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Trans ien t Behav io r  o f T R IG A , a  Z i rcon ium-Hydr ide , W a ter-  
M o d e r a te d  R e a c tor  

RICHARD S . S T O N E , H. P . S L E E P E R , JR., R A L P H  H. S T A H L , A N D  G O R D O N  W E S T  

J o h n  Jay  Hopk ins  Labo ra to r y  for  P u r e  a n d  A p p l i e d  Sc ience ,  G e n e r a l  ; I tomic Div is ion of G e n e r a l  Dyamics  Corpo ra t i on  

Rece i ved  J ,une  10 ,  1 9 5 . 9  

This pape r  descr ibes the t ransient behav io r  of TRIG-I,  a  l ight -water-cooled reactor  us ing  
fue l -moderator  c lcments c o m p o s e d  of u rsn ium a n d  z i rcon ium hydr ide.  T h e  I% rge,  p rompt  negn -  
t ive tempera ture  coeff icient-xi inherent  character ist ic of these fue l -moderator  e lements-  
l imits reactor  powe r  t ransients pr imar i ly  by  m e a n s  of fuel-e lcmcnt tcmperaturc r ise rnthcr 
than by  vo id  format ion in the core.  S tep rcnctivity insert ions of u p  to 1.6%  resul ted in peak  
powers  of 2 5 0  JIw with n o  tlctcctablc bo i l ing of the core  water  o r  espu ls ion  of water  f rom the 
core.  

R E A C T O R  D E S C R IPT ION 

T h e  core  of the TRIG.4 reactor  (1)  is at the bot-  
tom of a n  a l um inum tank 6  ft in  d iameter  a n d  2 1  
ft deep ,  a n d  is su r rounded  by  a  1-ft-thick graph i te  
ref lector (see  Fig. 1). T h e  tank is f i l led with l ight 
water,  wh ich  serves as  modera tor ,  rad ia t ion shield,  
a n d  coolant .  T o p  a n d  bot tom gr id  plates, con-  
ta in ing 9 1  spaces,  posi t ion the fue l -moderator  
e lements  in  the core.  Spaces  not  l oaded  with fuel  a re  
f i l led with e i ther  contro l - rod gu ide  tubes or  graph i te  
d u m m y  e lements.  

T h e  fue l -moderator  m a terial is a n  al loy of u ran ium 
2 0 %  enr iched  in Uz3’ a n d  z i rcon ium hydr ided  to 
approx imate ly  o n e  hyd rogen  a tom for each  zir- 
con ium a tom (2). T h e  fuel  m a terial in  each  e lement  
is in  the form of a  r ight c i rcular cy l inder ~ 1 .5 in. 
in  d iameter  a n d  1 4  in. l ong  (see Fig. 2). Four - inch 
graph i te  s lugs at each  e n d  of the cy l inder act as  
top a n d  bot tom refiectors. B e tween  the graph i te  
a n d  the fue l -moderator  m a terial a re  inser ted a lumi -  
n u m  disks conta in ing a  bu rnab le  po ison.  T h e  e le-  
m e n ts a re  c lad with 0 .030  in. of a luminum.  

T h e  reactor  is contro l led with four  bo ron  carb ide  
rods:  a  centra l  sh im rod,  two safety rods,  a n d  o n e  
p n e u m a tically opera ted  transient rod.  T h e  transient-  
rod  wi thdrawal  tim e  is less than 0.1 sec. This tim e  
interval  is neg l ig ib le  as  far as  reactor  t ransient per -  
fo rmance  is concerned,  because  the rod  is fully out  
of the core  a n d  the reactor  attains its asymptot ic 
pe r iod  be fore  a  signif icant a m o u n t of powe r  is 
genera ted .  

