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I. INTRODUCTION 
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!his study of heat transfer of a hydrocarbon 

oil w .. made for the investigation of coolins phenomena 

in the upper viscous and lower turbulent range. All 

data reported or discussed in this dissertation are 

cooling data on "Bocene", a refined kerosene. fhe 

primarr object of the research was the observation of 

the characteristics in tae cooling of a Iydrocarbon oil 
~ -

in the critical region. 

Previous workers in the same field have 

reported coolins data correlated in numerous ways. 

However. it was tound that the most satisfactory 

correlation of the date obtained in this research was 

by aeans ot an equation of the Dittus and Boelter 
(I) 

't7pe. • AlthoUSh this type of equation do •• 

not repre.ent the data pertectlJ. it doe. give a 

tar better pre.entation ot the re.ult. than other 

method. att .. pted. 

!he studie. reported in this presentation 

were made OD a liquid heat exchanger designed by 

Browne aDd :rinser <2) amd constructed by Browne (3) 

and Donaho (4) ~ In order to attain the temperatures 

~ •• ir.d. it was tound necessary to install & 

thr.e-quarter ton ice machine tor the cooling of the 



refrigerant liquid. In the installation of this 

refrigeration unit, several minor changes were made 

in the original pipins larout. 

M the heat exchallSer was operate4 and 

9 

lower temperature. were sought, it was found necessary 

to resort to insulation for the succe.sful maintenance 

of relativelJ low temperature •• The rallSe of pipe 

taaperature. reported varied from 600F to 200F. 

Oonsequently, it followed that the test liquid 

temperatures were higher than the corresponding pipe 

temperatures. It was also logical that the refrigerant 

liquid temperature be considerably lower than the pipe 

temperatures. 

In the insulation of the exchanger, cork was 

used tor the refrigerant reservoir and hair felt for 

the pipiD8. 

All temperatures .ere measured by means of 

thermocouple. read with a type .~ potentiometer. ~e 

use of such an arrangement made possible the reading of 

temperature ditterence. to three significant figures. 

Whether such accuracy was J ustifie4 in all cases is 

problematical. However, this accuracy frequently 

ma4e data haviJJg small temperature difterences valuable. 



A11 the data pre.ented io this study .ere 

obtained u8ing "Eocene" a. both test liquid and 

cooling liquid. 

10 
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II. !HIORBTICAL 
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An examination of the literature for a means 

of correlating heat transfer data led to the conclusion 

that the most satisfactory method would be the use of 

dimenalonless groups (4-16). It Was decided to use 

an equation of the type suggested by Ddttus and Boelter: 

hD • 0 026 DG 0.8 C'ft AI 0.3 
Ie .;r ~ 

1'his equation is reccuaended by them for cooling data (I). 

Since an equation of this type can be converted 

bJ proper mathematical manipulation into types that are 

ued for both turbulent and viscous flow, the use of 

this type of eq,uatioD followed (16). 

The equation consists of the following 

dimensionless groups: 

Praud tl number C..f'/k 

Hussel t Number hD/k 

Reynolds Number DG~ 

!he Prandt1 number contains terms that are 

properties only. Since this tact is true. it would 

seem that the Praodtl number would be of no significance 

except in cases in whiCh the properties have a marked 

Y&l'iation. Furthermore it would seem logical that 
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the greatest property variation would ocour at the 

film. Hence, in the correlation of these data an 

average film viscosity was used. The film temperature 

waa found by taking the arithmetio mean temperature 

between that of the pipe and the average te8t liquid 

temperature (16). 

The JTu88elt number c,ontaina only oonduotivity 

term. and thereby indicatea its value in the atudy of 

heat transfer through films. 

The Reynolda number is a flow term and would 

seem to become more important aa turbulence ia in-

oreased. However, ainoe it is ooncerned with flow 

rather than with heat conduction or property cha.rl8e. 

the use of a viscosity at an averase teat liquid 

temperature would see. to coincide with the purpose 

of the group. 

Since this equation contains a flow group, 

a conduction group, and a property change group, all 

the activity occurring in both the viscous and 

turbulent regions should be adequately expres8ed. 
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III. APPARATUS 
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FIGURE I. 

HEAT EXCHANGER WITHOUT INSULATION 
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FIGURE II. 

HEAT EXCHANGER WITH INSULATION AND ADDITIONS 



.. 
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FIGURE 111. 

AJOlONIA COllPRESOR 

i 
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With the apparatus used in this investigation, 

the means are provided for the determination of tempera

tures and rates of flow in order that the heat transfer 

coefficients and various related dimensionless groups 

may be calculated. The equipment consists of the 

heat exchanger proper and the accessories. 

The entire apparatus is shown in Figures I •• 

II •• and III •• pages 15, 17, and 19, and is described 

with reference to the figures in the following 

discussion. 

HEAT EXCHANGER 

The heat exchanger proper includes the 

test section, the calming and mixing chambers, and 

the thermocouples. The test section consists of a 

standard one inch brass pipe within a cast iron 

shell. This brass pipe is a single length 9 feet, 

6 inches long. The test section includes a calming 

section of 23 inches, a test length of 6 feet, and an 

exit section of 19 inches. The cast iron annular 

shell is composed of an inlet and outlet section for 

the refrigerant, eland C 2; and several sleeves. 

