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IXCEZIM REPORT ON LABORATORY EXPERIMENTS 
32WESTIGATING CONSEQUENCES OF FAILURE OF 

FRomT HYDRAULIC FI'ITINGS IN "C" OCD CZONE?J!RY 

PURPOSE 

The purpose of this report is to present the results of the most recent transient 
heat transfer experiments concerning the possibility of damage to a reactor as a 
result of high slug temperatures should a front hydraulic connector f a i l  to a tube 
of "C" operational charge-ascharge geometry. 

.O 

INTRODUCTION 0 

The failure of a front face hydraulic connector could have serious consequences t o  
a reactor. While such an incident would h e d i a t e l y  ini t ia te  a scram, the parer 
reduction is dictated by the time required for the insertion of the WR's and by 
post-scram delayed fission and fission product decay. Although the post-scram 
heating is emall, the only coolant available is that of hot water forced back through 
the tube by the low pressure8 of the rear header. This may provide insufficient 
cooUng, particularly a t  low rear header pressures. * 1 1 

Reports of two ear l ier  series of e 
hydraulic fitting have been issued YfJR The first of these presented the results 
of traneient tests designed to  determine the minimum rear header pressure necessary 
t o  provide an adequate coolant flow. 
are believed to be highly conservative. The second report presented the results of 
steady s t a t e  tests i n  which reverse direction coolant flow WELEI used under typical 
reactor rear header pressukes a*nd post-scram conditions. While such steady state 
tests cannot define the consequences of the failure of a front f i t t ing,  infomation 
from them is of value in explaining the phenomenon of transient tests and i n  pre- 
dicting in what areas future transient tests w o u l d  be most fruitful. 

r ental tests concerning failure of a front 

The results were sb-t inconclusive and 

This report presents resu l t s  of transient tests in which the experimental equipment 
and procedures'incorporated ideas gleaned fran the two earlier series. !be results 
ehould, therefore, be more realist ic than t h O 6 e  reported previously. The planned 
program was interrupted before completion by an equipment failure. The infomation 
obtained from the completed tes ts  A 6  significant, however, and warranta reporting at 
this time. 

SUMMARY 

Nuclear heating of a t ra in  of 32 C & E slugs was simuhted by eleatrically hea*ing 
a rod in a C goomatry process tube. Failure of a front f i t t ing t o  euch a tube- was 
aimula%ed by simultaneously and rapidly closing a valve the k b r  supply t o  the 
tube and agening a valve in a line which pennittsd dlscha~ge frcrm the inlet of a tube 
through a front nozzle t o  ahosphere . Three t o  four seconds af ter  the valve opera- *:>I 

:.g t i on ,  a parer reduction in accord with a 1500 inhour s c m  was initiated. The-reverse . .$ flow, rear header pressure and eight rod surface temperature8 88 well as other lese s"' 
Important variables were monitored. A t e s t  was continued until  coai t ions of adeqwate .~ :$ 
coollng became established. Successive testa were made at successively larered. rear .w 
header proasme. AU ru~a reported herein were a t  1000 KW initialb, aM nane resuld~ed !q 
in mccesaive rod aurfaca temperatures. The experbenbl; program was- termixqted by 

-@ $aihuu of the e(lsatrica1 inaulat;lng varnish OB the ¶aside of the process tubes. 
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e 
In answer t o  the primary purpose of these tests, the data shw that a process tube 
of "C" operational charge-discharge geometry operating a t  loo0 KW can suffer the - 
loss of coolant from a front f i t t h g  failure i f  its rear header pressure were 10 psig 
or higher. 

Secondary and supporting conclusions are presented below: 

I. 

0 

d 
The results of these tests are conservative for a variety of reasons. . 

2. The highest rod surface temperatures occurred near the outlet of the tube, i.e., 
near the inlet of the reverse flow, and persisted for several minutes af ter  an 
adequate coolant flow was established. This is ascribed t o  a stratif ied flow 
regime in  this region. 

3.  Apart frga %he high temperatures due t o  stratification, establishent of 
adequate cooling conditions were as estimated frun steady s t a t e  data i n  ~ ~ 4 1 6 4 .  
On this basis a tube operating in i t ia l ly  a t  1250 KW could suffer loss of 'coolant 
from a front f i t t i ng  failure if its rear header pressure were a t  least  12 t o  
14 paig. 

