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The waste in several single-shell tanks are to be characterized. This 
characterization requires samples of the waste be obtained. The samples 
are planned to be taken by using a dr;llirig rig to take 20 inih sample 
cores. A determination of the expected drill bit temperature was needed 
for the Safety Analysis Report (SAR). This work addresses some temperature 
questions that occurred in the aevelopment of the SAR for the waste tank 
core sampling (to be released as SD-WM-SAR-007). 

Summary 

Sampling of waste in single-shell tanks is to be done using the tank core 
sampling equipment. A core drilling rig will drill into the waste to 
retrieve samples. The bit temperature is i mportant because some of the 
tanks contain ferrocyanide that c".luld undergo an exothermic reaction if 
temperatures significantly exceed 300°c (572°F). Heat generation rates 
were calculated as a function of applied hydraulic pressure, which is used 
to increase the downward force on the drill bit, drill rpm, and the 
friction factor. This heat generation rate was used in a HEATINGS heat 
transfer model to determine the expected heat rise. Assuming a sliding 
f_r:jction factor, the max i mum hydraulic pressure, and soo rpm. the drill 
tern eratur · crease more than ° 

Discussion 

To calculate the temperature of the drill bit requires that the heat 
generated by the action of the bit be determined. It was assumed that all 
of the energy needed to turn the drill was converted to heat. In Appendix 
A is an equation for calculating the heat generated. Heat generated by the 
drill bit is related to the friction factor, the hydraulic pressure applied 
to the bit, and the rpm of the drill. 
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The analysis assumed values of friction factor for a worst case of running 
the drill into the bottom of the tank. This condition was assumed because 
the friction factor is expected to be higher for steel on steel as opposed 
to steel on waste. The friction factor used for the drill turning and then 
touching the bottom was .12. This friction factor is for sliding greasy 
conditions. Greasy conditions apply when two rubbing surfaces are 
separated by a very thin film of lubricant. This kind of condition would 
be expected to exist because of the tanks are not totally dry and the bit 
will be turning when it touches the bottom of the tank. For dry (non 
greasy) conditions, the sliding friction factor would be .41. 

For the case of having the drill bit sitting on the bottom and then 
starting to spin the drill, the friction factor is .23. For dry 
conditions, the static friction factor would .78. The static friction 
factors are for static conditions which would not apply after the drill 
starts to move. This condition would only exist for a few seconds after 
torque was applied to the drill string. 

The hydraulic pressure is used to create additional downward force on the 
drill bit. The pressure is applied directly to rams which in turn create a 
downward thrust on the bit. A maximum of 2000 psi can be applied to the 
bit by the way of two 2-inch rams. The drill bit temperature was 
calculated for various applied hydraulic pressures from Oto 2000 psi. Two 
drill speeds were considered: 500 rpm and 200 rpm. The analysis assumed 
that the drill would be running against the bottom for between 1 and 6 
minutes (this is expected to be conservative especially for the cases using 
static friction factor since static conditions only exist for a few 
seconds.) 

The various heat -generation rates calculated were used in a HEATINGS heat 
transfer model to determine temperature increase as a function of the heat 
generated by the bit. The assumptions and simplifications used for the 
HEATINGS heat transfer model are outlined in Appendix B. The heat transfer 
up the drill string was included in the heat transfer model. The model did 
not include the effect of air or fluid that will be fed down the drill 
string. 

The temperature rise versus heat generation rate was used to determine the 
temperature of the drill bit. Calculations of the heat generation and the 
results of temperature rise are shown in Appendix A. 
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Using various applied hydraulic pressures and sliding friction factors, 
the bit temperature increase can vary from Oto 103°c (0 to 173°F), see 
Table A.I and A.2 in Appenctix A. Table 1 shows the expected bit 
temperatures for all the tanks to be sampled assuming that the full 
hydraulic pressure (2000 psi) is applied to the drill bit, the drill was 
turning at 500 rpm for 6 minutes and the friction factor is for sliding 
conditions - greasy and ary. Under greasy conditions, the drill bit 
temperature would rise by 300c. For the hottest tank, the temperature of 
the drill bit would reach 1000c. If the single-shell tanks are totally 
dry, the temperature rise would be 10'3oc, ·causing the bit to reach 173°c 
for the hottest tank. Table 2 is for 300 psi applied hydraulic pressure, 
200 rpm and drill spinning of one minute with frict i on factors for .sliding 
conditions. The temperature rises are 1 and JOC for greasy and dry 
situations, respectively. 

Conclusion 

The results of the calculations show that drill bit temperatures will not 
cause ferrocyanide to undergo an exothermic reaction. In the worst case of 
trying to drill through the bottom of the tank and applying full pressure, 
the drill bit temperature will be 100 and 173°c for greasy and dry sliding 
conditions, respectively. These temperatures are we l l below the 300°C 
temperature limit. 
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Tank 
Number 

Friction 

BY-104 
BY-105 
BY-106 
BY-107 
BY-108 
BY-110 
BY-112 

C-101 
C-108 
C-109 
C-111 
C-112 

T-101 

TY-101 
TY-102 
TY-103 
TY-104 
TY-105 
TY-106 

Maximum Tank 
Temperature 

OF oc 

Factor 

158 70 
133 56 
140 60 

90 32 
99 37 

140 60 
93 34 

82.9 28 
83 28 
87 31 
83 28 
79 26 

72 22 

68 20 
65 18 
76 24 
68 20 
89 32 
68 20 

TABLE 1 

Bit Temp, oc 
2000 psi Applied 

300 rpm for 6 min. 
Sliding Condition Date of 

Greas.z: Dr.z: Measurement 

.12 .41 

100 173 3/03/85 
86 159 4/01/85 
90 163 4/01/85 
62 136 10/07 /78 
67 141 3/05/85 
90 163 5/17/85 
64 137 6/21/81 