Sections Eland E 2 are two 30 inch sleeves. The 



sections marked D and F are split sleeves through 

which the thermocouple junctions are installed. 
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!he calming aections installed in the inlet 

and outlet sections of the refrigerant system are for 

the purpose of preventing turbulence in the .ieinity of the 

thermocouple junctions at the pipe ends. !hese calming 

sections also bring about streamline flow of the 

refrigerant after it has pass84 through the mixing chambers. 

The purpose of the calming section is the 

elimination of the turbulence of the liquid after 

passage through the mixing chamber. The calming 

section has a cr088 made of &heet copper, inserted 

in the b.ras8 pipe between the test section and the 

mixing chamber at the entrance end of the test liquid 

system. 

The mixing chamber8 consist of slotted 

copper plates and steel collars bolted together. The 

mixing chambers in the teat line, )Ie land lIC 2, and in 

the refrigerant line, )lC 3 and Me 4, effect a mixing so 

that an average temperature of the liquid immediately 

after the chamber may be obtained by a single 

thermocouple placed in the center of the stream. 

In order that heat transfer may be reduced to 

a minimum between the refrigerant and the test liquid 



in the refrigerant inlet and outlet .ection. inner 

steel sleeves are provided. These sleeves forming 

an annular sPace around the ends of the brass pipe 

extend to the centers of the cast iron sleeves, 

D 1, D 2, D 3, and D 4. This annular space 
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around each end of the brass pipe is Jacked .. i th rock 

wool. In order that undesirable conduction between 

the cast iron shell and the test .ection might be 

mint.ized, asbestos stripe are placed between the 

surfacea making contact. SUCh conduction, however, 

i. of minor tmportance since the areas of contact:are 

small and relativelJ diataat from the test .ection. 

For the measurement of temperatures, sixteen 

thermocouples are installed in the heat exchanger. 

One thermocouple 1s located in each of the tour mixing 

chambers and twelve are attached to the brass test 

aection. Those couples faatened to the brass pipe 

are arranged in the following order: four thermo

couples ninet} degree. apart at each end and at the 

center of the test section. The thermocouples are 

made ot No. 28 B & S gage iron and constantan wires 

welded together at one end and led to a cold junction 

behind the heat exchanger.· From the cold junction 
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connection is made to two dials by means of copper 

leads. The dials have sixteen "terminals so "tha"t 

any thermocouple of "the group may be connec"ted "to the 

potentiome"ter with a proper dial setting. 

!he thermocouples are installed in the 

mixing chambers "through one-eighth inch copper tubing. 

cen"t.red in one-half inch steel bolts. The.e Junctions 

are located in the center of the liquid stream. The 

copper tubing extending from the bol"ts protecta "the 

Junction and holds it in the proper position. 

!be thermocouples for measuring the pipe 

temperature pass through copper tubing within one-half inch 

steel bol"ts in the spli"t sleeves. Each junc"tion is 

soldered "to the pipe at one end of a one-atxteen"th inch 

bJ one inch alo"t cu"t in the pipe. The slota are 

filled with litharge and gllcerine cemen"t. and the 

surface smoothed "to conform with the surface of the 

pipe. 

ACCESSORIES 

Reservoirs are provided for the "tes"t and 

refrigeran"t liquids. The t.at liquid reservoir, T 1, 

is a ten-gallon .teel drum placed in a horizontal 
. . 

position. A by-pass line around this reservoir is 
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provided so that a control of the teat liquid 

temperature can be maintained. The refrigerant 

reaervoir is a rectansula.r tank. T 2. havins a 

capacity of about thirty gallons. The expansion 

coils ot the ammonia compressor are located in this 

tank. 
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Originally the rate of flow Was determined 

by means of an open tank into which the test liquid 

waa allowed to flow for a measured amount of time 

with subsequent weighins of the collected liquid. 

Bowsver. it was found with the attainment of 

temperatures even a fn degrees below room temperature 

that this method of rate determination added too much 

hea4 to the system. In order to correct this fault 

a five gallon co~ered tank waa insulated with hair 

felt and mounted on a small platform scale. '!'his 

arrangement is shown in Figure II .:.' ~age 17. The 

tank was provided with an exit line near the bottom. 

!he exit 11ne containing a valve emptied into an 

up-turned bne.inch·elbow.that led to the test liquid 

reservoir, T 1. A line from the three-way valve. V 7, 

extended throUSh the cover of this tank in such a way 

that 1 t in no way hindered the vertical movement of 

the tank on the platform scale. B.J a.ana of tn.i 8 
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installation the teat liquid could be collected over 

a measured period of time. weighed, and returned to 

the Bystem without the introduction of a too great 

amount of heat. 

!.he test liquid is taken from the return line 

by means of the three-way. valve, V 7. In the 

refrigerant line a similar three-way valve, V 8, is 

provided. !he period of time over which the test 

liquid was collected was measured with a stop watch. 

This period varied from thirty to sixty seconds. 

Two pumps, P 1 and P 2, are provided for 

the circulation of the test and refrigerant liquids. 

P 1 ia in the test liquid line, and P 2 is in the 

refrigerant line. !hese pumps are bronze gaar pumps, 

having a rated capacity of six gallons per minute at-a 

speed of 1000 R.P.K. A constant-speed, electric 

motor drives the pumps. 

