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ABSTRACT

An experimental technique for studying the natural convective 

heat flow in a swimming pool reactor was used in The University of 

Arizona's TRIGA Mark I reactors At an operating power of 10 Kw the 

flow was essentially confined to the region below the top of the cool

ing coilso Power levels below 40 Kw were found to have flow patterns 

and rates which allowed only negligible amounts of Nitrogen-16 or 

Oxygen-19 to reach the water surfacee The water leaving the central 

hole of the reactor core was found to have a velocity of approximately 

,jO,0U675 -f&et./,seoond,v5td.th the velocity decreasing with height „ Flow and 

temperature oscillations caused by eddy currents and possible water 

surges through the core were recorded. Detailed analysis of these 

oscillations was not conducted.
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CHAPTER 1 

INTRODUCTION

The oxygen in water produces two important radioisotopes 

when it is irradiated with fast neutrons0 These radioisotopes» 

Nitrogen-16 and Oxygen-19» emit beta particles and gamma rays when they 

decay* In a swimming pool reactor like the TRIGA, some of the radio

isotopes will reach the surface of the water and escape into the 

atmosphere above the pool* The radioisotopes will follow the water flow 

pattern dAe^pool and will-diffuse through "the water at the same time. 

The knowledge of and the ability to find the flow pattern and 

diffusion characteristics of the Nitrogen-16 and Oxygen-19 in a reactor 

pool is important if the reactor is to be upgraded in power level*

Fast flow rates from the core to the water surface could give rise to 

above-tolerance radiation dose rates in the room above the reactor pit* 

The mathematical solution to the convective heat flow in a large pool 

of water without considering diffusion is very difficult and requires 

experimental data for its solution* It is the purpose of this thesis 

to experimentally determine some of the flow patterns and diffusion 

characteristics in the TRIGA Mark I reactor located at the University 

of Arizona by using Nitrogen-16 mapping*

1



CHAPTER 2 

THEORY

Convective Heat Flow

The general principles of natural convective heat transfer, as 

they relate to fluid flow under temperature gradients in the TRIGA Mark 

I reactor, will be discussed in this paper. The theory of convective 

heat transfer is only partially developed and only the simplest cases 

.have ...been ,studied .analytically0 This discussion will be limited to 

those principles needed for the analysis of the experimental data, * J 

Consider a solid of one temperature placed in a fluid of 

another temperature„ Heat is transferred between the surface of the 

solid and the fluid by conduction. If the solid is at a higher tempera

ture than the fluid, the fluid surrounding the solid will be heated and 

its density decreased in most cases. The decrease in density causes 

the lighter fluid to rise and be replaced by cooler fluid. This 

process of heat transfer is called convection. Convective heat transfer 

may be defined, as the transfer of heat by fluid flow. If the fluid 

flow is aided, it is called forced convection| however, if the fluid 

flow is caused by differences in density alone, it is called natural 

convection. Convection is most important as the method of heat transfer

from a solid surface to a fluid (Kreith, 1958),
2
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The chsinge in the rate of convective heat transfer with respect

to temperature is

|| = a )  •

where q is the heat transfer rate, T the temperature, h the average 

coefficient of convective heat transfer excluding any radiation, and A 

the area through which the heat flowse The negative sign indicates 

that heat flows from the hotter region to the cooler one0 The 

convective-heat^transfer coefficient is a complicated function of the 

fluid flow, the thermal properties of the fluid medium, and the system 

geometry® In general, its numerical value is not uniform over a surface, 

. ,.The,.,.val,ue„'also,,depen4s. upon where—the -fluid temperature is measured.

Convective heat transfer is a function of the fluid flow and is, 

therefore, described by the laws of fluid mechanics. As stated earlier, 

the flow of the fluid in natural convection is caused by differences 

in density. If fluid and heated.surfaces are contained in a tank 

containing a heat sink, the differences in density cause pressure 

gradients throughout the tank. The pressure at a given point in a 

fluid can be expressed by the following equations

p = £ g d  (2 )

where p is the pressure, Q the density, g the acceleration due to 

gravity, and d the distance from the top of the fluid to the point in 

question (Faires, 1962), The pressure gradient within the tank is the 

driving force for natural convective fluid flow. There will be a fluid
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velocity associated with the pressure gradient* In a closed system in 

which mass is neither added nor removed, a mass flow rate equation 

m a y b e  written* This equation states

e i aivi ^2®2V2 = m  = constant (3)

where a is the cross-sectional area of the fluid, v is the mean 

velocity over the area a, and m is the mass:flow rate (Murphy, 1952)„

The value of the mass flow rate for a given system may be obtained by 

writing a heat balance for the system. This balance in equation form is

q = m&H (4)

where H is the change in the enthalpy of the fluid as it moves past 

the heated surface or heat sink, assuming there are no heat losses in 

the system except at the sink (El-Wakil, 1962), Combining equations 

(3) and (4) the following equation for fluid velocity at a given point 

is obtained:

V1 = (5)

Equations (1), (2), and (5) can be used to solve for the convective 

heat flow in a simple closed loop. However, a complex problem such as 

a swimming pool reactor requires the use of a numerical relaxation 

method to solve the sets of algebraic equations.
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Radioactivity Produced In Pure Water By Neutron Irradiation

When reactor grade water is irradiated with either slow or fast 

neutrons* several radioactive products result. The hydrogen in H^O 

produces no important radioactive products, but the oxygen does. The 

oxygen <tonstdtuent.-^^hdiiiJLight and heavy water captures neutrons to 

form radioactive nuclei by the following reactions (Etherington, 1958):

+ fast n e u t r o n - © * * . 4* proton

+ fast n e u t r o n 4- proton
i r IQ0 4- slow neutron—®®-' 0

Oxygen-16 constitutes 99o&f° of oxygen and has a cross section for the 

reaction Cr° (n,p)N"L as shown in Figure 1 (DeJuren and Stooksberry, 1962), 

Neutrons are seen to need an energy greater than approximately 10 MeV to 

produce the reaction. Using the following fission spectrum:

N(E)d(E) = , W  e~E sinhVZEdE (6)

where N(E) is the total number of neutrons in the energy range dB . 

and E is in MeV, the effective cross section can be calculated to be 

19Afb (Watt, 1952),

The uncollided neutron flux was averaged over the spectrum as 

1,7 x 10 of the total fission neutrons. Neutrons which have had a 

collision are neglected because of the high energy needed to cause the 

reaction. On the basis of these assumptions, the amount produced per
n

second in the water was calculated to be 5,5 x 10' Nitrogen=l6 atoms
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Neutron Energy (MeV)

Figure 1. O^Cn.p)!)16 Cross Section as a Function of Energy



at 10 Kw power0 These atoms then decay with a 7 038 second half-life, 

producing the disintegration energy and decay scheme indicated in Figure 2 

Brunhart, Kenney, Kern, 195.8$: ■ Strominger, Hollander, Seaborg6 %958), 

Oxygen-1? constitutes 0o038^ of natural oxygen and has a cross 

section about 20 times larger than Oxygen-16e When the lower abundance 

and higher cross section are taken into account, the saturated concentra

tion of N^ 7 in water coolant is about 0„7^ that of N^ 0

Oxygen-18 constitutes 0,20^ of natural oxygen and has a cross 

section for the reaction 0^^(n)0^^ about 50 times that of Oxygen-16 for 

fast neutrons6 This, calculated over the smaller thermal neutron flux, 

gives a concentration of 0"^ in the coolant of approxiriately 5^ that 

of The 0xygen-19 atoms then decay with a 29 second half-life,

producing the disintegration energy and decay scheme indicated in 

Figure 3 (Strominger et al, 1958)® It is seen that the energies of the 

emitted gamma rays are of much lower energy than those•of Nitrogen-16®

The production of the radioisotopes by neutron bombardment 

will approach a saturated amount (Meyerhof', 1967)® Suppose that water

is bombarded with neutrons for a period of time dt and that a radio-
1isotope is produced at a steady rate Q ® The radioisotope decays at a 

rate X N  where N is the number of radioactive nuclei present and A  is the 

decay constant® The net rate of change of N is therefore

dN S3 Q — AN (7)

1® This implies that the bombardment uses up an insignificant 
amount of the original element.
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2uu3*S--- 10.4

\  8X10“

8.89

7.13 
6.93
6.13 
6,065

0

Figure 2. Decay Scheme for N

1.554
1.458
1.344

0.197
0.110
0

Figure 3. Decay Scheme for 0
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Rearrangings

dN
Q *» AN = dt

(9)

%  integration

If Nt = 0 = 0

Q •= X N  = (Q - AN)^ _ q 6

'N s S(1 ~ e" ̂  )

(10)

(11)

and as t becomes much larger than

N zxy Q (12)