58 132 1/15/85 
58 132 8/05/83 
61 134 8/ 05 / 83 
58 132 8/05/83 
56 129 8/05/ 83 

52 126 5/10 / 83 

so 123 11/13/ 83 
48 122 11/13/83 
54 128 2/07 / 81 
50 123 11/13/ 83 
62 135 11/13/ 83 
so 123 11/13/83 



TABLE 2 

Bit Temp, oc 
300 psi Applied & 200 

Maximum Tank rpm Sliding Condition 
Tank Temperature for 1 Minute Date of 

Number OF oc Greasl Dr,:! Measurement 

Friction Factor .12 .41 

BY-104 158 70 71 73 3/03/85 
BY-105 133 56 55 59 4/01/85 
BY-106 140 60 6l 63 4/01/85 
BY-107 90 32 33 35 10/07 /78 
BY-108 99 37 38 40 3/05/8_5 
BY-110 140 60 61 63 5/17 /85 
BY-112 93 34 35 37 6/21/81 

C-101 82.9 28 29 31 1/15/85 
C-108 83 28 29 31 8/05/83 
C-109 87 31 32 34 8/05/ 83 
C-111 83 28 29 31 8/05/83 
C-112 79 26 27 29 8/05/83 

T-101 72 22 23 25 5/10/83 

TY-101 68 20 21 23 11/13/83 
, . TY-102 65 18 19 21 11/13/83 

TY-103 76 24 25 27 2/07/81 
TY-104 68 20 21 23 11/13/83 
TY-105 89 32 33 35 11/13/83 
TY-106 68 20 21 23 11/13/83 

. ··- - --·-- . -~·--·· ---- ~ -
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Article 35 F1UCTION I.~ MACHINES 253 

clearance space with a change from zero at the fixed inner surface of the bear
ing to the peripheral velocity v of the shaft at its outer surface. For the radial 
clearance c, the velocity gradient has the magnitude ldu/drj = u/c;;::: rw/c, 
where w is the angular velocity of the shaft in radians per second. The shear 
stress on the surface of the shaft from Eq. 47 is 

I dv I µrw -r=u.dr =--• C 

and the frictional moment for a bearing of length / with surface area A = 2"'rl 

becomes 

M = -rAr = 21rµr3!w 
C 

where µ. is the absolute viscosity of the lubricant. 

(52) 

Cd) tlfJ½]#iii[f.i!:!P"'TI!Tai'ifi Friction between circular surfaces under nor
rrul pressure is encountered in pivot bearings. clutch plates. and disk brakes. 
Consider the two flat circular disks of Fig. 79 whose shafts arc mounted in 
bearings ( riot shown) so that they can be brought into contact under the 
axial force P. The maximum torque that this clutch can transmit will be equal 
to the torque .\1 required to slip one disk against the ocher. If p is the normal 
pressure at any location between the plates, the frictional force acting on an 

_ elemental area is fp d.A, where/ is the friction coefficient and dA is the area 
r dr d8 of the element. The moment of this elemental friction force about the 
shaft axis is fpr d.A, and the total moment is 

M = J fprd.A 

ME'fl-WW a+ 

Figure 78 

- __: ·:=-=~ . 

l . 



...: _:_:_- ....: -· ::-=-......:.:. -- - ---~-- - --

254 FlllCTlO'i Chapter t, 

whc:re the: integral is .:valuated over the arc::.i l)f th.: disk . Tl, carry out this 
integral thc: variation of/ anJ p with r must be: known. 

In the followin·g c:xampks / is assumed to be constant. Funhc:rmore. if 
the: surfacc:s are new. riat. and wc:11 supported. it is reaSl)nable to assume that 
the: pressure pis constant :ind uniformly distributed so that -:-:R~p = P. Sub
stituting this constant value of p in the c:xpression for JI gives 

-p •- R 

.\I=~ f ·1 r2 Jr dB = jfPR 
~R- " " 

( 53) 

This result may be interpreted as being equivalent to the moment due to a 
friction force JP acting at a distance 2R/ 3 from the: center of the shaft. 

tft±m:t ictirnJ:rti,sk'S!Qf:rrtjn!Jl the limits of integration are the inside and 
outside radii Ri and R0 , respectively. and the frictional torque becomes 

caw "" : 
(.-::..-,•."r-::-~•1'· ~~(\ 
:M ·= •J/P,.. '~ · • ·· 

·J-..... ,.. 1<.~~c.:/t?j 

, . 

(53a) 

After some wear of the surfaces has taken place. it is found that the fric
tional moment decreases somewhat. When the wearing-in period is over, the 
surfaces retain their new relative shape and further wear is therefore constant 
over the surface. This wear depends on the circumfrrential distance traveled 
and the pres~ure p. Since the distance traveled is proportional to r. the ex
pression rp = K may be written. where K is a constant. The value of K is de
termined by equating the axial forces to zero. or 

•- R 

P = f p dA = K f ·1 dr dB= ?.-;:KR 
" (J 

With pr= K = P/ (2-;:R). the expression for ,'1,f may be written 

JP ,_ R 

JI= J fprd.1 = :;::-- f"J rJrJB 
_ .. R ,, " 

which becomes 

.'vi= ½JPR (54) 

The frictional moment for worn-in plates is. therefore. only {!) / ( j ). or¾ as 
much as for new surfaces. 

