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PART I 

SUMMARY OF PROPERTY MEASUREMENTS 

STATEMENT OF PROBLEM 

The physical and chemical properties of liquid metals, together 
with measurements of heat transfer coefficients on an engineering 
scale, are being investigated. The investigation to date has been 
concerned wit h the alkali metals. 

PROPERTY MEASUREMENTS 

This quarterly report presents the status of results on the 
measurements of physical properties of the sodium-potassiwn alloy. 
Measurements of some of the properties have been completed and final 
reports on these will be prepared i'or the next quarterly report. Two 
reports from the Mine Safety Appliances Company are included. 

VISCOSITY 

A portion of the next quarterly report will be devoted to a final 
presentation and analysis of viscosity measurements made at the Labo­
ratory and elsewhere. There will be included final viscosity values 
over a range of compositions and over an extensive range of temperatures 
with an accuracy sufficient for engineering purposes. 

DENSITY 

The next quarterly report will also contain a similar final re­
porting on density. All density data, compiled at MSA, at NRL, and 
elsewhere will be analyzed and presented in final convenient form. 

SURFACE TENSION 

Surface tension values below 200° C for the pure metals and 
several alloys will be presented in the next quarterly report. 

SPECIFIC HEAT 

There are indications that the apparatus for specific heat re­
ported in NRL Report C-3152 will not give results of sufficient 
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accuracy for the problem at hand. A re-evaluation of the apparatus 
is being made and it may be desirable to rebuild some parts to obtain 
accurate specific heat measurements. 

!UACTION RATES 

A preliminary report will be presented in the next quarterly 
report on the rate of reaction of liquid sodium-potassium alloys with 
liquid water. The measurements to date have been made under atmospheric 
pressure at room temperature. 
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PART II 

PRELIMINARY REPORI' NO. 4 SUPPLEMENT l 

FILM HEAT TRANSFER COEFFICIENTS 

FOR LIQUID POTASSIUM-SODIUM ALLOYS 

by 

R. C. Werner and E. C. King 

J.UNE SAFETY APPLIANCES COMP ANY 
Callery, Penna. 
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A& TI'lfiCT 

An alloy of 44% po~ anium an~ 56% sodi\O (KUJJ. 44) 
was ~o6tod inn natural cl~oul t1on apparatus for 
pressure drop due to friction. ~uynolds numbore wera 
in the tM.ns1t1or, ro11on betr,e n 2000 and 10,000. 
Da.rey fricti~~ f~ctor e:o c~lculated and co pared 
with oa tn on ether fJ.uiln as published by L. F. ·toodyo 
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INTROP-UCT ION DECLASSIFIED -
A. Aufhor1zat1on. ,..,,,..._.._..._ 

Th1s project \'las authorized by Task Order I undE>r 
Contract N6or1-146, elated June 26, 1946. 

B. Statement of Problem • 
• Task Order I calls for resourch on the c~o~1cal and 

physical properties of the various potassiu~-sodiu~ alloys 
and for determination of ~ethods and procer.uref for their 
use in heat trnncfer. 

C~ Known Facts Bearing on the Ix,ohlem, 

The flow of fluids inside pipes is r,ovornod by the 
e;enoral ther1T1odyna:nic flo;.·1 equ·1.tion which rnay be written 
betweon any t·,:10 points in the £low syster.,. Ono of the 
terrns of this equation 1s thir:: work energy ,;/llich har. heen 
f1ss1po.teo as friction. The friction tern ,:--t4:l.y he pre­
ti1cted from a generalized correlation between t1-ia Be::-nolcfa 
number of the flowing fluid and a friction fe.ctor when 
the pipe diameter, length of pipe, viscosity of the fluid, 
dons1ty of the fluin, and f'lu1~ velocit:1 ~re known. ""hen 
·the flow 1u lo.nino.r, only ono rolo.tionship or.ists but an 
a.deed para':'loter of pipe, 1"oughnes r-i rr1u~t he known i:,hon flow 
1s turbulent or in the transition region botncen laminar 
and turbulent flow. Thir; r::tudy v1as initiated to establish 
the friction factor--HeynolfR number relationship for KNa 
alloy in nnturnl c1rculntion tbrouBh pipe caused by density 
differences acconpanyine;

0
heating ann cooling. 

The !'low equa.tion 1s an energy balan~e between any 
two points in the flow s:1stem .. 

By an energy balance for fluid flowing from Point 1 
t6 Point 2: 

U1 + P1V1 .e. 
Ul2 

+ X1 + q s Uz 2g 

-f' P2V2 

2 
U2 

-t rg ♦ X2 • Ws (1) 
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1n which U - 1ntc.1. 10.l er. .... rgy: !"C-lba9 per lb. 

Pc proo ure, lb. per sq. ft. 
V ~ volu e, cu. ft. por lb. 
u = av~rage 11n~ar velocity, ft. per oec. 
X :: 1.oight above natum, ft. 
q s heat a.boortcd by fluid$ ft-lb. per J.b. 

l.'ls a ,·1oi .. k done by eystom, ft•lb. por lb. 

An energy ~alance on the fluid itsolf givos: 

dU: JTdS • )PdV ~ eto. 

in which T = temperature, deg. R. 

(2) 

S: entropy, ft-lb. per deg. R. per lb. 
etc.= increase in all forms of energy other 

heat and compreas1on 
than 

If friction losoes are defined as Wr, then 

~TdS • Vlt ~ q (3) 

A combination of Eqs. 1, 2, and 3 B1vee the general fluid­
flow equation: 

) VdP • 1:2 
+ 6X -t wt <- W8 ~ etc. :% o (4) 

The torm i."lf incluces all kinds of friction and rns.y 
be expres'3ed ao follows \"lhen using the friction factor to 
predict t'lle friction bet\-:een the .fluid and tho pipe wall: 

2 2 
Wr au L f (pips f'riction) + (U1-u2 ) (enlargement) 

2gD 2g 
.a. K u22 
T (contraction)~ orifice lose. (5) 

2g 

In which 
L = length of pipe between (1) and (2), ft. 
t = friction factor 
D a pipe d1arnoter, ft. 
K = factor depending upon ratio of diameters 

The integral (jVdP) may be solved formally when V may 
bo o.'i::surned t .o have an a. vera.ge value. For the case of 
1sothormal flow of 1ncompresi:1ble fluids, V is constane 
and p~ pJ.. 

jvaP = v(~p • V(P2-P1) • ~;:.:1 (6) 
P, ¥. 
in which I°• density lb.ft cu. . 
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A c-,.nbinat on .,, e ·1 • .1. 0 4, o, a.ad 6 3i 1es 

• )VdP ::: P1 ·~P2 L u2 =--I°- . 2g 
~ lJX '> ¥!

0 
u2Lf 

,t 2g!) + enlargem:.nt 

,.. contractlon + etoo (7) 

In case the fluid has a var1nblo s~eoifio volume, 
the 1ntegrnl should be usedo 

In a.r&S.lys1ng tho .flow behavior of a natural circula• 
t'-on device ahCl\m on Figure 1, there nre six aogme~ts to 
the flow syotett represented by the flow betwoon thermo• 
couple points (TCl, TC2, TC3, otc.). ThQ flow oquntion 
may be v,ritten for enc'1 of the segments and -;hose equations 
combined to yield one oquntion ,11th the frictlon factor 
the only unlmown term. Any term will be omitted when the 
numerical value 1s ze~o, such as for Ws in all equations. 
The klnetic energy term~ will be neglected for the small 
temperature chan5es but \'1111 be included for the heater 
and cooler. Also the fluid .fr1ct1on 1n the sn diameter 
hea tel' and seps.rator will be neglected. 

(1 to 2) 

(2 to 3) 

(3 to 4) 

(4 to 5) 

(5 to 6} 

(6 to 1) 
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'.".hen multiplying both sides of cnch equation by the 
fluid density mid adcing the oquet1ona, the oummat1on of 
the presoure torms beco~eo zero. A eutnr.illtion of the oix 
equations with ree.r1•aneement gives: 

(8) 

For a given hco.t input into tbe ay::;tern with a cor­
responding temperature rise 0£ t~e fluid between points 1 
and 2, the mass rate of c1rculnt1on is estacl1shed by 
use of the specifi c heut of tho fluid. The naes rate of 
flow, the density of t~o fluid~ at tho several tempera­
tures, and the a1~ena1ons of the equipment make 1t 
possible to compute each term 1n equation (8) except the 
friction factors f. For an exact solution of the equation, 
it would be necessary to assume that the friction factors 
all occur on a B1v~n roughness line of the friction 
fo.ctor .. Reynolds number plot. r:ith this aasunption, a 
trial and ~rror solution will dete~m1ne the ~ou~hness 
factor for the KNa alloy 1n stainless steel pipe. 

-4-
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In this report a .nethod will bo prenented to deter­
mine the preasura arop oue to friction in a natural cir­
culation piping zystemo The apparatus uned will be des• 
cribed and methods of calculation explaineoo 

r.IBTHODS 

Ao _£.pparatus. 

