
 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

AN ABSTRACT OF THE THESIS OF 
 
Jesse B. Skinner for the degree of Master of Science in Nuclear Engineering  
 
presented on December 12, 2007. 
 
Title: Phase Distribution Parameter Determination by Neutron Radiography 
 
 
 
 
Abstract approved: ____________________________________________ 
     Qiao Wu 
 
 
   

A phase distribution parameter has been added to the one-dimensional 

two-phase horizontal flow conservation equations. The phase distribution 

parameter was incorporated into the conservation equations in an attempt to 

add stability and remove correlation switching by incorporating gravity. 

Determination of the phase distribution parameter requires an average void 

fraction profile over the height of the flow geometry.  Large amounts of void 

fraction information are required to characterize the phase distribution over the 

entire range of two-phase flows.  Large amounts of void fraction information 

can be efficiently gathered with real time neutron radiography. As a result of 

the information gathered from the real time neutron radiography the phase 

distribution parameter is produced for specific configurations under a wide 

range of flow conditions. 
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Phase Distribution Parameter Determination with Neutron Radiography 

1 Introduction 
 
 Considerable effort has been made to determine models that can accurately 

predict flow phenomena in two-phase fluid flow conditions. The two-fluid model is 

the most sophisticated result of that research. Application of the two-fluid model has 

been limited because of a lack of knowledge of physical interactions between the 

two phases. When the three-dimensional two-fluid model is integrated over the flow 

area to create the one dimensional two-fluid model for horizontal flows, information 

on the cross-sectional pressure distribution is lost. In order to obtain a stable one 

dimensional two-fluid model for horizontal two-phase flows the pressure distribution 

effect due to gravity should be incorporated. The use of a void fraction profile will 

incorporate the gravity effect. 

 Many experiments have been carried out to obtain void fraction from neutron 

radiography images of vertical flow (Mishima & Hibiki, 1998, Mishima & Hibiki, 

1996, Mishima et. al., 1997). In this research the void fraction profile and phase 

distribution parameter is obtained for horizontal flow using neutron radiography. 

 
1.1              Literature Review 
 
1.1.1              Horizontal Two-Phase flow and Modeling 
 
The structure of two-phase horizontal flows was categorized into 6 groups by 

Mandhane et al. (Mandhane et al., 1974) using 1178 points from an air-water system. 

The six groups were bubbly, plug, slug, annular, stratified, and wavy flow. Figure 
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1.1 is a graphical representation of the different flow regimes. Grouping flow 

conditions into different flow regimes is important because important parameters 

such as pressure drop and heat transfer are flow regime dependant. A flow regime 

map was thus created for the 6 different flow conditions. The flow regime map 

created by Mandhane et al. is shown in figure 1.2. The flow regime map is in terms 

of superficial velocities of fluid and gas. Superficial velocities are defined as volume 

flow rate over total cross-sectional flow area: 

g
g

Q
j

A
=           (1.1) 

 

f
f

Q
j

A
=           (1.2) 

 
 
In the above equations j is the superficial velocity, Q is the volumetric flow rate, A is 

the total cross-sectional flow area, and the subscripts g and f are gas and fluid, 

respectively. Taitel and Dukler (1976) developed models for predicting flow regime 

transitions. The models were based on physical concepts of two-phase flow and 

showed good agreement with previous maps. 
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Figure 1.1 – Horizontal flow patterns (Able 2005) 
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Figure 1.2 – Horizontal flow regime map (Mandhane et al., 1974) 

 
 

Three major two-phase flow models have been proposed to calculate the field 

variables. These models are the homogeneous flow model, the drift flux model, and 

the two-fluid model. The homogeneous model is the simplest of the three models. It 

assumes that the two phases are of the same temperature and traveling at the same 

velocity. The homogeneous model is applicable at high pressure and velocity, when 

the two fluids are distributed uniformly. These simplifications allow for one set of 

mass, momentum, and energy balance equations. The set of equations is evaluated 

for mixture values of density, velocity, and enthalpy.  

The drift flux model for horizontal flow was developed by Franca and Lahey 

(Franca and Lahey, 1992) to expand the usefulness of the homogeneous model. The 
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two fluids in the drift flux model must have the same temperature but not the same 

velocity. The drift-flux model incorporates both a distribution parameter and a drift 

velocity to account for the different velocities. 

The two-fluid model is the most sophisticated one of the three models. The two-

fluid model allows for the calculation of two-phase flow variables at different 

temperatures and different velocities. Each phase in the two-fluid model is handled 

separately with its own set of conservation equations. For horizontal flow a one-

dimensional two-fluid model is typically used due to the lack of workable 

constitutive relations in the three-dimensional model. The one-dimensional two-fluid 

model is applied differently for bubbly and intermittent flows than for separated 

flows. Different assumptions in the pressure terms for different flow regimes are the 

main reason. Able (Able, 2005) proposed adding a distribution parameter to the one-

dimensional two-fluid model for horizontal flows to stabilize and unify the models.  

For most flow conditions the three-dimensional two-fluid model conservation 

equations for each phase can be written as follows (Ishii, 1975; Revankar & Ishii, 

1992):  

Continuity equation 

( )k k
k k k kv

t

α ρ α ρ∂ + ∇ ⋅ = Γ
∂

        (1.3) 

 
Momentum equation 

( ) ( )tk k k
kk k k k k k k k

k k ki k ik k i

v
v v P

t
g v M

α ρ α ρ α α τ τ

α ρ α τ

∂ + ∇ ⋅ = − ∇ + ∇ ⋅ +
∂
+ + Γ + − ∇ ⋅

   (1.4) 
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 Enthalpy energy equation 

( ) ( )tk k k
k k k k k kk

k ki
k k ki k k

s

H
v H q q

t
D q

H
Dt L

α ρ α ρ α

α ρ

∂ + ∇ ⋅ = ∇ ⋅ +
∂

′′
+ + Γ + + Φ

.    (1.5) 

 
 
Where α is the void fraction, ρ  the density, v the fluid velocity, H the enthalpy, P 

the pressure, g the gravitational acceleration, Γ  the mass phase change rate per unit 

volume, M the generalized drag per unit volume, τ  the shear stress, q′′  the heat flux, 

kΦ  the dissipation rate per unit volume. The subscripts k and i stand are for phase k 

and value at the interface, respectively. The terms τ , tτ , q , and tq are the time-

averaged viscous stress, turbulent stress, heat flux, and the turbulent heat flux, 

respectively.  

 By integrating the general three-dimensional two-fluid model equations over 

the cross sectional area and introducing proper mean values, one-dimensional two-

fluid model equations can be obtained (Abel, 2005; Kocamustafafaogullari, 1985; 

Song & Ishii, 2001). Area-averaged terms are defined by equation 1.6 and void 

fraction weighted area-average values are defined by equation 1.7. 

1
A

F FdA
A

= ∫          (1.6) 

 
F

F
α
α

=          (1.7) 
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For one dimensional, incompressible, stratified flow with no slip at the wall and at 

the liquid-liquid interface, the one-dimensional two-fluid continuity equations are 

given by equations 1.8 and 1.9 (Abel, 2005; Kocamustafafaogullari, 1985). 

1
1 1 1

1
1 i

iv m
t x A

ρ α ξρ α
∂ − ∂   + − = −   ∂ ∂  

ɺ     (1.8) 

 

2
2 2 2

i
iv m

t x A

ρ α ξρ α
∂ ∂   + = −   ∂ ∂  

ɺ       (1.9) 

 
 
Where ξ  and mɺ  are the interfacial perimeter and mass flux respectively. 

For the same assumptions the one-dimensional two-fluid momentum equations are 

given by equations 1.10 and 1.11 (Abel, 2005; Kocamustafafaogullari, 1985). 

( ) ( )

2

1 1 1 1 1

1

21
1 1 1 1 1 1 1 1

1 1
1 1 cos

1i i e
i i i i e

v v P
g

t x x

P P m v Cov v
x A A A x

ρ α ρ α
α ρ α ϕ

ξ ξ ξα τ τ ρ α

 ∂ − ∂ − ∂
 + = − − + −
 ∂ ∂ ∂
 

∂ ∂       − − − − − − −       ∂ ∂     
ɺ

  (1.10) 

 
 

( ) ( )

2

2 2 2 2 2

2

22
2 2 2 2 2 2 2 2

cos

i i e
i i i i e

v v P
g

t x x

P P m v Cov v
x A A A x

ρ α ρ α
α ρ α ϕ

ξ ξ ξα τ τ ρ α

 ∂ ∂ ∂
 + = − +
 ∂ ∂ ∂
 

∂ ∂       − − − − − −       ∂ ∂     
ɺ

  (1.11) 

 
 

Where ( )2Cov F  is the covariance defined by equation 1.12.  

( ) 22 2Cov F F F≡ −       (1.12) 
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With the previous assumptions the continuity and momentum equations can 

also be developed for mixture flows other than stratified flow condition. Equations 

1.13 and 1.14 are the continuity equations for mixture flows (Abel, 2005; song & 

Ishii, 2001). 

1
1 1 1

1
1 v

t x

ρ α
ρ α

∂ − ∂
 + − = Γ ∂ ∂

    (1.13) 

 

2
2 2 2v

t x

ρ α
ρ α

∂ ∂
 + = Γ ∂ ∂

     (1.14) 

 
 
Equations 1.15 and 1.16 are the one-dimensional two-fluid momentum equations 

(Abel, 2005; song & Ishii, 2001).  

( )

2

1 1 1 1 1 1
1

1 11 1
1 1 1 1 1

1 1
1 1 cos

14

v

t

w w
i i i

v C v P
g

t x x

P P v M
x D x

ρ α ρ α
α ρ α ϕ

α τ τα τα

 ∂ − ∂ − ∂
 + = − − + −
 ∂ ∂ ∂
 

∂ − +∂− − − Γ − + −
∂ ∂

 (1.15) 

 
 

( )

2

2 2 2 2 2 2
2

2 22 2
2 2 2 2 2

cos

4

v

t

w w
i i i

v C v P
g

t x x

P P v M
x D x

ρ α ρ α
α ρ α ϕ

α τ τα τα

 ∂ ∂ ∂
 + = − +
 ∂ ∂ ∂
 

∂ +∂− − − Γ − + −
∂ ∂

 (1.16) 

 
 
The symbol D  is the hydraulic diameter of the flow path and vkC  is the momentum 

covariance parameter defined by equation 1.17. 

2
k k k

vk

k k

v v
C

v

α

α
≡        (1.17) 
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The pressure terms in the momentum equations for stratified and mixture 

flows are very similar. The main difference is that for stratified flow the liquid-gas 

interface is at a known location, whereas in mixture flows the liquid-gas interfaces 

are distributed throughout the height of the channel. In two-phase flow problems of 

mixture flows the interface distribution has been usually assumed to be uniform 

throughout the height of the channel, resulting in an unstable model due to the lack 

of stabilizing force (gravity) when the two fluids have relative motions. This 

provides no mechanism for switching to stratified flow from a mixture flow regime 

when the flow condition varies. Therefore, a phase distribution parameter was 

incorporated into momentum equations by Able to capture the non-uniform phase 

distribution effects in mixture flows by accounting for the pressure difference due to 

gravity.  

The void fraction weighted mean values for gas and liquid phases are defined 

by equations 1.18 and 1.19, respectively. 

A
g

A

P dA
P

dA

α

α
≡ ∫
∫

  (1.18) 

 

( )
( )

1

1
A

f

A

P dA
P

dA

α

α

−
≡

−
∫
∫

  (1.19) 

 
 
By neglecting phase change and surface tension, phase distribution can be 

incorporated by considering gravity effects.  
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( )
0

y

mr grav AA
g r

A A

gdy dAP P dA
P P

dA dA

ρ αα

α α

′+
= = + ∫ ∫∫

∫ ∫
   (1.20) 

 

( ) ( )
( )

( )
( )

0
11

1 1

y

mr grav AA
f r

A A

gdy dAP P dA
P P

dA dA

ρ αα

α α

′ −+ −
= = +

− −
∫ ∫∫

∫ ∫
  (1.21) 

 
 
The mixture density, ρm, is defined by equation 1.22. 

( )1m g fρ ρ α ρ α= + −        (1.22) 

 
 
It is assumed that the fluid density of each phase is approximately constant over the 

cross sectional area.  By inserting the mixture density and assuming pressure 

variation due to gravity is only a function of height, simplified void fraction 

weighted mean pressure values can be determined. First the void fraction weighted 

mean gas pressure value is given by: 

( )( )
0

1
y

g fH
g r

H

gdy dy
P P

dy

ρ α ρ α α

α

′+ −
= + ∫ ∫

∫
   (1.23) 

 

0 0 0

y y y

H H H
g r g f

H H H

dy dy dy dy dy dy
P P g g

dy dy dy

α α α α α
ρ ρ

α α α

 ′ ′ ′
 = + + −
 
  

∫ ∫ ∫ ∫ ∫ ∫
∫ ∫ ∫

  (1.24) 

 

0 0

y y

HH H
g r g f

H H H

y
dydy dy dy dyHP P gH gH

H dy dy H dy

αα α α α
ρ ρ

α α α

 
′ ′ 

= + + − 
 
 

∫∫ ∫ ∫ ∫
∫ ∫ ∫

  (1.25) 

 
 

The line average void fraction (
L

α ) is defined by equation 1.26. 
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1L

H
dy

H
α α≡ ∫   (1.26) 

 

0 0

2 2

y y

HH H
g r g fL L L

y
dydy dy dy dyHP P gH gH

H H H

αα α α α
ρ ρ

α α α

 
′ ′ 

= + + − 
 
 

∫∫ ∫ ∫ ∫
  (1.27) 

 
 
By defining three distribution coefficients (0θ , 1θ , and 2θ ) equation 1.27 will 

simplify to equation 1.28. 

[ ]2 0 2g r g fP P gH gHρ θ ρ θ θ= + + −    (1.28) 

 
 
Where: 

0

H

L

y
dy

H

H

α
θ

α
≡
∫

   (1.29) 

 

0
1 2

y

H
L

dy dy

H

α
θ

α

′
≡ ∫ ∫    (1.30) 

 

0
2 2

y

H
L

dy dy

H

α α
θ

α

′
≡ ∫ ∫    (1.31) 

 
 
Following the same procedure, the void fraction weighted mean liquid pressure 
value can be determined.  

