOEO 

PEKL 

QM.

QW

SBI

SBT
SG-E

slope between each pair of pressure taps.

approximate slope determined by the best fit

of the hydraulic grade line in the upstream

and downstream reaoh,

concentration of solids,

downstream pipe diameter, inches.

upstream pipe diameter, inches.

loss coefficient,

observations per station.

probable error of concentration.

probable error of K^.

mix flowrate ,■ gpm>

clear water flow into mix tank, gpm, 

variance of BI, 

variance of BI,

specific gravity of fluid in test section*
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SQ-Z - specifie gravity of manometer fluid»

SHQ-ID -> downstream hydramlie grade line slope..

SHG-IW - upstream hydraulic grade line slope <>•

STA - station or pressure tap number,

TB - statistical test number to determine the"

significance of two slopes,.

X - distance from STA I.to.any given STA in feet,

Y BAE ' average manometer reading in inches,

Y ER - probable error of Y BAR,

(
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RUiN IDE N T  I Fl[CATION I O - D C O E N L G M T 150 i 0 O 1 O Tj 21-65)

QM C O N C DU CD S G M S S F  O G / S T A
150. 0 . 0 0 2 . 9 " 3.94 1 . 5 9 0 1.000 10

S T A Y B A R Y ER 31 BT SG! S B T TB
I 0 . 0 0 0 13.63 .03

. 0 113 .0113 .00022 . 3 0 0 2 2 0 . 0 0 0
2 5 . 0 0 0 12.53 . 0 I

. u I j. 3 . 0 1 1 3 . 3 0 0 : 7 .: 0 0:2 - 1 . 8 7 9
3 9 . 5 0 0 1 1 .44 • V £_

.0149 .0115 .30065 .00011 3 . 6 8 6
4 1 0 . 5 0 0 1 1 .14 .01

. 0 105 . 0 1 1 8 .00053 . 0 0 3 0 9 1.243
5 1 1 . 5 0 0 10.92 .31

• C — - . 0 1 1 8 . 0 0 0 5 9 . 0 3 0 0 7 - 2 . 0 7 9
6 1 2 . 5 0 0 1 0 . 6 4 .01

• 0141 . 0 1 1 9 .33113 . 3 0 0 0 6 - 1 . 2 4 2
7 1 3 . 0 0 0 1 0 .50 .01

.0319 s'. i 'i r*, • V a. ' J .00111 . 3 0 0 0 % 5.1 '
6 1 3 . 5 0 0 1 0 . 4 8 .01

. O lzT .30 1 3 5
9 1 4 . 0 0 0 1 0 .35 .01

. ^  -3 .00 8
10 1 4 . 7 5 0 1 0 .33 .01

... I 3 7 .00 1 5 7
11 1 5 . 0 0 0 10.40 0.00

• 0 3 4 4 .03273
12 1 5 . 2 5 0 1 0 . 5 7 .02

.06 . 3 0 3 1 6
13 1 5 . 5 0 0 13. 9 2 /"N I

. 0 .. .03274
14 1 5 . 7 5 0 1 1 . 1 3 • V X

. .0 0 4 2 0
15 1 5 . 9 3 3 1 1.44 .02

. ■ .30275
16 1 6 . 2 0 4 13.52 . 0 I

.9218 .03307
17 1 6 . 4 9 5 I 9 . ‘t v> . 0 2

.0652 . 3 6 5 2 .03376 . 0 3 0 7 6 0 . 0 0 0
16 1 7 . 6 9 1 . 7 . 5 5 . ,

18 17 . 8 9 1 17.55 .02
.043? . . -3 3 .33 0 1 6 . 3 0 0 1 6 3 . 0 0 0

19 2 3 . 8 9 1 1 2 . 2 6 .02
. ...:". . 0 433 »00024 . 0 I. 908

20 2 7 . 3 9 1 8.73 .02

Qv QW C O N C FE C O N  S H G L D SHC-LU KU P F K L
ISO. 150. 3..00 0 « 0 » :]230 . 0 4 3 3 4 .20 . 10
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X O " w* i— U

C O N C DU DD* C "I .25 2 *97

v. « r \ V Y D m R ER 3 I
I J # * f >

' Oc. " ̂  J' ^ 'I. * V -v

I 9.5 : 3 •
" •

4 IC . . > . i. - • 0 »

1 1 . 5 3 0 , 6 • U
• 9 I I

6 12 .5 . 3 3.82 .92
•

I 1 3 . 3 2 . 2.71 .92
.

