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SUMMARY 

This investigation was conducted to design and construct a 

relat ively simple device for use in measur ing the the rma l conductivity 

of l iquids. It was also des i red that the equipment pe rmi t accura te ly 

measu red variat ion in the tes t liquid thickness in o rder to invest igate 

the effect of liquid thickness in the rma l conductivity m e a s u r e m e n t s . 

Design cha rac t e r i s t i c s of two devices now in use were 

incorporated and modified to pe rmi t liquid layer thickness var ia t ions 

by means of a m i c r o m e t e r adjustment . A l i t e r a tu r e sea rch , conducted 

in connection with the continuous adjustment fea ture , revealed no such 

device now in use . 

Pe r fo rmance of the equipment was tes ted by measu r ing the 

the rmal conductivity of water and of cas tor oil . Values of the t he rma l 

conductivity of these liquids were found to compare favorably with pub­

lished data. 

A tes t was made with a mine ra l oil specimen of 0.015 inches 

thickness in the t e m p e r a t u r e range of 90°F to 190°F. The m e a s u r e d 

2 values of the t he rma l conductivity ranged from 0. 093 BTU per ft. per 

h r . per ° F per ft. at the low t e m p e r a t u r e to 0. 091 BTU per ft. pe r h r . 

° F per ft. at the higher t e m p e r a t u r e . 
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An exper iment wsis also conducted to study the effect of varying 

liquid layer thickness in t he rma l conductivity m e a s u r e m e n t s . The 

resu l t s of this tes t showed that changes in the liquid thickness produced 

changes in the m e a s u r e d values of t he rma l conductivity at th icknesses 

exceeding 0.030 inches . Additional t e s t s indicated that a portion of 

these changes were quite possibly a resu l t of convective cu r ren t s in 

the liquid surrounding the heating unit, which were manifes t in the 

liquid gap at liquid th icknesses g r ea t e r than 0.030 inches . It was also 

suspected that some e r r o r was incur red by the deviation of heat flux 

lines from a normal between the main hea te r and cold plate su r faces . 

However, the data gathered in this par t of the exper iment were insuffi­

cient to wa r r an t unqualified conclusions. 



CHAPTER I 

INTRODUCTION 

The purpose of this exper iment was to construct a device for 

measur ing the the rmal conductivity of liquids in the range of 100°F to 

200°F to an accuracy of + 5 per cent. It was also des i red to inves­

tigate the effect of liquid layer thickness on the rma l conductivity m e a s ­

urements of l iquids. A l i t e r a tu r e s ea r ch revealed that an investigation 

of this effect was conducted by Sakiadis and Coates (1)* in 1953. How­

ever , varying the fluid thickness in the appara tus used in this exper i ­

ment requi red additional equipment for each different fluid th ickness . 

Many methods have been devised for measur ing the effect of 

liquid thickness on the rma l conductivity of liquids using upward heating 

of the liquid. A great many of these methods a r e repor ted in the 

l i t e r a tu re sea rch by Sakiadis and Coates (2). The resu l t s of these 

exper iments indicate that heat t r ans fe r by conduction alone can occur 

in fluids heated from below if the product of the Grashof Number 

(NQ r = g L pQ ) and the Prandt l Number (Np = J- ) is l e s s than some 

^ 2 

cr i t ica l value Z. There seems to be no general ag reement of the obse r ­

ved values of Z. However, the exper imenta l value of 1612 reached by 

'•'Numbers in paren theses refer to i tems in the Bibliography. 
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Mull and Reicher (3) is in close ag reement with Low's (4) theoret ica l ly 

predicted value of 1704.4. Sakiadis and Coates (1) in the i r exper iment 

used downward heating of the liquid and repor t that no appreciable 

convective cu r ren t s occu r red in the liquid tes ted in a thickness range 

of one to two inches . The apparatus used by these inves t igators is 

descr ibed in a l a te r pa ragraph . 

In view of these r e s u l t s , an investigation of ins t ruments 

incorporat ing downward heating was conducted. During the course of 

this investigation, the bibliographies in the works of Sakiadis and Coates 

(5) and J . F . D. Smith (6) were valuable a ids . Ins t ruments have been 

constructed by Sakiadis and Coates (7), Bates (8), J . F . D. Smith (9), 

Kaye and Higgins (10), Jakob (11) and o t h e r s . Of the units cited, only 

that of Sakiadis and Coates (7) had any provision for varying the fluid 

th ickness . This ins t rument consisted of a lower plate cooled by water 

and an upper plate heated by water vapor . The tes t fluid was placed in 

an insulated glass cell with an annular rubber stopper in each end. 

Metal d i s c s , which fitted into the holes in the s toppers , were soldered 

to the cold plate and hot p la te . Thermocouples were located in the cold 

plate and hot plate for m e a s u r e m e n t of t empera tu re drop through the 

liquid. The cell was equipped with suitably placed thermocouples for 

m e a s u r e m e n t of t empe ra tu r e gradients in the liquid. Changes in liquid 

thickness were accomplished by using cells of different lengths . 
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For the p resen t exper iment , it was des i rab le to construct a 

unit in which fluid thickness var ia t ion could be made in very small 

increments without disturbing the unit o therwise . To accompl ish th i s , 

the ins t rument designed by Kaye and Higgins (10) seemed to offer the 

best possibil i ty for modification. It consisted of a heating plate mount­

ed 0. 015 inches above a finned cold plate by means of th ree smal l 

s p a c e r s . The tes t fluid was held in a cup mounted concentr ical ly to 

the cold plate in such a manner that the liquid filled the 0. 015 inch 

space between the hea te r and cold p la te . A guard hea ter was placed 

above the main hea te r to prevent ver t ica l heat l o s s . The ent i re unit, 

with the exception of the cold plate fins, was enclosed in an oven in 

which the t empe ra tu r e was maintained at a constant 10 F below that 

of the main hea te r . Correc t ions were made for the heat loss at the 

edge of the main hea te r caused by the 10 F t empe ra tu r e differential . 

The design descr ibed above was modified to pe rmi t adjust­

ment of the liquid layer thickness by means of a depth m i c r o m e t e r as 

i l lus t ra ted in F igure 1, page 12. A guard ring hea te r , suggested by 

Jakob 's (11) design of a device for measur ing the rmal conductivity of 

non-meta l l ic sol ids , was also incorpora ted . The use of the guard ring 

heater el iminated the necess i ty for the surrounding oven, as well as 

heat loss cor rec t ions for the hea te r edge. 