Several apparatuses were used be.fore dependable data 
was collected .. The first waa constructed with external 
electrical henters and high temperatures could not be ob­
tainedo The second apparatus was destroyed when electrical 
po,'ler failed on a. wsok-end while the equipment nas 1n the 
standby condi·tion. The sodium in the apparatus solidi­
fied and when pov,er service was resumed, expanded while 
heating and caused feilure in the plat~s of the heater, 

The appara. tus finr1lly used is shown in Fii:;ure 1. The 
heat9r wa~ a 2 ft. section of 6 inch stainless steel pipe 
containing ~ ... x 1000 wa.tt imt1ernion hentere, controlled 
with a. variable tra.nsi'ormsro Tha hot leg conslstod cf an 
8 fto vertical □ect1on of 1/2 1nch stainless steel pipe 
nelded to tho top of t½e hentar. Tho cold loc was a 
10 ft. section of 1/2 ~nch stainless steel pipe with an 
18 inch heat exchange soct1on. Temporaturaa were measured 
at the 1nlot to tlte hen'.;er (Thermocouple 1), e.t the outlet 
of the heator (Thermocouple 2), at the top of the hot leg 
(Thermocouple 3}, nt tho top of the cola leg (Thermocouple 
4 ) 1 below the heat exchanger (Thermocouple 5), and at the 
bottom of the cold leg (Thermocoupl e 6). The syotem was 
insu.lated with high terlpere.ture pipe lagging a.nd insul ating 
cement. The thermocouples were ca11bratea against each 
o~her in an electrically heated furnaceo The voltmeter 
and ammeter ,,ere ce.libro.ted against otandard instruments 
supplied by the Pennoylv~nia Power Co. lleat lose fl-om the 
hoater w&a determined by measuring the power x·equired to 
hold the hoater at various temperatures while the KNa was 
solid in the co:ld leg. The heat loss is plotted against 
temperature on Fieure 2o 

D. Opera t 1(!!2.~. 

The a.pparn.tu:1 was clonned with 12% sulfuric acid and 
cJ1e.t1lled ws.ter, dr1ed uncer vacuum, and charged with 
n i trogen. The oystem was t~en charged with 30 pounds of 
KNa 44. 

-.. -
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Tests 1 t11roui;h 8 wera cooled ,71 th Dowthorm A in the 
coolor. Tests 9 throuen 30 were cooled by removing the 
1nsulatton from t~o top horizontal pipe a.nd tho cold leg. 
nn.riant cooling was used to reach hir;rier toi·peratl..u•es a.nd 
higher Hoynolrs numbcreo 

C. i~ethoc. of Calculation. 

The exact calculation involves a trial an~ error pro­
cedure for f1nd1n~ tl1e friction factors. It woulr be o. 
nore Rtrnight fo11\·u1ra c~lculo.t1on if the friction factors 
and fluir fensitiea were as~umon to bo the saMo for ca.ch 
terr>1 in equation 8. To evaluate the error which this 
assuMption woulc make, a.n exact co.lcula.tion Uf-11nr, equ'1t1on 8 
will be :-r.a.de. 

'l'he right hnno ~embers of oquntion 8 m~y bo co~puted 
directly from the expel'irtontal cfota on Fie. 1 and 2. 

Run No. 5 

C1rcula.t1on Ro.ta 
qi-qr 

w: ~f;~t2--~t;>cp1:2 
14,050 - 1160 

= 1?5o0 x 003055 e 24lo4 lbs/hr. 

.131217 
f 

Static IIoao 1n Heater. 

2) 52030 = -104.6 

Kinetic energy change in. heater. 
2 2 _2 __ 2 

(u1 • u2 fl 2 = (0599 - .616) 52.3 ~ -0.0l6 
2g • 64.4 

Enlargement into heater. 

-(u1-u<Je1 ~ -(.599 .006)
2 

53.0 = -0.289 
2g 64.4 

Contr'lct1on out of ·heo.tep. 
0 

- K22f'.'2 n •O.S X .olG X 51,6 = -0.152 
g ' 64 . 4 
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Stati c hend in coolers ction. 

Static head in cold leg. 

(X5•Xs)!°5,6 • (7.5 • 0) 52.9 = +397.0 

Enlargement into separator. 

(Uc)-U5)~6.,l ~ ( 0006 - .599)
2 

X 53 = -0.289 
64.4/ 64.4 

Contraction out of 
2 -K~lf a -6,1 

g 

separator. 
2 

006 X .~z 6~ 0 
64.4 

= - o.1s2 

Total driving force = D. P = •9.115 lbs/sq.ft. 

As part of the trial ana error, asPurne on avorago f, 
c:1ensity, velocity and Hcynolr1 s Number r,quntion O beca"'leB 

u2 f L~ 
2gb r = 9.115 lbs/sq.ft. 

The equivalent length of pipe 1ncluciing only the straight 
pipe and three turns 1s Biven on Tablo I as 37.75 feet. 
Solving for an avera~o f by us i.ng f avera~e and u a.verage. 

f: 9.115 X 64.4
2
x .622 

2 ~ 
2 

= .04 2 
37.75 X .60i X 52.8 X l 

The average Reynolds Number is 7470. 

A comparison of this point r,ith tho friction factor 
Plot Figure 3 (Reference 4) shows that 1t corresponds to 
a roughness of about o.ooa. Using this curve for ob­
taining the friction factors £or the 1nd1viduo.1 terms 1n 
equation 8 v.111 c;1ve o. trio.l to find whether the sum or the 
follo,1ng frictional pressure losses are equal to the 
ava1lablo presoure (Li P) shown above. 

-
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0o£3TQ' X 9 75 X ,,Q'i2 X 51.6 
64.{ X 0.0518 ~ 2 388 

n 
G 

0.6l4 X 8.5 X 0042 X 5lo7 
64o4 X 0 0 0518 e 2.090 

2 
0 0 60'f X 4.25 X .0428 X 52.3: 1.052 
---64. 4.-xz>:-os1a 

2 
0.'599' X 6 00 X 0.433 X 53.0 

----------------·----- m 
64.4 X 0.0510 1.482 

9.308 

This solution for trie left hllnd side of the equll.tion 
mntches the r1r;ht h.'.lnd side within ,007 which is!',a,tis­
factoryo 1rh0refore tho point as plot.tee is reprosenta.t:!.ve 
of the app•u·ent rouchnoss of thl':.I pipe. 

Run 28 

The following calculnt1ons a.re Run 28 calculated 1n 
the precod1.ng manner to check the met-hod on no.ta collected 
\"!1th radiant cooling .. 

Circulation Rate. 
20,410 - 2450 _ 

w • 254.5 x o. 3208 22000 lbs/hr. 

Static head in heater. 

- 99.22 

K1~et1c energy chanse in heater. 
2 __ ......,...,..2 

(u1
2 -u2

2 )p1 2 a: (O~S'?T - 0.596 )49.61 
2g / f - 4s4o4 

-Oo030 X 49.61 = .;;..;..;;..;;.....,.;__..;;;.;...;;--- • -64.4 
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Enlargement into hea tor. DECLASSIFIED 
2 2 

-(u1-uot:1 _ -<~o~.5~?~1.__-_~0o0~0~6~)_:;.,50~~~6~3 
, 2g I - 29 ft - 0.251 

Contract1.on fl'Om heater. 

-- - 0.134 

2 .,,_..,,,_2 
- Ku~. 

2 
:z ·•0. 5 X O • 595 X 48 • 59 

2g e - 64.4 

Static head of hot leg. 

(x. -x ~)[· , - (2 10} 4a.ss = ,,( ~ ., .., - -389.44 

Kinetic energy change 1n cooler. 

2 2 2 .,......,=2 
(u4 - u5 ),o

4 5 
c _.b....,.5,,..,,.8..,,,..6 - o.579 

2g '-, 64~4 X 49.64 :: • 0 . 007 

Static hand in cooler sect1ono 

(X.1-X5v·4,5 : (10 - ?o5} 49.64 = 
f.tatic head in cooler log. 

Enlargement into separator. 
2 2 

< uo -u6 > 1..: 6 
1 
1 = ( o • oo 6 -

64:4 
0 • 577 ) 50 • 51 

2 64.4 

Contraction from separator. 
2 ..--,....,_.2 -K;g~~ : -0.5 X 0.57l X 50.51 = 6 ,1 64.4 

r, 

u"°'f L~ _ 
"2gD '. - 10.850 

f = 10.850 :r. 2gD 

u.2L/· 

us5.ng 

f - 10.86a X 64.4 X 0~622 

0.583 X 37.75 X 49.61 X 12 

DECLASSIFIED • 9 .. 

-- 0 .. 0568 

: 49.61 
0 .. 583 

37~75 

-124.10 

♦376.202 

0.256 

- 0.128 

10.850 
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AveraGa Reynolds Nurncor 9365 

Thie value compares with tho :,Ioody roughness of 
app •• 025 2 

Hot Log• 
0.596 X 9o75 X 0.0561 X 48.68 

Top 

64.4 x 0.0518 
2 

: -0-.-5-90- X 8.5 X 0.0562 X 
64.4 X 0.0518 

49.05 

: 2.839 

= 2.443 

Exchanger •• 582 x 4.25 x .0565 x 49.64 
64.4 X 0.0518 a 1.215 

2 
Cold Leg= U-";"57'7 x 9.25 ~ .0666 x 50.16 

.. 64.4 .x 0.0518 = 2.622 

2 
Bottofil: -0 ..... 5,.,,.72...., X 6.0 X Oc0568 X 50.51 

64.4 X 0.0518 m 1.691 

P : 10.810 

D- Phye1oal Properties. 

V1acoa1ty. The v1scos1t1ea used were taken from NRL 
re.port No. C-5105, Qua.rto1"J.y Progress Report Mo. ·3 on the 
·.1easU1"ement of the Physical and Chemical Froperties of the 
fiodium-Potass1urn Alloy, April 1947. Those vnlues are shown 
on -Figure 3. 

J;ensitt. J'.,ena1ty values were taken from Preliminary 
Reportlfo., "~ns1ty of the System, KNe.11

• T:ensity values 
are uhown on F1gure 4. 

