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INTRODUCTION 

This paper describes a non-intrusive measurement technique to monitor the mass flow rate of fissile 
material in gaseous or liquid streams. This fissile mass flow monitoring system determines the fissile 
mass flow rate by relying on two independent measurements: (1) a time delay along a given length of 
pipe, which is inversely proportional to the fissile material flow velocity, and (2) an amplitude 
measurement, which is proportional to the fissile concentration (e.g., grams of ='U per length of 
pipe). The development of this flow monitor was first fhnded by DOE/NE in September 95, and 
initial experimental demonstration by ORNL was described in the 37th INMM meeting held in July 
1996, This methodology was chosen by DOE/NE for implementation in November 1996; it has been 
implemented in hardwarehoftware and is ready for installation. This paper describes the 
methodology used to interpret the data measured by the fissile mass flow monitoring system and the 
models used to simulate the tmnsport of fission fragments from the source location to the detectors. 

The basic concept for this measurement technique is illustrated in Fig. 1 and can be described by the 
following steps: (1) Fast neutrons fiom a 252Cf source are moderated in a polyethylene block and 
induce fissions inside the process stream. (2) The resulting fission fkagments are slowed down by the 
gas and some are carried by the stream. (3) A downstream sensor detects delayed gammas emitted 
by the fission fragments. (4) By modulating the source strength using a neutron-absorbing shutter, a 
time-dependent signature is superimposed in the fissile stream and a time delay measurement is 
performed by detecting this signature downstream. ( 5 )  The fissile concentration is obtained fiom the 
measured detector response and a calculated or preferably experimentally-determined calibration. 

When the shutter opens, fissions 
are induced and fragments are 
carried by the fissile stream. 
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Figure 1. Illustration of ORNL's Fissile Mass Flow Rate Measurement Concept 
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(6)  The fissile mass flow rate is determined by multiplying the average fissile velocity by the flow 
area and the fissile concentration of step (5). This measurement methodology is insensitive to 
buildup on pipe walls, and it can be applied to any flow stream that can produce particles that emit 
delayed radiation that can be detected downstream. Delayed gamma rays were chosen for this 
application because of the significantly larger (factor of -400) yield per fission than delayed neutrons 
as shown in Fig. 2. 

DESCRIPTIOlV OF MODELS 

To predict the detector response downstream of the source, it is necessary to model: (a) the 
percentage of delayed-gamma precursors (fission products) that remain in the gas following an 
induced fission, (b) the flow of fissile material and precursors down the pipe, and (c) the decay of the 
precursors. The modeling of the first phenomenon is described in a companion paper' for gaseous 
applications; this paper describes the models used to simulate these other two physical processes. 

The basic equation that describes the flow and decay of delayed-gamma precursors is the combined 
convection and decay equation: 

where ci(r, z, t) is the concentration of group-i precursors at time t and location (r, z), u(r) is the gas 
velocity at radial position r, pi is the fraction of group-i precursors generated per fission, & is the 
decay constant, N, is the number of induced fissions, and S(r, z, t) is the normalized shutter 
efficiency, which combines the source field of view and the shutter motion as fbnction of time. 

1 

.- s 
Lo 

E 
L n 

0.1 

0.01 

0.001 

0.0001 

Lo 
Lo 
E 
- 
E c 
S al c 
L 
0 
Lo 

S 

0 c 

I 
Lo 0.00001 
B - a 0.000001 
0.0000001 

1 10 100 1000 

Time After Activation (s) 

Figure 2. Delayed neutron and gamma yields for usU fission 



The total concentration of delayed-gamma precursors is the sum over all delayed groups. The 
number of gammas per second counted at the detector, N,(t), is determined by 

R m n 

where D(r, z) is the normalized detector field of view, and zd is the overall detector efficiency. 

Table 1. 
Delayed Gamma Data 

Group ai 4 
# (VIS per (s-’) 

fission) 

1 0.35 0.4 

2 0.06 0.04 

3 0.015 0.008 

4 0.001 5 0.0008 

I 5 10.0002 I0.00005 

The delayed emission data has been obtained by fitting a five-group 
model to measured data using the actual experimental hardware, 
which includes 300 keV energy discrimination filters that are 
accounted for in the overall detector efficiency used to analyze the 
experimental data. The parameters of the five-group model are 
summarized in Table 1. These parameters correspond to a best fit 
to the decay gamma data following a fission event, so that 

J 
-Li 7 n,(z) = ai e 

1 

where ~ ( 7 )  represents the average number of photons per second 
following a fission event, and a, is the group yield constant, which 
is related to the group precursor fraction, pi, as a, = L, x pi. 