8 1 3 . 5 2 3 o . * I
. C

9 14 . o c : 8.61 . I
...

IC 1 4 . 7  ' O • D 2 e eL
* 0 052

11 e 8 .
. 19

12 1 2 . 2 5 3 0 4.

13 * e 5 3 3 3 . 1 9 .0 2
.

14 15. 7: 9 . 6 5
«

15 1 5 . S 9 . 8 5 • J ̂
. 135 0

Io 1 0 . 2 : 4 1 2 . 0 8 .02

16.4 I 7.43 e « O
-.9:

18 I .22 1 15.52 . ?
. 0 ... 4

13 I 7 . 8 9 1 1 5.53 . 7
19 23. 13. e </ O

. 0 - -

20 27.c 6 • : . . 7
.1412

QM QW CONC PE CON
X 50. 143 . . .0 02

15: 05 (07-30-65)
O L) i > CGF CS/ 51A1.590 I. '00 -5
P T SL I SQ T TB

. U I c-  ̂ "■ I0 sV V> W -V O .0003 , C.C3C

.012: .03321 .30036 2.76

.0117 .03003 . 0 101 ■ .133

.0116 .0335: • 0 0 .113

.01 • C - . I 9 .22009 2 . 1 9 9

.oc:5%

.00154

.33151

..OllT

.00393

.30 12

.33395

. .

.33155

.30397

.00780
. 0 .30209 .. . 2 C . 0.030

. 0 4 41 .00043 . : ' 0 3 0.C30

. . .00267 .Cl 3.879

SHGLD SHGLU KL PCKL31164 .04416 . 2 6 . 01
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RUN I 7 •_ N T I r : c a t  i or; .. E \ L:r,r I 5 1 - 1 0 ( 0 7 - 30- 6 5  I

OM DU DC SG'I SGF Cu / S T A
151. . 33 : . . 1.000 10

t /A X i-BAR Y ER SI BI SB! SBT TB
I v • J ; 0  ̂j . Ow .04

.0124 .0 124 . 0 0 0 0 . 0 0 02 5 . 0 0 0 1 3 . w 3 . 0 2

. 0 1 ' .012 4 .00021 • 002 5 3.53 3
3 9 . 5 0 0 5.4 3 .

e ) I 2 " . 0 1 1 9 . 3 0 0 7 - .00 0 1 5.. .551
4 I • • • .v -■ 5.2 0 „ ' ... 118 .000 5 . 001 w 4 2 6
5 1 1 . 5 0 0 9.0 I

. 0 . . .011 3 .0 3 0 3 3 . 2. ;
6 1 2 . 5 0 0 6.82 . 0 :