( )( ) ( )
( )

0
1 1

1

y

g fH
f r

H

gdy dy
P P

dy

ρ α ρ α α

α

′+ − −
= +

−
∫ ∫

∫
   (1.32) 

 

( )
( )

( ) ( )
( )

0 0
1 1 1

1 1

y y

H H
f r g f

H H

dy dy dy dy
P P g g

dy dy

α α α α
ρ ρ

α α

′ ′− − −
= + +

− −
∫ ∫ ∫ ∫
∫ ∫

  (1.33) 



 

 

12 

 

( ) ( )

( ) ( ) ( ) ( )

0 0

0 0 0 0

1 1

1 1 1 1

y y

H H
f r g

H H

y y y y

H H H H
f

H H H H

dy dy dy dy
P P g

dy dy

dy dy dy dy dy dy dy dy
g

dy dy dy dy

α α α
ρ

α α

α α α α
ρ

α α α α

 ′ ′
 = + − +
 − −
  

 ′ ′ ′ ′
 − − +
 − − − −
  

∫ ∫ ∫ ∫
∫ ∫

∫ ∫ ∫ ∫ ∫ ∫ ∫ ∫
∫ ∫ ∫ ∫

  (1.34) 

 

( )

( )

2

2 20 0

2

2 2 20 0

1 1

1

1 1 1 1

1

y yg
f r H H

H

y yf

H H H H

H

gH
P P dy dy dy dy

H Hdy

gH y
ydy dy dy dy dy dy

H H H H Hdy

ρ
α α α

α

ρ
α α α α

α

 ′ ′= + − + −  

 ′ ′− − + −  

∫ ∫ ∫ ∫
∫

∫ ∫ ∫ ∫ ∫ ∫
∫

  (1.35) 

 
 
By inserting the three distribution coefficients into equation 1.35 the simplified void 

fraction weighted mean liquid pressure can be determined. 

( ) ( )1 2 0 1 2

1

21 1

L L L L Lg f
f r L L

gH gH
P P

ρ ρ
α θ α θ α θ α θ α θ

α α
  = + − + − − +     − −

  (1.36) 

 
 
 By comparing the three distribution coefficients the final void fraction 

weighted mean pressure values can be determined. By introducing a height 

distribution parameter, 
y

H
η = , the distribution parameters can be related. The three 

distribution parameters and line averaged void fraction in terms of the height 

distribution parameter are: 

0
H

L

dηα η
θ

α
= ∫      (1.37) 

 
1

0 0
1 L

d d
η
α η η

θ
α

′
≡ ∫ ∫    (1.38) 
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1

0 0
2 L

d d
η
α η α η

θ
α

′
≡ ∫ ∫    (1.39) 

 
1

0

L
dα α η≡ ∫   (1.40) 

 
 

0θ  is evaluated first using integration by parts. 

 

0

u du d

dv d v d
η

η η

α η α η

= =

′= = ∫
   (1.41) 

 

udv uv vdu= −∫ ∫    (1.42) 

 
1 1

0 0 0 0
L L L

d d d d
η η

ηα η η α η α η η

α α α

′ ′
= −∫ ∫ ∫ ∫

   (1.43) 

 
 
If the first term on the right hand side of the equation is evaluated from 0 to 1 

The equation becomes: 

1 1 1

0 0 0 0
L L L

d d d d
η

ηα η α η α η η

α α α

′ ′
= −∫ ∫ ∫ ∫

   (1.44) 

 
 
By replacing the three terms with the representative distribution parameters a simple 

relation is discovered.  

0 11θ θ= −    (1.45) 

 
The method of u-substitution is used to evaluate2θ . 

0
u d

du d

η
α η

α η

′=

=
∫   (1.46) 
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1 1 12
0 0 0

2

02
L L L

d d udu u
η
α η α η

θ
α α α

′
= = =∫ ∫ ∫

   (1.47) 

 

( ) ( )
12 2

12
0

0

0

22 2 2

L
L

L L L

du
η
α η α α

α α α

′
= = =
∫

  (1.48) 

 
 
The three distribution parameters are reduced to one distribution parameter and the 

line averaged void fraction. Equations 1.45 and 1.49 are the relationships discovered. 

2 2

L
αθ =    (1.49) 

 

0 11θ θ= −    (1.45) 

 

The void fraction weighted mean pressure equations (1.28 and 1.36) can now be 

solved with one distribution parameter and the line averaged void fraction. 

[ ]2 0 2g r g fP P gH gHρ θ ρ θ θ= + + −    (1.50) 

 

02 2

L L

g r g fP P gH gH
α αρ ρ θ

 
= + + − 

  
   (1.51) 

 

( ) ( )1 2 0 1 2

1

21 1

L L L L Lg f
f r L L

gH gH
P P

ρ ρ
α θ α θ α θ α θ α θ

α α
  = + − + − − +     − −

  (1.52) 

 

( ) ( )

( ) ( )

0

0 0

1
21

1
1

2 21

L
L Lg

f r L

L
L L Lf

L

gH
P P

gH

ρ αα θ α
α

ρ αα θ α θ α
α

 
= + − − 

 −  

 
+ − − − + 

 −  

   (1.53) 
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( ) ( ) ( )
( )2

0

1
1

2 2 21 1

L
L

L L Lg f
f r L L

gH gH
P P

αρ ραα θ α α
α α

 
   

= + − − + − +   
 − −   

 

  (1.54) 

 

( ) ( ) ( ) ( )2

0

1
1 1

2 21 1

L
L L Lg f

f r L L

gH gH
P P

ρ ραα θ α α
α α

   = + − − + −   
  − − 

  (1.55) 

 

( ) ( )01 1
2 21

L
L L Lg f

f r L

gH gH
P P

ρ ραα θ α α
α

 
 = + − − + −     −  

   (1.56) 

 
 

Equations 1.51 and 1.56 show that with a void fraction distribution the 

pressure terms the one-dimensional two-fluid model can be applied for both mixture 

and stratified flows.  More importantly, the model for mixture flows contains the 

gravity effect that potentially can stabilize the model when the two fluid have 

relative motion.  In addition, the proper modeling of the pressure terms of the one-

dimensional model allows for smooth transition between stratified and mixture flows.  

However, the introduction of the distribution parameter requires an extra 

constitutive relation that governs the variation of the distribution parameter under 

different flow conditions.  To do so, experimental investigation is necessary to 

obtain phase distribution data particularly in the vertical direction, which is the main 

objective of this thesis. 

1.1.2              Void Fraction Measurement 
 
1.1.2.1 Probe Techniques 
 
 Intrusive probes have been used in many applications to measure void fraction. 

Their ease of use, relatively inexpensive manufacturing, and their ability to measure 



 

 

16 

a wide range of fluid types and conditions has made them widely used. It has been 

shown for many probe types in many applications that there can be good agreement 

with a global method of void fraction determination (Hewitt, 1978; Cartellier and 

Achard 1991).  

The main disadvantage of probes is that probes are intrusive and that 

information on phase can only be gathered at one point. Intrusive probes interact 

with and deform phase boundaries while gathering phase information. In typical 

applications probes are calibrated using a global method of void fraction 

determination such as quick closing valves. While this method does help to quantize 

total error it does not help to determine components of error. The most widely 

acknowledged source of error is from how the probe tip interacts with a two-fluid 

interface.  

 Cartiellier (1990) presented a model for how electronic signal output is related 

to probe and two-fluid interactions. The interaction between a probe and a bubble 

happens in six zones ranging from fully immersed in water to fully immersed in gas. 

The six zones correspond to different characteristics of the signal form (figure 1.3). 

This model is for a large bubble hit near the center. Juliá et. al. (2005) studied optical 

probe and bubble interactions and was able to gain further insight to the interaction 

mechanisms. In the study, images were used to identify bubble deformation in the 

presence of a probe and relate it to signal type. Signals range from fully developed, 

such as those discussed by Cartellier, to smaller parabolic signals that relate to a 

bubble size that is too small to completely dry out the tip of the probe. Although 
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many studies on bubble deformation have been done there is still no agreement on 

where to put the cut off value for bubble detection.  

 

 Figure 1.3 – Six probe-fluid interaction zones (Cartellier 1990) 
 

 
1.1.1.1.1 Impedance Probes 
 
 Impedance probes work by using the electrical conductivity or capacitance of 

the surrounding medium to complete a circuit. For air/water two-phase flows an 

electrolyte is typically added to the water to increase the electrical conductivity. The 

two fluids to be detected must have different conductivity or capacitance. Cartellier 

(1991) has a good overview of impedance probes. Three impedance methods have 

been developed to detect phase distribution.  

 Two of the impedance methods measure resistance and one of the methods 

measures capacitance. Direct current (DC) excitation of the probe is easy to setup 

and inexpensive. With dc excitation the resistance of fluid is measured. The main 
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drawbacks of DC probes are that the probe tip is susceptible to electrochemical 

attack, fluid surrounding the tip can become polarized, and liquid resistivity is a 

function of temperature and fluid purity. All of these drawbacks can lead to signal 

drift and inaccurate measurement. Furthermore electrolysis of the probe tip will lead 

to a shortened operating life. In order to overcome some of these difficulties 

alternating current (AC) excitation probes were developed. 

 Using AC excitation eliminates electrochemical attack on the probe tip and 

polarization effects. Depending on the frequency of oscillation of the electricity, the 

other problems associated with measuring resistivity may still be present. Up to a 

few kHz oscillation resistance is still measured. To eliminate all the effects 

associated with measuring resistance the electrical oscillation can be made very fast. 

In the radio frequency range of oscillation (~MHz) capacitance becomes the most 

sensitive measurable parameter. Although this method eliminates the problems 

associated with measuring resistance, it has its own problems. The two main 

problems being the circuits are more expensive and temperamental.  

 Probe tip diameter and shape influences probe performance as well as un-

insulated tip length. Long un-insulated tip lengths will smooth transition signals but 

short un-insulated tip lengths are less sensitive (Teyssedou & Tapucu, 1988). Table 

1.1 lists a comparison of impedance probes to other types of void fraction 

determination methods. 
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Table 1.1 - Comparison of void fraction measurement methods 
 

Method Authors Intrusive Error
Miller & Mitchie 1970
Galaup 1976
Roumy & Charlot 1981
Sekoguchi et al. 1984
Morris et al. 1987
Spindler et al. 1988
Teyssedou et. al. 1968
Geraetst & Borst 1988
Elkow & Rezkallah 1996
Huang et al. 2003
Reyes et al. 1998
Leblond et al. 1998
Mishima & Hibiki 1998
Harvel et al. 1996
Takenaka et al. 1998
Toye et al. 1998

Optical Probe Yes 10-40%

Resistance Probe

MRI/NMR

Attenuation Methods

10-40%

10-40%

Yes

no

no

 

 

 
1.1.1.1.2 Optical Probes 
 
 Optical probes use the characteristics of light refraction to gain information 

about flow phenomena. Light is emitted in one side of a light guide and, depending 

on the refraction index of the light guide and the surrounding medium, the light is 

reflected back to a detector. Figure 1.4 graphically explains the simple optical probe 

model. The Snell-Descartes law of refraction 1.57 governs the probe characteristics.  

sin

sin
i

e

ηθ
φ η

=
         (1.57) 

 
For a simple case, a probe with no cladding, a conical tip, and surrounded by one 

medium is considered. The light incident on the first face is parallel to the center axis 
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of the probe due to the lack of reflective cladding. Total internal reflection occurs in 

the probe when the angles of incidence on the first and second face, φ1 and φ2 

respectively, are above a critical level φc. The critical level is when the refracted 

light angle, θ1, is equal to 90°, 1.58.  

1sin e
c

i

ηφ
η

−  
=  

         (1.58) 
 
 
To determine when the angles of incidence are above the critical level they are 

related to the probe tip angle and refraction index of the surrounding medium for 

face 1, 1.59, and face 2, 1.60. 

sin
2 2e i

π ωη η = − 
          (1.59) 

  

sin
2e i

ωη η =  
          (1.60) 

  
 

 
Figure 1.4 – Optical probe refraction characteristics 
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When equations 1.59 and 1.60 are plotted on the same graph (Figure 1.5) it 

becomes apparent that in order for the probe to function properly one fluid’s 

refraction index must be larger than the intersection of the two curves and the other 

fluid’s refraction index must be below the curves. This holds true for air and water 

flows with respective refraction indexes of 1.0 and 1.33. This simple model also 

implies that the cone tip angle ω must be between 80° and 100°. In practice the 

incident light is not parallel to the probe center axis and a much wider range of cone 

tip angles can be used. In a review of phase detection probes in 1990 A. Cartellier 

asserts that cone tip angles can range from a few degrees up to 180°. 

 
 

Figure 1.5 - Theoretical refraction limits for optical probes 
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In 1969 optical probes were introduced by Miller and Mitchie. Since then 

many experiments have been done to determine the effects of probe tip size and 

shape on void fraction determination. A. Cartellier summarizes the results of many 

studies on optical probes in his 1990 review article. A 2mm glass rod with a drawn 

down tip in the shape of a cone was the first probe. Cone or rounded tip probes were 

also studied by Danel in 1978, Graindorge in 1985, Calderbank & Pereira in 1977, 

and Spindler in 1988. Flat tip probes were studied by Hinata in 1972, Sekoguchi and 

Horii in 1984 and Morris et. al. in 1987. U-shaped probes were studied by Danel & 

Delhaye in 1971, Galaup & Delhaye in 1976 and Abuaf in 1978.  

Optical probes have all the advantages and disadvantages that are common to 

intrusive probes and some that are specific to optical probes. The type of two-fluid 

flows that can be measured must have significantly different refraction indexes. The 

amount of light reflected back to the detector must be significantly different to allow 

for differentiation between the two phases. Another disadvantage for optical probes 

is that the amount of light reflected to the detector will be affected if one of the fluids 

sticks to the probe head. This error is more pronounced in viscous fluids, for prism 

linked probes, and for flows without well defined boundaries (Cartellier, 1990). 

Advantages of optical probes are related to durability and size. Optical 

probes are essentially corrosion free and as such have a long probe life. Optical 

probes have been tested up to 150 bars and at temperature ranges from -100°C to 

300°C.  
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1.1.2.2 Magnetic Resonance Imaging (MRI) 
 

 MRI has been developed extensively for use in the medical field. Photons 

emitted are in the radio frequency range and as such have low ionizing energy. The 

low ionizing energy poses no health risk which helps explain why it has become so 

common for medical imaging (Daidzic et. al., 2005).Non medical applications of 

MRI have also been developed. Applications in fluid transport, materials processing, 

and liquid/solid flows to name a few (Gladden, 1996). MRI works by mapping 

nuclear spins of protons in hydrogen atoms.  