Specific Heat. Specific heat values were taken from 
NJ'..l report No .. C-3152, Quarterly Progress Report No .. 4 on 
the 1,~eneuremen:t of Phys 1cal and Chemical Properties or 
Sod1um--Pota.as1u.m Alloy,. Appendix B. Speo1f1o heat values 
a.re shown on Ftgure So 
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RESULTS 

The data collected end the calculated results are 
shown tn Table I., The ~osulta wore plotted 1n the mannor 
described by L. F. f.fooc!y (Re.f'ei•ence 4) us 1ng the Darcy 
f1•iction factor as the ordinate and Reynolds number as 
the absciosno 

FigUl"e 6 1s the 7Aoody line for an equivaJ ont rough• 
ness of 0.008 plotted \vith the aata from the Dowtherm A 
testso Fi~ure 7 is t11e ·~oody line for an equivalent 
roughness of O.O2 plotte~ with the data from the radiant 
cooled teats. 

The sppnratus has been 1n ocnt1nuoua operation for 
112 cays. The tcMporature ,aried nur1ng the fifty-~lx 
days whon th:;:- preoedinr; toste were ma.de. At the conclu­
sion of the to0ts the

0
te~pereture at TC-2 was adjusted 

to approxim~tely 1000 F. It ls planned to operate the 
appnrntus at 1000°1". indefinitely. 

COl{GLUSIONS 

D:lta has been collooted that can be used to deter­
mine pressure drop due to friction in natural circula­
tion systens using KUa 44. 

The oata of Figure 6 should be used when tha KNa ia 
cooled rapidly in a short section of the piping. 

The ea.ta of Figure 7 should be used when the KNa is 
cooled more u;niformly c,ver long sections of the p1p1ng. 
The difference iu pressure 0rop between the two is due to 
add1t1or..al turbulence en.used by the rapi~ ccoli'."18 of the 
JC.a. represented by Figure 60 

Results of this experiment wi11 be changed by any 
future chances 111 tho recommended values of density. 
specific heat, 01• viscosity of Klia 44. 

-11-
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NOTilliNCLATURE 

Cross sectional a1•ea of pipe, sq. ft" 
Inside dlnm9ter of pipe, rt. 
Darcy fric.+;~on factor, d1meno1onloas. 
:Jias a flo1v rate, lba./hr./sq~ft. 
Acceleration aue to gravity, 32.2 ft./seoo/sec. 
rnctor depending on ratio of ptpe d1ametera. 
Equ1val~nt length of pipe, ft. 
Reynolds number, dimensionless. 
Pressure, lbs./eq.ft. 
li'rict1onal pressure drop, lbe./sq.ft • 
Heat absorbed by fluid, f't.-lbe./lb. 
Heat input to heater, Btu./hr. 
Eeat loss to henter, Btu./hr. 
Entropy, ft.-lbs./0 R/lb. 
Temperaturo, 0 R .. 
Temporattu•e, °F. 
Temperature of T0-1, TG-2, etc, °F. 
Internal energy, ft.-lbs./lb. 
Fluid velocity, ft./aac. 
Volume, ou.ft . /lb. 
1·101•k loss tiua to friction ft-lbs ./lb. 
\"oJork done by syste!n ft-lba./lb., 
Circulation rate, lba./hr. 
Height above datum, ft., 
Density, lbs./cu.rt. 
V1scoa1ty, cent1po1ses. 
Relative roughness, d1men~1onless, 
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EC::UIVAllil'JTI' LbNGTH OF PIPING 

3 Tees, side outlet~ 3.5 ft. 

Hot Leg 

Top Section 

Cold Leg 

Bottom Section 

Total 

TABIE I 
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10.50 ft. (Re.f. 5} 

8.00 ft. 

5o00 ft. 

10.00 ft. 

4.25 ft. 

37.75 fto 
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F/GI/R£ 2 

Seet1on 3,4 
Run 5 28 

Temp. 614.7 94:3.6 ,,., 51.70 49.05 
TC-4 

~ o.298 0.227 
Run 6 28 u o.614 0.590 

Te:np. 614.1 908.0 NRe 8220 9820 
~ 51.70 49.3, TC-3 
u 0.61• 0.586 Run 5 28 __... Temp. 615.4 979.2 

Section 4,5 
Run 5 28 Section 2,3 

Temp. 538.9 869.8 ... Run 5 28 
I° 52.29 49.64 Temp. 620.2 990.0 
~ 0.330 0.239 - 51.64 48.f;8 ~ 
u 0.607 0.582 }I 0.297 0.221 

NRe 7420 9340 u 0.616 O,!'i94 
NRe 8240 10,100 

TC•5 I Run 5 28 
Temp. 463.8 831.6 TC- 2 

I' 52.90 49.95 Run 5 28 
u 0.600 0.579 Temp. 625~0 1000.8 

I' 51.60 48.59 
u 0.616 0.596 

Section 5 1 6 --
Run 5 28 I Section 1,2 

Temp. 459.4 804.6 Run 5 28 

I' 52.93 50.16 - Temo. 537.5 873.6 

J" 0.364 0.250 
p - 52.30 49.61 

u 0.600 00577 ~ 
0.327 0 .238 

NRe 67.20 8930 0,608 0.583 
~ NRe 7480 9380 

/ 
TC•6 \ 

Run 5 28 Section 
TC·l 

Temp. 454.9 777.6 6,1 

I' 52.95 50.36 Run 5 28 Temp~ 450.0 746.3 
u 0.599 o.577 Temp. 452.5 761.9 f' 53.00 50.63 

I° 53.00 50.51 u 0.599 0.571 
f'- 0.367 0.259 
u. o.599 o.572 

NRe 67?0 8620 

Run Circulation Hea.t /but 
lbs/hr Btu. hr 

5 241.4 14,060 
28 220.0 20,011 

'F'igure 2 Exact Calculation for Runs 5 am 28 
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PRESSURE DROP DUE TO FRICTION IN A NATURAL 

CIRCULATION SYSTEU OF SODIUM-POTASSIUM ALLOY. 
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ABSTRACT 

The work on the convection hoat transfer progerties of 
sodium-potassium alloys has been extended to 1200 F. and 
12 ft./sec. velocity inn nickel double pipe heat exchanger. 
Overall hcnt transfer coefficients as high as 3240 
B. t. u./{hr. )(sq.ft.) ( °F.) wore obtained with a 46 .a ·::t. 
% K alloy. The convection heat trnnsfer coefficients could 
be correlated to a maximum disagreement of+ 11% to -10% 
with a ~enn r.evint1on of 3.7% by tho following formulae: 
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1. Authorization. 

This project was c~rried out under Task Order I of 
Contract N6or1-146 dated June 26, 1946. 

2. Statemo~ of Problem. 

Task Order I calls for research in the chenical and 
physical propertiea of va.r1oua sodium and potaosium alloys 
and for the determination of methods ana procedures for 
their use 1n heat transfer. 

3. Covera.ge. 

Thie report is a continuation of Preliminary Report 
No. 4 on uF1lm Heat Transfer Coefficients for Liquid 
Potass1wn-Sod1um Alloys". l} The material to bo covered 
in this report will be the changes made 1n tho experimental 
unit, changes in the reconnnended physical properties of 
NaK alloy, and tho data and results from 32 additional runs 
made on a new nickel heat e:xchangor v1ith a NaK alloy com ... 
position of 46.4 ''!t . % K. The problems and difficulties 
encountered will be o1scussed. 

DERIVAT IOH QF THE EQUATION 
FOR CORHl:!:LATION 

In the previous report on "Film Heat Transfer 
Coefficients for Liquid Potass1um•Sod1um Alloys" a method 
was presented for calculating film ooeffic1enta from 
measured overall heat transfer coefficients. Thia method 
was presented as being easier than one which would re­
quire the measurernant of tube wall temperatures due to 
the difficulty of these temperature measurements under 
high bent fluxes. However, this method required that the 
equation for correlating the individual film heat transfer 
coefficients must first be chosen 1n ordor to separate 
the measurod overall heat trans.tar coe.ff1c1ents into its 
individual parts. The trouble with this method is that 
whatever equation 1s chosen for correlation, that equation 
will give results which are generally best correlated by 
that type of equation. It is therefore very important as 
to wh1oh type of equation 1s chosen. 

In tho previous report it waa assum9d that the con­
vection heat transfer coefficients followed the general 
Uusselt type of equation~:• in ,1h1oh the Nusselt number 1s 

*Note: See page 168 of Ref. 2 
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a function of the Raynolds and Prandtl numbers and the 
value of the exponents were those proposed by Colburn\ 3) 
for the center stream i~e. hD/k z 00023 (D1G1/;cc1)0°8 
(cp1A1,/k1)0 •33 and by Monrad and Pelton<4 ) for th.a 
annulus stf,e~ 14e6 hD/k • 0,020 (Da/D0 )

0 •53 (G0 D8 bc,0 )
0 •8 

(c 0~/k0 ) '• 5• • In order to correlate the data by the 
abEve method 1t was found that a so called foulinB factor 
was required. Since this fouling factor did not vary a 
great doal with temperature or t1•:1e, dur1nB the collection 
of the data, and since no scale could be found on the heat 
transfer surface before or after the runs~ this fouling 
factor may only bs a mathemat!cnl trick which correlated 
the data without the presence of any actual scale or 
fouling .. 

In general, when other inveatigat9rs worked on heat 
transfer measurements in clean equipment, they assume no 
fou11n~ or fou11ne factor between the fluid and the metal 
wall. Therefore 6 it would seem loe1cal, for a beginning, 
to make this same assumption • . 