.;. «■ . v C Z ’ j -J
7 8.72 . .. 2

# W . .OOlTw
3 13 . 5 0 0 . 7 . 2 •V p .W . 0 0 13 3
9 14 . 3 - 0 3 . o 5

- ». .. .000'3
10 1 4 . 75Q . 7 7# w, ̂

- .01 ^ ̂ u 1
1 5 . 0 0 0 .02

- . ... e . v  ' i
12 1 3 . 2 5 0 . . . . 3

' • 5 "■ 1 . C 3 ■ 0 7
13 IS r/ C 9.1 • 2

" W . .00232
;4 13.750 . i

. . . • -.v U JOj
15 1 5 . 3 3 3 3.36 . V I

- . 4 C . • C C 3 0 3
16 I G • C. J '4- 32 . . 0 2

- . 0 9 .
17 1 6 . 4 3 6 17. . .OS

. : . .33730 « ■? j v 4 3 . 0 0 0
18 1 7 . 8 5 1 3.55 .C

COf—i 1 7 . 3 , 1 15. 5 5 . : .
.0440 .. c

19 2 3 . 3 9 1 i V • -O w .. ■
. o •; I ' . 4 .O O O O i • .22-

27. 6 9 1 0.74 . 0 7

QM QW C O N C PE C O W  S H G L D S H G C U KL PEKL
I 51. 136 . .094 .002 . 0 1 1 9 2 . 0 4 * 6 5 .27 .01



l o - D Z G  : ; jL G ; iT 151-15- v 0 7 -30-65)RU.v IDENTIFICATION -

q n ; C G R C DU DD S G M S C F  CD/ E T A
150. .15 2 .970 3 . 9 4 0 1.590 1.000 10

«Z> • jK A Y B A R ER BI BT SBI SST TB
*■ .  . 11.8 I .03

. O 2 2 . 0 1 2 8 .00322 .33022 0 . 0 0 0
2 3 . 0 0 0 I v .7

•  v/ -I ■! J. .012 .03:15 . 3 3 0 2 2 5 . 9 5 6
3

.  . . 9.4
. 0 1 .30:63 . 3 9 0 1 3 .271

4 - • .  J I
.0111 .30052 .  ) 3 10 .883

5 1 1 .5 0 0 9.0 I .01
.  O . .Cll 9 .00331 . 3 D . C 3.111

6 1 2 . 3 0 0 » U «4
* .30191

7 13.02 . 8 . 7<
. O O . 3 0 1 3 9

8 1 3 . 5 C 8.70 .VXW
X C . 3 0 3 3 2

9 1 4 . 7 3 0 o . .
• • 0

10 1 4 . 7 5 0 . ■
s .9 a. U vi .00233

11 I ■ .  C ' . -
* " . 7 " .  212

1 fr -I rJ- .> •  Z. -> V u .  v -
-.0 33 I .031 C

x 3 •  -j w v/ . .  .
.094. .  C l i

1 4 t e -T r, *X •  I XV . C l
.041: . C 3 Z 9 1

1 5 1 5.93 • # .> X
.3582 « C 0  j. x 6

1 6 • * V K>
.33 X x

I  7 » x I .  3  4 * J £.
•  ' 7 1 ; ' -7 4 I  I . 0 0 1 1 4 3 . 000

1 8 I  . 8 3 1 15,4 . 3 3

13 1 7 . 8 9 1 : •  ■ * -• -
.  7 4 3 : » "  I  ' 3 ' . 0 0 0 3 0 0 . 0 0 0

1 9 .  c 6 1 . . . .  -
7 zt ■ . w • < 2 . 9 : 3

2 0 . ■' *  -

QM QW CONC PO C O N S H GLD 5 HGL U KL P E K LI 50. 128 .  .151 .002 OH  91 .04334 . 2 6 «01
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RU.N I D E K T i F I CAT I GK — 1 3 - D E G E N L G M T 151- 20- (08- 0 9 - 6 5 )

QM C O N C DU DD G G M S G F  0 0 / 3 T A
151. .20 2 . 9 7 3 3.5 40 1 . 550 1.00.. 13

5 T A X Y B A R \ ER BI ST SSI SBT TB
I 0 . 0 0 0 12. 1 8 . 11

.015 1 .3151 . 3 C 3 T 7 ^ ~ '7 *7» W. U  V  I 4 0 . 0 0 0
2 5 . OCO 1 3 . 6 3 . 3

.3151 . o : 9 . . 3 . 481
3 9 . 530 9.56 .04

. : 1 1 .:: • 001 . 3 0 0 3 8 .625
4 1 0 . 5 0 0 9 . 2 4

.3103 . 3 1 3 5 .3 3 1 1 9 . . 1.166
5 1 1 . 5 0 0 9.0 3 . 0 3

.01 . 0 133 .00111 .693
6 1 2 . 5 0 0 8.80 - :'2

. G 0 £ .01 . 0 3 2 0 6 . O C O .872
7 8.71 .02

.OC 8 .00 1 9 5 . c o o n .556
5 1 3 . 5 0 0 6.62 .0 2

.00 73 . 0 1 .33139 . 1.139
9 • 8.54 .Cl

. c o ; 2 . 0 1 2 . 0 0 0 6 7 . 3 O I 2 . 8  78
10 1 4 . 7 5 0 8 . 4 9 • V1 V

. I . 0 0 2 7 3
11 I . 6 . 5 9 . 0 2

- . 3 2 9 5 . 0 0 2 0 1
12 1 5 . 2 5 0 5.74 . : i

- . 0 3 .30216
13 1 5 . 5 3 0 5.93 . 0  4.