 A large magnet from 0.5T to 60T is used to align the spins of protons in the 

magnetic field. Smaller gradient coils are then pulsed to shift the spins of the protons 

to a different frequency. Low energy photons are emitted as the protons fall back 

into alignment with the large magnetic gradient field revealing information on the 

structure of the proton bearing material. MRI has been used to characterize two-fluid 

flow (Daidzic, 2005, Leblond, 1998, Reyes, 1998).  

 Limitations on the types of flow that can be analyzed are mainly due to the size 

and orientation of the large magnet. Good spatial and temporal resolution requires a 

more powerful magnetic field and larger magnets cost more money. Machines that 

are priced on the order of millions of dollars limit the amount of machines available 

for fluid testing. Since MRI has mainly been used in the medical field the orientation 

of the machines is typically oriented for horizontal applications only. Vertical flow 

applications would be severely limited by the bore diameter of the facility. The use 

of powerful magnets also eliminates the use of magnetic and metallic materials in the 
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area around the magnets. Even with these limitations MRI remains an option for 

fluid flow testing for many reasons. 

 MRI is non intrusive so flow can be measured without affecting the flow 

structure. Void fraction information as well as mean and instantaneous velocities can 

be obtained in three dimensions which allows complete characterization of the fluid 

flow. Finally the investment in image processing from the medical industry allows 

useful information on flow structure to be obtained from MRI images.  

 
 
1.1.2.3 Attenuation Methods 
 
 There are many methods that used the attenuation properties of material to 

calculate void fraction. The basic setup of an attenuation system is with a radiation 

source on one side of the test section and radiation detectors on the other side. 

Radiation emitted from the source will pass through the test section where a certain 

percentage of it will be absorbed or scattered and the rest will travel directly to the 

detector. For gamma and x-rays attenuation is a function of atomic mass and density. 

Materials with large density and high atomic mass will attenuate a radiation beam in 

a shorter distance than low atomic mass and low density material. For neutrons 

interacting with an element, the total neutron cross section for interaction of the 

element governs the rate of beam attenuation. The neutron cross section is dependant 

on the particular isotope and the density of the element. Figure 1.6 shows a 

comparison of neutron and x-ray mass absorption coefficients as a function of 

atomic number. For instance neutrons will travel greater distances through aluminum 
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than through water. Neutron and gamma or x-ray radiography can be thought of as 

complimentary methods each better suited for imaging in different materials.  

 

Figure 1.6 – Mass absorption coefficients for neutrons and x-rays (Berger, 1965) 
 

There are several sources of difficulty when dealing with attenuation 

methods (Hewitt, 1978). The first difficulty is dealing with the radiation source. 

Special precautions must be made to assure safety for the operator at all times. A 

source of uncertainty arises from the statistical nature of radiation. Powerful sources 

or long counting times must be used to minimize this uncertainty. Another source of 

uncertainty is caused from the time variation of the flow to be measured. Since the 

absorption is not a linear function of the beam penetration depth, the measured 

values for a varying flow of wide ranges, such as slug flow, may not be truly 

representative of the conditions in the test section without further justification. The 

final source of difficulty in the attenuation methods is that many radiation sources 
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are not mono-energetic. This presents a problem in that higher energy γ-rays have a 

higher penetration power and beam hardening will occur, causing void fraction to be 

overestimated.  

 
1.1.1.1.3 X-ray and γ-ray Radiography 
 

For X-ray and γ-ray radiography, void fraction is calculated using the 

intensity of the radiation beam exiting the test section. The intensity of the beam 

exiting the test section is governed by Equation 1.61. 

( )
0

g mg f m f t tI I e
µ δ µ δ µ δ− + +=   (1.61) 

 
Where, I is the intensity exiting the test section, I0 the intensity incident on the test 

section, µ the linear absorption coefficient, and δ the distance the beam must travel 

through the material. The subscripts g, f, mg, mf, and t represent the single-phase gas 

value, single phase liquid value, gas-phase of the mixture, the liquid-phase of the 

mixture, and the test section material, respectively. Void fraction can be calculated 

from the intensity exiting the test section. With the assumption that absorption in the 

gas phase is small, the radiation intensity exiting the test section full of the gas phase 

is given by Equation 1.62. The intensity exiting the test section full of the liquid 

phase is given by Equation 1.63, and the intensity exiting the test section with a two-

phase mixture is given by Equation 1.64. 

0
t t

gI I e µ δ−=   (1.62) 

( )
0

f f t t

fI I e
µ δ µ δ− +=   (1.63) 
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( )
0

f m f t t

mI I e
µ δ µ δ− +=   (1.64) 

 
The previous three equations can be combined to find void fraction. 

( ) ( )
( ) ( )

ln ln

ln ln

m fmg f mf

f f g f

I I

I I

δ δ δ
α

δ δ
−−

= = =
−

  (1.65) 

 

1.1.1.1.4 Neutron Radiography 
 

Neutron radiography has been used for two-fluid flow as well as non-destructive 

testing (Von Der Hardt & Röttger 1981). It has been used to visualize two-phase 

flow, oil in gear boxes, fluid in a porous medium, and to find void fraction in two 

phase flow. Three main methods of neutron radiography imaging have been 

identified: direct exposure, transfer exposure, and dynamic imaging. Figure 1.7 

offers a graphic representation of the different neutron radiography methods. 

 

Figure 1.7: Direct, transfer, and dynamic imaging methods of neutron 
radiography. 
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Direct exposure consists of placing the object to be imaged, a converter screen, 

and film directly into the beam. The converter screen for this method can be 

separated into two categories, using prompt emission or potentially radioactive 

materials. Prompt emission materials such as boron release energy upon capturing a 

neutron but do not become radioactive. These types of converter screens must be 

exposed to the neutron beam at the same time that the image is recorded. For the 

direct exposure method the film will potentially be affected by other interactions 

with radiations in the beam. Potentially radioactive materials such as silver or gold 

are activated by the beam and energy is released as a result of radioactive decay. To 

avoid film darkening due to other radiations in the beam, potentially radioactive 

converter screens are best used in the transfer exposure method. 

In the transfer exposure method the converter screen is activated in the neutron 

beam and then removed from the radiation area to expose the film. This method is 

slower than direct imaging with a prompt emission screen but can have better image 

quality. The use of an imaging plate is also a transfer exposure method. An imaging 

plate is designed to store energy until excited by a laser (Sonoda et. al., 1983). 

Imaging plates can be used multiple times if they are exposed to bright light to 

release all stored energy before being re-used.  

The dynamic imaging method is used to analyze transient imaging systems. In 

this method the converter screen is placed directly in the beam and the light emitted 

from the screen is reflected by a mirror to a camera. A prompt emission screen with 

energy released in the visible spectrum is required if a standard camera is to be used. 
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Due to the short imaging time, the source of neutrons required for dynamic imaging 

must have a neutron flux on the order of 106 n/(cm2 s) (Hibiki & Mishima, 1996). 

Several neutron sources have been suggested for different neutron radiography 

applications. Radioactive sources such as Cf252 have been proposed for applications 

where a long exposure time is possible, such as in non-destructive testing. Another 

source of neutrons is an accelerator. By accelerating an isotope into a target nucleus 

a reaction can take place that releases a neutron. An example accelerator reaction is 

shown in Equation 1.66.  

3 2 4 1
1 1 2 0 17.6T D He n Mev+ → + +   (1.66) 

The final source of neutrons for neutron radiography is a nuclear reactor. Nuclear 

reactors were identified early on as the best neutron source for neutron radiography 

(Berger, 1965). Collimated neutron flux can be several orders of magnitude higher 

than other neutron sources. The high neutron flux available in reactor beam ports 

allows for high speed imaging of transient systems. The main disadvantage of using 

a nuclear reactor as a neutron sources is the limited availability of such sources. 
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2 Experiment Design 
 
2.1              Oregon State University Neutron Radiography Facility  
 

Construction of the Oregon State University neutron radiography facility 

(OSNRF) was completed in October of 2004. Figure 2.1 is the OSNRF layout 

schematic. The room has two-foot thick concrete walls and access doors. Under the 

small access door is a gap that is big enough for power cords and an air hose. The 

small access door and control panel for the OSNRF can be seen in figure 2.2. The 

source of neutrons for the beam port is the Oregon State University TRIGA Mk. II 

research reactor (OSTR).  
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Figure 2.1 – OSNRF layout schematic 
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Figure 2.2 – The OSNRF  
 
 

The OSTR is a water cooled swimming pool style research reactor that can be 

operated at up to 1.1 MW. The fuel is a Uranium/Zirconium hydride. The core of the 

OSTR is surrounded by a graphite ring which acts as a neutron reflector. The 

entrance to the OSNRF beam port is situated tangential to the OSTR core and inside 

the graphite reflector.  

Neutrons entering the beam port travel through a collimator before entering the 

OSNRF. The collimator is composed mainly of lead but also has cadmium, bismuth, 

boral, and polyethylene (figure 2.3). Bismuth is used as a gamma filter while the rest 

of the materials are used to shape the beam into a well collimated beam of mostly 

thermal neutrons. The resulting neutron beam is 36 cm wide by 44 cm tall, with an 
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L/D of 86 for the close image plane and 117 for the far image plane (Clark, 2005b, 

Clark, 2005c). The beam is capable of taking ASTM E545 category I images, which 

is the highest quality level. There are two Imaging systems available in the OSNRF. 

 

Figure 2.3 – OSNRF collimator 
 
 

 The OSNRF has the capability of taking high quality neutron radiography 

images as well as high speed real time images. High quality images are collected 

using imaging plate technology. An exposed imaging plate is read using a 

FUJIFILM BAS-5000. Exposure times for the imaging plates are on the order of 

minutes, so they are unsuitable for transient systems. Transient systems pictures are 

acquired using the dynamic imaging method described in section 1. 
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The real time imaging system has a nine inch HX series image intensifier from 

Precise Optics. The scintillation screen on the image intensifier is a Gd2O2S crystal 

scintillation screen. Light leaving the scintillator screen travels through an 83 mm 

objective lens, a right angle adapter, and then into the high speed camera. The right 

angle adapter assures that the high speed camera is not in the neutron beam. The 

high speed camera is a Vision Research phantom v5.1. The camera is capable of 

taking full 1024x1024 pixel resolution pictures at the rate of 1000 pictures per 

second.  

 
2.2              Test Loop Design 
 

The test loop was designed to allow metered variable flow of two fluids 

concurrently. To accomplish this, a pump is used to circulate water and an air 

compressor is used to supply air. Figure 2.4 shows the layout of the test loop. The 

major components of the test loop, which can be seen in figure 2.5, are discussed 

below.  

 

Figure 2.4 – Test loop layout 
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Figure 2.5 – Test loop setup 

 
The fluid separation tank was designed to separate water from air. The main 

mechanism for fluid separation is gravity. With water being ~1000 times denser than 

air, the water collects at the bottom of the tank while the air is allowed to escape out 

the top. A simple moisture separator is attached to the top of the tank to minimize the 

amount of water that escapes. Low on the side of the separation tank is the outlet that 

is connected to the pump.  
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The pump is a March 6 series pump. The pump is driven by a ½ horsepower 

single phase Marathon Electric motor that spins at 2850 rpm. A bypass line that 

returns water to the separation tank without going through the test section was 

installed to keep the pump in operational limits.  

The water that does not return to the separation tank through the bypass line 

passes through a flow meter. The flow meter is a Fisher-Rosemount 8712c magnetic 

flow meter. The accuracy of the unit is ±0.5% of the flow rate between 1 m/s and 10 

m/s flow rate.  

After the water exits the flow meter it enters the mixing chamber. The mixing 

chamber consists of a plastic tee pipe fitting. Water enters the “T” side, air enters one 

end, and the mixture exits the other end. Figure 2.6 is a graphic representation of the 

mixing chamber. The porous metal sparger was put in place to help reach fully 

developed flow conditions in the pipe in a short length by breaking the air into small 

bubbles.  

 

Figure 2.6 – The mixing chamber 

 
Two flow meters were used to find the air flow rate. The larger flow meter was a 

Dwyer RMC-108 rotor meter capable of measuring flow rates between 200 and 1800 
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scfh with 2% of full scale accuracy. The small flow meter was a King Instruments 

0.4 to 4 cfm rotor flow meter with an accuracy of 6%. 

The test section is an aluminum channel that has a 0.67cm X 6.86cm flow area. 

Aluminum was chosen as the material for the test section because it is economical 

and has a low neutron interaction probability. The flow channel dimensions were 

chosen to minimize error and have a large profile.  
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3 Methods and Procedures 
 

3.1              Data Acquisition 
 

Data was taken at 201 different flow conditions as summarized in Figure 3.1, 

a conventional flow regime map, using the OSNRF. The flow loop was assembled in 

the OSNRF in a configuration to minimize uncertainty. When the beam shutter is 

open the doors on the OSNRF must be in the closed position. The only access to the 

facility when the doors are closed is a gap under the small access door. With this 

limitation all the components or the test loop had to be placed inside the OSNRF 

with only power and air entering through the access gap. The majority of the test 

loop was placed as far from the beam as possible to minimize neutron scattering. 

Figure 3.2 shows the layout of the OSNRF with the test loop inside. 
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Figure 3.1 – The test matrix on the flow regime map 
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Figure 3.2 – The test loop in the OSNRF 

 
 

Before the test for each flow condition to be measured, the beam would be 

closed first, the small door to the OSNRF would be opened, and the flow conditions 

would be adjusted to the desired state. Flow conditions were adjusted by partially 

opening or closing valves to reach the desired fluid flow rates on both the air and 

water feed lines. With the right flow conditions the OSNRF would then be evacuated 

and closed. The beam shutter would be opened and the image data would be 

gathered.  
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The images were all gathered with the same settings on the data acquisition 

computer. Images were taken at the rate of 40 pictures per second with an exposure 

time of 9990µs. Contrast and brightness values were adjusted for the best 

visualization of the flow and held constant for all image acquisition. Contrast was set 

at 85 while brightness was set to 37. The Gamma value for the camera was set to 1 

as discussed in the next section. The images acquired on the computer were then 

saved as a multi-page tiff file for future void fraction distribution analysis. The total 

time between data acquisition for two different flow conditions was about 10 

minutes. In total over 15,000 images were obtained. 