The rate of flow ot the two liquids il 

controlled by means of the valvel, V 1, V 2, V 3, aDd 

V 4. Valves V 2 and V 4 are in the by-pass 11nes. 

A three-quarter-ton ammonia compressor was 

installed for the attainment of lower temperatures. 

!he expansion coils of the compressor were located in 

the refrigerant reservoir. The refrigeration was 

controlled manually by means of the adjustment ot a 



needle-point expansion valve in the liquid ammonia 

line. 

As a means of checking the thermocouple 

readings, four thermometer wells are provided, W 1. 
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Y 2, W 3, and W 4. !he wella are made of quarter-inch 

copper tubing plugged at ODe end and sealed in a 

drilled one-inch standard cast-iron plug. 

!he thermocouple readings .ere taken with a 

Leads and Iortarup Type K potentiometer and a wall 

galvanometer. In order that vibration of the 

galVanometer be reduced to a mintmum. it was mounted 

on a large concrete slab supported by four rubber 

cushions. 

It was found very early in the operation 

of the heat exchanger that temperature. even a f •• 

degr.es below room temperature could not be reached 

and held with any success without the use of insulation. 

At first the test section alone was insulated; however, 

with operation at lower temperatures, it was found 

necessary to cover the entire apparatus. The 

refrigerant reservoir waa covered with sheet-cork and 

Celotex. A layer ot asbestos fiber mixed with plaster 

of paris and water was molded around the cast iron 
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ahell containing the teat section in order that 

this section might be brought more nearly to a 
- . 

uniform size. !he test section was then covered 

with two inches of hair felt. !he re8t of the heat 

exchanger waS covered with a one-inch thickness of 

hair felt. 

With the insulation of the entire heat 

exchanger, it was found that the time required to 

bring the apparatue to equilibrium was increased 

greatly because of the lower temperatures attained. 

In order to shorten this time aa .ell a8 to economize 

on the use of the refrigerant 8tored in the 

refrigerant re.erToir, it was decided to install a 

cooling bank in the test liquid line. TbL B bank c on-

eists of aU: l-inch pipe8 between two headers. This 

additional piece of apparatus was placed in the line 

leading to the test section as ia shown in 7igure II •• 

page 17. The installation was accomplished by 

installing two,t ••• with a valve between them in the 

teat liquid line. connection was made between the 

tees and the ends of the headers. A valve was also 

placed in the entrance line leading to the bank. 

This bank of pipes was placed in a galvanized iron 
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tank to which a water connection waS made at the 

bottaa and an overflow drain connection made at the 

top. With this arrangement city water could be used 

for cooling prior to the circulation of the refrigerant. 

OP.BRATIOll 

'In the preparation of the heat exchanger for 

a run, the operation differ. somewhat from its operation 

after equilibrium has been reached and thermocouple 

readiuss have been taken. Before the refrigerant is 

circulated, the test liquid is circulated aDd 

allowed to pass through the ooolil18 bank. Uter 

the test liquid has been cooled as muoh as possible 

by means of the cooling bank, it is b~assed across 

the bank, and the refrigerant circulation begun. 

In the normal operation of the heat exchanger 

the pump, P 1, draw. the te.t liquid from the 

reservoir. T 1, Valves, V 1 and V 2. control the rate 

of flow. !he liquid then passes to the lIlixing 

chamber, lie 1, where its temperature is measured. 

From the mixing chamber the liquid goes through the 

test section and then to the mixing chamber, 1lC 2, 

where the temperature i8 again measured. !he liquid 



then passes to either valves, V 5, V 6, or V 7. 

V 7 is the three-way valve which is used to divert 

the liquid for rate of flow determinations. V 6 is 

a valve in the by-pass line around the teat liquid 

reservoir. Valves, V 5 and V 6, are both used in 

regulation ot the quantity ot liquid by-passing the 

test liquid reservoir. 

In the refrigerant system, the liquid is 
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taken from the refrigerant by pump, P 2, and then 

paBaed, with the rate ot flow controlled by valves, V 3 

and V 4, to the mixing chamber, )(C 3. In the mixing 

chamber the temperature is measured. The liquid then 

passes through the annular space around the teat aection 

and to mixing chamber, JlC 4. The temperature is again 

determined and the liquid returned to the refrigerant 

reservoir, T 2. 

Before any data are taken on the apparatus, 

the retriserant and test liquids are circulated until 

the desired temperatures are obtained and the apparatus 

haa come to equilibrium. Equilibrium conditions 

are attained when the refrigerant and test liquid 

entrance temperatures have become constant. 

When the apparatus had come to equilibrium, 

the cold Junctions of the thermocouples were brought 
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to 32oF. in an ice bath. The potentiometer oirouit 

waS balanced. and the thermooouple readings made and 

recorded. nLeae thermooouple readings were in 

millivolts and, oonsequently, required a conversion to 

degrees Fahrenheit. The temperature. indicated by 

the thermometers in the thermometer well. were also 

recorded. The rate of flow of the test liquid was 

determined by collecting a portion of the liquid 

over a period of thirty to Sixty seconds and weighing 

the collected material. This rate determdnation WaS 

made after the thermocouple and temperature readings 

had been recorded. After the test liquid taken from 

the system had been returned, the valves were again 

adjusted for another rate of flow, and equilibrium 

conditions were again sought. 