. . . .30246
14 1 5 . 7 5 0 9 . 4 0 .Cl

.

15 1 5 . 9 5 3 9 . 3 5 .. :
-  . 6 4  4 . 0 0 4 0 5

16 . 6 . 2 3 4 1 2 . 1 4 .02
. 92 .007

17 . 6 . 4 5 6 1 7 . 6 4 .

. 0 T 3 b . O 7 . 0 3 1 9 1 .00131 o.<
18 1 7 . 5 9 1 15.55 . 0  5

18 1 7 . 8 9 1 15.55 .05
. 0 4 7 5 . 3 . . C O . C u O

19 2 3 . 8 9 1 9.75 .

. C 4 . : . 3 0 1 4 2 . DC .95C
2 0 2 7 . 8 3 1 :  .99 * I 8
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APPENDIX E

SBMAIlY OP COMPETED RESULTS 

TABLE LI

Srunmary of GJomputed Results8 © = 30° <

Ql
226 gpm , ■

0,000 0,71 O t O l



-74-
TABLE III

Summary of Gomputed Results, 0 = 60°

Ql

15,1 gpm ; 226 gpm 301 #pm
C KI pbkL ' 0 KI P B K 1 .

0
K1 PEKl

0.000 1.02 o 
•

O "o
 o 
■

: o»ooo 1.05 0.01 ' 0.000 0.99 0.01
.000 ,97 ,01 .000 ,96 .01 .000 1,01 .01

.054 1.09 .01 .046 .95 .01 - .050 .92 .00

.057 .99 .01 .049 1,05 ,01 .051 .95 .00

.095 ,96 .01 ; .052 .90 .01 : .099 .90 .̂po

.099 1.02 ,01 - ,100 ,87 .01 • .151 ,86 .00

.149 .91 .02 .101 ■ 9̂4 .01 : .202 .84 .00

.161 .95 .02 ,154 .88 .01

.165 .94 .01 . .155 8̂0 ,01 •

.201 ,98 .02 : . 2 0 7 .85 ,01
,205 .94 .04 ,207 .80 .01

.210 .85 k04 •
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T A B L E I V

Smmnary of dS'omputed Besults9 6= 90°

Q M

151 g p m  . 226 g p m 301. g p m
G % P E K1 ■ I ’ C ' K I PEKl C k E PEKl

0,000 0.95 0.01 0,000 0,97 0.01 0,000 0.94 0.00
.000 .95 .01 . .000 1.01 O 01. .000 OOH .00
.000 1.12 .01 .045 .98 .01 .050 .94 .01
.000 1,12 .02 . 048 .94 .01 .101 .88 O 01
,.070 1.01 ,.01 . .097 .94 .01 .151 .85 .00
.108 1.04 ,02 ' ,105 ,88 ■ ,01► . : .196 .80 .01
, H O 1.00 ,01 - .106 ,86 ,01
,155 1.05 ..02 ,155 ,81 .02
.155 1.00 ...05 . .155 .85 .01
.198 1.05 ,02 I .202 .80 .01
..206 .99 .05 I' .202 .84 O 01



TABLE ¥

Summary of Computed Results, 0 = 1 8 0 °

QMI.
151 gpm ■ ,226 gpm 301 gpm

0' K1 PEKl q: K1 PEKl 0: K1 . PEKl

0 e 000 1.16 0,02 0,000 1.00 O t O l ' 0*000 1.06 0.00
.000 1.05 .01 .000 1.01 .00 ,*000 1.02 .00
.000 *96 .01 ,040 1.00 .00 .054 1.04 .00
.000 1.20 .01 .0+4 1.00 .00 .055 1,01 .00
.063 1.07 .. 01 .105 ,96 ,01 .099 1.01 .00
.072 1.10 .02 .106 *93 .01 .105 e 96 .01
.110 1.08 .03 .154 .89 .00 . .145 .94 .00
*120 1.07 .02 .154 .90 .01 .147 . 96 .01
,148 1.07 .02 .196 . '92 ,01 . .203 .91 .00
,157 1.04 .02 ,197 .90 .01 .203 .90 .01

*209 1.04 .04
.212 1.07. .03
.233 1.07 .02
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