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Chapter &

TRIGA REACTOR

The reactor design bases are predicted on the maximum operational
capability for the fuel elements and configuration described in this
report. The TRIGA reactor system has three major areas which are used
to define the reactor design bases:

a, Fuel temperature,
b. Prompt negative temperature coefficlent,
., HReactor powar,.

0f these three only one, fuel temperature, is a real limitation.
A summary is presented below of the concluslions obtained from the
reactor design bases deseribed In thls sectiom.

4.1, DESIGHN BASES

The fuel temperature is a limit in both steady-astate and pulse
mode operation, This limit stems from the out-gassing of hydrogen from
U-ZrH {A/Zr ; %) fuel and the subsequent stress produced in the fuel
element clad material, The strength of the clad as a function ef
temperature can get the upper limit on the fuel temperature. Fuel
temperature limits of 11530°C {with clad < 500°C}) and 970°C (with clad =
5Q0°¢Y for U-ZrH (B/Zr ; 1.563) have hLeen set o preclude the loss of
clad integrity. Simpad [34] summarizes the properties of U-ZrBH, fuel
matexials for TRIGA reactors, ineluding the limiting deslgn bases and
parameters.

The basic parameter which providez the TRIGA system with a large
gafery factor In steady-state operation and under transient conditloms
iz the prompr nepatlive temperature coefficlent which is rather constant
with temperatare (~0.01% 6k/k°C), as described later. This coefficilent
is a function of the fuel composition and core peometrry.

Fuel and clad temperature limit the operatien of the reactor.
Howevar, it iz more convenient teo set a power level limit which 1z baszed
on temperature. The design bazes analysis indicates thar operatcien ac
up to 1900 kW {with an 85 element core and 120°F inlet watelr
temperature) with natural comvective flow will net allow £1lm bolling,
and therefore high fuel and ¢lad temperatures which could cause loss of
clad integrity could not ocour,

4.1.1 Reactor Fuel Temperature

The basic safety limit for the TRIGA reacter system is the fuel
temparature; this applies for both the steady-sztate and pulsge mode of
operation.
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Twe limiting temperatures are of iInterest, depending on the type
of TRIGA fuel used. The TRIGA fuel which 1s considered low hydiide,
that with an H/2r ratio of less than 1.5, has z lower temperature limit
than fuel with a higher H/Zr ratio. Figure 4-1 Indicates that the
higher hydride compositions are single phase and are met subject to the
large volume changes associated with the phase transformatiens at
approximately 530°C in the lower hydrides, Also, it has been neted [1]
that the higher hydrides lack any significant thermal diffusion of
hydrogen. These two facts preclude concomitant wvolume changes. The
important propetrties of delta phase U-ZrH are given in Table &4-1.

Table 4-1

PHYSTCAL PROPERTIES OF DELTA PHASE U-ZrH

Thermal conductivity (93°C - &30°C) 13 Etujhr~ft2-°F
Elaztiec modulus: 20°C 9.1 x 10° psi
650°C 6.0 x 10% psi

Ultimate tensile strength (te 650°C) 24,00 pai

Compressive strength (20°0C) 60,000 psi
Compreasive yield (20°C) 35,000 psi
Heat of formation {5H§ 298°G) 37.72 keal/g-mole

among the chemical propertles of U-ZrH and ZrH, the reastion rate
of the hydride with water is of particular interest. Since the
hyvdriding reaction I1s exothermie, water will resat more readily with
zireonium than with zirconium hydride systems. Zirconium iz freguently
nced in contact with water in reactors, and the zirconium-water reaction
is not g safety hazard. Experlments carried out at GA Technologies show
that the zirconivwme hydride systems have a relatively low chemical
reactivity with respect to water and air. These tests have Invelved the
quenching with water of both powders and solid specimens of U-ZrH afrer
heating to as high as B30°C, and of solid U-Zr alley afcer hearing to as
high as 1200°C, Tests have also heen made to determine the extent to
which Ffission products are remeved from the surfaces of the fual
elementa At room temperature. PResults prove that, hecause of the high
resistance to leaching, a large fraction of the fiszsion products is
retained in even completely unclad U-ZrxH fuel.
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For the rest of the discussion of fuel temperatures, we will
cotncern ourselves with the higher hydride (H/Zr = 1.5) TRIGA fuel clad
with 304 stainless stesl 0.020 in. {0.308 mm) thick, or a cladding
material equivalent in strength at the temperatutres discussed.

At room temperatures the hydride iz like ceramic and shows little
dustilicy. However, at the elevarad temperatures of Interest for
pulsing, the material is found to he mwore ductlile, The effect of very
large thermal stress on hydride fuel bodies has been ohserved In hot
cell ohservations to cause relatively wldely spaced cracks which tend to
be aithaer radial or nermal to the central axis and do not interfere with
radial heat flow. Since the segments tend to be orthegonal, their
relative positions appear to be gqulte stable.

The limiting effeet of fuel temperature then is the hydrogen pgas
over pressure, Fipure 4.2 relates equilibrium hydrogen pressure over
the fuel as a function of temperature for materlal with three different
H/Zr ratios,

The hydrogen gas over prassure is not In itself detrimental but if
the stress produced by the gas pressure within the fuel can execeeds the
ultimate strength of the clad material, a rupture of the fuel clad could
ocour . While the final conditions of fue]l temperaturs and hydrogen
pressure In whiech sueh an oceurrence could come about are of interest,
the mechanisms in obtaining temperatures and pressures of concern are
different in the pulsing and steady-state mode of operatlen, and each
mechanisme will be discussed independently of the other.

In this discussion it will be assumed that the fuel consists of
U-ZrH (H/Zr ; 1.65} with the uranium being 8.5 wt. ¥ and Eurther that
the cladding can ls 304 stainless steel. The «lad thickness is 0,020
in, (9.508 wmm)d) with an inside e¢lad diameter of 1.43 in. (3.63 cm).
These fuel parameters have heen chosen since they represent the nominal
specifications for TRIGA fuel elements. Figure 4-3 ghows the
characteristic of 304 stalnless steel with regard to yield and ultimate
strengths as a functlon of tempsrature.

In determining the stress applied to the claddiag from the
internal hydrogen gas pressure the equation

8§ - P r/t , ' (17
applies where
8 = stress In psl,

P

Internal pressure in psi,
r = radius of the cladding can,

wall thickness of the clad.

t
t
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Then foxr the cladding we have approximately
8 = 35.7 P , {2}

or the stress applied to the clad is approximately 36.7 times the
internal pressure.

It is of Interest to relate the strength of the clad material atc
its opetating temperature te the stress applied to the clad from the
internal gas pressure assoclated with the fuel temperature., Flgure 4-4
gives information as to the ultimate clad strength as a functicon of
temperature and also describes the stress applied to the clad as a
result of hydrogen disseciation for fuel having a H/Zr ratio of 1.60 as
& funecion of temperatursa.

There are several reazona why the gas preasure should be lesz for
the transient conditions than the equilibrium condition walues would

predict. Tor example, the gas diffusionm rates are finite; surface
coeling 1z believed to be caused by endothermie gas emisslon which tends
to lower the diffusion constant at the surface; reabsorption takes

place concurrently on the cooler hydride surfaces away from the hot
spot; there is evidence for a low permeability oxide film on the fuel
sutrface: and some local hear transfer does take place during the pulse
time to cause 2 less than adiabatie true surface temperature.

4.1.1.1 Fuel and Clad Temperature, The fellowing discussion
relstes the element clad temperature and the maximun fuel temperature

during a short time after a pulse.

The radial temperature distribution In the fuel element
immediately following a pulse 1is very similar te the power distribution
shoun in Fipure 4-5, This inftial steep thermal gradient at the fuel
surface results in some heat transfer during the time of the pulse =sao
that the ttrue peak temperature does not guite reach the adlabatic peak
temperature. A large temperature gradient is also Impressed upon the
clad which can result in a high heat flux from the clad intoe the water.
If the heat flux iz sufficlensly high, £ilm bolling may oceutr and form
an insulating jacket of steam around the fuel elementz permitting the
clad temperature to tend te approach the fuel temperature. Evidence has
beenn obrained experimentally which sheows that film boiling has oceurred
occasionally feor some fuel elements in the Advanced TRIGA Prototype
Resctor located at GA Technologles [2]. The consequence of this filam
boiling was discelorationm o¢f the clad suxrface.

Thermal transient caleulations were made using the RAT computer
code. BAT is a 2-D transient heat transport code desveloped to account
for fluid flow and temperature dependent material properties.
Calculations show that if film belling occurs after a pulse it may take
place either at the time of maximum heat flux from the clad, before the
bulk temperature of the coolant hasz changed appreciably, or it may take
place at a much later cime when the bulk temperature of the coolant has
approached the saturation temperature, resulting in a markedly reduced
threshold for film boiling. Data obtained by Johnson et al. [3] fer
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trangient heating of ribbons in 100°F water, showed burnout fluxes of
0.9 to 2.0 MBtu/fr*-hr for e-folding perieds from 5 te 90 milliseconds.
n the other hand, sufficient bulk heating of the coolant channeled
between fuel elements can take place in aseveral tenths of a second te
lower the departure from nucleate boiling (DNB) point to approximately
0.4 MBru/Fec -hr. It iIs shown, on the basis of the following analysis,
that the second mode is the most likely; i.e., when £ilm boiling occurs
it takes place under essentlally steady-state conditions at local water
temperatures near saturacion.

4 wvalue for the temperature that may be reached by the ¢lad if
Film boiling occours was obtained in the following mammer. A transient
thermal calewlation was performed wusing the radial and axfal power
distributions in Figure &-3 and Figure 4-6, respectively, undesr the
assumption that the thermal resistance at the fuel-clad interface was
nonexistent. A boiling heat tranzfer medel, as shown in Flgure 4-7, was
used in order to obtain an uvpper limit for the clad temperatura rise,
The model used the data of MeAdams: [4] for the subeooled boiling and the
work of Sparrow and Cess [3] for the film Pelling regime. A
conservative estimate was obtalned for the minimum hest flux in film
boiling by using the correlarions of Speigler et al. [6), Zuber [7], and
Rohsenow and Choi [8] to find the minimum temparature polnt at which
film boiling could cccur. This calculation gave an upper limit of 760°C
clad temperature for a peak initial fusel temperature of 1000°C, as sheown
in Figure #4-8. TFuel temperature distributions for this case are shown
in Figure 4-9 and the heat flux into the water from the clad is shown in
Figure 4-10. 1In this limiting case, DNB cccurred only 13 milliseconds
after the pulse, conzervarively calculated assuming a steady-state DNB
correlatien, Subsequently, experimental transition and film belling
data were found to have been reported by Ellion [9] for water conditlons
slmilar to those for the TRIGA system. The Ellion data show the minimum
heat flux, ussed in the limiting calculation described above, was
conservative by a factor of 5, An appropriate correction was made which
resulted in a more reallistic estimate of 470°C as cthe maximum clad
temperature expected if film beiling cecurs. This result Iz In
agresment with experimental evidence obtained for clad temperaturss of
400*C ve 500°C for TRIGA Mark F fuel elements which have been operated
under Film boiling conditions [180].