CHAPTER II 

INSTRUMENTATION AND EQUIPMENT 

Genera l . - - A sketch of the complete unit is shown in F igure 1, page 12. 

The heating unit is shown supported by rods mounted in an adjustment 

piston. The piston itself fits into a cylinder machined into the cold 

plate . The space between the heating element and the cold plate was 

filled with the tes t liquid, which was held in the liquid retaining cup. 

The liquid level in the retaining cup was maintained sufficiently high to 

insure complete filling of this gap at all t i m e s . Adjustment of the gap 

was accomplished by turning the depth m i c r o m e t e r fitted below the 

cold pla te . The location of the thermocouples , as well as the re la t ive 

position of all e lements of the heating unit is shown in F igure 2, page 

13. The coils shown on the cold plate a r e machined for counter flow 

of the coolant, thereby maintaining a re la t ively constant t e m p e r a t u r e 

distr ibution. 

Heater and Guard Ci rcu i t s . - - T h e hea te r and guard c i rcui t s were 

supplied with 115 volt, 60 cycle a l ternat ing cur ren t regulated to + 0.5 

per cent. Fine voltage adjustments were accomplished by placing 3 

var iable t r a n s f o r m e r s in s e r i e s in each circui t such that a 330° turn 

on the final t r a n s f o r m e r var ied the voltage from 0 to 35 vol t s . In this 
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manner , adjustments of l e ss than 0. 100 volts could be made . A 

complete d iagram of these c i rcui ts appears in F igure 3, page 14. 

Current readings in the guard c i rcui ts were recorded for general 

information only, using s tandard General E lec t r i c a m m e t e r s . Meas ­

urements of the main hea te r cu r ren t were accomplished by reading the 

voltage drop a c r o s s a cal ibrated r e s i s t o r which was placed in s e r i e s 

with the hea te r windings as shown in Figure 3, page 14. This r e s i s t o r 

was constructed of Constantan wi re , and had an impedence value of 

3.00 ohms . The t e m p e r a t u r e - r e s i s t a n c e coefficient of this r e s i s t o r 

was such that t he rma l change was found to be negligible. The voltage 

drop a c r o s s the r e s i s t o r , as well as that a c r o s s the main heater wind­

ings, was m e a s u r e d with a Ballantine Vacuum Tube Volt Meter cal i­

bra ted with a DuMont Voltage Cal ibra tor to an accuracy of l ess than 

0. 5 per cent of full scale deflection on a 10 volt sca le . 

I so thermal Surface. - - I n o rder to maintain an even t e m p e r a t u r e d i s ­

tr ibution throughout the hea ter plate , and to insure complete isolation 

of the r e s i s t ance windings, an aluminum disc 0. 25 inches thick and 

3.00 inches in d iamete r was bonded with an e lec t r ica l insulating com­

pound to the top of the hea ter and ring guard p la te . The bonding agent 

acted as a void fi l ler between the aluminum disc and the hea te r , p r e ­

venting an uneven t e m p e r a t u r e distr ibution in the i so the rmal p la tes . 

This plate also served as a repos i tory for two thermocouples used in 
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balancing the t empe ra tu r e s of the upper guard and the main hea te r . 

The positions of the ring guard, main hea te r , i so the rmal plate, and 

upper guard a r e shown in F igure 2, page 13. 

Tempera tu re M e a s u r e m e n t . - - N i n e copper-constantan thermocouples 

were used to m e a s u r e t empe ra tu r e differences . Calibration of these 

thermocouples , one against the other , showed a maximum potential 

difference of 1 microvol t at 30 F . This difference was considered 

negligible. The copper leads of the cold junction of the thermocouples 

were fused together so that t e m p e r a t u r e differences between any two 

thermocouples could be m e a s u r e d . A schemat ic of this a r r angemen t 

appears in F igure 4, page 15. 

Three thermocouples were placed in the main hea ter and ring 

guard plate at a dis tance of 1/32 inch away from the surface in contact 

with the tes t liquid. One of these was placed at the center of the hea ter , 

one at the outer edge of the hea te r , and one at the inner edge of the 

ring guard. This provided a. means of checking the radial t e m p e r a t u r e 

gradient of the heater as well as balancing the ring guard and heater 

t e m p e r a t u r e s . Two thermocouples were placed in the cold plate , also 

1/32 inch away from the tes t liquid contact surface, and direct ly below 

those in the main hea te r p la te . The t e m p e r a t u r e drop through the tes t 

liquid was m e a s u r e d using the center hea ter thermocouple and the 

center cold plate thermocouple . 
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Two thermocouples were also placed in the i so thermal plate, 

one at the center and one at the edge of the plate . Direct ly above 

these , two other thermocouples served as a means of balancing the 

main hea te r and upper guard hea te r t empe ra tu r e s to a s s u r e minimum 

heat flow between the two h e a t e r s . A Type K-3 Leeds and Northrup 

potent iometer was used to m e a s u r e potential difference between t h e r m o ­

couples. Manufacturer ' s specification of the accuracy of this ins t ru ­

ment is +. 65 microvol t s on the one mill ivolt sca le . 

A tenth thermocouple , cal ibrated at 32 F and 212 F , was 

placed in the cold plate at a dis tance from the center equal to the mean 

radius of the main heater plcite. This thermocouple was used for actual 

t empera tu re m e a s u r e m e n t s , and t e m p e r a t u r e s throughout the sys tem 

were calculated using it as the base . Posi t ions of all the thermocouples 

a r e shown in F igure 4, page 15. All thermocouples were insulated 

from their respec t ive plates by an e lec t r ica l insulating compound. 
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CHAPTER III 

CONSTRUCTION 

Heater and Guard Ring P la te . - -Copper , because of its very high 

thermal conductivity, was chosen as the mos t suitable ma te r i a l for an 

i so thermal hea te r p la te . The plate was machined to a d iameter of 

1.550 inches and a thickness of 0.37 inches . A sp i ra l groove 1/16 

inch wide and 1/16 inch deep was machined into the face of the pla te . 

The groove was then coated with an e lec t r ica l insulating compound and 

wound with number 24 Constantan wire as the r e s i s t ance e lement . The 

res i s t ance element was also covered with insulating compound. 