Bombardment for only three half-lives gives a value of ?/8 of the 

maximum number of radioactive nuclei (Q/A)o

Flow Of Nitrogen-16

The movement of Nitrogen-16 throughout the tank will generally 

follow the flow pattern of the water coolant. Factors which will tend 

to cause deviation from the coolant flow pattern are differences in 

densities of different nitrogen forms and Brownian movement of the atoms



The concentrations of the various chemical forms of Nitrogen-16 in the 

reactor coolant are available in the literaturec, These concentrations 

are as follows for a temperature of 20°C and pH values between 604 and 

6o9o The concentration of the anionic form (NO^, NCy) was found, to be 

60$e The concentration of the cationic form (NH^) was 15$ and the 

neutral form (NO, NOg, Ng, NH^°HgO, etc.) was 25$. Only the neutral 

form will be able to leave the water and diffuse into the air of the 

room (Nixitin et al» 1966). The greater densities of most of the 

anionic and cationic forms will give rise to a general sinking of the 

radioisotopes Under low flow rates of the reactor coolant. The 

Brownian motion of the nitrogen compounds in the water is very slow 

compared to the half-life of Nitrogen-l6 and. will have little effect 

compared to the natural flow.



CHAPTER 3

. EXPERIMENTAL DESIGN AND- PROCEDURE

The flow pattern of the coolant in a swimming pool reactor, 

as previously described theoretically, can be measured experimentally. 

The equipment shown in Figure 6 consists of a nalgon tube, pump, flow 

meter, scintillation detector system, and a multichannel channel 

analyser. The nalgon tube was used to remove the reactor coolant from 

various locations in the reactor tank. The tube was wrapped around a 

^detector, which- was part of a * gamma - scintillation spectrometer system.

The experiment was conducted in The University of Arizona’s 

TRIGA Mark I reactor (Figures 4 and '5), The reactor is of cylindrical 

geometry consisting of 20$' enriched uranium moderated by water and 

zirconium hydride with a currently licensed maximum power of 100 Kw,

The graphite reflector is 42 inches in diameter and 22 inches high with 

a 1? inch diameter hole in the center for the core. The core and 

reflector assembly are contained at the bottom of a 20 foot water tank 

which is 6§- feet in diameter. Shielding above the reactor is provided 

by approximately 15 feet of water. The reactor is cooled by the natural 

convective flow of the reactor tank water through the reactor core, A 

maximum of 10 Kw of cooling is provided by a vapor~compression refrig

eration system using Freon 12 as the refrigerant. The cooling coils 

are located from about 3i feet to 7& feet above the top of the core.
11
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Figure 4. Console of the University of Arizona TRIGA Reactor



Figure 5# Water Tank and Core of the University of Arizona TRIGA Reactor
Hv>



TRIGA
SOLID HOMOOlltOIS tmiCHtO I 2 0 7.) 
H m  HE *00 WATER MODERATE* 
SIIMITC IEFIECTEI. MTS
II OFEIATIOI SHOE IEC 1. 195 8 TOO

IIAIIIM ZllCOlim
lieiT WATER COOLER 

IT OERERAL ATOMIC.
RESEARCH A TRAIRIRC

MA X POWER LEVEL 1 0 0  l . w

MA X NEITRON F i l l  ♦ ti | , 4 « I 0 * ) ♦  * S « I 0 ' ' 2  0 7 3  f  « 0  7 9 1

M IN CR IT ICA L MA SS  2 . 1 6  l«g l  " E • 1 0 6 8  Z « 0  6 4 6

3 CONTROL RODS S 3 .  S 3 .  5 0 « P i  0  9 3 6  ‘ tu’ O  9 4 5

POWER FACTOR - l « / l < w

Figure 6. Experimental Equipment Used to Determine Flow Diagram and 
Temperature Variations



A nalgon tube was used to circulate water from the cooling tank 

past a detector system. Twenty-four feet of the 1/8 inch.inside diameter 

tubing extended from the detector and was used to reach different loca

tions in the water tank, A total of 7-3/4 feet of tubing was wrapped 

around the detector with 2 feet more extending to the pump and flow 

meter. Mater from the pump was returned to the tank by another piece of 

tubing 12 feet long,

A gamma scintillation spectrometer was used to analyse the water 

pumped from the reactor. The gamma spectrometer consisted of a 2 inch by 

2 inch cylindrical Nal (Tl) crystal coupled to a high voltage source and 

a single or multichannel analyser, A lead brick cave was built to shield 

the Nal crystal. The detector assembly contained a Harshaw type 8D8D-4 

;*^ar'"1S'dihtlliation crystal coupled to a 5 inch RCA 6342A photomultiplier 

tube plugged into a RIDL model 10-8 preamplifier, A RIDL model 40-98 

high voltage unit provided the power, and the voltage pulse from the 

preamplifier was recorded by one of the following three analysis units;