If the friction disks are rings of inside radius R, and outside radius R0 • 

substitution of these limits in the integrations shows that the frictional torque 
for worn -i n surfaces is 

,\1 = +_jP(Ro + R;) (54a) 

(e ) Beil Friction. The impending slippage of flexible members such as belts 
and ropes over sheaves and drums is of importance in the design of bdt 
d rives of all types. band brakes. and hoisting rigs. In Fig. 80 is shown a drum 

subjected to the two belt tensions T1 and T2, the torque M necessary to pre
vent-rotation, and a bearing reaction R. With .\1 in the direction shown, T~ 

·---- --- --· - - ..._ 
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JPn~ of let~r, indir.ai.,~ that tbiii meml'l4!r 
· iA in tension. 
· ebord there &n now two unkno111:n atl'f'll:!E':I. 
J('t'Ond joint. The lit~ H B i., ol th<J same 
:n th1t oppo.1ite direc-tinn. Thi' ~tre:.i in tbf' 
-ion. 

u.MI..J -.·itli :1 ,.,....i loud uf ~ 1.;,~, 11, uniformlv 
.th :a ...-ind lu•ol n( I :l.l.iUU 11, "" Lh,• ria:ht ,iri~. 
:ontal c-ornponcnt, oi thf' ~upportiu" (orc-e:, 11,r,. 

::no.y be determined 1ro.µhic::11ly by rir.<t ,.,,sum
' "' runieulo.r poly11on eon~truction (, .•. ~ µ , :\-131. 
enernal (or~ plotted from the r~ulu of the 
otfero a eheelc on thi..i most importo.nt part ol 

,d i.s (16 / 34 ) 13.500 • 6.-.00 lb. The H eom
. o he 6.~00/ :1 • :J,::?00 lb. The ,·ertical eom
.000 lb. Taluns momenu sbout the rii:ht end 
; 1 • 60'1-",. :. •·, • 1-1.:"33; l', • :!l,:"80 + 
:.000 - 14,iJ:l • 19.027. 

Tbe polygon of external forces c:i.n now be 
rutructed. a., in Fig. 8. The doued pnrt ol tbe 
~rn Li the comhinuion ol the du.LI and wind 

• a.-.uminct tbat the}· :ore eo.d1 eoneentratM. 
) e dot~ line BK i.s th,- resultant of th
'-li.,. Thi" supportin,: (ore,.,. KA :ind AB are 
·termined by plottina: to ;eall" their hori~onto.l 
d ,·ertico.1 component~ ,._~ co.loolated. The 
i~·11:on of e:<ternal fore-,,~ for the tn.LS3 i.• 
.'DEFG/f I J KAB. and must check "'' itb. the 
ln"On ;ho,.·n dottl'd. The ion-es GH. HI. IJ, 

J K sre the re5ultant; o( the force; M:ting a.t 
, ioinu on the ri11ht side of the truS!I. 

,. :' ...... ~" supl)Ortinit forees ue to be deter-
a · • loads '""" be roneentrated a.t tbe 
"' tion of their resultanu. but wbea 

, mi.. .or-ees sre to be det-ennined tbe loads 
sl be distributed at the ,·ariou~ joints. Start 

:h ,ome joint of the truss ,,h.,re there are ooly 
·:,.m. Fi,i. &. The msi,;nitudes of tbe stre~ 
.r from the len,i:ths of the eo~pooding lines 
"-"ram. The nature of thl" st= (unsion or 
, oution. 

-i by the truss oi Fig. i. It i~ impoMlbl.
te tbe ;tre::SS d.i.:11~nrn1, :i..~ it ";11 he found 
~ner.o meeting :i.t thr. leit end :ind :J.t th,· 

o joint l\"ith 1- th:i.n three unkno.,.·n 
1lty, !Ome unknow-n ~tress !TUI.}' be calru
~ng ";tb the graphical !'Olution. 

. J.S eo..se is that in the middle member of the 
at the middle of the upper ehord. 16R . .f. • 
• IS + ih l l - ( 1.360 X JO) a ~~7.600. 
, diacro.m :ind procffd. 

_.- notinp: tbst 1' mu.st be on a. line through 
-1gh I p:u·:illel to Js :ind &l.90 that TS muat 
1tion.ship may be indic:ited by a.oy point.a 
1g s.a T'S' is parallel to c... Furthermore, 
1 n-. If T' :llld S' are arbitrarily ,elected 
:Io.-ever, U must lie on :i. line through V 
~ by moving the t.ri&ngle T'S' U' 110 tbat 
:be Line througb V po.rallel to uv. This 
:.ermined. 

. ... . _ ....... ... - · 

FRICTION 

BY 

Dudley D. Fuller 

R&n:1u:isci:s: Bow-den :i.nd Tabor, '"The Friction and Lubric:ition of Solids." Oxford . 
fuller. '"Theory :llld Practice of Lubrication for Enitineers,'" Wiley. Ram &nd Crane. ":',(e
eha.nics of :',(a<,hinery," :'olcGraw-Hill. Bevan, "Theory of :\fachines," Lo.nsmans. \·auance 
ADd Doui:htie. '"Design of :';laohine :'ol~mbers," :',lcGraw-Hill . 