The ring guard was constructed of the same m a t e r i a l as the 

main heater plate and in the form of a ring of 3 inches outside d iamete r 

and 2 inches inside d i ame te r . It was grooved, coated and wound in the 

same manner as the main hea te r . A Teflon ring was then fitted into 

the annulus between the main hea ter and the ring guard. This r ing, 

2 with a t he rma l conductivity of approximately 0. 2 BTU per ft. per h r . 

per F per ft. , served as an effective the rmal b a r r i e r between the 

hea te r and the ring guard. An analysis of heat loss or gain through 

the ring appears in Appendix B, page 33. The ring guard and Teflon 

insulator were then pinned to the main hea te r plate by means of 1/16 
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inch Delrin rods p r e s s e d into holes dr i l led at 90 in tervals around the 

per iphery . Delrin was chosen for these rods because of its relat ively 

high s trength and low the rma l conductivity (K is approximately 0. 1 BTU 

per ft. per h r . per F per ft). Three 1/16 inch holes were dri l led 

into the assembled plate for placement of thermocouples . The com­

pleted plate was then lapped until the ring guard, insula tor , and main 

heater were flat to an es t imated .0001 inches . The i so the rmal plate 

was then bonded to the r e s i s t ance wire side of the guard -hea te r a s s e m ­

bly. A sectional view of the assembled plate is shown in F igure 2, 

page 13. 

Upper Guard P l a t e . - - T h e upper guard hea ter plate was constructed of 

aluminum in the same manner as the main hea t e r . The d iamete r of 

the plate was 3 inches , the same as the d iameter of the assembled ring 

guard-main hea ter plate . Two 1/16 inch d iameter holes were dr i l led 

into this plate for thermocouple placement . 

Cooling Element . - - T h e cooling element was constructed of aluminum 

with a cold plate surface d iameter of 3 inches . This surface was lapped 

to an es t imated f latness of . 0001 inches . A Plexiglas cup with an "O" 

ring seal was fitted around the top of the cooling element to s e rve as a 
i 

liquid container . This cup was deep enough to insure complete filling 

of the liquid gap from 0 to 0„ 125 inches . 
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Adjustment of the liquid gap was accomplished by placing a 

piston into a hole machines into the bottom of the cooling element . The 

d iamet ra l c learance between the piston and cylinder was held to less 

than 0. 0002 inches to prevent misa l ignment . The piston contained 

three rods which were inser ted into holes dr i l led from the cold plate 

surface into the piston cyl inder . To insure evenness of length of the 

rods , the piston and rods were inse r ted into the cooling element and 

the rods lapped with the cold plate surface . A depth m i c r o m e t e r was 

then mounted to the lower end of the cooling element in such a manner 

that the piston moved upward as the m i c r o m e t e r sc rew was turned. 

It was at f i rs t thought that the heat t ransfe r surface of the 

cooling element was sufficient to provide adequate cooling of the appara ­

tus without the use of cooling coi ls . However, the initial t es t of the 

the rmal conductivity of a mine ra l oil specimen of 0.015 inches thick­

ness v s . mean liquid t e m p e r a t u r e produced resu l t s considered to be 

e r roneous . An inspection of the unit indicated that e r r o r could be 

introduced in the liquid gap thickness because of differential expansion 

in the cooling element in the event of t empera tu re changes. An analysis 

of this effect appears in Appendix C, page 33. 

To prevent excess ive heating of the cooling element , cooling 

coils were added by machining two sp i ra l grooves 1/4 inch wide and 

1/4 inch deep around the element and connecting one end of the grooves 

so that counter flow of the coolant liquid occu r red . A Plexiglas tube 
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was p re s sed over the grooves and machined so that the bottom edge was 

level with the bottom of the cooling element . A b r a s s plate , containing 

inlet and outlet tubes, was then fixed to the bottom of the eleraent and 

all joints sealed with potting compound. A sectional view of the final 

vers ion of the cooling element appears in F igure 1, page 12. 
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C H A P T E R IV 

P R O C E D U R E 

O p e r a t i o n of E q u i p m e n t 

C o n s t a n t L iqu id T h i c k n e s s wi th V a r i a b l e M e a n L iqu id T e m p e r a t u r e . - -

In m e a s u r i n g the t h e r m a l conduc t iv i ty of l i q u i d s , the m o s t g e n e r a l l y 

u sed l iqu id t h i c k n e s s h a s b e e n in the o r d e r of 0 . 0 1 5 inch . A c c o r d i n g l y , 

m i c r o m e t e r a d j u s t m e n t for t h i s t h i c k n e s s w a s m a d e in t h i s e x p e r i m e n t 

by p r e s s i n g the h e a t e r and r ing g u a r d p l a t e a g a i n s t the cold p l a t e , and 

t u r n i n g the m i c r o m e t e r s c r e w unt i l con t ac t w a s e s t a b l i s h e d b e t w e e n 

the a d j u s t m e n t r o d s and the r i n g g u a r d s e c t i o n of the h e a t e r p l a t e . The 

p r e s s u r e was then r e l i e v e d and the m i c r o m e t e r s c r e w was t hen t u r n e d 

to ex tend the r o d s an add i t i ona l 0. 015 inch . 

In s t a r t i n g a t e s t r u n a l l h e a t e r s w e r e p l a c e d in o p e r a t i o n at 

low p o w e r s e t t i n g s and a s m a l l a m o u n t of w a t e r f lowed t h r o u g h the 

cool ing c o i l s . It w a s found t ha t a p p r o x i m a t e l y 4 h o u r s w e r e r e q u i r e d 

to r e a c h an e q u i l i b r i u m s t a t e . Af ter an in i t i a l s t a t e of e q u i l i b r i u m v/as 

r e a c h e d , a d j u s t m e n t s w e r e m a d e to e q u a l i z e the t e m p e r a t u r e s of the 

g u a r d and m a i n h e a t e r c i r c u i t s by m a k i n g c h a n g e s in t h e g u a r d c i r c u i t 

p o w e r l e v e l s . Th i s o p e r a t i o n was r a t h e r t e d i o u s and for t h i s r e a s o n , 

t e m p e r a t u r e d i f f e r e n c e s of . 2 5 ° F w e r e c o n s i d e r e d to be wi th in the 
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l i m i t s of a c c u r a c y . R e p r e s e n t a t i v e t i m e r e q u i r e m e n t s for ob ta in ing a 

da ta point a r e shown in Run bt |i p age 4 4 . 

As the p o w e r w a s i n c r e a s e d , i t w a s a l s o n e c e s s a r y to i n c r e a s e 

the coo lan t flow in o r d e r to p r e v e n t h e a t i n g and r e s u l t a n t d i f f e r e n t i a l 

e x p a n s i o n in the cool ing e l e m e n t . A t e m p e r a t u r e change of _+10°F in 

the cool ing e l e m e n t w a s c o n s i d e r e d a l l o w a b l e . The e r r o r invo lved in 

the t e m p e r a t u r e d i f f e r e n c e s b e t w e e n the g u a r d s and m a i n h e a t e r a r e 

a n a l y z e d in Append ix B, page 29 . 