l e a single channel analyser consisting of a RIDL model 33-13A 

window amplifier and a RIDL model 54-7 preset timer and 

recorder,

2. a multichannel analyzer consisting of a Technical Measure

ments Corporation (TMC) Multiscaler model 214, a TMC 256 

channel digital computer unit model CN-110, and a TMC data 

output unit model 220,

3, a multichannel analyser consisting of a TMC Pulse height 

logic unit model 210, TMC digital computer unit model CN-110, 

and a TMC data output unit model 220,

15
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A  constant speed centrifugal pump with a graphite impeller was 

used to provide a steady flow of water through the tube and past the 

detector system. The pump was made by Eastern and was a model VW-1 

type 101-T providing 1/15 horsepower and 5000 RPM, This was sufficient 

to pump the water through the system at one liter every 2-1/3 minutes 

or provide it to the detector in 8 seconds, A flow meter was connected 

to the inlet side of the pump to check for a steady flow.

An iron-constantan thermocouple made from Minneapolis-Honeywell 

Company thermocouple wire by mercury welding was attached to the inlet 

of the nalgon tube, Iron-constantan was selected because it was readily 

available and it has a good response to temperature changes in the range 

of interest. It was connected to a Biddle Gray millivolt potentiometer 

catalogue number 604003 which provided temperature readings at each 

location where water was sampled.

The procedure used to determine the flow pattern was as follows. 

The nalgon tube with the thermocouple attached was positioned in the 

tank at a specific location. The reactor was then run at approximately 

10 kilowatts (Kw) providing a steady flow of water through the reactor 

where Nitrogen=l6 and other radioisotopes were produced in the water.

Ten kilowatts was chosen because at this power relatively constant 

temperatures and flow patterns would occur. The temperature was read 

and water pumped up to the detector where the radioactivity in the water 

was analyzed. The tube was then moved to a different location and the 

entire process was repeated again and again until the tank had been 

covered in one foot increments vertically and at specific locations
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horizontally,. Because of symmetry, which was assumed due to only small

discontinuities, it was only necessary to take readings on one radial

plane in order to provide a flow pattern for the entire tank. Gamma 
19decay from 0 was discriminated against by setting the window of the 

RIDL model 33--13A amplifier to record only pulses of energy greater than 

approximately 1,5 MeV0



CHAPTER 4

RESULTS

Flow Map

The flow maps for the water tank are shown in Figures 7, 8, 

and 9® Table I gives the average count rate at each position measured,, 

Greater amounts of coolant flow, as measured by activity, is indicated 

by thicker lines,

-The -cooling - coils -leeated -3§ to 7t  'feet above the top of the 

core are seen to effectively keep most of the coolant flow below their 

top at 10 Kw of power. Only a small amount flows up the very center 

and its flow becomes so slow that all radioactivity above background 

has disappeared by the time it is 5 feet from the surface. The water 

flow is seen to follow the. expected pattern of rising when heated by 

the core and sinking when cooled by the cooling coils. The water then 

circulates around the reflector and back into the core. Because of the 

low flow rate at this power, a great deal of the flow is seen to be just 

over the top of the lazy susan0 The higher count rate indicated over 

row B at 0,5 feet rather than over the center could be the result of 

the large count rates only allowing a 10 second count time.

Count rate readings, were also taken for increasing power up

the tank center. Figure 10 and Tables II and III show the effects of
" ■. 18
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Lazy Susan

Reflector

Figure 7, Flow Pattern at 10 Kw Power
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Radial Distances (Inches)

Figure 8. Count Rate at Various Positions in the Reactor Water Tank 
at 10 Kw Power
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Distance Above Core (feet)

Figure 9. Count Profile for the Water Tank at 10 Kw Power



Table I„ Average count profile at 10 Kw power

Distance 

Above Core 

(ft)

Core

Centerline

B Ring

Horizontal Location (Counts/Minute)

D Ring F Ring Outer Edge

Lazy Susan

. Outer Edge 

Reflector

10" From 

Tank 

Wall

<,5 560,000 1 ,000,000 53,000 15,500 12,000 2,950 700
1.5 167,000 135,000 8,000 750 475 220 100
2.5 . 67,000 25,000 3,200 120 30 20 30
3»5 17,000 6,000 1,700 loo 10 25 . 10
4.5 6,300 4,000 500 10 15 5 10
5.5 1,800 1,500 650 40 5 5 15
6.5 500 170 n o 15 5 10 5
7.5 - 250 35 30 25 5 0 0
8.5 20 15 10 5 : . 0 0 0
9.5 10 . 5 0 0 0 0 0