4. These data and conclusions are for I t "  reactor operational charge-discharge 
geometry only. Application to other reactor geometries is .not  valid and is 
probably non-conservative . 

0 

EXPERIMEmTAL APPARATUS AND PROCEDURES 

A diagram of the experimental apparatus is presented in Figure 2. 
consists of the test section, the water recirculation system and the electrical 
generating equipment. The test section is a reasonably accurate prototype of a 
C reactor process tube fran the beginning of the active section t o  the rear header 
with the exception that the active section i s  offset from the dulmay section to permit 
the electrical  connections to  the heater rod. The test section was lagged t o  minimize 
heat losses. A t  the upstream end the hole and annulus connect t o  1" pipes which i n  
turn connect into a 2" pipe. The 2" pipe connects t o  a T, and then through either 
of two air-operated valves for operation either nonnally or with a simulated front 
f i t t ing loss. The a i r  valves operated in conjunction and i n  opposite directions,' 
i.e., when one opens the otber closes. For normal operation, the t e s t  s ~ c t i o n  I s  
connected t o  the pump discharge and water circulates through the t e a t  section and 
the water recircuhtion system. O 

eection is connected t o  a C front nozzle, whose inlet  part is connected directly t o  

the case where the front pigtail  has stripped loose frcan the front nozzle. 

The apparatus 

For front fitting failure simuhtion, the test 

a 3" pip8 Which h discharge8 a t  ahnospheric press- t 0  drab. This s h u l a t @ s  

The heater rod 18 heated electrically by t h ree  DC generators with a naninal Output 
of 1175 XW. For these rum the p w e r  was controlled With a Moseley Model 25 Autograf 
equlpped with CUFVC following accessories. With the curve following accessories the 
unit operates as a f'unction generator and was ueed t o  control the power i n  accord 
with the first 150 seconds of a 1500 inhour scram. For periods of time greater tban 
150 seconds power decrease of a scram is very slow and was simulated manually. 

. ., 
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The heater rod was of C I & E design, 1.464" OD by 3/8" ID. The outside diameter 
wae reduced 0.010'' to correct for the O.OO5" thick insulating varnish on the inside 
of ths procese tube. The rod was made of sections of braae and copper-nickel alloys 
welded together. The dlfrerent electrical resistirLties of the brass and the vazlous 
capper-nicks1 alloys gam a stepwise fonn of heat generation whfch appro-wd a 
cosine heat generation. Ten thermocouples were imbedded a t  the top surfece of the 
rob. !Chess gave temperature readings samarbat higher than, but related to the top 
of rod surface femperaturee. S i x  hold-dam pins were inserted through the top of 
the process tube a t  approximately equally spaced intervals along the tube. These 
were htended t o  reduce the upward bowing the rod undergoes due t o  vertical tempera- 
ture gradients during the seVere conditions imposed. Figure 3 s h m  the heater rod 
construction, the form of i ts  heat generation and the thennocouple location. 

LOBE of a front ~ U U C  connector was simuleted in the following manner: ~ o m l  
flow was eatablished and the tube operated a t  lo00 KW and l25"C outlet water tempera- 
ture until  steady state  conditions were reached. Water was by-passed into the mar 
header t o  rdaiPtain its temperature a t  100 t o  l0g"C. The air-operated valvee in the 
hlet piping were then actuated. ! h i e  shut of'f the water supply t o  the tube and 
opened ths inlet port  of the front nozzle to atznosphere. Approximatrely t'hree seconds 
a f t e r  the valve actuation a parer reduction WRS started in  simuhtion of a reactor 
scram. 
well as other pressures and water temperatures were monitored on high speed recording 
inatnrmtnts. Successive runs were a t  successively lower rear header gress-8. A l l  
~UILB were continued unt i l  attainment of adequate cooling conditions were established 
by back flow f ran  the rear header. 

i 
*: 

The rear header pressure, reverse flow, several rod surface temperatures as 

TBEORY 

The familiar concepts of a boiling or  demand curve and a tW supply CUNB can be 
used t o  describe qualitatively the course of events following the failure of a front 
hydraulic .fitting. In this case the supply curvb is a f la t  horizontal Line a t  the 
EIpprOpriate rear header pressure. The boiling or demand curve, whose intersection 
xLth the supply curve deternine the uperating point, is actually a comtantly: m o v i n g  
me during the course oi the t r~ns ien t .  Figure 1 graphically explahs this: 