When the m a i n h e a t e r , r i n g g u a r d , and u p p e r g u a r d 

t e m p e r a t u r e s w e r e b a l a n c e d to the l i m i t s s t a t e d and the cool ing e l e m e n t 

t e m p e r a t u r e change w a s wi th in the spec i f i ed r a n g e , the m e a s u r e d 

v a l u e s of m a i n h e a t e r c u r r e n t and v o l t a g e , and the t e m p e r a t u r e d r o p 

t h r o u g h the l iqu id l a y e r w e r e r e c o r d e d . Th i s p r o c e s s was r e p e a t e d 

in s t e p s to a m a x i m u m m e a n l iqu id t e m p e r a t u r e of a p p r o x i m a t e l y 200 F . 

C o n s t a n t M e a n L iqu id T e m p e r a t u r e wi th V a r y i n g L iqu id L a y e r 

T h i c k n e s s . - - I n t h i s t e s t , t he m i c r o m e t e r a d j u s t m e n t w a s i n i t i a l l y se t 

at 0. 015 inch a s in the p r e c e d i n g c a s e . The h e a t e r and g u a r d c i r c u i t s 

w e r e p l a c e d in o p e r a t i o n a t r e l a t i v e l y h igh p o w e r s e t t i n g s and a c o n s i d ­

e r a b l e quan t i t y of w a t e r f lowed t h r o u g h t h e cool ing c o i l s . The s a m e 

p r o c e d u r e a s ou t l ined above w a s fo l lowed in b a l a n c i n g t e m p e r a t u r e s 

and r e c o r d i n g d a t a . In th i s c a s e , h o w e v e r , the l iqu id t h i c k n e s s w a s 

v a r i e d whi l e t h e m e a n l iqu id t e m p e r a t u r e w a s he ld a s n e a r l y c o n s t a n t 
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as poss ib le . To maintain a constant mean liquid t e m p e r a t u r e , it was 

neces sa ry to dec rea se both the power and the coolant flow as the liquid 

thickness inc reased . 

Pe r fo rmance 

A tes t of the t he rma l conductivity of water v s . mean liquid 

t empera tu re was made to evaluate the overal l per formance of the 

equipment. Exper imenta l values published by Maxwell (12) and Ecker t 

(13) were used for comparison purposes . The resu l t s obtained with the 

ins t rument descr ibed above a r e shown in F igure 5, page Zl along with 

the data of Maxwell (12) and Ecker t (13). A second tes t was run using 

cas tor oil as the tes t liquid. The resu l t s of this tes t a r e compared 

with data of Kaye and Higgins (14) in F igure 6, page 22. In both t e s t s , 

the data obtained a r e in good agreement with that of the authors cited. 

A sample calculation of the rma l conductivity values appear in Appendix 

A, page 28. 
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CHAPTER V 

DISCUSSION OF RESULTS 

Figure 5, page 21 r ep re sen t s the resu l t s of the per formance 

tes t with wa te r . Curves represent ing data published by Maxwell (12) 

and Ecker t (13) a r e shown for compar ison . The resu l t s of a secondper-

formance tes t , using cas tor oil as the tes t liquid, a r e shown in Figure 

6, page 2 2.9 Data of Kaye and Higgins (14) a r e shown in this figure 

for comparat ive purposes . 

Data taken in a tes t of the t he rma l conductivity of a mine ra l 

oil specimen of 0.015 inches thickness v s . mean liquid t empe ra tu r e 

appear in F igure 7, page 2 3. The m e a s u r e d values of K in this tes t 

ranged from 0. 094 at a mean t empera tu re of 89. 5 °F to 0. 092 at 191. 2°F. 

Curve Number 1 of F igure 8, page 2:4 r ep re sen t s a plot of the 

the rmal conductivity of m ine ra l oil vs liquid thickness at constant mean 

liquid t e m p e r a t u r e . The values of K recorded in this t es t range from 

0.090 BTU per f t . 2 per h r . per ° F per ft. at 0,015 inches thickness to 

0.111 BTU per ft. per h r . per F per ft. at 0. 065 inches . As shown 

by the curve, the m e a s u r e d values of K began to i nc rease at a liquid 

thickness of approximately 0.030 inches . 

The exper iment was repeated after adding one inch of insulating 

ma te r i a l around and above the liquid retaining cup. In this case , data 
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was r e c o r d e d in the d i r e c t i o n of d e c r e a s i n g l iqu id t h i c k n e s s a s w e l l a s 

i n c r e a s i n g t h i c k n e s s . T h e r e s u l t s of th i s t e s t a r e shown a s C u r v e s 

N u m b e r 2 and 3 of F i g u r e 8, page 24. The m e a s u r e d v a l u e s of K 

r a n g e d f r o m 0. 091 a t 0. 015 i n c h e s of l iqu id t h i c k n e s s to 0. 095 a t 

0 . 0 6 5 i n c h e s , showing a c o n s i d e r a b l e d e c r e a s e in K in the h i g h e r 

t h i c k n e s s r a n g e s when c o m p a r e d wi th the da t a t a k e n b e f o r e adding 

i n s u l a t i o n . An i n v e s t i g a t i o n of p o s s i b l e c a u s e s of t h i s d i s c r e p a n c y 

a p p e a r s in Append ix D, page 36. 
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CHAPTER VI 

CONCLUSIONS 

The resu l t s of the per formance tes t s indicate that good resu l t s 

can be obtained with the device at liquid thickness of 0. 015 inches . The 

fact that negligible interact ion occur red between thermocouples and be­

tween the guard and hea te r c i rcui t s is a t t r ibuted to the method of insul ­

ating the r e s i s t ance windings and the the rmocouples . Operat ion of the 

equipment was found to be t ime consuming. Approximately 11 hours 

were n e c e s s a r y to obtain data for each point, as shown in the r e p r e s e n t ­

ative tes t of Run number 5, page 44. The data obtained, however, a r e 

considered to be within the p r e sc r ibed l imits of accuracy for liquid 

thickness up to 0. 030 inches . At th icknesses of m o r e than 0. 030 inches, 

considerable inc reases in the m e a s u r e d values of t he rma l conductivity 

occur red . 

