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.     SUMMAE

Calculations were.made .to''determine the radiation hazard. to ERT personhel
1 ,     as  a  result of leakage  to  the  atmosphere  from the'process. steam system  in

the    event    of   a hdat exchanger   tube   rupture.. These. calculations    show   that
with the present four-minute delay before dumping Bppraximately 1020 lb of
fuel solution may be transferred to the steam system.  The radiation hazard
from fission products in the atmosphere will be negligible if the steam
killer blower is operating.      If this blower   is not operating, a natutal
convection loop will b« set up in the steam killer which will have a con-
densing capadity of 4 lb/min of steam at atmospheric pressure.  In this

latter case, the inhalation hazard will be negligible when the leak,rate
through the -steam   "stop"    valves"is:ldhs   than   4    lb/mid.
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LEGAL NOlltt

This report wos propared us un account of Government sponsored work. Neither the United States,
nor the Commission, nor any person octing on behalf of the Commission:
A. Makes any warranty or representation, expressed or implied, with respect to the accuracy,

completeness, or usefulness of the information contained in this report, or that the use of
any  information, apparatus, method, or ·process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the use of
any information, apparatus, method, or process disclosed in this report.

As used in the above, -person acting on behalf of the Commission" includes any employee or
contractor of the Commission, or employee of such contractor, to the extent that such employee
or contractor of the Commission, or employee of such contractor prepares, disseminates, or
provides access to, any information pursuant to his employment or contract with the Commission,
or his employment with such contractor.
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·              Discussion of Results

'400 At the start of HRT Run Number 18; the process steam system had leakage of
D                     about 0.5 litar liquid H20/min from each of the quick closing steam "stop"

valves (No.. 537 on the core system and No. 538 on the blanket system).  In
the event of a heat  exchariger tube rupture, leakage from these valves could
flow dirdctly, to the atmosphere through the possibly .opdn stedm vents  on the
stelm" killefi    An  ostiioate  wds -rdquired  df- th ' maximum pdrinid-sible leakage
rate from the system based on maximum permissible radiation exposure of the
personnel.

Under the presdnt dump system  at - the  HRT;    approximately four minutes   are
requirld between- the  initiation - of  a  dui®  by the- steam dctivity  donitors
aiid  the  6.dtual  -oBehin   of  the  dump valves. The first two minuteh delay
16  for  idcdinbinatibil of-the  radiolytid  gRies  in the  fu61  solution. - -The
delay  waa origihally based  on- the   timd- irdquired to lower the -radioly,tic
gah   66ncentfatioh  in sol;utiozi, after opdration  at - 5 -Nli#,   to  iionexplosive
limits.   - BasEd 6n-single phade-flow'through the-ruptured heat exchanger
tube ap]>roxiinately 652 pounds of fuel solution could be transferred during
the first two minutes.

•                  Thd remiinihg two-ininutes-delay is used to bleed-off the overpressure.  -With
6,                         the  same  flow assumptions; the total :fuel transferred to the steam system at
40, th8 erid of - four-minutes is abdu€ 1020 p6unds. The a tount 6f fuel soluti6n

required to equalizd the pressure between the two systems is about 2100 pounds
when an. adiabatic transfer is.assumed.

Based  6n the above  rate  of  flow  for  the four minutes available  time  for  fuel
transfer to the steam system, the allowable leakage was determined for the
following -conditions:

1. Reactor operating-times   of. 40   and  400   days

2.  25 rem bone and external dose

3.  50 rem thyroid dose.

In addition; -there are three cases which should be considered before the
steam can escape to the atmosphere:

Case I. The- biower  to  the stdani killer continues operating
at its design flow rate.

Case II. Thd- blower -ceises to operate, but a natural convection
loop is set up.

.
Case III.  Thd"blowei-cedses to operate, and no natural'convection

'll                                                                        loop  is   set  up.

It is expe6ted- that  the-blbwer;   ill- 86ritlinue- €6  Operate-lince  it  is   lik-ely
that either a power failure or a blower failure will occur at the same time
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that the heat exchanger tube ruptures.  The third case is not expected to
occur at all, but is included simply to show the maximum accident.

'            If the conditions of Case I exist after the heat exchanger tube ruptures,
there, should be little or no escape of activity from the steam system to
the atmosphere.  The calculations show that the temperature inside thesteam killer would become nearli equal  to   that   of  the  hir   choiant.      Thus
the vapor pressure  of the :steam would  be  much  less than atmospheric pressure.

For Case II, that of the natural convection cooling, the assumption was made
that little or no activity could escape from the system as long as the tempera-tureof the steam condensate leaving the steam killer was less than the boiling
point of water.  This is equivalent to assuming that no steam could escape fromthe steam system until the vapor pressure of.steam in the steam killer equaled
the atmospheric pressure.  Under this assumption, for steam leak rates throughthe "stop" valves of less than 1.8 liters liquid H20/min (4.0 lb/min), essen-
tially no activity would escape to the atmosphere.  For leak rates greater
than this, Figures (1) and (2) show the allowable leak_rate versus the maximumallowable exposure time per Mw of total reactor power.

From the figures it can be seen that the hazard due to the bone seekers may
,«          be neglected in comparison with that from the iodine.  This occurs because

the heat exchanger was assumed to have a 90% entrainment separation efficiency;
thus, most of the entrainable fission products would be left behind in the heat

'          exchanger.  These include the bone seekers.  For the iodine it was assumed that
the iodine bed had removed 88.12% of the equilibrium iodine buildup in the fuel
solution, but that all of the iodine that was transferred to the steam system
went directly to the vapor phase.

For Case III, in which it is assumed that no natural convection cooling occurs,the. steam killer would be effective   only in serving  as. a further dilution
volume before the final release to the atmosphere.  Fitures (3) and (4) show
the allowable laak. rate versus maximum allowable escape time per Mw of total
reactor power when it is assumed that there is no further accumulation ofsteam in the steam killer and that the steam vapor pressure in the steam
killer is atmospheric.