0 

F L O W  

0 
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The horizontal l ine is the supply curve fo r  a given rear header pressure. The lines - 1 
labeled %, %, 93 and 84 are the boiling o r  demand curves for successively later 
times af ter  the occurrence of the f i t t ing failure. A t  time 81, the operating point 
is PI* A t  later times, % and-0 the operating points are P2 and P3. A t  time 8 

the boiling curve lies below the supply cume and a condition of excess header press& 
exists. men excess header pressure conditions are obtained, the operating point is - 
P4, the intersection of the supply curve and the non-boiling isothexm. 

c. 

:G 
5 

the supply curve is tangent to t 2' e peak of the boiling curve. A t  any time after &is, 

These boiling curves cannot be quantitatively determined. Their form is primarily 
a function of the heat input GO the! dbolant. The heat irlput .ia., i n  tm, a 
function of the nuclear heat generation a t  the time in question and the rate of 
heat transfer into the water. The rate of heat transfer to 'the water is dependent 
upon the heat transfer coefficient, and more important, the transient themhl character- - 
i s t i c s  of the slugs and -the immediate past transient heat accmuhtion history of 
the slugs. None of these factors can be determined exactly f o r  a system as complex 
as a Hanford reactor process tube. 

Boiling curves have been determined by steady s t a t e  experimentation a t  rear header 
pressures and wa temperaturs and heat generation rates typical t o  reactor post- 

be reached if the scram parer and water temperature decay could be frozen long enough 
t o  establish steady state conditions. The mwing transient boillng c-8 would lie 
below the steady state curves early i n  the transient while a large part of' the generated 
heat is used in heating the slugs and w o u l d  l i e  above the steady state curves later 
in the transient when the slugs are cooling and releasing heat t o  the water in addition -, 

t o  that  being generabd. 

Associated with each of the steady atate boiling curves are slug surface temperatures. . ;G 
A t  very early times the equilibrium temperatures are very high and slug jacket melting 
would be expected if the equilibrium conditione were reached. A t  somewhat later times 
cooling by boiling would be adequate -bo prevent slw jacket melting, even a t  equilibriww, ~ .. 
conditions. S t i l l  la ter  the condition-of excess header pressure KJth a large water 
flow is reached, and slug surface temperatures not much higher than the rear header 
water tempera.t;ures would occur. The transient slug surface temperatures would be le86 
than those indicated by the steady s t a t e  experiments early in the transient while the 
slugs are heating and would be greater than those la ter  in the transient while the 
slugs are cooling. . 
An examination of Figure 1 will show that the higher the rear header peasure, the soon& 
adequate cooling conditions w i l l  be reached. The problem then is  t o  determlne how fast  5 
header pressure is necessary to came the operating point t o  move into adequate cooling -4 
regions before slug surface temperat&s are reached which would came jacket melting. j; 

r5 
*I: x -r E-IMENTAL RESUL!CS 
2 

Five  runs were completed in this series before experimentxition was halted by an I 

electrical  short caused by degradation and failure of the electrical  insulating varnish ? 
on the inside of the proceso tube. The first three rune were a t  rear header pressures ',: 
of 15 to  25 psi& and attained adequate c90ling within 20 to 40 secorzds without 
exceptionally high rod surface temperat~r06. No f'urther results f'rcnn these runs wi l l  
be included in th i s  report.  
in Tables I an8 I1 which give the behavior of the pertinent variable6 with respect t o  
time af ter  the simulated front f i t t ing  failure. 

scram conditions n 3 . Such curves are equilibrium curves a t  the conditions which would 
. 
-: 

: 
Y 

2% 

v 

4 . .., the slug temperatures rise early in the transient, and, more important, what rear 

Thei experimental results for the last two runs is tabu&te& 



!he next to laat run, Run 53, was made a t  a rear header pressure which varied be.txeen 
~xk?mes of 6 t o  15 psig, but which held between 7 to  9 psig during most of the m. 
During this run the hottest rod surface temperatures were found to occur near the 
rear header end of the heater rod on the~OCOupleS which were not being monitored with 
recording instrunen-bs. Temperature data from these thermocouples (Ifumbers 9 and 10) 
VCFC Obtained by visual Ob8er~atbn of steady state indicating instruments, and the 

For the Qat ruu, Thennocqle 9 and 10 were connected t o  the recording instnments. 
The rear header pressure during this n m  varied largely fran 11 to  14 p i g  with 
extremes of 9 t o  15 psig. 