The preceding analysis assessing the maximum clad temperatures
associated with film boiling assumed no thermal resistance at fuel-slad
Interface. Measurements of fuel temperatures as a funetion of steady-
stata power lewvel provide evidence that after operxating at high fuel
temperatures, & permanent gap Lz produced between the fuel body and the
clad by fuel expansion. This gap exists at all tempesratures below the
maxlmum operating temperature, fSee, for exsmple, Fipure 16 Iimn
Reference 10.) The gap thickness wvaries with fuel tempsrature and clad
temperature so that coeling of the fuel or overheating of the clad tends
to widen the gap and decrease the heat transfer rate, Additional
thermal resistance due to oxlde and other films on the fuel and clad
surfaces 1is expected, Experimentsl and theoretical studies of thermal
contact reslstance hove been reported [1l-13] which provide imsipht into
the mechanlsms involved, They do mnot, however, permit quantitative
predicetion of this applicatien because the basic data required for lumput

4-9
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are presently not fully kKnown. Inztead, several transient thermal
computations were made using the RAT code. Each of these was made with
an assumed wvalue for the effective gap econductance, in order to
determine the effective gap coefficient for which departure from
nucleate boiling is incipientc. These results were then compared with
the incipient F£ilm beiling conditions of the 1000°C peak fuel
temperature case.

For convenience, the calculations were made using the same Initial
temperature distribution as was used for the preceding calculation. The
caleulations asaumed a eoolant flow veloclty of 1 ft per second, which
iz within the range of flew wveloecitiesz computed for natural convection
under wvarious steady-state condlitions for these reactors, The
calculaticons did not use a complete boiling curve heat tramsfer meodel,
but instead, Included a conwvection coecled region (ne beiling) and a
subcooled nueleate bolling reglen without employing an upper DNBE 1imit,
The results were analyzed by inspection using the extended steady-state
cotrelation of Bernath [14} whiech has been reported by Spano [15] to
glve agresment with SPERT Il burnout results within the experimental
uncertainties in flow rate,

The transient thermal caleulations were performed using effeccive
gap conductances of 300, 375, and 250 Biushr-fr®-*F. The resulting wall
tempetrature distributions were inspected to determine the axdial wall
position and time after the pulse which gave the closest approach
betwaen the Local computed surface hest flux and the DHE heat Fflux
according to Bernath. The axial distributicon of the computed and
critical heat fluxes for each of the three cases at the time of elesest
approach is giwen in Figures 4-11 thru 4-13. If the minimum approzch to
DNE is corrected to TRIGA Mark F conditiocns and cross-plotped, an
estimate of the effective gap conductance of 450 Bru/hr-fe-*F is
cbtalned for inciplent burneut so that the case using 300 is thought te
be representative of standard TRIGA fuel.

The surface heat flux at the mldplane of the element 1s shown in
Figure 4-14 with gap conductance as a parameter. It may be observed
that the maximom heat flux is approximartely propettional to the heat
transfer coefflicient of the gap, and the time lag afrer the pulse for
which the peak occurz is alse Ilncreased by aboutr the same factor. The
closest appreach to DHB in these calculations did not necessarily occur
at these times and places, however, =zs indicated on the curves of
Figures 4-11 thru 4-13, The Initial DNB point securyed near the core
cutlet forxr a local heat flux of about 340 kBtu/hr-ft°-°F according to
the more conservative Bermath correlatiens at a local water temperature
appteaching saturation.

This analysis indicates that afrer eperation of the resctor at
steady-state power levels of 1 MW{t}, or after pulsing to equivalent
fuel temperatures, the heat flux through the clad is reduced and
therefore reduces the likelihood of reaching a regime where there is a
departure from nucleate beiling. From the foregolng analysis, a maximun
tepperature for the clad during a pulsse which gives a peak adiabatic
fuel temperature of LOM°C is conservatively esstimated to ba 47078,

f-16b
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AE can be seen from Figure 4-3, the ultimate strength of the clad at a
temperature of A470°C ig 3%,000 psi. If the stress produced by the
hydrogen over pressure in the can 1s less than 52,000 pei, the fuel
element will not undergo loss of containment, Referring to Figure 4-4,
and comzidering U-ZrH fuel wicth a peak temperature of 1000°C, one finds
the strecs on the clad to be 12,600 psi, Further studies show that the
hydrogen pressure which would result from a transient for which the peak
fuel ctemperature is 1150°C would not produce a stress in the clad in
sxcess of its ultimate strength, TEISA fusl with a hydregen to
zirconium ratioc of at least 1.65% has been pulsed to temperatures of
about 1150°¢ without damage to the clad [16].

4.1.1.2 Finjte Diffusion Rate. To assess the effect of the finite
diffusion rate and the rehydriding at the cocler surfaces, the fellowing

analysis is presented,

As hydrogen is released from the hot fuel repions, it 1Is taken up
in the cooler regions and the equilibrium that 1s obtained 1is
characteristic of some temperature lower than the maximum. To evaluate
this reduced pressure, we will use diffusion theory to calculate the
rate at which hydrogen is evolved and reabsorbed at the fuel surface.

Ordinary diffusion theory provides an expression for describing
the time depeundent losz of gas from a cylinder:

- w 2
e - op &4 fn Dt
— ™= z - — EKP T — 1 {3 )
oy - &f ¢? pd
=1 n 0
whetre

¢j, ¢f, c, = the average, the Initial, and the final
gas comcentratiem in the ecylinder,
respectively,

£ = the roots of the Equacien Jpix) = 0,

D = the diffusion coefficient for the gas in
the cylinder,

rg = the radius of the cylinder,
t =~ time.

Secting the term on the right-hand side of Equatlon 3 equal to K, one
can rewrite Equation 3 as:

sje; = egfey + (L - cgfed K, (4)
and the derivative in time is glven by

dic/es) : dw
= (L - egfeyd — . (3)
dc dt

4-21
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This represents the fractional zrelesse yate of hydrogen from the
cylinder, f£(t). The derivative of the series In the right-tand side of
Equation 3 was approximated by

dx de
— = - (7.339e78.38f 4 ag gpe-24%ey (6)
dt dt

where ¢ = thrgz,

The diffusion cosfficient for hydregen in zirconium hydride in
which the H/Zr ratic is between 1.56 and 1.86 is given by

D = 0.25 e—l?&OﬂfR(T+2?3} ’ (7}

where R = the gas constant and,
T = the zirconium hydride temperature in °C.

Equation 3 describes the escape of gas from a cylinder through
diffugion until some final concentration i achiewved, Actually, In the
closed system considered here, mnot only does the hydrogen diffuse into
the fuel-c¢lad pap, but =lse it diffuses back Into the fuel In the
ragions of lower fuel temperature. The gas alse diffuses through the
clad at a rate dependent on the clad remperature. Although this tends
to reduce the hydrogen pressure, it is not considered in this analysis.
When the diffusion rates are equal, an equilibrium condition will exisc.
Ta account feor this, Equation 5 was modified by substituting for the
concentration ratios the rario of the hydregen pressure In the gap to
the equilibrium hydrogen pressure, B /Fo,. Thus,

d(cjci) ds
f{t) = —— = {1 - Pp{&}/Fe) — (8}
dt dc
where Ph(t) = the hydrogen pressure, 2 functioen of time and

Pz = the equilibrium hydrogen pressure over the
zirconium hydride which 1z a function of tha
fuel temperature.

The rate of change of the Internal hydrogen pressure, In psi,
inslde the fuel element cladding is

dPy, 14.7 £{z) N 22,4 T+273

at 6.0z % 1023 Vv, 173

(9)

where Ny = the number of molecules of Hy in the fuel,

T = the gas temperature (°C},
f{t) = the fractiomal less rate from Equation 8,
vg rhe free volume inslde the fuel clad (licers).

4-22
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As the atom density of hydrogen in ZrH (H/Zx ; 1.63) is about 0.1
moles and the fuel volume is 400 cubic em., Ny fs 19.9 moles {Hp). The
free volume 15 assumed to comsist of a eylindrical volume, at the top of
the element, 1/8-in, high with a diameter of 1.43 in. for a total of 3.3
cubic cm. Also, the temperature of the hydrogen in the gap was assumed
to be the temperature of the clad. The effect of changing these two
assumptions was tested by calculations in which the gap volums was
decreased by 90% and the temperature of the hydrogen in the gap was set
up equal to the maxloum fuel temperature. Neither of these changes
resulted In maximum pressures different from these based om the original
assumptions although the initial rate of pressure fincrease was greater.
For these conditions

Py = 7.29 x 10% (T + 273) I £{t) dt . (10)
The fuel temperature used In Equation 7 to evaluate the diffusion
coefficient is expressed as
T(z}) =Tp ; t <0 .
{11}
T(z) = Tg + (T - Tpi cos [2.453(z-0.5)] ;&0 ,
where Ty = the peak fuel temperature (*Ch,
Ty = the clad temperature (°G),

2 = the axial distance expressed as a fraction of the
fuel length,

t = the time after step Increase in power.

Tt was assumed that the fuel temperature was ILovariant with
radius. The hydrogen pressure over the zirconium hydride surface when
equilibrivum prevails is strongly temperature dependent as gshownt 1in
Figure 4-2 ond, for ZrH (H/Zr ; 1.63), can be expressed by

Pe_ - 207 % lng & -l.9?¢xlﬂ"f{T+2?3} . (12)

The coefficilents have been derived from data developed by Johnsom.
The rate at which hvdrogen iz released or reabsorbed takes the form

[Peiz) - Ppit)]

g{t,z)

fit,z) ' {133
Pe(z}

where £i{t,2z)} = the derivative given In Equation B with
respect to time evaluated at the axlal
position =,
Phit) the hydrogen pressure in the gap at time t,
Py(z) = the equilibyium hydrogen presaure at the ZrH
temperature at posltion z.
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The internal hydrogen pressute is then

t L
Ppit) = 7.29 = 103 {Tp + 273} j I gir,z) de dt , (14}
0 0
This Equation was approximated by
113 ful
3 Palti.1}
PRriri) = 7.29 x 107 (Tp + 273 x 1l -
PE(Zj}
1=l j=1
X f{ti,Zj} dz 4t {13)

whete the internal summation is over the fuel element length increments
and the sxternal summation 1s over time.