Frictioa is the ~i~t:i.nce that is ent"ountered when two ~lid surface~ ~lide or tend 
to ~lide over each othn. The rnrfoces m:1~· bf' either dry or lubric:i.ted. In the fim 
r:i..se, wben the surfaces :ire free from conumin:i.ting fluids, or films, the rc~i~unce i,; 
r:dle-d dry friction. The friction of br:u;:e ~hoe!' on the rim of a wh~I j3 an l":Umple of 
drv friction. 

· \\lit'n the rubbing rurfar.es a.re !!epar:ited from each other by :i. very thin film of 
lubric:i.nt., the friction i., that oi QQiiliiV~~- The lubrication 
depends in this ca~e on tbe strong o.dhesion of the lubric:i.nt to the mat.eri:i.l of the rubbing 
.•urisce~; the laye~ of lubric:mt ,lip over each other inste:i.d of the dry surfaces. .-\. 
jouro:i.l when starting, re,·en,ing, or turning at very low speed under a he!lvy lo:i.d l.!! 
an example of tbe condition tb!lt .,,ill cause bound!lr)' lubrication. Other examples are 
gt:i.r t~th (t'Speci:ill~- hypoi<l gears .), cutting tool~ • .,,;re-dra.wing dies, po"·er !'C'rewll, 
bridg:e tronion~, and the runnin;;-in pr~s of mo.•t luhri!':lted surfaces. 

\\"hen the lubrication i3 :i.rr.ingl!<l :!O t.hat the rubbing 3Urfaces sre sepo.nted by :i. 
fluici film , t1nd the lo:i.d on the ~urfac-l':I i3 carric-d ,•ntirclY by the hydro;tatic or hydro
<lrnamic pre:<•ure in thl' film. the frietion i.~ that of complete (or viscous) lubrication. 
I~ :his ca.se, the frictional lo~~ :i.re due solely to the internal fluid friction in Ull' film. 
Oil ring bt-aring,o, bt,-.1rin~ v.;th forced feed of oil, pivoted sh()('-type thrust bearing:" 
opt!r:iting in :111 oil b:i.th, bydro~t:i.tic oil pa~. oil liit:t, and ~tep bt!:i.ring!' ,u-e i=t:i.nc~ 
of complete luhricstion. 

Incomplete lubricatioa or mixed lubricati,m tak~ plo.c-e ""hl'n thE' load on the rubbini; 
~urfac~ i., carried partly by :i. fluid vi~uE film :i.nd partly h_,. !l!'f':t~ of boundary lubric:i.
tioo. The frictiou i~ intl'rmedi:ite hetw~n that oi ll.uid and 
houndar~· luhrication. Incomplete lubrication E'XiHs in be:i.r
icg~ l\;tb drop-feed, "·~te-packed, or ,.;r.k-ie<l luhrit·:1tion, or 
"n the gui<le:1 oi a cro!'Shead. 

STATIC AND SLIDING COEFFICIENTS OF FlUCTION 

In the llb~ce oi friction, tht> l'f'!!ultact oi thP for~~ betw~n 
tbe rurfact>:< of t..,·o bodies pr~ng upon e:i.cb other is oorm.-il 
to tlle rurfo.ce of cont:i.c!.. Witb friction, the rerult.:i.nt deviate!! 
Crom the aorm:il. 

Fu:.. 1 

U one body is pressed ag:i.irut :i.notber by a force P, as in Fig. 1, the first body ..;u 
not move, provided the angle a. included betw~n tbe line of actioa of the force sod a 
normal to the surfaces in contact does not exceed a cert:i.in v:i.lue .,.-hicb depend~ upon 
tbe nature of tbe surf= The resultant force R h.:i..s tlle same tn..'.lgtlltude and line of 
&ction iu the fon:e P. In Fig. I, R i.! re,olved into two component.a: a force N normal 
to the mrfaces in contact :ind :i. force F, P3r:illel to the surfaces ia contact. From tlle 
:ibove statement it follol\·s th:i.t 

F, S .Vt:l.na. ~ NJ, 
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Talilc 1. Cocflicicnt1 of Static and Slldlng Friction 
(ICc-fr, 1,114., . 1,- 114.1" iudi,·• t• : llir. lul,,i1·"11i. 11a1·1l; uowhr.,a iu l'•rcnLlw•c• Ml\'C tl1a .. ,urco.a. R.:o fou lau>lo) 