 
3.2              Void Fraction Analysis 

 

The sigma scaling method to find void fraction in a narrow rectangular duct from 

neutron radiography images was detailed by K. Mishima and T. Hibiki in 1996. The 

method is capable of producing results with errors as low as 3%.  

In this method the brightness value of an image pixel (B) is related to the neutron 

flux interacting with the scintillator (φ ), the sensitivity of the imaging system (C), 

the light intensity to voltage conversion value of the camera (λ), and the dark current 

of the imaging system (Bd) as shown in Equation 3.1.  

( ) dB C B
γφ= +         (3.1) 
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To find void fraction from this equation, the image brightness value must be directly 

related to the distance the penetrated neutrons travel through water in the test section. 

A series of assumptions and simplifications are used to achieve this. 

 For all of the images obtained in this research, the λ value was set to 1. With 

λ set to 1 there is a linear relationship between image brightness and the neutron flux 

at the scintillation screen. The flux at the scintillation screen is composed of 

uncollided neutrons (pφ ), neutrons scattered from the test section (stφ ), and neutron 

scattered from the surroundings (ssφ ), given in Equation 3.2. 

p st ssφ φ φ φ= + +         (3.2) 

 
 
The scattered components of the neutron flux are difficult to determine. The neutron 

flux scattered in from the surroundings is assumed to be a constant value for each 

test. The test section was placed far enough from the scintillation screen that 

st ssφ φ<<  (Hibiki et. al., 1997). This allows both scattered components of the neutron 

flux to be combined with the dark current value to form the brightness offset value 

(Bo), equation 3.3 

o s dB B B= +         (3.3) 

 
 
This is true where Bs is the brightness due to the scattered component of the neutron 

flux. The amount of penetrating neutrons is given by equation 3.4. 

( )expp th g mg f mf t tφ φ δ δ δ= −Σ − Σ − Σ      (3.4) 
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Where thφ  is the thermal neutron flux entering the test section, gΣ is the Macroscopic 

cross section for absorption of neutrons in the gas phase, fΣ  the macroscopic cross 

section for absorption of the fluid in the test section, and tΣ the macroscopic cross 

section for absorption of the test section structural material. For the purpose of this 

analysis the removal of neutrons from the neutron beam by gas in the test section is 

considered negligible. By combining Equations 3.1, 3.2, 3.3 and 3.4, and removing 

the gas term in the test section, Equation 3.5 is found.  

( )expm th f mf t t oB C Bφ δ δ= −Σ − Σ +       (3.5) 

 
 
Where Bm is the brightness value of an image pixel in the mixed flow test section. 

Equation 3.5 can be used to determine void fraction of an image if an image of the 

test section full of water and an image of the test section empty also exist. The 

Brightness value for a pixel in a full pipe image depends on the number of neutrons 

that pass through the test section with the maximum amount of water. The equation 

governing brightness in a full pipe picture (Bf) is given in Equation 3.6. 

( )expf th f f t t oB C Bφ δ δ= −Σ − Σ +       (3.6) 

 
 
For an empty pipe the brightness (Bg) is dependant on the amount of neutrons that 

pass through the empty test section. The equation for an empty pipe is given by 

Equation 3.7. 

( )expg th t t oB C Bφ δ= −Σ +        (3.7) 
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Equation 3.6 and 3.7 can be combined to solve for the brightness offset value, and 

the gain, given by Equations 3.8, and 3.9 respectively. 

( )
( )( )

exp

1 exp

f g f f

o

f f

B B
B

δ

δ

− −Σ
=

− −Σ
       (3.8) 

 

( ) ( )( )exp exp 1

f g

th t t f f

B B
C

φ δ δ
−

=
−Σ −Σ −

     (3.9) 

 
 
Void fraction can now be calculated using Equations 3.5, 3.6, 3.7, and the definition 

of void fraction, Equation 3.10. 

1mg mf

f f

δ δ
α

δ δ
= = −         (3.10) 
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        (3.11) 

 
 
3.3 Sources of Uncertainty 

 
Sources of uncertainty for analyzing void fraction using neutron radiography 

include statistical variation of neutrons, discrete gray levels, low imaging speed 

(fluid blur), and uncertainty associated with the imaging facility and test facility. In 

low neutron flux fields, statistical variation of neutrons will affect the accuracy of 

the collected data (Knoll, 2000). 

Two simplified statistical models can be applied to this system. When the 

number of neutrons counted is very small and the neutron fluence is essentially 
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constant the Poisson distribution can be used. For cases where the counting number 

is larger than 20 or 30 a Gaussian distribution can be used. For these two models the 

predicted variance (σ2) is equal to the true mean (xmean). For this experiment the true 

mean is assumed equal to the measured value (x). The standard deviation (σ) should 

then be defined by Equation 3.12. 

xσ =          (3.12) 
 
 

For multiple independent trials the standard deviation is given by Equation 3.13. 

x

N
σ =          (3.13) 

 
 
Where, x  is the average value obtained from the multiple counts and N is the 

number of counts. Relative uncertainty is then given by: 

E
x

σ=          (3.14) 

 
 
For high speed neutron radiography each pixel-area can be thought of as a detector. 

The brightness value for each pixel-area is then related to neutron fluence. Neutron 

fluence is given by equation 3.15. 

( ) 2expthf R tφ δ= −Σ ∆        (3.15) 

 
 
It then follows that uncertainty due to statistical variation of neutrons is given by 

Equation 3.16 for one image and Equation 3.17 for multiple images. 

st

f
E

f
=         (3.16) 
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st

f N
E

f
=         (3.17) 

 
 
 Measurement uncertainty due to limited gray scale is caused by digitization of 

the image brightness (Hibiki & Mishima, 1997). Each gray scale value represents a 

void thickness in the test section, so only discrete void fraction values are obtained 

where a continuum of values exists. The uncertainty due to limited gray scale is 

determined by comparing the neutron penetration distance in the liquid phase from 

two adjacent gray scale values. 

 The neutron penetration distance in the liquid phase is determined from 

Equation 3.5. 

( )exp1
ln th t t
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f m o

C
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φ δ
δ

−Σ 
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      (3.18) 

 
 
The change in liquid phase neutron penetration distance from adjacent gray values is 

then calculated using Equation 3.18. 
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     (3.19) 

 
 
Uncertainty due to limited gray scale is then calculated by combining Equations 3.18 

and 3.19. 
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   (3.20) 

 
 
Uncertainty due to limited gray scale changes logarithmically with respect to gray 

scale because of neutron attenuation through the liquid phase. Uncertainty increases 

with increasing liquid phase thickness because of a proportionally smaller amount of 

neutrons penetrating the liquid phase. 

 Uncertainty due to low imaging speed and gas motion is caused by neutron 

attenuation properties. Neutrons are attenuated exponentially in the test section and 

the response of the scintillation screen to neutrons is linear. This means that varying 

flows will have an associated uncertainty. Each image acquired in real time neutron 

radiography is a time average of the brightness value, which is theoretically different 

from the time average of the void fraction. For flow regimes where the void fraction 

does not vary with time, such as a stratified or homogeneous flow, this does not 

present a problem. This uncertainty can be estimated by treating the instantaneous 

liquid thickness (δw) as a mean liquid thickness (δ0) and a perturbation value (∆δ) 

(Kureta et al., 2001). Equation 3.21 gives the uncertainty due to low imaging speed 

and fluid movement. 
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The imaging facility and test loop also contribute to the uncertainty of the fluid 

flow data. These uncertainties include accuracy of flow meter output, as well as 

uncertainty in the image acquisition equipment. There are uncertainties involved 

with each component in the image acquisition system. Uncertainty can be caused by 

crystal crosstalk in the scintillator screen or poor resolution on the screen. Light 

emitted by the scintillator screen may become distorted passing through malformed 

or dirty lenses. Uncertainty is also found in the photodiodes which convert light to 

electricity that the camera interprets as an image. When no light is interacting with 

the photodiode there is still an associated current or dark current that is emitted. 

Computing errors can also be a source of error for digital image acquisition. 

Facility error also includes uncertainty associated with beam collimation. A 

collimated beam can be considered a cone with length L. The inlet of the cone on the 

neutron source side is small and has an associated diameter, D. Two sources of 

imaging distortion related to beam collimation are geometric enlargement and 

geometric unsharpness. Geometric unsharpness shown in Figure 3.3 is the result of 

the beam not being perfectly collimated. The unsharpness comes from neutrons 

entering the collimator in different spots at the cone entrance showing the edge of 

the object being imaged in different spots. This can be minimized by increasing L/D 

and reducing the distance between the imaged object and the imaging screen. 



 

 

49 

 

Figure 3.3 – Geometric unsharpness (Von Der Hardt & Röttger, 1981) 
 
 
Geometric enlargement, shown in figure 3.4, is an image distortion that results 

in the image of the object appearing larger than it is. Geometric enlargement is 

caused by the divergence of the beam and the distance from the object being imaged 

to the image recorder surface. This can be minimized by increasing L/D and keeping 

the object to be imaged close to the imaging screen. 

 

Figure 3.4 – Geometric enlargement (Von Der Hardt & Röttger, 1981) 
 
 
Another source of uncertainty for determining average void fraction is the 

uncertainty due to variability of flow. Each image captured by real time neutron 

radiography is a snapshot of the fluid conditions over the exposure time of the image. 

This snapshot of the flow conditions over a given time period is not necessarily a 

good indication of the average flow conditions. To account for this uncertainty 

several images are taken and averaged. The variability of the flow can be determined 
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by finding the standard deviation. The standard deviation of flow variability (σf), 

given by Equation 3.22, is a good indicator of the flow variability but to quantify the 

uncertainty of a mean value, the standard error of the mean (σm) is used. The 

standard error of the mean is defined by Equation 3.23. The standard error of the 

mean is similar to a standard deviation that gives the statistical range over which the 

calculated mean value varies from the true mean value.  

( )
2n

ii
f n

α α
σ

−
= ∑

       (3.22) 
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σσ =          (3.23) 

 
 
3.4               Code Design 
 

The image analysis was done in MATLAB 6.5 using the image analysis toolbox 

and a graphical user interface (GUI). The GUI, Figure 3.5, was developed in the 

MATLAB graphical user interface development environment. To access the GUI, vf 

must be typed into the MATLAB command window. For help with the GUI, type 

help vf into the MATLAB command window. The void fraction GUI will contain 

default values when it opens. Picture names and flow rates must be changed for each 

set of images to analyze or zero can be input into both picture numbers to read 

pics.xls for batch processing. The images that are to be analyzed must have 

sequential number names, for example; 1.tif, 2.tif, 3.tif, etc. When the calculate 

button is pressed the underlying code will execute and return values to the GUI and 

record the values into a file called testmatrix.txt if requested. 
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Figure 3.5 – Image analysis GUI upon startup 

 
 

The logic flow of the void fraction code is represented in Figure 3.6. 

Immediately after the calculate button is pressed the values from the GUI are read in. 

Then the empty and full pipe pictures are read in and sized for calculation of the 

offset brightness. The images of the flow condition to be analyzed are read in, sized, 

and analyzed one at a time. When all the images have been analyzed the error is 

calculated. The last thing the code does is return the void fraction values to the GUI, 

display any of the requested graphs, and save images if requested.  
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Figure 3.6 – Logic flow of void fraction code 
 
 
The size and placement of the test section in an image is determined by the full 

pipe image provided to the code. The full pipe image that is read in is initially rough 

sized by the given top and bottom pixel limit numbers in the GUI. The smaller full 
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pipe image is then used to determine the location of the top and bottom of the test 

section. First the rough sized picture is averaged along the flow direction to find a 

pixel value distribution. This distribution is then smoothed to eliminate error 

associated to statistical variation. The minimum values for the top and bottom half 

are then assumed to be the location of the top and bottom of the test section. Figure 

3.7 is a graphic representation of this process. 

 
Figure 3.7 – Pipe sizing method showing the rough sized image on the left, the pixel 

value average distribution in the middle, and the smoothed distribution on the right. 

 
A few adjustments have to be made to the image data in order to reliably 

calculate void fraction data. The first adjustment that is made is in the case of a dead 

pixel in the camera or an insensitive part of the scintillation screen. In this situation 

there is a chance due to imaging system dark current drift that an empty pipe pixel 

could appear to contain more liquid than the full pipe pixel. This is not the case in 

the real system and it makes void fraction determination impossible. To account for 

Top of Test 
Section
 

Bottom of Test 
Section

n 
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this the pixel value of the empty pipe is set to one away from the full pipe pixel 

value. This makes the calculated void fraction either 0% or 100% with an 

uncertainty of 100%. A second adjustment must be made when an image to be 

analyzed appears to contain more liquid than the full pipe or less attenuation than the 

empty pipe. 

These two cases are not physical and make calculation of void fraction 

impossible. This error is due to statistical variation of neutrons or other random 

variations in the imaging process. To correct this error, pixels that are over or under 

their physical limit are set to their limit value corresponding to 100% void or 100% 

full. The truncated value is saved and added back on to the next pixel that is under 

the physical limit. This process results in a best estimate of the void fraction when 

averaged over the length of the pipe. The vf code is given in appendix A. 
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4 Results 
 

With over 15,000 images for over 200 different flow conditions, showing all 

the data gathered in this section is impractical. Given this consideration, Table 4.1 

presents the volumetric and superficial flow velocities for air and water, the number 

of images collected for the flow conditions, which collection group each point is in, 

and the name-numbers for the pictures in each flow data set. The group number and 

volumetric flow rates are used to find the images in the file structure. The group 

number specifies the main folder the images are in and each flow condition is in a 

separate subfolder identified by the volumetric flow rates of air and water.  The 

group number for each data set corresponds to the air flow meter that was used for 

the set. During the change between air flow meters the test section was unavoidably 

moved slightly which means that new full and empty pictures were taken for group 

two. The average full and empty pictures for group 1 are avgempty.tif and avgfull.tif. 