10.5 0 0 0 0 0 - 0 0
11.5 0 0 0 0 0 0 0
12,5 0 0 0 0 0 0 0
13.5 0 0 0 0 0 0 0
14.5 0 0 0 0 , 0 o 0
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Figure 10. Count Rate at Several Powers as Measured at the Tank Center



Table It, Average count rate along the tank center axis at powers from 10 to 40 Kw

Distance 

Above Core

(ft)

10 Kw
/ countsA 
yminute)

20 Kw
/ counts\ 
\minute/

30 Kw
/ countsN 
\ minute/

40 Kw
Zcounts \ 
\minute /

o5 560,000 875,000 1,800,000 2,120,000
1.5 167,000 385,000 . 830,000 1,350,000
2 a5 67,500 172,000 340,000 600,000
3®5 17,800 74,000 115,000 260,000
4,5 6,300 22,500 56,000 120,000
5.5 1,800 9,500 24,000 65,000
6.5 500 2,750 12,000 26,000
7.5 250 900 4,100 12,000
8.5 20 200 1,050 4,000
9.5 10 70 370 1,400

10.5 «=•«■» 10 n o 500
11.5 22 250
12.5 15 115
13.5 «=»» 5 . 25
14.5 1 0 .



Table IIIe Average count rate along the tank center axis at powers from 50 to 80 Kw

Distance 

Above Core 

(ft)

50 Kw
ZcountsX 
\minute/

60 Kw
/ counts\ 
\minute/

70 Kw
ZcountsX 
\minute/

80 Kw
Z countsX 
\ minute/

.5
I 2 ,250,000 3 ,100,000 4,000,000 4,560,000

1.5 1,890,000 2,700,000 2,880,000 3,300,000
2.5 1,080,000 1,350,000 ' 1,560,000 2,400,000
3=5 550,000 685,000 850,000 1,100,000
4.5 245,000 370,000 450,000 560,000
5=5 103,000 163,000 230,000 320,000
6.6 55,000 83,000 138,000 185,000
7=5 28,500 46,500 63,600 100,000

' 8.5 10,500 18,000 39,500 42,000
9=5 4,800 7,500 15,000 23,000

10.5 1,600 4,400 6,500 10,000
11=5 4?0 1,400 . 3,600 4,800
12.5 180 570 700 2,700
13=5 40 n o 230 700
14.5 1 20 40 180 420
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increasing the power of the reactor from 10 to 80 Kw0 It is seen that 

below 40 Kw only a negligible amount of Nitrogen-16 reaches the water 

surfacee Since the faster the water flows the less the decrease in 

count rate, the flow is seen to be faster near the core than at the 

higher levels in the reactor and to increase with power as indicated by 

the somewhat gentler slopes in Figure 10e Table IV gives approximate 

flow rates calculated from these curvese. These flow rates are calculated 

by using the following formulas

t =-tan^ (13)

where P^'and Pq are the number of counts at two positions one foot 

apart6 Assuming zero dispersion, the time for the water to travel 

between these points was thus obtained and the average velocity calcu

lated using the following equations

Tlaverage velocity = ^ • (14)

Flow rates calculated use the half-life of N ^  since Cf^'was discrimi

nated against by the amplifier. This method of calculation is not 

accurate but it does give a general idea of what the flow rate is. The 

value of 0.0675 feet/second obtained one foot above the core corresponds 

well with the approximate flow of 0.070 feet/second given for this power 

in the University of Arizona Research Reactor Manual (n.d, )„ Count rates 

taken near the core at higher power levels are subject to loss due to 

dead time. No dead time corrections were made because of the oscilia-



Table IV, Flow rates at various powers and distances above core

Power Level 

(Kw) 1 Foot 

Above Core

Approximate Flow Rates'(feet/second) 

5 Feet 8 Feet

Above Core Above Core .
i .