For the case in which the maximum fuel temperature is 1150°C, the
equilihrium hydrogen pressure in ZrH (H/Zr ; 1.62) i= 2000 psi.
calculations indicate, however, that the internal pressure increases to
a peak at about 0.3 szee, at which time the pressuze is about one-fifcth
of the equilibrium value or abut 400 psi. after this time, the pressure
slowly decrcases as the hydrogen continues to be redistributed alomg the
length of the element from the hot reglons to the cooler reglons.

Caleulations have alsc been made for step increases in power to
peak fuel temperatures greater than 1130°C. Over a 200°¢ range, the
time to the peak pressure and the fractlon of the equilibrium pressure
value achieved were approximately the same as for the 1150°C case.
Thus, if the clad remains below about 300°C, the intermal pressure that
would produce the yleld stress In the clad (35,000 psi) is about 1000
psi and the corresponding equilibrium hydrogen pressure corresponds to &
maximum fuel temperature of abour 1250°C in ZrH (H/Zr | L1.63).
Similarly, an internal presaure of 1600 psi would produce a stress equal
to the ultimate clad strength {(over 9,000 psi). This corresponds tc an
equilibrium hydrogen pressure of 5 x 1600 oxr 8000 psi and 2 fuel
temperature of about 1300°C.

Measurements of hydregen pressure In TRIGA fuel elements during

steady-state operation have not been made. However, measurements have
been made duxing translent operations and compared with the results.of
an analysiz similaxr te that descrlbed here. These measurements

indicated that In a pulse in which the maximum temperature in the fuel
was greater than 1000°C the maximum pressure was only about 6% of the
equilibrium value evaluated at the peak temperature. Calculatioms af
the pressure resulting from such & pulse using the methods described
above gave calculated pressure valuea about three times greater than the
measured values,

An instantaneous Iincrease In fuel temperature will produce the
toat severe pressure conditions, When a peak fuel temperature of 1156°¢
18 reached by increasing the power over a finlte period of time, the
resulting pressure will be no greater than that for the step change in
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power analyzed above, A2 the cCemperacrure rise times become long
compatred with the diffusion time of hydrogen, the pressure will become
increasingly less than for the case of a step change in power. The
reason for this is that the pressure in the clad element results from
the hot fuel dehydriding faster than the cocler fuel rehydrides (takes
up the exceazs hydrogen to treach an equilibrium with the hydrogen over
presgure In the can}. The slowsr the rise to peak temperature, the
lower the pressure becauzse of the additional time awvailable for
rehydriding.

4.1.1.2 Summary The foregoing analysis pgives a strong indication
that the clad will mnet he ruptured i1if fuel temperatures are never
greater than in the range of 1200°C to 1250°C, providing that the clad
temperature 1s less tham about 500°C, However, a comnservative safety
limit of 11l50°*C ha=z been chosen for this condition. As a result, at
this safecy limit temperature the pressure is about a facter ef 4 lower
than would be neceasary for clad failure, This factor of 4 is more than
adequate to account for uncertainties in clad strempgth and manufacturing
tolerances,

Undetr any condition in which the ¢lad temperature Increases above
500°C, the temperature safety limit must be decreased as the c¢lad

material loses strength at eleveted temperatures, To establish this
limit, it is assumed that the fuel and the clad are at the sane
temperature. There are no conceivable ecircumatances that could gilve

rige to a situation in which the clad temperatures was higher than the
fuel temperature.

In Figure 4-4 there iz plotted the stress imposed on the clad by
the equilibrium hydrogen pressure as a functlon of the fuel temperature,
again assuming a clad radius ef (.73 in. and a thickness of 0.02 in.
Also shown iz the ultimate strength of 304 stainless steel at the same
temperatures. The use of these data for establishing the safery limit
iz justified as

a, the method used to measure ultimate =trength requires the
imposition of the stregs over a longer time than would be
impogsed for acelident conditions,

b. the stress is not applied blaxially in the ultimate strength
measurements as it Is In the fuel clad.

The peint at which the two curves in Figure 4-4 intersect is the safety
1imit, that i1s, 970°C. Akt that temperature the equllibrium hydrogen
pressure would impose a stress on the clad equal to the ultimate

strength of the clad.

The same argument about the redistribution of the hydrogen within
the fuel presented earller is walid fox this case also. In addition, at
elevated temperatures the clad becomes gquite permegblg to hydrogen.
Thus, not only will hydrogen redistribute itself within the fuel to
reduce the pressure, but also some hydrogen will escape from the system

entlrely.
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The use of the ultimate =trength of the clad material In the
establishment of the zafety limit under these conditioms iz justifled
because of the transient mnature of such accidenta, Although the high
clad temperatures imply sharply reduced heat transfer tates to the
aurroundings (and consequently longer cooling times), only slight
reductions in the fuel temperature are neceasary to reduce the atress
sharply. A 50°C decrease in temperature from 970°C to 920°C will reduce
the stress by a facter of 2,

As a safety limit, the peak adiabatie £fuel temperature to be
allowed during transient conditions Ls considered to be 1130°C for U-
ZrHy 5.

4.1.2. Prompt Negative Tempegature Coefficient

The hasic parameter which allows the TRIGA teactor system to
operate safely with large step insertions of reactivity is the prompt
negative temperature coefflcient assoeciated with the TRIGA fuel and core
design. This temperature coefficient {a) also allews a greater freedonm
in steady-state operation as the effeet of accidental reactivity changes
sceurring from the experimental devices in the core 1s greatly reduced.

@4 Technologies, the designer of the reactor, has developed
cechniques to caleculate the temperature coefficient accurately and
therafore predict the transient behavier of the reactor. Thiz
temperature coefficient arises primarily from a change in the
disadvantage factor resulting from the heating of the uranium zirconium
hydride fuel-moderator elements. The coefficient is prompt becaunse the
fuel is= intimately mixed with a large portien of the moderator and thus
fuel and solid moderator temperatures rise sinultaneocusly. A
gquantitative caleulation of the temperature coefficlent requires a
knowledge of the energy dependent distribution of thermal neutwon flux
in the reactor.

The basic physical processes which oceur when the fuel-moderator
elaments are heated ean be deseribed as follaows: the rise 1in
tenperatutre of the hydride increases the prebabilicy that a thermal
neutron in the Ffuel element will gain enerpy from an excited state of an
oscillating hydrogen atom in the lattice. Aa the neutrons pgain energy
fxom the ZrH, their mean free path is increased appreciably. Thiz is
shown qualitatively in Flgure 4-15. Since the average chotd length in
the fuszl element 1s comparable with a mean free path, the probability of
escape from the fuel element before capture is increased. In the water
the neutrone are rapidly rethermalized so that the capture and escape
probabilities are relactively imsensitive to the energy with whichk the
neuttron enters the water. The heating of the woderatoxr mized with the
fuel thus causes the spectrum to harden more in the fuel than iIn the
water. Az R tesult, there iz a temperaturs dependent dizadvantage
facter for the unit cell in the core which decrsases the ratie of
absorptions in the fuel to total cell absorptiens as the fuel element
temperature is increased, This brings about a shift in the core meutron
balance, giving a2 loas of reaectivity.
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The temperature coefficient then, depends on =spatial wvariacions of
the thermal neutron spectrum over distances of the order of A mean free
path with large changes of mean free path cecurring because of the
energy change In & single collisien, A quancitative deacription of
these procesgsas reguires a knowledge of the differential slow mneutton
energy transfer cross sectlion in water and zircoenium hydride, the energy
dependence of the transport cross sectiom of hydrogen as bound in water
and zirconium hydride, the energy dependence of the capture and fission
cross sections of all relevant materials, atd a multigroup transport
theory reactor description which allows for the coupling of groups by
speeding up as well as by slowing down.

4.1,2.1. Codeg Used for Caleulations. Caleculational work onm the

temperature coefficient made use of a group of codes developed hy GA
Technologies: GGC-3 [17), GAZE-2 [18], and GAMBLE-5 [19], as well as
DTF-IV [20], an 8, multiproup transpert code written at Los Alamos.
Neutron eross sactions for energies above thermal (>l aV) wera gensrated
by the GGC-3 code. In this code, fine pgroup crosa sections (~100
groups), stored on tape for all commonly used ILsotopes, are averaged
over a spate independent flux derived by sclution of the By equations
for each diascrete reactor reglon composition. This code and its related
crosa-section library predict the age of each of the common moderating
materials to within a few percent of the experimentally detevmlned
values and unse the resonance Integral work of Adler, Himman, and
Nordheim [21] to generate cross sections for resonance materials which
are properly averaged over the repglon spectrum.

Thermal cress sections were obtained in essentislly the same
marmer using the GRC-3 code, However, scattering kernels were used to
describe properly the Interactions of the newtrons with the chemically
bound moderateor atoms. The hound hydrogen kernels used for hydrogen in
the water were generated by the THERMIDOR code [22] using thermalizarion
work of Nelkin [23]. Eatrly thermalization work by MeReynolds et al {24)
on zireconium hydride has been greatly extended at GA Technolegles [23],
and work by Parks resulted in the SUMMIT [26] code, which waz used to
generate the kernels for hydrogen as bound in ZrH. Thege scattering
models have been used +to predict adeguately the water and hydride
{temperature dependent) spectra as measured at the GA Technologles
linear accelerator as shown In Figure &-16 and Figure 4-17 [27].

6£.1.2.2. ZrA Model. COQualitatively, the scattering of slew neutrons by
zirconium hydride can be described by a model inm which the hydrogen atom
motion is txeated as an isotreopic harmonic oseillator with energy
transfer quantized in multiples of -0.l4 eV. More precisely, the SUMMIT
model uses a frequency spectrum with two branches, ome for the optical
modes for energy transfer with the bound proton, and the other for the
acoustical modes for energy transfer with the lattice as a whola. The
optical modes are represented as a broad frequency band centered at 0,14
eV, and whose width is adjusted to fit the cross sectlon data of Woods
et_al, [28]. The low frequency acoustical meodes are assumed to have a
Debye spectrum with a cutoff of 0.02 &V and a weight determined by an
effective mass of 360.
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This structure then allows a neutron ce slow down by che
transition in energy units of -0.14 eV as long as {ts energy 1s above
0.14 eV, Below 0.14 eV the neutron can still lose energy by the
inefficlent proceas of exelting acoustic Debye type modes in which the
hydrogen atoms move in phase with the zirceniwm atems, which in turn
move in phase with one another, These modes therefore, correspond to
the motion of a group of atoms whose mass is much greater than that of
hydrogen, and Indeed even greater than the mass of zircomium. Because
of the larpge effective mass, these medes are wvery inefficient for
thermalizing neutroms, but for peutyon energies below (.14 eV they
provide the only mechanism for neutren slowing down within the ZrH. (In
a TRIGA core, the water alse provides for neutren thermalization below
0.4 eV.) In addicion, in the ZrH It i= possible for a neutron to gain
one or more energy units of ~0.14 eV in one or several scatterings, from
excited Einstein oselllaters. Since the number of excited osclllators
present in a ZrH lattice inecreases with temperature, this process of
neutron speeding up Is strongly temperature dependent and plays an
important role in the behavior of ZrH moderated reactous.

