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i W. Io Jordan -2- tember 2?, 1945

l Boiling in the pile is partioularly ob_eotienable because of the
i extreme eenaltivity of the pile reaetivi_y to variati_ in the weight of
) water in the pile. Xnoidental obJeotions involve aooelerated ,err,mien and th4

i possibility of meehanioal de,mage resulting from water banner offsets. Unstable
i oondittcn8 would be eneountered during operation under eonditions where the 8lope
', of the eharao_eristie curve is negative and there would exist a danger of

Uburning out e tubes in the pile. To assure against any possibility of
,. establishing boiling in the pile. the heat load on 8_ _ube (as honoured by

rise in weter temperature through the tuhe) should be llnited to a value Jueh
that the highest pressure drop indleated by the boiling braneh of the ,err,s-

', pending oharao_eristie eurve is loss _haa the available pressure drops Thus.
For the tube de|eribed in Figure 1 (low inlet wa_er _enperature. high reststanee
d_my slugs) and considerable fi3_)provided with a 0e240 inch orifioe the "
temperature rise should not exceed 88"Co when the available pressure drop is
$29 lbs./sq+ ins) and should not exceed 86°Co when the header pressure is |1
Ibe./sq. in. The naxinun pressure drop indicated by the boiling branoh of
the eharaeteristle eurve has been arbitrarily llnited to 77% of the available
pressure drops The header pressure as neuured in the eontrol roan is 18
Ibso/sg. ins greater than the oorrespendlng pressure drops

For low resistanoe tubes (file-free and eoutalning perforated dum_
slugs) the entire eharaoterietie eurve is lower than that shown in Figure le
Hen,e) For a given heat load the required header pressure i8 lowered but

• the ass,elated £1eg rate and tom, retire rise in substantially unehan_ed
from that indioated by Figure le For example, a low renlstanee tube
equipped with a 00240 a.neh orifioe nay be permitted a temperature rise e£

• • 66°Ce when the available pressure drop i8 only 281 lbs./sq, in.

For a given heat load. an inorease in inlet water temperature raises
the boilin_ braneh of the eharaoteristio curve (beoauoe of the inoreaae in
an,net of vapor at a given Flow rate) but lowers the nan-boillng braneh of the
ourve (beoause of the decrease in liquid viseosit_ at the higher temperature
levels)o Both off.eta are snail, but _he fast that _hoy are in opposite
dlreotions sakes the effect notleeableo

The above results are shown graphloally in Figure 2. together with
additional data For one intermediate heat load and the two intermediate
,rifles elzes.

Co P. KID_) A_STe CRIBF 8UI_.
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gECLJSSIFIEOr n OD OFCAZCUZAION
' Reference A- Woods and Worthington to Greenewalt, April l, 1943
i , Reference B - Dooo 7-2092 -Woods to Squires, July 16R 1945

The general method of analysis of pressure drop for stea-water ZLt_S
flowing through the tubes of the pile is discussed in detail in the report

.. tBotling in the Pile w, Woods and Worthington to Greenewalt, April lj 194So
This appendix is intended primarily to serve as a record of the numerical "
figures used in the oaloulationse

The overall pressure drop for non-boiling conditions was determined by the
methods of Dootment 7-2092_ - in particular, by use of the equation given in
£ppendix I of that reports

For boiling conditions, the general method of attack involves starting at
known outlet conditions and working in a step-wise manner bask through the
tube. The rate of heat generation was assumed to be expressible by the
fellowing equations

q m0.5 * o.sos,in (7.os o (z)

where q is the cumulative heat generation up to any polnt_ in the active
sone of the tube, expressed as a fraction of the total heat generation; and "_
is the distance in feet from the mid-point of the _ube, taken as positive in
a direction downstream from the mid-point, (Notes This equation is derived
from assumlug that the active zone contains S2 slugs and assuming a 35 ore.
reflector.)