To show that the whole body dose due to external radiation is, negligible in
comparison with the ingestion dose, three cases  were · considered. The first
case assumed that the vent behaved as a steadily increasing point source with
a man standing directly below the vent.  The second case assumed that the
man was standing in the cloud at the point of maximum ground concentration
as given by Sutton's equation.  The results of. both of these cases are shownin Figure (5), from which it can be seen that they are negligible in comparison
with the maximum ingestion dose for the same exposure time.

4·           The third case considered was the exposure due to radiation from contaminated•          steam and condensate piping.  Figure (6) shows the exposure time pdr Mw of
reactor power required to give 25 rem external dose as a function of distance
from long lengths of steam or condensate' piping.
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                  Estimate of Fuel Leakage into Steam System when a Heat Exchanger Tube *ptrires,

The HRT steam system is designed with a radiation monitot between-the heat
S

exchangers   abd the steam drums. which will -initiate   a  'du8p-when-the-steam
activity shows the presence of fission products. The ohly immediate action
toward dumping- is  the  cloiing  Of  the stea8 valves. Beford  the ' duo® valves
are actually-opdii-edi -the systeih is ]>rovided with a twominute delay for
:iii€e:hi62[- i;666mbinati6h  of  96.diBlytiE  glises  and ' a" two  minuta d.61Ky--tb relieve
the-0*erprusiure   through-thu- Pidisurizer bleed vilves.       Thus   therecarezapproxi-
mately  Niir mITiuteis available - f6r   fuel   to   flow   into the steam system before   the
dump valves are actually opened.

At'the timd of the break the fuel system will probably be at a #ressure-of  
1500.psi-a--add--tkie- steamsystem pressure  will  be 6.bout·427  psia  correspodding   -
t6-  a ' st6am- tdi 6: ture   Of. 491OF. Although the actual flow thlough the ruptured
tiibe 4111' :Diobabljt  be  twoiphast  flow,    single-phasd  flow: is   assu6ed  for   this
calculationi - The- actual flow rate will thus be lower than the rates calculated
here, but by not more than a factor of two.

Assuming that the ruptured tube looks like a flow nozzle,:the flow through
the tube is given by:

.

0                                                                                                                                                                                     /,2    g:.   A   ( -ap)
/. ,/ .:C.,

W = C 7/                                                 (1)I '2

' (4)2 - tt}

where, C  = Discharge coefficient- :8 0.82

P   =   Density of discharging   fuel,.   53·04   lb/ft3   at   270'C

aP = Pressure . difference,.lbf/ft2

gc = Constant, 32.2-lbm/lbf-ft/sec2

W = Mass flow ratp, lb<sec .. -

Al = Cross-sectional area of heat exchanger shell, ft2

2
A2 = Cross-sectional area of heat exchanger tube, = 3.272 x 10-4ft

.

where   Al   << <  A      and  can
be neglected.

8
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•           The liquid and steam volumes of the fuel ahd steam systems are as follows:

1.  The Fuel System
..'

a.  D20 liquid at  T = 270'Cz 2283 liters

b.  D 0 liquid at  T = 312'C, 33 liters
2

c.  D20 vapor at  T = 312'C, 75 liters

2.  The Core Steam System

a.  H2O liguid at  T = 491'F, 862.3  iters

b.      H 0   vapor   at      T = 491'F, 2206.9 liters

3.  The Blanket Steam System

a.  H20 liquid at  T = 491'F, 866.9 liters

b.       H20   vaMor   at      T  =   491'F, 1599.2 liters

4.     TEd liquid volume  in  the fuel system  at a lower elevation  than  the  heat
exchangers                                    ,

a.  The core vessel at  T = 270'C, 294 liters

b.     The blanket vessel  at    T = 270'C,   1562  liters
c.  Piping volume at  T = 270'C, /v 161 liters

5.    The nbndrainable liquid  in the blanket pressurizer at 2709(,  rv 13 liters

There-will   be   two   conditions   Of   floi,   from- Ehe-fuel-systdm,    one   in-which   the
:Pu61 -systeinbre6sure-i§  grdhtdr- than-.6 .tuiatioE  pf·dssurd- and  the  othet--in  
whith thd-prebsure- id baturation-preisure2  -The- first-condition-wi].1 dxist
until  9025%   fuel- lia -fealidd  into- thelieit  exchanget  so - that- thd  inEiteased
vapor volume ifi tkid fuel syt;tem has cooledthe pressurizing liquidand vapor
at 3120C to saturation at 2700C.

'                              Abdumind-'an-'adiabitic   e Ahs:£6ii--the   f6110*lidg- e#uatioh- *Bplids   to'  the liquid
and vapor in the core pressurizer at the original temperature of 312'C:

'.

8

(vT-  VI,)      -  '
P                                               hT = hL +              h                          (2)Vfg  .    fg

I
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-                       where, hT = Heat content of liquid and vapor in the
pressurizer, Btu/lb,

7                                                                                                                                                                                                               :
h_, h = Final heat content: in pressurizer atL   · fg     T = 2700C, Btu/lb, (hL, liquid; h 'g' liquid

to vapor)

vT, vL' Vfg = Final specific volumes in pressurizer at

T =--2709C,..ft3/,lb. :. (VT, ' total;.YL,  11'4uid)v  - liquid to vapor)' fg'

Original Conditions    V(ft3)   9('ft3/1.b)   W(lb)   h(Btu/lb)-   H(Btu)

Liquid D20 at 312'C 1.17 0.02125 50.80 589.7    2.996: x 104

...           ''    ':

2.65
-

10:63 1.163 x 104
Vapor D 0 at 312'C 0.24942 1094.7532 61.43                        44.159.x.10

4            Solving for  vT  of equation (2) and using the properties of  D20  at 270'C,

vT = 0.15691 ft3

from which the expanded vapor volume is:
\

VT  =   WT T  =    9.6 4   ft3       .

