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The effects of mass flow rate and subchannel configuration on

the turbulent interchange between adjacent subchannel in simulated

rod bundle were investigated.

The simulated rod bundle was made by arranging seven 1.913 cm

diameter acrylic plastic rods in an equilateral triangular pattern in a

tube 8.89 cm inside diameter.

The overall test section was 152.4 cm in length with a 60.96 cm

long mixing section. Design of the test section allowed a study of

turbulent lateral mixing between triangular-triangular, triangular-

trapezoidal and trapezoidal-trapezoidal subchannels configuration.

A tracer technique was used with Rhodamine B dye as tracer.

Dye concentration was measured with two sets of hypodermic needles.

The tracer initially injected in one of the adjacent subchannels was

free to diffuse into the other subchannels,



Using a lumped parameter approach, an analytical model was

developed to describe axial change of concentration along the test

section.

Measured concentration and subchannel mass flow rate were

used for numerical calculation of turbulent mixing rate.

Turbulent mixing rate in the rod bundle with wire wrap was also

investigated. Following are the results of this study:

1. Turbulent mixing is a function of the subchannel mass flow

rate, and increases when subchannel Reynolds number

increases.

2, Turbulent mixing is not significant function of the subchannel

configuration.

3. Subchannel mixing can be compared to turbulent mixing in the

turbulent core of a fluid flowing in a circular tube.

4. The flow conditions in the vicinity of the gap space are very

important, especially when mean velocities in adjacent

subchannels are not equal.

5. The friction factor for the rod bundle matrix with smooth

rods follows Blasius' equation.

6. Wire wraps on the rods increased mixing especially for the

higher Reynolds numbers.
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NATURAL AND FORCED TURBULENT MIXING
IN ROD BUNDLES

1. 0. INTRODUCTION

There has been considerable investigation in the Chemical

Engineering Department at Oregon State University of the turbulent

mixing between adjacent subchannels of rod bundles. The present

study is a part of a continuing investigative effort.

Prior studies have developed specific procedures, and a

characteristic approach to the problem. The study considers a new

type of experimental test section but employes essentially the same

procedure for determining mixing characteristics.

Design methods for fuel bundles and heat exchangers require

the knowledge of local conditions in the subchannels of the rod or tube

bundle matrix. In order to predict the rod surface temperature,

mean coolant temperature, and mean velocity in any subchannel, one

has to know the mixing mechanism within the bundle itself. Many

investigators use the turbulent mixing rate w. as the quantity

which can give most of the information about the mixing mechanism in

the bundle.

It is postulated that the mixing between adjacent subchannels is

equal to turbulent transport by the eddy mechanism. Postulated in

this manner, the turbulent mixing rate w.. has the same dimensions



as eddy diffusivity (cm2/sec).

In a typical rod bundle matrix, shown in Figure 1 characteristic

subchannel parameters, such as fluid flow rate, equivalent diameter,

gap spacing and shape of channel varies from one channel to the other.

Any of these channel characteristics can have a definite influence on

the turbulent mixing rate.

Mixing within the bundles may be natural or forced mixing, and

directional or nondirectional.

Forced mixing occurs whenever mechanical devices such as

baffles, spacers, or wire wraps on otherwise smooth rods, are used.

In these cases, fluid flow is diverted from its natural path, and

directed so that directional mixing takes place in the rod bundle.

When no such diversion of flow occurs, the mixing is non-

directional. Natural mixing is that which occurs in rod bundles free

of any flow obstructions, or diversion devices.

The dashed lines in Figure 1 outline the various subchannel

geometries. In previous studies, the mixing rate between adjacent

square-square (9) and triangular-triangular (27) subchannels was

investigated for different values of the other subchannel parameters

(fluid flow rate, gap space).

The goal of this study is to investigate the turbulent mixing rate

between triangular-trapezoidal, trapezoidal-trapezoidal, and

triangular-triangular subchannels, for different values of the fluid
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Figure 1. Cross-section of typical rod bundle.
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flow rate and for a fixed value of the gap space of 0.794 cm.

The test section construction was such (see Figure 2) that the

mixing rate between different subchannel geometries could be

investigated simultaneously.

Forced, nondirectional mixing was also investigated by applying

helical wire wraps on the rods. This was done for the same subchan-

nel geometries and fluid flow rates, as for nonforced mixing.

The water flow rate was varied from 1500 (cm3 /sec) to

8000 (cm3/sec). The seven rods used were 1.913 cm in diameter and

were arranged in an equilateral triangular pattern in a tube, 8.89 cm

inside diameter.

The Reynolds number range of 5 x 103 to 4.5 x 104 was covered.

The upper values of the Reynolds number were limited by the maxi-

mum possible water supply in the Chemical Engineering Laboratory.

The tracer method, found to be successful in previous studies

(9, 27) was used to determine mixing rates.



Figure 2. Test section cross-section.
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2.0. THEORETICAL ASPECTS AND LITERATURE SURVEY

2.1. Turbulent Mixing

It is well know that two main flow regimes exist when turbulent

fluid motion occurs in a duct. Near the walls a thin laminar layer

exists in which viscous forces govern motion of the fluid. In the

remainder of the duct a turbulent core is developed and it can be

visualized as a random motion of aggregates of molecules, called the

eddies. Viscous forces always tend to stabilize flow, but in the

turbulent core they are overcome by the inertia forces, which cause

random motion of the aggregate lumps. For the turbulent region, the

lateral eddy diffusivity is defined (15, p. 113-115) as analogous to

similar molecular quantities in laminar flow (eddy viscosity

molecular viscosity).

The lateral eddy diffusivity can be written for any turbulent

transfer process:

Eh for thermal transport

EM for momentum transport

E for mass transportm

Thermal, momentum and mass transport, in the turbulent core

are described by Eh, EM and Em, successively.

There have been attempts to describe all three transports



processes with one single Eddy diffusivity E. This approach has a

logical basis and it has been successfully used by several investiga-

tors. The results of this work, which are based on the measurement

of mass transport, could probably be applied for predicting the

thermal transport.

In the turbulent core, the eddies are continuously created, and

they travel for a short distance 111 I' in any random direction, lose

7

their identity and vanish in the surrounding liquid.

Applying this picture to the rod bundle, with a set of intercon-

nected subchannels, it is obvious that there is a possibility for an

eddy, "born" in the vicinity of a gap space, to pass through the gap

and vanish into adjacent subchannel.

Since each eddy carries some energy, mass and momentum

between subchannels, this ideally results in the uniform distribution

of these quantities throughout all adjacent subchannels. Later on in

this section it will be assumed, for purpose of simplification of the

mathematical model, that each eddy which passes through the gap has

approximately the same momentum, temperature and concentration

as the subchannel from which it comes.

In order to quantify this picture, one should be able to calculate

the real values for eddy diffusivity.

In laminar flow, the shear stress at any point "y" distance

from the wall is:



T

gc

dUx
dy

8

(2. 1)

where Ux is the point velocity in the axial direction.

The friction loss occurring during turbulent flow is many times

larger than friction loss due to the molecular viscosity, predicted by

Equation (2. 1). Prandtl (19) proposed that the high friction loss of

turbulent flow was due to the exchange of momentum between fluid

particles. He introduced the concept of mixing length which can be

physically described as the distance a particle of fluid moves per-

pendicularly to the mean flow before it loses its identity and mixes

with other particles. Prandtl introduces the mixing length by the

following equation:

where

and

and

(2).

(4)...

dxu = U
)dy

u = fluctuating velocity in x-direction

v = fluctuating velocity in y-direction

= instantaneous mixing length.

(2. 2)



Considering the case of momentum transport, this equation

means that an eddy with velocity v, moves to a point ft
i

distance

away and mingles in the other particles changing the velocity at the

new point.

Thus the instantaneous turbulent shear stress on the fluid is

Ey: dUx
t i g i dy

9

(2. 3)

Averaging over time and assuming that u and v are of the

same order of magnitude, the mean turbulent shear stress is:

T
dUx 12

t gc dy

where I is the mean mixing length.

The total shear stress is the sum of

dUx _a_ dUx 2
T 02 )gc dy gc dy

T (V E )
dUx

m gc I
dy

The term Em

and Tt:

(2. 4)

(2. 5)

is the eddy viscosity, which is analogous to the

molecular viscosity in laminar flow.

2 dUx
dy (2. 6)
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The disadvantage of the above expression is that one must know

two quantities I and Ux(y) in order to evaluate the eddy viscosity.

It has been reported (12) that the eddy diffusivity in the turbulent

core for turbulent flow in a circular duct can be estimated by the

empirical expression

Where

E = 0.04 Re
D

v

ReD
= UD/v

U = mean velocity

D = diameter of circular duct

f = Fanning friction factor

(2.7)

For Re
D

between 3 x 103 to 1 x 105 the Fanning friction factor can

be estimated with very good accuracy by the Blasius' equation.

f = 0.079 Re-.25 (2. 8)

Rogers and Tarasuk (21) postulated that the mixing between

interconnected subchannels was equal to the turbulent transport by the

eddy transport mechanism. By this postulate the energy balance

between lateral mixing and eddy transport must be satisfied:
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w..0 bC E( )..p j p dz
(2. 9)

,w.. = bE( L.
)ii

1.3

Where ti is the average concentration of the transported quantity at

the given axial position.

If the concentration gradient of the transported quantity between

subchannels can be approximated by

Equation (2. 9) becomes:

)dz ij z..
13

w.. = E
13 z..

13

(2. 10)

(2. 11)

Equation (2.11) is a general expression for turbulent mixing between

adjacent subchannels.

For a circular duct where there are no rods restricting the

eddy motion, the turbulent mixing rate must be identical to the Eddy

Diffus ivity.

which shows that

(wti ..) = Educt

b
z..

(2. 12)

(2. 13)

Hence, the turbulent mixing rate between adjacent channels can



be considered as a corrected eddy diffusivity, which would occur

under the same condition in a circular duct, where the correction

factor is b/z... Galbraith (9) developed an expression for factor
13

b/z,. which will be shown later in this section.
13

Combining Equation (2.7) and Equation (2. 11)

w.. =
13 z..

b 0.04 Re v

12

(2. 14)

For noncircular ducts, it is necessary to determine some

characteristic length to use in the calculation for the friction factor

and the Reynolds number. The definition of such a quantity is given

by Equation (2. 20). By replacing D by Dh in Equation (2.8) and

(2. 14) and substituting Equation (2. 8) into (2. 14):

where

w.. = v0.0113 Re.. 875
.z..

(2. 15)

UDh /v= Dh/v subchannel Reynolds number

Dh = subchannel hydraulic diameter Equation (2.20) holds for

mixing between subchannels which have the same Dh.

In the case when Re. Re., the arithmetic mean can be used
1 3

so that Re.. = (Re.+Re.)/2, or the weighted equivalent diameter for
1J 1 3

the adjacent subchannels can be utilized.



Dh..
13 P.

1+ 1
P.

P.
Dh.+Dh.( P. )

1 3

13

(2. 16)

Galbraith (9) showed that the factor b/z.. is not a constant
13

for a given system; he determined b/z.. as a function of b, Dh,
13

Re..

For a circular duct

wii = v 0.0113 Re..875 (2. 17)

which must be the limiting cause for any model developed.

Further investigations have shown that for better understanding

of this subject, local conditions for fluid flow inside the subchannel

itself should be known. Several investigators (23, 29) have studied the

turbulent flow parameters within subchannels.

Rowe (23) has provided considerable new information regarding

the turbulent flow through rod bundles, by measuring the turbulent

intensity and the Eulerian autocorrelation functions locally within

several flow channels.

He showed that while the velocity profiles were in agreement

with universal profiles in pipes, the turbulent intensity was larger

than for pipe flows of the same hydraulic diameter.

A source of the difference seems to be related to the existence
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os secondary flow. The interior subchannel appears to have a single

secondary flow circuit, except for the corners.

There is strong evidence to indicate that each corner polygon

will have two circulations which are separated by the corner bisector

and which direct fluid into the center.

Figure 3 schematically presents the secondary flow map in a

segment of a rod bundle close to the wall. Rowe (23) further concludes

that: "The shape of subchannels adjacent to a rod does not signifi-

cantly affect the velocity and turbulence distribution in the gap, and

the turbulent mixing rate w.. changes only moderately with a

change in rod gap spacing. "

Rowe confirmed the presence of mechanisms similar to the eddy

diffusion, as a transport mechanism between adjacent subchannels.

He did not make explicitly clear how much secondary flow could

improve mixing. The question is particularly important in view of

Equation (2. 17), which should be the limit for any turbulent mixing

model, as suggested by Galbraith (9).

2.2. Available Data and Correlations

Many investigators (9, 11,18,20,25,26,27,32) have studied the

turbulent mixing rate in rod bundles using various tracer techniques,

and various subchannel characteristics (gap, shape of channel).



15

Figure 3. Estimated secondary flow circuits.
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Rogers (21), Galbraith (9) and Coates (4) gave a good literature

survey on this subject.

Almost all rod bundle suchannel analyses use the lumped

parameter approach. Radial variations of fluid velocity, temperature,

pressure and tracer concentration within the subchannels are

neglected.

In considering mixing between any two subchannels i and

the lumped parameter approach assumes that the fluid property of

subchannel i is transported to subchannel j over a distance z..,
LJ

the effective mixing distance, which is in general a function of the

subchannel geometrical characteristics. The evaluation of this effec-

tive mixing distance is the key problem of the various mixing models.

Exact evaluation of z. is probably as far as the lumped
iJ

parameter approach can go. The next step toward the goal in finding

a universal mixing rate equation must include the analysis of turbu-

lence intensity and scale across the subchannels, along with the

secondary flow.

In Table 1 various proposed correlation equations are listed.

As one can see, most of the investigators successfully used some

form similar to Equation (2.15). The final correlation equations differ,

among other things, because of different approaches in the estimation

of the effective mixing distance z... The differences range from

assumptions that
3

z1... is constant, to quite complicated expressions (9).



Table 1. Turbulent subchannel mixing correlations.

Investigator Geometrical System Correlation

Hestroni (11)

Petrunik (18)

Rogers and Tarasuk
(20)

Two channel (Figure 4a)

Square-square with
square filler

Combined multi- and
two - channel

Rowe and Angle Square -square
(25, 26)

Walton (32)

Galbraith (9)

Scheel (27)

w../v = 0.0061 Re 0.

O. 783( bw../v = 0.041 Re
Dh

Dw../v = O. 05( b ) 0.57
Re

0.68

w../v = 0.003 Re .0 90

Simulated rod bundle Same as Petrunik
(Figure 4c)

Two-channel (Figure 4a)

Two-channel (Figure 4b)

)w../v= (1-exp(-f(b,Re.) )(.0113Re..875
)

/v = 0.00145 Re 1 . 024



irr
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Figure 4a. Galbraith's square-
square simulated rod
bundle.

Figure 4b. Scheel's triangle-
triangle simulated rod
bundle.

Figure 4c. Walton's triangle-
triangle two channel
simulation.

Figure 4d. Mohandes' simu-
lated rod bundle.
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Galbraith made the initial assumption that the subchannel

mixing can be compared to turbulent mixing in the turbulent core of a

circular duct and that the rod spacing when non-dimensionalized with

a subchannel mixing length may be considered a correction factor to

the turbulent mixing for a circular duct.

He showed that:

1. as b becomes large approaching the hydraulic diameter

of the subchannel, b/z.. must approach unity.

2. as Re.. becomes large, b/z.p must approach unity.

3. as b becomes small (approaching zero) b/z.. must
1.1

approach zero.

Consequently he proposed following function for b /z.. for a

multichannel analysis;

where

= 1 - exp[ -f(b, Re.., Dh)]
13

ij

f(b, Re.., Dh) = a exp(a2
+ D(a a ---)Re

4 h ij

(2.18)

(2. 19)

and a1, a2, a
3

and a
4

are empirical constants.

Equation (2. 19) fits his data well within the experimental error,

with a residual variance (
2) of only 1.8 for the range of Reynolds

numbers from 8,000 to 32,000.
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2.3. Subchannel Mean Velocity (U)

Whenever fluid flow in noncircular ducts is considered, it is

necessary to determine some characteristic length and mean velocity,

which can be used for calculations of the Reynolds number and the

friction factor. The problem is even more complicated when adjacent

subchannels are considered especially if they are not the same size.

Proper evaluation of mean velocity is of extreme importance in this

study since the friction factor, f, the turbulent mixing rate, w..,

are very dependent upon the velocity.

Hydraulic diameter is defined as

4 (flow area)Dh = wetted perimeter
(2. 20)

Dh reduces to D for circular ducts. In cases where the cross-

sectional area varies with a length, volumetric hydraulic diameter is

a suitable characteristic length, defined as

4 (volume of free space per unit length)
area of wetted surface per unit length

Consider the duct shown below

Direction
of flow

--. () p+dp

(2.21)



A momentum balance on a differential length gives:

Where:

S-12 Ac = T
o

Pdx

P = wetted perimeter

Ac = cross-sectional area

T
0

total wall shear stress

p = pressure

21

(2.22)

Applying the above equations to the subchannels in a rod bundle,

assuming no diversion flow and steady conditions, the pressure gradi-

ent along each subchannel has to be equal.

Thus:

or

JR
dx dx /2

( LIE ).Ac
i

= T .P. = 1. .12dx

(2.23)

(2. 24)

Where i denotes the subcha.nnel number as given on Figure 2. The

resisting force opposite to the direction of flow, has been found to be

proportional to the kinetic energy of the fluid per unit volume.