For group two they are avgempty2.tif and avgfull2.tif. The name-numbers, columns 

n and m, correspond to the sequential picture names. For example, the first set of 

data corresponding to 0.4136 m/s gas velocity and 0.0346 m/s liquid velocity there 

are 90 images named 1.tif, 2.tif, … up to 91.tif and are compared against the first 

group full and empty average images. 
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Table 4.1 – The collected data 

Vg Vf jg (m/s) jf (m/s) # Group n m
24 0.25 0.4136 0.0572 91 1 1 91
24 0.4 0.4136 0.0572 91 1 92 182
24 0.8 0.4136 0.0572 90 1 183 272
24 0.9 0.4136 0.0572 92 1 273 364
24 1 0.4136 0.0572 90 1 365 454
24 1.2 0.4136 0.0572 92 1 455 546
24 1.4 0.4136 0.0572 91 1 547 637
24 2 0.4136 0.0572 192 1 638 829
24 3 0.4136 0.0572 91 1 830 920
24 4 0.4136 0.0572 89 1 922 1010
24 6 0.4136 0.0572 92 1 1011 1102
24 8 0.4136 0.0572 90 1 10360 10449
24 12 0.4136 0.0572 89 1 10450 10538
24 16 0.4136 0.0572 91 1 10539 10629
30 0.25 0.517 0.0715 90 1 1103 1192
30 0.4 0.517 0.0715 93 1 1193 1285
30 0.8 0.517 0.0715 91 1 1286 1376
30 0.9 0.517 0.0715 90 1 1377 1466
30 1 0.517 0.0715 92 1 1467 1558
30 1.2 0.517 0.0715 92 1 1559 1650
30 1.4 0.517 0.0715 92 1 1651 1742
30 2 0.517 0.0715 92 1 1743 1834
30 3 0.517 0.0715 89 1 1835 1923
30 4 0.517 0.0715 90 1 1924 2013
30 6 0.517 0.0715 90 1 2014 2103
30 8 0.517 0.0715 91 1 10630 10720
30 12 0.517 0.0715 90 1 10721 10810
30 16 0.517 0.0715 90 1 10811 10900
36 0.25 0.6205 0.0858 91 1 2104 2194
36 0.4 0.6205 0.0858 91 1 2195 2285
36 0.8 0.6205 0.0858 92 1 2286 2377
36 0.9 0.6205 0.0858 90 1 2378 2467
36 1 0.6205 0.0858 91 1 2468 2558
36 1.2 0.6205 0.0858 91 1 2559 2649
36 1.4 0.6205 0.0858 91 1 2650 2740
36 2 0.6205 0.0858 91 1 2741 2831
36 3 0.6205 0.0858 91 1 2832 2922
36 4 0.6205 0.0858 92 1 2923 3014
36 6 0.6205 0.0858 91 1 3015 3105
36 8 0.6205 0.0858 92 1 10901 10992  
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Table 4.1 – The collected data (continued) 
Vg Vf jg (m/s) jf (m/s) # Group n m

36 12 0.6205 0.0858 92 1 10993 11084
36 16 0.6205 0.0858 93 1 11085 11177
48 0.25 0.8273 0.1143 91 1 3106 3196
48 0.4 0.8273 0.1143 91 1 3197 3287
48 0.8 0.8273 0.1143 92 1 3288 3379
48 0.9 0.8273 0.1143 91 1 3380 3470
48 1 0.8273 0.1143 91 1 3471 3561
48 1.2 0.8273 0.1143 90 1 3562 3651
48 1.4 0.8273 0.1143 91 1 3652 3742
48 2 0.8273 0.1143 90 1 3743 3832
48 3 0.8273 0.1143 90 1 3833 3922
48 4 0.8273 0.1143 90 1 3923 4012
48 6 0.8273 0.1143 912 1 4013 4924
48 8 0.8273 0.1143 91 1 11178 11268
48 12 0.8273 0.1143 91 1 11269 11359
48 16 0.8273 0.1143 89 1 11369 11457
60 0.25 1.0341 0.1429 91 1 4925 5015
60 0.4 1.0341 0.1429 91 1 5016 5106
60 0.8 1.0341 0.1429 91 1 5107 5197
60 0.9 1.0341 0.1429 91 1 5198 5288
60 1 1.0341 0.1429 91 1 6379 6469
60 1.2 1.0341 0.1429 91 1 15722 15812
60 1.5 1.0341 0.1429 92 1 6541 6632
60 1.7 1.0341 0.1429 90 1 6633 6722
60 2.3 1.0341 0.1429 92 1 6723 6814
60 3 1.0341 0.1429 92 1 6815 6906
60 4 1.0341 0.1429 91 1 6907 6997
60 6 1.0341 0.1429 90 1 6998 7087
60 8 1.0341 0.1429 90 1 11458 11547
60 10 1.0341 0.1429 97 1 5289 5385
60 12 1.0341 0.1429 100 1 5386 5485
60 16 1.0341 0.1429 90 1 11548 11637
60 16.6 1.0341 0.1429 100 1 5486 5585
90 0.25 1.5511 0.2144 92 1 7088 7179
90 0.4 1.5511 0.2144 90 1 7180 7269
90 0.8 1.5511 0.2144 91 1 7270 7360
90 0.9 1.5511 0.2144 89 1 7361 7449
90 1 1.5511 0.2144 90 1 7450 7539
90 1.2 1.5511 0.2144 90 1 7540 7629
90 1.4 1.5511 0.2144 91 1 7630 7720  
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Table 4.1 – The collected data (continued) 
Vg Vf jg (m/s) jf (m/s) # Group n m

90 2 1.5511 0.2144 90 1 7721 7810
90 3 1.5511 0.2144 91 1 7811 7901
90 4 1.5511 0.2144 90 1 7902 7991
90 6 1.5511 0.2144 91 1 7992 8082
90 8 1.5511 0.2144 90 1 11638 11727
90 12 1.5511 0.2144 89 1 11728 11816
90 16 1.5511 0.2144 89 1 11817 11905

120 0.25 2.0682 0.2859 91 1 8083 8173
120 0.4 2.0682 0.2859 91 1 8174 8264
120 0.5 2.0682 0.2859 90 1 8265 8354
120 0.7 2.0682 0.2859 91 1 8355 8445
120 0.9 2.0682 0.2859 90 1 8446 8535
120 1.1 2.0682 0.2859 91 1 8536 8626
120 2 2.0682 0.2859 90 1 8627 8716
120 3 2.0682 0.2859 91 1 8717 8807
120 4 2.0682 0.2859 90 1 8808 8897
120 6 2.0682 0.2859 91 1 8898 8988
120 8 2.0682 0.2859 89 1 11906 11994
120 10 2.0682 0.2859 96 1 5586 5681
120 12 2.0682 0.2859 97 1 5682 5778
120 15.75 2.0682 0.2859 100 1 5779 5878
180 0.25 3.1023 0.4288 90 1 8989 9078
180 0.35 3.1023 0.4288 90 1 9079 9168
180 0.45 3.1023 0.4288 90 1 9169 9258
180 0.55 3.1023 0.4288 91 1 9259 9349
180 0.75 3.1023 0.4288 91 1 9350 9440
180 0.9 3.1023 0.4288 90 1 9441 9530
180 1.1 3.1023 0.4288 91 1 9531 9621
180 2 3.1023 0.4288 182 1 9622 9803
180 3 3.1023 0.4288 91 1 9804 9894
180 4 3.1023 0.4288 91 1 9895 9985
180 6 3.1023 0.4288 91 1 9986 10076
180 8 3.1023 0.4288 92 1 11995 12086
180 10 3.1023 0.4288 101 1 5879 5979
180 12 3.1023 0.4288 96 1 5980 6075
180 14.8 3.1023 0.4288 101 1 6076 6176
240 0.25 4.1364 0.5717 182 1 12087 12268
240 0.5 4.1364 0.5717 179 1 12269 12447
240 0.6 4.1364 0.5717 184 1 12448 12631
240 0.8 4.1364 0.5717 182 1 12632 12813  
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Table 4.1 – The collected data (continued) 
Vg Vf jg (m/s) jf (m/s) # Group n m

240 1 4.1364 0.5717 182 1 12814 12995
240 2 4.1364 0.5717 91 1 12996 13086
240 3 4.1364 0.5717 101 1 10259 10359
240 4 4.1364 0.5717 91 1 10168 10258
240 6 4.1364 0.5717 91 1 10077 10167
240 8 4.1364 0.5717 91 1 13087 13177
240 12 4.1364 0.5717 102 1 6177 6278
240 14 4.1364 0.5717 100 1 6279 6378

54 16 0.9307 0.1286 89 1 13178 13266
42 16 0.7239 0.1001 90 1 13267 13356
54 12 0.9307 0.1286 90 1 13357 13446
42 12 0.7239 0.1001 92 1 13447 13538
54 8 0.9307 0.1286 100 1 13539 13638
42 8 0.7239 0.1001 90 1 13639 13728
54 6 0.9307 0.1286 90 1 13729 13818
42 6 0.7239 0.1001 90 1 13819 13908
66 4 1.1375 0.1572 90 1 13909 13998
54 4 0.9307 0.1286 91 1 13999 14089
42 4 0.7239 0.1001 90 1 14090 14179
72 3 1.2409 0.1715 91 1 14180 14270
66 3 1.1375 0.1572 90 1 14271 14360
54 3 0.9307 0.1286 91 1 14361 14451
42 3 0.7239 0.1001 91 1 14452 14542
84 2 1.4477 0.2001 90 1 14543 14632
72 2 1.2409 0.1715 91 1 14633 14723
54 2 0.9307 0.1286 90 1 14724 14813
42 2 0.7239 0.1001 90 1 14814 14903
84 1.4 1.4477 0.2001 181 1 14904 15084
72 1.4 1.2409 0.1715 181 1 15085 15265
54 1.4 0.9307 0.1286 90 1 15266 15355

108 1 1.8614 0.2573 91 1 15356 15446
96 1 1.6546 0.2287 93 1 15447 15539
78 1 1.3443 0.1858 91 1 15540 15630
66 1 1.1375 0.1572 91 1 15631 15721

750 0.25 12.926 1.7867 91 2 102731 102821
750 0.5 12.926 1.7867 90 2 102550 102639
750 0.6 12.926 1.7867 91 2 102640 102730
750 0.8 12.926 1.7867 90 2 100639 100728
750 1 12.926 1.7867 92 2 100547 100638
750 1.4 12.926 1.7867 92 2 102458 102549  
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Table 4.1 – The collected data (continued) 
Vg Vf jg (m/s) jf (m/s) # Group n m

720 2 12.409 1.7152 90 2 103828 103917
700 3 12.064 1.6676 90 2 101551 101640
700 4 12.064 1.6676 91 2 102277 102367
700 6 12.064 1.6676 92 2 100455 100546
600 0.25 10.341 1.4294 90 2 102914 103003
600 0.5 10.341 1.4294 92 2 102822 102913
600 0.6 10.341 1.4294 90 2 100729 100818
600 0.8 10.341 1.4294 94 2 101457 101550
600 1 10.341 1.4294 92 2 100090 100181
600 1.4 10.341 1.4294 90 2 100000 100089
600 2 10.341 1.4294 91 2 100182 100272
600 3 10.341 1.4294 91 2 100273 100363
600 4 10.341 1.4294 91 2 100364 100454
600 6 10.341 1.4294 90 2 102368 102457
600 8 10.341 1.4294 89 2 104183 104271
600 11 10.341 1.4294 92 2 101183 101274
450 0.25 7.7557 1.072 92 2 102185 102276
450 0.5 7.7557 1.072 91 2 101731 101821
450 0.6 7.7557 1.072 90 2 101641 101730
450 0.8 7.7557 1.072 91 2 102094 102184
450 1 7.7557 1.072 92 2 104091 104182
450 1.4 7.7557 1.072 92 2 103004 103095
450 2 7.7557 1.072 90 2 101275 101364
450 3 7.7557 1.072 92 2 101365 101456
450 4 7.7557 1.072 92 2 100819 100910
450 6 7.7557 1.072 91 2 100911 101001
450 8 7.7557 1.072 90 2 101002 101091
450 12 7.7557 1.072 91 2 101092 101182
340 0.25 5.8599 0.81 92 2 103096 103187
340 0.5 5.8599 0.81 91 2 103370 103460
340 0.6 5.8599 0.81 91 2 103461 103551
340 0.8 5.8599 0.81 92 2 103552 103643
340 1 5.8599 0.81 93 2 103735 103827
340 1.4 5.8599 0.81 91 2 103644 103734
340 2 5.8599 0.81 92 2 103188 103279
340 3 5.8599 0.81 90 2 103280 103369
340 4 5.8599 0.81 90 2 104001 104090
340 6 5.8599 0.81 91 2 101911 102001
340 8 5.8599 0.81 91 2 104272 104362
340 12 5.8599 0.81 92 2 102002 102093
340 13.2 5.8599 0.81 83 2 103918 104000  
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Representative sets of data from different flow conditions will now be 

displayed and discussed. The first representative data set is images 1.tif through 6.tif 

(figure 4.1). This is the slowest flow condition tested and corresponds to the 

stratified flow regime. The aluminum test section is visible in each image and is the 

medium grey horizontal band in each image. The water layer is the dark grey 

horizontal band in each image. It can be seen that there is little change in one image 

to the next which is to be expected from this flow regime. 



 

 

62 

 

Figure 4.1 – Six images from the stratified flow regime 
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  The second set of images is from the wavy flow regime. The consecutive 

images 103461.tif to 103466.tif (figure 4.2) are second group images of data at 5.86 

m/s gas flow and 0.0829 m/s liquid flow. Two features of the images are a large and 

a small wave moving across the set of images. The large wave is visible in the first 

image and moves left in the second image while the smaller wave is visible in the 

second picture and moves left in the images that follow. This is the type of behavior 

that is expected in the wavy flow regime. 
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Figure 4.2 – Wavy flow regime 
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The next images (Figure 4.3) are 9986.tif through 9991.tif and are from the slug flow 

regime. The superficial velocities of air and water are 3.1 m/s and 0.83 m/s 

respectively. In this flow regime blur due to higher liquid velocity becomes apparent. 