The mass 9f fuel solution removed from the fuel system during this expansion
is:

wf = (9.64 - 3.82) 53.04 = 308.7 lb .

TEd  available  mass -of-fuel- solutioii  at-an  eldvation-higher  than- the lowest
heat exchanger tube is from the previously listed system volumes,

W =  253» x 53·04 = 473.9 lb .
28.32

1 --                                            -
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-           Thus, if the flew through the broken tube is fast enough 308.7 lb of fuel
solution can flow into the heat exchanger before the saturation pressure
at 2700C is reached in the fuel system.

.:

In the core steam system the final pressure after the addition of 308.7
16· of fuel solution at 270'C. can be calculated using· equation 2, the core

steam system volumes and the heat contents of the systems.  Doing this thefinal pressure and temperature   are   656.3   psia and 496'F,   respectively.
Similarly for the blanket steam system the pressure and temperature are
654.3 psia and 495.90F, respectively.

The addition of the remaining 165.2 pounds of fuel apqve the level of the.
heat exchanger tubes to. the steam .systems will cause thE.. fiEal-iftehuie and
tdiferatiire- tb'be- 668.7- psia  and- 4980Fp-respeEtively, -in-the fuel steam
system and 662.7 psia and 4970F in the blanket steam system.

Using equation (1)2 where AP  is defined as the difference of the average   '
pressures: .in  the fuel system  and the respective steam system,   the flow rates
can be calculated.

1.  For a ruptured core heat exchanger tube
-

a.  Flow while fuel system pressure is greater than saturation
pressure at 270OF

4'.

1500 + 805
.'.  Average pressure in fuel system = =.1153 psia

2

Average pressure in steam system = = 640.7 psia654.3-+ 627
2

sp  =   1153   -   641  =   512  psi  =   7.377  x  104   lb/ft2.

From equation (1),  W = 4.26 lb/sec.

The time required to flow 308.7 1b is then,

t =  308 7  = 36.2 sec:4.26 x 2

b.  Flow while fuel system pressure is at saturation pressure

Average pressure in fuel system = 805 psia

654.3 + 666.8
Average pressure in steam system = = 660.6 psia2

ap   =    805    -   660.6   =    144.4   ps i   =    2.079   x 104 lb/ft2
From  equation  (1),    W =  2.62  lb/sec.
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The time to flow the remaining available liquid is then,

.,

t   =   473.9   -308.7
2.62 x 2 = 31.5 sec.

Thus  £Ed  totil  tiine-requited to  flowall  the- fuel  aboird- the level  of the
heat- -exthihgdrs into- the- core st-eam s tem is-67.7--seEd]idd.  Si ilarly;
for-61  :hiptured  .blaii]Eut- heat   exchange- tube   the   tikd-requirdd-foi    this   fuel
661utioii  to  be  transNrrdd  is- 72.7  seci     Id  both  Eases  thiB  is  much--16ss
tiae-than tha t6tal - delay   time   of 4 minutes - beford   the - dump- iralves -are
05efi68.1  -aii-8-at  least-tli:LI- -473:9-Ib  Bf-rudl -solution- should-b8  6#6ct6d  to
be transferred to the steam system when a heat exchanger tube ruptures.

It-is  probable   that   the-fuel- Aolution- cah  continiie-to- flow-elien after   the
fliel 'lavel:  .innt]hect#o,,syBtemsshks.:reachid  'thd.)ldvel tof:; theerupture'd -heat-
exchanker tubd. This situation is a fesult of the bore-and blanket systems
being con]iedted   by   the- -liole   iii   the   coffe   vessel.-=  -The fuel-cdn continue   to
flow through the ruptured tube until.one of three things occurs:

1.  The steam system pressure becomes equal to the fuel system pressure.

4                2.  The-fuel le*el in either the cotd- or blanket system drops to the
level    of   the   hole    in    thp.    core    vessel.

3.        The fdur minute delay is ended.

Thu6;» the- maiciah amouht-of  fuel that  can ba transferred is that required
to   dqualize  the -pressures-  in- the   two systemi during an adiabatic expansion.
This maximum amount of fuel solution is about 2100 lb.

Using  6*lat:Lon   (1)   th6   amount-  of -fuel   solution irhich could -66   transferted
*as --calbl ]Ated- 3'6; -thE  flow  timds  Of 2 minutes  and  4-kinutes-.    "At-Elie  6nd
of  2 minutes approx-imately- 652  16- of  fuel  solution  may be transferred  at       -
which-time.the average temperature of the fuel system would be 516.7IF while
that of the steam system would be 502.1'F.  Similarly, at the end of four
minutes 1020. 16 of fuel solution may be transferred with the average fuel
solution temperature. being 512.7OF and the steam temperature being 508OF.

A plot of these predicted flows as a f'uncti6n- of time-after the heat
exchanger tube rupture shows that the flow can be adequately represented
by:

v

w - 432 t
0 62

where, W  = fuel solution .transferred  to.  the. steam- system,   lb.

t = time after heat exchanger tube rupture, min.
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A brief estimate of the criticdlity problem of both heat exchangers was
made in the event«that they become filled with 5 g/liter U02S04 solution.
These calculations shdw that the heat exchangers and the blankat steam

·r drum  will  be  subctitical"for  all  solution  temperatures, both ref16cted
with  H20  and  unreflectud.   - The- cord steam  drum- will  be  subcritical- at
2800C for tlie H 0 reflected condition, but if filled at room temperature,
it may be critical.

Estimate of Radiation Hazard Due to Steam'Leakage

In the event- of -a  heat  exchinger' tube..·leak  Or  ruptuEe, t.thessteam:.2,ystem of,
the  HRT 'may' present a pers6nnel radiation' hazard. At-the beginKing  of  the
Dedeinber- 1958  staltup  the steam' valves,-537 -azid  538; -eaah-had  Ieakaga: of
0;5.-lltets  H O< liquid/mid-at  1200 :bsig  pr6siure-difference.    Thd'steam 
syitem is vented to  atmosphere  it  s6*eral :boints  -(all-62 whith are-6utside
the building) and is thus a likely escape path for.fission products.