TTZ

F AcZgc
(2.25)

Where f is the proportionality factor, called Fanning friction factor.



Since F/Ac corresponds to shear force at the wall, T
0

,

Equation (2.25) can be transformed:

T
0 2g

fpU
2

c

making use of Equation 2.26), Equation (2.24) can be written:

(AR fe_TI

Ac idx i 2g
c

Substituting Equation (2. 20) into Equation 2.27)

2

(dx)i- gcDh )i

In accordance with Equation (2.23):

2
fpU

2 fpU2
fpU

( Dh )1 = ( Dh ) 2 -7 = ( )Dh i

22

(2.26)

(2.27)

(2.28)

(2.29)

Various friction factors-Reynolds number relationships have

been obtained, and most are in the form

f= a Reb

Blasius suggested the following expression:

(2.30)

25f = 0.079 Re (2.31)
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which can be used to predict friction factors with good accuracy for

Reynolds number from 3,000 to 100,000.

Substituting Equation (2.30) into Equation (2.25) it can be shown

that:

Ui Dhi 11-13/1+b
U. Dh. j .7-1, . , 12

3 3

(2.32)

Equation (2.32) can predict mean subchannel velocity with an

accuracy of ±5% as indicated by Rogers and Tarasuk (21).

2.4. Derivation of the Sub channel Mixing Equations

Once the concept of turbulent transfer between adjacent subchan-

nels is accepted one can develop a mathematical model, which can

describe the tracer concentration change (for mass transfer) as a

function of the axial position. However, some assumptions have to be

applied in order to permit a solution of the equations.

The following basic assumptions were used in the analytical

development:

1. There is no flow redistribution (diversion flow is not

considered).

2. The tracer injection does not disturb the flow.

3, The molecular diffusion of the tracer compared to the

turbulent mixing is negligible.
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4. Fully developed velocity profiles exist in all subchannels.

5. The eddy transported between subchannels has the average

dye concentration of the subchannel at the axial position

where the eddy is initiated.

Assumptions 1 through 4 are easily met, but some difficulties

might be expected experimentally in meeting assumption 5.

If the cross-sectional area of the subchannels become small

and the Reynolds number sufficiently low, the laminar layer can

occupy a significant portion of the cross-sectional area, so that the

dye concentration close to the walls and gap is much different than the

average concentration at the given axial position.

By simple calculation it can be shown that in this study, the lami-

nar layer occupied less than .5% of the gap space, or 0. 15% of the sub-

channel cross-sectional area. Hence, it is believed that assumption

5 is reasonable.

Consider the turbulent flow of fluid in subchannels 1 through 12,

as shown in Figure 2. For a given axial position the schematic rep-

resentation of the mathematical model is as shown on Figure 5.

Making a tracer material balance over differential length, one

can derive the following set of differential equations:

(2.33)



m2 dC
2

P dL w2, 1(C1-c2) w -C ) + w2,
, 8

-C2)

m3 d C3

p dL w3, 2(C2-c3) w3 4(C4-C3) f w3, 9(09 -C3)

25

(2.34)

(2.35)

m4 dC4
p dL w4, 3(C3 -C4) + w4, 5(C5-C .) + 10 (C10 -C4) (2.36)

m5 dC5p dL w5
-C + w

5, 6
(C6-05) w

5,
11(C11 -05) (2. 37)

m6 dC6

P dL w6, 5(C5 -c6) + w6, 1(C1-c6) + w6 12(C12-c6) (2.38)

m7 dC 7

p dL = w7, 12 (C 12-C7) + w7, 1(C 1-C 7) + w7, 8(C 8-C7) (2.39)

m8 dC
8

p dL = W8,
7

(C7-C8) + w 8, 2 (C
2

-C8) + w 8, 9 (C
9

-C8) (2.40)

m9 dC9

p dL w9, 8(C8-C9) + w9 3(C3 -C9) +
w9,

(C10' -10-C9)
(2.41)

m10 dC
10

P dL w10, 9(C9 -C10) + w10, 4(C4-C10) + w 10, 11(C -c 10)

(2.42)

m11 dC
11 w (C -C )

P dL 11, 10 10 11

m12 dC12

+ w I, 5 (C5-C11) + w11, 12 (C 12-C11)

(2. 43)

p dL w12, 11 11 12 12, 6 (C
6 12-C ) + w -C ) + w12, 7 (C7-C12)

(2. 44)

With boundary conditions:



at L = 0

C
1

= CI l' C = CI2' C
3

13= C , = CI4' C
5

= CI
5;

C6 = 16; C7 = CI7' C
8

= CI
8'

C
9

= CI 9; C10 = C110;

C11 = CI 11; C12 = CI
12

at L =L
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(2. 45)

C1 = CF1; C
2

CF2; C
3

= CF3; C 4 = CF4; C
5

= CF 5;

C6 = CF6; C7 = CF7; C8 = CF8; C9 = CF
9

; C10 CF 10;

C11 = CF 11' C
1

CF
12

(2.46)

The solution for the set of differential equations requires only

one set of boundary conditions, so that either one can be used (2. 45)

or (2.46).

In this study, the first set of boundary conditions was used

(Equation (2.45)) while the second set (Equation (2. 46)) was utilized

as the solution checkpoint.

Applying assumption 1, Equation 2.47) can be derived:

NV_
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i = 1, ..., 12
j= 1, . . . , 12

i j

(2.47)

and considering the particular geometrical construction of the test

section one can see that:



Figure 5. Schematic representation of the mathematical model at the given axial position.



m
1

m
2

m3 m4 m5 m6 m
I

m7 m
8

= m9 =m10 m
11

= m12 = m
II

= W
1,1+1

w1,.. . . 6 = w
1' '

w1,
6

wi, i+6 wIII

w 7,12,, w
III

i = 1, ..., 5

i = 7, ..., 11
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(2.48)

(2.49)

(2.50)

(2.51)

(2.52)

where now

m1 = mass flow rate through the triangular channel

m11
= mass flow rate through the trapezoidal channel

w
I

= turbulent mixing rate between any two adjacent triangular

subchannels

w11
= turbulent mixing rate between any adjacent triangular and

trapezoidal subchannels

w
III

= turbulent mixing rate between any two adjacent

trapezoidal channels.

Using Equations (2.47-2.52), Equations (2.33-2.44) result in

(2.53)
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dC. w
I

(C.
w

II -C) = 2, . , 5 (2.54)
i+1 m i+6 idL m

I

de6
`ATI

= (C5-2c. +c
1

+ (C -cm
I

12 6

dC w
7

m
III II

(C
12

-2C
7 m+C ) +

dL II II
-C7)

(2.55)

(2. 56)

dCi w
III w

II(C.
1 i

2C +C ) + (C -C
i

) = 8,...,11 (2.57)
dL m

II
- i+1 m

II
i-6

dC
12 wIII

14

w
II(C11-2C,_+CdL 7

) +
m ``-'6

11 II
(2.58)

Analytical solutions for Equations (2.56-2.58) is not practical,

so that a numerical algorithm has been used. The Runge-Kuta Merson

(RKM) (see Appendix E), integrating routine was applied because of

its possibilities to give a solution of any desired accuracy, and to

adjust step-size during a calculation which reduced computer time.

Three parameters (turbulent mixing rates) WI, II' Wm

1

must be determined before any integration can be executed. In view of

this, the solution for Equations (2.53-2.58) becomes a typical "System

Identification Problem" so that some optimization scheme must be

applied.

'Since the concentration in the subchannels 6 and 12 were nonmeas -
urable through all experimental runs, they were exempted from cal-
culations.
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"Optimal, " a non-linear system programming, which is avail-

able on the Oregon State University CDC 3300 computer, was used for

searching for the optimal set of w II'
w III' in order to minimize

the objective function as defined by Equation (2. 59).

J 1C.-CF.1 -CF.1

i=1 i=7

(2.59)

Where C. is the calculated concentration at axial position

L = 60.96 and CF. is experimentally obtained concentration at

the same point.
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3. 0. EXPERIMENTAL EQUIPMENT

A schematic flow sheet of experimental equipment is given in

Figure 6. The total system can be divided in four sections:

1. Test section

2. Tracer injection section

3. Sampling section

4. Measurement devices

The equipment was located in the basement of the Chemical

Engineering Building at Oregon State University. Water from the city

water main was used, and after passing through test section directed

to the drain.

3. 1. Test Section

The test section was composed of:

1. Inlet and exit headers

2. Rod housing

3. Rods with injection needles

Figure 6 is a schematic representation of the test section.

Three distinct regions exist in the test section.

1. The entrance region was designed of sufficient length to pro-

vide fully developed turbulent flow. No general relationship

is available to predict such a required distance for the
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Figure 7 Schematic of the experimental test section.
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geometry of the test section. For a fully developed velocity

profile, approximately 50 tube diameters are required for a

rounded entrance, and somewhat less for a sharp-edged

entrance (15). Since the inlet header was sharp-edged,

73.66 cm of entrance length should be enough for developing

a fully turbulent flow.

2. The second part of the test section was the "mixing" region.

Six hypodermic needles inserted through the outer plexiglas

tube into the test section marked the beginning of the mixing

region, while another set of six needles 60.96 cm down-

stream marked the end of the same region. The first set of

needles was used as a first concentration measurement point,

and the upper set of needles as a second concentration

measurement point.

3. The rest of the test section, 17.78 cm long, was an exit

region, which should provide the necessary length for pro-

tection of the mixing section of the test section from any

disturbance of fluid flow on the exit header.

Inlet and Exit Headers

Both inlet and exit headers were identical. They were made of

1.27 cm thick aluminum plates. Each header consisted of two plates,

which were bolted together. Both plates are shown on Figure 8.
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ROD HOUSING CHANNEL
ROD SUPPORTING HOLE

Figure 8. Header.
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A circular channel 0.65 cm wide and 0.95 cm deep was cut on

the upper part of the headers. This channel was providing a support

for the rod housing. Holes, seven 0.94 cm in diameter and 0.8 cm

deep, were drilled offering a support for the rods.

The rest of the plate was drilled with as many holes as possible

in order to provide sufficient area for fluid flow.

The bottom plate of the header was attached to the water feed

and drain pipe. Both plates of the header were bolted together when

assembled with the rest of the equipment.

Rod Housing

Rod housing was a 154.2 cm long plexiglas (acrylic plastic)

cast tube. The inside diameter of the tube was 8.89 ± 0.004 cm. The

tube wall was .635 cm thick. The schematic of the rod housing cross-

section along with the cross-section of the rods is given on Figure 2.

Rods

Figure 8 shows the rod arrangement inside the rod housing.

A 152.4 cm (acrylic plastic) long rods were used. The rod diameter

(d = 1.913 ± 0.003 [cm]) was measured at many different axial posi-

tions, and it was found that the diameter variation never varied more

than ±0. 16%. The rods were machined at both ends as shown in Fig-

ure 9 in order to match the supporting holes drilled in the upper
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Figure 9. Assembly of rod, injection needle and upper plate
of inlet header.
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plate of the header.

Very accurately drilled and equally spaced rod supporting holes,

provided equal spacing between any two rods and any rod and the

housing wall. No additional devices were added to insure equal spac-

ing of the rods.

On the end of the rod a 0.32 cm diameter hole was drilled on

which a tracer injection needle was attached. Figure 9 shows the end

of the rod, tracer injection needle and upper plate of the inlet header,

assembled together.

3.2. Tracer Injection Section

The tracer injection section consisted of the tracer holding

tank, tracer pump, rotameter (described in the measurement devices

section), valves and tracer injection needles.

The tracer holding tank, a 20 gallon stainless steel jacketed

kettle, was attached to the brass gear pump driven by an electrical

motor (Figure 6). The desired injection pressure, and rough control

of tracer flow rate was set by the recycle control valve. For fine

control of the tracer flow rate a needle valve was placed immediately

after the rotameter.

The rotameter reading was not used as a reference point for

tracer mass balance calibration, but only to insure a steady flow rate.

All piping for the tracer solution consisted of a 0.635 cm plastic tube,
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except the last 50 cm before the injection needle, when 0.32 cm

diameter tubing was used. A 0.32 cm plastic tube was glued into the

same size hole at the end of the rod. In that way, a connection was

established all the way from the tracer holding tank to the injection

needle s .

Injection needles were attached to the rods and pointed down-

stream in the middle of the channel. Only one channel was initially

traced at a time. It was quite difficult to adjust the injection needles

to inject the tracer exactly in the middle of the sub channel, but that

difficulty was irrelevant for this study.

3.3. Sampling Section

Brass tubes 0.32 cm in diameter, already referred to as

hypodermic needles, were used for diversion of a portion of the flow

from each subchannel. The needles were inserted through the wall

of the rod housing and pushed into the test section until they touched

the central rod. Small holes were drilled 0.6 cm and 2.5 cm from

the end.

There were two types of needles, according to the distance of

the hole from the end. The needles with the hole 0.6 cm from the end

were used for sampling in triangular subchannels. The other ones

with the hole 2.5 cm from the end were used for sampling in

trapezoidal subchannels. The hole on the needle was drilled in such a
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position that allowed taking a sample from the middle portion of the

subchannel when pushed all the way to the central rod.

Figure 10 shows the position of the needles and the holes, on

the cross-section of the rod bundle.

The holes were facing the flowing fluid which helped increase

the flow rate in the sample lines.

The position of the needle in the test section is very important,

as quite steep concentration gradients exist (due to the relatively

low mixing rate) throughout the suchannels which are further from

the initially traced subchannel.

Figure 11 shows the radial concentration profile in two adjacent

subchannels, one of which was initially traced.

However, the concentration profile is changing as a function of

the subchannel Reynolds number, and is different on a different radial

cross-section. By sampling only a middle portion of the subchannel

flow, an error is probably introduced, but it was constant and the

same for both samples on the first and second measurement point.

It did not exceed the order of magnitude of the other measurement

errors.

Flexible .635 cm plastic tubing attached to the needle by

reducing Swagclock unions, carried the sample directly to a small

mixing vessel. The mixing vessel was a small test tube which could

be easily inserted in the fluorometer (see measurement devices).
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Figure 10. Position of the needles in the test section.
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3.4. Measurement Devices

Dye Flow Rate

43

The tracer solution flow rate was measured by a Fisher-Porter

Tri-Flat low rate rotameter. The black teflon ball was used because

it is more easily seen in the red dye. (For the calibration curve see

Appendix A.)

Temperature Measurement

Temperature of the air in the building and the temperature of

the water at the end of the drain pipe was measured using a mercury

thermometer with divisions of .5°F.

Pressure Drop

Two water-over-carbon tetrachloride manometers were

attached to the test section. One of the manometers measured the

pressure drop for the mixing section, while the other one was used to

check for existence of bias pressure. Plastic tubing (.635 cm) was

the lead line between the pressure taps and the manometers. A set

of valves and bypassing lines was designed to permit draining of any

side of the manometers.
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Water Flow Rate

The position of the orifice flowmeter on the water feed pipe is

shown on Figure 6. The pressure differences across the orifice plate

was converted to a millivolt signal by a pressure transducer. The

millivolt signal was displayed on a DC voltmeter. This signal was

linearly related to the pressure drop (see Appendix C for the calibra-

tion curves). The pressure transducer needed an excitation signal of

10 volts DC which was supplied by model 62-124 D. B. C. Regulated

Power Supply. Two drain lines were provided for the pressure

transducer to drain occasional air bubbles.

Tracer Concentration

The Rhodamine B Dye tracer was detected with a G. C. Turner

Model III fluorometer (see Appendix D). The fluorometer has the

capability to be used with the continuous sample flow or to measure

samples in batch lots. For the reasons described in Appendix D,

batch sampling was used. DuPont Rhodamine TLX-670 solution

fluorescence could be measured for concentrations in the range

4 x 10-4 to 2.5 x 10 -7 grams TLX-670 per liter of water. (For more

information about Rhodamine Dye see Appendix D. )
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4. 0. EXPERIMENTAL PROGRAM

The primary goal of this study was to investigate effects of sub-

channel geometrical configuration and mass flow rate on the mixing

between adjacent subchannels in a rod bundle.

The test section was designed to provide possibilities for meas-

uring the turbulent mixing between adjacent subchannels ina rod bundle.

The test section was designed for measuring the turbulent

mixing rate between triangular-triangular, triangular-trapezoidal

and trapezoidal-trapezoidal subchannels.

The mass flow rate was varied between 1.5 lit/sec to 8 lit/sec,

which gave a range of the Reynolds number from 5,000 to 40, 000. The

mass flow rate was limited by the maximum possible water supply in

the Chemical Engineering Building.

The effect of wire wraps in the same rod bundle was also

investigated. Possible directional flow diversion is neglected and

increased mixing explained by the effect of so-called flow scattering

(non-directional flow diversion),

The results of previous investigations were used for comparison

with the results of this study.

The Galbraith (9) model, originally developed for a square-

square subchannel configuration was adapted and fitted to the experi-

mental data.
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5. 0. EXPERIMENTAL PROCEDURE

5.1. Assembly of Test Section

Since the pressure inside the test section was usually about

2 atm. , certain precautions were taken to minimize leaks. The leaks

could appear only on the headers. Before assembling the test section,

all parts were cleaned by a mixture of acetone and ethylalcohol. A

thin layer of Silastic 732 RTV adhesive sealant (Silicone glue) was

applied on the surface of two plates of the inlet and outlet header.

The supporting channel for the rod housing was partially filled with

silicone glue.