In this study of heat transfer, both 

refrigerant and test liquids were Eocene. Since the 

refrigerant liquid served merely to cool the test 

liquid and thereby produce a transfer of heat, its 

properties were not examined. The properties of the 

test liquid were examined rather closely. ~e 

physical proper tie. ot the Eocene used in the 



calculation of the results are listed in Table I., 

page 33. the density was determined with a 

Westphal balance. The specific heat was 

determined by measuring the temperature rise of a 

•• ighed amount of Eocene when a measured quantity 

of electricity was introduced • Vi8cosities 

• ere determined at several temperature. by means of 

a Hoepler Vi8cosimeter, and a smooth curve .as drawn 

through the points to indicate the variation of the 

viscosity with a temperature change, Curve I., 

page 34. The value of the thermal conductivity 

that Was used in the calculations was taken from the 
(1) 

literature • 



TABLE I. 

PHYSICAL PROPERTIES OF EOCENE (60°F.) 

Density 

Specific Heat 

Thermal Conductivity 

50.1 

0.504 

0.0875 

DISTILLATION RANGES 

,.:rcent New 
Distilled Sample 

0 320 

10 357 

20 376 

30 386 

40 398 

50 424 

60 448 

70 466 

80 484 

90 509 

lb./cu.ft. 
o 

B.T.U./(lb.)( F.) 

E.T.U./(hr.)(aq.tt.)(oF./ft.) 

(JE EOCENE 

tlaed 
Sample 

332 

368 

384 

407 

424 

439 

455 

471 

490 

510 
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IV. DATA AND RESULTS 

p 



The experimental data and the calculated 

results are reported in the Table II, page 37 

The test liquid inlet and outlet temperatures are 

recorded directly from the thermocouple readings. 

The average pipe temperature is the readings of 

the twelYe theraocouples attached to the pipe. 

~tl is the difference between the test liquid inlet 

temperature and the average pipe taaperature. 

~t2 is the difference between the test liquid outlet 

temperature and the average pipe temperature. !be 

logarithmic mean temperature difference is the 

logarithmic mean of Atl and ~t2. The test liquid 

At is the drop in temperature in the test liquid by 

passage through the test section. !he weight of 

36 

the test liquid per minute WaS either determined 

directly or by a simple multiplication. ~e weight 

of the test liquid per hour was obtained by multiply

ins the weight of the test liquid per minute by sixty. 

The average test liquid temperature is an ari thInetic 

ayerage of the inlet and outlet temperatures of the 

test liquid - the temperature at which the bulk 

viscosity was found. The film temperature was 

found by averaging the pipe temperature with the 

average tes t liquid temperature. The l'J.la 



TABLE II 

HEAT TRANSFER DATA 

Run Te.t Teet Average Log 
:Ro. Liquid Liquid Pipe Atl At2 Mean 

Inlet Outlet Temp. At 
Temp. Temp. 

Units of of 0)' of of of 

1 56;438 53~046 39.638 16.800 13.408 15.056 
2 5'1~99'1 55~019 39;546 18.451 15.4'13 16.935 
3 54~223 51~211 3'1~365 16~858 13;848 15.318 

" 59~300 54~154 38~865 20~435 15~289 17.756 
5 64.067 58.827 34.870 29.197 23.957 26.518 
6 54.292 50.138 29.923 24.369 20.215 22.250 
7 61~167 56~612 39.382 21.785 17.230 19.438 
8 55.400 52.285 34.008 21.392 18.277 19.814 
9 60.567 57.997 47.380 13.187 10.617 11.868 

10 59.200 56.992 47.768 11.4~ 9.224 10.299 
11 50.312 48.407 34.712 15.600 13.695 14.642 
12 55.607 53.011 28.573 27.034 24.438 25.740 
13 60.867 49.377 19.452 41.415 29.92Q 35.395 
14 57.650 54.638 25.899 31.751 28.379 30.250 
15 55.365 52.458 23.038 32.327 29.420 30~882 
16 52.215 50.588 36.877 15.338 13.711 14.524 
17 56.231 54.223 35.512 20.719 18.711 19.717 
18 56.889- 54.500 38.135 18.754 16.365 17.550 
19 59.867 56.231 38.U4 21.753 18.117 19.899 
20 58.031 55.607 29.343 28.688 26.264 27.486 
21 56.231 54.263 32.321 23;910 22.041 22.986 
22 55.019 53.600 35.817 19.202 17 ~ 783 18.502 
23 54~O50 53.081 38.642 15.408 14.439 14.933 
24 53.774 52.665 38.145 15.629 14.520 15.084 
25 56.715 54.535 37.569 19.146 16.966 18~052 
26 54.673 52.631 37.288 17.385 15.3~ 16.359 
27 58.827 56.715 36.870 21.957 19.845 20.905 
28 54.085 52~250 34.781 19.304 17.469 18.390 
29 54;050 52~215 35~577 18~473 16.638 17~557 
30 54.812 52.873 34.473 20.339 18.400 19.373 



HEAT TRAHSFIR DATA (Continued) 

Run Teat Teat Average Log 
No. Liquid Liquid Pipe Llt1 ~t2 )lean 

Inlet . Outlet Temp. ~t 
Temp. Temp. 