Conditions at the Outlet End of th • P_.g-T,ail

Exoep.tat relatively low heat loads, @rltlaolconditions exist at the outlet
end of the pig-fslic as discussed in reference A. These conditions may be
rapidly evaluated by means of the attached Figure 3, wb_Iohis reproduced
from a Technical Division, Engineering Department report. Since the inside
diameter of the pig-tail is Oe680 Inch, the abscissa value of Figure 3 is
obtained from the equationl

Oo • 84 Cgep.L.) (2)

The critical pressure as obtained from Figure 3 is taken to be the pressure at
the outlet end of the pig-tail as long as it is greater than 22 Ibs./sqe ins
abs.I otherwise the pressure is assumed to be ;_2 ibso/sq, in. abe. This value
is arrived at by considering the uppermost tubes of the pilej which are
subjected to a static head of 17 feet ot water above at_nospheric pressure,
These tubes are about 30 feet above the gages in the control room; the gage
pressure in thecontrol r00m.is obtained by adding 13 lbs,/sqe in, static
head and subtracting 15 Ibse/eq. in, barometric pressure, for a net correction

. of minus 2 Ibse/S_e in,

press..ureDrop throug h the_Pig-Tail

For boiling conditions, most of the pressure drop through the pig tail is
attributable to kinetlo energy effedtse The effect of wall traction in the
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i pressure Drop in lnac,tive,,, Z_one; Case B..perforated DummM__Slugs
_ This case is handled in the same manner as the preceding section except for

_he assignment of a fixed (and different) value to R N of equation 6.

As reported in reference B, re"m 1.32 for a full column of slugs of which
about 57%.is due to the active zone. For a column containing an active zone

plus _erforated du_ slugs (in oembination, of course, with Jacketed lead
sluss), r o m 1,00 and r o for the dmnn_ slugs is about equal %o leO0 - 0,57

.,.,,.o.,. DECLASSIFI!!Hence. evaluating R N in equation 8z

(R N) ,,Z_2eS - OeZ5 = o.ee2 x (6o w/e.ss)z'e (Z)O'z (7B)

a s. z6o °'2 .,d. zso(z/,,)°.
Hence:

ae. 180 (Z)0._ (W)z'6 (v,v] 6Sa_ W 2 (av) (6]3)

_Pr.essure Drop in As_tire Zone

For a film-free active sonem equatio_ 5 - _A are applicable.

For a fouled tube it is assumed arbitrarily that the film is distrubuted
uniformly along the length of the tube and the change in cross-section is
neglected insofar as its effect o_ the kinetic energy term of equations
5 or 6_ .Hence, in accordanae with the data of reference B, the value of R

given t- equation 7A is ino_',,.,,d ,by the faoto_-, Z " (_'/z5o)/Co.5",)CI.32).
For a value of Y equal to 40 lbs./sq, in.. this factor becomes 1.35, and

_e - 63.8 (Z) O'e (W)z'_ V.v N • :_6_ (W) _ a- (_c)

Treatment of Viscous Flow

At very low flow rates and in the upstream portion of the tube before boiling
has commenced, streamline flow may be encountered. In this case the pressure
drop is computed by the above formulas for turbulent flow and the result is

. then _ulti_lied by the factor8

(az:.)s/(az,)t . (Re)oO.S/-(Re)o. e (8)

in which Re is the Reynolds N_ber based on the hydraulic diameter, subscripts
s and t refer t;o streamline and turbulent flow_ respectively, and subscript
o refers to the critical Reynolds Number at which the value of the factor
becomes unitye The quantity, Re, is equal to 7800 W/Z (based on a hydraulic
diameter of .0,18_ inohes_ and (Re)o is about equal._o 2500 acoordin_ to
Appendix VI of Document Nos $-2567o

Hence z

to be used when Z (vlsoosit_ in oentipoise) is greater than 3,12 Ws
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Basiss Heat load m 10,000 C.HoUe/min• • 516 _N

Flow ra_e = 2 Eop.n. of water at 5°C (_loF)

W s 2 x 8,$5/60 • 0•278 lbs_/|ee•

• Q m le8 x 10_000/60 x 0,278 m 1080
(h)o• .

• Abscissa value t-. Figure $ m 84 x 2 = 1_8 (by equation _)
Ordinate value for Figure _ z 1080 • 9 m 1089
Critioal pressure (by Figure 3) z 40 lbSo/Sqe lno at outlet end of piE-tail.