For this report 1t will be assumea that the convection 
heat transfer coefficients follow the ~eneral Nusselt type 
of equation 1n v;hich the Nusselt number is a function of 1.3 
the HeY!!olds and Prandtl numbers only 1.e. hD/k • o<(GD/..M) 
(c t</k)r and that there is no scale or fouling. The 1ntro­
du~t1on of new exponents from those obtained by Dittus and 
Boelter and other investigators* for the Reynolns and 
Prandtl numbers will be cnlled the '' Adjusted Constant l,!ethod". 

The method used in the previous report will be called 
the "Resists.nee Factor i'fethod" instead of "Fouling Factor~'. 
This change in n:imes was thought necessary to separate any 
inference of tho title to any actual scaling or fouling. 
The use of t~is method does not imply that fouling does 
exist. It r.iay or ms.y not exist. 

The use of new ~ethods or types of equations for corre­
lating convection heat transfer coefficients like t~ose now 
being introduced into the literature by r,iart1nell1 (5,6) and 
others should also be considered. Since preliminary calcu­
lations show that such methods are going to work very well, 
the next report will deal with this matorial. 

1. Ad.1usted Constanta :.~ethod. 

The "Adjusted Constants r~ethod" assumes that the . con• 
vect ion heat transfer ooeff1c1ents can be correlated by the 
general Nusselt . type equation and that no sea.le or fouling 

-i•uote : ~ee par,e 168 of Ref. 2 
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ex1stso S1nce no data was obtained on the rolat1onsh1p 
between the convection coefficients for tho center ~tream 
and the annulus stream, it will also be assumed that these 
coeffic1ento will oiffer only by the additional terms of 
:itonrad and Pel ton ( 4) to the Uussel t type equation. The 
followinG equations and relationships may then be obtained. 

G lf 
h1 = o<.01 °p1 (G1D1~1}' (cp~1/k1) (1) 

/ 
0.63 (2 ... ,(3) (8 .. ~ )1+ Z>1 - ¥' 

0.8'7 (Da Do} D1 (/<1) (Opo (~) (3) 

(D 2 -D 2 )(l•~){D -D ).1.3 /< o k 
El O a O O pi 1 

Let Q. : 0.87 {Da/D0 ) 0 •53(n1 ) ( 2•(3) 

(Da2-D0
2 )(lf.d) (Da-Do)-t.3 

and S 

then ho/hi: SQ 

(4) 

(5) 

(6) 

The inside convection coefficient (h1) may be calculated 
from the overall boat transfer coefficient (U) from the 
following equation: 

h1 : (1 -t D1 )/ [~ ... D1 (Do - D1)J 
DoSQ U ~ D:lv kw (7) 

(8) 
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F'or the firs t appror.1na t ion, vs.lue s e.re chosen for 
d-., 1.3, a.nc: o .. • The above squat ions are thon applied to th~ 
measured overall heat transfer cocff1c1ent in order to 
obtain va lue:; of h1• The vo.luo of 1.3 h1 checked by plotttng 
the numerical vo.lue of (h /G cp ) aeainst the Reynolds number 
(GD/.l't ) of the center stream on log- log ~raph po.por.. The 
slope of the line drawn throur,h the data will bo ,S. 

The numerical values of .,!... and ~ can nmv be ~ecked by 
plotting t 'l:10 numerical value of (h /o cp) (OD/1"1)- against 
the Prandtl number (cp1'1'/k) for the center stream on log­
log graph paper. The slope of the line chosen to represent 
the data. will be the value of i and the intercept of the 
l 1ne with tho line ( Cp ,1</k ) i • 1 will give trie value of ,,i;,, e 

The new values of ?(., f.J , and -:" are then used for the 
second appr oxima.tiono Only about two npproximat1ons will 
be required . Adr1 1 t1onal 1nfo:::-mat1on on the checking of the 
constants .~ , 8 t a.nd --6' ca.n be found on page 5 of the 
pre v1ous repo1•t o ( 1 J 

2. Resistance Factor ~ethod . 

~'he resistance factor method assumes that the convec• 
tion heat transfer coefficient can be correlated by the 
Nusselt type equation \·11th the use o.f the numerical value 
of the constants proposed by Colburn~3) and that any 
deviation can be handled by a factor hav1ng the 8ame dimen­
sions as resistance to heat transfer. 

This method 1s the one used in the previous report and 
will not be repented here. For details the reader is re­
ferred to tha previous report. (1) 

EXPLHI"':!•NTAL UNIT 

1~ Description. 

Some changes were made on the experimental unit from 
that previously reported. Plate 1, 1n the appendix, wil l 
indicate the relocntion of the individual parts. 

A. The double plpe heat exchanger was constructed 
entirely of type "A" nickel and then installed as 
s~ch in the stainless steel experi~ental unit. The 
center tube had a wall thiclmess of 0.025 1n . 
instead of 0o035 in. und was 33078 in. long i nstead 
of 33.81 in. All other dimensions wer e the sarre as 
beforeo 
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B. A second heate1 .. was added to the expe1 .. imente.l 
unit just after the cooler . This added heater 
helped 1n adjusting the cooling rate w~en ob­
taining hi~h temperature cond1t1one. 

c. Trie expansion t ank was moved to a pcs1t1on do\1n­
stream from the second heator . This r:ndo 1t act 
as~ separator for foreign material in the alloy 
stream since the flow of liquid now passed throueh 
the expansion tank~ 

D. The hole in the orifice plate was increased from 
0.400 to 0.600 inchcso This enlargemnet decreased 
the pressure lens through ehe orifice thus per­
mitting larger flow rates at the same developed 
pressure head on the pump. 

E. A change was made from chromel-alumel thermocouples 
to 30 gauge iron-constantan thermocouplos. The 
trouble experienced with chromel-alumel thermo• 
couples will be found in the discussion. 

F. Two mixers consisting of 6 half moon baffles each 
were inserted 1n the two outlet streams between 
the heat exchanger and the thermocouples. These 
mixers were necesr-ary to obtain unil'orm temperature 
measurements. 

G. A three-horsepower motor was installed on the pump 
to obtain speeds up to 3300 RPM. A "B" Belt dri!fe 
was used and variable speeds obtained by varying 
the sheave sizes. 

2o Calibration. 

The orifice meter was calibrated by weighing the delivery 
rate of water for different manometer readingo The adapting 
of this calibration to different liquid flowing through the 
orifice and for different sealing liquids between the NaK 
alloy a~d)the ~ercury manometer may be found in the previous 
report.\l 

The calibration of the 30 gauge 1ron-constantan thermo• 
c ouples was porform6d by compRr1ng the E."l.F. of the several 
couples with a 22 ~auge thermocouple at different te~peratures 
in an electrical callbrat1ng muffel furnacea Due to the high 
t emperatures involved with iron wire, the life of the couples 
1s short lived and therefore the thermocouples must be recali­
brated and replaced ofteno 
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3. Opera t iono 

A. Pretreating: The only difference 1n tho pretreat1ng 
from that reported in the previous report was the 
use of a :33% HCl solution for pickling the nickel 
heat excha.n3er before it was welded to the sta.1nless 
steal unit. Short lengths of nic1cel piping were 
welded to the exchanger before pickling. Thus the 
final installation welding took place far enough 
from the hca t exchaneo aurfa.ce that no scale .._.,as 
produced from the welo!ng. All othor testing was 
clone as before. 

B. Opera~1ng: The operation or the experimental unit 
varied only s11B}ltly from the oporntion of the 
previous unit. The Reeves drive used to regulato 
the pump speed 1n the previous unit was replaced by 
aheavos of different sizes which maintained a con­
stant speed drive during each of the various runso 
Ex~~pt for the high flow rates at low temperatures 
where the cooling rato was limited by the ambient 
incoming air. Tllo temperature oifferenoe hetween 
the inside and annulus stream in the heat exchnngor 
was approximately 30°F. Approximately 30 minutes 
was. required for each 1•un. At the close of each 
day, the system was cooled to room tompe1•s.ture and 
then drained into the storage tank. This operation 
prevented the pscking 1n the pump from becoming 1m· 
pregnnted with alloy aur1ng the night by a brec.k 
down 1n the electric probing circuit~ Such add1• 
tional precautiona required about 10 minutes at 
night and 15 minutes 1n the morning to be performed. 

A different procedure had to be used in con• 
nection with the thermocouple. Only 28 or 30 gauge 
thermocouple wire could be used 1n the pre~ent ther• 
mocouple wells. Tho use of such fine wire ln 1ron­
constantan couples for temperature measurements up 
to 1200 F. required frequent calibration and replace­
ment. The new procedure required calibration of the 
thermocouples every morning and night at the temper• 
atures of operation with a socond set 1n readiness 
for replacement. This procedure was an emergency 
ono and will be changed tor future work when the 
thermocouple wells will be changed to accommodate 
heavier wire or tho errors involved with chromel­
alumel thermocoupl&s can be el1m1natodo 
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4o nita Collected. 

The data collected during an experimental run consisted 
of roading the Tl19.nometer and measuring the E.·-1.F. genera.tea 
by the four thermocouples located around the double pipe 
heat exchanger. 

New instruments were used to measure the electrical volts 
and amperes ~upplied to the main heater. This data was ob­
tained so t119.t the main heater could be used as a flow 
colorimeter. 

PHYSICAL PROPLRTIEf OF UaK ALLOY 

Sinoe the prav1ous report more ini'ormation on the 
physical properties has been made available. Each of the 
four physical properties are, therefore, discussed 1n order 
to present which sou.roes of data were used in thio report. 