4.1.2.3, galeulations. Calculations of the  temperature
coefficient were dome in the following zteps;

a. Multigroup croas sections were generated by the GGG-3 code

for a homogenlzed unit cell, Separate cross-section sets

were geherated for each fuel slement temperature by use of
the temperature dependent hydride kernels and Doppler
btoadening of the U-238 resonance Integral to reflect the
proper tempexrature, Water at room remperature was usad for
all prompt cpefficent caleulations.

b. & value for k. was computed for each fuel element
temperature by trapsport cell calculations, wusing the Ty
approximation, Comparisens have shown 54 and Sp results to
be nearly identical. OGroup dependent disadvantage factors
were caloculated for each cell region {fuel, clad, and water)
where the disadvantage factor 1s defined as the ratic: @gr /

e
@E {reglon/cell}.

G. The thermal greup dlsadvantage factors were wused as input
for a second GGG-3 caleculatien where cross sectioms for =2
homogenized core were generated which gave the same neutroh
balance as the thermal group poertion of the discrete cell
calculatien,

d. The cross sectlions for an equivalent homogenized core were
used in a full reactor caleulation to determine the
contriburion to the temperature coefficient due to the
increased leakage of thermal rneutrons inte the reflector
with inereasing hydride cemperature, This calculation still
requires several thermal groups, but transport effects are
no longer of major concern. Thus, reactivity caleulations
as a functlon of fuel element temperature have been dome on
the entire reacter with the use of diffusion theory codes.
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Results from the above calculations indicate that mere than 50% of
the temperature coefficient for a standard TRIGA core comes from the
temperatutre-dependent disadvantage factor or "ecell effect”, and -20%
each from Doppler broadening of the U-23B resonances and temperature
dependent leakage from the core. These effects produce a temperature
coefficient of ~ -0.01%/°C, which is rather constant with temperature.
The temperature coefficient is shown in Figure 4-18 for the high-hydride
core of thiz TRIGA.

4,1,3, Steadv-S$tate Heactor Powsr

The following evaluation has been made for a TRIGA systen
operaring with cooling from natural convection flow around the fuel
elements. This analysis investigates the limitas te which such a system
may ke operated,

The analysis was conducted by considering +the Thydraulic
characteristics of the flow chamnel from which the heat rejection rate
1s maximaum. The gecmetrical data from this chammel are given in Table
4-2. 4ll symbols in Equatiom 16 threough 45 are defined in the list of
nemenclature lo Sectiom 4.1.3.9,

Table 4-2

HYDRAULIC FLOW FPARAMETERS

Flow aresa {ftzfelementj 0, 00580
Wetted perimeter (fr/element) 0.3861
Hydraulic diameter {(ft} Q,080L
Fuel element diameter (ft) 0,.122¢
Puel surface area (ftzj 0.4826

The heat generation rate In the fuel element is distributed
axially In & cosine distribution chopped at the end such that the peak-
to-average ratie iIs 1.25. The number of fuel elements in the core is
assumed for 1 MW operation, but the departure from mucleate boiling
{(DNB) ratio is conservatively evaluated on the basis of 85 elements.

The driving force is supplied by the buoyance of the heated water
In the core. Countering this force are the contraction and expansien
logsgas at the entrance and esxite to the channel, and the acceleration
and potential energy losses and fricrien losses In the cooling channel

itself.
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Figure 4-1% 1llustrates schematically che natural convection
system established by the fuel elements bounding one fleww channel in the
core. The system shown is general and does not represent any specific
configuration. $Steady-state flow Is governed by the Eguatlion

n
fpy + dpe t+ dpp + dpy t dpj = zc/Vo s (16)
j=1

where the left-hand member represents the pressure dtops through the
Flow channel dune to entrance, exit, friection, acceleratiom, and gravity
losses and the right-hand member represents the driving pressure due to
the statlie head In the pool. The pressure drops through the flow
charnel are dependent on the flow rate while the available static
driving pressure is fixed for a known core height and pool temperatire,
The analysis, therefore, hecomes an lterative one in which the left-hand
aide of Equationm 18 is evaluated on the basis of an assumed flow rate
end compared with the known right-hand side until equality is achieved.
The method has been programmed for digital computer solution. The
methads of evaluating each of the &p terms in Equation 16 for known
power distribution and £flow geometry and assumed FLlow rates are
dizeussed below.

4.1.3.1. Eptrance loss, dpg.

The entrance loss, &pj. may be evaluated in the usual way as a
fraction of the veloclty head in the lower grid plate hole:

{ki]_ + kiz} Ya

spy - > awn? (17}
2g Az

where N = the nuttber of channels which recelve thelr flow
from a single hole in the lewer prid plate,

kil = the loss facter for the entrance te the hole in
the lower grid plate. TFor even slight rounding of

k

the entrance, i will be no greater than 0.30,

is = the loss factor covering transfer of the fliow from
the hole in the lower grid plate to the coglant
channels. In most cases this can be
sacisfactorily approximated as a sudden expansion

using kig - 1.0,
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£.1.3.2, Enit Lgss, &pa.

The exit loss ls expressed In terms of a coefficient K, which is
the fraction of the velocity head In the flow channel whieh Is mot

recovered:
Ke vl o
W {18}

e "
2ght

The term vn+j i6 the specific volume at the highest axlal station along
It is evaluated from the temperatutre

the heated length of the core.
T4l which is obtained from an overall heat halance;
(19)

Tyl = qthG + Tg
“n+l

whete gqp = F J q" (=} dz

21

Loss Through Portion of Channel fAdjacent to Lower
Reactor dp1.
The flow is isothermal at the bulk pool temperature 2o that
dzq
. {207

4,1.3.3.

fn Vo d21
apl - ——5 W2 + —
2g Dy Af Vo

£y iz evaluated from the MHoody chart {aszuming smooth surface) on the

basis of a Reynolds numbetr which is

De Vg
(21}

Fg -
Ay Vg

Loss Through Portion of Chanmel adjacent to

£.1.3.4,
Upper Reacter dpy.

The flow iz isethermal at Tp4i where Tyl 1s determined by Equation 19

fm Vo BEu 9 G2y,
&P, = — WE + {22)
AW

2g Dp 7t ba
f, is again evaluated from the Hoody chart, assuming smeath aurface, on
the basis of a Reynolds nusber which is
{23}

Dy ¥
)

B, =
Af ¥n
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4,1,3.5. uph Each Incre the Channe Soent
to the Fusled Portiopn of the Elements, & By

Tor the present, let us assume thar the entire heated portiom of
tha chamnel is in subcooled boiling. This implies that thes wall
temperatures calculated from subcooled boiling correlatioms are Lower
than those calculated for conveetion alone and that the liquid is below
its saturation temperature at all locations, The pressure drop through
an increment is piven by

Mepy - 9 fbj Vmﬁ Sz 9 dz
dpn - (1) - ———p— W e WO+ - (28
g Af g AF” Do I §
{acceleration} (friction) (gravity)
4.1.3.6. Acceleration Term.

vq denoctes the mean specific volume and 1s larger than the liquid
specific wolume, because of the vapor woldage:

[ G T S (25)

a is the void fraetion or the fraction of a channel cross sectien which
is oceupled by vapor. o may be caleulated from the vapor velume (cubic
in. waper/square in, heating surface) and the flow channel geometyy.
Denoting the wvapor volume as £,

a = £ (8/V) (26

where $/V is the surface to volume ratie of the cpolant channel. The
parameter £, 1s dependent on the surface heat flux, the subcooling of
liquid and tha wvelecity of the liquid. It can be evaluated only by
experiment. Data given by Jordan and Leppert [29] were used to estimate
£: these data are plotted In Figures 4-20 and 4-21. Most of this
represents a flow velocity of & ft/sec and appears to be the ouly
available data applicable under the thermal conditions encountexad in
TRIGA type reactors, Extrapelations from these data are made for flow
velocitieg different from & ft/sec. The extrapolatlons were based cm a
small amount of data given for flow velocities ether than 4 ft/sec. The
liguid temperature at a station, Ty, may be calculatad from

Zk
P I q"{z)dE
21
T = — + T, . {27}

Therefore, one finds & (Figure 4-21) from Tgay - Ty and qi", where Tgae
and qp" are known,

Since o = £ (8/V)

and v, is a function of Ty, vy may be evaluated from Equation 25.
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4.1.3.7. Friction Tetm,

vg3 denotes a linear average of the mean specific volumes at the
upper and lower boundaries of an Increment. The approximate mean value
is assumed to apply over the entire increment so that

Y Yme 4 Tme g1
nj = (28]
2

& frictiom factor fhj i applied locally o caleculate the fricrion
pressure drop over the increment Inm subcooled boiling. Jordan and
Leppert develop the correlation

8 by 8 g
f, = & §¢ = - , {29}
g GV g OV (T, - T)

and provide experimental verification near atmospheric pressure in the
tange 0.0015 < 5. < 0,0050, This is simply an extension of Revnolds'
analogy to the case of subcooled boiling. The Equation of continuity is
nsed to write Equatlion 29 as

& q" Af
fp - ——— {307
WG (T - T2

which may be evaluated if Ty is known. For subcooled boiling, the heat
transfer is usually defined by an experimentally determined correlation
of g" vs (T, - Tgae) which has been obtained over a given range of flow
velocity and pressure. Mcadams [30] gives such a correlation for
pressures between 2 and 6 atmospheres and flow velocltles batween L and
12 fr/sec. This correlation will be used to determine Ty foxr use in
Egquation 30.

Approximate mean wvalues are assumed to apply over the entire
itnerement so that

£ B Af 4" 4" e+1
by = 172 + . (3L
We Ty k - Tk Ty, kel = Tietl
and T ${0") + #(9"41)
w - satj -
2

where ¢{g") is the correlation of McAdams previcusly cited.
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5,1.3.8. Cravity Term,

The gravity term is evaluated from vy calculated from Equation 28.

As implied in Section 4.1.3.5., each increment must be checked to
determine whether heat 1s being transferred by subcooled beoiling or by
corvection. Ty is evaluated at the lower boundary of the inerement on
the basle of both the correlaticn from McAdams for subcooled boiling and
a standard correlatien for convection {(Dittus-Boelter). If the Ty
caloulated from convectien correlations is less than that obtalned for
stheooled boiling, boiling is assumed not te be present in the
increment. Equation 24 st¢ill applies, but since there is no hoiling and
hence no vaper veid, vy, becomes v and £, becomes .