Units OJ' 01' 01' of 0)' of 

31 54.742 52.907 33.666- 21~076 19~241 20.165 
32 55~123 53.184 32.459 12.664 20.725 21.702 
33 50.830 50.035 36.855 13.975 13.180 13';587 
34 62~833 61.400 45.801 17.032 15.599 16.321 
35 61.067 57.'788 46~811 14.256 10.9'77 12~558 
36 62.26'7 58.862 46.167 16.100 12.695 14.345 
37 62.733 59.100 47.085 15.648 12.015 13.'766 
38 64.000 59.600 4'7~339 16.661 12.261 14~363 
39 65.400 61.533 46~352 19.048 15.181 1'7.067 
40 66.600 61.833 45.686 20.914 16.147 18.447 
41 65.933 60.200 32.'757 33.167 27.443 30.249 
42 62.300 57.546 32.181 30.119 25.365 27.702 
43 60.767 56.785 32~373 28.394 24.412 26.380 
44 59.56'1 55.607 33.643 25.924 21.964 23~910 
45 57.892 54.396 34.5'74 23.318 19~822 21~544 
46 57.096 53~566 35~07'7 22.019 18.489 20.233 
47 56.12'7 52.9'77 35.691 20.436 17.286 18.836 
48 55~780 52.250 34.505 21.275 17.745 19.476 
49 55~'180 51~869 34~644 21.136 17~225 19.133 
50 54~950 50.796 36~323 19~627 15~473 17.485 
51 54~673 50~415 36~116 18.557 14~299 16~352 
52 54;569 50~277 36~902 17~667 13~375 15.437 
53 6'.'700 61~100 35~747 30~953 25~353 28.088 
54 65.167 60~933 37.045 28.l22 23.888 25~974 
55 63.833 60.200 38.599 25.234 21.601 23.394 
56 63.033 60.000 41.519 21.514 18.481 19.976 
57 62~133 59.500 42~ 930 19.203 16.570 17.872 
58 61.333 59.167 44.522 16.811 14.645 15.719 
59 60.'16'7 58.862 47.1'15 13~592 11.687 12.628 
60 61.533 59.833 49.749 11.784 10.084 10.923 

----------------------------



HEAT T.RANSFER DATA (Continued) 

Run Teat Teet Average u,g 
No. Liquid Liquid Pipe ~tl ~t2 llean 

Inlet Outlet temp. ~t 
Temp. Temp. 

Unite 01' 0:r 0)' 01' OJ' OJ' 

61 53~462 50~O35 42~523 10.939 7.512 9.117 
62 59~'133 54~569 27~551 32~182 27~018 29.482 
63 42~59S 40~896 27.327 15.266 13.569 14.399 
64 46~573 43~700 30~996 15.57'1 12.704 14.089 
65 49~689 47;681 34.285 15~404 13;396 14~375 
66 53~973 61~9'15 42~766 10~731 9~207 9~948 
67 44~011 42.280 30.511 13.500 11.769 12.613 
68 42~246 41.138 33.835 8.411 7.303 7.843 
69 42.731 41:173 32.692 10.039 8.481 9.237 
70 42~731 40~654 29.404 13.327 11.250 12.157 
71 40;066 38~093 26.981 13.085 11.112 12.069 
72 38.577 37.227 26.324 12.253 10.903 11.562 
73 32.'127 31.654 20.750 11.977 10.904 11.430 
74 52.423 51.523 48.269 4.154 3.254 3.601 
75 41.623 33.004 29.459 12.164 3.545 6.989 
76 45~396 42.593 33~558 11.838 9.135' 10.374 
77 18.235 46~O19 38.543 9.692 7.476 8.535 
78 41.692 40~37'1 27.396 14.296 12.981 13.635 
79 44.046 41.900 29.785 14.261 12.115 13.15 6 
80 45.362 42.350 28.434 16.928 13.916 15.370 
81 42~315 40.516 26.670 15.645 13.846 14.724 
82 50.381 49.240 4~~769 6~612 5~471 6.022 
83 49.239 47.167 31;223' 1~"Oll 10~944 11~948 
84 48.997 47~681 39.788 9.209 7.893 8.533 
85 43~354 40.827 26~912 16.442 13~915 15.141 
86 40~931 39.477 24.800 16.131 14.677 15.390 
87 39~388 36~915 22~342 16.996 14.573 15.~1 
88 38.508 36.085 21.200 17.308 14.885 16~063 
89 48.753 45.120 36~984 11.769 8.136 9~839 
90 50.969 43.215 29.404 22.565 13.811 15.791 
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BEAT TRANSFER DATA (Continued) 

Run Test Teat Average Log 
No. Liquid Liquid Pipe- ..ot1 .4t2 1lean 

Inlet Outlet Temp. ~t 

Temp. Temp. 