P R E L IM INARY E X P E R IM E N T S  

T h e  init ial esper iments  with the TR IGA  reactor  
estab l ished that if fuel  a n d  water  a re  hea ted  by  the 
s a m e  a m o u n t, there  is on ly  a  sl ight c h a n g e  in re-  
activity (vary ing f rom $0 .13  cents/%  at 10°C 
to -0.1 cents/V at 6 0 % ) . If the reactor  is opera ted  
at a  signif icant powe r  level,  o n  the o ther  hand ,  
thus ra is ing the tempera ture  of the fuel  e lements  
above  that of the core  water,  there  is a  la rge  dec rease  
in reactivity (approx imate ly  - 1 .5  cents/‘C  ave rage  
fue l - temperature rise). T h e  ave rage  core  water  
tempera ture  does  not  c h a n g e  signif icantly c o m p a r e d  
with that of the fuel  e lements  dur ing  h igh -power  
operat ion,  because  of the low f low impedance  th rough  
the reactor  core  a n d  the constant  tempera ture  of 
the inlet water.  

As  the u ran ium a n d  the hyd rogen  in the fuel-  
modera to r  e lements  a re  int imately mixed,  there is 
n o  tim e  de lay  be tween  f ission a n d  local  heat ing  of 
the hyd rogen  in the e lement ;  therefore,  the observed  
la rge  negat ive  tempera ture  coeff icient, wh ich  is 
at t r ibuted to the b o u n d  hyd rogen  in z i rcon ium 
hydr ide,  is a  p rompt  effect. 

Because  the ma jo r  reactivity effects that have  
b e e n  observed  in this reactor  a re  prompt ,  they m a y  
b e  eva lua ted  th rough  a  ser ies of quasi -equi l ibr ium,  
o r  static, exper iments.  T h e  results ob ta ined  f rom 
these exper iments  m a y  then b e  used  to predict  the 
t ransient behav io r  of the reactor.  In these quas i -  
equ i l ib r ium exper iments,  s imul taneous measure -  
m e n ts of the ave rage  reactor  fuel. tempera ture  a n d  
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FIG. 1. Elevation view of TRIGA reactor. 
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FIG. 2. TRIG.4 fuel-modcrntor element. 
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of reactivity loss are made as functions of reactor 
power level. These measurements provide a pnra- 
metric relationship between react,ivity loss and 
average fuel-temperature rise above average core- 
water temperature. The slope of the resulting curve 
is the reactor temperature coefficient. 

INSTRUMENTATION 

To obtain a good experimental determination of 
average fuel temperature, eight of the fuel elements 
in the reactor core were each equipped with four 
internal thermocouples. These measured the central, 
top, bottom, and surface temperatures of the fuel. 
Core inlet and outlet water temperatures were also 
measured. 

Neutron-sensitive ionization chambers supplied 
the input signal for the fast electronic amplifiers 
that provided power-level information. 

A high-speed, 36-channel galvanometer recorder 
was used to measure transient fuel temperature, 
water temperature, transient-rod withdrawal time, 
and reactor power level. The core was photographed 
during each transient with a high-speed motion 
picture camera. 

QUASI-EQUILIBRIUM FXPERIMENTS 

The reactor was loaded with the desired excess 
reactivity (with a m&mum of approximately 4 %), 
and the control rods and transient rods were cali- 
brated. The reactor power level was then raised in 
small increments. At each new level, temperatures 
and changes in control-rod position were recorded. 
These data are shown in Figs. 3 and 4. Figure 5 shows 
reactivity loss as a function of average fuel-tempera- 
ture rise with a small correction for changes in 
average core-water temperature. The slope of this 
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FIG. 3. Typical component temperatures in high-power 
quasi-equilibrium esperiments. 
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Fro. -1. Reactivity loss US power level in high-power 
qunsi-equilibrium experiments. 

FIG. 5. Reactivity loss 1~s a function of average fuel- 
temperature rise wit,h constant average core mater tem- 
..,,-^I..-~~ 

curve yioltls :LII initi:d frlc:l-tcmpcntllrc coc!fficiont, of 
- 1.5 wnts/°C, which tlccrwws slowly to approsi- 
mntrly - I .O ccnt/‘C ut 400°C. 

Thcsc mwsluwl vn111cs of the rwctor tcmporature 
cocfficicnt wore subscc~ucntly used in kinetics c:&u- 
Intions to predict the behavior of tho rrxtor follow- 
ing step re:ictivit,y insertions. 