The radiation hazard from escapink fission products must be. evaluated on
the-basis  of -the · extdrnal  whold body irradiation  and  also  the  long. term
ingestion   hazard  to  -specific   Organs.-- The   effects   of   a   partidular   4roup
of-isotopes-hafe be6n evaluated and-presented  by  T.-HT J. Burnett. i, 2
Using this data, the ingestion effects can be estimated.

I

Thu accepted dmerienty dose to-reactor-Bersbrinel id assuined td be 25 rem
for-whold-body dose-ihd for-th€ bone  dose;  and  50  rem for  tliyrBid-dose,  in
abbord-grite- -iffith Burnett' s recommendations. Some further assumptions which
were made are:

1.    Continuous:reattor  operating.time  ef:40.arid;:400 days: itca
constant power level before the tube rupture.

2.  All iodine-which enters the steam system is concentrated
in the vapor phase.

3.      The   iodine   bed  has   been   Operating  and has removed  88.12%
of the equilibrium iodine.

4.     The-heat- -dxchanger  has an entrainment separation efficiency
of   at-least   90%·

5.      The  path  of  the   leaking- sted.m  is   from  t]id- heat- -exchariger   shell,
to-the-«steaili  drump-  through  the  'leakiEg-iteam  98.lire,- 26  the
Sted* killer- Where  it- iki  eithei  bondin ed- or- i  released to  the
atmosphere through a possibly open vent valve.

* The hazardous isotope activity in the fuel system is:

B     _   Cp                                                                                                           (3)Vf - 93)
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where, c  = Isotope concentration, curies/kw(2)

p = Total power,of the system, 1000 kw

V     = System liquid volume,   80:16   ft3

     =   Density   of   fuel   solution   aK   2700C,    53.04   lb/ft3

Cf = Isotope activity, curies/lb

c                                             (4)Cf = 4.252

Burnett has estimated the quantity,  c.,   to  be.:

Reactor Operating Time-

40.days- 400.days

3                      For the bone seekers 460 curies/kw 680 curies/kw

For.the iodines .247 curies/kw .248 .curies/kw

During -normal 6peratidn the  total"weight of water-in the core or bldnket --
hoat-exchahgers  And" steam  dru B  ib- ·about° 1600 pounds-.-- -At  4910F  thfil  volume.
16- about- 30.45   ft3-of   H20  'liquid  ana-  77·93   kt3-H20  iraiiot- ib   the   bore   stdam
systeii and 30.61 ft3 of H20 liquid and«56.47 ft3 vapor in the blanket steam
system.

It   id   eipdctdd  theit-  thd- bond 'seekers,will-bd   either   ihsolu61-6   or-iii  solution
and will thus be- ca.tried fromzthe hdat eS[Ehin r sholl cinly as  ehtrainment
in  the  steaE.  -Alth64gh the-heat'exchanget sh6uld haire-an entrainmeirt- -
sepa*•atioi2  diffitiency Of ab6ut-99% idder thes-e 6-onditions, -the  *alu6  bf-90%
was  used  26/  thdsd  Ba.lbulati6nd  siiide--it- is  expedted  that- ioihE- s6llid  fis§ion
pbodutts will-be- carried,by eved  dry-stedm.     Thus; - the; bone seeker activity
in the steam leaking through· 'the  steam "stop" vaIve·  will  be:

1                                     .C=(1.-·E)'W(t)
A(t)  =   D                                     (5)

B   (1600 + W(t) - Lt)
.

A  / r.. S  ..                                                                                                                                                                                                                                                    7



-.

11,

where, A(t)B = Bone seeker activity of-the leaking steam
as a function of time, curies/*b,

*,

E    = Eiitrairimeht deparation efficiency of tbe
heat exchanger, e 90%·

C     = Bone seeker activity in fuel solution
curies/lb.

W(t)    =  Weight  Of-, fi 61 transferted to the steam system

as. a function of. time, lb.

L          =  Leak  r te,  through the  steam  valve, :,:I,b/min.· 3.j
3     ...

t    = Time after heat exchanger tube rupture, min.

Sinde- all  the iodine, which  is   Barried -to -the steam system, is assumed
to  concentrate  in the vapor phase, this activity  will  be:

0.1188 CI W(t)
A(t)I =    .V(t) ps(t) (6)

5
where, A(t)I

Iodine activity   of the le«ing steam, curies/lb.

V(t) Vapor- voluine-  in- the -heat exchanger and steam
drum  as. a function  of  time,   ft3.

Ps (t)       Density -of H O- vapor  ih  the  heat- exchanger  and
steam drum as a function of time, lb/ftj.

When-the-fi-64-rate- of  fuel solution being transferred int6 -the  steam
*92268  16-calculated- usihig  equatioh'  (1)  and  the  stated  assumptions,  the
quantities, W(t), V(t), and P(t) ran be adequately represented by:

62                                      (7)W(t)  = 432 to'

-0.07893. t.
V(t)  = 77.93 e   ·        (for.a. ruptured core      (8)

heat exchanger tube)

-0 1296 t                                (9)*(t) 56:50 e -  (for a ruptured blanket

heat exchanger tube) ...

0511"t (10)P(t)   =  1.347 e"               (for-both 6 core or-
blanket heat exchanger-tube

rupture).