Units Op OF OF OF OF OF 

91 50~242 46.296 38.023 12.219 8.273 10.011 
93 38~439 35~566 24~247 14.192 11~319 12.699 
94 37.330 34.700 25~250 12.080 9.450 10~709 
95 38.715 36.535 26.600 12.115 9~935 10.987 
96 39~027 37.192 27~846 11.181 9.346 10.234 
97 44.046 38.162 22.965 22.081 15~197 15.752 
98 46.607 43.354 23~277 23~330 20.077 21.659 
99 44.981 40.100 28.088 15.993 12.012 13.905 

100 40.723 37~296 26.358 14.365 10.938 12.571 
101 41.173 38.335 26.358 14.815 11.977 13~343 
102 40~827 38.231 18.292 22.535 19.939 21~207 
103 38.300 36.984 15.765 22.535 21~219 20.274 
104 29.542 28.712 18.880 10.662 9~832 10.239 
105 38.854 33.835 17.046 21.808 16.'89 19.186 
106 36 •. 050 33.869 20.300 15.750 13.569 14.632 
108 38~404 36.466 26.635 11.769 9~831 10.769 
109 39.477 37.158 25.942 13.535 11~216 12;338 
110 37 .. 989 36.223 25.631 12.358 10~592 111450 
111 38.369 35.600 24.765 13~604 10.835 12.168 
112 37.642 34.'69 21.927 15.715 12.842 14.228 
113 36~638 33.558 20;646 15~992 12.912 14~395 

114 36;050 32.900 '19;434 16.616 13.466 14.983 
115 31~377 29~715 19.538 11.839 10~177 10.986 
116 34.112 32;000 21.200 12~912 10.800 11.823 
117 36.500 S4~215 22.792 13.708 11~423 12.528 
118 37.711 34.077 21.442 16.269 12.635 14~ 'lI/ 2 
119 36.673 33.176 20~715 15.958 12.461 14.134 
120 35.739 32.450 20.300 15.439 12.150 13.727 
121 36.362 32.934 19.781 16.581 13.153 14.798 
122 36.984 33.385 20.335 16.649 13.050 14.774 

• 
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HEA~ TRANSFER DATA (Continued) 

Run Test Test Average IAlg 
No. Liquid Liquid Pipe iltl ilt2 Xean 

Inlet Outlet Temp. ~t 
Temp. Temp. 

Units °F of °F °F °F of 

129 20.864 20.231 16.561 4.293 3.670 3.973 
130 33.038 28.400 17.220 15.818 11.180 13.362 
131 32.104 28.643 16.942 15.162 11.701 13.666 
132 32.865 29.508 17.393 15.472 12.115 13.725 
133 32.865 29.715 16.042 16.823 13.673 15.614 
134 33.489 29.231 15.800 17.689 13.431 15.459 
135 32.104 29.785 15.627 16.477 14.158 15.285 
136 31.862 28.989 1".554 17.308 14.435 15.825 
137 32.000 28.989 13.100 18.900 15.889 17.348 
138 32.069 28.608 12.789 19.380 15.819 17.489 
139 32.000 28.712 13.031 18.969 15.681 17.270 
140 32.000 . 28.330 12.407 19.593 15.923 17.691 
141 32.727 28.196 11.957 20.770 16.235 18.407 
142 32.242 29 10 093 12.580 19.662 16.513 17.068 
143 34.215 29.750 13.550 20.665 16.200 18.339 
144 34.215 29.992 13.100 21.115 16.892 . 18.922 
145 36~327 26.566 12~4.t2 23.885 14.12" 18.576 , 

146 32~000 29~ 923 12.546 19.45" 17."69 19.295 
147 32~761 30~"77 11~854 20.907 18.623 19.740 
148 31~688 28~643 15.038 16~650 13.605 15.074 
149 32.277 28.781 12.580 19.697 16.201 17.482 
150 32.208 28~192 11.508 20.700 16.684 18.617 
151 35~219 25.492 12.B69 22.950 13.223 17.639 
152 37.123 26.239 12.615 24.508 13.624 18.0'iO 
153 36.604 25.596 13.100 23.504 12.694 17.421 
154 35.323 27.396 12.927 22.396 14.469 18.142 
155 34.077 28.643 12.442 21.635 16.201 18.783 
156 34.458 28.123 11.473 22.985 16.650 18.335 

.. 



KlAT TRABSFBR DATA (Continued) 

Run Teat Teat Average Log 
No. Liquid Liquid Pipe· .Atl .At2 1lean 

Inlet Outlet Temp. At 
Temp. Temp. 

Units o}' oj' oj' OF oj' oj' 

157 33.004 29.162 11.681 21.323 17~481 19.336 
158 32~484 29~469 11.196 21.288 18.2'13 19.:795 
159 31.550 28.261 10.954. 20.596 1'1.30'1 18.900 
160 31.37'1 2'1.950 10.ft' 20.630 1'1.203 18.861 
161 31.204 2'1.950 10.503 20.'101 l'1.la? 19.024 
162 31.100 2'1.500 10~'112 20.388 16.'188 18.526 
163 29.369 26.773 11~992 17;377 14~'181 16.041 
164 2'1.915 25.665 11~439 16.476 14.226 15~321 
165 26.324 24.212 11.888 14.436 12.324 12.749 
166 25.354 23.346 11.785 13.569 11.561 12.536 
16'1 25~250 23.2'17 12.40'1 12.843 10.870 11.82'1 
168 25.492 23.380 12.685 12.80'1 10.695 11~ 718 
169 25.838 23.'161 12.92'1 12.911 10.834 11.840 
1'10 26~6'10 24.385 12.165 14.505 12.220 13.328 
1'11 2'1.569 25.0'1'1 11.508 16.061 13.489 14.277 
1'12 28~643 25~942 11.'115 16.928 14.227 15~536 
1'13 29.577 26.393 11.508 18~069 14.885 16.423 
1'14 30~303 25~492 10~816 19.487 14.676 16.965 
175 31.481 26.946 10.123 21.358 16.823 18.996 