llar ,l ·•····• un ••• 1,l,itl, \ ;-;T ;\J NH. a, 

Mil.I 114:.-1 oa ,.J111i11m 11ih-,·r 
~lil,I • ..._._.t ,,n 1,l .. •a• •• .. . r IJ1111ar . 
MilJ ,,,.,.1 on cul'JM' f ,,..,J ..... . 
Mil,J •l•:rl vn r.al irun . . 
M ilJ akul on l1\a, I . .... . 
Nir~11I un 111iltl •••"'·I 
Alu111uu1111 Uh ... a,1 ..... , .• 
~1-an•·•iuru on wil,1 •lt·•·I. . 
).lo,cni·•iurn ,,n 1i.utieun1iu1u 
1'dl11n uu T,·lluh . 
T,.11,,o on •h·r l . . . . . . .. . - . • . •. 
1 '11ow•1c-u r•rl1~dr 1111 1,1u~•lc-u 1·a1l,1 , li
T1111a.:11l1· u rarh1,lr ou •h-•·I . • - · • · - -
T1111~••• ·u r,-,1,i,li- un ,·11J•1"•:1 .. 
Tu11,i .. 11· n ,.,.,t,i, l1• 110 in,11 .. .. 
ltoud,·,1 ,·,.r l,i, l,· 1111 •· .. •••r1·r . • 
U o 111lnl , -., l.i1lr u11 i , 110 . 
f •a,h u111m uO 111il1I •h.-,•l . 
' ·111i,lot ' f uu iuilil ,. ...... ... . 
N, ,-td on oid,•·I .. 
11, ... ••R 111il,I ·•··· ·• 
Iha .. ,,n ,·••l iu,n . 
Zinc ,,n rad iu,n 
t.l11in•·••• .. n 110 •:0111 i1u11 

( 

1

1•1'1"' ' OU •·••l lfuU · · 
1 'in 110 , . ,.,., iron . 
1.-·a,l 011 1· .-111 iruu 
Alu111in111n uu Ml11111i1111111 . 
f.lu• OU ,tla• • . 

C :a 1 lu1n 110 ~lo:u 
f :1110,·1 u n uulit ,-11,·I 
';1 ..... ,. UII 111d,d 
f 'u.,1 .. ·r 110 ,.1 ... ,. 
f ' IUIL ir,,11 vO nM- 111 11 0 

tlr111u11 IIH C••l i11,11 
o,." "" "•~ (loA01ll.-l t u Kroiul . 

o.i. on ..... (tM!'1•• ·01 li,·ul1H~ 
1,..a&l11·1 ou oali. t1 •ur.1 ll1 l) 
,~.4l i,un " " o~k 
l .ca..ll1 r r OD c••• uuu 

l .aminah~I plu,tfr 1111 llh'f"I . 
1-"l111c•I ,11l,lk·•· l,,·,,11 11~ un •h.:d 

l)ry 

o: 74 ( 19i 

ci . 11 Ill 
U. 70 (II) 

0 . 42(111 

o." -ii t11i 
0 . 61 (II 

0., t22i 
0.04(221 
0 . 04 (221 
O. J (lll 
O. S (lll 
Cl . Hill) 
0 . 1 (lll 
0 . lS(lll 
0 . 1 IHI 

O. H 18) 
1.10 (16) 
0 . SI t6I 

o:as oi.i 
i.oi 11i.i 

1.oi , ·1i.i 

o:o•i i ,. ;,, · 
0. JI ( I. ~I 
0. IS ( I. r1 
0 . 08 ( I. ,II 
0 . 08i II . d 
0 . 17 ti . hi 
0.11 (I . r1 
0 . 09 ( I . ,II 
0 .0K(l.d 
O. H (I. ll 
0. I l ( I. t.l 
0. 10 (I. JI 
0 . II ( I. ,1 

o." iun1. r1 
0 . 111./1 

o: IJ 122 . .. , 
0 . 01 (ll. .. , 

0. 94 (&) 0 . 01 ( 10. ,,1 
0 . 0Di (IU . vi 

~--,i 1iti . 
o.u (I) 
I. 10 (161 

o:,i 191 

o. it 1•11 . 
o. 61 (~) 

Hliitin« 

u. JI (61 

0 . 111 I II 

o · i• <li 
o."i1 ,i.1 
0 . 91 ( Ill 
0 . 64 (II 
0 . 41 ( II 
0. 4211) 

11 . 0 ()I 
0 . 16 ()J ,u, {)) 
U. H lhl 
0 . 10 161 
0. 11 I 71 
O. UOI 
0 . 29 111 
0 . ll (I) 
O.• I Ill 
I. 4 (II 
0 . 40 (11 

o.· 11 ·, ,i 
0 . IY ()I 
0 . H /Ii 
u. \I I II 
0 . Ii 191 

O. ll (91 
O.U (9) 

o _" ii I;,) 
0 . 1! ('I) 
0 . 49 (91 
O. lo (9) 

O. H1 ·1•1, 

(iro~y 

0.019 (i. hl 
0 . 081(1 . c) 
0.010 /1. ii 
o. 01s is . ii 
0 . Uftt S. cl) 
0 . IOI I . l) 
0 . 0%11, 1) 

n. I08 '\f' 
't!*.nl 

0 . 19 (). u) 

D. 16 II . ~I 
0. 06 ( I . , I 
0. II (I.cl) 

0. 14( I. 61 
0 . 04111 . cl 
0 . 01 I I . JI 
Cl .OH! 11, 1,l 
0. 11 I. hi 
o. 06 I. cl 
U. 01>(1.J) 

P . OY1 ( l , /I 
0.113(1. /1 
0 . )41(1, /1 
0 . l Jl 11. (I 
0.)(11,/ 
0 . 1111 (). ~, 

0. 04 (ll./) 
0 . 01 Ill. /I 

0 . 18 l 11. al 
0.11 ) . ..,, 

O.DY(l,a) 
0 . 116 ( l. ,) 

0 . 010 (9. ,I) 
o. 064 19. •l 
0 .011 (9, n) 
0 . 164 (9. ,1 
0 . 061 (Y. ,) 
0 .072(9. •I 