Figure 3 shows the results of applying our delayed gamma emission model to experimental data 
obtained by irradiating a 235U fission chamber for 60 and 600 seconds respectively and measuring the 
decay gammas with the actual experimental hardware to be used for the fissile mass monitor. As 
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Figure 3. Comparison between ORNL irradiation experiments and decay model predictions 
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seen in Fig. 3, the delayed gamma emission model predicts the measured data accurately up to 
500 seconds following the fission event. This decay model also benchmarks well against the impulse 
response data published in the 1iteratu1-e.~’~ 

The above model for fission fragment transport and decay has been implemented in a computer code, 
which solves the above equations numerically and computes the precursor concentration at a number 
of axial and radial nodes inside the fissile stream. Following standard integration techniques, the 
above partial differential equation is integrated first in time and then in space. To avoid numerical 
diflbsion, the space integration is performed using explicit Euler integration with a Courant number 
of 1. This results in a variable At, for each radial ring, which is a fbnction o f  the radial ring average 
velocity u, and the axial node size, Az 

Az At@) = - 

The time integration is performed analytically, resulting in the following discretized equation for the 
“next” time interval and position 

u (9 

-I ,  At(r) 
- I ,  Af(r) 1 - e  ci(r,  z+Az, t+At ( r ) )  = c l (r , z , t )  e + $1 N$s S(r,  z , t )  

3c;. 
The first right-hand-side term in the above equation transfers the precursor concentration from node 
z to node z+Az with a decay; the second term adds the source contributions when the shutter is 
opened. The computer code solves these discretized equations and determines the detector response 
for a particular flow regime, velocity, and shutter pattern. Figures 4 and 5 show the calculated 
response profiles for laminar and turbulent flow, respectively. These profiles are calculated as 

250 

230 

210 

c 190 

170 

$ 150 
0 
2 130 

8 
c 

L 

8 2 110 

90 

70 

50 
2 4 6 8 10 12 14 16 18 20 

‘Time (2) 

Figure 4. Precalculated profile data base for laminar flow and 1 m source-detector separation. 
(20 pg 2s2Cc 7 235U g per meter of pipe, detection efficiency 22%) 
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Figure 5. Precalculated profile data base for turbulent flow and 3 m source-detector separation. 
(20 pg 252Cf, 6.1 23sU g per meter of pipe, detection efficiency 22%) 

hnctions of the time delay between the source and detector center-lines (based on the average 
velocity for laminar flow). For both figures, the assumed 252Cf source strength is 20 pg and the 
detector efficiency is 22%, which includes a discrimination filter for photons with less than 300 keV. 
For the laminar flow case (Fig. 4), the calculations assume a source-detector distance of 1 m and a 
fissile concentration of 7 grams per meter of four-inch pipe (equivalent to -1 psia pressure and 90% 
enrichment). 
distance of 3 m and a fissile concentration of 0.1 grams per meter of four-inch pipe (equivalent to -1 
psia pressure and 1.5% enrichment). Both cases assume that equilibrium conditions have been 
reached in the pipe and that the shutter efficiency of 95%. For these calculations, the shutter is open 
and closed periodically every 20 seconds (10 seconds open and 10 seconds closed). 

For the turbulent flow case (Fig. 5) ,  the calculations assume a source-detector 

FISSILE MASS FLOW MONITOR IMPLEMENTATION 

The fissile mass flow meter software measures the time dependent profile at the detector location 
following a shutter-induced pulse and compares it with all of the model-predicted profiles at different 
flow velocities. The average flow velocity is the one that results in a minimum error, E. 

T 

E = / ( N y ( 9  - c Nm0del ( t t4  y 
0 

where C is the amplitude parameter, which is proportional to the detector-response. As observed in 
the above equations, the detector response, Nr, is proportional to the number of fissions induced, 



N,, which in turn is proportional to the concentration of 235U in the pipe. Thus, the amplitude 
parameter, C, is directly proportional to the fissile density, and the product of this amplitude times 
the flow velocity is proportional to the mass flow rate, w. 