\ r
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Thus:

432(1 - E) C  t .
0 62

A(t)8 = 0.620                                    <1600 + 432 t ;- Lt)

0.4889 CI t .
0 62

A(t)I
= (for a core leak) (12)

e-0·02783 t

0.67,43.CI..t   '
G 62

A(t) I =
-

(for a blanket leak) (13)
e-0.0785 t

Cohbidering-only that ste4.in-which escapes to the atmo6lthei16, -tlie ienidihing
portion of-the -steam- sy tom,  primarily-the--steam- killdr; -abts-ofily  as-a
dilutioh  volude  and  a  tiine  delay before  the  atmosphdre  -id   feachdd-.   - Thus;
the activity of the steam which escapes to the ·atmosphere can be represented
by:

aB _ A(t)' L' SLt
dE- V

- fr (14)

where, B = Steam activity escaping to the atmosphere, curies/ft .

L' = Leak rate to the atmosphere, lb/min.
\

V = Volume of.the steam killer, :3 15.6 ft3.

-P   =   Density of steam   in the steam killer,   16/ft3.
t = Time after heat exchanger tube rupture, min.

Solving equation· (14) for  B,

.. 1   A(t) eL't/Pr.dt  .        (15)
e /17 t'AN.    It

B =      V       -j
0
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Dispersion' of Fission Products in the Atmosphere

The  cbncentrati6n of these fission products  1.Ii  the  atmosphere- at any- point
can-be readily estimated by Sutton's atmospheric dilution equation fer a
continuous point source.

C Ox, y) =    2 Q. r  Y2 + 112 1expl-
2 (16)

1' (2 82-n L c x2-n J

where, C (x, y)   =   Concentration of activity, curies/meter                                                                    .

3

BL'Q    = Activity release  rate  - 553)' curies/sec

 D= density-of steam-released.-

B = curies/'ft3 of steam released
-1,11, ' =   leak  rate from steam killsr, lb/min

x = Distance downwind from source, meters

4                            y = Distance crosswind from so,uEce, meters
-.

h = Height of vent above ground, meters
-- -  .                        .   . . . .  . . . .   -     1    ...     ..   . -                    I    . . . .  . - . . . .  . .4            -   .-   -

A = wind velocity, meters/sec

n    =  Atmosphdreis:tBbility.:parameter
n
2

C  = Atmospheric diffusion coefficient, (meter)

T] e- worst  case, - as. far as atmospheric dilution is coiicariidd/at-the  HRTis that 6/-the-cold cloud conditiBns."   Evaluating- the --c6nstabtdi -   C--and»....
n; at-a vent-hdight bf 18 ft dbove ground4 the average cold cloud conditions
at the HRT site are given below:        ',

'Night....
 

 .. ,   .Day..    ..-.-

, , meters/sec 1.34 (3 mph) 3.13 (7 mph)
•                                                                                                      2

C 0.01 0.054

n- ........ --O.40 0.23     -

hy meters 5.49     (18- ft) 5.49 (18 ft)

y,. meters 0 . .0

:-.
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1

S61*ing Sutton' s equation  as a function- 6f x shows   that the maximum
concentration for the day conditiohs occurs at-115 ft from the source

,             and for the night conditions at 490 ft from the source.

Assuniing 6-breathing rate  63:  30 -liters/Inin,  the maximum time- of  ekposure
in the cloud at the point of maximum concentration can: be evaluated by:

t m ((x, y)---
I=1 --5 dt , /fc . (17)m

           3.333  x  10

Burnett-haa- datimated-the alloi,abla-total inhalation of fission prodiicts,
I , which yields 25 rem for the bone seekets and 50 rem for the iodines,
to be:

Reactor.Operating Time.

. 40.. days 400 days.....   I      *. ... ....     .- =.-- ....

134/4 9For' the.bahe seekers ·

·387/49

.For::.the .iadines . 278 /1·C 278/fc

AE  the 361ht6 - of-maximum cloud concentration, the quantity     C (x, y)   ..can
be represented by:

7

BL'
C (x,y) = K 5530 (18)

where, K = Geometry fActdr from' Sutton's equation, K = ·2.48-x-10-3
Tbr 'thd-day conditiohs a:na K'=  5.801 x 10-3 .for the
night conditions, sec/meter3.

The maximum allowable total inhalation of fission products becomes:

t=.                    'm . t

I,  =    1,1 1 AL;'111:3 .3:'          j              't . 1

A(t) e        dt'     (19)
vt'lov
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To solve Equation  (19)  everything is known except the relationship betweenthe  16ak  fitte,     Li     thiough  the - lealdn  steam "stop" iralve  537  Or  538  and
the leak rate,  L',  to-the -atmBsphere.  -Since it is assumed that the vent
valve   on- the  stedm killer.is   open   thi   leak  rate   to   the   dtmosphere--Vill-
dd#diid ehtildlyfon the ibility of the steam killer to condense the steam
before it gets to the vent.

Thereare three possible histories for the steam leaking into the steam
killer:

1. Ttie blower  to the steam killer continues operating  at   its
design.flow rate.

2.      The - blower ceases to operate,   but a natural convection  loop
   is. set up.. ._.. .  .      _
3.  The blower ceases to operate and no natural convection occurs.

Case 1:

If  tlid-blowercontinuds   to   Oporate,-Ithe  douilibriuin   conditions   in  the- studdkiller, following   a  · heat exchanger tube rupture, canbe estimated as folldws:

Q      UlA.1 (atIM)1 normal operation1
\-/ /

(20) 2                  U2AQ     (atLM) 2        '            opebatidn'·:hltef£*'dbe   tupture

Since the majbr--Bliahge-  in   the- overall heat transfer doufficient   i·rill be,-iii-the   inside-c6ndensirig and-subc66Iing  coeffiEient- it  should' be  reasondble  to
assume that the overall coefficient is not appreciably changed.  Thus

Ql  =    (atLM) 1
Q2   (atLM)2

'

(21)

For normal operation of the condenser the following design conditions
exist:

Ql  =   7.892   x   106   Btu/»
TS = 334'F .(inlet steam temperature)
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Tc = 267'F  (condensate temperature)

T    '* 95%air in

G = 9000 cnn of air maximum

T       = 172'Fair out

UBibg these va ]Sles  -in equation (7) and assuming that the steam killer
operates under countercurrent flow:

(AtIM) a=            '  72    .....
C   5.059 x 164

From the fi;0vioug sdction th€ conditioli Of ilie- 6tdadin ilie-Lteaidrum
Rnd- lidat   eitcliarigui,   f'bllowiht  'a   heat - exchAnjier-  tuoe   i iipturd   dr 26- -thRE  of-   -
saturated  ited.lii  it  about-5000:F.-    From  thu   steaff tables-the   stdam- Idaking
tlirbiigh the valve  will- hafe  61''heat  conteit-of  

120I.7 Btu/Ib-and  thetemperatike- -63: the steam untdring thd--ditdam killdr will- be ibout 320'F.
ThE.-conddn*ate  Ieafing- the' stead killdr  will  be  at- a t6m:Bdratu:re  slightly
greater

 

thari  that  of  the  950F  air  enterin*  and have  a  corresponding  heat
content. Thus:

(320     - .T )-8air out-  . . .     _  (1201.7.'---63)  60 L
320.. T

in air out 5.059  x  104''    
                   

        (22)

&

where, L     =    Leak rate through   " stop"
valves    537   or. 538, 1bhnin

-

8     =   Temi>dratute
- difference between-the inlet   air   and:the

condensate leaving   the-condenser

T                     =   Assubidd -6. Br imately equal  to   the air inletair out temperature   of   950F.

:

225,  A
,= 1.351 L . (23)

/n 225b                     A
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A possible tange,of leak rates,  L,  are  fram one to 20 lb/min.    The  log
mean temperature difference can have values of:

1.351<      225   -  A      5   27·02       .
,en 225

LJ

Frdm  this   eduation   it   can   be   seen   that & cannot be greatet   than   0.1'F
for-leak- i·aidd  uli  to- 20 -lblmin.     Thus  thu  tumpetaturd  of .thd  8-bndehidi
wl·].1  6e-a:bp 6xi: tely  6qual--to  the-6.-if  tein peraturd  6nd-thd  stedin  preslure
insid€the   donderiber' will   be   much   lehi   thah   itm6s#heric--#ressure.       For
th:[s--96sd it is not ekpected thai-fission-prbducti can escape from  thd
steam system when a heat exchanger tube is ruptured, and the blower continues
to operate.

Case 2I

If for  some-reason- the  blowdr- to-the  iteam kilIer ceases  to  02 rhte;  it-is
d*66tud  that  i-natural- convection.loop will  be  set  up. The steam killer
considti   bf- thiee- rettaiigular sections   16'4;:172"J x:  5'2-1/4" - x  7"   hikh.   -The
66ction -ard corineaed alon - thu 5'2--1/4" sidd so that-tlid dirdrill -dimei ion6-of--the 66ndunser-6.te 16-'41.1./2" -x 15'6;3/4"  12 7".    Dir68tly 6.1,696- tResd  suctions
lies''a--Iouvered-sdction,  approximately 8"-high which- leads directly  ta-the
atmosphere.-«There are'110,  5/8" OD; BWG 18-x 16' lohg- tubds per-sedtion.
Eadh  tube  had-10.25,  .7/16"  high-fins- per  inch  ind  thdrd-'&re three- vertical
sta4gered-laydrs   of   tubes    in- -ealch   IectiBii-     - Thu   tu6es are arranged   on   a
1-5/8" horizontal pitch   and  a   1-7/16"   tartitalgpitch.

The natural circulation equation for this system will be:

<-h .        4f N G2
)   .Pa z -max             (p    -   p  ) h .(· :e:  ,        (24)
0              49 favg

26. Y          95   T 2

(D.G  j,-0.15

0.11         <  0 -max

1 (25)f = 0.23 +

(XT - 1)1.08 /1 avg    )
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.

where, JO    =  Density  of  air,   Iblft3;   JO
, density at inlet

temperature;      .Prrt,     density   outlet temperature;

jo   , average densityavg

N   = Number of vertical tube banks

Gmat = Mass velocity through minimum cross-section,
W   . . .

lb/sec-ft = --    '                       (26)
2        . '   .g

3.6   x   idi  Af

W   =.Air flow rate, lb/hr
-                                                                                                                            2

Af    = Minimum .cross-section of condenser, Z 100 ft
1b  ft

g&      = Gravitational constant,         m             2
1b  - sec

f.

h   = Height of condenser plus louvered section, ft

f   = Friction coefficient for flow over staggered tubes
5

X   = Ratio of transverse pitch to tube diameter

D   = Tube outside diameter, ft0.-

/ avg = Average viscosity, lb/sec -ft

For air the density and viscosity as functions of the temperature are,

p       =     39.66, ls/ft3 (27)T    T

/    T    \0.768
/   =  1.149  x  10-5      (1;92 /1      -    .  '.2110:/aec-ft          (28)

36.66    In   gl1p =
:avg T -T , lb/ft3 (29)

2    1
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.

/1          =   1.127  x   10-3        -     T2  11.768 / Tl\
1.768- . . .9·  ·

/lavg T -T  1555/
-

 1555)
, lb/sec-ft (30)

2    1

T =  Tekperature  of  the  air,   'R.

Substituting equations (25), (26), (27), (29), and (30) into equation (24),

letting  Tl = 95 + 460 OR, and solving for Wg gives,

r                                             no.5405

2 . 965   x  ld"3  ).07146    -    39.66         fn   -T22         555W=
(31)g                        r; T

2 )1.768 TIO.15
(T2 - 555)"85 1 1000) -   O ·3538  

Using the same steam side assumptions as were used in the previous forced.
convection case,

Q = <1201.7 - hT   60 L = 0.249 Wg (T2 - 555) = UA (780 - T2)- 6  .   (32)
0 /                                                                            fo  780  -  T2- 8

A   = Heat transfer  area 56 872  ft2

0    2
U = Overall heat transfer coeffidient. Btu/lb- F-ft

1 Natural convection coefficient = 1.8 Btu/lb-'F-ft2
6 = Temperature difference between the outlet condensate

temperature and the inlet air temperature, IF

L = Leak rate from leaking valve, lb/min

hT = Heat content of the condensate at the outlet temperature, T 
C
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.