After this layer dried, a second layer was applied and all parts

of the test section were assembled immediately. The inlet and exit

header were then fixed to the supporting structure and the test section

was set in a vertical position. A certain axial pressure was imposed

on the test section to insure stability of the whole construction. The

first run was usually made 24 hours after assembly.

5.2. Experimental Procedure

1. The Fluorometer, DC Voltmeter and DC power supply were

turned "on, " for a 60 minute warm-up period.

2. The main valve on the water supply pipe was turned "on" and

the head tank filled to overflow to the drain. The two water
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pumps were turned "on" and both water flow control valves

opened.

3. The fluorometer and pressure transducer lines were flushed

for 20 minutes.

4. The fluorometer and DC voltmeter were checked for zero

readings.

5. The water control valves were adjusted and the desired flow

rate established.

6. The dye pump was turned "on" and the control valves set in

the desired position. (Readings of the rotameter were kept

constant. )

7. Hypodermic needles were placed into the test section so that

measurement of the concentrations in the triangular subchan-

nels could be made.

8. Many samples were checked to ensure that steady state con-

ditions were reached. All instruments were checked again.

9. Bias pressure was checked.

10. Concentration on the first measurement point (lower set of

needles) was measured first. Three samples were measured

for each needle (subchannel) and the average value recorded.

11. The lower set of needles was pulled out of the test section to

eliminate any disturbance of the flow while concentrations

were measured with the upper set of needles.
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12. Concentration on the second measurement point (upper set of

needles) was recorded, averaging measured values of

fluorescence for three samples.

13. Readings of the DC voltmeter, rotameter, manometer, water

temperature and orifice plate size were recorded.

14. Both sets of needles were replaced by those needles which

could measure concentration in trapezoidal channels.

15. Steps 9-13 were repeated.

16. The date, tracer concentration in the tracer holding tank, and

environmental temperature were recorded. The tracer pump

was turned off.

An average run was 180-240 minutes long. For any successive

run, steps 3-15 were repeated.
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6.0. CALCULATIONS

Experimental data consisting of the different instrument

readings are shown in Appendix F.

Experimental data include records of

1. Water temperature in °F

2. DC voltmeter readings in millivolts

3. Manometer readings in cm of CC1
4

4. Fluorometer readings and sensitivity

These data are converted to densities, flow rates, concentration,

etc.; in order to obtain final results in the form of

1. friction factor

2. turbulent mixing rate

3. Reynolds number

All final results and intermediate steps in the calculations are

obtained by computer.

The FORTRAN Programs used are found in Appendix E.

6. 1. Gap Space, Areas, Perimeters and Hydraulic Diameters

All geometrical characteristics of the test section can be cal-

culated from two parameters:

rod housing diameter D = 8. 89 cm

rod diameter d = 1. 913 cm
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Gap Space b

Gap space b is the distance between any two rods in the rod

matrix or any rod (but middle one) and the inner wall of the rod

housing. "b" is calculated by Equation (6.1).

b = (D-3d)/4 (6. 1)

Subchannel Areas

The triangular subchannel area is calculated by Equation (6.2)

2 2

d8 1-6Tr --8-

The trapezoidal subchannel area is calculated by Equation (6.3)

(6.2)

A. = Tr( D d2 - 2 ' (d
4)

2

t"
24 6 1 4 j = 7-12 (6.3)

The total flow area is calculated by Equation (6. 4)

Ao = 6(A.+A.) (6.4)
1

Subchannel Wetted Perimeter

The triangular subchannel wetted perimeter is calculated by

Equation (6. 5)
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P.
1

= Tr
2

i = 1-6 (6.5)

The trapezoidal subchannel wetted perimeter is calculated by Equa-

tion (6.6)

1TP.=
D

+
2

d) j = 7-12
6 3

(6.6)

The wetted perimeter for the entire test section is calculated by

Equation (6.7)

Po = (D+7d) (6.7)

Hydraulic Diameter

Equation (6. 8) is used for calculation of hydraulic diameters,

4Ai
Dh =

P1 .

i = 1-12 (6.8)

Dho
_4A0

Po

where Dho is the hydraulic diameter for the overall test section

and Dh. is the hydraulic diameter for either the triangular or

trapezoidal subchannel.

All of the above calculations are performed in SUBROUTINE

GEOM listed in Appendix E.
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Mass Flow Rates--Orifice Plates

SUBROUTINE FLOW converts the millivolt output of the pres-

sure transducer to mass flow rate.

Orifice plate calibration procedure is shown in Appendix C

along with the correlation between pressure transducer voltage output

and flow rate.

The orifice equation

where

reduce to

W Co TrDo
[

2pgcisp b
i-p4

Do
P= -D b = 5

W = a
1

(ts p)
b

(6.9)

(6. 10)

where al is a constant fora given orifice and constant temperature.

op is linearly related to the voltage output (V) of the pres-

sure transducer.

AP a2V
(6. 11)

Substituting Equation (6. 11) into (6. 10), Equation (6. 12) is

obtained.

W = a
3

(6. 12)
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In Table C-I, Appendix C, are listed experimental values for

a
3

and b for orifice plates of different sizes.

Temperature effect on the orifice plate measurement was

studied and it is found that it is negligible for temperature variations

within 10°C.

6. 2. Subchannel Velocities and Mass Flow Rate

Mass flow rate through the entire test section is obtained from

Equation (6. 12). Average velocity can be calculated from Equation

(6. 13)

Uo
pAo

(6. 13)

Equation (2.32) is used for calculation of the average velocities

in subchannels

Di
11+19/2-b

Uo(= o
Do

i = 1-12 (2.32)

where b is the exponent in the friction factor correlation (see

Equation (2.30)).

Discussion of Equation (2.30) is given in Section 2.3.

SUBROUTINE UOU1U2 calculates average velocities in the

triangular and trapezoidal subchannels. The subchannel mass flow

rate is calculated by Equation (6. 14) and also can be found in



SUBROUTINE UOU1U2.
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m. = U.pA. (6. 14)

6.3. Tracer Concentration

All concentration calculations were made from the measured

fluorescence and the calibration curves (see Appendix D). Actually,

fluorometer calibration data were processed by computer and curve-

fitted to the best line. The correlation obtained was then used in

SUBROUTINE DYECON, which, using a linear interpolation scheme,

can calculate the concentration for any temperature within the

calibration range, and for any magnification of the fluorometer.

The dye flow rate is controlled by keeping a constant reading on

the rotameter installed on the dye injection line. The rotameter read-

ing was used as a checkpoint for dye mass flow rate.

Dye mass flow rate, md, in the injection line was calculated

by Equation (6. 15)

and = Fd CT (6. 15)

Dye mass flow rate was calculated at the other two points on the

test section. Equation (6. 16) was used for the calculation of dye mass

flow rate at the first concentration measurement point.



and

i, j

[ci m
I
i-cij m H] /() i = 1, 2... 6

j = 7, 8...12
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(6. 16)

and Equation (6. 17) at the second concentration measurement point.

and [CF. m
I
+CF

j
mII] /p i = 1, 2...6

j = 7, 8._ 12
(6. 17)

Equation (6. 15), (6. 16) and (6. 17) are part of SUBROUTINE DYEBAL

which calculates dye mass flow rate at all three points (at the

rotameter on the injection line; first concentration measurement

point and second concentration measurement point).

6. 4, Friction Factor

When dp/dx is approximated by Lp/L Equation (2.28) can

be rearranged to give an expression for calculation of the Fanning

friction factor;

where

gcDh

2u2 L
P

(6. 18)

Op is observed, test section pressure drop, measured with a

manometer.

L is the distance between two pressure taps (60.96 cm).



Actually, the observed quantity is the difference in the levels,

h, of carbon tetrachloride on each side of the manometer.

Equation (6. 19) converts Ah (cm) readings to the pressure

drop p[grf/cm2]

AID = oh
g

[P
m

-P]
c
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(6. 19)

SUBROUTINE FFOREO calculates the Fanning friction factor,

while SUBROUTINE FPROP provides exact values for water density

at the actual water temperature, and values for (pm-p) at the

environmental temperature.

6. 5. Mixing Rates

Calculation of the turbulent mixing rate w.. was made after
LJ

all above calculations were made. The set of ordinary differential

equations developed in Section 2 were numerically integrated with a

4th order Runge-Kutta-Mer son routine. Since the turbulent mixing

rates w
I;

w
II;

w
III;

appear as a parameter in these differential

equations, an initial guess was made as an input to the solution

algorithm. Further calculations were done automatically with the

help of the nonlinear programming system "Optimal" which was

searching for set of w
I;

w
II;

w
III;

in order to minimize Equation

(2. 59).
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Figure 12 shows the flow chart of the solution algorithm. A set

of 9 subroutines were used to support searching for optimal values

and wIII.

SUBROUTINE SOLV carries out the integration initialized by

CIN(I) (tracer concentration at the first measurement point), m
I

and m11, and the set of guessed turbulent mixing rates w
I, wII,

and wIII .

SUBROUTINE PHIX uses results, predicted tracer concentra-

tions at the point L = 60. 96 (cm) downstream from initial concen-

tration measurement, and compares them with experimentally

observed concentrations at the same point, calculating objective func-

tion J.

The value of the objective function is transferred to the main

program of the "Optimal" programming system, which chooses a new

set of values for wI, w
II

and w
III

or terminates calculations if

the relative value of objective functions do not change more than 1%.
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Figure 12. Flow chart of the solution algorithm.



7. 0. ANALYSIS OF DATA

Observed experimental data were processed by means of a

digital computer and FORTRAN programs which are listed in

Appendix E.

A least square method was applied for correlation of results.

Friction factor Ilftl and turbulent mixing w,./v as a function of

59

Reynolds' number, Re, was curvefit by the best straight line using

least square criterion as the objective function to be minimized.

The most suitable functional relationship f - Re and

w../y -'Re are given by Equations (7. 1) and (7. 2); and will be dis-ij

cussed later in this section.

f= a Reb

w../v = a Reb

(7. 1)

(7. 2)

Coefficients a and b in Equations (7. 1) and (7. 2) were

evaluated by using a straight line curvefit of the form:

y=a
1

+ b1 x (7. 3)

y = log(f) or log(w../v) (7. 4)

x = log Re

a1 = log a

b
1

= b
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Appendix H discusses statistical analysis of the correlation of

the experimental data used in this section.

7.1. Friction Factor in the Smooth Rod Bundle

Figure 13 is a plot of the experimental Fanning friction factor

as a function of overall test section Reynolds number Re. On the

same plot, the solid line represents Blasius' equation.

form

5-f = 0.079 Re 2. (2. 8)

Many investigators (7, 9, 27, 39) found that the equation of the

f = a eb

can represent the functional relationship f - Re for rod bundles.

Wagner (30) reported that the Blasius' equation can be used for

prediction of friction factor in rod bundles for a Reynolds number

range of 4 x 103 to 4 x 105. Mohandes (38) conducted an extensive

investigation of friction losses for water flowing in non-circular

ducts. He assumed that the Blasius type of correlation may be used

to correlate the friction factor data. Furthermore he found that for

his geometrical configuration of test section (see Figure 4d) Equation

(7. 5)

. 0539 Re -0.25 (7.5)
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best represents experimental data, but he did not determine if

Equation (7. 5) was significantly different from Equation (2. 8).

Figure 14 shows the best straight line curvefit for the friction

factor data of this study. Points below Reynolds number 7 x 10-3 are

not included in the correlation as it can be concluded from Figure 13,

that below Re = 7 x 10
4 transition flow occurs in rod bundles;

and consequently Blasius' equation does not apply.

data.

Equation (7. 6) was found to be the best fit for the experimental

f = 0.085 Re .258 (7.6)

The "t " test showed that intercept a = 0.085 and slope b = -.258

are not significantly different from the intercept and slope of

Blasius' equation.

Figure 15 also shows that use of Blasius' equation is not

significantly different than the least square curvefit of the data.

7,2. Friction Factor for Rod Bundle with Wire Wraps

Observed pressure drop for a test section with wire wrapped

rods is substantially higher than for the same rod bundles free of

wires. In order to treat correctly the observed friction factor data,

one must choose an appropriate type of equation, which can explain

increased pressure drop. In the previous section it was shown that
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the Blasius' equation and hydraulic diameter based on

4 x flow area
Dh = wetted perimeter

65

(2. 20)

was a good approach to treat friction factor data.

It is obvious that Blasius' equation can not be used for rod

bundles with wire wraps. Wire wrapped rod bundles are not smooth

nor is flow area constant along the axis.

Hydraulic diameter based on the ratio

4 x volume of free space per unit lengthDv = area of wetted surface per unit length (2. 21)

might be a good way for evaluation of friction factor for non-smooth

rod bundles.

If subchannel hydraulic diameter is defined by Equation (2.21),

one can then consider such rod bundles hypothetically smooth, and

use a simple relation f = a Reb, but should not expect that the

friction factor - Reynolds' number correlation obtained can be the

same as for smooth rod bundles.

Another way to approach friction factor data for wire wrapped

rod bundles is to define an equivalent roughness of the subchannel

walls, and explain increased pressure drop by the increased rough-

ness.

Equation (7. 16) defines one of the possible correlations which
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can be used if the concept of relative roughness is shown to be useful.

The hydraulic diameter of the subchannels, in this case, is defined

by Equation (2. 20). It can not be expected that for large axial pitch

of the helical wire wrap, the ratio:

subchannel hydraulic diameter
wire diameter (7. 7)

is equivalent to the hypothetical relative roughness.

Equation (7. 7) will define a much lower value for the relative

roughness than the actual roughness, which explains increased pres-

sure drop. If the axial pitch of the helical wire wrap becomes

smaller and smaller, Equation (7.7) will eventually define a real

roughness of the subchannel walls.

Axial wire pitch Axial wire pitch

Dh I relative roughness Dh relative roughness
w

Another way to explain increased pressure drop in wire wrapped

rod bundles is to divide pressure drop into two terms; one of which

would represent pressure drop due to friction losses for turbulent



flow in a smooth rod bundle, and the remaining pressure drop would

represent losses due to the drag resistance force, on the wires.

APtotal
An f

'friction 'drag (7.8)
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The second term in Equation (7.8) is assigned to the pressure

drop due to the drag forces on the wire wraps. Using this concept

implicitly, it is accepted that the distribution of the flow in wire

wrapped rod bundles is the same as in the smooth rod bundle. Pres-

sure drop due to the friction loss in turbulent flow can be evaluated

using Blasius' equation for friction factor in smooth rod bundles.

2fLpU 2

Apdrag = Aptotal - gcDh (7.9)

f = 0.079 Re:: 25
13

Dividing total pressure drop into pressure drop due to the turbulent

flow through smooth rod bundles and pressure drop due to the drag

forces, does make sense only when there is sufficient evidence that

wire wraps on the rods proportionally obstruct flow in each of the

adjacent sub channels.

Equation (2.32) shows that redistribution of the

U. Dh.

U. Dh
(2.32)
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flow in adjacent channels is a function of hydraulic diameter ratio

Dh./Dh. and parameter b which is the exponent in the frictionj

factor Equation (7. 10, or 7. 11). For a given system geometry, flow

distribution becomes a function only upon the parameter b.

Consider Equation (7.10) as the best fit

b
1f= a

1
Re (7. 10)

for the friction factor Reynolds number data in a smooth rod bundle.

Assume:

1. turbulent flow is well developed,

2. there is not any channel with dead space and corners which

could offer conditions for laminar flow,

3. equivalent diameters of adjacent subchannels are not too

much different.

If the above conditions are met, then Equation (7. 10) can pre-

dict friction factor in any of the adjacent subchannels.

Let Equation (7. 11) be the best fit for friction factor Reynolds

number for the same rod bundle considered above but with wire wraps,

using Equation (2. 21) to evaluate hydraulic diameter.

If

b2
f = a Re

b
1

b
2

(7. 11)

(7. 12)
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i.e., the slopes of Equation (7.10) and (7.11) on the log-log plot are

not significantly different, the distribution of flow through different

subchannels is the same for smooth, and for rod bundle with wire

wraps.

Since the pressure drop for the same mass flow rate through a

rod bundle with wire wraps is higher than for a smooth one, one

should expect that

If

a2 a
2 1

b
1

b
2

(7.13)

(7. 14)

i.e. , the slopes of Equation (7.10) and (7. 11) on log-log plot are

different the distribution of the flow on different subchannels is not

the same for smooth and wire wrapped bundles.

This means that by introducing wire wraps into the rod bundle,

the resistance to fluid flow is not proportionally distributed in the

different subchannels, and wire wrap is a much bigger obstruction to

fluid flow in some of the channels than in others.

It can always be expected that

I b < I b (7. 15)

In this case the friction factor data can be fitted as well by
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some expression which will introduce concept of equivalent roughness,

such as

= 4 logr + 2. 28 - 4 log(1+4.67 rrr.) (7. 16)

(or any other expression which would have similar form as Equation

(7. 16)) where r is a hypothetical relative roughness.

One can see that the form of Equation (7. 16) provides such

functional dependence that f becomes independent of Re at higher

values.

This leads to the conclusion that equation

b
f = a

2
Re2

can be utilized for a smaller Reynolds number, up to 50,000, a small

wire diameter and a larger axial wire pitch.

For a larger Reynolds number, bigger wire diameter and

smaller axial wire pitch, Equation (7. 16) or something similar to it

will better represent friction factor data in rod bundles with wire

wraps.

7.3. Friction Factor Correlations.

This study did not have as a primary goal to test various

approaches in presenting friction factor data for rod bundles with
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wire wraps, but an effort was made to quantify a mixing rate

and friction factor in such bundles.