It is observed that features in the images move over 2 cm in between images. The 

features are harder to track from one image to the next because they are changing 

rapidly. Compared to the previous examples of stratified and stratified wavy flow it 

is apparent that the water is more evenly dispersed throughout the height of the test 

section. It is also apparent that the water features are not as dark as in the previous 

images showing that the void is greater in the features. 
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Figure 4.3 – Slug flow regime 
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The final example images (figure 4.4) are from the Plug flow regime. The images are 

2014.tif through 2019.tif and are for superficial velocities of 0.52 m/s and 0.83 m/s 

for air and water respectively. The features in this flow regime are also changing 

quickly from one image to the next. The main feature in this set of images is a high 

void bubble that moves from right to left in the consecutive images. Compared to the 

previous set of images for slug flow the void is lower in the images. This is 

intuitively obvious because the air flow rate is less and the liquid flow rate is the 

same. 
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Figure 4.4 – Plug flow regime 
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5 Discussion 
 
 For each image a fifty pixel wide strip the height of the test section was used 

to find the distribution parameter. To find the distribution parameter, void fraction 

was first determined for each pixel in the analyzed portion of each image. The void 

fraction at each individual pixel was then averaged in the flow direction. This 

resulted in void fraction profiles for each image. Examples of the void fraction 

profiles are given for each of the flow regimes in figures 5.1 through 5.4. The void 

fraction profiles for all the flow regimes show a higher void fraction in the top of the 

test section than the bottom.  It is observed that the void fraction profile varies little 

for the stratified flow conditions but in the slug and plug flow regimes the profiles 

can vary greatly from one image to the next.  
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Figure 5.1 – Stratified flow regime void fraction profiles 
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Figure 5.2 – Stratified wavy flow regime void fraction profiles 
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Figure 5.3 – Slug flow regime void fraction profiles 



 

 

73 

 
Figure 5.4 – Plug flow regime void fraction profiles 
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After the void fraction profiles have been analyzed for each image at a given 

flow condition, an average void fraction profile is determined by averaging the void 

fraction profiles from each individual image. At the same time the standard deviation 

and standard error of the mean are calculated for each flow condition. Figures 5.5 

through 5.8 show typical average void fraction profiles for each of the flow regimes, 

their associated standard deviation, and standard error of the mean. For the stratified 

flow case the images vary little and σm is indistinguishable from the average void 

fraction. In the stratified wavy case σ is large in the region of the waves. For slug 

flow and plug flow the void fraction varies greatly from one image to the next at a 

given height so the standard deviation is large. Even in the places where the void 

fraction varies the most, σm is still very close to the determined value of void fraction.  

 

Figure 5.5 – Stratified flow regime images 1.tif through 91.tif.  
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Figure 5.6 – Stratified wavy flow regime images 103461.tif through 103551.tif.  

 

 
Figure 5.7 – Slug flow regime images 9986.tif through 10076.tif.  
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Figure 5.8 – Plug flow regime images 2014.tif through 2103.tif.  

 
 

The line averaged void fraction and phase distribution parameter are calculated 

using the average void fraction profiles and Equations 1.37 and 1.40.  

0
H
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dηα η
θ

α
= ∫      (1.37) 
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0

L
dα α η≡ ∫   (1.40) 

 
 
For void fraction profiles determined from images with constant pixel dimensions 

these equations can be reduced.  
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1L

nn
α α≡ ∑   (5.2) 

 

Equations 5.1 and 5.2 are the equations used in the code to calculate the 

distribution parameter and void fraction respectively. A summary of the results 

obtained for each flow regime is found in table 5.2. The table identifies the flow 

regime by volumetric flow rates and then lists void fraction, phase distribution 

parameter, the standard deviation, and the standard error of the mean. The standard 

deviation is higher than 10% in some of the flow regimes but the standard error of 

the mean is within 2% for all flow regimes.  
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Table 5.1 – Analysis results 
Vg Vf α θ σ σm

24 0.25 0.7519 0.37792 0.0051 0.00053
24 0.4 0.6369 0.32048 0.01283 0.00134
24 0.8 0.4186 0.21291 0.02599 0.00274
24 0.9 0.3898 0.1976 0.01921 0.002
24 1 0.3974 0.20165 0.02484 0.00262
24 1.2 0.3307 0.16932 0.01884 0.00196
24 1.4 0.3003 0.15531 0.02352 0.00247
24 2 0.2757 0.15859 0.07664 0.00553
24 3 0.2756 0.15958 0.07106 0.00745
24 4 0.2423 0.15651 0.07563 0.00802
24 6 0.2792 0.17793 0.058 0.00605
24 8 0.3459 0.25438 0.04273 0.0045
24 12 0.2979 0.31742 0.02964 0.00314
24 16 0.2373 0.35098 0.04045 0.00424
30 0.25 0.7073 0.35549 0.00592 0.00062
30 0.4 0.7027 0.35316 0.00891 0.00092
30 0.8 0.518 0.26144 0.02216 0.00232
30 0.9 0.4427 0.22376 0.02436 0.00257
30 1 0.4064 0.20752 0.03413 0.00356
30 1.2 0.3341 0.17394 0.0419 0.00437
30 1.4 0.296 0.17214 0.09411 0.00981
30 2 0.3122 0.17813 0.07009 0.00731
30 3 0.2672 0.15021 0.06099 0.00647
30 4 0.3003 0.181 0.07685 0.0081
30 6 0.3075 0.19257 0.05197 0.00548
30 8 0.3986 0.30733 0.03816 0.004
30 12 0.3684 0.3585 0.03025 0.00319
30 16 0.2563 0.35954 0.04188 0.00441
36 0.25 0.7099 0.3567 0.00643 0.00067
36 0.4 0.6654 0.3347 0.01014 0.00106
36 0.8 0.5299 0.26705 0.01397 0.00146
36 0.9 0.4573 0.24394 0.09412 0.00992
36 1 0.4305 0.21817 0.02266 0.00238
36 1.2 0.3875 0.19944 0.04244 0.00445
36 1.4 0.3586 0.18326 0.03111 0.00326
36 2 0.3756 0.20489 0.08486 0.0089
36 3 0.4075 0.22914 0.08741 0.00916
36 4 0.3246 0.18802 0.07343 0.00766
36 6 0.3469 0.21874 0.07373 0.00773
36 8 0.4279 0.32626 0.04065 0.00424  
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Table 5.1 – Analysis results (continued) 
Vg Vf α θ σ σm

36 12 0.3963 0.3719 0.02623 0.00273
36 16 0.2984 0.36942 0.03751 0.00389
48 0.25 0.709 0.35647 0.01281 0.00134
48 0.4 0.7323 0.36794 0.01317 0.00138
48 0.8 0.4994 0.25547 0.04591 0.00479
48 0.9 0.5209 0.27184 0.09245 0.00969
48 1 0.4129 0.2097 0.02729 0.00286
48 1.2 0.4166 0.2124 0.03163 0.00333
48 1.4 0.3737 0.18977 0.02386 0.0025
48 2 0.3664 0.19615 0.06508 0.00686
48 3 0.4304 0.23544 0.08533 0.00899
48 4 0.4141 0.23545 0.08025 0.00846
48 6 0.3152 0.19889 0.07209 0.00239
48 8 0.4968 0.36286 0.04562 0.00478
48 12 0.4374 0.36262 0.03921 0.00411
48 16 0.3494 0.38753 0.05165 0.00547
60 0.25 0.7255 0.36479 0.0171 0.00179
60 0.4 0.6696 0.33677 0.02058 0.00216
60 0.8 0.5491 0.27704 0.02519 0.00264
60 0.9 0.4796 0.2511 0.06462 0.00677
60 1 0.4539 0.23289 0.0419 0.00439
60 1.2 0.4493 0.23091 0.05505 0.00577
60 1.5 0.4313 0.2252 0.05511 0.00575
60 1.7 0.5318 0.28439 0.10251 0.01081
60 2.3 0.4842 0.2549 0.07367 0.00768
60 3 0.4602 0.2507 0.08456 0.00882
60 4 0.4199 0.2393 0.08675 0.00909
60 6 0.4273 0.27853 0.09092 0.00958
60 8 0.4904 0.3425 0.05456 0.00575
60 10 0.4952 0.37808 0.04616 0.00469
60 12 0.4386 0.36697 0.03918 0.00392
60 16 0.4046 0.39784 0.04798 0.00506
60 16.6 0.3304 0.36837 0.03977 0.00398
90 0.25 0.7561 0.37983 0.01506 0.00157
90 0.4 0.6301 0.31745 0.03539 0.00373
90 0.8 0.6398 0.32174 0.02448 0.00257
90 0.9 0.5591 0.28954 0.06942 0.00736
90 1 0.5317 0.27505 0.05823 0.00614
90 1.2 0.544 0.27683 0.04172 0.0044
90 1.4 0.6248 0.32511 0.09753 0.01022  
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Table 5.1 – Analysis results (continued) 
Vg Vf α θ σ σm

90 2 0.536 0.28376 0.08435 0.00889
90 3 0.4839 0.26608 0.07847 0.00823
90 4 0.5564 0.31469 0.11736 0.01237
90 6 0.4959 0.304 0.08864 0.00929
90 8 0.4143 0.28103 0.07294 0.00769
90 12 0.4658 0.34297 0.06563 0.00696
90 16 0.4232 0.3677 0.06757 0.00716

120 0.25 0.7131 0.35823 0.02173 0.00228
120 0.4 0.6245 0.31477 0.03485 0.00365
120 0.5 0.6562 0.33898 0.0834 0.00879
120 0.7 0.6535 0.3324 0.05997 0.00629
120 0.9 0.5475 0.28011 0.05531 0.00583
120 1.1 0.6904 0.34818 0.03043 0.00319
120 2 0.5317 0.27871 0.06598 0.00695
120 3 0.5497 0.2941 0.06842 0.00717
120 4 0.5667 0.31985 0.09515 0.01003
120 6 0.5032 0.30006 0.09218 0.00966
120 8 0.5196 0.34454 0.09387 0.00995
120 10 0.505 0.35875 0.0917 0.00936
120 12 0.4768 0.35482 0.08742 0.00888
120 15.75 0.4677 0.39115 0.07889 0.00789
180 0.25 0.8049 0.40593 0.04875 0.00514
180 0.35 0.8212 0.41282 0.02446 0.00258
180 0.45 0.7798 0.40034 0.05839 0.00616
180 0.55 0.7296 0.37666 0.08871 0.0093
180 0.75 0.7239 0.37117 0.05586 0.00586
180 0.9 0.7453 0.38996 0.07861 0.00829
180 1.1 0.6536 0.332 0.04566 0.00479
180 2 0.7136 0.38712 0.08201 0.00608
180 3 0.6246 0.3441 0.08681 0.0091
180 4 0.6102 0.33759 0.07575 0.00794
180 6 0.5568 0.33462 0.08065 0.00845
180 8 0.5733 0.36857 0.09205 0.0096
180 10 0.5444 0.37151 0.06072 0.00604
180 12 0.5486 0.39106 0.07985 0.00815
180 14.8 0.5481 0.42079 0.06629 0.0066
240 0.25 0.8672 0.43776 0.04165 0.00309
240 0.5 0.8377 0.42946 0.05797 0.00433
240 0.6 0.8622 0.4403 0.05234 0.00386
240 0.8 0.8015 0.41394 0.0492 0.00365  
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Table 5.1 – Analysis results (continued) 
Vg Vf α θ σ σm

240 1 0.7668 0.40157 0.06755 0.00501
240 2 0.7864 0.42516 0.06532 0.00685
240 3 0.6945 0.39409 0.09801 0.00975
240 4 0.6902 0.40259 0.08174 0.00857
240 6 0.6811 0.41182 0.09816 0.01029
240 8 0.6445 0.41231 0.08276 0.00868
240 12 0.589 0.42166 0.05533 0.00548
240 14 0.584 0.43284 0.05418 0.00542

54 16 0.3381 0.36877 0.03954 0.00419
42 16 0.2903 0.37086 0.03687 0.00389
54 12 0.4516 0.35637 0.04228 0.00446
42 12 0.4164 0.37183 0.03146 0.00328
54 8 0.4642 0.31709 0.05004 0.005
42 8 0.477 0.34062 0.03666 0.00386
54 6 0.349 0.22485 0.08108 0.00855
42 6 0.3926 0.24464 0.05703 0.00601
66 4 0.4627 0.26333 0.09291 0.00979
54 4 0.4115 0.23848 0.09687 0.01016
42 4 0.3193 0.18731 0.0662 0.00698
72 3 0.5642 0.29518 0.07404 0.00776
66 3 0.4663 0.25327 0.07808 0.00823
54 3 0.4221 0.23028 0.08068 0.00846
42 3 0.3757 0.2183 0.11069 0.0116
84 2 0.5019 0.26828 0.08788 0.00926
72 2 0.4812 0.25173 0.07047 0.00739
54 2 0.4609 0.24642 0.07476 0.00788
42 2 0.3457 0.19841 0.10293 0.01085
84 1.4 0.5408 0.28687 0.09142 0.0068
72 1.4 0.5042 0.25934 0.0623 0.00463
54 1.4 0.3977 0.20954 0.07603 0.00801

108 1 0.6543 0.33996 0.09134 0.00958
96 1 0.6181 0.31304 0.05181 0.00537
78 1 0.5302 0.28044 0.08734 0.00916
66 1 0.4758 0.26083 0.1219 0.01278

750 0.25 0.9306 0.49178 0.01544 0.00162
750 0.5 0.9161 0.49198 0.02145 0.00226
750 0.6 0.912 0.49161 0.01918 0.00201
750 0.8 0.8987 0.49248 0.02198 0.00232
750 1 0.8965 0.49186 0.02508 0.00261
750 1.4 0.8846 0.49162 0.0283 0.00295  
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Table 5.1 – Analysis results (continued) 
Vg Vf α θ σ σm

720 2 0.8581 0.48655 0.03282 0.00346
700 3 0.8414 0.48529 0.03538 0.00373
700 4 0.8142 0.48041 0.0352 0.00369
700 6 0.7762 0.47739 0.03863 0.00403
600 0.25 0.9206 0.48992 0.01668 0.00176
600 0.5 0.9028 0.48949 0.02401 0.0025
600 0.6 0.9086 0.48971 0.02874 0.00303
600 0.8 0.9006 0.48934 0.03259 0.00336
600 1 0.8959 0.48875 0.0306 0.00319
600 1.4 0.8741 0.48567 0.0412 0.00434
600 2 0.8575 0.48294 0.04414 0.00463
600 3 0.8218 0.47878 0.05401 0.00566
600 4 0.8106 0.4734 0.0524 0.00549
600 6 0.7526 0.46691 0.04502 0.00475
600 8 0.7355 0.47251 0.03787 0.00401
600 11 0.7131 0.47346 0.03431 0.00358
450 0.25 0.9281 0.48216 0.02295 0.00239
450 0.5 0.8977 0.46863 0.05135 0.00538
450 0.6 0.8976 0.47474 0.04547 0.00479
450 0.8 0.8946 0.47768 0.04479 0.00469
450 1 0.8724 0.47049 0.05721 0.00596
450 1.4 0.8259 0.4601 0.06859 0.00715
450 2 0.8114 0.46066 0.07093 0.00748
450 3 0.7821 0.45221 0.06747 0.00703
450 4 0.7345 0.43888 0.08768 0.00914
450 6 0.7272 0.45114 0.06113 0.00641
450 8 0.6921 0.44474 0.05774 0.00609
450 12 0.6346 0.45249 0.04702 0.00493
340 0.25 0.8824 0.44907 0.02922 0.00305
340 0.5 0.9086 0.46539 0.03275 0.00343
340 0.6 0.8875 0.45871 0.04749 0.00498
340 0.8 0.8524 0.4519 0.067 0.00699
340 1 0.8025 0.42515 0.06909 0.00716
340 1.4 0.7441 0.39856 0.05888 0.00617
340 2 0.7389 0.41619 0.08038 0.00838
340 3 0.7336 0.43427 0.10102 0.01065
340 4 0.707 0.42208 0.09403 0.00991
340 6 0.6486 0.41254 0.06741 0.00707
340 8 0.6587 0.42988 0.05899 0.00618
340 12 0.6113 0.4483 0.05449 0.00568
340 13.2 0.5833 0.44659 0.05611 0.00616  
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The void fraction determined from the image data is graphed on the 

