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DWAMlC AND STATIC ERROR ANALYSES OF NEUTRON RADJOGRAPHY TESRNG 

H. Joo and S. S. GIEckstein 
Westinghouse Electric Company 
Bettls Atomic Power laboratory 

ABSTRACT 

Neutron radiography systems are being used for real-time visualization of the dynamic behavior 
as well as timeaveraged measurements of spatial vapor fraction distn'butiom for two phase fluids, 
The data in the form of video images are typically recorded on videotape at 30 frames per 
second. Image analysis of the video pictures is used to extract timedependent or timeaveraged 
data. The determination of the average vapor fraction requires averaging of the logarithm of time- 
dependent intensity measurements of the neutron beam (gray scale distribution of the image) that 
passes through the fluid. This could be significantly different than averaging the intensity of the 
transmitted beam and then taking the logarithm of that term. This difference is termed the 
dynamic error (error in the time-averaged vapor fractions due to the inherent time-dependence 
of the measured data) and is separate from the static error (statistical sampling uncertainty). 
Detailed analyses of both sources of errors are discussed. 

I. INTRODUCTlON 

A video-image analysis technique has been developed to extract average vapor fractions from 
real-time video-taped neutron attenuation data obtained at the Pennsylvania State University 
neutron radiography facility (References 1-4). This consists of measuring the gray level 
distribution throughout the flow region "illuminated" by the thermal neutron beam. In real-time 
television pictures, liquid regions appear dark (high neutron removal), and vapor appears light. 
The time-dependent brightness information (gray level data) is processed to produce a spatial 
distribution of time-averaged vapor fraction over the illuminated region of the conduit. The 
data reduction system was initially based on a time-averaging technique which can cause an 
error (dynamic error) that is related to fluctuations in the local density of the two-phase fluid. 
In a flow where there are no fluctuations in the fluid density during a unit counting interval, 
there still exist statistical uncertainties (static error) in measured variables. The main source 
of the static error is considered to be the neutron beam intensity and the gain of the neutron- 
image intensifier that converts a neutron image into a visible image. The dynamic error is 
related to the time-dependent fluctuations in the local composition of vapor-liquid mixtures. It 
results from the fact that the logarithm of the time-averaged intensity of the transmitted 
neutron beam ("Count-Mode Measure", Reference 5) is not equal to the time-averaged value 
of the logarithm of the intensity of the beam which is considered to be exact. An in-depth 
analysis of both the static and dynamic errors was conducted to help quantify the achievable 
errors and also to provide insight into the systematic errors associated with the neutron 
radiography technique developed for vapor fraction measurements. 

II. STATIC ERROR IN VAPOR FRACTION MEASUREMENT 

Consider a beam of neutrons impinging on a conduit containing a vapor-water mixture. If the 
change of the neutron intensity is approximated by an exponential attenuation, the vapor 
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fraction F(x,y) measured dong the neutron beam direction at the pdnt (x,y) on the surface of 
the two-phase flow regime is given (Reference 6) by 

P" 1 -- 
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V(x,y) = the intensity of the transmitted beam at (x,y) when the conduit is filled with a mixture 
of water and vapor, 

W(x,y) = the beam intensity when the conduit is filled with water, 
E(x,y) = the beam intensity when the conduit is empty, 
CI" = the effective attenuation coefficient of vapor, and 
C I W  = the effective attenuation coefficient of water. 

IIA STATIC ERROR 

Since the vapor fraction in Equation (A-1) is a function of the three measured variables, V(x,y), 
W(x,y) and E(x,y), the relation between the uncertainties of the variables and the uncertainty 
for the result, F(x,y), can be calculated by the second-power equation of the propagation of 
errors (References 7 and 8). If T(x,y) is the thickness of the attenuating medium at point (xly), 
the relative error in the vapor fraction can be shown (Reference 9) as follows, 

where 
of the intensity of the tt'ansmitted neutron beam at (x,y) when the conduit is filled with a 
mixture of water and vapor. 

= F(x,y) [l -p /p J. In Eq. (A-2), the term AVN is the inherent statistical uncertainty 

We can have some estimate of the sample variance if we were to repeat the measurement 
many times. Because we have only a single measurement, however, the sample variance 
cannot be calculated directly but must be estimated by analogy with an appropriate statistical 
model. Let us assume that detection of the transmitted neutrons is characterized by a 
Poisson process (References 10 and 1 l), which implies that 



where N(x,y) is the number of counts measured by a unit detector element corresponding to 
a position (x,y) in the test device. 

When a real-time video camera is used to record the intensity of transmitted neutrons, the 
final unit detector element is a small surface area which corresponds to a single video image 
pixel of the camera Converting the detectable neutron intensity to a measurable signal, the 
number of counts at a steady-state condtion measured during a unit counting interval is given 
bY 

where 

= detector gain; number of counts of measurable signal per neutron interacting 
with the detector (counts/neutrons) , 

= surface area of unit detector element (cm?, and 

Go 

t, = counting interval (sec), 
Ax Ay 
V(x,y) = intensity of transmitted neutron beam (neutrons/cm*/s). 