In the foregeling analysis an assumption was made that 2ll of the
vapor Eormed on the surface of the fuel slement detaches and adds te the
fluid buovaney. This is not a counservative assumption. The pasition
where vapor bubbles f£irst leave the heated surface is obtained from two
monsiderations: Ffirst, the balance of the forces exerted om the wvapor
bubble while it is in contact with the wall (buoyancy, surface tenslon,
and friction), and, second, the temperature distribution in the single
phase liquid away from the walls.

Determination of the buoyance forces resulting from the formation
and gubasguent detachment of vapor bubbles is complicated by the
difficulty in predicting the point at which the wvapor detaches, and the
fraction of that wvapor which subsequently condenses. The problem was
gimplified by making use of an analysis perfermed by Levy [31] to
determine the pesitiom at which the wvapor detaches from the wall,
agssuming that at that point all of the wvaper detaches and, finally, that
there is ne recombimation of the vapor with subcooled fluid.

According to Levy the position at which the wvapor leaves the
gurface is obtained from considering the balance of forces exerted on
the vapor bubble vhile it is in contact with the wall, and the
temperature distribution in the single phase liquid away from the wall.

The forces acting on the hubkle in the vertical direction consisr
of a bueyant force, Fg: a frictional force, Fp, exerted by the liquid
ont the bubble; aund a surface tension force, Fg, wertical component.

The buoyant force, Fp, 1s glven by

Cp r33 (pL - BvlE
Fp - , (32)

Be

where rp is the bubble radius, Cp is a proportiecnallty censtant, g1 and
gy atre the liquid and wvapor density, g Is the acceleration due to
gravity and go. is a conversion ratie from 1b-force to 1b-mass. The
frictional force, Fp, i1s related to the liquid frictiomal preszsure drop
per unit length, (-dp/dz)g. The pressure differential across the bubble
is proportional to the pressure differential times the bubble radius and
it acts across an area propertlonal te the square of the bubble radius.
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Relating the pressure differential to the wall shear stress ry by

-(dp/dz}p = 4 Tu/Dy (33}

there rasults for Fg:

Fp = Gp ¢ 74 / Dy ) 30 (34)

vhere Cp Is a constant of preportiomality and Dy iIs the hydraulie
diameter {four times the cross-sectlonal area divided by the wetted
perimeter}. The surface tension force, Fg, Is given by

Fg = Cgxpa {35}

vhere Gg 12 a proportionality censtant and ¢ 1z the surface tensicomn.
Assuming upward flow the balance of these forces results in the
following selutliona for the bubble radius:

g &
g =

1/2
g ( B/8c } (L - Ay) + ch-rwxDHJ] '

Agsuming that the distance from the wall to the tip of the bubkle is
proportional to the bubble radiua, a non-dimensional distance
corresponding to this resl distance can be glven by

(36)

(@ gc Dy - e} /2 g (rn - o’ Dp 1 M7
ig = 1+¢" = —4m0 ——— (373
EL Bc Tw
where C and C' are approprlate constants, For those cases where the

fluid forces are considerably greater than the bucyant forces this
expression reducss to

Yg = C (¢ g Dy - s} %% 1w . (38)

For the bubble to detach, the fluld temperature at the tip of the
bubble must excesd the szaturation temperature by an amount such that the
pressure diffetrential acting across the interface at the tip of rthe
bukble balances the surface tension farces at the same position. By
uging the Clausius-Glapeyron selution of this prassure differential omne
finds that the fluld temperature-saturation temperature difference can
be assumed to be zero.

The temperaturs at the tip of the bubble can also be specified
from existing solutiens Ffor the Fluid temperature distribution. Thus,
if the flow is assumed fo ba turbulent, and using the sslution proposed
by Martinelli, we have

Ty - Tp = 6 Py Yg | 0 <Yy <5 (39)

= 58 {Pr + 1In [L + Pr {¥g/5 - 131} S £ Yp £ 30

= 58 {Pr + In [L + 5 Pr] + 0.5 1n [Yg/30])
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The parameter # it a non-dimensional term defined through the heat flux
and ligquid speeific heat, that I1s,

q /A
g = . {40

AL CpL (rugc/pL) Y

Levy obtained values for the constants ¢ and €' by correlation
with available exzperimental data. Using the accepted heat-transfer
relation from Dittus-Boelter, one obtalns

hDy/ky, = 0.023 (Wy/pp)O ® ()@ % . (41}

Caleulating the frictiom factor from

£ - 0.0055(1 + [20,000(e/Dy} + 108/ udp/up)1 %), (42)
we are able to find the wall shear stress froem

e = (£/8) (W /o B (43)
The correlation with experiment yielded walues for the comstants of

¢ =0.015 (44

G =0

Finally, from the definitiom of the heat transfer coefficient, omne
obtains

Ty - T=g"vh (&3]
and setting the bubble tip temperaturs, Tp, equal to the saturation
temperature, Tgzy, we can express the relationship between the

saturation temperature, the wall temperature, and the fluld tenperature
at which the bubble would detach from the wall by

(Ty-Teat)/(Ty-T) = 0.023 (Why/p) 02 (er)~0-8¢£/8)°0-3 g, (46)
where i = Pr g ; 0¥ &5

=5 [(Pr+ 1n [l + Pr (0.2 ¥g ~ 13]}Y ; 5 £¥p = 30

=5 {Pr + 1ln {1 + 5Fx) + 0.5 1In {Yp/30)} ; ¥Yp = 30.

The solution of the foree balance equation with wvoid detachment
was accomplished by fterating on the veld detachment poinc to find where
the right and left sides of Equation 46 were equal. The point at which

the void was assumed to separate from the surface was taken as the point
at which equalicty obtained.
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The peak heat flux, that Is, the heat flux at which thete is a
departure frem mnucleate bolling and the transition te £ilm beiling
begins, was determined by twe correlations. The first, given by MchAdams
[32], indicates that the peak heat flux Is a function of the £luid
velocity and the fluid enly. ‘The second correlation Ls dus to Bernath
[33]. It encompasses a wider range of wariablez owver which the
correlation was made and It takes into account the affect of different
flow pgeometries. It penerally gives a lower wvalue for the peak heat
flux and 1= the wvalue used here for determining the minimum DNB ratio,
that is, the minimum ratio of rthe local sllowable heat flux to the
actual hear flux, 1In general, the MeAdams correlation gives a DNB ratio
50% to BOX higher than the Bernath correlation,

Filgure &4-22 shows the results of this analysis. Here we have
pletted the maximum charmel heat flux for which the DNB ratio is 1, with
bulk pool water temperature af a parameter, It {= assumed that all the
vapor above the detachment point separates from the heated gurface.
From the figure It can be seen that with the deslgn cooling water
temperaturﬁ at the core inlet {(120°F) the paximum heat flux 1Is 225
kBIU he-£1°, For a 85 element core with an overall peak-to-average
power density tatie of 2.0, this heat flux correspends to a maximum
reactor power of 1900 kW.
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4.1.3,9, Nomepnelature

cross-sectional area, ft2

channel free flow area, £r2

coolant specific heat, Btu/lb-*F

diameter, in.

chanmel equivalent diameter, ft

hydraulic diameter, It

friction factor with subcooled bolling, dimenaionless
fricrvien factor without bolling, dimensionless

forces acring on vapor hubble

constant, 4.1% x 103 ft,.fhr2

heat trangfer coefficient with subcooled boiling,
Eoufhr-££° -°F

distance from midplane of heated chammel to frae
surface of pool, ft

pressure loss factor ac chammel inlet or exit,
dimenzionless

nunber of equal axial increments Inte which heated
length eof core iz subdivided

Humber of channels which recelve their flow from a
single opening In the lower grid plate

abzolute pressurs, lb,f’ft2

heated perimeter of channel, fr

Prandtl number

pressure loss, lbfftz

heat load, Btu/hr

total heat load te channel, Btu/hr
heat flux, Btufhr-ft2

peak or "butnout" heat Flux, Btu;’hr-ft2
bubble radius

Reynoelds number, dimensionless
channel surface to wvolume ratio, in, 1
coolant temperature, °F

coolant saturation temperature, *F
specific volume, ft3f1b

flow velocity, ft/hr

mass flow rate, 1b/hx
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Zg
&z

1
v
A
£/Dg

non-dimenslional radius

axfial coordinate in chamnel, ft

total length of channel, ft

length of a caleulation inerement in the chammel, ft
dynamlc viscosity, ft-1b/hr

vold fraction or fraction of a chanmel cross section
which is eccupied by wvapor, dimensionless

surface tension, lh/fr

vaper volume, or volume of vapor preoduced per unit
arez of heated zurface, cubic In./aquare in.

kinematlc wiscosity, ftthr
shear stress, 1hfft2
density, lb/fc-

relative roughness

Subscripts

=]

i

=

0 £ R b

conditions at charmel exit
conditions at channel snttance ot inlet

conditions in portlon of channel adjacent to lowexr
reflector

conditions averaged ower the liguid and vaper phases
bulk pool conditions

conditions in portions of channel adjacent to upper
refiector

axlal Increment index

axial starion index

conditions ar cladding outer surface
vapor

Lliguid
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4.2. HNUCLEAR DESIGH AND EVALUATION

The characteristics and ocperating parameterxs of this reactor have
beent caleulated and extrapolated using experience and data obtained from
existing TRIGA reactors as bench marks in evaluating the calculated
data. There are several TRIGA systems with essentially the same core
and reflector relationship aa this TRIGA so the wvaluss presented here
are felt to be accurate to within 5% but, of course, are influenced by
gpecific core configurarion details as well as operational details.

An operational core of 86 fuel elements, 3 fuel followed control
rods, and one alr followed control rod is to be arranged In 5 rings with
a central, water filled heole. Dimenslion of the zctiwe fucled core, a
eylinder, is 15 inches in height with an average radius of 8.6 inches.
The cylinder radius is calculated as the average radius of a hexagonal
fusel arrey with 91 unit cells (6 filled rings including the center hola)
and 2 unit cell area of 2.55 square inches,

Table 4-3 swwmmarizes the typical Mark Il TRIGA reactor parameters
for a core containing high-hydride, stainless steel clad fuel elements.

Table 4-3%

IYPICAL TRIGA CORE NUCLEAR PARAMETERS

Fuel elements 88-clad U-ZrH) ¢
Gold clean critical loading ~G64 elements
~2.5 kg U-235.
Operational loading -30 elements'
~3.4 kg B-235
4, Prompt neutron lifetime 41 peec
B, Effective delayed neutron fraction Q.0070

@, Prompt negative temperarturs coefficisnt
-1,0 x 10™% sksxeC

T¢ Average fuel temperature (1.1 D 265°C
T,, Average water temperature (1.1 MW) B57C
Water coolant velume to cell volume ratio ~1/3
4.2.1. Reactivity Effects

The reactivity associated with the control red is of interest both
in the shutdown margin and in calculations of possible abnormal
conditions related to reactivity aceidents. Table 4-4 pgives approximate
reactivity values assoclated with a total control red travel of 15 in.
{38.1 cm}, the full rravel in the core.
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Table 4-4

ESTIMATED COMTROL ROD KET WORTH

Gontrol Red diameter flk
in. (em) 4

G ring - transient 1.25 (3.18) 2.1

€ ring - regulating 1.35 (3.43) 2.6

D ring - ghim 1 1.35 ({3.43%) 2.0

I ring - shim 2 1,35 (3.4%) 2.0

The maximum reactivity insertion rate Is that associated with the
transient reod which can be fully removed from the core in 0.1 zec
producing an average reactivity insertion rate of 21% Sk/k-sec.