Experiments were not designed to generate data which would

given sufficient evidence for the best approach in treating friction

factor data.

Figure 17 is a plot of friction factor vs. Reynolds number. The

upper solid line represents the best fit for the friction factor-

Reynolds number correlation based on an assumption that increased

pressure drop will be explained by equivalent roughness at the sub-

channels walls.

f= O. 0305 Re -.121 (7. 17)

Equation (Z. 20) is used for evaluation of hydraulic diameter. Same

data are plotted on Figure 18 along with the equation:

= 6.36 - 4 log(1-4.67 145 )
Re NiT

(7. 18)

with an equivalent relative roughness of 145.

The "F" test shows that Equation (7. 18) and best fit through

the data are not significantly different on the 5% significant level.

The bottom solid line on Figure 17 is the best fit for the

friction factor-Reynolds number correlation if Equation (2. 21) is used

for calculation of hydraulic diameter.
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f = 0.0296 Re 121
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(7. 19)

The slopes of the best fit curves on Figure 17 are identical,

while intercepts are different. Joint confidence regions for intercept

and slope (Figure 19) for these two least square fits do not overlap

each other, which shows that they are significantly different on a 5%

significant level. In order to decide which of these two fits should be

accepted, further experimental investigation is needed.

For the purpose of this study, Equation (7. 17) was used for

calculation of the average velocities through the subchannels.

7.4. Mixing Results for Smooth Rod Bundle

Figures 20 through 24 show the turbulent mixing results for the

smooth rod bundle. Each point on the graph is obtained by averaging

six independent measurements, for the same system conditions. The

channel which is initially traced is randomly chosen. It is found that

by choosing different subchannels for initial tracing, under the other

same system conditions, do not significantly influence mixing results.

The ordinate is the dimensionless quantity w.. /v , where v is
Li

kinematic viscosity. The abscissa is the Reynolds number for the

appropriate subchannels.

Figure 20 shows the experimental data of this work for the

turbulent mixing between triangular subchannels and their least
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square curvefit, along with Galbraith's (9) equation for the gap space

of .788 cm and Scheel's (27) prediction equation for the gap space of

.789 cm.

Galbraith's prediction equation is based on measurements of

turbulent mixing rates for square-square subchannel configurations.

The confidence region (am elips) for the slope and intercept together

indicate that Galbraith's equation is not different on 95% significant

level from the prediction curves of this study, while Scheel's equation

is significantly different as shown on Figure 24. 2 Later in this

section it will be shown if the slope of the subchannel has influence

on the mixing rate.

Figure 21 shows the best curvefit of experimental data for

turbulent mixing between triangular and trapezoidal channels. The

turbulent mixing rate is plotted versus the average Reynolds number

defined as,

Reaverage = (retriangular + Retrapezoidal) /2 (7. 20)

2Galbraith's prediction curve is not a straight line on a log-log
plot so that it is represented on Figure 24 by the best straight line
through the points predicted by his equation using the gap and hydraulic
diameter values of the present work.
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Figure 22 is a plot of turbulent mixing rates for the trapezoidal-

trapezoidal subchannel configuration.

On Figure 23 are shown together, curvefits for mixing rates

between all subchannel configurations. Joint confidence regions of

the slope and intercept for those three correlations are plotted on

Figure 24. One can see that a significant difference does not exist

between turbulent mixing rates for different subchannel geometry.

This leads to the conclusion that subchannel configuration is not an

important factor in prediction of turbulent mixing rate, such as the

Reynolds number and gap space, which are variables of higher

importance.

7.5. Correlations of the Mixing Results for Smooth
Rod Bundle

Table 2 shows empirical correlations for subchannel mixing

values, in the form of Equation (7.21).

Table 2.

Channel

Intercept
a x 103 Slope

Correlation
Coefficient

Trapezoidal-trapezoidal
Triangular -triangular
Trapezoidal - triangular

7.55

4.17

1.97

.907

.963

1.03

. 915

.971

, 984
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(7. 21)

There have been attempts to use Equation (7. 21) for correlating

turbulent mixing rate and Reynolds number and examples are given in

Table 1. Equation (7.21) when compared with Equation (2. 15)

implicitly assumes that mixing distance between subchannels, z..,

(discussed in Section 2. 2) is not a function of either the Reynolds

number or gap space.

Galbraith (9), using results of his work, found that intercept

"a" can not be unique constant independent of the Reynolds number

and gap space, and proposed Equation (2. 15) for correlation of

turbulent mixing data. He furthermore developed an expression

(Equations 2.18, 2,19) for b/z.,; which explicitly shows that z..
ij LJ

is a function of Re and b. In final form, his prediction equation

is given as;

where

w.,
iJ b- exp -[a, exp(a2 15)+1° 5

(a
3

+a4 Dh)Re..]}0. 0113 Re .

.875

al = . 14 a2 = 4.75

a
3

= 1.1 a
4 = 4. 7

(7. 22)
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Scheel (27) reported that his data for triangular-triangular

subchannel mixing rates agreed quite well (within experimental

errors) with the Galbraith prediction equation multiplied with the

factor .82. This confirms the conclusion, since Galbraith derived

Equation (7. 22) for square-square subchannels, that mixing rate is

weak function of subchannel configuration. An attempt is made to

correlate the mixing rate data of this study using a form of Equation

(7. 22), and the results are given in Table 3.

Table 3.

Empirical Square
Constant Trapezoid- Triangular- Trapezoid- Galbraith
Eq. 7.22 Trapezoid Triangular Triangular Work

al .40 .31 .28 .14

a2 4.75 4.75 4.75 4.75

a3 1.1 1.1 1.1 1.1

a4 4.7 4.7 4 7 4.7

The influence of the subchannel geometry on the mixing rate,

investigated in this study, was quite weak and "covered" by the experi-

mental error. For the lower Reynolds numbers difference between

mixing rates for different subchannel configurations is 5 to 10%. For

the Reynolds numbers over 30,000 these differences are even more

reduced and could be neglected.

Different subchannel configurations usually cause different mean
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velocities. When influence of the subchannel geometry on the mixing

rate is considered, the effect of the different mean velocities must be

excluded.

7.6. Mixing Results for Rod Bundle with Wire Wraps

The mixing results for a rod bundle with wire wraps gave higher

mixing under the same conditions as for the smooth rod bundle.

The mixing rate is measured at three different Reynolds

numbers. Each point on Figure 25 represents six independent

measurements which are averaged and then processed by means of

the digital computer.

The bottom lines on Figure 25 are the best fit for mixing rates

between trapezoid-trapezoid, triangular-triangular, and triangular-

trapezoid subchannels in the smooth rod bundle.

As it can be seen, the wire wrap improved a mixing rate 2 to 3

times depending on the Reynolds number.

It is evident that for a lower Reynolds number, helical wire

wraps have much smaller influence on the mixing rate than for higher

Reynolds numbers, especially when the axial pitch is larger and the

diameter of wire is small.

In this case, for the smaller Reynolds numbers, laminar the

layer can "cover" the wire and reduce its influence on mixing rate.
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Figure 25. Mixing results for rod bundle with wire wrap.
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When helical wire wrap is introduced into the rod bundle, one

can expect an occurring phenomenon called flow sweeping. The

sweeping is the forced mixing in a preferred direction by devices such

as helical wire wraps, or fin spacers, contoured grids and mixing

vanes.

Each revolution of wire wrap carries a definite fraction of the

total flow with it irrespective of the wire pitch. Mixing rates by flow

sweeping are much higher than those by turbulent interchange.

However, the mixing results of this study for the wire wrapped

rod bundle do not show that observed mixing rates are so high that the

mixing for smooth rod bundles can be ignored.

This leads to the conclusion that for this study, flow sweeping

is not the major contributor to the increased mixing rate. (It must be

made clear that for a higher Reynolds number flow sweeping is the

mechanism of significant importance.)

Another phenomenon called flow scattering can better explain

increased mixing rates.

Flow scattering is a non-directional forced mixing caused by

various devices. Mixing is not favored in any specific direction, but

increased mixing rates is explained by the increases in the turbulence

intensity immediately downstream of the mixing devices. Hence the

mechanism of the flow scattering is simply an enhanced turbulent

interchange. Rogers and Todreas (22) give a short literature survey
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on the available data for flow scattering and conclude that there has

been little effort devoted in this area,

For this study, flow scattering is considered as the mechanism

which causes increased mixing rate, although flow sweeping contrib-

utes to it.

This simplification allows use of the mathematical model

developed for the turbulent mixing rate in smooth rod bundles in

Section 2.4.

Further simplification is made. Mixing rates between all sub-

channels are considered the same rather than different. In a

previous section it was shown that mixing rates between different

shaped subchannels are not significantly different and differences

become negligible and reduced when some other mechanism, such as

flow scattering, takes place in rod bundle.

Figure 25 which is a plot of log w../v versus log Re, shows

a reasonably good linear relationship leading to the simple correlation

w../v = a Re..
J 1J

where Re.. is average Reynolds number defined by Equation (7.20).

The values for the empirical constants a and b, are given

in Table 4.
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Table 4.

a 0.0162

b 1.684

Correlation coefficient .982

Res idual variance . 0034



8. 0. ESTIMATION OF EXPERIMENTAL AND
CALCULATION ERRORS

8. 1. Experimental Errors

Concentration

91

The recorded tracer fluorescence was converted to concentra-

tion using the calibration data of Appendix D. The concentrations

were calculated as an interpolated value for a given temperature and

fluorescence. Calibration curves were made for 7. 8, 9.4 and

12.1°C. Linear interpolation was used for calculation of tracer con-

centration at any temperature between calibration curves. The error

made in the interpolation process could not contribute significantly, to

the calculated error. Thus, error in concentration measurement was

reduced to the accuracy of the calibration curves which basically

refers to the accuracy of the fluorometer reading. The fluorometer

could be read to ±. 5% which could cause a maximum error of

±2 x 10-6 gr /lit on the smallest instrument magnification. Errors

involved in instrument calibration came also from inaccurate read-

ings. Thus, the total error is ±4 x 10-6 gr/lit which does not exceed

±2% (relative error) for the middle range of the fluorometer scale.

Pressure Drop

The manometer could be read to ±0. 2 cm which would give an
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error in the pressure gradient of ±4%. The pressure lines were

purged before reading so the presence of the air was not considered

a source of error.

Geometrical Lengths

To estimate the error of the area and hydraulic diameters of the

subchannels an approximation was made. It was not possible to check

the gap distance in the test section, which is one of the variables, in

the calculation of the hydraulic diameter and cross sectional area.

A conservative estimate was made, using similar reported

values in (9, 27). A ±5% error could be considered as a maximum

relative error, for gap space. (Galbraith (9) and Sheel (27) reported

errors less than 2. 5 %. )

The mixing length was measured within ±. 5% error.

Water Flow Rate

The pressure difference across the orifice was converted to

the millivolt signal which could be read within ±2% accuracy, The

calibration curve was reproducible within 1% error. From the

Equation (6, 12) the relative error for water flow rate can be estimated

by

Aw a
3

(c-1)/sV

W W V
c-1
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where c is approximately . 5.

. 5 a
3
V.5

AW AV AV =t1%
V V

By adding the 1% calibration curve error the total error was

AW
±2%

8. 2. Calculation Errors

The differential method was used to estimate the propagation of

error for quantities calculated by some given equation. This method

assumes that the maximum possible errors simultaneously occur in

the same direction in all experimentally measured quantities which

are involved in calculation, Thus, this is conservative estimate

and should be considered as an upper limit of the error.

Friction Factor

The friction factor was calculated from Equation (6. 18)

gcDh

213u2 L
(6. 18)

Using Equations (6.8), (6. 13) and (6. 18) the following equation

was obtained:



94

f=
2Ao

3 p(pm-p)Ah

2Po W L

Taking a differential of the variable f

af af af
df dAo + af dPo + aw dW + dAh + --af dL

8Ao aPo aLh aL

Then replacing partial derivatives with appropriate expressions

df =

32Ao p(pm-p)Ah dA dPo 2dW dAh dL
(2 - - + - )

A Po W Ah L
Po W2 L

Changing the minus signs of the differential equation to plus

signs due to the undetermined direction of the errors, replacing

derivatives by finite differences and dividing by f results in

where

Af 3AA APo 2AW A (Ah) AL
f A Po W Ah L

A (Ah) = 4%
Ah

AL = .5%
L

A W =2%

as already estimated in the previous sections.

Cross sectional area and wetted perimeter relative error, can
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be evaluated from Equations (6.7, 6.4, 6.3 and 6. 2) assuming that the

maximum relative error for gap space b is 5%.

APo 1T(AD+7Ad)
= O. 18%Po rr(D +7d)

AAo =

j

(AA.
j

+AA) i= 1.:. 6 j = ...12
1

Trd
AA. = (2d+2b)(Ad+Ab) +

28
A d

4

TT

A
\Fr

= ( 2d +2 b ) ( d+A b ) + (4dAd+DAD)
J 4 12

for Ad = 0.003, Ab = 0.0155 and AD = 0.004

A Ao = 1.302

A Ao = 3. 1%
Ao

Therefore the maximum possible error for Equation (6. 18) was

of = 9.3% + . 18% + 4% + 4% + 5% = 17.9%

Subchannel Reynolds Number

The turbulent mixing data were correlated as a function of the

subchannel Reynolds number. The same technique was used for error

evaluation as for the friction factor.
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Re = wD

ARe AMT
+ +

ADh LA
Re W Dh A

Dh L A AP
Dh A P

The following errors were estimated

Re.
= 14. 15%

Re,
i 1...6

LRe.
= 6.44% j = 7... 12

Re.
J

Turbulent Mixing Rate

The turbulent mixing rate is not an explicit function of the

experimentally measured variables, therefore the differential method,

used for determination of the error in the previous section is not

useful.

The RKM integrating routine use, as initial values, the con-

centrations measured at the beginning of the mixing section (bottom

set of needles).

The "Optimal" non-linear system programming, searches for

the set of w1, w
II

, and w
III

such that concentrations predicated

by the model, L centimeters downstream from the first
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measurement point, were as close as possible to the final concentra-

tion found experimentally at the end of mixing section. As one can

see, this algorithm scheme includes both concentration measurements,

initial and final, along with associated errors. It is obvious that

errors involved in calculation of the w
I,

w
II

and w
III

are rather

complicated projections of the errors made in concentration, flow

rate, and geometrical length measurement. Furthermore, the error

made in evaluation of, for example wI,
is not independent of the

errors made for wII and wIII
and vice versa. These complica-

tions make it very difficult for analytical evaluation of the error.

Galbraith (9) and Scheel (27) estimated their errors for two channel

model (which lends itself to a differential analysis routine) at 10-17%.

It is not believed that errors in this study exceeded those in similar

previous work.

The tracer mass balance between the first and second measure-

ment point can be regarded as a rough approximation of the possible

error. The different between tracer mass balances, resulted from

the impossibility of measuring small concentrations beyond the

fluorometer sensitivity, and inaccurate position of the hypodermic

needles.
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9.0. SUMMARY AND CONCLUSIONS

Friction factors and turbulent mixing rates were measured for

water flowing through a rod bundle which geometry is shown on Figure

2 . Two different subchannel geometries were considered (triangular

and trapezoidal). Design of the test section allowed simultaneous

investigation of the turbulent mixing rate between triangular-

triangular, triangular-trapezoidal and trapezoidal-trapezoidal sub-

channels. The effect of the mass flow rates through subchannels was

also considered.

For all subchannels investigated, the turbulent mixing rate

increased when subchannel mass flow rate increased. This led to the

conclusion that turbulent mixing rate is a quite strong rising function

of the Reynolds number. The best fit correlation between turbulent

mixing rate and Reynolds number, is in very good agreement with a

similar correlation found by Galbraith (9) and Scheel (27). Existing

differences between results of this study and previous investigations

(9, 27) are effects of a different measurement technique.

The turbulent mixing rate showed weak, and not significant

dependence on the subchannel geometry.

The turbulent mixing results were correlated with the duct or

channel eddy diffusivity which could be considered as the ultimate

value possible for the interchannel transport. This approach
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developed by Galbraith, led to the conclusion that the dimensionless

length, b /z may be considered as a correction factor for channel
LJ

eddy diffusivity when it is used to correlate mixing results.

However, this approach has to be interpreted in the light of

Rowe's (23) work which shows other mechanisms, different than eddy

diffusivity, can greatly influence the mixing rate.

The model proposed by Galbraith (9) was found to be suitable

for data of this work, if experimental constants were defined as shown

in Table 3.

The friction factor for rod bundles were also determined. It

was found that Blasius' equation fitted experimental data well for the

system, void of any restrictions to fluid flow through the adjacent

subchannels.

Another investigation was done to analyze the effect of helical

wire wraps on the subchannel mixing rate and friction factor. It was

found that both mixing rate and friction factor increased.

Experimental data for the wire wrapped rod bundle showed

reduced influence of Reynolds number on the friction factor and

increased influence on the mixing rate.

None of the models developed for the smooth rod bundle could

fit the experimental data for the wire wrapped rod bundle.

The mixing rate correlation showed that mixing rates for lower

Reynolds numbers tend to the values close to those for the smooth rod
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bundle, but for higher Reynolds numbers, they were much higher.

The following conclusions were made from this investigation:

1. The mixing between subchannels is a strong rising function

of the subchannel mass flow rate.