1. Density. 

No change was made 1n the dons ity of the 44 Wt. '/o KNa 
alloy as previously reported. _ The density-temperature rela­
tionship is reproduced as Figure 1 1n the Appand1xD 

2. Viscosity. 

Aocor•ding to report C-3105 of the Naval Research 
Laboratory, dated April, 1947, a !5% accuracy in the vis­
cosity ot KUa alloy can be obtained by using a simple mix­
ture law and the v1aoos1t1es of sodium and potassium for 
allq 11:1 of any composition. This procedure waa used 1n ob• 
t a1n\..ng the viscosity of a 44 Wt. % K alloy from the v1s­
cos1t1es of Na and K given 1n the above-menticned report. 
Fi gure 2 1n the Appendix shown a plot of the obtained 
v1scoait1ea. These new values are greater than those used 
1n the p~evioue report to the extent of 2.8% at 200°F. 
and 140 % at 1200°F. 

3. Thermal Conauctivi~. 

Infcrnation on the thermal conductivity of KNa alloy 
was obtained from report C-3152 o.f the Na.val Research 
Laboratory, dated July, 1947. This information wno worked 
up for 44 ·::t. y; K alloy o.nd ls plot tea in Figure 3 of the 
Appendix. These new values a.re greater t 118.n those used in 
th£ previous report to the extent of 10.55~ a t 2oo°F. and 
15. 3~~ 11 t 12oo°F. . 

·7-
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4. Specific Hoa_l. 

The only information of speci.fic heat used 111 this re­
port was obtained from report C-3152 of the !la.val Researoh 
Laboratory, dated July, 1947. This information was worked 
up for 44 ··:t. % K alloy and the results are shown in 
Figure 4 of the Appendix. These new values are also greater 
than the ones previously used to the extent of 1% at 200°F. 
and 24.1% at 1200°F. 

A check was atte~pted through use of the data collected 
on the main heater of the experimental unit using it as a 
flow calorimeter. The specific heats calculated from this 
data was approximately 20•30% low. Further work is needed 
to explain this discrepancy. 

CALCULATIONS -
In this section of the report, all calculations, 

plottings, and correlations will be reported for the 32 
runs which were ?".lade on the new nickel double pipe heat 
exchanger. 

The composition of the NaK alloy used in this set of 
experimental runs mis found to be 46.4 v:t. % .K by chemical 
analysis. This composition was assumed near enough to the 
44 Wt.~ K alloy for which this study was proposed that no 
corrections were made for the difference in analysis. All 
calculations are based as th0UBh the actual composition of 
the alloy had been 44 ~t. % K. 

1. Dimensional Constants for Experimental Unit. 

Tube diameters: 

Inside diameter of outer tube 

Outside diameter of center tube 

Inside diamter of center tube 

Tube diameter ratios: 

Da " 1.3'7 :s 1.827 -
Do 0.75 

Da . 1.37 ■ 1.956 --Di 0.10 

~a 
0.'75 :i 1.0'71 
0.10 

-a 

Symbols 

n~· 
Inohea 

1.37 

o.75 

o.70 
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The area u sed for heat transfer was aga i n based only 

on the ins ide area of the center tube through which hoa.t 
was being transferred. · 

Actual area• 1}"(0.70/12) (33 . 78/12) 

A1 a 0.516 sq . ft. 

No correction was introouced at this time to correct 
for changes in area aue to thermal expansion. 

2. Calculations Applying to Both ~,Tethods. 

The method of caloulating the f9llowing 1toms 1s 
identical with the previous report: \2) 

Average TerllperattU~e 
:'-ila.ss Flow Rate 
Temperature Differont1.als 
Hot and Cold Stream Conditions 
Overall Hoat Transfer Coefficients 

In Figure 5 in the appena1x the overall hoat transfer 
coefficients obto.1nod fro11 the 32 runs on the nickel aouble 
p1pe hoat exchanger were plotted against the now rate 1n 
lbs./hr. A cross plot was ma.de by plotting the overall heat 

.transfer coefficients against the temperature for three con­
stants flow rates . Figure 6 shows these results. 

All other calculations required different numerical 
values for the constants comparea to the previous report due 
to change 1n the dimension and material of _construction of 
t he heat exchnnger and so each item vrill be cons1-nered 1n­
o1vinually. 

· A. ··:etal wall resiotancs to heat transfer: The metal 
Viall resistance·-to heat trnnsfer was ca.lculateo from 
the thermal cor:,Juctivity values for nickel reported 
by Van Dusen arHl Schelton\7). These values vrere 
converted to Bttt/( sq.ft. )(°F./ft.) and are reported 
in Figure 7 in •Lho Appendix . Since the Thermal 
Conductivity wa-, practi~lly a straight line rela­
tionship with tonporature on both sides of the 
Curie ternperatw•o, the wall resistance to heat 
transfer war calculated at 100°F., 680°F., and 1400°F. 
and a straight l ine relationship was used between 
points. 
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a (0.70/12)(0.75/12 - 0.70/12) 
39.4 (0.75/12 + 0.70/12) 

= o.511 x 10-4 °F./ [cn.t.u.)/(hr . )(sq.ft.>J 

··:all resistance at 680°F. 

■ {0.70/12)(0.75/12 - 0.70/12) 
29.7 (o.75/12 + o.70/12) 

• 0.675 x 10-4 °F./ f B, t.u, )/(hr,)( sq.ft.~ 

\':all resistaneo at 1400°!<,. 

= (0.70/12)(0.75/12 - 0.70/12t 
35.l {0.75/12 • 0.70/12) 

0.573 x 10-4 °F./ [<B. t.u. )/(hr,) (sq.rt,~ 

These reoults are shown in g7•aphio form 1n Figure 8. 

B. :43.ss Velocity: The mass velocity 1o givon 1n 
lb./(hr.)(sq.ft.) and was calculated from the ma.as 
flo~ rate and the cross sectional area of the 
stream. 

For the center stream. 

: 4 w (144) 
:;f{0.70)2 

: 374 VI 

-10-
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For the annulus streamo 

= w (O o70) 2 

(1.37) 2 - (0.75)2 

= w (0 .. 49) 
1.877 - 0.562 

: 139.2 w 

The valuos of maos volocity for the C6nter and 
annulus streams a.re reported as G1 and G0 for each 
run in Tablo 1. 

c. He:vnolos number: Tho Reynolcs number for the two 
streams was co.Iculo.t~cJ from the !•.ass velocity, the 
r-iameter or cqu1 vo.lent diameter of ti1e s troo.r.1, ana 
the v1scoe1t~r nt the avorac;o ter,pernturo of the 
stream. 

For the center stream. 

= 374 w (0.70) 
12 (2.42;'<1) 

= 9.02 w 
.;'( 1 

where the viscosity 1s given in centipo1se instead 
of English units. 

-11-
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For the annulus streo.m. 

where D0 • Da - D0 

NRe - 139.2 w (1.37 - o.7sl -0 
(2.42.rf) 12 

= 2.97 w 
/"to 

where the viscosity 1s given in cent1po1so in­
stead of English units. 

D. Vs.luos of P·:,ru10tl Number: The values of the Pranotl 
number or Cp ~k/k were obtained from the physical 
propar•t1es ol' 44 ·::t. % K alloy at the desired temper­
atu:-eao The values are presented in graphic form 1n 
Figure 9 in Iha Appendix. These values of the 
Prandtl numt1)r are 7.6% at 200°F. and 175% at 1200°F. 
h1Bher than the values Biven in the previous report. 

3. Correlation by Ad·Justed Constants ·1ethod. 

In order to make the f1rst approximation r11th the a·:i• 
justed constants mot°l"rd the numhcr1cal value of tl-ie constant s 
in the l!usselt type 9:" equation were chosen oqual to tl-iose 
proposed by Colburn. t :~) The values of these constants in 
the forr.1 in ,.-1hich the ;p are used are ~ • 0.023, d = -0.2, 
and -lf"' = •0.6'7. 

A. Value of . ..2: 3y introducing the values of the above 
conatantii at,d the necessary pipe d1nmeters 1n 
equation 4l> the value of Q was obtained. 

Q: 0.87 (1~82'7) 0 •53 

(!0956 + 1.071)0 •8 (1.956 - 1.071) 

• 0.55A 

This con~' ' .nt can be usod so lone as the value of 
(3• -0.2 i ir the present heat exchanger. 

-12- • .,.,-
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B. Value of S: Values of R ~iay be obtained by 1ntro­

ouc1ng t he above constants 1n equation S o 

Value of the above expression my· be found in 
Figure 10 of the Appendix. 

c. Values of the convection heat transfer ooef£1c1ents: 
'l'he values of tho convectton heat tro.nefer coeff1-
c1ents were calculated from equations 7 and 8 \11th 
the corre~ponding constants introduced. 

h1 = (1 + 1 .. 672) / (l/U - r!all Resistance) s / · 

ho= h1 S (0.558) 

Those numerical values for the first approximation 
of the convection heat transfer coeff1c1onts are 
not reported. 

D. Check! tho assumen values of a(. and ?I' : 
The value of was checked by p ottirJB t~e expros• 
sion (h/Gcp) against the Reynolds ·number for the 
center streaM on log-log graph paper. Five lines 
were drnwn throu(µl the points obtaineo at the five 
rifferent ternporatures. The average slope ~as -o.5. 
Thia was quite a c~ange froM the assumed value of 
1.3 • -0.2. Figure 11 in t~e Appendix shows the re­
sults of this l ►lott1ng. 