The total resectivity worth of the contrel system is about 8.7%.
With a core excess reactivity of 4.9%, the shutdown margin with all rods
down 1s about 3.8% and with the most reactive rod stuck out is about 1%.

The reactivity worth of the fuel elements is dependent on thelr
position within the core, Table 4-3 indiecates the wvalues that are
expected Iin this installation.

Table 4-5

ESTIMATED FUEL ELEMENT REACTIVITY WORTH GOMPARED WITH
WATEE, AS A FUNCTION OF POSITION IN CORE

Worth (% dk/k) Number of
Core Position 53 €lad U-ZrHy g Fuel Positions
B ring 1.07 a
C ring .85 12
D ring 0.54 18
E ring 0.36 24
F ring 0,25 30
€ ring 0.19 36

Because of the promptc negative temperature coefficient a
significant amount of reactivity is needed to overcome temperature and
allow the reactor to operate at the higher power levels in steady-state
operation, Figure 4-23 shows the relationship of reactor power leval
and associated reactivity less to achieve a given power level. Figure
4-24 relates fuel temperatura to a given steady-state reacter power
lavel.
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The reactivity effscts assaciated with the insertion and removal
of experiments in or around the core are difficult to predict; however,
Table 4-6 is supplied to provide a guide to the magnitude of the
reactivity effects associated with the introduction of experiments in
the Teactor core,

Table 4-5B

EXPECTED REACTIVITY EFFECTS ASSOQCIATED WITH EXPERIMENTAL

FACILITIES
Vorth (X &k

Gentral thimble, fuel vs Hs0 +0.90
Central thimble, void va HpO -3.15
Prneumatic transfer tube,

(G ring} veild s Ha0 -0.10
Rotary specimen rack, void ve Hp0 -0.20

4,2.2. Evaluation of Nuclsar Design

The TRIGA reactor system 4s well-known for its congervative
design, The stability of this reactor type has been preven both through
caleulations as well as through tests performed with the many TRICA
Yeactars in operation throughout the world., The stabilicy of the TRIGA
type reacter stems from the promptr negative temperature ceefficient
associated with the U-ZrH, fuel in conjunction with a suitable neutron
thermalizing material. This TRIGA will have the stability that has been
demonstrated on other TRIGA systems over the Years.

A review of the reactivity worths associated with the reactor cora
indicates that ne single item listed can produce a step reactivity
insertion preater than that offered by routine pulse operation. In the
pulsed mode of operation the results of a Etep Ingertion of 53.00 are
far belew rhose attributed to test pulses on the advanced TRIGA
Prototype reactor in which 3,3% dk/k was imserted in a gtep ag 1s shown
in Table 4-7.

& total reactivity limit for experiments is set at $3.00. This
limit conatrains the worst case tranesient accident te less than the
desipn pulse insettioen.

The possibility of a reactivity aceident which esuld produce
reactor powers amd fuel temperatures attributed ro a 54,00 step
Insertion has been comsidered and evaluzated in the accident analysis
section of this report., 1t is concluded from this analysis that the
peak and average fuel temperatures resulting from this accident are well
below the temperatures indicated as safety 1limite described in the
Teactor design bases of this document. It i{s further concluded that the
integrity of the fuel containment will net he jeopardized and no adverse
effects to the reactor system or personnel will arise from the advent of
such an accident,
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Table &4-7

COMPARISON OF REACTIVITY INSERTION EFFECTS

Pulse Resulting from Max Pulse Tested
Insertion of Maximum on 55-Clad, High
Excess HReactivity in Hydride Fusled

This TRIGA TRIGA types

Reactivity lusertion,

g 3.00 5.00
Steady-5tate power

before pulse, kW <1 <1
Peak power, MW 1400 ~B400
Total energy releasze,

MW-sec -18 —2d
Period, msec ~3.1 ~1.4

Maximum fuel temperature,
*C -540 ~1050
Pulse width, msec ~11 -5.5

4.3 THEEMAT., AND HYDRAULIC DESIGN

This TRIGA teactor will be operated with natural convective
cooling by reacter pool water., This method of heat dissipation is more
than adequate for the power level of the reactor; i.e. 1100 WW(t). The
thermal and hydrasulic design of the reactor is well within the safety
limits required to assure fuel integrity,

4.2.1. Design Bases

The thermal and hydraulic design for this TRIGA is based on
agsuring that fuel iIntegrity is maintalned during steady-state and
pulsed mode operation as well as during those abnormal conditions which
might We postulated for reactor operation. During steady-state
operation fuel integricy is maintained by limiting reactor powers to
values which assure that the fuel cladding can transfer heat from the
fuel to the reactor coolant without reaching fuel-clad temperatures that
could result In clad rupture. If thesze temperature conditions wers
exceeded, the maximum local heat flux in the core would be greater than
the heat flux at which there is a departure from the nuecleate boiling
reglme and consequently film blankecing of the fuel., Thisz hear Flux
safety limit is a funetiom of the inlet coolant temperature,
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Figure 4-22 summarizes the resulta of the thermal and hydrauiie
analysis for steady-state operation of the TRIGA. In the Ffigure
critical heat Fflux for departura from nucleate beiling is plotted as a
function of the coolant Inlet temperature. The maximum Fower density in
a TRIGA core Is found by multiplying the average power denzity hy a
radlal peak-to-average powerx generation ratio of 1.6 and an axial wvalue
of 1,25,

The correlation used to determine the heat flux at which there is
8 departure from wuucleate boiling is frem Bernath [33]. This
cetrelation encompasses a wider range of experimental data than the
usual correlatlens, e.g., the correlation due to Mcadams, and, generally
gives a lower value for the DNB ratio than the other correlations,

Table 4-8

100G kW(t) TRIGA HEAT TRANSFER AND HYDRAULIC PARAMETERS

Number of fuel elements a0
Diameter 1.475 in,
Length theated) 15.0 in.

Flow area 0.522 fr?

Wetted perimeter 34 .75 fr

Hydraulie diameter 0.060L fr

Heat transfer surface 43 .44 frl

Inlet coolant temperature 120°F ¢48.9°c)

Exlt coolant temperature {average) 174°F (78.9° &)

Coolant macs flew 63,700 1b/hr

Average flow velocity 0.55 ft/sec

average fuel temperature SO0°F (2A0°C)

Mazimu wall temperature 280°F {138°cy

Maximum fuel temperature B42°F {450°0)

Average heat flux 78,800 Btu/hr-Frl

Maximum heae flux 157,100 Btufhr-ft2

Minimuem DNB ratio 2.0
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Table 4-8 lisgts the pertinent heat transfer and hydraulic
parameters for the TRIGA operating &t & nominal power level of 1000 kW,
These data were taken from the results of calculations described in
Section 4.1,

During pulsing cperation the limiting thermal-hydraulic condition
iz the fuel temperature and the corresponding Hp excess pressure beyond
which clad rupture may osccour, Ag indicated in Section 4.1, coolant
temperature is mnot a limiting conditiom in pulsing since heating
condltlons are essentially adiabatic and zipgnificant transfer of heat
energy to the coolant does net occur until after peak fusl-clad
temperatures ocour,

The safety limit on fuel temperature occurring in the pulse wode
of operation is 1150°C. This temperature will give an internal
equilibrium hydrogen pressure (U-ZrH fuel HAZr: 1.6) lesa than that
which weuld produce a stress equivalent to the ultimave stremgth of the
clad at a temperature of &80°C. This clad temperature is higher than
would actually eoccur and therefore conservative even in the case of a
pulse producing a peak adiabatlic fuel temperatures of 1150°G.

4,3.2. Thermal and Bydraulic Design Evaluation

The walidity and safety of the TRIGA thermal-hydraulic desipn is
established In Section 4.1, In that sectlion it 1¢ shown that design-
bazis conditlions evaluated for TRIGA reactors using stainless steel clad
U-Z¢H (H/Zr; 1.6) fuel elements provide a generous safety margin for
this TRIGA, These peneral evaluatiens are supperted by extensive
experlence in operatiomn of TRIGA cores at aquivalent fuel temperatures
and reactor powetr levels. No adverse results are reported from other
similar TRIGA reactors with comparable fuel temperatures and power
levels,

4.4, MECHANICAL DESIGN AND EVALUATION

f.4.1. Gepetal Deseription

The TRIGA Mark Il reactor core assembly is located near the bottom
of an elongated cylindrical aluminum tank surrounded by a reinforced
concrate structure, A typical Installation is shown in Figure 4-25,
The standard reactor tank is 2 welded aluminum vessel with 1/4 in. thick
(0.54 cm.) walls, a diameter of approximately 6.5 Ffeet (2 meters), and a
depth of at least 25 feet (7.6 m.). The tank is all-welded for water
tightness. The integrity of the weld joints iz verified by radiecpraphic
testing, dye penetrant checking, and helium leak testing, The outside
of the tank iz ecoated for corresion pretection,

An aluminum angle used for mounting the lon chambers, fuel storage
racks, undervater lights, and other equipment, is located around the cop
of the tank, Demineralized water in the tank is provided such that at
least 2] feet (6.4 m.) of shielding water iz above the core. The core
is shielded radially by a oinimum of 7.97 feet (2.43 m) of concrete with
a density of 2.88 gm/eec, 1.5 feet (-45 em.) of water, and 10.2 inches
(25.9 em.) of graphite reflector {see Flgure 4-26),
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4.4,2. Reflector Assembly

The reflector is a ring-shaped block of graphite that surrounds
the c¢ore radially. The graphite is 10.2 inches (25.91 cm.) thick
yadially, with an Inside diameter of 21-5/8 inches (54.93 cm.) and =
height of 21-13/16 inches (54.40 em.} The graphite is protected from
water penetratlion by a leak-tight welded aluminum can.

A "well"” in the top of the graphite reflector is provided for the
rotary specimen rack. This well is also aluminum-lined, the lining
being an integral part of the aluminum reflector can. The xotary
specimen rack is a self-contained unit and doeg not penetrate the sealed
reflector at any peint.