2. Subchannel geometry shows weak influence on the mixing rate.

The correlations of the nondimensionalized mixing rate with

the subchannel Reynolds number are:

For triangular-triangular

w..
= 0.00417 Re' 963

For traingular-trapezoidal

w..
= 0.00197 Re

1.034

For trapezoidal-trapezoidal

w..
= 0,00755 Re' 907

3. The subchannel mixing can be compared to turbulent mixing

in the turbulent core of a duct, and the model proposed by

Galbraith suits experimental data.

The following semiempirical equation can be used for

mixing rate prediction

= [1 -exp(a exp(4.75 )-(1. 1+4. 7 )Re 10-5
]0.0113Re

.875
1 Dh

b Dh



al = .40 for trapezoidal-trapezoidal configuration

al = .31 for triangular-triangular configuration

al = . 28 for triangular-trapezoidal configuration

4. The friction factor for a bundle matrix with smooth rods

follows Blasius' equation:

f = 0.079 R
-.25
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5. Mixing between adjacent subchannels in a rod bundle with

wire wraps is enhanced. The following empirical relation-

ship was found:

-j.i= 0.0162 Re 1.684

6. The friction factor for the wire wrapped rod bundle is also

enhanced. A different approach for friction factor correla-

tions could be used. This study did not attempt to answer

the question of which approach should be used.
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10,0. RECOMMENDATION FOR FUTURE STUDY

Future studies can be oriented in two directions:

1, The investigations of the forced mixing, directional and non-

directional should include:

a) Study of the effects of different devices such as warts,

wire wraps and spacers of different shapes and sizes, on

the mixing between subchannels.

b) Study for the optimum size and position at such devices.

c) Study of the multiphase flow in rod bundles.

d) Study of the axial pressure drop in a rod bundle which

would allow more accurate prediction of fluid flow in the

subchannels.

2. The investigation of the turbulent mixing in a rod bundle void

of any mixing device, should include:

a) Study of the mixing between subchannels with different

mean fluid velocities which would check the hypothesis

of the effect of a velocity shear layer.

b) Study of the effects of secondary flow on the lateral

turbulent mixing.
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APPENDIX A

Nomenclature

Symbol Definition Units
2

Ac Cross sectional area cm

a Empirical constant

b Gap spacing or empirical constant cm

C Tracer concentration gr /cm3

CF Tracer concentration on the end of mixing region gr /cm 3

CI Tracer concentration on the beginning of
3mixing region gr /cm

CT Dye concentration in dye holding tank gr /cm3

Co Orifice meter constant

c empirical constant

D Circular duct diameter cm

Dh Hydraulic diameter cm

Dv Volumetric hydraulic diameter cm

Do Orifice plate hole diameter cm

d Rod diameter, differential operator,
empirical constant cm

d Wire diameter cm
w

E Eddy diffusivity cm 2/sec

Eh Eddy diffusivity of heat cm2/sec

EM Eddy diffusivity of momentum crn /sec
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Symbol Definition Units

Em Eddy diffusivity of mass cm2/sec

exp Mathematical operator exponentiation
3

Fd Dye solution flow rate in dye injection line cm /sec

f Fanning friction factor

Gd Weight of Rhodamine B dye solution gr

g Gravitational constant cm /sec 2

gc Conversion factor gr cm/grf sec

ah Manometer reading cm

J Objective function g r / cm3

L Length of mixing region cm

Prandtl's mixing length cm

log Mathematical operator, logarithm base 10

In Mathematical operator, logarithm base e

m. Water mass flow rate in subchannel, "i" gr/sec

and Dye mass flow rate gr/sec

P Per imeter cm

op Pressure drop grf/cm2

Re
D

Reynolds number based on diameter D

Re. Reynolds number of subchannel "i"

r Correlation coefficient or relative roughness

s2 Variance

U Mean velocity cm/sec
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Symbol Definition Units

Ux Point velocity in axial direction cm/sec

u Fluctuating velocity in axial direction cm/sec

V Millivolt output of pressure transducer, or
arbitrary variable my

3
Vw Water volume at 18°C cm

Vs Dye solution volume cm 3

v Fluctuating velocity in radial direction cm/sec

W Water flow rate through test section gr/sec

w.. Turbulent cross flow, volume flow per unit
length between subchannels "i" and "j" cm3 /cm sec

x Designates distance in axial direction or
arbitrary variable cm

y Designates distance in radial direction or
arbitrary variable cm

z..
13

Lateral turbulent mixing length

Greek Symbols

a Angle, or empirical constant

Ratio of diameters Do/D used in orifice
meter equation

cm

5 Thickness of velocity shear layer cm

Finite difference

Viscosity gr/cm sec

Kinematic viscosity cm2 /sec

Tr Constant 3.1415



109

Symbol Definition Units

p Water density gr /cm3

Manometer fluid density gr /cm3

T Shear stress grf /cm2

T Laminar flow shear stress grf/cm2

Tt Turbulent shear stress grf/cm2

Concentration of the transport property

Subscripts

i , j

1

Designates subchannel

Designates application to laminar flow conditions

Designates application to turbulent flow condition

Designates mixing rate between triangular
subchannels

Designates mixing rate between trapezoidal and
triangular subchannels

Designates mixing rate between trapezoidal
subchannels
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APPENDIX B

Calibration of the Rotameter

The flow rate of dye injection fluid was measured by a Fisher

and Porter Tri Flat low flow rate rotameter. Since the viscosity and

density of the Rhodamine B dye solution is practically identical to

water; calibration was done with Rhodamine B dye concentration of

1.947 x 10-4 gr /cm3 at a room temperature of 19°C. Rotameter

reading was set successively at 20, 18, 16, 14, 12, 10, 8, 6 and the

discharged solution volume and time were recorded.

The measurement results are curve fit through the straight line

where

Y = + bX

Y = Rhodamine B dye solution flow rate in cm3 /sec]

X = rotameter reading

It was found that the equation

Y = .745 + .206X

fit the data with a correlation coefficient of

r2 .999

and residual variance
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2
s = 5.759 x 10 4

Subroutine ROTA (XN,ROT) (see App. E) uses this equation and

for a given rotameter scale reading XN, gives the dye solution flow

rate in [cm3 /sec].

The results were also plotted as rotameter scale reading versus

the measured mass flow rate (see Figure B-1).

Table B-1. Dye injection rotameter calibration data.

Rotameter Reading
Rhodamine B Dye

Solution Flow Rate cm3 /sec

20.0 3.333
20.0 3.378
20.0 3.378
18.0 3.012
18.0 3.012
16.0 2.551
16.0 2.551
14.0 2.119
14.0 2.158
14.0 2.137
12.0 1.701
12,0 1.712
10.0 1.295
10.0 1.295
10.0 1.302
8.0 0.901
8.0 0.901
8.0 0.909
6. 0 0.513
6. 0 0.472
6. 0 0.513
6. 0 0.524
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APPENDIX C

Orifice Plate Calibration

An orifice meter was used for water flow rate measurement.

It was installed on the 5.08 cm water supply pipe 60 diameters down-

stream and 20 diameters upstream from first nearest restriction

which could disturb flow pattern. A rough estimate of the orifice plate

size was determined by the equation

2P TrW Do
5 P

Nil-134 4D
2Co(2pgc.6

).
D

(C-1)

for the desired flow rate and pressure drop. Pressure taps were

installed on either side of the orifice plate, and connected to the

differential pressure transducer (type 4-450-0001 - Consolidated

Electrodynamics Corporation, Cholame, Ca.). The transducer

requires a 10V 3C current excitation which was supplied by (Chodel

62-124 Dresser-Barnes Corp. , Pasadena, Ca.) regulated power

supply. Its setting was checked before every measurement.

Calculation showed that for covering the desired flow rate range

from 1500 cm3 /sec to 8000 cm3 /sec, four orifice plates were

required, with diameters of 1.8, 2.54, 3. 18, and 5.08 cm; since the

pressure transducer was limited to a maximum of 100 cm water pres-

sure difference.
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Since the construction and placement of the orifice did not meet

necessary standards for direct use of Equations (C-1) and (C-2),

calibration of the orifice plate was conducted.

Water flow rate was regulated by the main control valve

(upstream of test section). All water from the test section was

drained into a 50 gallon barrel on a scale. The time for 250 pounds of

water to discharge and the transducer voltage output were simultan-

eously recorded.

The data were fit by the two parameter equations,

where

a Vb
3

W = flow rate in cm3/sec

V = transducer voltage output

This is suggested by Equation (C 2

2PgcAP 54Do2 Co
W =

1-p4
(C-2)

The parameters a and b were found using the least square

curve fit of the data.

Program 'OPC" reads in, and performs necessary preparation

of data before calling the curve fitting routine.

Curve fit results, for each of the orifice plates, with appropriate
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correlation coefficients and residual variance are tabulated in Table

1.

Table C-1.

Orifice Plate a3 b
2

r s2

I 308 .520 .999 1.00 x 10
4

II 782 .520 .999 1.04 x 104

III 1454 .519 .999 1.37 x10 -4

IV 2712 .517 . 997 3.09 x 10-4
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TABLE C-I/ ORIFICE PLATE CALIBRATION DATA

OR.PLATE I OR.PLATE II OR.PLATE III OR.PLATE IV

MV P/S MV P/S MV P/S MV P/S

15.97 2.89 12.25 6.67 10.25 10.26 4.36 11.98
15.04 2.79 10.27 6.06 5.89 7.60 5.25 13.25
14.06 2.69 11.00 6.25 8.53 9.39 5.78 14.18
13.03 2.59 5.14 4.06 9.36 9.76 6.53 14.81
12.01 2.49 5.35 4.16 11.39 10.69 7.67 16.39
13.75 2.38 8.84 5.51 12.22 11.17 8.44 18.35
9.75 2.25 7.08 4.82 13.45 11.76 8.15 17.09
9.09 2.15 15.29 7.49 14.46 12.27 9.36 18.19
7.77 2.03 7.05 4.89 14.39 12.12 9.27 18.19
6.63 1.86 6.74 4.47 15.51 12.74 10.19 18.87
4.97 1.56 9.74 5.83 5.43 7.35 4.21 11.70
4.08 1.40 13.52 6.02 6.62 8.29 5.46 13.61
4.08 1.40 13.32 6.89 7.29 8.62 6.28 14.71
4.96 1.56 14.76 7.17 8.90 9.57 7.79 16.26
6.08 1.74 15.03 6.74 '9.58 9.71 8.53 17.09
7.10 1.89 14.08 6.49 9.28 9.76 9.67 18.02
8.13 2.03 13.07 6.22 16.95 10.47 10.19 18.87
9.17 2.14 12.06 5.97 11.27 10.81 4.28 11.90

10.12 2.27 11.09 5.71 12.45 11.24 4.85 12.74
11.14 2.38 10.03 5.43 13.55 11.69 5.20 13.33
12.18 2.50 9.03 5.15 14.15 12.27 6.59 15.15
13.08 2.60 8.04 4.79 15.45 12.74 6.15 13.99
14.12 2.69 7.05 4.50 5.28 7.19 7.48 16.26
15.05 2.77 6.'02 4.14 6.15 7.75 8.45 17.39
16.28 2.90 5.04 3.78 6.17 7.73 9.20 18.19
4.03 1.40 4.07 3.34 7.30 8.49 9.35 18.19
6.03 1.75 3.03 2.86 7.27 8.47 10.20 19.05
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APPENDIX D

Calibration of the Fluorometer

The fluorometer (G.K. Turner F-111) was used for the

measurement of the tracer concentration. The instrument can be

used for either batch or continuous analysis of the dye fluorescence.

In this work, batch analysis was used, as continuous analysis could

cause significant error in measurement. The fluorometer is a self-

balancing double beam instrument, which measures the ratio of the

intensities of the fluorescent light, and light from the light source

(110-850 for ultraviolet lamp).

Line voltage variations, drift due to warm-up or long term

drift, are avoided due to the principle of measuring the ratio of the

light intensities.

The tracer dye was DuPont Rhodamine B-TLX-670 solution.

As reported from E. I. DuPont Company, the Rhodamine dye

solution composition is:

DuPont Rhodamine B dye 20 ± 1%

Ethyl Alcohol 28%

Ethyl Glycol 20%

Water 38%

The tracer solution has some undesirable properties which

makes it difficult for use, and special attention must be given to
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measurement procedure. The dye concentration in city water

decreases by 10% in five minutes due to the reaction with ions in the

water.

After exposure to the light source, the dye solution remains

activated for about 30-50 minutes. This decay time must be consid-

ered in order to duplicate results.

The literature (3, 8) shows that temperature has an effect on

fluorescence, so that the dye solution temperature must be recorded

during the calibration and experiments.

These undesirable properties make Rhodamine B dye quite

difficult to use, and it is the recommendation of this study that it

should be replaced by some more convenient tracer or method of

measuring.

The following procedure was used to calibrate the fluorometer

at each of its four sensitivities:

1. The fluorometer was adjusted to read zero fluorescence.

2. Six probes of the same dye concentration were made for

each calibration. Four measurements were made on each

probe.

3. The constant temperature water bath was set up and tem-

perature of the probes was constantly monitored.

4. Concentration of the probe solution was calculated from the

following equation:
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Gd
C Vw+Vs

which has dimensions of:

gr of standard Rhodamine B Dye solution gr
total volume of dissolved solution 3 -Icm

Since the fluorescence reading is dependent on the temperature,

the instrument was calibrated at three different temperatures (7.78,

9.44, 11.67°C).

The data were curve fit for each temperature and each magnifi-

cation according to the equation

where

Y bX

Y = tracer concentration

X = instrument reading

Table D-1 gives the results.

Interpolation program FLIN2D (see Appendix E) was used for

linear concentration interpolation at any temperature.

Subroutine DYCON (ISCALE, TEMP, FLOUR, DCON, NRITE)

calls function FLIN2D, and transfers all necessary data for calcula-

tion of dye concentration at any temperature, any magnification and

any reading of the instrument.
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Figure D-1. Fluorometer calibration curve for magnification 1 and 3.
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APPENDIX E

Computer Programs and Subroutines



DEFINE COMMOD
CCMMON RD,TO,OLOpUE1,CE2,G,FAC,FA1,FA2
CCMMON OTC,081,0329003,R2,R3,XN,ROT
COMMON VOLTINNN,WMIWM2E,WMOIWM12,14102
CCMMON ROIROTC,T,VIS,OP,OX,DPDX
CCMMON U091)19(129REO,RE1piC2FF,FFO,FF2
COMMON ISCALE,TEMP,FLCURICCONORITE
COMMON CIA(12),CON(12),COL(12)
END

FROG?,AM ELIPS
DIMENSION Y(L";U)

C SA =STANJARO ERROR OF THE INTERCEPT
SEB =STANCARD EPPOP OF THE SI-OPE

C .S.Y2=1ARIANCE CF ThE .CURVE FII
C -"a" F. =F DISTRIBUDION VALUE FOR F(2,N-.211..4LPHA)
C

AO (2,93) 4A,a9SEA,SEB,SEY2,F
REAO(3,99) (X(I)g1=1,N)

98 FORMAT(I5,96E12.4)
99 FCRMAT(F8.5)
1.0 FORMAT (3F12.7)

EL=6.394SEF3
9U=31.3.4SEB
XX=8O"3L
oe=xx/43.
smxi4smxi2=0.z
DO
8mxi=smxi+x(I)
smxi2=srxi2+x(I)4,x(p
DO 2 i=1,41
W=90.(I-1) *OB
W48=W..E1

C=2.*SMXI*WMBV2.4A
C=A*A.2**SMXI* *WME/ANiSMXI2*WMB4WMB/A2.*SEYM9AN

124

TEST=0404:4C.
IF(TE§T.Lt,b44). GU TO
Z=(..O.,SORT(TES0)40.5'
Z2=(70+SORT(TEST)) *0.5'
WRITi(1,13U) Wt11.122'

2 CONTINUE
ENO

PROC4AM OPC
CIMEASION X(151)0(100),Z(10U)
REA0(1,18D) NIM,NR1TE
READ(29131) (X(I),Y(I),I=1,N)
CO 1 1=190
X(I)=ALOG(X(I))

1 Y(I)=ALOG(Y(I))
CALL LSOFIT(N,M,X,Z,Y,Alb,CIR,NRITE)

lOP FCRMAT(3I5)
1/1 FCRmAT(6F7.2)

ENE)

se,
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PRUROP
C SLBKJUTINE PRCRUP CALCULATES PRESSURE CRCF ALONG
C TLST SECTION (SPT. 26. 1973)
C 'NFU( VALUE.0 OF= MANOMETER READING IN Ct," CF COO
C OX=OISTANCE BETwL:N RESSURL TAPS (CN)
C ROTC=EFFLCTIv OLNSITY OF NANOmETE P-LUIC (Ci/Cfrq43)
C OUTPJT VALUES OPJx=PRFsSURE JROP (GRF/Om*2)

INCLUJI COMMOD
OPDX=RUTC*CP/Jx2.E4
RETU0
F ip

SUBR)uTINE FLOW
C SuP(i)UTINt: FLOW OALCULATLZ wATLk FLO4 RATE 1Hr;cLGH
C THE TEST SECTION (SFT.b.1:7S)
C INPUT VALUES NNN=cPIFI,;E PLATE NUM( ER
C VOLT=M:ILLIVLLTmETEN READING (vULIS)
C OUTPUT JALUES wM=wATER FLOW KATE (GR/S)