Mandhane flow regime map in figure 5.9. It is seen that the void fraction increases 

with increased air flow and decreased water flow. This is the expected result and 

helps to validate that the data is internally consistent.  
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Figure 5.9 – Void fraction on the Mandhane flow regime map  
 
 

In a similar manner, the phase distribution parameter determined from the data 

is graphed on the Mandhane flow regime map, Figure 5.10.  
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Figure 5.10 – Phase distribution parameter on the Mandhane flow regime map 
 
 

The results for the phase distribution parameter are on first inspection the 

expected results. The phase distribution parameter should range from α/2 for 

stratified flow up to 0.5 for disperse flow. The values of the phase distribution 

parameter can be explained by looking at a series of average void fraction profiles 

from the 0.41 m/s air flow rate. Figure 5.11 is a series of average void fraction 

profiles from 0.41 m/s air flow rate with increasing water flow rate. The first four 

pictures are stratified flow and the next two are slug flow. For the stratified images 

the void fraction is highest for low fluid flow rates.  As the fluid flow rate is 

increased the void fraction drops and the phase distribution parameter drops as well. 
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For higher fluid flow rates the phase distribution parameter starts increasing again as 

the two fluids become more evenly distributed over the height of the test section.  

 

Figure 5.11 – Six void fraction profiles from 0.41 m/s air flow rate, ranging from 

0.035 m/s to 2.21 m/s Water flow Rate 

 
The transition from the stratified flow regime to the slug flow regime is shown 

in Figure 5.12. The first image is in the stratified flow regime, the following four 
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images are from the transition, and the final image is in the slug flow regime. The 

most outstanding difference in the transition images is that the standard deviation is 

larger showing that the flow is variable. When the flow reaches the slug flow regime 

the void fraction at the top of the test section decreases showing that water occupies 

the top of the test section for a percentage of the time. It was observed that the period 

in between slugs passing through the test section is greater than the evaluation time 

in part of the transition area. This is not a problem in most cases because a slug 

passing through the test section periodically would not affect the result greatly. 
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Figure 5.12 – Six void fraction profiles from 1 m/s air flow rate showing the 

transition from stratified to wavy flow. 

 
The transition from the slug flow regime to the plug flow regime behaves as 

expected. Figure 5.13 shows the transition at 0.28 m/s water flow with increasing air 
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flow rate. As the air flow rate is increased, the void fraction profiles trend more to 

vertical dispersed profiles and thus have a higher phase distribution parameter.  

 

Figure 5.13 – Six void fraction profiles from 0.28 m/s water flow rate, ranging from 

0.41 m/s to 12.4 m/s air flow rate 
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For the stratified distributions shown in Figures 5.11 and 5.13 the air water 

interface is not horizontal. A possible reason for the non-horizontal interface in the 

stratified flow case is a large meniscus because of the narrow channel. A high quality 

image of the test section, Figure 5.14, was taken to quantify the height oh the 

meniscus. The estimated height of the meniscus from the image was 0.45 cm. This is 

not enough to completely account for the non-horizontal air water interface. The low 

standard deviation of images in the stratified flow regime eliminates the possibility 

that the inconsistency is due to liquid motion. The main source of the non-horizontal 

interface is suspected to be facility error, which has not been evaluated.  
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Figure 5.14 – Two minute exposure of the test section with stationary water 
 

The sources of uncertainty fall into two groups; those that can be calculated 

from the data and those that must be calculated separately from the data. The sources 

that can be calculated from the data are calculated in the code. Only one of the 
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sources is dependant on the flow regime and that is the uncertainty due to variability 

of flow. The other sources are functions of grey scale and can be calculated once for 

all flow regimes. Uncertainty due to statistical variation of neutrons is expressed in 

figure 5.15. As the water layer thickness increases fewer neutrons are able to 

penetrate the layer uncollided. As fewer neutrons penetrate the water the uncertainty 

increases. 
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Figure 5.15 – Uncertainty from statistical variation of neutrons 
 

Uncertainty due to limited grey scale also increases with decreasing void 

fraction. Figure 5.16 describes this contribution to uncertainty from 40 grey levels. 

This uncertainty increases as the amount of grey scale between the full and empty 

test section images decreases. Both uncertainty from statistical variation of neutrons 
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and limited grey scale contribute less than 5% uncertainty to the void fraction 

measurements. 
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Figure 5.16 – Uncertainty from limited grey scale 

 
Uncertainty due to low imaging speed and fluid movement is not calculated 

in the code. This uncertainty is dependant on the thickness of and speed at which 

phenomena move in the test section. This uncertainty as well as facility uncertainty 

has been left for future work. 

The Froude number was suggested to describe flow regime transition (Able, 

2005). The Froude number is the ratio of inertial forces to buoyancy forces and is 

written as: 
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2v
Fr

gD

ρ
ρ

=
∆

        (5.3) 

 
The parameters selected for density (ρ), velocity (v), and length (D) are dependant 

on the problem and must be selected to represent the physics. The characteristic 

length used to calculate the Froude number is the channel height. The density used is 

based on the fluid phase. The characteristic velocity used is the liquid velocity 

defined by: 

1
f

f

j
v

α
=

−
         (5.4) 

 
For the Froude calculation a new number was defined in an attempt to collapse 

the distribution parameter data onto a single line. The new number (θ+) is defined by: 

2

1

θ αθ
α

+ −=
−

         (5.5) 

 
With this new definition plots can be made to see if the Froude number describes 

flow regime transition. Figure 5.17 is the modified distribution parameter graphed 

with the liquid Froude number. 
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Figure 5.17 – The liquid Froude number with associated velocity variation 

 
It is apparent that the data does not collapse on a line. If the low liquid 

superficial velocity data corresponding to the stratified flow regime is removed from 

the data set, a closer approximation to a linear relationship is found. Figure 5.18 

represents this data.  
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Figure 5.18 – The liquid Froude number and associated velocity variation with 

the stratified flow data removed 

 
There are two possible reasons the data is represented better without the stratified 

flow data. The first reason is that the liquid Froude number does not completely 

describe the physics of the flow regime transitions. Another possible reason is that 

the liquid fluid interface effect on the distribution parameter in the stratified regime 

affects the result. Further research is needed to find the relationships governing the 

distribution parameter. 
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6 Conclusion 
 
Over two hundred flow conditions have been measured in order to determine 

the void fraction and phase distribution parameter. A computer program was 

developed to analyze the data and some of the associated uncertainties. It was 

determined that the phase distribution parameter increases with increased fluid 

velocities. Further consideration will be needed in order to quantify the uncertainty 

associated low imaging speed and the uncertainty of the imaging facility will need to 

be quantified. Data will also need to be gathered for other flow regimes in order to 

completely characterize the phase distribution parameter over the entire range of two 

phase flows.  
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Nomenclature 
 
B  pixel brightness value 
 
C  sensitivity of the imaging system 
 
Cvk  momentum covariance parameter 
 
E  uncertainty 
 
H  test section height 
 
I  intensity 
 
M  generalized drag per unit volume 
 
R  resolution 
 
ƒ  fluence 
 
g  gravitational acceleration 
 
j  superficial velocity 
 
n  number of images 
 
q’’  heat flux 
 
t  time 
 
y  y direction  
 
 
Greek Symbols 
 
α  void fraction 
 
Φ   dissipation rate per unit volume 
 
Γ  mass phase change rate per unit volume 
 
θ  phase distribution parameter 
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Nomenclature (continued) 
 
ρ  density 
 
σ  standard deviation 
 
σm  standard error of the mean 
 
τ  shear stress 
 
Σ  macroscopic cross-section 
 
η  integration factor, refraction index 
 
δ  thickness 
 
φth  thermal flux 
 
µ  linear attenuation coefficient 
 
γ  light intensity to voltage conversion 
 
φ, θ, ω  angle 
 
 
Subscripts, Super scripts 
 
f  liquid phase 
 
g  gas phase 
 
m  mixture value 
 
mf  mixture value of the liquid 
 
mg  mixture value of the gas 
 
p  penetrated neutron 
 
ss  scattered from the surroundings 
 
st  statistical variation 
 
t  test section, turbulent  
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Nomenclature (continued) 
 
w  water 
 
 
Mathematical Operators 
 
-L  line average 
 
<>  area average 
 
<<>>  void fraction weighted area average 
 
=  time average 
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Appendix A 
function varargout = vf(varargin) 
% VF M-file for vf.fig 
%       type vf in the MATLAB command window to execute the code. help vf  
%       will disply this text in the MATLAB command window. 
% 
%       The vf GUI is designed to analyze two-phase flow images 
%       captured with neutron radiography. The program will take images 
%       m.tif to n.tif where m and n are integers. vf will generate plots 
%       and/or values of void fraction, void fraction distribution, phase 
%       distribution parameter (theta), average void fraction, and a 
%       histogram of void fraction values.  
%        
%       m, n, void fraction, theta, standard deviation, and standard error  
%       of the mean will all be saved to a txt file named testmatrix.txt. The outpu 
%       can be changed by editing line 664 to include any combination of 
%       parameters desired 
% 
%       The first ~380 lines of the code are the initialization for the vf 
%       GUI. The remaining lines are the void fraction analysis and data handling. 
% 
%       vf was created in 2007 by Jesse Skinner to analyze void fraction of 
%       neutron radiography images.  
% 
% See also: GUIDE, GUIDATA, GUIHANDLES 
 
% Edit the above text to modify the response to help vf 
 
% Last Modified by GUIDE v2.5 04-May-2007 10:53:51 
 
% Begin initialization code - DO NOT EDIT 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @vf_OpeningFcn, ... 
                   'gui_OutputFcn',  @vf_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin & isstr(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 
 
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 
else 
    gui_mainfcn(gui_State, varargin{:}); 
end 
% End initialization code - DO NOT EDIT 
 
% --- Executes just before vf is made visible. 
function vf_OpeningFcn(hObject, eventdata, handles, varargin) 
 
% Choose default command line output for vf 
handles.output = hObject; 
 
% Update handles structure 
guidata(hObject, handles); 
 
% --- Outputs from this function are returned to the command line. 
function varargout = vf_OutputFcn(hObject, eventdata, handles) 
 
% Get default command line output from handles structure 
varargout{1} = handles.output; 
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% --- Executes during object creation, after setting all properties. 
function edit1_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit1_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit2_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit2_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit3_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit3_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit4_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit4_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit5_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit5_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit6_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit6_Callback(hObject, eventdata, handles) 
 



 

 

105 

% --- Executes during object creation, after setting all properties. 
function edit7_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit7_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit8_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit8_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit9_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit9_Callback(hObject, eventdata, handles) 
 
% --- Executes on button press in checkbox2. 
function checkbox2_Callback(hObject, eventdata, handles) 
 
% --- Executes on button press in checkbox3. 
function checkbox3_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit10_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit10_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit11_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit11_Callback(hObject, eventdata, handles) 
 
% --- Executes on button press in checkbox4. 
function checkbox4_Callback(hObject, eventdata, handles) 
 
% --- Executes on button press in checkbox5. 
function checkbox5_Callback(hObject, eventdata, handles) 
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% --- Executes during object creation, after setting all properties. 
function edit12_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit12_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit13_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit13_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit14_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit14_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit15_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit15_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit16_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit16_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit17_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit17_Callback(hObject, eventdata, handles) 
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% --- Executes during object creation, after setting all properties. 
function edit18_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit18_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit19_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit19_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit20_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit20_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit21_CreateFcn(hObject, eventdata, handles) 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit21_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit22_CreateFcn(hObject, eventdata, handles) 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit22_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit23_CreateFcn(hObject, eventdata, handles) 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit23_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit25_CreateFcn(hObject, eventdata, handles) 
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if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit25_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit26_CreateFcn(hObject, eventdata, handles) 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit26_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit27_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit27_Callback(hObject, eventdata, handles) 
 
% --- Executes during object creation, after setting all properties. 
function edit28_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit28_Callback(hObject, eventdata, handles) 
 
% --- Executes on button press in checkbox6. 
function checkbox6_Callback(hObject, eventdata, handles) 
 
% --- Executes on button press in checkbox7. 
function checkbox7_Callback(hObject, eventdata, handles) 
 
% --- Executes on button press in pushbutton1. 
function pushbutton1_Callback(hObject, eventdata, handles) 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%% 
 
%the following lines get information that is in the GUI 
%str2double(get(handles.edit1,'String')); this function gets the string 
%value from the GUI edit box1 and converts it to a double number 
%m and n are the picture numbers in the GUI 
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m= str2double(get(handles.edit1,'String')); 
n= str2double(get(handles.edit2,'String')); 
 
%left and right define the left and right picture pixel boundary make them 
%smaller for nonparallel pipe-pixel pictures 
left=   str2double(get(handles.edit3,'String')); 
right=  str2double(get(handles.edit4,'String'));  
top=    str2double(get(handles.edit5,'String')); 
bottom= str2double(get(handles.edit6,'String')); 
 
depth= str2double(get(handles.edit11,'String'));            %length the neutron beam travels through water 
height=str2double(get(handles.edit12,'String'));            %height of the test section (for plotting) 
numberofpictures=str2double(get(handles.edit7,'String'));   %Number of individual picture distributions to print 
 