The value ot ~ and -6" were checked b¥ plott~ng 
the value of thu expression (h/Gcp) (GD/ ./f)0.5 
a3ainst the Pramltl number for the 1nnide stream. 
Figure 12 1n tho Appendix shows this data plotted 
on log-log paper. The elope of the line chosen to 
represent the da f;a. wo.s •0.69 (the value ot ir). 
The intercept at (cpft/k)1 = 1 was 0.027 (the value 
of °' ) . 

These new va!uen were used for the second 
e.pproximation. 
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E. Second Approxirra tion: The value o of the conn tants 
\'lero now a<.. = 0.027, (3 = -0.5 and ?{"' • -0.69. A 
new value and n graph had to be preparen for Q and 
for S. Figures 13 1n thJ Appendix s"1ow the new 
value for S. r now equals O o 778. 

At this point an ettonpt was im.de to see if any 
resiotanco factor could be obtained. A graph, 
which 1s Figure 14, had to be prepared 61VinB the 
values of the function J-::•o The attompt at a re­
sistance fncto1~ is shown in Flgui~e 15 in tho 
Appe?1dix. The ca.to. 1nd1catod tho.t no resistanoe 
facto1~ couln be obtn 1ned. 

Ttte V;"l.1 les of h1 and ho for the second approxi­
mation ~ere detcrMined fro~ t"1e follo~ing fo~mulae: 

h1 • (1 • l.~00} / !ij • r"all Rasist1mce) 

h0 : h1S (0.770) 

Thero values of h1 and h0 are roportea !n Tablo l 
of tho Appendix. 

A rechook on the valuoa of the constants by the 
method above gave ,.:J;. a Oa 227, (] • 0. 5, and l,. • 

0.69. Figure 16 and 17 in the Appendix show the 
graphs uoe 1n the second approximation. A third 
approximation vill not be needed since thore were 
only slight changes in the valu9 of the constants. 

Tho correlation formulae for h1 and h 0 are as 
foll owe: 

h1 = -Oa227 G1CP1 (G1D1l·"<1)-0 • 5 (cp1/t' /k1)·0 •69 

-:i-Note: This function J is oescribea in tho previous ronort 
and in th9 calouln t1ons on the ros lstanoo factor me·::hod 
in this report on a latter p~ge. 
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The eqQ~tion for h1 with slight rearranging 
was checked by plotting the experimental points 
and comparing them with the equation. Figure 
18 show·s the results of this plotting and r;ivcs 
a ma.ximum d1Ga3rooment of ~11% to -101; with a 
mean deviation of 3.7%. 

4. Correlation by Resistance Factor -'fothod. 

The resistance r~ctor ~ethoa 1s included in this re• 
port ns a comparison and because it was the r.tethod used 
in the previous report. The values of the constants 1n 
the .Nusselt type of equa.ttott were nlso oho~cn equal to 
those proposea by Colburn<3J for the first approximation. 
In the form us~o in this report o(: 0.023, (3 = 0.2, and 

( • 0.67. 

A. Values of S o.nd Q: f.1noe the so.11e va2ues for the 
constants were chosen as in the first approxima.• 
tion by the aojustaa constants ~ethod there will 
be no change ,.n r or Q. Fi~ttre 10 shows the value 
of Sand Q • 0.558. These values will hol~ as 
long as t~ere is no chanee in the assumed values 
of the constants. 

B. Vnluo or J: The value of J can he found from the 
following formula by definition: 

(
cpi /<1) 0.67(1 • D1 ) 

J:: k~ ~ 
0.,023 Cpi 

Figure 19 1r, the appendix showr. the value of J 1n 
nraphic forr •• 

C. l/a.lue of the, "Hesis~ance Factor": Figure 20 shows 
a res1stancE, factor graph constructea by plotti;1S 

2 1/U • D1 (D6 - D1)/~! r.uv kw against J (G1D1/ft 1> • / 

01. The intercept along the Y • axis gave a value 
of res1stano9 factor . 1.e. R = 0.000125°F./ 
~B.t.u.)/(hr.)(sq.ft.IJ. 

-15-
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Va.lueo of film heat transfer coefficients. The 
vnluos of the film heat transfer coefficlents were 
obtained by 1ntroouc1rm tho values of ~1, the 
overall coef;ic1ents, and the ,·1all resistance into 
Equations 7 a.nd 8, wl-i1ch aro rewritten below with 
the numorioal constants. 

("~ 
~ 
~ ,.,. 
~ 
~ 
+ 
* 1 ,c. 1.672 

s 
1/U - '"'all Resistance .. 0.000125} c: 

h 0 :: h1S(0.558) 

These \alues are reported 1n Table 1 of the 
Appenn\x. 

E. Cheoldng the assumed values of ~, /.3 , and < • 
The vr-, lue 01· <3 was checked by plott1nB the values 
of (h/Jcp) uga.1nst the Reynolds number for the . 
cente11 stream on log-log graph papor. The slope 
of the linen dr·1vm throueh the points for eacl-i 
tompe1'ature was measured o.n~ tric va.lucfl nvera.ged. 
Tlle average slope ,:as founa to he -0.2 l"1'1ich wq,s 
the asflumed valuo. Figure 21 in the appendix shows 
the results o.r tli.is plotting. 

The valuer. of ce- and < v,ere founn from 
Figure 22 in ~he Apponn1x where {h/Gc )(OD/fa)002 
was plotted r.~ain~t (cp,.,.,/k) f'or the ~enter stream 
on log .. log g"lph paper. The dato. was quite scat­
tered but a l ine was finally necided upon which 
eave a slope of •0.55 (the value of ~) and an 
intercept of O. 023 ( tho v:1 lue of cc ) n t tli.e ~lue 
of (cpµ/k) :: l. 

Since th£ vaJ ue of :,( o.na (3 checked the 
assumed v!llt .)s, a second approx1mo.t1on was not 
needed as t·, ~ same values o:f the re!-listo.nce factor 
vrould have heen obte. inerl. 

The equations now have the followinc forl'1: 

-16-
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h 0 = 0.020 G0 cp0 (G0 D~/rt 0 )"·
0 •

2 

• ( / k )•Oo55 (D /n )0.53 0 Po /-<o o a., o 

The equation for h1 ie plotted 1n F1gu.re 2::5 tn 
the Appendix in a different form along with the 
oxperimentel oat&. A maximum diaacreement of 
v20,i to -1s5; was obtaineo with a mca.n c'!ovia.tion of 
6.41! rrhon all but one run was 1ncluoedo This one 
run wtut elininaton because it was l!tO.ae at a much 
lower .flow rate t.han the others. 

D~CUf-SION 

The operations of ana t~e result~ obtained fro~ the 
nickel hoa t exchanger suggest several itoms on 1.·1hi ch further 
comments should be made~ 

1. Fluid ·.axere. 

The ad~1t1on of six half-moon baffles to oach of the 
two pipe 11.nos loa.v1r~ tho double pipe heat exchanp,er a.nd 
locaton before t~e thermocouples contributed greatly to 
smoothing out temperature fluxunt1ons. Tho heat balance 
around the double plpe heat exchanger vms thoroby greatly 
improven. 

·~11x1ng by the pu-np wa:'l sufficient f ◊r ~r:1oothing out 
the te:-;perature reading at one of the two entrance lines. 
On the oth'!Jr 1 t was t'-1oueht that app1•oximately t't'JO feet of 
piping between the heater nna ther~ocouple would bo suffi­
cient to give good r.i1x1:ng. However, this was not as good 
as expected and a mixer will bo added for future work. 

2. 'l'horMocouple s. 
~ 

A great deal of trouble war exper 1enced in tt-1e use of 
chror1el-alumel the1,r.1ocouples. It wa.s founr that at aoo°F. 
if the thormocouplee were slowly v,ithdravm from the thermo­
couple wells t'he te~1perature equivalent of the couules rose 
11 °F. on three couples and rose 14°F. on the 4t!1 couple 
before the temperature equivalent started falling. The 
thermocouple wells consisted of 1/8 inch o.D. nickel tubing 
with an im~ rsion of approximately 4 inches inside the 
piping. The last two inches were located along the center 
line of the pipe. It wa'3 felt that no such temperature 
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gradient could possibly exist especially on runs ·where ID 

},eat transfer took place. The rianufactura of the thermo~ 
couple wire is now in the process of running similar 
exper1ment8 with the hopo of removinB such errors. 

The experiment was repeated with 1ron-ccnstantan 
thermocouple wire with the results th.at only s. 1/2°F. 
var1at1cn occurred before tl1e te"':lnerature ~roppeo. Iron• 
constnntan thermocouples appearoc to be sat1Rfactory, 
however, hoavier wire w11J be requ1r~d for ~ork abovo 
1000(1F. 

3. 500 - aoo°F. Anomaly. 

An insf'ection of c 1 t'1er Pigure 5 or 6 in tlle AppendL"t 
in~ic~tos that sono sort of phenonenon occur~ea between 
500 nnd eoo°F. in respect to the heat transfer rates. 'The 
change 1n tl1e overall heat transfs:- coefficient \·!1th temper:.. 
ature is lor.s predominate between 500 and soo°F. than for 
any other te~porature range. This phenomenon was first 
thouc;ht to be due to physical ch::mge in the properties of 
the system such as wetting. Reference to the history of 
the experirr.onta.l runs indicate there uas a lapse of time 
r,otween runs at the two lower temperatures and the three 
higher temperatures at w'1ich t 1:-rie t he equip:!'1ent stood idle. 
This lapse of time may have allowed a slight fouling to 
take place. Further runs will have to be made before an, 
c'lefir1te explnna.tion will he nttcMpted to explain this 
500 • 800°F. anor.ialyo 

4. Anomaly in Correlat ion by Heynolos Number. 

Re f erence to r1curc 21 on the correlation of convec ... 
t lon heat transfer coefficients \'Tith Reynolcs number by 
the resistance factor nothod 1nc1cates a break occurs at 
each temperature towards the low Reynolrs number end of 
the graph. P-ottea lines ,,ere usar to inficate this anomaly. 
This same break occurs in the data cor~olatea by the ad­
justea constants method (Figure 16) but only to the extent 
of the sprond in the data. 