INCLUDE. C:)0mC0
IF(NAN.E0.7rA GO TO 1
IF(NNA.E0.130) GO TO 2

IF(NAN.E).125) GO TO 3

IF(NNN.E0.15C) GO IC 4

wRIT4(61,10C)
101 FORmAT(2X/6tCHEK CR.FLATE NUmBERt)

w1=EXP(5.7292i,i61)vOLT40.5225Q405
RETURN

2 WI=LXP(6.5645605).0VOLT3.5539
RETURN

3 W4=EXP(7.2342364)*VOLT4""C,.516L3991
RETURN

4 WM=EXP(7.7995181)vOLT**1.544ii5664
RETURA
ENO

SUBR)UTIN FFOREO
C SUBROUTINE FFORLJ CALCULATES FRICTION FACTOR ANC
C REYNOLDS Atim9ER FOR TEST SECTION (S,::FT.11.1973)
C INPUT VALUES Wfl=wATLR FLOW KATE (GR/S)
C RO=WATER OENSITY (GR/Cm4#3)
C DEO1FAC(SEE SUBROUTINE CECm)
C VIS=NATER VISCOSITY (GR/Cmi S)
C OUTPUT 4ALLES FFO=TEST SECTION FRICTICN FACT();
C RLO=TEST SECTION RLYNOLCS NUmBE;

INCLUlE CJMMOD
UU=WM/(RO*FAO)
R:r.O=UO*DEO*RO/vIS
FF0=)PDX*81.*OE0/(2.*RO*UO4Uu)
RTUR1
ENO

SUBROUTINE FPROP
C SUBRJUTINc: FPROP CALCULATES PHYSICAL PROPERTIES CF
C THE SYSTEM AND NANGmETER FLUIUS (OEC.2.1977)
C INPUT VALUES T=ENvIRONNEI.TAL Tz:MFEkATL6E (C)
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C TEMP =WATER TEmPLRATURE -(C)
C OUTPUT VALUES vIS=hATER VISLOSITY (CR/Cm*S)
C f7OTC=LFFECTIV DENSITY CF COLA, (C/Cm**3)
C RO=WATER DENSITY (GR/Cm"4,3)

INCLJJE COmm00
VIS=2.142*((TE10-8.435)4SOKT(C75.44(17t*F-.435)*

*(TEMP-8.435)))-120.
vIS=1./VIS
RoTC=(631.430-1.671**1)4J.0L1
Ro=1.J9316-3.3920E-04*(TEHR4273.16)
RETURN

SueRJUTINE CCNV
C SUBROUTINE CONY CONVERTS
C INCH CM
C OEGREE F DECREE C

INCLUDE CUMMOD
RJ=RJ*2.54
TO=T)*2.54
TEMP=(TEMR-32.)45./9.
Co(=DX4,2.54

T=.(7-32.)*5./9.
RETURN
ENO

SUBROUTINE GEom
C SUBROUTINE GEOM CALCULATES GEOMETRICAL CHARACTERISTICS
C CF Ti E TEST SECTION (AUG.17.1973)
C INPUT VALUES TO=ROD HOUSIN DIAMETER (CM)
C RO=ROD DIAMETER (Cm).
C OUTPUT VALUES DEO=HYORAULIC DIAMETER CF THE TEST SECTION (Cm)
C DE1=HYCRAULIC DIAMETER OF THI TRIANGULAR SLJ3CHA4
C NEL (CM)
C DE2=HyCRAULIC GIAmETER CF THE TRAPE7OICAL 3U9
C CHANNEL (CM)
C G=GAP SPACE (CM)
C FAO=AREA OF THE TEST SECTION (Cms."2)
C FA1=AREA OF THE TRIANGULAR SUBCHANNFL (CH**2)
C FA2=AREA OF THL TRAFEZCICAL :JJEICHANNEL(Cm4.02)

INCLUDE CUmm00
G=(TD-3.$20)/4.
P=3.14159
HCO=P4T03T0/4.
ROO=7.*P*RO4R0/4.
FAO=HCO-R30
VP0=R*(T047.*R0)
OE0=4..FAO/VPU
A=RO4G
H=SORT(A*A-A4A/4.)
TA1=14H/2.
RA1=R*R940/8.
FA1=TA1-RA1
vP1=;14RO/2.
DE1=4.4FAl/VP1
TA2=P4T)*T0/24.
RA2=0RD*R0/6.
FA2=TA2-TA1 -RA2
02=0*(TO/E.+RD*2./3.)
0E2=4.*FA2/VF2
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RETU2A
E40

SE,BROUTIN;1 UCU1U2
C SURRjUTINE UOUlU2 CALCULATES MEAN VELOCITIES AN:
C WATE2 FLOW RATt IN THE ADJACENT SUBCHANNELS

(3EFT.6.73)
C INPUT VALUES 64=wATER ELLIN KATE. IN THE TEST SECTON (Gk's)
C DEGIOS1fUE2,FAO,F41,FA2(Sit SUBRULTINF (;')

C RO=WATER CEt.SITY (GR/Cm**S)
C, CUTPJT VALLES U1=MEAN 4cLOCITY IN THE T;IANCULAR SLECHANEE (C,/S)
C U2=MEAN VELEJ,;ITY IN THE Ti',AP:2LICAL
C wl=wATER FLOW RATE IN THE TRIAN.SUB0t-.(GR/S)
C w2=wATER FLOW RATE IN 1HE TR4P,SUBC,1.(6F/3)

INCLUDE CUmM00
UJ=W1/(RO*FAO)
XX=1.25/1.75
U1=0J/((0;E0/3t1)**XX)
C2=U3/((0EC/CE2)**XX)
wi=l110FAi*R0
W2=C2FA24RO
wm25=6.*R04(U1 *FAl+U24FA2)
RETURN
END

SoBRJUTINE ROTA
SuBPJUTINE ROTA CALCULATES TRACER FLOW RATE TE.RCLGH

C DYE INJECTION LINE (FEB.13.1974)
C INPUT VALUES XN=ROTAMETER READING
C OUTPUT VALUES ROT=TRACER SOLUTION FLOW RATE (CR15)

INCLUDE COMMOD
ROT=.745)33+.2,16E4644XN
RETURN NO

SUBR3UTINE OYE,BAL
C SUBRJUTINE DYLBAL CALCULATES TRACER
C MASS 3ALANCE (FE9.13.1974)
C INPUT VALUES CIN(I)=TRACER CONCENTkAT1ON ON Tht 1ECIN
C NING OF MIXING REGION (GR/CM",i)
C COL(I)=TRACER CONCENTFATICN CNTHE tNIC CF
C MIXING REGION (CR/Cm:4'0:4)
C FOT =TRACER FLOW RATE (GR/S)
C OTC =TRACER CONOENTRATICN IN THE OYc HC_
C DING TANK (GR/Cm**3)

OUTPUT VALUES 081 =TRACER MISS FLCIN KATE CN THE SCT4 T F (CR/S)
C C92 =TRACER MASS FLU, KATE- CN THE Et GI "'\ /NC OF
C THE MIXING REGION (GEIS)
C CB3 =TRACSR MASS FLCW AT EN lit- EN: C; THE
C MIXING REGION (CR/S)

INCLUDE CDMMCU
N= 1C

NN=5
xOIN1=X0IN2=XCOL1=XCOL2=E.0
00 1 I=11NN
J=I4AN
XCIN1=XCIN14CIN(I)
XCIN2=XCIN2fCIN(J)
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XCOL1=XCOL1+COL (I)
1. XUCL--=XCUL2+COL(J)

032=A1*XCINIfW2+XON2
033=41X0OLI.+W2XCOL2
oal=RUT*)TC
R?..---A33(031-002)/01
R3=433(031.-063)/031

TL1, END

SUCROUTIN OYECON
C SUBRJUTINE DYECON CALCULA1ES TRACER O0CFNTRATION
C (SEPT.21.1973)
C INPUT VALUES ISCALL= FLUJROmETEn. MAGNIFICATION
C TEmP=WATER TEMHERATURE (L)
C FLOUR=FLCUROmETE READit.G
C X=CALIBRATION TE4PEPATURLS(5.6,7.791,4-4,:.1.7
C Y=IRRAY OF INSTRUM;..t,T 1-EAOINt., (012i;,10))

F(X,Y)
F(X,Y)=MAT.-UX OF CALI,iPATICN CONCEtJRATCNS

C OUTPUT VALUES DcON=TRACER cONCENTRATIONSLc.7 FUrCTICi FLINC)
INCLUDE. 00mM00
COMM)A/DATA/ X(4),Y(3),F(Ap3)
OATA(X=5.5556,7.777,9.4444,1833)
OATA(Y=0.1,20.091.5C.C)
IF(IiCALE.E0.1) GO TO 1.

IF(I3CALL.E0.3) GO TC 3
IF(I3CALE.EC.10)G0 TO lu
IF(ISCALE:.E0.30)G0 TC 3V
WRITI.(61,100)

100 FORMAT(//2X,*ISCALE ONCHEKED41//)
STOP

1 F(1,1)=0.:; F(192)=1.V I F(1,3)=C.0
F(2,1)=1.o $ F(2,2)=7.5372E-1:: $ F(2,3) =3.7td
F(3,1) .70..1 F(3,2)=7.d91i F(3,3)=3.945E4C4
F(4,1)=j.1 i P(492)=8.4456E-35 i F(4,3)'44.222eE-f,)4
G) T) 43

3 F(1,1)=4.3 a F(1,2)=:.0 w F(193)=:,.0
F(2,1)=046 $ F(293)=1.173.
F(3,1)=1.3 F(3,2) =2.434t:Ej5 $ F(3,3)=1.2134
F(4,1)=J.O F(492)=2.56'3CE-3 F(4,3)=1.264EE-14
GJ TO 41)
F(1,1)=0.0 i F(1,2)=0.0 3) =0.
F(2,1)=1.0 $ F(292)=6.293tE.-36 F(2,3)=4.1453 EC5
F(3,1)=0.1 F(3,2)=E.658E-16 S P(393).7.74.325cE,-f5
F(411)=Q.:,: £ F(412)=.9.2397E-3b i F(413)=5.567'.:EV,
GO T3 46

33 F(1,1)=3.3 $ F(1,2)=3.6 F(1,3)=1.0
F(2,1)=3.3 i F(292)=2.570(.1Ev6 i F(2,3)7:1.254"C3
F(3,1)=C;.3 F(3,2)=2.656QECo F(3,3)=1.32EG
F(4,1)=0.0 F(4,2)=2.798EJb I F(4,3)=1.3C,75E,-,

41 XVAL=TEMP
YJAL=FLOUR
OCON=FLIN20(FIX,Y,413,XVAL,YVALINITE)
RETUiN 3 ENO

OEFIAL: GENERAL
CCMMJN IANINT,NOVINIC,NEO,NILINN,IRUN,KFIL,<LIN
COMMON KVEXIION0,ISST,NSW,ITkATION,FX,Xi(6(;)

X(o0,XS(b0),XC(6,:))0.,X(56),IOX(30),GR(t"i)
CCMMJN P(30),TX(31,30),C(20),vC(5J),A(3i3,3C)
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ENO
OEFIAE 601 CA T
COMMON CON (121 'COL (12) 'DIN (12) ,&(12)
C(mmJN AIT,TMAX,TINT,PRNT,H,E,W1,W293 m
END

SLBRJOTINT GRACPH
RETURN ; END
SUBRjUTINE CONSTRN(N1IN2)
R.:TURNIEND
SUBr,.JOTINC., GRADC(IM)
RETURNS:ND
SuBR)UTINE MATRIX(1N,L)
RETURASENO
SUBR)UTINL REPORT
RTuRAIEND

SUBROUTINL RKm(N, x,Y,F,H,IRKm,E,xINT)
C SUBROUTINE RKM SJIvES N SIt'ULTANECUS FIFET-CFC:F
C OIFFENTIAL EGUATICt.S BY THL FOURTH-CRCLR
C RUNSE-KUTTA-mERSON mETHCO. IF N L4kGEk THAN 1U IS
C ;iECUIRLO, THE DI1ENSIUN STATLmENT CHANGLj.

DIMENSION Y(15),F(15),SAVEY(15),PHI(1),K(1t-.,11,),7RRCR)
REAL K
m=m+1
GO TJ (1E,20J,330,4065,j,c0,,)m

110 IRKM=1
IF(XINT.EQ.C.C) GO TO 16
IF(IAJEX.EC.1)13,14

13 INCE7.X=1 E ACCUm=0
14 AOCU4=ACCUm+H

IF(AiS(ACCUI-XINT).LT.1,L-B)25,11
25 INCLX=0 S RETURN
11 IF(LCUI.GT.XINT)1511E:
15 INDLX=0

HLAST=H I IH=2
H=H-4OCUI+XINT
ACCU1=XINT

16 RETURA
211 X=X+-1/3.

DO 1 J=11N
SAVEY(J)=Y(J)
K(..1,1)=F(J)*H/3,
PHI(J)=K(J,1)
ERROR(J)=K(J,1)

1 Y(J)=5A4EY(J)+K(J,1)
RETURN

300 DO 2 J=1,M
K(J,2)=F(J)*H/3.

2 Y(J)=SAVEY(J)+0.5*(K(J,1)+K(492))
RETURN

4C1 CO 3 J=1,N
K(J,3)=F(..1)*H/3,
E-2ROR(J)=CRROR(J)-4.54-K(J,3)

3 Y(J)=3AVEY(J)4.3./4K(J,1)4j./6.4K(J,3)
x=X-A/3.+H/2.
RETURN

5J1 CC 4 J=1,N
K(J,+)=F(J)4H/3.



PHI( .1) =PHI (J)+4K(Jp4)
ERROR(J) =ERROR (J) +4.*K(Jp4)

4 Y(J)=3AVEY(J)+1.54((j91)4.54.X(J13)+6.*K(J,4)
X=X+4/ 2.
RETURN

600 DO 5 J=1,14

1 30

K(J25)=F (J )4H/ 3.
PHI( J)=PHI (J) 4.1( (JO)
ERROR(J) =0 .211 (ERROR( J)05K (Jp5))
IF (A9S (ERROR (J)).GT.E) GO TO 10

5 CONTINUE
GO TO 20

10 I=I+1
IF (I.GE. 21) WRITE(61,1000) I IX11

1000 FORMAT (1 X, *RKM HAL VEO STEP INCREMENT $I3tT /HES. X =*

1 E13.82 H =:E15.6)
$ H=H/2.

ACCUI =AC CU M...H

INDEX=1
IH=1
00 6 JJ=1, N
Y(JJ)=SAVEY(JJ)

6 ( JJ) =1. 5*K( JJ pl) /H
IRKM=1 $ M=2
GO TO 20J

20 CONTINUE
00 8 J=11N
IF (A3S (ERROR ( J) ) /E.GT.0.003) GO TO 90

8 CONTINUE
IF(IH.E0.2)11,26

90 IF (IHEQ.2)17,9
17 IH=1

IF(HLAST.LT.0.4 *XINT)21,22
21 H=HL AST $ GO TO 9
22 IF (HLAST GT.0.84XINT )23924
23 H=XINT $ GO TO 9
24 H=0.5XINT $ GO TO 9
26 H=2**H
9 00 7 JJ=19N
7 Y(JJ)=SA VEY(JJ)+0.541PHI(JJ)

M=0 I IRKM=2
1=0
RETURN $ ENO

SUBROUTINE REAOIN
INCLUDE GENERAL
INCLUDE COMOAT
N=10
READ(17,17 ) 1410422 (CIN(I) p/=1,N) (COL (I) ,I=1,N)

17 FORMAT (1Xp E9.3)
WRITE(18,301) Wi, W2, (CIN(I),I=1,N) (COL (I) ,I=1,N)

301 FORMAT (2X, E9.3)
TURNSE ND

SUBROUTINE SOL V
INCLUDE GENERAL
INCLUDE COMOAT
N=10



TMAX=24.42.54 131

C21 =XC(2) /Wi
C11=XC(1) /W1
C22 =XC (2) /W2
C32=XC(3)/W2

C SET INITIAL CONDITIONS
DO 5 I=1,N

5 CON(I)=CIN(I)
T=0.0
H=0.00001
E=0.000000000001
TINT=TMAX
PRNT=TINT

10 CALL RKM(N,T,CON,G,H,IRK,E,TINT)
IF(IRKsE(1.2) GO TO 2
G(1)=D21*(CON(6)CON(1))+C1141(CON(2)CON(1))
G(2)=C21*(DON(7) CON(2))+C11*(CON(1)201CON(2)+CON(3))
G(3)=C21*(CON(0)CON(3))+CW(CON(2)20'CON(3)+CON(4))
G(4)=C21*(CON(9) CON(4)),C11*(CON(3)2.*CON(4)+CON(5))
G(5)=C21*(CON(10)CON(5))+C11*(C0N(4)CON(5))
G(6)=C22*(CON(1)CON(6))+C32*(CON(7)CON(6))
G(7)=C22*(CON(2)CON(7))fC32*(CON(6)..2.*CON(7)40N(0))
G(0)=C22*(CON(3)CON(8))+C32*(CON(7)20TON(8)*CON(9))
G(9)=C2241(CON(4)CON(9))4C32*(CON(0)2.4CON(9)+CON(10))
G(10)=C22*(CON(5)CON(10))432*(CON(9)CON(10))
GO TO 10