TRANSIENT ESPERI,\HWTS 

For each tmnsient, the reactor WLM brought to 
criticality and held at a constant low power. The 
tmnsient rod was adjusted so that the system 
reactivity rose above delayed critical by n pre- 
determined :unount when the pneumatic rod was 
driven out of the core. 

The t,rtLnsient, rod W:LS removed from the core in 
less than 0.1 sec. After it was fully removed, t.he 
power of the rwctor increased on t,he asymptotic 
period for severnl periods before an appreci:~ble 
amount of power n’as gcnwnlcd. Thcra~fter, the 
tempfxlture of the core incrcascd rapidly. The 
reactor power increased to ;L maximum :mtl wns 
then observed to dccrense with a period approsi- 
mutely equal to the wympbotic period, as shown in 
Fig. 6. Follo\ving the prompt burst, the rcnctor 
power level docrwsctd monotonicnlly to the level 
mensured in the clu~si-ec~uilibrium experiments. 

There was no evidence of any system instability, 
boiling of water in the core, or disturbance of the 
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FIG. 6. Power level as a functionof time for t.he 1.6% 
8k/k TRIG.4 transient. 
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J TABLE I 
SLXJIARY OF RESULTS OF TRANSIENT EXPERIMENTS 

100 G L z ii Li ? 2 IO. 1000 2 
-I 6- OBSERVED MAXIMUM if 
6 4 FUEL -- TEMPERATURE 1 5 
? / 

Reactivity 
insertion 

(1) 
Maximum fuel 
temperature 

(“C) 

0.74 1.74 0.2 122 
0.91 0.47 0.58 153 
1.06 0.15 1.6 177 
1.16 0.069 5 193 
1.30 0.034 20 222 
1.69 0.013 100 285 
2.00 0.0098 250 360 

od 1 1 1 I 1 1 1 1 1 1 1 -I 
0 I 2 3 4 5 6 7 6 9 IO II Ido 

TIME (SEC) 

FIG. 7. Transient power and fuel temperature as func- 
tions of time after a 1.6% reactivity insertion 

TABLE II 
TWO-DOLLAR (1 .S% ak/k) STEP-INSERTION PARAMETERS 

Duration of prompt burst 40 ms 
Energy release, prompt burst 10 hlw-see 
Fissions in prompt burst 3 x 10’7 
Total energy release 16 hlw-set 
Radiation dose just above pool 3 mrem 
Maximum fuel-moderator-element. temperature 360°C 

water level in the tank during these transients. 
The major portion of the transient energy release 
was stored as thermal energy in the fuel elements 
during the transient, and it subsequently diffused 
slowly into the cooling water. Reactor power and 
temperature as functions of time are sho& in Fig. 7 
for the 2.00-dollar (-1X % 61;/1,:) transient. This 
figure also shows predictions of power and fuel tem- 
perature based on the temperature-coefficient data 
obtained in the quasi-equilibrium experiments as 
used in the reactor model discussed in the following 
section. 

A summary of the results obtained from the series 
of transient experiments performed to date is given 
in Table I. From these data, Z/p = 0.01, with an 
estimated uncertainty of 0.001. Data obtained from 
the 2.00-dollar transient are given in Table II. 

SOURCE OF THE PRORlPT TEhfPERA4TURE 
COEFFICIENT OF THE HYDRIDE 

Experimental evidence indicates that the bound 
hydrogen in the uranium-zirconium-hydride fuel- 
moderator material acts like an Einstein oscillator 
with energy levels (N + 3/2)hv, where h is Planck’s 
constant, N is an integer, and v is the oscillator 
frequency. The energy hv has been measured to be 
0.13 ev (3). Therefore, while the moderating prop- 
erties of this bound hydrogen are much like those of 
free hydrogen above 0.13 ev, they arc greatly 
inhibited below this energy. Neutrons can be slowed 
down effectively below this energy only by t.he water 
surrounding the clcments. However, the bound 

hydrogen in the elements can speed up neutrons 
with energy less than 0.13 ev by integral multiples 
of 0.13 ev. As the fuel temperature rises, the occupa- 
tion densit,y of the excited states of the oscillators 
increases exponentially, and the neutron speeding-up 
probability therefore increases rapidly. During a 
transient, the hydride temperature and the fuel 
temperature rise simultaneously and the neutron 
spectrum is hardened promptly. This results in a 
decrease in the fission probability and an increase in 
the fraction of neutrons lost because of leakage from 
the core and parasitic capture in the water and in 
the control rods. The water temperature does not 
increase significantly over the short time interval of 
the prompt radiation burst. 