12 Feet 

Above Core

10 0,0675 0,0630 0,0270 0

20 0,0752 0,0746 0,0602 0

30 0,0760 0,0750 0,0640 0,0570

40 0,0805 0,0785 0,0700 0,0750

50 0,0835 0,0745 0,0710 0,0728

6o 0,0845 0,0752 0,0728 0,0736

70 0,0820 0,0776 0,0802 0,0550

80 0,0822 0,0792 0,0750 0,0790
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ting nature of the counts 'which will be explained in a later 

section of the report*

Temperature Map

The temperature profile of the reactor water tank was taken 

prior to starting the reactor and also during operation* Figure 11 and 

12 are temperature profiles for 10 Kw arid zero power both axially and 

radially* Temperature variations from the average are shown by lines 

drawn at bS°» These temperature variations will be discussed in the 

following section*

The temperature is seen to be lowest near the tank edges where 

the cooling coils are located* The temperature generally decreases 

with depth* The profiles before and during operation show the great 

effect of the operation of the thermostatically controlled cooling 

system* As indicated in Figure 12, the 1/5° C rise in temperature over 

the core and reflector at zero power is a result of the colder water 

sinking from the cooling, coils past the reflector thus forcing the 

slightly warmer water up through the reactor* The higher temperatures 

just above the reactor at 10 Kw causes the temperatures throughout 

the tank to be depressed as seen in Figure 11* The heat that has been 

transferred from the reactor room heats the water at the top of the 

tank hot enough that the water rising from the reactor core cannot 

reach the surface at 10 Kw* This is a result of the water at the 

tank top being less dense than that rising out of the core* This



Temperature Extremes

Average Value

Zero Power

10 Kw Power

Axial Distance Above Top of Grid Plate (feet)

Figure 11. Vertical Temperature Profile Along Core Axis at 10 Kw and Zero Power
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-Temperature Extremes

AAyerage Value 
/A Core Edge;

Reflector Edge-r
10 Kw

Zero Power

Radial Distance (Inches From Core Center)

Figure 12 Horizontal Temperature Profile at 0,5 Feet Above Core at 
10 Kw and Zero Power



lack fo flow into the upper 5 feet of water was also indicated by 

the flow map obtained by Nitrogen-l6 mapping,,

Temperature and Flow Oscillations

Temperature and flow oscillations were observed during the 

recording of data. The flow oscillations were recorded by a multi

scaler using one second intervals per channel on the 256 channel 

analyzere The results are shown on Table V and Figures 13 and 14.

The temperature oscillations were recorded by taking the limits of 

travel on the millivolt potentiometer and are shown on Tables VI, VII, 

and VIIIe These.values will change with time at power levels greater 

than T O  Kw because more heating is being provided than can be removed 

by the cooling coils.

The count rate is seen to come in surges. Figure 13 shows the 

relative magnitude of these surges across the core with the count varia

tions recorded over the Lazy Susan being within statistical uncertainty. 

They are seen to be of relatively the same duration and size across the 

fuel elements. Then, they die out in magnitude as they get farther from 

the core as would be expected. Going up, the surges are seen to get more

pronounced with distance as indicated by Figure 13= This is a result of 
- . . ■ . 1 

the higher surges (warmer water) traveling faster than the low ones. A

dramatic example of this was indicated % t  50 Kw and only 2-§- feet under

the water surface. The count for the first 25 seconds was background

(17 counts). In the next 10 seconds the count had climbed to 135. This

behavior was observed at all power levels measured.



Distance 

Above Core 

(ft)

6 5 
1=5 
2 05 
3=5 
4„5 
5=5 
6o5 
7=5 8c5

Table V 0 Observed count oscillations at 10 Kw power

Horizontal Location

Core

Centerline

B Ring D Ring
counts
minute

'counts
minute

F Ring
counts
minute

Outer Edge 

Lazy Susan

Outer Edge 

Reflector

10" From 

Tank

Wall
counts'
minute

1900-4300
500-2500
120-500

5-65
4-35
2-25
0-15
0—10

Background

700-4600
100-1000
10-300
0-35
0-26
0-14
0-8

Background

30-280
15-150
10-75
0-230-18
0—10

Background
1!
»

20-40o-io
Background

s>
It

.11

»!
ff
ft

I8-33
Background

tt
tt
tt
t!
11

Background
tt

- - ft 
ft 
ft 
ft 
tt 
ff 
ft

Background

ft
it
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Horizontal Count Oscillations at 0.5 Feet Above the Core
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Figure 14. Count Oscillations Above B Ring



Table VI0 Temperature profile at 10 Kw power

Horizontal Location

Distance 

Above Core 

(ft)

Core

Centerline

( ° c )

B Ring

( ° c )

D Ring

( ° c )

F Ring ,

( ° fc )

Outer Edge 

Lazy Susan

M

Outer Edge 

Reflector

( ° c )

10” From 

Tank 

■ Wall

( ° c )