O. OH ( 'I . •I 
0 . )6 !9. I) 
0 . I) 9. u) 
O. Oi 12. 11 
0 . DI ( 11. I) 

I' , .. .. 
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HT\TII: .\NII :-il,llllNU COl•: 1,'F ICll::NT:i OF Flll<7t'ION 3- ·ll 

wlll'nt /. - 11111 "• i, 1:11ll1•,l 1111• cootnclcnt of frittlou of rc11t (or of atatlc frlctloo) 1m1I u1 

ia tl,c anglo of friction of rest (or 1111.,.li: ,,f rcpo10). 
If llill 1111r11111I fon :i: N lid1rnc11 tlw 1C11d1u:1::1 j., k1:pt cu11Hu.11t, ttrJJ Luo langculial 

loro:o f, b 1:rnil1111lly i111:rcu1Cc.J, ll11:ru will 111: IH> 111ulio11 whilu /t', < NJ.. A 11.l.tu of 
i111pcmli1111111uti1111 id rcncl11:J wl11,r1 Jo', 111:nrn tl11: vnhw of NJ.. If 0110 dUrfoco 11li<lc11 over 
tloc ollicr, l11 :i11i; pn , .. ~1:, l (oi:i!Llwr l,y 11 11111·11iul fur.-u N, u fricti ouul fuicu f,' rc8i11Lini; Llro 
u111lio11 11111~t Lu, uvl!n:111111: . Tli id force i" UMtmlly 11rnnllcr tlu111 I<', . Tho furco /I 111 
,·1111111111nly expn•:-1tt1:il nM I-' = J N, 11·lu:n, Ji~ 1111, cot:fflcient of 11iding frlcllon, or klnellc 
friction. 111 Liu• ru11~1: of prni:ti1:n l vi:lodli1:" 1111Cli1li111(, Liu, 1:odlici1:nl.lt of •litling fridiou 
urc dll111ll1·r tliun 1111: ,·1ll'llic:ic,11l~ of Hlnl.ii: fr ii:Liou. Will, H11111II vdoc:itic• of •li1ling 111111 
n1-,i- c-11°1111 "urf,11 ·1·:1, Liu : I 11·11 1:11dli1·i, ·11t.:1 tlu 11111. dilfor npprcciul,ly. 

llud"r 11111d1 •rnlc: 1m •:<.,11n::1, 1111: fri1:liu1111I fon:c: i" proporliuual Lo tho '1111rmul lo,ul 
1111 1111, rnhl,i111: "11rf111·1:s. I l i" i111lt,111,r11lc:11t of Ilic 111·1·:1.iurc: pi,r unit un111 of tlw "11rfu1·1,d. 
TIii' 1·11dli,·ie11l 11( frii:I iuu i" 11ppru.~i11111t.1 :l_y i111lt:p1:111lt:11L uf Liu, r11l,l1i111( HIIC<-.. 1, wl11,11 Ll1u 
.<pc,·cl i, "11lli1·i1:11I ly low "" UH 1111(. Lo uff,a:l t.lu, l1:111p,·rnt11m of 1111: liUrfu1:o:; nL hii;hr.r 
vdocitic:1, Llie c11dli,·ii,11L of f ri,,Li1111 tlt:1:n:11Ni:H nH I Ion vc:lui:il v i11 c:rc1u•c• . 

'J'l11: cuellicieul., 11[ fricliou for 1lr_v Hurfuc:ctt (dry fri, :lio11) ,l.,p.,1111 1111 Ll111 mntcrinl~ 
,li,liui: ovc:r 1•111,li 111111,r 111111 1111 Lh u fiui:1111:il condition of Lhu •urfuc:e:t. Willi gmu•y 
(l 11111 111l11r_y I l11l,ri1:11l.i11u, 1111: 1:111·lli1:i1:11L:1 d1:p1,111I lruth 011 llio 11111leriul.• 111111 e11111lilio11H 
uf tlu: :111rfo1,.,:11111111111 lhc: l11hric:1111LH c:111pl11yed. 

Coellidc11Ld of frio:1.iun un: Hc11ui1ivc IH 11l11111spl11:rio ,luut 111111 humidiL)', oxitlu fil1nN, 
tturfocu fiuittl., v,·lcwil .\' or nlicliug, lu11,1u:roluru1 vil,ru.tion. auul tlau ,~x: lcuL ol uunl1uni-
11uli1111. 111 11111ll_\' i11sl11111:c,,c llw dq(n:c: of c:1111 l11111i1111lio11 iH pi,rlut(ld tho moul i11111urt.u11t 
,i 1111lo: vnriulili,. F11r c:x11111pli:, i11 the l111,111 hdow, vulueH fur the Hlllt.ic: 1:odlicicut of 
/rii:1i1111 11f ttl1 •1• I 1111 ,11•1·1 un: li:1l1 ·cl, 1111cl, d1:p1:111li111( u111111 1h11 ,h:1:ri:11 of c:1111L11111i1111tio11 of 
Il ic :1pc1 ·i1111:11.i, 1111: 1·11,· lli1 ·ic11t of fricLiou vuri1::1 clfoc:t.ivdr fro111 <» (i11finitr) to 0.01:1. 

Cuefficlent1 of Slatic Frictiou for Steol on Stoel 

'I',·;~ f'OU11iliuo /, llat.• 
-----··- ·- - ------·-·-··- -- ·----------1----- - --1-----
lh.- ...... :,1 •l d ,·,·•h·,l h · iu11 in (1il( h vuc1111111 . 