At outlet end of pIE-tall_ assures K " 46 BoToUo/lb.! then by equati_ 9

y x 934 s 1089 - 236 -4_ y • 0e864
o

By equation lOs

¥ m 0e864 x 10•SO • 0.136 x 0o017 m 9,07 eu• i_e/_b.
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! By equation $ 8
)

K m 7e5 (0o278 x 9.07) 2 I 46 B.T.Ue/lbom confirming the above
assumption,

Now let the pressure at a given point in the pig-_ail be equal to, say',
75 lbs./sq, in. and determine the f_raotion (n) of the total wall traction
which is encountered downstream from this point. By the above methods,
it can be developed that at this pressure, K m 16, y a 0.880 j and V a
5.25.

Hence 8
' _ : 2.82 and Yav = 7.66. By equations 4 and 4b.s

•rs - 40 - 16s (,,) (o._Te)_(7.66) • 7e.s (o.zTs)2 (2.e2),
n : 0.164

For rest of pig-tail, pressure drop may be approximated by using outlet
value of V and disregarding kinetic energy term in equation 4.

- (163) (1-o.ls4) (o.27e)_ (s.25) a 5s, P • lz9 lb,./,_. _n.
"Ibm.At 129 /sq. in. K = 5, y : 0.878. ¥ = 5.06. Henoej_V " 2.19 and

7av s 4.16.

,_e • (_s) (_-o._)(o._e) _ (_._) + _e._ (o._)_ (_._)
57 ibe./sq, in. and the pressure at the inlet to the Fig-tail
is computed to be 150 Ibse/sq. in. abs.

Note that it was inadvisable in this ease to o_ute the pressure drop
across the pig-tail in one step because of uncertainty in knowing how to
average terminal values of 9•07 and 3.06 for specific volumes•

TABULAR K_S_LTS
,, ,,, . miii

Tabulated below are header pressures (as measured in the control ro_) for
the characteristic curves used to determine the points shown in Figure 2e
A heat load of 100%o is defined as the heat required to raise 20 _.p.m. of
water through 60°Ce A low resistance t_be Is defined as having 32 film-
free active slugs, 6 Jacketed lead slugs, and 21 perforated aluminum
slugs; a high resistance tube is defined as having 32 active slugs with film
sufficient to cause a 40-1b./sq. in. increase in pressure drop when %he water
rate is 20.4 gepom, and the water viscosity is I oentipolse, and containing
33 Jacketed lead slugs.

,,H.ighResistance Tubes ' ..,-Inlet Temperature • 5OC.. Heat Load -" i00_

Orifice Di_zeter 0.2_40 0.200 0,175 0.140 '
__ -

20 440 594 806 1557
12 176 230 30_ ST?

9 143 174 217 389
6 212 225 245 312
5 271 275 279 296
2 248 249 251 259

/
/

, Ir.....



Low Resist_.oe .__bee - Zn!et ?em_erature =_5°C - Neat Load = .I,00_.

Orifioe Diameter 0.240 0.200 0.175 .0.140

Fl,ow Rate (g,p,m,)

2o s57 szz ws z474
z46 z.99 276 54s

9 128 154 197 549
6 191 204 224 291
$ 254 288 242 259
2 211 212 214 222 -

Low Reetstauoe .Tubes - lnle.t; Tpm_erature = 5oc ,,, Heat,,L_,,d,,= 25%

or_r_oe_m_r o.2____ 0,2o0._ q,Z._e o,z_

z,'z.__._e.(z,p,a,)

5 43 55 66 113
3 27 31 56 6E
2 52 55 65 65
l 68 68 68 70

z/_ <6s <s5 <6s <6s
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m,.£h Re.ei,ete_ee Tubee_- !_ulet Temperat_re_ 20.°C....- HeLt __M.!d = 100%_

Orifioe Diameter 0e240 0.200 0,17__5 0..!40

Flo w Rate (_.pemt}

20 • 426 580 792 1B4S
14e2 226 505 412 792

9 151 182 225 577
6 238 249 269 336

•" 5 279 285 287 _04

Htl[h bsis%anoe _bes. - Znlet T..em.3oera'kure :_.,20°(2_-..Heat.. Load : 2___

ortrto. Dt,=_r o,2_ 0._o0 o.z'v._...5.5o.14o
Flow h_e .(_.P.=._)

5 48 58 71 118
3o55 33 88 45 68
2 69 70 72 80

• 1 83 85 83 85
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