In view of the resu l t s of the tes t s of the the rma l conductivity vs . 

liquid th ickness , and the investigation of Appendix D, it is probable 

that a par t of the inc rease in K at the higher values of liquid thick­

ness was caused by convective c u r r e n t s , originating in the retaining 

cup, which were manifest in the liquid gap at th icknesses in the range 

of 0. 030 inches or g r e a t e r . There is a lso evidence that the heat flux 
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l ines tended to bend away from a normal between the main hea ter plate 

and the cold plate in the vicinity of the ring guard insulator which 

caused an additional loss of heat in the tes t a r e a . This loss was prob­

ably accentuated by increas ing liquid th ickness . 

No definite conclusions were reached concerning this par t of 

the exper iment . The evidence presented was considered insufficient 

for proper ana lys i s . 
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C H A P T E R VII 

RECOMMENDATIONS 

The s c o p e of the a p p a r a t u s w a s l i m i t e d by a m a x i m u m h e a t e r 

t e m p e r a t u r e of a p p r o x i m a t e l y 300 F , wh ich w a s suff ic ient for the 

p r e s e n t e x p e r i m e n t . The uni t could p r o b a b l y p e r f o r m s a t i s f a c t o r i l y 

at m u c h h i g h e r t e m p e r a t u r e s if t he M i c a r t a i n s u l a t o r b e t w e e n the m a i n 

h e a t e r and the u p p e r g u a r d h e a t e r w e r e r e p l a c e d wi th a m a t e r i a l c a p a -

ab le of w i t h s t a n d i n g h i g h e r t e m p e r a t u r e s . 

As d e m o n s t r a t e d in Append ix B , page 29 t h e a c c u r a c y of the 

dev i ce could be s o m e w h a t e n h a n c e d by t h e u s e of m o r e a c c u r a t e power 

m e a s u r i n g t e c h n i q u e s . A s a t i s f a c t o r y m e t h o d would be to supp ly the 

m a i n h e a t e r c i r c u i t wi th r e g u l a t e d d i r e c t c u r r e n t v o l t a g e and to p l a c e 

a c a l i b r a t e d shun t r e s i s t o r in the c i r c u i t . A r e l a t i v e l y i n e x p e n s i v e 

L e a d s and N o r t h r u p v o l t - b o x could be u s e d to r e d u c e the v o l t a g e d r o p 

a c r o s s the shun t r e s i s t o r and the m a i n h e a t e r wind ings by a known 

a m o u n t , m a k i n g p o s s i b l e the u s e of a s e n s i t i v e and h igh ly a c c u r a t e 

g a l v a n o m e t e r in v o l t a g e and c u r r e n t m e a s u r e m e n t s . 

In v iew of the d i s c u s s i o n of Append ix D, page 36 it i s r e c o m ­

m e n d e d t h a t a p e r m a n e n t i n s u l a t o r be i n s t a l l e d a r o u n d the l iqu id r e t a i n ­

ing cup, and t ha t a d d i t i o n a l e x p e r i m e n t s be conduc ted a t l iqu id 

t h i c k n e s s e s of 0 . 0 3 0 i n c h e s and g r e a t e r . 
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APPENDIX A 

SAMPLE CALCULATION 

The equation used to calculate the the rmal conductivity is 

K = C E h I L 
m 

A(AT) 3 

The following sample calculation is given for point Number 1 

of Run number 5, page 

( A T ) 3 = T h - T = 107. 5 °F - 7 1 . 5 ° F = 36°F 

E, = 4. 3 volts h 

I = E r =: 7. 23 = 2.41 ampere s 
3 3 

L = 0.015 inches = .00125 feet 

A = IT D2 = 3. 14 . 1.055, 2 = .01309 f e e t 2 

4 4 { 12 ' 

T = 8 9 . 5 ° F 
m 

K m = 3 .413(4.3)(2.41)( .00125) 
(.01309)(36) 

= .094 BTU per ft2 per hr per ° F per ft 
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APPENDIX B 

ESTIMATED MAXIMUM ERROR 

The equation for calculating thermal conductivity is 

K = C E I L 

m A(AT)3 

If the power terms, E and I, are considered as one variable, 

the total derivative of this equation is 

dK = -&£m d(EI) -<i-.ni dL -$-£™ d A ji^m. d(AT) 
m d(EI) a L 6 A J(AT) 

dK =91± d(EI) + 9iEH dL + (-1) 9JEIlh dA+(- l )^EDid d (AT) 
m AAT AAT A2AT A(AT)2 

Substituting into this expression and factoring yields: 

dK = K m m 
d(EI) dL dA d (AT) 

(EI) "f L " A T 

d K m = d(EI) + jdL_ . dA_ _ d(AT) 
Km (EI) L A T 

The error computed in this manner neglects possible heat 

losses or gains through the ring guard and upper guard. These errors 

may be accounted for as follows: 

-%3ci-.ni
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( E I ) 1 = 2 7 ^ C T X ( A T ) i  
I n r-i - I n r ^ 

( E I ) 2 = C ^ - A 2 ( A T ) 2 

w h e r e t h e s u b s c r i p t s 1 a n d 2 r e f e r t o t h e r i n g g u a r d a n d u p p e r g u a r d 

r e s p e c t i v e l y , a n d t h e q u a n t i t i e s t o t h e r i g h t of t h e e q u a l i t y s i g n a r e 

a s b e l o w : 

K , = T h e r m a l c o n d u c t i v i t y of T e f l o n i n s u l a t o r = 0 . 2 

T j = T h i c k n e s s of T e f l o n i n s u l a t o r = 0 . 3 7 i n c h e s 

( A T ) = T e m p e r a t u r e d i f f e r e n c e b e t w e e n r i n g g u a r d a n d 
m a i n h e a t e r = 0 . 2 5 ° F 

r , = I n s i d e r a d i u s of T e f l o n i n s u l a t o r = 1 .5 i n c h e s 

V2 = O u t s i d e r a d i u s of T e f l o n i n s u l a t o r = 1 . 7 5 i n c h e s 

K ? = T h e r m a l c o n d u c t i v i t y of M i c a r t a i n s u l a t o r b e t w e e n 
m a i n h e a t e r a n d u p p e r g u a r d h e a t e r = 0 . 2 

T = T h i c k n e s s of M i c a r t a i n s u l a t o r = 0 . 25 i n c h e s 

A? = Area of Micarta insulator 

(AT)? = Temperature difference between main heater and 
upper guard heater = 0.25°F 

C = Dimensional coefficient = 3.413 BTU per watts 

Substitution of these values into the equations yields; 

(EI)1 = 2(3. 14) (0.2) (3.413) (0.37) 0.25 = .0009 watts 
In 1.5-ln 1. 75 

(EI)2 = 3.413 ( 0.2 ) (.049) (0.25) = 0.0108 watt 
.0208 
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The v a l u e s a s s i g n e d above a r e c o n s i d e r e d to be c o n s t a n t s . 