(~rcl6.IIC · fU.'U iu \'t,U'III IIU . 

t :r, 'M,:-fr.-v iu Mir . 
C'l ..: •O ..,u, I ,:on l e1 I wi tl1 ol, •ic 11d1I . 
l'l,·11u 11.nd c,,_.t.;, f ~iLI, aiHli11i,u1 uf flku,ic &&dJ. 

• St·,· fuuluulo lu '1'6ll1lu I . 

' (w-,h( on 1:untAol) 
0.11 
0.)9 
0. 11 
0.01) 

10 
I 

• I 
ll 

Tl11: 11111oiL l'ITi:divi: l11liric1111IH fur 11011 -lluiJ luliriculion urn i;cncrully llw,;e wl1id1 
r, ·uc:t c:l11 :111i.:ull _1· 1i-i1h llw •11lid •11rf1u:11 uml form 1111 udhcri11" fil111 ll111t iM 11U1u,licJ Lo Lho 
aurfui:1· wil Ii u d11:r11i<-11I ho111l. 'J'l,id octi1111 clcpc11cl• upo11 Lht: nnluro of Lho luliricunt 111111 
111••11 11.,, n ,udivil.y of the: ~oli1l ~11rfocu. The tnulc hclow inclir.utC11 thut u C..Uy 1u:i,l, 
•ud, UH fo11111l in 1111i11111I, Vc1<clnhli:, nncl murinc oild, rcducc:d lhci coc:llic:icut of fric:tinu 
11111rlmlly 0111.r if il C:1111 l'Cllc:l clY.. i: liv,·ly wilh lhc 1101iJ dllrf11cc. Purullin oil i11 1111110 .. t 
c111111 ,li:11-l_r 11O11-n-11 1: I ivi:. 

\'111111:H i11 Tul,li: I 11f Hlidin" 1111d Hluli c: codlicie11ld l111vo l1cr.11 11elcctc,I lttrgcly from 
r"·1:11L inv i:oi l ii;nl i1111, \\'l11:rc: Lhc1CO vnriulili:d huvc l,ceu very l'llrr.fullr cuntrulli:11. 'l'ht:y 

-------- ---- ---------------------------------
r1111l' ,-..ivn;, ' l ' .uu.t; I (c,;u l.) 

• d i, Juu r . • ~.ti:, lU -1:!; t15) !·H•ol1111, .. Frlclioo.' ' Lou11C111aO•i (10) Erud auJ llurchant, Coofcr~nco on 
Fdc t i11 0 KU1J liurl,u:o..: Fi11 i•l1 , M .l.T., lU IO; (J 7) (Jtmte\,·cr. Couforc:nru oo •·rlctiu11 an1I t:lu,f• i. • •·tu~h. 
M.I.T ., IUIO; (ltO llar,l.v ao,l Uir,:u111el,aw , l'rw. Nu11 . s~ .. lU:l~ ; (10) llt1nly •r.ul llarJy , rl.il . Jla11 ., lUtlil; 
(:!II ) lluw,l,:11 au,I \'111111.c . J•,~·. llo11 , .'iw., 10,'>l j (:.!J) 11.nly an,J lloul,luJay, Proc. Nua, . ~ .• IU:.!:J; (1:4) Uuw-
J .: 11 ............... , . "Tl,u J•'r idiuh ""'' l .uLri,:u.tit,n ul 811li , l111 ," OalorJ; (~:o 8J1out.er , H, ... ,, •. .. . IU~I. 

(u) Olcic ud,I; (b) All1wli t.: epindlu oil (li.clit u&incral) ; (,) c11i•l•1r oil; (cl) lard u,il: (,) Atlautia •plnJle oil 
1J11• :! 1--.:1,:m,t 1, ld ,1 ud, I; (/J mcJimu wiucrMI oil; (6') 111c,liu111 111iuural o ll 11lu• J, IK:fccol 'ih:ia • ci,I ; (A) aka,M 
&ti1 I; (i) Mrn,•u hi•111 o.tl ,lu l,1uu) j (j) .cr•11tiltu; (4) huliloo oil 1,lua I a~rcunt •'•1•l1h•i (IJ l1ulil11• oil 1,111• I 
~u·u111- •l o1H ln a,·i, t ; (111) lud,in• 1111 (11u:,li11111 111i11111al) ; (ul ulivu ,,ii; (11) palmhlv aolil: C4) ri..:iuol~in acki t 
(d 1h,1 aua.p ; l,) l1u1I; U) \\kh·r ; (w) fUI"-' t,il ; (11J :l ·iu · I uil ; (11,) Od)' I u.kul,ul ; (.,) triulciu; (i,) I 1-.,rc-.:ul laorW 
a,:i, I io 1,ara.lho uil. 