The graphite, and outer surface of the aluminum can are plerced by
an aluminum tube which forms the inner section of beam ports that
penetrate the reflector. The reflector penetrating beam tubes are
connected by aluminum couplings to the corresponding beam tube section
fabricated as part of the reactor tank structure.

The reflector assembly rests on an aluminum platform at the bottom
of the tank, and provides support for the two grid plates and the safety
plate, Three lugs are provided for 1ifting the assembly.

4.4.3, Grid Plates

The top grid plate is an aluminum plate 5/8 inches (1.5% cm.)
thick (3/8 inches, 0.95 cm,, thick in the central region) that provides
accurate lateral pesitioning for the core components, The plate is
supported by & ring welded ro the top Lnside surface of the reflector
container and is anodized to resist wear and corrosion.

One hundred twenty one (121) holes, 1.505 inches (3.823 cm.)}
diameter, are drilled into the top grid plate in a modified hezagonal
pattern (the vertexes of the hex are omitted) around a central hole.
The holes are to locate the fuel-moderator and graphite dummy elements,
the control rods and guide tubes, and the pneumatic transfer tube. (See
Figuxe #4-27.) aAn equivalent diameter center hole accommodates the
central thimble. Small holes at various positions in the top grid plate
permit insertion of wires or folls inte the core to obtain flux data.

A hexagonal section can be removed from the center of the uppex
grid plate for the insertion of specimens up to 4.4 inches (11.18 cm.}
in diameter into the region of highest flux; this requires prior
relocation of the six fuel elements from the B ring to the outer pertion
of the core and removal of the central thimble. This removable section
will mot be used initially; a license apendment will be obtained prior
to its use.

Two gemerally triangular-shaped sectioms are cut out of the upper
grid plate. Each cut out encompasses two E and one D ring holes. TFuel
elements placed in these locatlons, yequire lateral support by a specisl
fixture. When the fuel elements and support are removed, there is toom
for inserting specimens up to 2.4 inches (6.1 em.) In dizmeter.
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The beottom grid plate is an aluminum plate 3/4 inch (1.91 cm.)
thick which supports the entire weight of the core and provides accurate
spacing between the fuel-moderator elements, 8izx pads around a
hexagonal ring which is welded to the reflector container support the
bottom grid plate,

Holes In the bottom grid plate are aligned with fuel element holes
in the top grid plate. They are countersunk to align the adaptor end of
the fuel-moderator elements and the adaptor end of other In cotre
experiment systems, such as the pneumatic transfer tube.

The differential area between the fitcing at the top of the fuel
elements and the round holes in the top grid plate permits passage of
coeling water through the plate,

£|‘|-£"|44 ims f_ Elﬂ.t-e

The safety plarte 1s provided to preclude the possibility of
conttol rods falling out of the core. It Is a 1/2 inch (1.27 em.) thick
plate of aluminum set on the core asupport structure below the reflector.

The plate is placed about 16 inches (40.6 cm.) below the bottem grid
plate,

A central hole of 1.505 inches (3.B23 cm.)} in diameter in the
lower grid serves as a clearance hole for the central thimble. Eight
additional 1,505-Inch (2.823 cm.) diameter holes are aligned with upper
grid plate holes to provide passage of fuel-follower control rods,
Those holes in the bottom grid plate not occupied by control rod
followers are plugged with removable fuel element adaptors that rest on
the safety plate. These fuel element adaptors are solid aluminum
cylinders 1.5 inches (3.81 cm.) in diameter by 17 inches (43.18 cm.)
long. At the lower end is a fitting that Is accommodated by a hole in
the safety plate, The upper end of the cylinder is flush with the upper
surface of the bottom grid plate when the adaptor is in place, This end
of the adaptor has a hole similar to that in the bottom grid plate for
accepting the fuel element lower end fitting. With the adaptor in
place, a position feormerly occupied by a contrel tod with a fuel
follower will now accept a starndard fuel element. The adapter can be
removed with a speclal handling tool.

b.4,5, Fuel -Modetator Elements

The active part of each fuel-moderator element, shown In Fipgure
4-28, 1s approximately 1.42 1n. (2.63 cm.) in dlameter and 15 in., long
(38.1 cm.). The fuel is a so0lid, homogeneous mixture of uranium-
zirconium hydride alloy containing about 8.5% by weight of uranium
enriched to 20% U-235. The hydropgen-to-zirconium atom tatio is about
1.6. To facilitate hydriding, a small hole iIs drilled through the
center of the active fuel section and a zirconium rod is inserted in
this hole after hydriding ls complete. Thf Eydz:dggge:gl;iizinzzrzzzzzf
rod are not shown in Figure 4-28. Several typ

therefore, those shown are typical.
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Each element is clad with a 0.020 in, thick (,508 mm.) stainless
steel can, and all clesures are made by heliarc welding. Two gections
of graphite are inserted in the can, one above and one below the fuel,
to serve as top and bottom reflectors for the core, Stainless steel end
fixtures are attached to both ends of the can, meking the overall length
of the fuel-moderator element 28.8 in. (73.2 cm.).

The lower end fixture supports the fuel-moderater element on the
bottom grid plate. The upper end fixture consists of a knob for
attachment of the fuel-handling tool and a triangular spacer, which
permits cocling water te flow through the upper grid plate. The total
weight of a fully-loaded fuel element is about 3.18 kg. (7 1b.).

4.4.5.1 Ipstrument Fuel Elenmentcs

An instrumented fuel -moderator element will have three
thermocouples embedded in the fuel. As shown In Figure 4-29, the
genging tips of the fuel element thermocouples are located gbout 0.3 in.
(0.76 cm.) from the wvertical centerline. Thermocouple specifications
are listed in Table 4-9.

The thermocouple lead wires pass through a seal in the upper end
fixture. A lead tube provides a watertipght conduit carrying the lead
wires above the water surface 1in the reactor pool. Thermocouple
specifications are listed imn Table &-9, In other respects the
instrumented fuel-moderator element 1is identical to the standard
element,

Table 4-9

THERMOCOUPLE SPECIFICATIONS

Type Chromel-alumel
Wire diameter 0.005 in.
Resistance 24.08 ohms/double foot at 6E°F
Junction Grounded
Sheath material Stainless steel
Sheath diameter 0.040 in.
Insuliation g0
Lead-out wire
Material Chromel-alumel
Size 20 AWG
Color code Chromel - yellow (pasitive)
Alumel - red (megative)
Resistance 0,59 ohms/double foeot at 75°F
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4.4.,5.2. Evaluation of Fuel Element Design.

General Atomic has acquired extensive experience in the
fabricatlon and cperation of high hydride, stainless sateel clad fuel
elements. As shown in other sectlomns of this report, the stresses
associated with the fuel and cladding temperatures in all wmedes of

opetation, normal and abnormal, are within the safety limits described
in the Reactor Design Bases,

Dimensioual stability of the overall fuel element has been
excellent in the TRIGA reactors in operation. Analysis of the heat
removal from elements that touch owing to transverse bending shows that
the contact will not result In hot spots that damage the fuel.

Tests have been conducted on TRIGA fuel elements to determine the
strength of the fuel element c¢lad when subjected to internal pressute,
At room temperature the clads ruptured at about 2050 psig. This
corresponds toe a hoop stress at rupture of about 72,000 psi which
compares favorably with the minimum expected wvalue for 304 s=stainless
steel.

It 1s concluded that the chemical stability of U-ZrHy g fuel-
mederator material does neot impose a safety limit on reactor operation

{see Section 4.1.1). Table 4-10 gives a suwmmary of the fuel element
specifications,

Table 4-10

SUMMARY OF FUEL ELEMENT SPECIFICATIONS

Bominal Value
Fuel-Moderator Material
H/Zr ratioc 1.6
Uranium ceontent 8.5 wt %
Enrichment (U-235) 19.7 #0.2
Diametex 1.43 in,
Length 15 in.
Graphite End Reflectors Upper W
Porosity 20% 20%
Diameter . 1.43 in, 1.43 in.
Length 3.44 In. 2.47 im.
Cladding :
Material Type 304 S8
Wall thickness 0.020 in,
Length 22.10 in.
End Fixtures and Spacer Type 304 S8
Overall Element
Cutzide diameter 1,47 in, (3,73 en)
Length 28.37 in. (72.06 cm)
Weight 7 1b, (3.18 kg)
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Most of the fuel for the initial core loading will consist of
elements with burnups of a fraction of a MW-day to several MW-days. It
ig anticipated that an initial core loading of about %4 fuel elements,
including instrumented elements, and fuel follewed control rods, will
produce a cold, clean excess reactivity of ~4,9% 6k/k., The operational
core configuration will contain two instrumented fuel elements with at
least one located in the inner most reactor ring.

4.4 .6, Neutron Source gnd Holdex

A 2 or 3 curie americium beryllium neutron source will be used for
startup. The neutyon source holder Is made of aluminum, is cylindrical
in shape, and has a cavity to hold the source. The source holder can be
installed in a vacant fuel or graphite element location. A sheulder at
the upper end of the holder supports the assembly on the upper prid
plate, the rod itself, which contaluns the source, extending down into
the core region. The neutron source is contained in & cavity in the
lower portion of the rod assembly at the horizental centerline of the
core. This cylindrical cavity Is 0.981 im. (2.492 em.) in diameter and
approximately 3 in, (7.62 c¢m.) deep. The upper and lower portions are
screved together. A soft aluminum ring provides sealing against water

leakage into the cavlity,. Since the upper end fixture of the source
holder is similar to that of the fuel element, the souxce holdex can be
tnscalled or removed with the fuel handling teol. In addition, the

upper end fixture has a small hole through which one end of a stainless
steel wire may be inserted to facilitate handling operation from the top
of the tank.

4.4.7. Graphite Dummy Flementsg

Graphite dummy elements may be used to £i11 prid positions not
filled by the fuel-moderator elements or othet core compounds. They are
of the same general dimensions and comstruction as the fuel-moderator
elementa, but are fillled entirely with graphite and are clad with
aluminum.

4.4 .8, Coptrel System Design

The reactetr uses four control reds:

a. Shim red 1

b. Shim reod 2

¢. A translent rod
d. A regulatory rod

The regulating and shim rods are sealed 304 stainless steel tubes
approximately 43 in. (109 cm) long by 1.35 in. (3.43 em) in diameter in
which the uppermost 6.5 in. (16.5 cm) section is an air void and the
next 15 in. (38.1 ¢m) is the neutron absorber (boron carblde in seolld
form) . Immediately below the neutron absorber is a fuel follower
section consisting of 15 im. (38.1 em) of U-ZrH) ¢ fuel. The hottom
section of the rod is 6.5 in. (16.5 cm) alr woid.
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The regulating and shim rods pass through and are guided by 1.5
in, (3.81 cm) diameter holes in the top and bottom grid plates. A
typical control rod with fuel follower 1Is shown iIn the withdrasm and
insetted positions in Figure 4-30.