A calibration factor is required to scale the model profiles, Nmoh,(t,u), so that the units of the 
amplitude parameter, C, are mass of fissile material per unit volume (e.g., g/m3). This calibration is 
calculated using a Monte Carlo computer code that simulates the flow-meter geometry, and the 
detector efficiency (including the energy discrimination). This calibration is also confirmed by off- 
line benchmark tests. 

Figure 6 shows an example application of the fissile mass flow measurement process using simulated 
data. This simulation assumes a flow in a four-inch pipe of 90% enriched UF, at a pressure of 1 psia, 
with a velocity of 6 cm/s and with an uncorrelated background of 5000 cps. These conditions result 
in laminar flow, thus, the laminar flow profiles of Figure 4 were used. The crosses in Fig. 6 
correspond to an average of 15-minute simulated data (Le., 45 opedclose shutter cycles); the solid 
line is the best fit to the data based on the profiles of Fig. 4. 

c 

FISSILE FLOW TRACEABILITY 

The fission fragments that results from the 252Cf-induced fissions are relatively long-lived; thus their 
decay gamma rays can be detected at long distances from the source. This technique may be used to 
monitor flow continuity through a possibly complex series of pipes and volumes such as pumps, 
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Figure 6. Illustration of mass flow measurement for a simulated laminar flow case. 



pressurizers, etc. The time constant for the “tagging-signal” must be optimized based on the source- 
detector time delay and the number of mixing volumes. For a typical configuration, the fissile flow 
monitor cycles the shutter open and closed every 10 seconds for a 10-minute period and then is 
closed for the next lo-minute period. This results in a 20-minute cycle of buildup and decay of 
fission products that allows for continuity monitoring by comparing the difference in detector counts 
with and without induced fissions. 

CONCLUSIONS 

This paper describes the methodology used to interpret the data measured by a fissile flow 
monitoring system and the models used to simulate the transport of fission fragments from the source 
location to the detectors. Using this simulation capability, it has been shown that fissile mass flow 
rate can be reliably and repeatedly monitored by this non-intrusive measurement technique. 
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o Paper describes the methodology for interpretation of 
source-modulated fissile mass flow data. 

o Flow monitor first funded by DOE/NE in 9/95. 
& Initial experimental demonstration by ORNL 

Q Chosen by DOE/NE for implementation in 11/96. 
o The methodology has been implemented in 

hardwarelsoftware and is ready for installation. 

described in INMM-37 (7196). 

1 



When the shutter opens, fissions 
are induced and fragments are 
carried by the fissile stream. 

Fission fragment gammas are 
detected with a time delay. 
Velocity I/Delay 
Fissile concentration - Amplitude 



FLOW VELOCIN IS ESTIMATED FROM THE TIME 
DEUY AND SOURCE-DETECTOR DISTANCE 
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The detector response is calculated as 
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E OF DETECTOR "PROFILES" HIIS BEEN 
FOR EXPECTED YELOCITY RANGES 

252Cf spectra and intensity 
Neutron moderation and pipe penetration 
Source & detector field of views 
Fission fragment losses by wall absorption 
Fission fragment transport, including laminar and 
turbulent flow effects 
Fission fragment decay 
. Detector efficiency, including energy discrimination 
c 

ORWL 

ASS FLOW IS THE PRODUCT OF 
TIMES A CALIBRATED AMPLITUDE 

and calculated profiles 

T 
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E = I ( N,V) - c Nrn0d& (UJ) y ...... .... ... . . ... . ..._ ..... . .. .._ 0 ..... 

The mass flow rate is proportional to the product of 
the velocity times the fitted amplitude, C 

INMM 38, July 21, 1997 naui 
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AMPLITUDE CALIBRATION WAS VERIFIED IN ORNL 
UPERIMENTS. IT IS INCLUDED IN DET. EFF. 

Det. Eff. = 22% 
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15 min MEASUREMENT TIME RESULTS IN 220% 
MASS FLOW ERROR. ESTIMATE IS UNBIASED 
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VUOCIN CONVERGES FASTER THAN 
INCREASED SHIELDING IMPROVES 
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WITH LOW- PRESSURE LEU [4% ENRICHED) 
CONVERGENCE REQUIRES Y 8 hours 

modulated fissile mass flow monitor has been 
developed and tested. 

$3 Simulations indicate good convergence time for low- 
pressure HEU gas and acceptable times for LEU. 

8 The methodology has been implemented in 
hardware/software and is ready for installation. 
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