.5 5.8-10.8 5.8-9.8 5.8-8.8 7}0 7.0 6.0 6.0
1.5 5,8-10.5 5.8-9.8 6.2-7.3 618 6.8 6.0 6,0 .
2,5 5.8-10.0 5.0-9.8 5.8-608 6.6 6.6 6.0 6,0
3,5 6.0— 9,2 6.8-9.0 5.8-6.2 6&6 6.6 5.9 5.0
4.5 6.4- 8.8 6.4—8.1 7.0-8.0 646 6.6 5.9 5.2
5,5 7.0- 7.4 8.0 8.0 7*2 7.0 7.5 7.2
6.5 6.8 7.8 7.8 7.6 7.6 7.6 7.6
7,5 6.6 7.8 8.0 8.0 8,0 8.0 8.0
8.5 7.0 7.8 8.2 8*2 8,2 8,2 8,2
9.5 8.0 8.2 8.4 8*4 8.4 8.6 8,6

10.5 8.8 9.0 9.0 9*2 9.2 9.4 9.4
11.5 9.2 9.8 9.8 10,0 10.0 10.2 10,2
12.5 10.0 10.5 . 10.5 10.5 11.0 11.0 11.0
13.5 11.2 11.2 11,2 H i  2 11.2 12.0 12.0
14.5 14.0 14.0 14.0 14.0 14.0 14.0 . 14.0



Table VII0 Temperature variations along the tank center axis at powers from 10 to 40 Kw

Distance 

Above Core 

(ft)

10 Kw

(Degrees C)

20 Kw

(Degrees C)

30 Kw

(Degrees C)

40 Kw 

(Degrees C

.5 5,8-10,8 5.5-12.5 5.5-12,8 8.6-13.8
1.5 5.8-10.5 5.7-11.5 5.7-12.5 8.6-12,2
2,5 5.8-10.0 5.9-10.5 6.0-11.0 8.6-12.0
3.5 6.0- 9.2 6.2- 9.0 6.9-10.0 8.6-11.4
4,5 6,8- 8.4 6.2- 8.5 6.9- 9.6 8.6-11,2

: 5.5 7.0- 7,4 6.2- 8.0 7,7- 8.7 •: 8,6-10.9
6,6 6.8 6.4- 7.8 7.7- 8,7 8.8-10.2
7.5 6.6 6.4— 7,6 7.9- 8,5 9.0-10,0
8,5 7.0 7.5 8.3 9.7-.-9.9
9.5 8.0 7.5 8.3 9.8

10,5 8.8 7.5 8.3 9.8
11.5 9.2 7.5 8.3 9.8
12.5 . 10.0 8.6 8,3 9.8
13.5 11.2 10.6 8.3 9.8
14.5 14.0 13.3 12.5 10,0

%



Table VIII6 Temperature variations along the tank center axis at powers from 50 to 80 Kw

Distance 

Above Core 

(ft)

50 Kw

(Degrees C)

60 Kw

(Degrees C)

i

70 Kw

(Degrees C)

80 Kw

(Degrees C)

05 9.5-14.5 10.8-18.8

■■ .-Vv .

11.5-18*5 12.5-21.0
1.5 9.5-13,5 10.8rl5.0 11.5-16.2 12.5-17.5
2.5 9.5-13,0 10.8-14.0 12.0-15.6 13.0-17.5

. 3o5 9.5-13.5 10.8-15,2 12.5-15.6 13.0-17.5
4.5 10.0-13.2 11.3-15.0 12.5-15,6 14.0-17,8
5-5 10.2-12.8 • 11.8-14.2; 13.0-15.1 15.0-16.5
6.5 10.8-12.2 12.2-13,8 13.2-14.8 - 15.0-16.5
7,5 10.9-11.8 12.6-13.8 13.6-14.5 15,3-16.2
8.5" 10.9-11.8 12.6-13.6 13.6-14,5 15,3-16.2
9,5 10.9-11.8 12.8-13.4 13.8-14,5 15.4-16.1

10.5 11.0-11.8 13.0-13.3 14.1-14.4 15.4-16.1
11.5 11.5 13.0-13.3 14.1-14,4 15.5-16.0
12.5 11.5 13.1-13.3 14.1-14.4 15.6-16.0
13.5 . . 11.5 13.3 14.1-14.3 15.6-16.0
14.5 11,5 13.3 14.1-14,3 15.6-16,0



The temperature was also observed to vary widely at any one 

loeation0 Maximum temperature fluctuations are seen to occur just 

above the core and decrease with distance0 The reading taken at 

60 Kw and 6 inches above the core illustrates an extreme of this 

phenomenon* The temperature oscillated from 10o8° C to 18* 8° C during 

a span of several minutes* Brief fluctuations of high temperature 

were observed to correspond to high count rate* Temperatures will 

change with time since only 10 Kw of cooling is provided and the ones 

recorded only give an indication of what happens* .