T h e r e f o r e the t e r m s (EI) , and (El)? a r e c o n s t a n t s . 

The to t a l e r r o r now b e c o m e s 

d K m =: d(EI) + dL_ - d A - d ( A T ) 3 ± imL_± ( E I ) 2 

(EI) L A ( A T ) . (v.n TET~ K 
m (EI) 

The e r r o r thus c o m p u t e d is a m a x i m u m when a l l t he t e rm" ' to the 

r i gh t add and when the p o w e r and t e m p e r a t u r e t e r m s in the d e m o n i n a t o r 

a r e a m i n i m u m . T h u s , the e s t i m a t e d m a x i m u m e r r o r can be e x p r e s s e d 

a s 

m a x i m u m e r r o r = d{ET 
(EI) 

d l ^ 
L 

d A | + | d { A T ) 3 

A I l ( A T ) 3 

(EI ) i 

(EI) 

|(EI) ; 

\{M) 

The m i n i m u m p o w e r l e v e l u s e d in any t e s t was 2 . 4 w a t t s ( see 

point 6, Run N u m b e r 5, page 4 4 . The m i n i m u m t e m p e r a t u r e d r o p , 

( A T ) , , w a s 4 ° F ( see point 1, Run N u m b e r 2, page 42. C o n s i d e r i n g 

the t e r m dA to be n e g l i g i b l e , and s u b s t i t u t i n g the above v a l u e s of (EI) 

and (AT) . , in to the e x p r e s s i o n for e s t i m a t e d m a x i m u m e r r o r y i e l d s : 

e s t i m a t e d 
m a x i m u m e r r o r 

e s t i m a t e d 
m a x i m u m , e r r o r 

= + .05 + .00025 + .04 + .0009 + .0108 x 100% 
2.42 015 4 2.42 2.42 

= + 4.88% 

The t e r m s d(EI) and d ( A T ) a.re funct ions of i n s t r u m e n t a c c u ­

r a c y and h u m a n e r r o r . B e c a u s e t h e s e e r r o r s d e p r e c i a t e a s 4:he 
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d e n o m i n a t o r t e r m s i n c r e a s e , the e s t i m a t e d m a x i m u m e r r o r d e c r e a s e s 

c o n s i d e r a b l y a t h i g h e r power l e v e l s and t e m p e r a t u r e d r o p s . 



A P P E N D I X C 

ANALYSIS O F T H E E F F E C T O F D I F F E R E N T I A L 
EXPANSION IN COOLING E L E M E N T ON LIQUID GAP 

The in i t i a l r u n wi th the d e v i c e was a t e s t of t h e r m a l 

conduc t iv i ty v s . m e a n t e m p e r a t u r e of a m i n e r a l oil s p e c i m e n 0 .015 

inch t h i c k . Data aft r e c o r d e d d u r i n g th i s t e s t a p p e a r a s C u r v e 1 in 

F i g u r e 9, p a g e 3 5 . A s s h o w n i n t h e f i g u r e , t h e s l o p e of t h e r e s u l t i n g 

c u r v e was p o s i t i v e , wh ich was c o n t r a d i c t o r y to a l l p u b l i s h e d da t a en 

p e t r o l e u m f rac t ions„ 

A n a l y s i s of t he d e s i g n of t he d e v i c e i n d i c a t e d the p o s s i b i l i t y 

of d i f f e r e n t i a l e x p a n s i o n c r c o n t r a c t i o n b e t w e e n the h e a t e r s u p p o r t 

m e c h a n i s m and the cold p l a t e in the even t of t e m p e r a t u r e c h a n g e s in 

the cold p l a t e , c a u s i n g a c o r r e s p o n d i n g d e c r e a s e o r i n c r e a s e in the 

l iquid g a p . The a l u m i n u m p i s t o n , support , r o d s and cold p l a t e h a v e an 

e x p a n s i o n coeff ic ient of a p p r o x i m a t e l y 17. 5x10™ in p e r in p e r ^ F , 

whi le the s t e e l of the a d j u s t m e n t m i c r o m e t e r h a s a coef f i c ien t of 

a p p r o x i m a t e l y 7. 34x10 in p e r in p e r ° F . P r e l i m i n a r y t e s t s showed 

tha t wi th a. l iqu id t h i c k n e s s of 0.0.15 inch , a t e m p e r a t u r e i n c r e a s e of 

a p p r o x i m a t e l y 100 F o c c u r r e d in the cool ing e l e m e n t . L s i n g the 

e x p a n s i o n coef f ic ien t s i n d i c a t e d a b o v e , and the g e o m e t r y of the cool ing 

e l e m e n t and a d j u s t m e n t m e c h a n i s m , the a c t u a l p e r cen t of e r r o r 
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i n t r o d u c e d into the gap t h i c k n e s s by d i f f e r e n t i a l e x p a n s i o n was 

c o m p u t e d . 

An a v e r a g e va lue for the s lope of the t h e r m a l , conduc t iv i ty v s . 

m e a n l iqu id t e m p e r a t u r e of p e t r o l e u m f r a c t i o n s was t a k e n f r o m the 

w o r k of J„ F , D. S m i t h (9). Su i t ab le c o r r e c t i o n s for the c u r v e s lope 

and l iqu id t h i c k n e s s e r r o r s w e r e m a d e in the c a l c u l a t i o n of the t h e r m a l 

conduc t iv i ty v a l u e s shown iv C u r v e 1. The r e s u l t i s r e p r e s e n t e d by 

C u r v e 2 of F i g u r e 9, and i n d i c a t e d the need for c o n s t a n t cool ing e l e m e n t 

t e m p e r a t u r e . Cool ing co i l s w e r e added and l a t e r r e s u l t s i n d i c a t e d t ha t 

the e r r o r w a s c o n s i d e r a b l y r e d u c e d , 
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A P P E N D I X D 

INVESTIGATION O F P O S S I B L E CAUSES O F T H E INCREASED 
V A L U E O F T H E T H E R M A L CONDUCTIVITY O F M I N E R A L OIL 

AT F L U I D THICKNESSES G R E A T E R THAN 0 . 0 3 0 INCHES 

B e c a u s e of the s m a l l t e m p e r a t u r e d i f f e r e n c e s m a i n t a i n e d 

be tween the g u a r d and h e a t e r c i r c u i t s , i t w a s va l id to a s s u m e tha t the 

only a p p r e c i a b l e a v e n u e of h e a t l o s s f r o m t h e m a i n h e a t e r w a s t h r o u g h 

the fluid i t se l f . Neg lec t i ng the h e a t input of the r i n g g u a r d h e a t e r , a 

c a l c u l a t i o n of t he p o s s i b l e h e a t l o s s f r o m the m a i n h e a t e r r a d i a l l y 

t h r o u g h the l iqu id l a y e r w a s m a d e for e a c h l iqu id t h i c k n e s s by m e a n s 

of t he conduc t ive h e a t t r a n s f e r r e l a t i o n . 