IlEA l' TRANSFER DAtA (Continued ) 

Run Teat Weight Weight Averase Bulk Bulk 
No. Ufluid Test Teet Teet Viacoe- ViacOl-

~t Liquid Liquid Liqu1cl it~ 1ty 
per 1I1n. per Hr. Temp. b Abeolute 

Units 0)' Lb •• Lb •• ~ Centi- "A 
Lbs. 

per !lin. per Hr. poiees (hr. )(ft.) 

1 5.592 19.25 1155~O 54.742 2~15 5~20 
2 2.978 29~87 1792~5 56.508 2.10 ~.O8 
5 3.012 17~25 1035.0 52.717 2.20 5.32 
4 5~146 9~13 547~5 56;.727 2.09 5;.06 
5 5~240 25;25 1515;.0 61~447 1~97 4.77 
6 4~154 14~OO 840.0 52.215 2.21 5.35 
7 4;.555 32~58 1942;5 58;'890 2~04 4~O' 
8 3;'115 12;'00 "120;0 53~843 2;.17 5;.25 
9 2~570 32~38 1942~5 59~282 2~03 4;.91 

10 2~208 15.63 93'1~5 58;'096 2~06 4.99 
11 ~.905 32.00 1920~O 49~360 2.29 5.54 
12 2~596 1'1~19 1031.3 54.309 2.16 5.23 
13 .1.490 8.25 495.0 55.l22 2.13 5.15 
14 3.012 17.00 1020~O 56.144 2.11 5.11 
15 2.907 21.00 1260.0 53~912 2.17 5.25 
16 1.627 31.00 1860.0 51~402 2.24 5.42 
17 2.008 16.'15 1005;.0 55.227 2.13 5.15 
18 2.389 19.25 1155.0 55.695 2.12 5.13 
19 3.636 16.63 997.5' 58.049 2~O6 4;.99 
20 2.424 11.63 697.5 56.819 2.09 5;.06 
21 1.869 14.56 8"13.8 55.297 2.13 5;.15 
22 1.419 17.81 1068.8 54~310 2.16 5.23 
23 0.969 24.63 147'1~5 53~566 2.18· 5~28 
24 1.109 31~63 1897.5 53~220 2~19 5~30 
25 2.180 53.38 2002;.5 55.625 2~12 5.15 
26 2.042 26.63 159'1.5 53.652 2.18 5.28 
27 2.112 24.56 14"13.8 5'1.'171 2.07 5.01 
28 1.835 21;63 129'1~5 53.168 2.19 5.30 
29 1.835 18.00 1080.0 53.133 2;.19 5.30 
30 1.939 17.19 1031.3 53.843 2.17 5.25 
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HEAT TRANSF.BR DATA (Continued) 

Run Test Weight Weight Average Bulk Bulk 
No. Liquid Test Test Test Viscos- Viscos-

.At Liquid Liquid· Liquid i~ ity 
Per 1I1n. per Hr. Temp. Absolute 

Units 0]' Lbs. Lbs. oj' Cent1-
/-,6 

Lbs. 
per Kin. per Hr. poises (hr.) (ft.) 

31 1~835 15~50 930~O 53.825 2.17 5~25 
32 1.939 14.00 840~0 54.154 2.16 5.23 
33 0~795 33.00 1980.0 50.433 2~27 5.49 
34 1.433 33~00 1980.0 62.117 1~96 4.'4 
35 3~279 31.88 1912~5 59.428 2.06 4.99 
36 3.405 24.88 1492.5 60.565 2.00 4.84 
37 3.633 24.00 1440.0 60.917 1.99 4.82 
38 4.400 18.38 1102.5 61.800 1.97 4.77 
39 3.867 14~50 870.0 63.467 1.93 4.67 
40 4.767 12.38 742.5 64.217 1.91 4.62 
41 5.733 8.88 532.5 63.067 1.94 4.69 
42 4~ 7,54 11.00 660~O 59.923 2.01 4.86 
43 3.982 12.88 772.5 58.776 2.04 4.94 
44 . 3.960 15.50 930.0 57~587 2.07 5.01 
45 3.496 17.00 1020.0 56~144 2.11 5.11 
46 3.530 18.38 1102.5 55.331 2.13 5.15 
47 3.150 20.50 1230.0 54.552 2.15 5.20 
48 3.530 23.13 1387.5 54.015 2.16 5~23 
49 3 .• 911 26.13 1567.5 53.825 2.17 5.25 
50 4.154 27.25 1635.0 52.873 2.19 5.30 
51 4.258 31.88 1912.5 52.544 2.20 5.32 
52 4.292 32.00 1920.0 52~423 2.21 5.35 
53 5.600 8.00 480.0 63~900 1.92 4.65 
54 4.234 9.50 570.0 63.050 1.94 4.69 
55 3~633 13~25 795.0 62.017 1.96 4.74 
56 3~~3 15~75 945~O 61.517 1.98 4~79 

57 2~633 19.11 1147.5 60.816 1.99 4~82 

58 2~166 22~25 1335.0 60~260 2.01 4~86 

59 1~905 29~25 17~5.0 59~815 2.02 4.89 

60 1.700 32.13 1927.5 60.683 1.99 4.82 

p 
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KlAT TlWiSFER DATA (Continued ) 

Run Teat Weight Weight Average Bulk Bulk 
No. Liquid Teat Teat Teat Viacoa- Vise 08-

.At Liquid . Liquid Liquid i:w ity 
per Kin. per Hr. Temp. zb Abaolute 

Unite OF Lb •• Lb •• oj' Centi-
pI. 