The safety-transient rod is a sealed, 36.75 in. (23.35 cm) long by
1,25 in. (3.18 cm) diameter tube containing seclld boron carbide as a
neutron ahsorber. Below the absorber is an air filled follower sectlon.
The absorbet section is 15 in. (38.1 em) long and the follower is 20.88
in. (53.02 cm) long. The transient rod passes through the core In a
perforated aluminum gulde tube. The tube receives Its support from the
safety plate and its lateral positioning from both grid plates. It
extends approximately 10 in. (25.4 cm) above the top grid plate. Water
passage through the tube is provided by a large number of holes
distributed evenly over its lemgth. A locking device is built into the
lower end of the assembly.

The control rods are connected to their individual drive units by
screwing the upper end of the rod into a control rod drive assembly
connecting rod. Vertical travel of each rod is approximately 15 in.
{38.1 cm). Reactivity worthe and core positions for each rod are
summarized in the section on nuclear design. A summary of other control
rod design paramesters is given in Table 4-11.

Table 4-11

SUMMARY OF CONTROL ROD DESIGN PARAMETERS

Shim and

Transient Regulating
Gladding
Material Al Type 304 S§S
#]3] 1.25 in. {3.18 em) 1.35% in, (3.43 cm)
Length 36.75 in. (93.35 em) 43.13 in. (102.5 cm)
Wall thickness 0,028 in. (0.071 em) 0.020 in., (0.05L cm)
Absorber
Material Boron Carbide (solid form)
(8])] 1,19 in. (3.02 cm) 1.31 in. (2.32 cm)
Length 15 in. (38.1 cm) 14.25 in. (36.20 cm)
Follower
Material Alr U-ZxrHy ¢
oD 1.25 in. (3,18 cm) 1.31 in. (3.34 en)
Length 20.88 in. (53.02 ¢m) 15 in. (38.1 cm)
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4.4.8.1. Contreol Rod Drj 3 ies .,

The contrel rod drive assemblies for the shim rods are mounted on
a bridge assembly over the peool and consist of a motor and reduction
gear driving a rack-and-pinion as indicated in Filgure 4-31., A helipot
connected to the pinlon generates the position Indication. Each control
rod drive has a tube that extends to a dashpot below the surface of the
water. The control rod assembly is connected to the rack through an
electromagnet and atrmature, In the event of a power fallure or scram
signals, the control rod magnets are de-energlzed and the rods fall into
the core. The time required for a rod to drop into the core from the
full-out positiecn is about 1 second.

The rod drive moter 1is mnon-synchromous, single-phase, and
instantly reversible, and will Insert or withdraw the control rod at a
rate of approximately 18 in,/min. (0.75 cm/sec) for the shim 1 and shim
2 rods. The regulating rod design iIs similar te¢ the shim rods except
for the type of rod drive.

A key-locked switch on the control console power supply prevents
unauthorized operation of all control rod drives, Electrical dynamic
and static braking on the motors are used for fast stops.

Limit switches mounted on the drive assembly actuate clrecuits
which indicate the following:

a. The "up" and "down" posgitions of the magnet
b. The "down" position of the rod

¢, The magnet in contact with the red

4.4 .8.2. Regulating Rod apnd Scepping Motor Drive

The rod drive mechanism for the regulating rod will be an electric
stepping-motot-actuated linear drive equipped with 2 magnetic couplet
and a positive feedback potentiometer.

A stepplng motor drives a pinion gear and a 10-turn potentiometerx
via a chain and pulley gear mechanlsm, The potentiometer 1s used to
provide ted pesition information. The pinion gear engages a rack
attached to the magnet draw tube. An electromagnet, attached to the
lowexr end of the draw tube, engages an 1ron armature. The armature is
screwed and plnned inte the upper end of a connecting rod chat
terminates at its lower end in the control rod. VWhen the stepping motor
is energized {(via the rod contreol UP/DOWN switch on the operator's
consele), the pinion gear shaft rotates, thus ralsing the magnet draw
tube, the armature and the comnecting rod will raise with the draw tube
so that the c¢ontrol rod is withdrawn from the reactor core. In the
event of a reactor scram, the magnet is de-energized and the armature
will be released. The connecting rod, the piston, and the control rod
will then drop, thus reinserting the control reod.
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Stepping motors operate on phase-switched direct current power,
The motor shaft advances 200 ateps per revolution (1.8 degrezs per
step), Since current isg maintained on the motor windings when the wotor
is not being stepped, a high holding torque Is maintained.

The torque vs speed characteristic of a stepping metav is greatly
dependent on the drive circult used to step the motor. To optimize the
torque characteristic vs motor frame size, a Translator Module was
gselected to drive the stepping motor. This combiration of stepplng
motor and translator module preduces the optimum tarque at the operating
speeds of the control rod drives. Characteriscic daca for the drive
indicate a posgible travel rate of 33 ipm (1.40 cm/s). Measurements of
the actual rate provide a speed of 27 ipwm (1.14 cm/s}.

4. 4.8.3. Tragsient Rod Drive Assembly.

The safety transient control rod on pulsing TRICA Mavk IT reactors
is operated with a pneuwmatic rod drive (see Figures 4-32 and 4-33).
Operation of the tramnsient rod drive 1is controlled £from the reactor
console.

The transient rod i3 a scrammable rod operated Iin both pulse and
stead-state modes of reactor eperation. During non pulse operation, che
transient rod will function as an alternate safety rod with air
continuously supplied to the rod. Rod position is thus controlled by
operation of an electric motor that positioms the air drive cylinder.
The position of the transient control rod and its associated reactivity
worth will generally Qictate removal of the rod as the first step of a
startup for steady-state operation, Rod withdrawal speed is about 28ipm
(1.19¢m/s),

The transzient rod drive Is mounted on a stecl frame that bolts to
the bridge. Any value from zero to a maximum of 15 in. (38.) ew.} of
rod may be withdrawn from the core; administrative control is exercised
to restriet its trxavel so as not to exceed the maximum licensed step
insertion of reactivity (§$3.14 or 2.2% 8k/k).

The transient rod drive is a single-acting pneumatic cylindey with
its piston attached to the transient red through a connecting vod
assembly. The piston rod passes through an air scal at the lowey end of
the cylinder. Compressed air is supplied to the lower end of the
cylinder from an accumulator tank when & three-way soleaoid valve
located in the piping between the accumulator and cylinder {s enargized.
The compressed air drives the piston upward in the cylinder and causes
the rapid withdrawal of the transient rod from the core. As the piston
rises, the air trapped above it is pushed out through vents at the tipper
end of the eylinder, At the end of its travel, the piston strikes the
anvil of an oll-filled hyvdraulic shock absorber, which has a spring
return, and which decelerates the piston at a controlled rate over its
last 2 in. (5 om.) of travel. When the solenoid is de-energized, the
valve cuts off the compressed air supply and exhausts the pressure i
the cylinder, thus allowing the piston to drop by gravity to its
original position and restore the transient rod to ies fully inserted
pesition in the reactor core.
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The extent of transient rod withdrawal from the core during a
pulse is determined by raising or lowering the cylinder, thereby
controlling the distance the piston travels,

The cylinder has external threads running most of 1its length,
which engage a series of ball bearings contained in & ball-nut mounted
in the drive housing. As the ball-nut is rotated by a worm gear, the
eylinder moves up or down depending on the direction of worm gear
rotation.

A ten-turn potentiometer driven by the worm shaft provides a
¢ignal indicating the position of the cylinder and the distance the
transient rod will be ejected from the core. Motor operation for
pneunmatic cylinder positioning is controlled by a switch on the reactor
control console, The magnet power key switch on the control console
power supply prevents unauthorized firing of the transiemt rod drive.

Attached to and extending downward from the transient rod drive
housing is the rod guide support, which serves several putrposes. The
air inlet connection near the bottem of the cylinder projects through a
slot in the rod gulide and prevemts the cylinder from rotating. Attached
to the lower end of the piston rod 1s a flanged conmnector that is
attached to the cormecting rod assembly that moves the transient rod,
The flanged connector stops the downward movement of the transient rod
when the connector strikes the damp pad at the bottom of the red gulde
support. A microswitch is mounted on the outside of the guide tube with
its actuating lever extending inward through & slot. When the translent
rod is fully inserted in the reactor core, the flange commector engages
the actuating lever of the microswitch and indicates on the imnstrument
console that the rod is in the core.

In the case of the transient rod a scram signal de-energizes the
solenoid valve which supplies the air required te hold the rod in a
withdrawn position and the red drops into the core from the full out
position in about 1 secend.

4.4.8.4, Evaluation of Control Rod System.

The reactivity worth and speed of travel for the control rods are
adequate to allow complete control of the reactor system during
opetation from a shutdown condition to full power. The scram times for
the rods are quite adequate since the TRIGA system does not rely on
speed of control as being paramount to the safety of the reactor. The
inherent shutdowm mechaniam of the TRIGA prevents unsafe excursions and
the control system is used only for the planned shutdown of the teactor
and to control the pewer level in steady-state operation.
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4.5  SAFETY SETTINGS IN RELATION TQ SAFETY LIMITS

As has been indlicated, fuel tenmperatures are the main safety
considerations in the operation ¢f the TRIGA system. The temperatutre of
the fuel may be contrelled by setting limits on other operating
parameters. The operating parameters of interest for TRIGA are:

a. Maximum licensed steady-state power level
b. Fuel temperature measured by thermocouple
e, Maximum reactivity worth of transient rod
d, Core inlet coolant water temparatute

The safety settings as 1isted in Table 4-12 are such that in all
operation, mnormal and abnermal, the safety limits Indicated in the
reactor desipgn bases will not be exceeded.

Table 4-12

TRIGA SAFETY SETTIRGS

Parameter Limlted Safety Setting Function

Maximum steady-state 1100 kw (t) Reactor scram
power level

Maximum measuremant s00°C Beactor scram
of fuel temperature

Administrative limitations are imposed for the excess reactivicy,
transient conditions and coolant water temperaturs as follows:

a, Maximun core excess reactivity of 4.9% dk/k with a shutdown
margin of at least 0.2% dk/k, assuming one rod withdrawn.

b. Maximum transient contrel rod werth of 2.8% d6k/k with a
limit of 2.2% ék/k, for any transient insertionm,

c. Core inlet water temperature of 48.9°C.

These safety settings ave conservative in the sense that if they
are adhered to, the consequence of mormal or abnorwal operation would be
fuel and clad temperatures well below the safety limits Indicated in the
reactor design bases. Because of the conservatiam in these safety
settings, it Is veasonable that at scme later date less restrictive
safety system settings could be assipgned in conjunction with upgrading
of the reactor to operate at higher steady-state power levels or in the
pulsing mode, while still using the same fuel and core configuraction.
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