Other factors contribute about 20% of the total 
prompt negative temperature coefficient. Doppler 
broadening of the Uz3* resonances increases parasitic 
neutron capture, and prompt expansion of the fuel 
elements displaces water in the center of the reactor, 
where the void coefficient is negative. 

COSIPARISON OF THEORY AXD ESPERIhlE?r’T 

TWO methods are presently used to predict the 
transient behavior of the reactor. These arc (1) 
an empirical description based on the Fuchs model, 
which neglects the effects of delayed neutrons and of 
heat transfer, and (2) a detailed space-indcpcndcnt 
thermal and neutronic model of the reactor. 

Because of the assumptions made, the application 
of the Fuchs model is limikd to transicnt,s in which 
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thcl reactivity insertion is large compared with 1.00 
tloll:tr. This modal accurately prctlicts the shape and 
magnitude of the prompt burst,, as shown in Fig. 6. 

For step reactivity insertions, tho Fuchs model 
takes the form (/t) 

where 4 is the power level in watts, l/r is the re- 
activity step in units of a reciprocal asymptotic 
reactor period (set-I), and b is the energy shutdown 
coefficient (watts-’ see-‘). 

The esperimental value of b for the TRIGA 
reactor is 2 X lo-” watts-’ see-‘; this value was 
obtained from transient data beyond prompt critical. 
Using this formulation, one can make the following 
performance predictions (T in sec. throughout) : 

Maximum power: 

P,,,( watts) = 2.5 x 10S/f2. 

Energy release in prompt burst: . 

E,(wntt-see) = 10’/7. 

Prompt-burst temperature rise: 

Tp(“C) = 3/f. 

(An additional approximately constant temperature 
rise of -200°C due to delayed-neutron contributions 
will subsequently occur.) 

The more detailed model is used for digital com- 
putation of the behavior of the reactor. In this 
model, the space-independent kinetic equations are 
coupled to a space-independent thermal model of 
the reactor through the reactor temperature co- 
efficient (5). The thermal model consists of an 
average fuel heat capacity, an average core-water 
heat capacity, and a fuel-water heat-transfer re- 
sistance. Heat-transfer from the core water to the 
bulk shielding water is represented by a second 
transfer resistance. These impedances are determined 
from the data obtained in the quasi-equilibrium 
experiments, as is the temperature coefficient re- 
quired to complete this model. These data are 

fitttxl \vit.ll :L collst:lllt-w:ltt,r-t,(~l~~p(~r:Ltrlrr cocffieicnt, 
:L IIopplcr cocafficicbnt,, and a hydritlc cnrfficicnt based 
on the Kinstein model (6). The rcsu1t.s obtained ngree 
with cxpcrimcnt and are illustrntctl in Fig. 7. 

Further esperimcnts of this type arc b&g pre- 
pared. I3cnch-test.ing of the present fuel-motlorator 
elements, including thermal cycling, indicates that 
transient tcmpcratures of at least 800°C can be 
obt,ained repcstctlly without significant damage to 
the elemcnt,s (7). Preparations arc now being 
completed to achieve transients to this temperature. 
On the basis of the ncgat,ive-temperature-coefficient 
data obt.aincd from l?im 5, it is expected that a 
peak polver of 2000 A& can be rcachcd with a 
central flus of about 10” neutrons/cm’-set before a 
maximum temperature of 800°C is obtained. 

The expcrimcntal ttxnsient test program could not hnve 
been c:rrried to completion without the extensive contri, 
butions of Andrerv L. Weimsn snd MtLrvin Dr:rkc, who 
contribut.ed kgnikxntly to the program for scvcrxl months. 
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