The count and temperature oscillations may possibly be explain

ed by eddy currents and possibly some water surging* The water that 

flows out of the reactor core leaves through the largei empty center hole 

and the small areas between the fuel and graphite elements and top 

grid platee There is therefore only a small area through which the 

heated water flows* The heated water then mixes with the cooler water 

causing eddy currents* Water surging is possible as a result of the 

lower grid plate restricting flow into the core except at the empty 

center hole* Most of the water entering the core will thus come through 

the center hole with flow from it fanning out to cool adjacent fuel 

elements* This flow may restrict flow of the water passing through other 

holes in the bottom grid plate until some of the water has a higher than 

normal change in density and rises into the faster flow area* This 

hotter water which has been in the core longer will also have a higher 

count rate* After leaving the core, the hotter water will travel faster 

than the cooler water with the result shown in Figure 13*

38



k more detailed study of the flow oscillations could be 

accomplished by blocking off the center hole through the grid plates 

and using different methods for the flow oscillation measurement.

The counting method used for this thesis distorts the oscillations 

because of the tubing being wrapped around the detector. This causes 

a count surge to travel around the detector for 2.6 seconds. The 

temperature readings are also distorted as a result of the natural 

delay while the water heats or cools the thermocouple. Small changes 

and maximums of travel can thus be missed by a large change in the 

opposite direction occurring while the temperature is stablizing.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

A device, can easily be fabricated to .measure the decay pattern 

of water In a swimming pool reactor and thus give an indication of the 

flow pattern, A device which pumps the water out of the reactor was 

used in this research to obtain the flow pattern at 10 Kw and flow 

characteristics up the tank center at increasing powers. The results 

obtained agreed with those that are theoretically predicted but give 

much more detailed information.

There are several areas that need further investigation. The 

method of determining flow rate can be improved by the use of two 

detector systems and a section of pipe so that very little dispersion 

occurs between readings. This would provide a good means of obtaining 

flow rates in the water tank at all powers. The count oscillations 

should be investigated to see whether they originate within the reactor 

core or result from mixing of water.above the grid plate. This could 

be done by inserting the tube for extracting water into different 

areas of the core. The effect of the empty center hole through the 

reactor could be explored by plugging it and repeating the measurements, 

A. more sensitive detector would allow a shorter length of tubing to be 

used thus cutting down the distortion caused by wrapping the tube around
40



41

the detectoro A study of flow pattern changes with time could also 

be exploredo

The detection system used does hot provide a detailed or very 

exact means of determining flow patterns and flow rates, but it is very 

quick and simple0 It thus can be used for obtaining good approximations 

of these areas in a swimming pool reactor* 1



APPENDIX A

ANALYSIS OF GAMMA SPECTRA

Figures 15, 1.69 and 17 show the gamma ray spectra. and a 

decay curve •which were used to identify the radioisotopes present*

The two slopes indicated on the decay curve (Figure 1?) have half-lives 

of 8 and 32 seconds* This corresponds quite well with the expected 

7*4 seconds for N"^ and 29 seconds for 0"^*

Figure 1-5# the gamma ray spectrum taken 6 inches above the 

• core 'shows - -several - energy -peaks * - The "spectrum - was c alibrat ed using 

N a ^ ,  C o ^ ,  and standards. Energy peaks appear at energies of

7*1, 6*1, 5*6, 1*4, 0*51, and 0*20 MeV* Figure 1.6 shows that after a 

75 second decay the 1*4, 0*51, and the 0*20 MeV peaks remain along with
IQ

one at 0*8 MeV* The photo peak for 0 occurs at 1*4 MeV and 

annihilation peak and single escape peak at 0*51 and 6*8 MeV, The 

0*20 MeV peak is caused by low energy gammas and backscatter* The 

observed 6*1 MeV peak and 5s6 MeV peak correspond to the 6*13 MeV 

peak for and a single escape peak* The 7 el MeV peak is not very

large due to its being only about 10# as prevalent* . Since the detector 

was not shielded for betas, the gamma energy spectrum is partially 

obscmed*

42
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Figure 16 Gamma Ray Spectrum 6 Inches Above Core After 75 Seconds Decay
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