EI = 2 C K L ( A T ) 
l n r . ~ l n r ? 

w h e r e A T was t a k e n a s t he d i f f e r e n c e in the m e a n l iqu id t e m p e r a t u r e 

and r o o m t e m p e r a t u r e , L a s the fluid t h i c k n e s s , r , a s the m a i n h e a t e r 

r a d i u s , and r a s t he r a d i u s to t h e o u t s i d e of the r i n g g u a r d . The 

above c a l c u l a t i o n showed tha t a m a x i m u m h e a t l o s s of 0 . 7 p e r cent 

o c c u r r e d a t a l iqu id t h i c k n e s s of 0 . 0 6 5 i n c h e s , wh i l e t he t e s t da ta 

i n d i c a t e s tha t a m a x i m u m i n c r e a s e in K of Z3. 3 p e r cen t o c c u r r e d a t 

the s a m e po in t . It i s r e a d i l y a p p a r e n t t ha t r a d i a l h e a t l o s s could 

a c c o u n t for only a s m a l l p a r t of t h e i n c r e a s e in K . 
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A n o t h e r p o s s i b i l i t y of e f fec t ive h e a t I O S S e x i s t e d b e c a u s e of 

t he Tef lon i n s u l a t o r s u r r o u n d i n g the r i n g g u a r d . In e x a m i n i n g th is 

p o s s i b i l i t y , t h e fo l lowing r e l a t i v e l y va l i d a s s u m p t i o n s w e r e m a d e . 

1. The t e m p e r a t u r e of t he i s o t h e r m a l p l a t e and the m a i n 

h e a t e r p l a t e w e r e equa l and c o n s t a n t . 

2. The t e m p e r a t u r e of the cold p l a t e s u r f a c e w a s c o n s t a n t . 

3. The r i n g g u a r d f o r m e d an ef fec t ive a d i a b a t i c wa l l a r o u n d 

the Tef lon i n s u l a t o r , 

B e c a u s e of t h e d i f f e r ence in the v a l u e s of K fo r c o p p e r and 

Teflon ( a p p r o x i m a t e l y 220 and 0. 2 r e s p e c t i v e l y ) , the t e m p e r a t u r e of 

the l iqu id c o n t a c t s u r f a c e of the c o p p e r and Tef lon a r e not the s a m e . 

If the Tef lon s u r f a c e is at a l o w e r t e m p e r a t u r e t han tha t of the c o p p e r , 

the l i n e s of h e a t f lux bend in the d i r e c t i o n of t h e l o w e r t e m p e r a t u r e , 

c a u s i n g an ef fec t ive i n c r e a s e in t he t e s t a r e a . Al though the r i n g g u a r d 

h e a t input s u b s t a n t i a l l y d e c r e a s e d the bend ing effect , it i s p r o b a b l e 

tha t s o m e h e a t l o s s o c c u r r e d in t h i s m a n n e r , e s p e c i a l l y a t l a r g e 

v a l u e s of l iqu id t h i c k n e s s . F i g u r e 10, page 39 d e m o n s t r a t e s the 

effect on the a p p a r a t u s u s e d in the p r e s e n t e x p e r i m e n t of d e v i a t i o n of 

h e a t f lux l i n e s f r o m a n o r m a l b e t w e e n t h e h e a t e r and cold p l a t e s u r f a c e s 

The p o s s i b i l i t y of c o n v e c t i v e effect w a s a l s o c o n s i d e r e d . 

S ince t h e o r e t i c a l l y , no convec t i on should o c c u r in f lu ids h e a t e d f r o m 

a b o v e , the i n s t r u m e n t was e x a m i n e d to d e t e r m i n e if e x t e r n a l convec t i on 

f o r c e s could affect the l iqu id in t h e l iqu id g a p . In the t e s t a p p a r a t u s , 
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the l iqu id ex t ended a p p r o x i m a t e l y 1/4 inch o u t s i d e t he h e a t e r and r i n g 

g u a r d p l a t e . T h e h e a t input to t h i s l iquid 'was f r o m the r i n g g u a r d in 

a r a d i a l d i r e c t i o n . S ince the fluid was coo led f r o m both the top and 

b o t t o m , a t e m p e r a t u r e g r a d i e n t d e v e l o p e d which p e a k e d a t s o m e point 

wi th in the l iqu id in the cup . The p o s s i b i l i t y t h e r e f o r e e x i s t e d tha t 

convec t ive m o t i o n o c c u r r e d in t h i s a r e a , wh ich could , a t suf f ic ient 

gap width , i nduce m o t i o n of' t he l iqu id wi th in the g a p . To m i n i m i z e 

th i s p o s s i b i l i t y , a d d i t i o n a l i n s u l a t i o n was a d d e d to the l i qu id r e t a i n i n g 

cup and P l e x i g l a s c o v e r , 
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F igure 10. A Schematic Representa t ion of the 
Effect of Deviation of Heat Flux Lines 
from a Normal Between the Heater 
P la te and the Cold P l a t e . 
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A P P E N D I X E 

N O M E N C L A T U R E 

The fol lowing s y m b o l s w e r e u s e d in t a b u l a t i n g da ta : 

(AT) = T e m p e r a t u r e d i f f e r e n c e b e t w e e n r i n g and g u a r d 
h e a t e r 

(AT) = T e m p e r a t u r e d i f f e r e n c e b e t w e e n u p p e r g u a r d and 
h e a t e r 

( A T ) = T e m p e r a t u r e d r o p t h r o u g h t e s t l iquid 

T = T e m p e r a t u r e of cold p l a t e 

T, = T e m p e r a t u r e of m a i n h e a t e r 

T = M e a n t e m p e r a t u r e of t e s t l iqu id 

E-, = Vo l t age d r o p a c r o s s m a i n h e a t e r windings 

E = Vo l t age d r o p a c r o s s c a l i b r a t e d r e s i s t o r 

I r = C u r r e n t in r i n g g u a r d wind ings 

I = C u r r e n t in u p p e r g u a r d windings 

L = T e s t l iqu id t h i c k n e s s 

K = Coeff ic ient of t h e r m a l conduc t iv i ty a t the 
m a r i t h m e t i c m e a n t e m p e r a t u r e T +Ti 