,; 
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Friction 
Factor 

Sliding 
Greasy 

0.12 

Sliding 
Dry 

0.41 

Static 
Greasy 

0.23 

Static 
Dry 

0.78 

TABLE A·.1 

Based on Tank Temperature of BY-104 (1580F, 700C) 
for 500 rpm Drill Speed an~ 6 minute Spin Time 

0 

Heat Generation 504 
KBTU/hr ft3 

Temperature Rise 
OF 1 
oc .5 

Drill Bit Temperature 
OF 159 
oc 71 

Heat Generation 1723 
KBTU/hr ft3 

Temperature Rise 
~F 3 
oc 2 

Drill Bit Temperature 
OF 161 
oc 71 

Heat Generation 966 
KBTU/hr ft3 

Temperature Rise 
~F 2 
0c 1 

Drill Bit Temperature 
~F 160 
0c 71 

Heat Generation 3279 
KBTU/hr ft3 

Temperature rise 
OF 6 
oc 4 

Drill Bit Temperature 
OF 164 
oc 74 

Pressure Applied, psi 
500 1000 1500 

7312 

14 
7 

172 
78 

24984 

49 
27 

207 
97 

14015 

28 
15 

186 
85 

47531 

93 
52 

251 
122 

14120 

27 
15 

185 
85 

48245 

94 
53 

253 
123 

27064 

53 
30 

211 
100 

91783 

180 
100 

338 
170 

20928 

41 
22 

199 
93 

71506 

140 
78 

298 
148 

40113 

79 
44 

237 
114 

136035 

267 
148 

425 
218 

Temperature rise are based on the results of HEATINGS runs. 

2000 

27736 

54 
30 

212 
100 

94766 

186 
103 

344 
173 

53161 

104 
58 

262 
128 

180288 

354 
197 

512 
267 



.\ .- • •_-,, ! ' , r• • ' I.• '• . · • • • '. "• • •• , . •, • • ; I '-' ' I •· • '' . . , ... . , . · ·•·•· \ • • • • • ' t• • :• • • ,1 I \ ' ,"i •• .•:~/ ; .'( ,•/,'"f ) ! • 

<-_;".\ 
TABLE A.2 

Based on Tank Temperature of BY-104 {1580F, 700C) 
for 200 rpm Drill Speed and_0ne Minute Spin Time 

Friction Pressure Applied, psi 
Factor 0 500 1000 1500 2000 

Sliding Heat Generation 201 2925 5648 8371 11094 
Greasy KBTU/hr ft3 

Temperature Rise 
OF .19 2.8 5.4 8.0 11 

0.12 oc .11 1. 6 3.0 4.5 5.9 
Dril 1 Bit Temperature 

OF 158 
, . 161 163 166 169 

oc 70 72 73 74 76 

"' . 
Sliding Heat Generation 689 9994 19298 28602 37906 
Dry . KBTU/hr ft3 

Temperature Rise 
OF 0.66 9.6 18 27 36 

0.41 oc 0.37 5.3 10 15 20 
Drill Bit Temperature 

OF 159 168 176 185 194 
oc 70 75 80 85 90 

Static Heat Generation 386 5606 10825 16045 21264 
Greasy KBTU/hr ft3 

Temperature Rise 
OF . 37 5.4 10 15 20 

0.23 oc .21 3.0 5.8 8.5 11 
Dril 1 Bit Temperature 

OF 158 163 168 173 178 
oc 70 73 76 79 81 

Static Heat Generation 1311 19012 36713 54414 72115 
Dry KBTU/hr ft3 

Temperature rise 
OF 1. 3 18 35 52 69 

0.78 oc .7 10 20 29 38 
_Ori 11 Bit Temperature 

OF 159 176 193 210 227 
oc 71 80 90 99 108 

Temperature rise are based on the results of HEATINGS runs. 
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APPENDIX B 

Assumptions and Simplifications 

Several simplifications and assumptions were made in order to model the 
sampling of the waste in single-shell tanks using the HEATINGS heat transfer 
computer code. The following is a list of assumptions and physical data used 
in this analysis. 

1. Heat transfer across air spaces in the tank is by radiation and natural 
convection. 

2. Thermodynamic properties of the concrete in the dome were assumed to be 
equal to soil properties to simplif1/ modeling. The real concrete 
properties were used in the tank walls and base. This assumption will 
make the dome temperature slightly higher. 

3. An adiabatic or insulated boundary was placed at a radial distance of 60 
feet from the tank center. This assumptions is reasonable and simulates 
a tank in the middle of a large array of tanks, all generating the same 
amount of heat. 

4. 

s. 

Lower boundary was placed at 200 feet below grade level at a constant 
SS°F. 

A forced convection boundary condition was placed on the soil surface, 
simulat i on heat transfer to the atmosphere at 70°F wi th a heat transfer 
coefficient of 2.0 BTU/hr ft20F. 

6. The metal of the primary and secondary shells were ignored. 

7. The heat transfer up the dr i ll string was included in the mode l ing. 

8. Axisymmetric symmetry is assumed. The two-dimensional cylinder (R, Z 
coorainates) heat transfer models are defined i n Figure 8.1. Th i s 
assumpt i on tends to make the cal·culations conservative by reducing the 
surface area through wh i ch heat is transferred to the upper and lower 
boundaries. 

9. The waste is assumed to be cylindrical slab of uniform thickness, thermal 
conduct i vity, and power density. Actual tanks have layered so l ids and 
varying degrees of nonun i formity of thermal properties. The resultant 
temperatures may be somewhat higher or lower, depending on how the heat
generating material is distributor. 
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10. Physical properties: 

Material 

Soil 

Concrete 

Drill String 

Waste 

Insulating 
Concrete 

Thermal 
Conductivity 

BTU/ft hr Of 

.25 

.54 

30.0 

1.0 

.11 

Densit~ 
lb/ft 

113 

144 

491 

1.0 

62.0 

Spec1fi c 
Heat 

BTU/1 b Of 

.22 

.21 

.11 

22.60 
(Volumetric 
Specific Heat) 

• 2 

Soil, concrete, and insulating concrete values from Reference 1. 
Waste property from Reference 2. 
Drill String Properties is for carbon steel. 
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