11.8. Maximum Static Error 

It can be shown (Reference 9) that the maximum static error in vapor fraction is given by the 
following equation: 

n 

(A-5) 

where No (x,y) = G, t, AxAy E(x,y), Co = p,,,/cU, - cr,), and R(x,y) = cc, T(x,y). Under 
operating conditions using the Precise Optics neutron radiography camera at the Penn State 
University reactor facility, we have typical specifications for N,(x,y) given by the following 
parameters: 

G, - 300 counts/neutron (References 11 and 12) 
Counting interval; t, = 1/30 sec (for a single frame of real-time video image) 
Detector element size; Ax = Ay = 0.05 cm (corresponding to a video pixel) 
Source neutron intensity; I, = 2 x lo6 neutrons/cm2-s 

The worst-case maximum static error in vapor fraction is evaluated as a function of the 
relative path thickness, R(x,y), using the limiting value of C, = 1.2. Results are shown in 
Figure 1. The maximum static error occurs when the vapor fraction is zero. Also shown in 
Figure 1 is the static error when the vapor fraction is unity. 

111. Dynamic Error Analysis 

When a time-averaged vapor fraction is calculated, a time-averaged value of V(x,y) in Eq. (A- 
1) is frequently used. Therefore, it is necessary to evaluate the dynamic error associated with 
the neutron radiography data processing technique that utilizes the time-averaged V(x,y). The 
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dynamic error results from the fact that the time-averaged value of ttre logarithm, In V(x,y), in 
Eq. (A-I) is not equal to the logarithm of the timeaveraged intensity of the transmitted beam, 

The time-averaged vapor fraction, F,C",y) , calculated by the Count-Mode Measure with a 
V(XIY)* 

- 
time-averaged intensity of the transmitted beam, V(x,y), is given by 

z 

where V(x,y) = - ' I V{x,y,t)dt , T = measurement time period, and 

other quantities, pv, y ,  W(x,y) and E(x,y), are time-independent. It can be shown (Reference 

9) that the dynamic error, AF(x,y) , can be written as 

t 
0 

where 

0 
C 

c , = - .  

In[$] 

Eq. (52) indicates that whenever the intensity, VI (x,y), of the transmitted beam at (x,y) during 
a time interval of ti - t. + At, is known for every time subinterval, the dynamic error can be 
determined by the diderence of the logarithms of the two types of average values, 
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IIIA Blnomiaf Vapor Fractions I 

0.1 

0.5 

We are particularly interested in timeaveraged vapor fractions of a twephase flow simulated 
by an acrylic disc with holes (partial or full depth) in it. Such a configuration is applicable to 
experiments discussed in Reference 3. The timedependent vapor (void) fractions are 
represented as a series of step changes between two values of F(x,y,t), F, (x,y) and F, (x,y); 
that is, a binomid pattern. 

0.0001 0,0004 

0.0026 0.0105 

Consider a case where F,(x,y) > F, (x,y) and F,(x,y) = F,(x,y) i b(x,y), where 6(x,y) is the 
magnitiude of the step change. Also defined are the intensities of the transmitted beam 
V,(x,y) and V,(x,y) corresponding to the vapor fractions F,(x,y) and F&,y), respectively. 
During a time period of T, it is assumed that V,(x,y) is recorded at m subintervals and Vdx,y) 
is recorded (or measured) at (n-m) subintervals. It is also assumed that the time subinterval 
is sufficiently srnali so that the fluctuation in the measurement V(x,y) within the subinterval is 
considered negligible. A fraction of the time period a is defined as 

a = m/n or 1 - a = (n-myn. 
Under such conditions, it can be shown (Reference 9) that the change of dynamic error 
(fractional error) with R(x,y) is given in Table 1. Similar results for changes of the dynamic 
error with a are given in Table 2. The values of a for the maximum dynamic error is given in 
Table 3 and the absolute dynamic error at specific conditions are shown in Table 4. Table 5 
provides results for the change in dynamic error with respect to a(x,y), and Table 6 shows 
the absolute dynamic error as a function of R(x,y). 

Table 1. Change of Dynamic Error with R(x,y} 

Table 2. Change of Dynamic Error with a 

aAF(x,y)/aa 

I1 1.0 I 0.0102 I 0.0407 II 
1 2.0 I 0.0379 I 0.1360 1 
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Table 3. Values of a for Maximum Dynamic Error 

a for maximum dynamic error, a, 

I 

0.1 0.501 7 0.5042 0.5067 

0.5 0.5083 0.5208 0.5332 

1.0 I 0.5167 1 0.5415 I 0.5660 

2.0 I 0.5332 I 0.5820 I 0.6280 

Table 4. Dvnamic Error 
7 

6 =OS,  QC =0.5 b =0.8, u =0.5 

0.1 I 0.0031 I 0.0080 

0.01 56 0.0397 

0.0780 

2.0 0.0601 0.1 454 

Table 5. Change of Dynamic Error with b(x,y) 
I I 

1 0.1 I 0.0125 I 0.0200 

1 0.5 I 0.0622 I 0.0987 
~~ I 1.0 I 0.1225 ~ 1 0.1900 

I 2.0 I 0.2311 I 0.3320 

Table 6. Maximum Dynamic Error versus R(x,y) 
I I I MaximumAF a m  
I 1 

0.1 1 0.5083 I 0.01 25 
11 0.5 I 0.5415 I 0.0623 

11 1.0 I 0.5820 1 0.1233 

11 1.5 I 0.6206 I 0.1819 

I 2.0 1 0.6565 I 0.2372 

I 3.0 1 0.7191 I 0.3358 
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111.8. Dynamic Error from Unear Vapor Ftaction 