Thi s anomaly could not bo t he break between viscous · 
and t urbulent flov; as mea~ured by f r iction in pipes ~ince 
it occurs at too high a Reynolrs nu.,-nber. 

It would appoar from t~i s br eak that t he convect ion 
heat transf e r coefficient r oes not de crease ns rapidly a s 
predicted by the p1:•esent coriolation wl-len operat i ng at 
lo\'/er Heynol ds numl>er, thus i nr i cat:tng that at l ow flows 
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the heat transfer rate is 1nc~cased due to the high 
the:rmal conductivity of tha liquid. Thii- conclusion is 
nubstantiated by the •aork of ':iartine:i.11 \5,6) and others, 
and slnco preliminary cn.lculn.tions using their .,.ethoda 
show close agreement vith the o~ta 1t has boon decided 
t:19.·,; the noAt report \'!ill be ~evotea to this t:·pe of 

· correlation. 

C0HCLUSI0IJS 

The wcrl! on the convection heat transfer coefficients 
for liquid sod1um-potasnium alloyn has boen extended to 
1200°1". and 12 ft.i'sec. velocity 1n a nickel double pipe 
heat exchanger. The results obtained can be corrclatec'I by 
the Nustielt type of equation Hith new numerical constants 
called tl-ie II Ad justed Con~tant ·rethod" over the :::•an~o of 
ternperatu1•es o.nd velocities covered in t~is report. The 
rocornmenaea equations are as follows: 

The above equations had a maximum disagreement of 
-'111, to •10;~ with a r.iean deviation of· 3.75; for the data 
reported. 

!Hnce the above _equations can correlo.te the dnta vrith­
out the use of a resistnnoo factor it cnn be concluded that 
there uas no or very little scaling or fouling aur1ne the 
experimental runs. 

Preliminary calculations indicate that the data can be 
correlated by the met'l-iod or t;rpe of equations boing intro• 
auced into the literature by such investigators as 
1,l'a.rt1nell1 and others. The next report will deal with 
this correlation. 

Future experimental work will deal with other sodium­
potassium co".':'lpos1t1ons, heat exchangern which will use two 
sep~rate flo~inr; streams nnc attempts to run longer per1ons 
of time to study actual foulin5 or scaline conditions. 
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APP~NT.IX 

I.ETTER SYMBOLS 

1. Double Pipe Heat Exchanger No. 3. 

TABLES 

lo Data and nesulta - Double Plpe Heat Exchanger 
No. 3 - KNa Alloy 44 \7t. % K. 

FIGURhS 

] . 
2. 

3. 
4 . 

5. 

6. 

'7. 
a. 
9. 

10. 

llo 

12. 

130 

Density of KNa Alloy - Alloy No. 5 - 44 ,·.'t o % Ko 
Viscosity of KNa Alloy - Alloy No. 5 -
43o5 ·::t . % K. 
Thermal Conduct ivity of KUa Alloy - 44 1·:t . % K. 
Specific Heat of KNa Alloy~ Alloy No . 5 -
44 r•t. % K. 
Plot of Flow Rate with Overall Heat Transfer 
Coefficient 1n Figure of h1Bht Heat Exchanger 
No. 3 - 44 ~~•t. % K lllloyo 
Cross Plot of T~mpera.ture with Overall Heat 
Transfer Coefficients holding Flow Rate Constant 
in Figure 5. · 
Thermal Conduot1v1ty - Type "A" N1okel. 
Wall Resistance to Heat Transfer. 
Prandtl Number for KNa Alloy - 44- ··it . % K. 

Value of s = / /--1 lo• 47 / Cpo 'Jl/3 ( ~ ··)•2/3 
\ro/ \_0 p1 k1 

for 44 Wt.% Alloy. 
Effect of Reynolds Number. of Heat Transfer 
Coefficient for KNa Alloy 1n Figure of Eight 
Double Pipe Ileat E:x-changor - 1st Approximation • 
Adjusted Constants raethot ~ 
Effect of Prandtl Number on Heat Transfer 
Cooff1c1onts for KNa Alley· in Figure or Eight 
:Couble Pipe Heat Exchange·•• Center Stream fata • 
1st Approxi?rn.tion - Acjus t;ed Constants ·ietho~. 

Value of S = ( / :1/ r:0 )o.i .:• (cp0 /cp1)0 •31(k0 /k1}0 •69 

For 44 \':t .. % K Alloy. 
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14. Value for ~he Expression J = (op1 ,,'(1/k1 )0 •69 

~ + D✓D0(1t1bY0 ) 0 " 19(opo/cp1)0"31 Cko/k1~•6fo.778~ 
X 1 

00227 op1 

15. Attempt to Determine Resistance \\'hen Using 
Adjusted Constants Method 1n Figure of Eight 
Heat Exchanger No .. 3 - 44 '::t. ~ K Alloy. 

16. Effect of Reynolds Number on Heat Transfer 
Coefficient for KNa Alloy in Figure o'£ Eight 
Double Pipe Heat Exchanger - 44 ~t. % K Alloy. 
2nd Approximation - Adjusted Constants ·1ethod. 

17. Efrect of Prandtl Number on Heat Transfer 
Coef f1o1ent' for IGfri Alloy in Figure of :Eight 
Double Pipe Heat Exchanger. Center Stre~m Oita• 
44 \";t. % K Alloy - 2nd Approx1WJ.t1on - Adjusted 
Constanta Method. 

18. Heat Transfer Data - 44 Wt.% K ,Alloy in Nickel 
Double Pipe IIeat Exchanger - _2n.d_ App.rox1rn_at1on -. 
Adjusted Constants Method .. 

19. Value for the Expression J = (cp1~1/k1)
2

/ 3 

20. 

21. 

22. 

23. 

1 4 D1 
Do(.A11/l'fo)0.47(op1/cpo)l/3(ko/k1~/3 (0.558) 

X 

Plot for De.term1n1ng Res_1stanoe Fac.t.or 1n Figure . 
of F.1ght Heat Ex~hangeJ-. _No_. _ _3 - _44 W_t _.,_ .% K A_lloy. 
E.ffect of Reynolds ~umber. on, )Ie~t Tr~,sfeJ- . . . . 
Coeff1c1ent for K_N!l,_ All<>y _1;n __ F_1gu.re o_f __ r;.1.ght _ _ , __ 
Double Pipe Heat Exoh~nger - 44 \~!t • . _% J( -- Res int~_ 
ance Faotor Method. . 
Effect of Prandtl Number on Heat Transfer 
Ooef.f1c1ent·a for KNa Alloy in Figure. of Efght 
Double Pipe Heat txohang~r. Center Str~~m IAJ.ta. 
44 v·t. % K Alloy - Resistance Factor .1~et_h_od. 
Heat Transfer ~ta_ - 4:4 Wt. % K Alloy .- . Nickel 
Double Pipe Heat ~changer - Resist~nc,e Ya,ctor 
Method. 
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IET'Ii!.R SYMBOLS 

A - Area sq. ft. 

Cp - Specific heat B.t.uo/(lb.){°F.) 
at constant pressure 

D - Diam9ter of pipe or tuba ft. 

G - lr'Iase velocity 

h - Coefficient of heat 
transfer, individual 

J - Numerical fµnetion 

k - Thermal conpuct1v1.ty 

NNu - Nusselt numl2er 

Ppr - Prandtl nqm~er 

NRe • Reynolds number 

q ~ Rate of h~at transfer 

Q ,. Numerical constant 

R - Resistance factor 

S -· Numerical function 

t - temperature 

lb./(hr.)(sq.ft.) 

B.t.uo/(hr.)(sq.ft)(°F.) 

: ' I 

. : J3.t_.µ./01r. )( sq.ft1• ).t 0.F./r_ti .. J. 
I 

1 jpP/k) I - - -

I 
' - . : ( op /k) 

(OD/ ) ;-­

B. t. u. / (hr. ) ( sq . _ft. ) 

op. 

At - temperature differentia l °F. 

U - Heat trranafer coeff1e1c:1t., B.t.uo/(hr.) (sq.ft.) {°F.) 
overall 

w - Mase flew ra~o 

I° - Density 

14 .. V1scos1t.y 

! lb./hr. 

... _ lb./cu.ft. 

, . lb./{sec.)(ft.) _Qr __ cent_ip_oise_ 

t 
J 
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Subocr1pts DECLASSIFIED 

a - Refers to inside oia.~~or ofi outer tube of pipe. 

av - Refers to a~eraae din'll8t~r of metal tub~ _~qll. 

c - Refers to cool stream in double pipe he~t ~)C-~ha.nger_. 

e - Refers to equivalent diamet~r. 

h - Raters to ho .. stre~m in_ do}.!b;l._e pipe hee.t exchl:\11B~l'•--· 
: 

1 - Refers to inside surface of center tube. 

m - Retero to mean condition. 

o - Refers to outside surface of cen_t_e.J' tube.~ 

w - Refers to water. 