The electrical  shorts which halted this series occurred a t  the ribs a t  the front face 
end of the test section and near the top of the tube a t  the rear face end of the t e a t  
section. T h l ~  indicates that  in spite of the six hold-down pins med in this assembly, 
the rod tendea to bar upwards severely enough t o  touch the top of the process tube a t  
the rear face end. 

DISCUSSIOX 0 e 

. t h e e  indicated ip !Fable I are only approximate. . 

6 

Reiteratips, the purpose of these tests ms t o  determiae tbe possibility of damaged 
to a reactor due t o  high slug temperatures arising frcin the failure of a front hydraulic 
connector on a "C" OCD tube. More specifically, the tests were intended to aeflne the 
tear header pressure necessary t o  came suf'ficient reverse flow through the tube t o  
achieve adequate cooling conditions soon enough t o  prevent excessive slug temperatures. 
Tha data in !hbles I and 11 pKnride an amwer t o  this question. The data indicate that 
a I%" Om tube agerating a t  1000 KW can suffer the 108s of a front hydraUc f i t t h g  if 
the mar header pmssure is 10 psig or greater. 
would be dee'lrable became the rear header pressure varied throughout the rum. 
dwlng Run 53, the worst case, the pressure remained between 7 and 9 p i g  during most 
of the run. 

As outlined on page 5 ,  the expected bebavlor was an initial large jump i a  rod 6brface , 
temgsratures between the eim-tion of the m n t  f i t t ing failup? a d  the initiation of; 
the scram. A i t e r  the scram the rod surface temperature would be expected t o  increase 
a t  a alar and gradually @creasing rate until  adequate cooling conditions were reached, 
following which the temperatures would  decrease. Coincident with this would be a grad= 
increasing reverse flow through the tube. Reverse flow boll ing aurves constmated 
from ateady sta te .Uata  permitted an estimate of hoy long after the incident adequate 
cooling conditione would be reached. 

With one important exception, the results of these rune w8mz i n  accord with the 
expected behavlor. Tha mthl Junp in rod surface temprattire 
150'C above the in$tial temperature. In  m o s t  casesj the rod surface pachud m d m q  
tmrpamtws a t  tidwe In aesment ,  actuaLly aanewMki easller, w%th those predicted 
from tw eteady S t s t &  aata . fa the wowt WJ~, the W X ~  .tempm$m re~ched; -BY 
these cougles was lea6 than 300°C. Once adequaa qooliag w80 reached, the temge 
dropged t o  within a few aegreea of the coolant temperature. 

I n  one very significant respeut, tEie results of them tests did differ i r cmthbabm?  -7 

outllnad expeuted behavlor. The thermocouples giw the highest temperatums~were- 
two nearest the mar of the *a t  section, l .a . ,  nearest the i s l e t  of the ravemet fl 
Furthermore, thaee hi& temperatures peraisted for aeveral minutes af te r  adbqua 
condition6 were ea2;ab~eheb a8 evld8ncea by .the f'act th@t a l l  the other thermocouplk 
loca+iona had cooled and reverse flow ratas of 1 to 6 ggm had been reached. me high 

This answer is not as clear aut as 

. 

100°C to 
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temperatum points were in the region of coolest toolant and were outside the high * 

heat flux region and would,therefore, be expected t o  be the coolest points and t o  
be the first t o  recover. some evidence was found in the steady state t e s t e  that high 
temperatures m i g h t  occur near the inlet  of the reverse flow. It occurred in only a, 
few cases, too few t o  cbaract+5ze under what conditions it migat be expected. 

The reason for  this apparently anmalous high temperature location is postulated t o  
arise fran the very low liquid velocities near the coolant inlet. It i s  believed that 
a t  the low reverse flow rates associated With a front f i t t ing failure, the liquid does 
not f i l l  the tube near the inlet end. This leaves part of the rod i n  a stagnant steam 
atmosphere above the liquid and cooling is very poor. Fsrther downstream past the 
point where eteam fornation starts, the high specific volume of the steam results in 
high velocities and relatively good heat transfer. The low velocity and probable 
s t ra t i f ied f low are, therefore, deemed responsible for high temperatures up t o  the 
point of steam fonnation. 