TC = 555 + 8,  R
T2 = Outlet air temperature, IR.

Basad on the assumpfion that the steam pressure in the condenser is that
corresponding to saturated steam at the temperature of the condensate
leaving the condenser, 1-the following table shows th  quantities,.,Wg,       8,T , condenser steam pressure  PTc' and  L as functions of the obtlet
afr temperature,  'T2:

Tabe IV

T2 (OR)
W  (lb/hr)

8    oF                    'Tc     (OR)                          fTc
(psia) L (lb/min)

555             0           0          0                            0
4

56o . 2.086 x 10 <0.05 555 0.815 0.3801

565 2.958 x 10 2.3 557.3 O.875 1.08
4

4
570 3.65 x 10 25.0 58o 1.69 2.04

575 4.224 x 10 82.0 637 7.02 3.32
4

58o 4.729 x 10 · 175.0 730 43..3 5.11
4

Plbttihg  the. 60#ddride*1  4team, piekldi,fes.  Pi;idi   vefillid  the  valve. 16ak  fatdi     L.;
sHoVs that tlie tonddnsef steam pressbre is atmospheric when the leak rate
is about 4.0 lb/min.   Thua; it would be expected that even with ad open vent
on the steam killer, little or no steam would escape at leak rates below
4.0    lb/min. All leakage greater   than 4.0 lb/min would be expected to escape
ft,o]h,ithe: systemcast:steamr & Thus, the quantity,    L', in equation  (19)  -is
s imply   the,  leak rate through the steam valves minus four.

Case   3:

If the blower ceases to operate and no natural' convection' occurs,  the  steam
killer   and the steam piping between the leaking valve   and the steam·· killer
will be simply a large reservoir into which the leaking steam- will  6e
diluted before reaching. the atmosphere. Since  there would  be no condensation
Of  steam and assuming no accumulation" of  hteam· in the steam killer,   the
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quantity, L', in equation (19) will equal the leak rate through the steam
valve.

-             Figures (1), (2), (3), and (4) show the results of solving equation (19)

as functions of tNe maximum allowable exposure time per unit total power
for emergency radiation doses   of bone seekers and iodines   and  the   leak
rate in liters of liquid·      H20       per minute .through -the staam   M*top" valves

-   537 or 538.   Figures '(1)  and (2) represent the hazard when thi .condensing
capacity' of the steam killer is limited by naturalgonve ction cooling of    -              2
the  stedm.killer.     For  this case there  will be essentially no ingestion
hazard   for leak rates   less 1.8 liters   liquid      HQO      per   minute    (4.0 '.11&/Aih).
The maximum possible hazard  is represented by Figures  (3): and (4), which
represent the case for which there is no eondensatioM of steam in the
steam killer.

Both sets of figures show that for this situatiob the iodine ingestion
hazard is greater   than   that    due   to bone seekers .        This   ds-  primarily.the
result of the entrainment efficiency of the heat exchanger and the
assumption that all.the iodine which enters  the heat exdhanger shell·
appears   in the vapor - phase. A check   of the iedine distribdtion coefficients
shows that depending on the relative volumes of liquid and vapor in the
heat exchangdr and psteam drum up to 85% of the iodine can be in the vapor

phase.  Since the distribution coefficients are based on equilibrium
solubilities, it is felt that no'credit should be taken for the iodine

-        solubility in the uranyl sulfate solution in the heat exchanger.

The external whole body radiation dose although generally of less severity
than the ingestion hazard from a fission product-bearing cloud can be' calcu-
lated through use of the Wigner-Way equation.  The gamma and beta source
from a reactor- operating at total power,   P in watts,   for a time,   To   in
days,.-at the time after shutdown of 47 - To  can be expressed as:

S7= 2.546 x 1010 pl(r - To)-0.2 - cr -0.2   photons
sec

S - 5.·092 x 1010 P (f - T )-002 - 4--0.2   betasJ   sec   '

The average photon energy is  0.7 Mev  and the avdrage Beta energy is  0.4
Mev.
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-

Evaluating the equations for one minute after shutdown for the reactor
operating times of-.40  days  and  400(.days  givds:

40 days 400 days

16         '      17photons
9:68 x 10 1.01 x 10S

7      sec:Mw

S betas 1.926 x 10 2:02   x   10
17              17

0.sec-Mw

Since the entrainment separation in·the heat exchanger has been assumed
to  remove at least ·90%  ef the solid· fission froducts,  ·but will not'remove
any of the gaseous fission products, the above sources as given by the
Wigner-Way equation will be high.  For shutdown times from zero to one

hour the ratio of gaseous fission product energy release to total energy
release ranges from hbout 5% to 10%. Thus, about 90%. to 95% of the total
energy release during  this  time  is  from the solid fission products .     Since
the heat"exchanger will hold at least 90% of the total solid fission pro-

ducts, the actual energy release rate will be no more than 19% of that  .
predicted by the Wigner-Way equation.  If credit is taken for the removal
of about 80% pf the gaseous fission products during reactor operation,
the energy release rate would b€ only 11% of that predicted by Wigner-Way.
For   the · remaining calculationsp    the 11% value   has   been  used.    · For   ease   of
calculation it i6 also assumed the total amount of fuel solution that
would be transferred in four minutes is suddehly dumped into the'heat
exchanger shell  at  the« time   of  the tube rupture.

There are three cases to consider in estimating-the external whole body
radiation dose:

1.  An individual standing directly below the vent who sees the
radiation source but is not in the cloud.

2·.  An individual downwind from the source standing in the cloud
where Sutton's-equation gixes a. maximum ground concentration.