D i m e n s i o n a l coeff ic ient 

r , = Rad ius of m a i n h e a t e r 

r = Rad ius to o u t s i d e edge of r i n g g u a r d 

8 = Cubic coeff ic ient of t h e r m a l e x p a n s i o n 



APPENDIX F 

TABULATION OF EXPERIMENTAL DATA 

Run N u m b e r 1. T h e r m a l Conduc t iv i ty of Mine ra l Oil v s . M e a n 
Liquid T e m p e r a t u r e Befo re Adding Cool ing Coi l s 

P o i n t 
N u m b e r 

T l 

~~V 

T 2 
_ 

T 3 

MV 

T c T h 

MV 

E h 

Volt 

Er 

Volt 

J r 

A m p 

I xug 

Amp 

L P o i n t 
N u m b e r 

T l 

~~V 

T 2 
_ 

T 3 

MV MV °F 

T h 

MV 

E h 

Volt 

Er 

Volt 

J r 

A m p 

I xug 

Amp Inches 

1 

2 

~5 

-4 

2 

5 

0. 297 

0. 777 

1. 187 

2 .666 

8 5 . 7 

148. 1 

1.484 

3 .443 

2. 15 

4. 1 

3 . 38 

6. 59 

1 

2 . 4 

0 . 3 

0 .5 

0 . 0 1 5 

0 .015 

1.329 3 . 5 3 6 183 .0 4 . 8 6 5 5 .34 8 . 6 3 1.0 0 . 0 1 5 



Run N u m b e r 2. T h e r m a l Conduc t iv i ty of W a t e r v s . M e a n L iqu id T e m p e r a t u r e 

P o i n t 
N u m b e r T l 

V 

T 2 
V 

T 3 
MV 

T c T h 
MV 

E h 
Volt 

E r 
Volt 

I 
r 

I 
US 

A m p 

L T l 
V 

T 2 
V 

T 3 
MV M V °F 

T h 
MV 

E h 
Volt 

E r 
Volt A m p 

I 
US 

A m p Inches 

1 3 - 4 0 . 0 9 1 1.012 78 1. 103 2 . 8 3 4 . 5 1 2 . 2 0 0. 75 0 .015 
2 - 4 - 4 0 . 3 6 6 0. 994 7 7 . 2 1.360 5 . 6 1 9. 15 3 .50 1. 30 0 .015 
3 5 2 0 . 8 3 4 0. 990 77 1.824 8. 60 14.00 5 . 60 2 . 0 0 0 .015 
4 - 2 4 1.011 2 . 2 2 6 130 3 . 2 3 7 9 .50 15.40 6. 75 2 . 75 0 .015 
5 4 5 2 , 0 0 3 2. 154 127 4 . 157 13. 30 21 .65 8 ,20 3 . 2 0 .015 

Run N u m b e r 3 . T h e r m a l Conduc t iv i ty of C a s t o r Oil v s . Mean L iqu id T e m p e r a t u r e 

P o i n t 
N u m b e r T l 

V 

T 2 
V 

T 3 
MV 

T T c e E h 
Volt 

E r L r 
A m p A m p 

L T l 
V 

T 2 
V 

T 3 
MV M V °F MV 

E h 
Volt Volt 

L r 
A m p A m p Inches 

1 
2 

~2 
4 

-5 
1 

0. 115 
1.013 

1,200 
1.240 

8 6 . 2 1.315 
8 8 . 0 2 . 2 5 3 

1. 75 
5. 12 

2 .84 
8.20 

1.2 
4r. 0 

0. 5 
1.2 

0 .015 
0 .015 

DO 
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Run N u m b e r 5. T h e r m a l Conduc t iv i ty of M i n e r a l Oil v s . L iqu id T h i c k n e s s 
Befo re Adding I n s u l a t i o n to Liquid Cup and P l e x i g l a s C o v e r 

Po in t 
N u m b e r T l T 2 T3 T < , Tfa E h E r I I L 

"O V V MV MV F MV Volt Volt A m p A m p Inches 

2 5 1 .684 0 . 8 3 2 7 0 . 0 2 . 5 1 6 3 . 5 5 5 ,65 2 . 3 0 1.35 0 . 0 1 5 
3 0 1.608 0 . 8 5 4 7 1 . 0 2 . 4 6 2 2 . 9 6 4 . 7 6 2 . 0 0 1.10 0 . 0 2 0 

3 4 — fe. .1.576 0.890 72. 6 2.476 2.45 3.84 1,80 1.00 0.030 
4 -4 -4 1.527 0.865 71.5 2.392 2. 10 3.40 1.65 0.70 0. 040 
5 3 2 1.493 0.899 73.0 2.393 1.95 3.05 1.50 0.50 0.050 
6 -2 -3 1.308 0.990 77.0 2.298 1.67 2.67 1.25 0.35 0. 065 

^ 
^ 



Run N u m b e r 6. T h e r m a l Conduct iv i ty of M i n e r a l Oil v s . L iquid T h i c k n e s s 
Af te r Adding Insu la t ion to Liquid Cup and P l e x i g l a s Cover 
(Data T a k e n in D i r e c t i o n of I n c r e a s i n g Liquid T h i c k n e s s ) 

P o i n t 
N u m b e r _ £ l Jj. T_3 T

c
 T

h
 E

h
 E

r I I L 

V _ V MV MV U F " M V "Volt Volt A m p A m p i n c h e s 

1 
X 

i 

i -5 
1 / (-J si 

i. t> 7 5 0. 877 72.0 2.550 
2 5 3 1.558 0. 865 71.5 2.453 
3 -5 2 1.568 0.899 73.0 2.467 
4 4 -5 1.527 0.886 72.4 2.413 
5 -3 5 1.601 0.890 72.6 2.491 
6 -2 1 1.531 0. 863 71.4 2.394 

4̂  
m 

3.55 3.65 1. 
2.96 4. 76 1. 
2.45 3. 84 1. 
2. 10 3.40 0. 
1. 95 3.05 0. 
1.67 2. 67 0, 

75 i. 30 0.015 
50 1. 00 0.020 
10 0, ,95 0.030 
80 0, 70 0.040 
65 0, 60 0.050 
60 0. 25 0.065 
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