-3 
-% The conclusions drawn fxun  these tes ts  are conservative In their-application t o  a 

reactor for  two reasons. F i r s t ,  the test section heater rod made t o  generate a11 & 
generated in the graphite. The experimental heat flux and consequently the rod t o  
coolant temperature difference was, therefore, up t o  25 per cent too high. Furthermore, 
i n  a reactor a portion o r  the heat generated i n  the graphite would  be dissipated in to  
the cooler tubes around the affected one. 

Secondly, the exgerimental heater rod bows upward in the process tube. I n  these t e s t s ,  
six pins were ipeerted through the top of the tube a t  three to four foot intervals t o  
restrain the bowing. The pins were not entirely effective. In  the region of the 
highest tkpperatum, the pim were found t o  have indented into the heater rod as much 
as 1/32". Furthermore, there i s  undoubtedly some baring between pins. Such lifting of 
the heater In  the tube would aggravate any stratification effects. 

In conclusion, it must be pointed out again that  these results are applicable to a 
tube of I & E slugs of C reactor operation charge-discbarge gemetry operating initial1 
a t  1000 Kw. 
require a rear header pressure 2 t o  4 psig  greater than for the loo0 Kw case. while 
the flow mode  for the steady state  case was different fran that of these tranalent test 
the 2 t o  4 psig extrapolation is  probably reasonable. Extension of these results t o  
other reactor geometries is notwarranted. e 

3 
.. e.'. 

the hfxtt going i n t o  the tube. In a reactor up to 20 per cent TB 3 of the beat would be ~ , . ~  4 
is!, .Yg 

,B 
@ 

;a,,. 

Steady s t a t e  data indicate that such a tube operating a t  1250 KW would .. 
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R e a r  Header Reverse Rod Surface .Tempe ra*ws, O C  

Time, Preaeure, Flow, * Thennocoup 
See . - 

6 
Peig. .L 4 ‘ 5 7 9  - 

0 16 . o  110 80 108 140 
Q 

LO 15 <0.2 220 210 250 130 

‘20 12 < 0.2 230 228 262 202 0 
Q 0 

30 . LO 1.8 250 240 278 222 

40 10 * 1.2 2?8 250 285 245 

60 9 1.2 260 252 288 248 

so” 9 1.1 250 245 280 240 

120 9 0.7 230 220 265 212 

8 

450 

e0 

820 

860 

900 

950 

@ 
@ 1.0 110 

1.3 

1.5 
0 

2 .o 

4-5 

4.5 
8 ! 

0 

@ @  

5a 

450 

0 
bb 

f l O t e 8  

(I) The rod surface thermocorg).les 9 a d .  10 nem read f z y m  steady %ate inaicatiag 
instruments -during this FUP. T’he t3mes.ax-e approximate. 
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e 
0 8 e 8 

R o d  S&aceJ!emperatures, "C 
. Tliexmocouple No. 

3 4 5 7 9  - LO 
Time, 
Sec . 
0 

- 
160 204 180 

270 350 

270 232 3 5  

280 250 460 

280 245 520 

280 240 5200 

275 2300 500 
140 l l 5  %80 

95 90 

230 230 

240 240 

250 245 

250 240 

240 2a2 

200 175 

105 1x5 

100 90 

90 

3= 0 

332 

358 

.3Tz 

388. 

395 

420 

422 

430 

432 

430 

425 

8 

410 

65 

I 

10 

20 

30 11 

40 1.7 

2 .o e 
ll 

11 

11 

l2@ 

e 50 

60 2 .o 

' 1.8 90 

1.8 e 470 

460 

450 

440 

440 

440 

425 

QO 

430 

400 

160 

p &j, 

120 1C 1 11 

d 13 150 

180 
Q 

14 

14 
e 1.5 8 

8 210 1.5 
240 13 1.5 Q 

13 * 
13 

1.5 

1.6 330 0 

11 

# .  1. , ., 

420 2 .a 
-4 8 

11 

a5 
@ 

480 

4 112 510 

550 

12 

9 
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