3.  Radiation from lines containing steam or condensatew.

The first case can be estimated by considering the source as a continuously
increasing point source and calculating the time required to receive 25 rem
of gamma dose.  The point source is then, neglecting the additional dilution
by the steam killer, at any time:

Q7 = 1.104 x 10-5 S  R t
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where,
Q7 = Source.in photons/sec

R = Steam leak rate, lb/sec

t = Time,.sec.

The dose rate from this source at any time is then:

d= 1.104 x 10-5 x 83.8 x 1.1 EV/ E S7 R t

6.77 x 104 x 100 4* r2

where, d = Dose rate, reIn/sec

E = Fhoton energy = 0.7 Mev
7

ME = Energy absorption coefficient of air 3.5 x 10-5 cm-1

r = Distance from source to the average height of
man = (18-3) 30·48 = 457.2 cm

.'. d = 1.403 x 10 R S t.-21

7

The total dose received at ·any time is then:

· t

D (rems) =    1.403 x 10,21 R S  t dt = 7.015 x 10-22 R..S  t2   .0

Based on the assumption of a 25 rem total dose, the maximum time an
individual could stand at this point is:

t.1  25m ./ -22
Y    7.015   x 19 R S                          ;

7

/ 3.564  x  1022
t
m=   -RS

7
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The solution to this equation is shown in Figure (5) as a function of
steam leak  rate.     It  can be readily  seen  that in comparison  with  the
ingestion hazard there is little personnel safety hazard from this

- so-utce. Since there is essentially no difference between  the  core  and
blanket  rdsults-or   between the results at-either   400   or   40  days,    only t
the core results at 400 days operation are plotted in Figure (5).

The  second case  can be estimated using the maximum ground ··concentration
as    calculated «by Sutton' s equation, .neglecting the additional dilution  .
of the steam killer,.and assuming night  conditions.     Thus,

D = 106 x 3.7 x 104 x 1.6 x 10-6 x 1.13 x 2* EC(x, y)t

1293 x 100 x 4*

= 0.26 EC(x, y)t

where, D = Dose, rems
1                                                                                                           E

E   = Effective energy  =    E    +   ..3      -       0.7   +   ff  =    O.8 3    ei '

C(x, y) = Concentration, curies/meter3 = 1.731 x 10-18 S 
\

t = Exposure timel sec.

For a maximum external dose. of 25 rem, the maximum exposure time is then,
l                                                                                                                                                                                 /

t      =   331.2
m

This equation is also plotted in Figure (5) as  t :  vs. the leakage rate             1

corresponding to the proper C(x, y).            m

The radiation hazard from long pipes contaihing either radioactive steam
or condensate can be evaluated by considering the piping as an infihite
cylindrical volume source.  The dose rate from such a source can be given.           1

·             by:

30 8 SvR  *«
(a + z) F(Qib£4)
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..

where, B = Buildup factor

Ro = Radius of the pipe, cm

Me = Energy absorption coefficient for.air, cm-1

a = Distance from the cylinder, cm

z = Self-absorption distance of the cylinder, cm

G = Angle subtended by the end of the cylinder, for the
infinite cylinder,  G=i

2 0

n

be =   -  Aiti + 40=i=1·

t = Thickness of each absorbing medium between the cylinder
and the dose point, cm

-1

-                            ,Vi = Mass absorption coefficient of each absorbing medium, cm

Ms = Mass absorption  oefficient of the active steam or
condensate, cm-

Sv = Gamma source -strength,  Mev/cm -sec-Mw  .

Assuming 1020 1b of fuel solution transferred to the steam system, the
gamma source strength is,

Sv = 1.330 x 10-7 PS7  (Mev/sec-cm3.-Mw)                               .

where, j)    =    Density of radioactive fluid,     g/cm3

S  = Photons/sec-Mw .

»                                                       Assuming    that S is equal to 11% of the photon source as calculated by
the Wigner-Way e lation for 400 day reactor operation, that the density

of the steam is that corresponding to steam at atmospheric pressure and
-                                 that the density  of the condensate is equal  to room teinperature water, J.,the

dose rate .for .4 and 6"  Sch. 80 steam piping and 4" Sch 40 condensate
Piping· -isi given below:

L
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o              (1) From 4" Sch 80 steam piping,

D'= 0.2004  /r)                                                   fa               (min /

(2)  From 6" Sch 80 steam piping,

D= O.4036  / r.\
a           (min )

(3)       From     4"    Sch   40 condensate piping,

D=                         •307.2 C .. r \

(1.19    + a) C min)

Assuming that the maximum emergency exposure is  25 r ,.Figure (6) shows

the time required to accumulate this dose per Mw of.reactor power as a
function of the distance from the contaminated piping.
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EXPOSURE TIME RERUIRED TO GIVE 25 REM FROM BONE SEEKERS AS A
FUNCTION OF LEAK RATE THROUGH THE HRT STEAM VALVES 537 OR 538

FOLLOWING A HEAT EXCHANGER TUBE RUPTURE
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Figure 1.
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                         EXPOSURE TIME REWIRED TO GIVE 50 REM TO THE TE[YROID AS AFUNCTION OF LEAK RATE THROUGH THE HRT STEAM VALVES 537 OR
538 FOLLOWING A HEAT EXCHANGER TUBE RUPTURE
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Figure 2.
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                      EXPOSURE TIME RERU]RED TO GIVE 25 REM FROM BONE SEEKERS AS AFUNCTION OF LEAK RATE THROUGH THE HRT STEAM VALVES 537 OR 538

FOLLOWING A HEAT EXCHANGER TUBE RUMURE
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EXPOSURE TIME REQUIRED TO GIVE 50 REM TO THE TEYROID AS A
- FUNCTION OF LEAK RATE THROUGH THE ERT STEAM VALVES 537 OR

. 538 FOLLOWING A HEAT EXCHANGER TUBE RUPTURE
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