%imread opens the empty and full pipe pictures into uint8 format 
x=imread(get(handles.edit9,'String'));  %the name of the full pipe from the GUI 
fullpipe8=x(top:bottom,left:right);     %sizes image according to GUI values 
fullpiped=double(fullpipe8);            %Changes image to double format 
 
x=imread(get(handles.edit8,'String'));  %the name of the empty pipe from the GUI 
emptypipe8=x(top:bottom,left:right);    %sizes image according to GUI values 
emptypiped=double(emptypipe8);          %Changes image to double format 
 
epsilon=    str2double(get(handles.edit16,'String'));      %detection Efficiency 
phith=      str2double(get(handles.edit17,'String'));      %thermal neutron flux 
sigf=       str2double(get(handles.edit18,'String'));      %liquid cros section 
sigt=       str2double(get(handles.edit20,'String'));      %test section cross section 
delt=       str2double(get(handles.edit19,'String'));      %test section depth 
resolution= str2double(get(handles.edit14,'String'));      %Image resolution 
deltat=     str2double(get(handles.edit15,'String'));      %Exposure time  
 
qdotgas=str2double(get(handles.edit21,'String'));       %Gas volume flow rate 
qdotliquid=str2double(get(handles.edit22,'String'));    %liquid volume flow rate 
 
fd=1; 
fileselect=0; 
if m==0 & n==0 
    po=xlsread('pics.xls'); 
    [fd fg]=size(po); 
    fileselect=1; 
end 
for jk=1:fd 
    if fileselect==1 
        m=po(jk,1); 
        n=po(jk,2); 
    end 
 
    clear pipeaveragevoid  integratedpipeavg  rowaveragevoid  rowaveragevoidg E individualdifference tracker 
 
    for o=m:n %o=m:n are the numbers of the names of the pictures you want to look at 
     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%% 
        j=int2str(o); %turns the number o from the for loop into text 
        j1=[j '.TIF']; %sets j1 equal to a text string with the name o.tif 
        x=imread(j1); %Gets the pictures of intrest 
        pipeofintrest8=x(top:bottom,left:right);    %sizes image according to GUI values 
        pipeofintrestd=double(pipeofintrest8);      %Changes image to double format 
        counter=o-m+1;                              %normalizes o to count from 1 instead of counting from m 
         
        % this determines from the full pipe 
        % picture where the water is and then reduces the pipe of intrest, 
        % full pipe, and empty pipe pictures to include only the area of 
        % intrest.  
        if o==m 
            [t,p]=size(fullpiped);  %gives the size of the picture matrix 
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            tracker(1:t,1:p)=0; 
        end 
     
        if o==m & jk==1                          %executes on the first loop only 
     
            fullpipedist=sum(fullpiped,2)/(p);  %Creates a distribution by averaging the values in each of the rows of the 
picture 
            ni=smooth(fullpipedist,10);         %smooths the distribution by averaging with the 10 nearest points 
            minimumtop=min(ni(1:round(t/2)));   %finds the minimum value for the top half of the picture (pipe top) 
            minimumbot=min(ni(round(t/2):t));   %finds the minimum value for the bottom half of the picture (pipe 
bottom) 
      
            %this loop determines the index number of the max and min values 
            for i=1:t 
                if minimumtop==ni(i) 
                    topindex=i; 
                end 
                if minimumbot==ni(i) 
                    botindex=i; 
                end 
            end 
     
            %this block sizes the respective pictures to include only the area of 
            %intrest 
            fullpipe=fullpiped(topindex:botindex,:); 
            emptypipe=emptypiped(topindex:botindex,:); 
             
                for c=1:botindex-topindex 
                    for d=1:right-left 
                        if emptypipe(c,d)-fullpipe(c,d)<=0 
                            emptypipe(c,d)=fullpipe(c,d)-1; 
                        end 
                    end 
                end 
 
        end 
        pipeofintrest=pipeofintrestd(topindex:botindex,:); 
              
        [t,p]=size(fullpipe); 
        for b=1:t 
            for v=1:p 
                %the next two if statments fix problems that arrise when the 
                %pipe of intrest is fuller than the full pipe or emptier than 
                %the empty pipe due to statistical variations 
                if pipeofintrest(b,v)>emptypipe(b,v) 
                    tracker(b,v)=tracker(b,v)+pipeofintrest(b,v)-emptypipe(b,v); 
                    pipeofintrest(b,v)=emptypipe(b,v); 
                end 
                if pipeofintrest(b,v)<fullpipe(b,v) 
                    tracker(b,v)=tracker(b,v)+pipeofintrest(b,v)-fullpipe(b,v); 
                    pipeofintrest(b,v)=fullpipe(b,v); 
                end 
             
                if pipeofintrest(b,v)>fullpipe(b,v) & pipeofintrest(b,v)<emptypipe(b,v) 
                 
                    if pipeofintrest(b,v)+tracker(b,v)<fullpipe(b,v)  
                        tracker(b,v)=tracker(b,v)+pipeofintrest(b,v)-emptypipe(b,v); 
                        pipeofintrest(b,v)=fullpipe(b,v); 
                    end 
                    if pipeofintrest(b,v)+tracker(b,v)>emptypipe(b,v) 
                        tracker(b,v)=tracker(b,v)+pipeofintrest(b,v)-emptypipe(b,v); 
                        pipeofintrest(b,v)=emptypipe(b,v); 
                    end 
                end 
             
                offset=(fullpipe(b,v)-emptypipe(b,v)*exp(-3.45*depth))/(1-exp(-3.45*depth)); 
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                %creates a matrix the size of the area 
                %of intrest with a local voidfraction as each element 
                 
                normalizedpipe(b,v)=log((fullpipe(b,v)-offset)/(pipeofintrest(b,v)-offset))/log((fullpipe(b,v)-
offset)/(emptypipe(b,v)-offset)); 
                 
            end 
        end 
         
        pipeaveragevoid(counter)=sum(sum(normalizedpipe))/(t*p);                    %average void of picture o 
        integratedpipeavg(counter)=sum(sum(pipeaveragevoid))/counter;              %average of the average voids in all 
pictures up till this loop 
        rowaveragevoid(:,counter)=sum(normalizedpipe,2)/(p);                        %average void in each row of the image 
        rowaveragevoidg(:,counter)=sum(pipeofintrest,2)/(p);                        %average grey scale value in each row of the 
image 
        standarddeviationint=sqrt(1/counter*sum((pipeaveragevoid-integratedpipeavg(counter)).^2));  %standard 
deviation 
        standarderrorofmeanint=standarddeviationint/sqrt(counter)*100;                 %standard error of mean 
     
        %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
        %error calculation for integrated errors 
        fluence=epsilon*phith*exp(-sigf*depth*(1-integratedpipeavg(counter))-sigt*delt)*resolution^2*deltat; 
        Es=sqrt(fluence/((n-m+1)*(right-left)))/fluence*100;                                                                %statistical error due 
to low fluence    
        if counter==1  
            c=(mean(mean(fullpipe))-mean(mean(emptypipe)))/(exp(-sigf*depth)-1); 
            G0=(mean(mean(emptypipe))*exp(-sigf*depth)-mean(mean(fullpipe)))/(exp(-sigf*depth)-
1);                              %greyscale offset value 
        end 
        Eg=log((mean(mean(pipeofintrest))+1-G0)/(mean(mean(pipeofintrest))-
G0))/log(c*phith/(mean(mean(pipeofintrest))-G0))*100;  %error due to low grey scale 
        En=str2double(get(handles.edit23,'String'));                                                                        %error due to the 
radiography room and equipment from GUI. 
        Em=0;                                                                                                               %error due to low imaging speed 
        %E(counter)=sqrt(Es^2+Eg^2+En^2+Em^2+standarderrorofmeanint^2);   
        E(counter)=standarderrorofmeanint; 
        %E(counter)=standarddeviationint*100; 
     
    end 
 
    set(handles.edit13, 'string', E(counter));                  %sets total error in GUI 
    set(handles.edit10, 'string', integratedpipeavg(counter));  %sets void fraction in GUI 
    set(handles.edit27, 'string', standarderrorofmeanint);      %sets standard error of mean in GUI 
 
    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
    piperowaveragevoid=sum(rowaveragevoid,2)/counter;           %averages the void in the rows of all pictures             
    piperowaveragevoidg=sum(rowaveragevoidg,2)/counter;         %average greyscale in each row of all the pictures 
 
    %error calculation for each pixel row 
    fluence=epsilon*phith*exp(-sigf*depth*(1-piperowaveragevoid)-sigt*delt)*resolution^2*deltat; 
    Es=sqrt(fluence/((n-m+1)*(right-left)))./fluence*100;                                                       %statistical error due to low 
fluenc 
    c=((mean(fullpipe,2))-(mean(emptypipe,2)))/(exp(-sigf*depth)-1); 
    G0=((mean(emptypipe,2))*exp(-sigf*depth)-(mean(fullpipe,2)))/(exp(-sigf*depth)-1);                             %greyscale 
offset value    
    Eg=log(((piperowaveragevoidg)+1-G0)./((piperowaveragevoidg)-G0))./log(c*phith./((piperowaveragevoidg)-
G0))*100;   %error due to low grey scale 
    En=str2double(get(handles.edit23,'String'));                                                                %error due to the radiography 
room and equipment. 
    Em=0;                                                                                                       %error due to low imaging speed 
 
    for o=m:n 
        counter2=o-m+1;    
        individualdifference(:,counter2)=rowaveragevoid(:,counter2)-piperowaveragevoid; 
    end 
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    difference=sum(abs(individualdifference.^2),2); 
    standarddeviation=sqrt(1/counter*(difference))*100;                  %standard deviation 
    standarderrorofmean=standarddeviation/sqrt(counter);                 %standard error of mean 
     
    %E2=sqrt(Es.^2+Eg.^2+En.^2+Em.^2+standarderrorofmeanint.^2); 
    E2=Es; 
    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
    %superficial velocity 
    flowarea=height/100*depth/100;      %flow area in m2 
    qdotliquid=qdotliquid*.003785/60;   %Converts from gpm to m3/s 
    qdotgas=qdotgas*7.86579e-6;         %converts from cfh to m3/s 
    jg=qdotgas/flowarea;                %superficial gas velocity 
    jf=qdotliquid/flowarea;             %superficial liquid velocity 
 
    set(handles.edit25, 'string', jg);  %sets jg in GUI 
    set(handles.edit26, 'string', jf);  %sets jf in GUI 
 
    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
    %distribution papameter as defined in Kent Abels dissertation 
    theta=1/height*sum(piperowaveragevoid.*(height/(2*t):height/t:height-height/(2*t))')/sum(piperowaveragevoid); 
 
    set(handles.edit28, 'string', theta);   %sets theta in GUI 
 
    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
    %plots 
    ydirection=height:-height/t:height/t; 
     
    %plot individual distributions 
    if 1==get(handles.checkbox2,'Value') 
        for i=1:numberofpictures 
         
            figure 
            axes('fontsize', 18) 
            h=plot(rowaveragevoid(:,i),ydirection, 'linewidth',2); 
        
            xlabel('Void Fraction', 'fontsize', 18); 
            ylabel({'Test Section Height (cm)'} ) 
            axis([0,1,0,height]) 
         
            %saves individual void distribution plots to a tif file 
            if 1==get(handles.checkbox7,'Value') 
                filename=[int2str(m) 'to' int2str(n) 'id' int2str(i) '.tif']; 
                saveas(h,filename) 
            end 
        
        end %plot individual distributions 
    end 
 
    %plot histogram 
    if 1==get(handles.checkbox3,'Value')  
        h=figure;, hist(pipeaveragevoid,50); 
        xlabel('Void Fraction'); 
        ylabel('Number of pictures'); 
        axis([0,1,0,inf]) 
        %saves tif image of histogram plot 
        if 1==get(handles.checkbox7,'Value') 
            filename=[int2str(m) 'to' int2str(n) 'h' '.tif']; 
            saveas(h,filename) 
        end 
    end %plot histogram 
 
    %Average void and image void plots 
    if 1==get(handles.checkbox4,'Value') 
        figure, plot(integratedpipeavg,'linewidth',2); 
        hold on 
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        plot(pipeaveragevoid, 'linewidth',2); 
        plot(integratedpipeavg+E/100,'r','linewidth',2); 
        h=plot(integratedpipeavg-E/100,'r','linewidth',2); 
        xlabel('Picture Number'); 
        ylabel('Void Fraction'); 
        axis([0,counter,0,1]) 
        %saves tif image of average void plot 
        if 1==get(handles.checkbox7,'Value') 
            filename=[int2str(m) 'to' int2str(n) 'av' '.tif']; 
            saveas(h,filename) 
        end 
    end%Average void and image void plots 
 
    %Void distribution plot 
    if 1==get(handles.checkbox5,'Value') 
         
        figure 
        axes('fontsize', 18) 
        h=plot(piperowaveragevoid,ydirection,'linewidth',2); 
         
        hold on 
         
     
        plot(piperowaveragevoid+(standarddeviation/100),ydirection,'g','linewidth',2); 
        plot(piperowaveragevoid+(standarderrorofmean/100),ydirection,'r','linewidth',2); 
        plot(piperowaveragevoid+(-standarddeviation/100),ydirection,'g','linewidth',2); 
        h=plot(piperowaveragevoid+(-standarderrorofmean/100),ydirection,'r','linewidth',2); 
        legend('\alpha','\sigma','\sigma_m',2) 
         
        xlabel('Void Fraction'); 
        ylabel({'Test Section Height (cm)'} ); 
         
         
        axis([0,1,0,height]) 
         
        %saves void distribution image in tif format  
        if 1==get(handles.checkbox7,'Value') 
            filename=[int2str(m) 'to' int2str(n) 'vd' '.tif']; 
            saveas(h,filename) 
        end 
    end %Void distribution plot 
 
    %appends to a txt file [m n void theta standarddeviation standarderrorofmean] 
    %testmatrix.txt must exist  
    if 1==get(handles.checkbox6,'Value') 
        x=dlmread('testmatrix.txt', '\t'); 
        y=[m n integratedpipeavg(counter) theta standarddeviationint standarderrorofmeanint/100]; 
        z=[x;y]; 
        dlmwrite('testmatrix.txt',z, '\t') 
    end 
    jk 
     
    %x=dlmread('profiles.txt','\t'); 
    %y=[m; n; integratedpipeavg(counter); theta; piperowaveragevoid]; 
    %z=[x y]; 
    %dlmwrite('profiles.txt',z, '\t') 
end 
 