0.001 67 

0.001 67 

0.00167 

0.00166 

We have conducted a dynamic error analysis in Section M A  UtiliZEng a binomial pattern of 
vapor fraction distribution, which is considered to be an exireme case that can result in the 
most severe dynamic errors. Only the lowest and highest values of the vapor fraction were 
assumed present during a measurement period, precluding intermediate vapor fractions 
between the limits. As an intermediate case, we examined a condition where the vapor 
fraction at a spatial element tends to be smooth and continuous rather than abrupt and 
discontinuous (as a function of time). A simplistic, smooth and continuous fluctuation of vapor 
fraction as a fundon of time can be modeled by a linear fundion. A linear vapor fraction 
distribution during a measurement period and associated dynamic error were studied and 
details of the study are presented in Reference 9. The results are shown in Tables 7-9. 

0.01 042 0.0417 

0.01 040 0.0414 

0.01035 0.0263 0.0407 

0.01016 0.0251 0.0379 

Table 7. Change of Dynamic Error with flow Path 
Thickness (Linear Vapor Fraction Model) 

t 

Row) 
0.1 

0.5 

0.5 

il 

i3ARX,Y)li36 (KY) 

6 =0.2 & =0.5 &=0.8 &=l  .o 
0.001 7 0.0042 0.0067 0.0083 

0.0083 0.0208 0.0332 0.041 5 

1 .o 
2.0 

6=0.2 I 6=0.5 I &=0.8 I 6=1.0 

1.0 I 0.0167 I 0.0415 I 0.0660 I 0.0820 

2.0 I 0.0332 I 0.0820 I 0.1280 I 0.1565 
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Table 9. Dynamic Error versus Flow Path Thickness - Linear Model 

I 

Relative to the binomial vapor fraction case the linear vapor fradion model results in smaller 
dynamic errors by a factor of three for a wide range of R(x,y) as illustrated in Figure 3. 

Iv. SUMMARY AND CONCLUSIONS 

An analysis of both the static error and dynamic error was conducted to help quantify the 
achievable maximum errors and also to provide insight into the systematic errors associated 
with the neutron radiography technique developed for vapor fraction measurements for twe 
phase fluid flow. 

The static error is a measure of the statistical uncertainty interval in the vapor fraction. It is 
determined by the propagation of uncertainty intervals of measured intensities of neutron 
beams. It has been found that the maximum static error occurs at zero vapor fraction and is 
slightly sensitive to the flow path thickness within the range of interest. For flow path 
thicknesses ranging from 0.3 cm to 1.3 cm, the maximum fractional error in vapor fraction is 
0.02. This result is based on a neutron flux level of 2x106n/cm2/s using a Precise Optics 
camera. With increased source beam intensity the error can be reduced by a factor 
proportional to the square root of the gain in the source beam intensity. 

The dynamic error in the vapor fraction is due to the inherent timedependence of the 
measured data when the data is time-averaged by the Count-Mode measure. The dynamic 
error depends primarily upon and increases with the extent of the fluctuation in the local 
density of two-phase fluids and the flow path thickness. For the case where the flow path 
thickness is 0.22 cm, it has been found that the maximum possible dynamic error under the 
most extreme condition could be as large as 0.08 in vapor fractions. However, this number is 
a worst case upper limit and significantly larger than what was observed during an actual data 
acquisition process using the Exact Measure technique in the void fraction measurements of 
the acrylic discs. The majority of vapor fraction measurements involve less extreme 
conditions which result in smaller errors. For a less extreme case in which the fluctuation in 
vapor fractions was modeled as a linear function of time, the maximum dynamic error is 
approximately 0.03. 

The Exact Measure technique minimizes the potential dynamic error that is caused by the 
Count-Mode measure. To do the Exact Measure technique, the logarithm of the intensity of 
the neutron beam obtained per video image must be taken before time-averaging the data. 
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Figure 1 

Maximum Static Error Versus Flow Path Thickness 
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* The attenuation coefficient of water used was 3.0 cm”, and other data 
were based on specifications of the Penn State reactor facility. The 
maximum static error occurs when the vapor fraction becomes zero. 



Dynamic Error in Vi 
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Figure 2 

tions for an Acrylic Disc with Holes 
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Figure 3 

Maximum Dynamic Error Versus Flow Path Thickness * 
(Vapor Fraction Patterns = Binomial Model and tinear Model) 
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The attenuation coefficients of water and vapor used are 3.0 cm" and 
0.0 cm", respectively. Optimum a values for the maximum error and 
&=I .O were used for the worst case. 