Unknowns 

cc. - Unknown numerical conotan~ 

G - Unkno?'ll numerical exponent 

"'f - Unlmown numer1oal exponent 
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It!m 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Discr1pt1on 
Pump 
Heat Exchanger 
Electric Heater 
Gas Accumulator 
Cooler 
Blower 
Drain and Filling Valve 
Expansion Tank 
Nitrogen Supply 
Orifice 
Seal Pot 
Manometer 
El ectric Probe 
Jack Shaft 
3 HP Electric ~otor 
Thermocouple ·.vell 

OOUBIE PIPE HEAT 
EXCHANGER NO. 5 

Plate 
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'1CE FACTOR 

I h-J:GD)0 •2 
pc: 71' J 

inside 
(f l(,r): · 46 

.19'77 260.0 

.203 239.0 

.1980 194.7 

.203 172.0 

.201 130.0 

.204 12'7.3 

.222 115.0 

.303 78.0 

.246 356.0 

.253 312.0 

.242 260.0 

.250 230.0 

.249 177.3 

.286 159.5 

.270 402.0 

.265 340.0 

.259 286.0 

.272 256.0 

.276 206.0 

.306 1'72. 5 

.322 496.0 

.312 394.0 

.321 345.0 

.318 285.0 

.316 224.0 

.360 192.5 

.392 570.0 

.392 430.0 

.384 400.0 

.303 271.0 

.292 203.0 

.381 205.0 

DECLASSIFIEr 
DATA AND RESULTS 

DOUBIE PIPE HEAT EXCHANGER NO. 3 

KNa ALLOY 44 Wgt . ~ K 

USING ADJUSTED CONSTANTS 

Film Factor ~lQQ)o.5 ' hDKT)~.31 Coefficients 
~)1 ,F,. ,.I, inside outside p"" ,« ~ 

h1 ho 

6560 5040 . 00983 3.34 76.7 
6220 4770 . 01072 3 . 41 72.9 
5450 4160 .01165 3 . 36 64.0 
4960 3780 .01310 3.38 58.0 
3990 3040 .01457 3.20 46.8 

3970 3020 .01507 3.25 46.6 
3640 2770 .01795 3.38 42.7 
2650 2020 .0305 3.'78 31.0 
7380 5680 .01053 4.30 92.8 
6820 5250 .01189 4.40 85.7 

6070 4660 .01263 4.28 76.3 
5600 4310 .01406 4.32 70.3 
4650 3580 .01606 4.20 58.4 
4280 3290 .0202 4.53 55.3 
7570 5830 .01077 5.01 99.5 

6840 5270 .01176 4.99 89.9 
6130 4720 .01277 4.90 80.7 
5700 4390 .01450 5.05 74.6 
4910 3780 .01708 5.08 64.6 
4290 3320 .0207 5.22 56.l 

8340 6430 .01158 5.80 110.5 
7370 5680 .01311 5. '75 9'7.8 
6780 5230 .01480 5.86 90.0 
5830 4630 .01638 5.80 79.7 
5090 3930 .01920 5.87 67.7 

4560 3520 .02390 6.11 60.5 
8880 6850 .01358 6.78 117.8 
7650 5900 .01410 6.38 101.6 
7320 5650 .01670 6.76 97.4 
5740 4430 .01572 5.84 76.4 

4670 3600 .01726 5.59 62.1 
4720 3640 .0244 6.59 62.8 - ............... .......... --~ .,1;;.v~ ___ Jr , .. u 
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USING RES IBTA1 

Mass Velocitv Revnolds No. Prandtl No . Film 
inside outside ins ide outside inside outs i de Coeffic ients Factor 

G1 Go NRe 1 NReo Npr1 Npro ins ide outside (~)1 
2,260,000 840,000 116,700 36,400 . 020 . 021 2 1 2, 850 6,910 .01920 
1,945,000 725,000 101,000 31,500 . 0198 . 0210 11,770 6,330 .02030 
1,570,000 585,000 82,700 25,400 .0197 . 0211 9, 630 5,180 .02060 
1,270,000 4'72,000 66,700 20,600 .0198 . 0211 8,4 60 4,550 .02200 

920,000 342,000 48,500 15,100 .0196 . 0209 6, 3'70 3,420 .02330 

884,000 329,000 46,400 14,300 .0197 .0210 6,290 3,380 .02390 
681,000 254,000 35,600 11,030 .0198 .0212 5,670 3,050 .02790 
292,000 108,500 15,100 4,720 .0198 .0212 3,840 2,060 .04420 

2,280,000 848,000 166,700 53,000 .0139 .0145 15,550 8,460 .02220 
, 1,870,000 695,000 136,500 43,400 .0139 .0145 13,650 7,430 .02380 . 

1,570,000 583,000 114,700 36,400 .0140 .0145 11,3'70 6,190 .02360 
., 297 ,ooo 482,000 94,800 30,100 .0140 .0145 10,050 5,470 .02530 

943,000 351,000 69,000 21,900 .0139 .0145 7,750 4,220 .02680 
692,000 256,000 50,600 16,100 .0139 .0144 6,960 3,790 .03280 

,210,000 820,000 216,000 69,600 .0103 .0106 16,200 8,870 .02310 

,830,000 681,000 180,000 57,800 .0103 .0106 13,700 7,500 .02360 
., 510,000 561,000 147,800 50,700 .0103 .0106 11,520 6,300 .02400 
., 235,000 458,000 121,000 38,900 .0104 .0106 10,300 5,640 .02620 

905,000 337,000 88,700 28,500 .0103 .0106 8,320 4,560 .02900 
651,000 242,000 66,300 20,500 .0104 .0106 6,950 3,810 .03360 

,200,000 820,000 249,000 79,700 .0090 .0091 19,300 10,600 .02680 
,720,000 639,000 193,000 62,100 .0090 .0090 15,430 8,470 .02740 

-, 402,000 521,000 157,200 50,700 .0090 .0090 13,430 7,370 .02930 
.,121,000 417,000 125,500 40,500 .0090 .0091 11,100 6,100 .03030 

812,000 311,000 93,600 30,100 .0090 .0090 8,730 4,800 .03200 

583,000 217,000 65,500 21,000 .0090 .0090 7,500 4,120 .03930 
L.t 955,000 741,000 250,000 81,200 .0080 .0081 21,800 11,980 .03260 
1,620,000 602,000 202,000 66,000 .0080 .0081 16,450 9,030 .03400 

'1,310,000 487,000 164,000 54,300 .0080 e0081 15,230 8,360 .0348 
1,090,000 406,000 137,200 44,500 .0080 .0081 10,380 5,700 .0284 

809,000 301,000 101,300 31,900 .0080 .0081 7,760 4,270 .0286 
576.,000 214,000 72,700 23,500 .0080 .0081 7,870 4,320 .0407 
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r, 

DATA 0::: 

Temp. Temp. Av. Temo. 
Run Av. Flow Drop Diff. inside outside Over-all Wall 
No. Temp. Rate th tm t1 to u 1/U Resist. 

op. lbs/hr OF. oF. oF. op. 

1 301 6030 14.9 20.5 314 288 2530 . 000395 .0000569 
2 305 5200 21.5 26. '7 318 292 2420 .000415 .00005'7 
3 306 4200 27 .6 31 .2 322 290 2150 . 000465 .000057 
4 305 3400 30.1 29.9 320 290 1975 .000506 .000057 
5 308 2460 35.8 31.1 323 296 1633 .000612 .00005'7 

6 306 2360 35.l 29.'7 322 292 1617 .000618 .000057 
7 304 1820 44.7 31.1 319 288 1505 .000665 . 000057 
8 304 780 74.0 29.8 318 289 1117 .000895 .000057 
9 516 6100 21.2 27 .9 531 502 2'760 .000362 .000062 

10 516 5000 25.2 28.9 531 502 2590 .000386 .000062 I 

11 515 4200 28.4 30.2 530 500 2350 .000426 .000062 12 515 3470 29.6 28.0 530 501 2190 .000457 .000062 13 517 2520 35.8 28.9 531 502 1855 .000538 .00006~ 14 518 1850 4'7.4 30.2 533 503 1730 .000578 .00006~ 
15 802 5900 22.4 29.2 814 787 2790 .000358 .00006( 

16 800 4900 24.0 28.2 814 786 2570 .000389 .00006€ 17 797 4030 28.'7 30.3 813 '784 2350 .000426 .00006€ 
18 798 3300 30.3 28.0 812 785 2200 .000454 .00006€ 
19 79'7 2420 38.0 29.5 814 786 1925 .000517 .00006( 
20 798 1'740 45.0 28.0 812 785 1720 .000581 .00006E 

21 1003 5800 22.7 27 .3 1016 989 3050 .000328 .00006Z 22 1002 4600 26.2 27.8 1016 988 2'750 .000363 .00006~ 23 1004 3750 2'7.4 25.4 1016 990 2570 .000389 .000063 24 1002 3000 34.8 28.5 1016 988 2320 .000431 .000063 25 1003 2230 39.2 27 .5 1016 989 2010 .000497 .000063 

26 1004 1560 52.5 28.5 1016 990 1822 .000548 .000063 27 1203 5330 26.0 2'7.8 1215 1189 3240 .000309 .000060 
28 1202 4330 28.6 28.1 1216 1188 2860 .000349 .000060 
29 1202 3500 30.8 25.3 1216 1189 2'760 .000362 .000060 
30 1202 2920 29.6 25.0 1215 1189 2240 .000445 .000060 

31 1202 2160 34.0 23.5 1213 1189 1875 .000533 .000060 32 1206 1540 49.l 25.9 1219 1192 1893 .000528 .000060 
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