2 IFIABS(PRNTT).GT.i.E9) GO TO 20
PRNT=PRNT+TINT

20 IF((TMAXT).GT.1.E9) GO TO 10
301 FORMAT(1X,F5.1,10E9.29E10.3,3F502,E10.3)

WRITE(18,301) Tt(CON(I),I=101),FX,(XC(I),I=1,3),BM
RETURN $ ENO

SUBROUTINE PHIX
INCLUDE GENERAL
INCLUDE COMOAT
CALL SOLV
FX=0.0
XX=(CON(1)+CON(2)0.CON(3)+CON(4)+CON(5))*W1
XXX=(CON(6)+CON(7)+CON(8)+CON(9)+CON(10))*W2
YY=(COL(1)+COL(2)+COL(3)+COL(4)+COL(5)).W1
YYY=(00L(6)+COL(7)+COL(8)+COL(9)+COL(10))*W2
BM=ABS(XX+XXXYVYVV)
00 1 I=1,N

1 FX=FX+ASS(COL(I)CON(I))
RETURNSENO
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APPENDIX F

Observed Data
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FRICTION FACTOR DATA FOR SMOOTH ROD BUNDLE

'RUN 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15'

'OP .32 .26 .15 .27 .32 .57 .58 1.08 1.05 1.45 1.52 .48 .49 .44 1004+

*VOLT 15.3 10.0 5.0 10.4 15.0 5.0 5.0 10.0 10.0 15.0 15.0 4.0 4.0 4.0 10.0'
'TEMP 58.3 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0'

NNN 73 70 70 70 70 100 100 100 100 100 100 100 100 180 100'

'RUN 16 17 18 19 2J 21 22 23 24 25 26 27 28 29 30'

'DP 1.49 .57 1.49 1.06 .50 3.90 3.40 2.70 2.50 2.30 3.55 3.37 3.20 3.00 2.85'

'VOLT 15.3 4.0 15.0 10.0 4.0 15.0 14.0 10.0 9.0 8.0 15.0 14.1 13.0 12.0 11.0'

'TEMP 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.050.0 58.0 58.0 58.0'

'NNN 103 100 100 100 100 125 125 125 125 125 125 125 125 125 125*
********* ***** *

*RUN 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45'

'OP 2.72 2.50 2.35 2.15 1.85 1.4 0 4.17 3.65 3.20 2.65 2.10 1.65 2.70 4.10 3.60'

'VOLT 10.3 9.0 8.0 7.0 6.0 5.0 15.0 13.0 11.0 9.0 7.0 5.0 9.0 14.1 12.1*

'TEMP 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0 53.0 58.0 58.0 58.0+

+NNN 125 125 125 125 125 125 125 125 125 125 125 125 125 125 125*

'RUN 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60'

'OP 3.10 2.45 1.90 2.25 1.60 8.10 6.35 4.75 7.25 5.40 4.75 5.65 7.40 8.15 9.05'

'VOLT 10.0 8.0 6.1 7.1 5.0 9.0 7.0 5.1 8.0 6.0 5.0 6.0 8.0 9.0 10.0'

'TEMP 58.0 58.1 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0 53.0 58.0 58.0 58.0'

'NNN 125 125 125 125 125 150 150 150 150 150 150 150 150 150 150+
* ***

*

FRICTION FACTOR DATA FOR ROD BUNDLE WITH WIRE WRAP

+RUN 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15'

'OP 8.80 8.80 8.75 7.85 7.85 7.90 6.65 6.72 6.70 6.00 6.10 6.35 5.70 5.70 5.70'

'VOLT 6.3 6.9 6.9 6.0 6.0 6.0 5.0 5.0 5.0 15.0 15.0 15.0 14.0 14.0 14.0'

'TEMP 46.1 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0*

+NNN 150 150 150 150 150 150 150 150 153 125 125 125 125 125 125
**

'RUN 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30'

'OP 5.33 5.35 5.35 4.95 4.95 4.95 4.55 4.52 4.53 4.10 4.15 4.15 3.70 3.75 3.75'

'VOLT 13.3 13.0 13.0 12.0 12.0 12.0 11.0 11.0 11.0 10.0 10.0 11.0 9.0 9.0 9.0'

'TEMP 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0'

+NNN 125 125 125 125 125 125 125 125 125 125 125 125 125 125 125'

+RUN 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45'

+DP 3.35 3.40 3.40 2.95 2.95 2.95 2.50 2.50 2.50 2.10 2.15 2.15 1.90 1.85 1.90'

'VOLT 8.0 8.0 8.0 7.0 7.0 7.0 6.0 6.0 6.0 5.0 5.0 5.0 15.0 15.0 15.0+

'TEMP 46.3 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0'

'NNN 125 125 125 125 125 125 125 125 125 125 125 125 100 100 100'

'RUN 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60'

'DP 1.75 1.70 1.75 1.70 1.68 1.68 1.55 1.50 1.55 1.42 1.42 1.40 1.32 1.30 1.34'

'VOLT 14.3 14.0 14.0 13.0 13.0 13.0 12.0 12.0 12.0 11.0 11.0 11.0 10.0 10.0 10.0'

'TEMP 46.3 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0 46.0'

'NNN 101 100 103 100 100 100 100 100 100 100 100 100 100 100 100'

'RUN 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75'

'OP 1.15 1.12 1.15 1.00 1.05 1.05 .90 .90 .90 .75 .75 .75 .65 .65 .65'

'VOLT 9.7 9.0 9.0 8.3 8.0 8.0 7.0 7.0 7.0 6.0 6.0 6.0 5.0 5.0 5.0'

'TEMP 46.3 46.0 46.0 46.0 46.3 46.0 46.0 46.0 46.0 46.0 46.0 45.0 46.0 46.0 46.0'

'NNN 107 107 100 1(0 100 100 100 100 100 100 100 100 100 100 100'

*
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TURBULENT MIXING RATE DATA

1 * 2 ' 3 14 4 5 6 7 * 6 9 ' 10 "*""
4 4 4 4 4 4 4 4444

RUN* 'IS FL 'IS FL "IS FL "IS FL *IS FL 'IS FL 'IS FL 'IS FL 'IS FL 'IS FL *
1'41,30

*TEMP=49.3 140430
2'U'30

'VOLT= 5.3' 24'04'30
s 3"U'30

'NNN = 125* 3'0'30
4'U*30

XN '10.0' 4'0'30
5'U'30

"OTC = .19+ 5'0'30
61'30
6'40430

4 7'U'30
"TEMP=47.0" 7'401'30

8'U'30
"VOLT= 7.0' 8'0'30

9"U'30
"NNW = 151 9*D'30

104U430
41.XN =12.1" 10'0'430

* 11*W430
'OTC = .13' 114'01430

12'11'30
'4.12140'30

13'U'30
"TEMP=47.5* 13'D'30

144'030
'VOLT= 7.3' 14'0'30

151'30
NNN = 150+ 15'0"30

16*(14'30
"XN =12.3' 16"0"30

* 17'U'30
"OTC = .16' 17'D'30

18'U'30
" 16'D'30

19'U'30
"TEMP=48.1" 19"0"30

20'U'30
'VOLT=10.3' 20'04'30

21'U'30
NNN = 151* 21'O'30

22'U'30
'XN =11.0' 22'0'30

2311430
"OTC = .27* 23'D'30

24*(14'30

0'30
0410
0'30
0"10
0'30
04'10

0'30
0410
0'30
0+10
0'30
0410

01430

C"10
0'30
01410

0'30
0410
0 *30
0*10
0+30
0410
C*30
0'10

0'30
0'30
0'30
0'30
0+30
0'30
0'30
0'30
G'30
0'31
0'30
0'30

0'30
0"10
0'30
04'10
0'30
0410
0'31
04'10

04'30

0410
0'30

27.5' 3
37.0' 3
29.0" 3
33.0* 3
25.5' 3
36.5' 3
29.5 3
34.0' 3
23.0' 3
35.5' 3
26.0' 3
35.0' 3

53.5' 3
46.0' 3
54.5' 3
46.0' 3
50.0' 3
49.5' 3
51.0' 3
45.0" 3

53.5' 3
44.0" 3
52.0' 3
47.5+ 3

21.0 3
72.0' 3
25.0' 3
70.0' 3
24.0' 3
70.0' 3
23.5' 3
77.0' 3
23.5' 3
77.0' 3
24.0' 3
72.0* 3

32.0' 3
37.5' 3
34.5" 3
36.0' 3
36.0" 3
36.58 3
36.0' 3
38.0" 3
34.5* 3

37.0" 3
36.5" 3

43.0'30
53.0'10
43.0'30
57.0"10
43.0'30
56.5410
43.5'30
54.04'10
41.51430
55.0410
43.0'30
53.0.10

43.5430
64.0'10
44.5'30
64.0410
44.5'30
64.0'10
44.0'30
64.0410
44.5'30
64.5410
44.5'30
64.0410

23.5'30
51.0'110
23.0430
49.5'10
23.0'30
47.0410
23.5'30
52.0'10
23.51430
46.04'10
24.5'30
48.0'10

27.0'30
59.5'30
30.0'30
59.0'30
28.0'30
60.0'30
26.0'30
60.0'30
26.0'30
62.01430
26.0'30

14.0'30
32.0'30
14.0430
28.5'30
15.0'30
31.0'30
14.0'30
31.04'30
12.5'30
32.5'30
14.0'30
33.0'30

19.01430
32.0'1'30
16.5'30
31.0'30
18.5'30
31.0'30
18.0430
31.5430
18.0'30
33.04'30
19.0'30
33.0'30

10.0'30
26.0'30
8.0'30
26.0'30
8.5430
25.0'30
7.0'30

24.54'30
7.0'30
27.0'30
'6.0'30
23.5'30

14.01430
65.0'30
14.030
65.0'30
16.0'30
62.0'30
15.0'30
60.0'30
15.0'30
61.0'30
16.0'30

0430
0'30
0'30
0'30
0'30
0'30
0'30
0'30
0'30
0+30
0'30
0'30

0'30
0'30
0'30
0'30
0'30
0'30
0'30
0'30
0'30
0'30
0'30
0'30

04'30

0430
0'30
0'30
0'30
0'30
0'30
0'30
0'30
0'30
0'30
0'30

0'30
0'30
0'30
0'30
0'30
0'30
G'30
0'30
0'30
0'30
0'30

0'30
0'10
0'30
4410
0'30
0'10
0'30
0'10
0'30
04'10

0'30
04'10

04430

0'30
0'30
0'30
04'30

0'30
0'30
0'30
0'30
0'30
0'30
0'30

0'30
0'10
0'430

0'10
0'30
04'10

0'30
0'10
0'30
0'10
0'30
0'10

0430
0'30
0'30
04'30

0'30
3'30
1'30
0'30
0'30
0'30
0'30

12.5' 1 71.5'30
39.0* 1 53.0'410
13.0* 1 69.0'30
40.0+ 1 53.0'410
12.0' 1 70.0'30
36.0' 1 53.54'10
11.5' 1 68.0'30
36.5' 1 53.0410
11.5' 1 68.0'30
39.5' 1 55.0'10
11.5' 1 65.0'30
41.0' 1 53.51410

24.5' 1 83.5'30
11.5' 1 63.0' 3
31.0' 1 84.0'30
12.0' 1 62.0' 3
27.0* 1 84.0'30
9.0' 1 62.5' 3

27.0+ 1 83.5'30
9.0' 1 62.58 3

24.0' 1 83..5'30
8.0' 1 62.5' 3
29.0' 1 84.0'30
10.5' 1 62.5' 3

4.5' 1 78.5'30
55.5" 1 61.0'30
5.0' 1 77.5'30
53.0' 1 51.0'30
4.0' 1 78.0'30
57.0' 1 61.0'30
5.5' 1 77.0'30

53.0+ 1 61.04430
5.0' 1 79.0'30
53.0' 1 62.0'30
4.04' 1 80.0'30
53.0' 1 63.0'30

16.0' 1 89.04'30
41.5' 163.5'30
18.0' 1 90.0'30
43.0' 1 63.5'30
16.0* 1 88.0'30
40.0' 1 64.5'30
14.0' 1 89.5'30
40.0' 1 66.0'30
15.0' 1 89.54'30
41.0' 1 62.5'30
17.0' 1 89.0'30

21.04'30
43.0'30
21.5'30
41.0'30
22.0'30
43.0'30
19.0'30
42.0'30
19.0'30
42.0'30
21.5'30
40.0'30

35.0'30
25.0'30
38.04'30
24.0'30
4344'30
24.0'30
40.0'30
24.0'30
44.04'30
24.0'30
35.0'30
26.0'30

21.0'30
50.0'30
25.0'30
57.5'30
24.0'30
52.0'30
23.5'30
46.5'30
25.5'30
49.0'30
25.0430
47.0'30

24.0'30
41.0'30
20.0'30
41.0'30
21.0'30
40.0'30
21.0'30
41.0'30
23.0'30
39.5'30
22.0'30

04ii*
0,0***
04,41,440*
0444*
04,4**OM
0****
04,4.1
0 44.
08***
0,0***

04,71,4

0**
041P**
44
o*
04.***

0****
orn

orns
ass**

oss's
0,0484.

0....
0.1V**4

QM*
0****
0***

0,04,4*

011,04

04.**
04.1.1.0

0,0848

0444F8
0.44,*
04841,
0..**
048.**
04.$84
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4 4 24413430 0410 37.5* 3 60.5430 61.0'30 0430 0430 43.0* 1 64.0430 40.0'30 0****

25411410 75.04 1 37.04 3 42.0430 9.5430 0430 8.04 1 72.0430 14.0430 0430 OVAWF

4TEMP=48.54 2540* 3 40.04 1 33.04 3 55.5'30 82.0'30 0430 78.54 1 52.0'30 56.0430 0'30 0****

4 26411410 74.5' 1 36.0* 3 42.5430 11.0430 0430 8.0' 1 72.5430 15.0'30 0430 0****

VOLT=15.34 26404 3 41.5' 1 33.0' 3 52.5430 83.0430 0430 82.04 1 51.5430 62.0430 0430 08884

27411410 74.5* 1 37.0* 3 41.0430 9.5430 0430 8.04 1 73.0430 13.0430 0430 OMF
*NNN = 704 2740' 3 44.04 1 32.04 3 58.0'30 89.0430 0430 85.04 1 52.0'30 56.0430 0430 OM*

28+11410 75.0* 1 38.04 3 40.04'30 9.5430 0430 8.54 1 74.0430 14.0430 0430
'XN = 6.04 28404 3 42.0' 1 33.04 3 54.0430 84.0430 0'30 79.0* 1 52.0430 57.0430 0430 0.1.***

*

40TC = 04
294U10
29'O' 3

75.04 1
40.5' 1

38.0* 3

33.04 3
52.0430
57.5'30

9.5430
80.5430

0430
0430

6.0' i

81.04..1
70.0430
52.0430

14.0430
52.0430

0430
0+30

orns
08444

304U410
30404 3

74.04 1
43.0* 1

37.04 3
33.0* 3

42.0430
55.0430

9.5430
80.0+30

0430
0+30

8.0' 1
80.0' 1

73.0+30
52.0430

14.0430
70.0430

0430
0430 0..***

3141/430 0430 4.5430 37.0430 2.5+30 0430 .5430 41.04 1 49.0430 3.0+30
TEMP=46.34 3140430 3.0430 40.04 3 26.0430 40.5430 2.0430 1.0410 33.0* 1 40.0430 89.0430

32U430 0430 5.0430 41.0430 4.0430 0430 .5430 44.04 1 50.5430 4.0430 0****

VOLT=10.04 32+0430 2.0430 46.54 3 25.5430 37.0430 2.0'30 1.0410 37.0* 1 40.5430 90.0430
33'U'30 0430 4.5430 40.0430 3.0430 0430 .5'30 38.0* 1 49.5430 2.0430 0,0***

NNN = 125* 3340430
34411430

3.0430
0430

45.04 3
3.5430

24.0'30
36.0430

34.0430
2.5430

2.0430
0430

1.0410
.5430

39.0* 1
35.04 1

41.0430
49.0430

89.0430
4.5430

0844,.
0.***

XN = 6.04 3440+30 3.0430 45.0* 3 26.0'30 38.0+30 2.0430 10410 38.5* 1 41.0430 90.0430 0**,4

4 35411430 0430 4.0430 34.0430 2.5430 0430 .5430 40.0* 1 49.0430 4.0430 ems
*OTC = .264 35+0430 2.0+30 42.04 3 26.5430 36.0430 2.0430 1.0410 37.0* 1 40.0430 48.0430 0.4.44

+ 36411430 0+30 5.0430 34.0430 2.5430 0430 .5430 37.5* 1 51.0430 5.0430 QM*
3640430 3.5+30 39.5* 3 25.5430 36.0430 2.0430 1.0410 36.54 1 40.0430 91.0+30 QM!

37+U*30 0430 4.0430 53.0430 2.0430 0'30 0430 33.0* 1 98.5+30 3.0430 1.04+44
TEMP=46.14 3740430 3.0430 79.5* 3 50.0430 78.5430 3.0430 0410 66.0* 1 73.5410 59.0430 8.04444

384U430 0430 6.0+30 59.0430 2.0430 0430 0430 34.04 1100.0430 2.0430 1.0444
*VOLT= 5.1* 3840430 3.0430 82.04 3 49.0430 75.5430 2.0430 0410 67.0* 1 73.5410 58.0430 9.54444

39+11430 0430 5.0430 58.0430 2.0430 0430 0430 37.04 1 98.0430 2.0430 1.0444*
'NNN = 1254 3940430 3.0430 77.0* 3 50.0'30 72.0430 2.0'30 0410 55.0* 1 73.0410'61.0430 8.0****

' 40411430 0430 3.0430 56.0430 2.0430 0430 0430 37.0* 1 99.0430 5.0430 1.0444*
XN = 6.04 4040430 2.0430 82.5* 3 50.0430 78.0'30 2.0430 0410 62.04 1 72.5410 57.0430 8.04444

41411430 0430 5.0430 60.0430 3.0430 0430 0430 31.0* 1 99.0430 3.0+30 1.0444*
*OTC = .254 4140430 2.0430 85.54 3 50.0430 75.5430 2.0'30 0410 64.5* 1 74.0410 57.54'30 9.04444

42'U'30 0430 6.0430 60.0430 2.0430 0430 0430 30.0* 1 99.5430 2.0'30 1.0444*
4 4240430 3.0430 83.0* 3 50.0430 74.0430 2.0'30 0410 67.5* 1 73.5410 57.0430 9.04444

' 43411430 0430 27.04 1 34.0430 40.0430 3.5430 0+30 7.0* 1 81.0'30 6.5430 04***

TEMP=46.34 4340430 9.0410 30.0* 1 32.5410 58.0430 7.0430 0430 25.04 1 62.0430 60.0430 04.0,0*

4 444030 0430 30.0* 1 33.0430 38.0430 3.0430 0430 8.04 1 81.0430 6.0430
4VOLT=15.34 44'0'30 9.0410 29.94 1 33.0410 62.0'30 6.0'30 0430 22.04 1 62.0430 62.0430 0,0***

4 45411430 0430 30.04 1 34.0430 45.0430 2.5430 0430 8.04 1 81.0430 4.0430 34844

*NNN = 125* 4540430 13.0+10 25.0' 1 35.0410 57.0430 7.0430 0430 27.0* 1 62.0430 56.0430 0***4

4 46411430 0430 24.5* 1 35.0430 39.0430 3.0430 0+30 9.04 1 79.5430 7.0430 0448.1,

*XN = 8.14 4640430 11.0+10 30.04 1 31.0410 59.5430 7.0430 0430 27.04 1 61.5430 58.5430 0****

47411430 0430 27.04 1 34.0430 42.5430 3.0430 0430 7.04 1 79.5'30 6.0+30 170,4.41

*OTC = .264 47+0430 10.0410 26.0' 1 33.0410 60.0430 8.0430 0430 29.04 1 62.0430 57.0430 0W*
4 4841.1430 0430 25.54 1 34.5430 44.5430 3.0430 0430 9.0' 1 79.0430 6.5+30 040**

48+0430 13.5410 29.0* 1 34.0410 61.0430 7.0430 0430 28.04 1 62.0430 57.0430

49U430 0430 32.04 3 34.0430 17.0430 0'30 0430 10.5* 1 74.0+30 13.0430 0,0***
4TEMP=46.34 4940430 1.5410 46.0* 3 54.5410 31.0430 17.0430 0410 48.04 1 59.0410 40.0430

4 50'U'30 0430 26.04 3 33.0'830 17.0430 0430 0+30 12.04 1 75.0430 14.5430 OM*
VOLT= 6.3* 5040430

51'U'30
1.5+10

0430
47.0* 3
24.04 3

55.5410
34.5430

30.0430
16.0+30

18.0430
0430

0410
0'30

38.5* 1
9.04 1

59.0410
74.0430

38.5430
14.0430

row
0****

NNN = 103' 5140430 1.5410 43.54 3 57.0410 32.0'30 16.0430 0+10 33.0* 1 59.0410 40.0430 Dm*
52411+30 C'30 31.5* 3 32.5430 17.0430 0430 0430 10.04 1 74.5430 11.0+30 ro,oss

'XN = 6.3' 5240430 1.5410 45.54 3 54.0410 28.5430 18.0+30 0410 35.0' 1 60.0410 39.0'30 041.1.1,*

53411430 0430 32.04 3 34.0430 16.0'830 0430 0430 9.54 1 73.0430 12.0430 0.***
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OTC = .17'

*TSMP=46.1"

VOLT.12.0*

NNN . 101'

*XN = 7.34

*DTC = .17*

53'0'30
54'U'30
54'0'30

55'U'30
55'0'30
56'30
56'0'30
57'U'30
57030
58'U'30
58.04.30

5911*30
59'0'30
60U*30
60'0439

1.5410 47.0' 3
0+30 32.0' 3

1.5410 47.0' 3

0'30 26.0' 3
.5'10 31.5' 3
0'30 28.3* 3
.5410 29.0' 3
0'30 27.0" 3

.5410 4.0' 3
0'3031.5' 3
.510 34.0' 3
0*30 26.0' 3
.5'10 32.0' 3
C'30 22.5' 3

.5*10 30.0' 3

55.5'110 27.0'130
34.0430 17.0'30
56.5*10 29.0'30

31.0'30 15.0430
56.5410 31.0430
33.0'30 14.0'30
56.0+10 30.5'30
32.0'30 15.0+30
56.0410 30.0.'30
30.0'30 16.5'30
57.5*10 30.0.30
34.0'30 17.0430
55.0'10 33.0'30
31.0'3017.0'30
54.0'10 29.0'30

17.01'30
0+30

19.5'30

030
16.0'30

0'30
18.0'30

0*30
17.04'30

0430
17.0'30

0'30
20.0'30

0430
19.0+30

0*10 33.0' 1
030.42.5" 1
0.10 35.0' 1

0430 15.0" 1
04'10 52.5' 1
0'30 16.5' 1
O*10 39.0' 1
0'30 13.0' 1
0'10 54.0' 1
04'30 15.0" 1
0'110 51.0+ 1
0+30 15.0' 1
0.10 52.0" 1
0'30 10.5" 1
0.11 52.0' 1

60.0410
73.5'30
59.0'10

89.0'30
67.0'110
87.04'30
66.0+10
88.0+30
67.54'10
89.0'30
67.5*10
86.0*30
68.010
88.0'30
68.0+10

63.0'30
9.5'30
39.0'30

11.0'30
41.5'30
11.0'30
42.0*30
15.0'30
37.0'30
9.0*30
30.0'30
14.0'30
40.0'30
17.0'30
39.0e30

0**44,04*
0***

0
0.4p,
04.4,*

0*,
.0'"
04"
0""
0""
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APPENDIX G

Calculated Results
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FRICTIO6 FACTOR FOR SMOOTH ROO BUNDLE

RUN 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
REO..OH 6073 4914 3421 5003 6073 8679 12406 12406 15317 15317 7705 12406 15317 15317 12406
FF EXPERIM. .00979 .01206 .01493 .01210 .00979 .00866 .00794 .00772 .00700 .00735 .00843 .00764 .00720 .00720 .00779
FF BEST FIT. .00895 .00944 .01033 .00939 .00895 .00818 .00749 .00749 .00710 .00710 .00843 .00749 .00710 .00710 .00749

RUN 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

REOOH 21803 20510 20513 19136 17665 16070 28423 26389 24197 21803 19136 16070 21803 27525 25424
FF EXPERIM. .00598 .00620 .06634 .00668 .00672 .00613 .0058? .00595 .00620 .00632,400652 .00726 .00644 .00615 .00632
FF BEST FIT. .00650 .00660 .00660 .00672 .00685 .00702 .00608 .00620 .00633 .00650 .00672 .00702 .00650 .00613 .00626

'RUN 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
REO.OH 23029 20510 17741 19278 16070 40497 35563 30192 38104 32839 29885 32839 38104 40497 42764
FF EXPERIM. .006E3 .10662 .00684 .00686 .00703 .00561 .00570 .00591 .00567 .00569 .00604 .00595 .00578 .00564 .00562
FF BEST FIT. .00641 .00660 .00605 .00670 .00702 .00557 .00575 .00599 .00565 .00587 .00601 .00587 .00565 .00557..00549

FRICTION FACTOR FOR ROD BUNDLE WITH WIRE WRAP

RUN 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
RECJOH 29660 29660 29660 27590 27590 27590 25110 25110 25'110 23880 23880. 23880 23040 23040 23040
FF EXPERIM. .00844 .00844 .06839 .00869 .00869 .00875 .00889 .00899 .00896 .00887 .00902 .00895 .00905 .00905 .00905
FF BEST FIT. .00877 .00877 .00877 .00885 .00885 .00885 .00895 .00895 .00895 .00900 .00900 .00900 .00904 .00904 .00904'
FF 00.123 .00898 .00898 .00898 .00902 .00902 .00902 .00908 .00908 .06908 .00912 .00912 .00912 .00914 .00914 .00914.
.RE0011 28910 28910 28910 26900 26900 26900 24480 24480 24480 23280 23280 23280 22460 22460 22460'
FF EXPERIM. .30822 .00822 .00817 .00847 .00847 .00852 .00866 .00875 .00873 .00864 .00878 .00871 .00882 .00882 .00882.
+FT BEST FIT. .00854 .00854 .00854 .00862 .00862 .00862 .00872 .00872 .00872 .00877 .00877 .00877 .00881 .00881 .00881

'RUN 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

RE0OH 22170 22170 22170 21270 21270 21270 20330 20330 20330 19350 19350 19350 18320 18320 10320
FF EXPERIM.' .00909 .00918 .00918 .00923 .00923 .00923 .00928 .00922 .00924 .00923 .00935 .00935 .00930 .00942 .00942'
FF BEST FIT. .00909 .00909 .00909 .00913 .00913 .00913 .00918 .00918 .00918 .00924 .00924 .00924 .00930 .00930 .00930
'FF 60.123 .00917 .00917 .00917 .00924 .00920 .00920 .00923 .00923 .00923 .00927 .00927 .00927 .00931 .00931 .00931
REO.DV 21610 21613 21610 20730 20730 20730 19820 19820 19820 18860 18860 18860 17860 17860 17860'
.FF EXPERI4. .00885 .00894 .00894 .00899 .00899 .00899 .00904 .00898 .00900 .00899 .00910 .00910 .00905 .00918 .00918
FF BEST FIT. .00889 .06805 .00085 .60889 .00889 .00889 .00894 .00894 .00894 .00900 .00900 .00900 .00905 .00905 .00905

RUN 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

.REO.OH 17230 17230 17230 16080 16080 16080 14840 14840 14840 13500 13500 13500 12870 12870 12870'
FF EXPERIM. .00951 .00965 .00965 .40962 .00962 .00962 .00957 .00957 .00957 .00971 .00995 .00995 .00967 .00942 .00967
FF BEST FIT. .00937 .00937 .00937 .00945 .00945 .00945 .00954 .00954 .00954 .00965 .00965 .00965 .00970 .00970 .00970
FF 10.123 .00937 .00932 .04932 .00943 .00943 .00943 .00950 .00950 .00950 .00960 .00960 .00960 .00965 .00965 .00965'
REO..DV 16800 16800 16800 15674 15670 15670 14470 14470 14470 13160 13160 13160 12540 12540 12540'
.FF EXPERIM. .00926 .00940 .00940 .00937 .00937 .00937 .00932 .00932 .00932 .00946 .00968 .00968 .00942 .00917 .00942
FF BEST FIT. .00912 .00912 .00912 .00920 .60920 .00920 .00929 .03929 .00929 .00940 .00940 .00940 .00945 .00945 .00945

'RUN 46 47 40 49 50 51 52 53 54 55 56 57 58 59 60
REO..OH 12410 12410 12410 11940 11940 11940 11460 11460 11460 10950 10950 10950 10420 10420 10420'
FF ZXPERIM. .00957 .00930 .00957 .01004 .00993 .00993 .0099$ .00963 .00995 .00998 .00998 .00984 .01024 .01009 .01040'
FF BEST FIT. .00975 .00975 .00975 .00979 .00979 .00979 .00984 .00984 .00984 .00989 .00989 .00989 .00995 .00995 .00995
FF E0.123 .00969 .06969 .00969 .00973 .00973 .00973 .00978 .00978 .00978 .00984 .00984 .00984 .00990 .00990 .00990'
REO..01, 12100 12100 12100 11640 11640 11640 11170 11170 11170 10670 10670 10670 10160 10160 10160
FF EXPERIM. .00932 .00906 .00932 .00978 .00967 .00967 .00969 .00938 .00969 .00972 .00972 .00958 .00998 .00983 .01012
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FF BEST FIT' .00949 .00949 .00949 .00954 .00954 .00954 .00958 .00958 .00958 .00964 .00964 .00964 .00969 .00969 .00969

'RUN 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75

.REOON 9869 9869 9669 9282 9282 9282 8660 8660 8660 7993 7993 7993 7273 7270 7270'

'FF EXPERIM.' .03996 .00970 .00996 .00979 .01027 .01027 .01012 .01012 .01012 .00990 .00990 .00990 .01037 .01037 .01037
'FP BEST FIT' .01002 .01002 .01002 .01009 .01009 .01009 .01018 .01018 .01018 .01027 .01027 .01027 .01039 .01039 .01039'
FF E0.123 .00997 .00997 .00997 .11305 .01005 .01005 .01014 .01014 .01014 .01026 .01026 .01026 .01041 .01041 .01041.
.REO-DV 9621 9621 9621 9049 9049 9049 8442 8442 8442 7792 7792 7792 7088 7088 7088
.FF EXPERIM.' .00973 .01945 .00970 e00953 .01000 .01000 .00986 .00986 .00986 .00964 .00964 .00964 .01010 .01010 .01010'
FF BEST FIT. .00976 .00976 .40976 .G0983 .00983 .00983 .00991 .00991 .00991 .01001 .01001 .01001 .01012 .01012 .01012.

TURBULENT MIXING RESULTS FOR SMOOTH ROD BUNDLE

4.. ..J. A.. ,.., 4.. ...4.

.. RUN .. TRIANGULAR - TRIANGULAR .TRIANGULAR- TRAPEZOIDAL "TRAPE2010ALTRAPEIOIOAL..ESTIMATED ERROR.

.. ,.., ,... .., ..* ,..,

.1. RE 8( )
.,0 RE 14( )

*46 RE 80 ) ..* ..!

41. 1 6 12702 .6 13394 .5 14086 .5 s. 6.0%

7 12 27206 1.0 . 28689 .9 30171 1.4 . 12.10 .
. 13 18.. 27323 1.0 .. 28812 1.0 .. 30301 1.3 . 4.90 ...

19 - 24 34243 1.5 36109 1.5 37975 1.6 17.00 .
. 25 30 5011 .2 5254 .2 .. 5557 .3 al. 18.0% ...

.. 31 36 17322 .7 18266 .7 .. 19201 .7 . 1.5% ..

.. 37 42 12116 .5 12777 .5 13437 .6 .. 8.50. ...

43 48*. 21265 .7 22424 1.0 .. 23583 .8 .4. 11.7X

.. 49 54 10724 .5 11308 .5 11093 .5 +40 3.60

. 55 60. 7257 .3 7652 .3 . 8048 .3 .. 6.77.

MIXING RESULTS FOR ROD BUNDLE WITH WIRE WRAP

RUN REYNOLDS NUMBER MIXING RATE ESTIMATED ERROR

1 6 7040 .4 21.4 X
7 12 13377 1.2 18.7 X

13 18 23326 3.2 15.6 X
19 24 7040 . .4 21.7 X
25 30 13077 1.6 18.8 X
31 36 23026 3.5 11.5 X
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APPENDIX H

Statistical Tests

Using ordinary statistical tests such as "F" and "t", one has to

assume that the tested variable comes from a normally distributed

population. This means, looking at the equation (H-1), that

log(w..) and log(f) should be normally distributed about their

means

Y = al + b 1X

Y = log f or log w..

X = log Re

(H-1)

Both w.. and f have close to normal distribution as do log(w..)
13 13

and log(f) if the variance is small even though "log" is not linear

operator.

Draper and Smith (6) discuss the estimation of the errors

involved in evaluation of correlation parameters from experimental

data, by "Least Square Method. "

For the specific significant level a the confidence interval

on the slope can be estimated by:

b
1 N .5

E (X. -X)
1=1

1 err-t(N-2,1--
2

a)s
(H-2)



where

2
N(V-a)

2 + 2(V-al )(W-b
1

. + (W+b
1)

X.

< 2s 2 F(2,N-2,1-a)
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(H-4)

V and W are axis of the planar space (see Figure 26).

F(2,N-2,1-a) is a distribution evaluated on a 1-a significant

level.

It appears that the joint confidence region for al and bl is

represented by the elipse with the center at (al, b 1).

Now, one can say that the curve fit equation

Y = al + b
1X

is not significantly different from some theoretical equation

Y = a
2

only when point (a
2

b
2) lies inside the eliptical region as shown on

Figure H-1.

Program FLIPS uses Equation (H-4) for calculation of points on

the "confidence elipse."



and for the intercept by:

where

N
2E X.

1a ± t(N-2,1- 2 a) I.= 1

1

N E (X.-- X)
2

i=1

N = number of points

s
2 = residual variance

.5

X., Y. = coordinate of data point (log Re. log f or log w..)

X = mean value of X.
1t(N-2,1-2 a) = value of student's t at N-2 degrees of freedom and

significance level.
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(H-3)

Equations (H-2) and (H-3) estimate the confidence region for

slope and intercept alone disregarding possible existence of correla-

tion between them, and consider all the region inside rectangular

A, B, C,D of Figure H-1 as the joint confidence region for al and

b
1

on the a significance level.

However, when correlation between al and bl exist, i. e.,

the correlation coefficient P(albl) and the rectangle ABCD

can not represent the joint confidence region for al and bl.

Draper and Smith (6) considered this case also, and derived an

Equation (2.615, p. 64) which for the straight line curvefit, reduced

to Equation (H-4).
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Figure H-1. Statistical plot showing confidence intervals and confi-
dence region.