Lbe. 
per Kin. per Hr. poises (brJ(ft. ) 

61 3.427 32.88 19'13.0 51.74-9 2.23 5~40 
62 5~164 18.75 1125.0 57.151 2~08 5.03 
63 1~69'1 31;38 1883~0 41~'145 2~55 6~17 

64 2~8'13 26~63 1598.0 45~13'1 2~43 5.88 
65 2~OO8 29~25 1755~0 48~685 2~31 5~59 

66 1~524 29;25 1'155~0 58;.755; 2~20 5~32 

67 1~'731 18.63 1118~0 '3~146 2~50 6~05 

68 1~108 15~38 922~5 41.692 2~55 6'; 1'1 
69 1~558 11~'75 705~0 41~952 2.54 6~15 
'70 2~0'7'7 8~13 487~5 41~693 2.55 6~17 

'71 1.973 6.38 382.5 39.080 2.65 6.41 
72 1.350 2'7.63 1658.0 37.902 2.69 6.51 
'73 1.073· 36.75 2205~0 32.191 2.9'1 7.19 
74 0.900 24.00 2040.0 51.973 2.22 5.37 
75 8.619 26~00 1560.0 37.314 2.72 6.58 
76 2.803 20.88 1253.0 43.995 2.47 5~98 

77 2.216 30;63 1838.0 47.127 2~36 5.71 
78 1.315 19.38 1163.0 41.035 2.58 6.24 
79 2.146 25.'75 1545.0 '2.973 2.50 6.05 
80 3.012 12.38 742.0 43.856 2.47 5.98 
81 1.799 15.25 915.0 41.416 2.56 6.20 
82 1.141 15.50 930~0 49~811 2.28 5.52 
83 2.072 18.50 1110~0 48.203 2.33 5.64 
84 1.316 13~38 802.5 48~339 2.33 5.64 
85 2.527 8~63 517.5 43.091 2.54 6.15 
86 1~454 9.'75 585.0 40.204 2.61 6.32 
87 2.423 11.00 660.0 38.127 2.69 6~51 

88 2~423 14.25 855.0 37~297 2.72 6.58 
89 3.633 28~75 1725.0 46.937 2.37 5~74 

90 7.'154 5.25 315.0 47.092 2.36 5.72 

po 
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HEAT TRANSFER DATA (Continued) 

Run Teat Weight Weight Average Bulk Bulk 
No. Liquid Test Test Test Viscos- ViSC08-

~t Liquid Liquid Liquid i~ ity 
per nn. per Hr. Temp. b Absolute 

Unit. OJ' Lb •• Lba. of )16 
Centi- Lbf· per Jlin. per Hr. poise. (u.) tt.} 

91 3.946 8.13 487.6 48.269 2.33 5.64 
93 2.873 9~76 585.0 37.003 2.74 6.63 
94 2.630 9.75 585.0 36.015 2.78 6.73 
95 2.180 14.25 855.0 37.625 2.71 6.56 
96 1.835 13.00 780.0 38.110 2.69 6.51 
97 5.884 6.00 360~0 41.104 2.57 6~22 
98 3.253 6.00 360.0 44.981 2.43 6.68 
99 3.981 9.13 547~5 42.091 2.54 6~15 

100 3.427 12.75 765.0 39.010 2.65 6.41 
101 2.838 19.75 1186.0 39.754 2.62 6.34 
102 2.596 17.35 1028.0 39.529 2.63 6.36 
103 1.316 -16.25 975.0 37.642 2.71 6.56 
104 0.830 28.00 1680.0 29.127 3.15 7.62 
105 5.019 28~25 1695.0 36.345 2.77 6.70 
106· 2.181 30~75 1845.0 34.960 2.82 6.82 
108 1~938 17.88 1073.0 37.435 2.72 6.58 
109 2~319 14~25 855.0 38.318 2.68 6.49 
110 1~766 11~63 697~5 37.106 2.73 6~61 
111 2~'769 9.50 5'70~0 36.985 2.73 6.61 
112 2~873 8~88 532~5 36~206 2.97 7.19 
113 3~080 '7.75 465.0 35~098 2.82 6~82 
114 3~150 '7.13 427~5 24.475 2.85 6.90 
115 1.662 27.50 1650.0 30.546 3.06 7.41 
116 2.112 26.50 1590.0 33.056 2.92 7.07 
117 2.285 21.38 1283.0 35.358 2.80 6.78 
118 3.634 15.25 915.0 35.894 2.78 6.73 
119 3.497 12.63 757.5 34.925 2.84 6.85 
120 3.289 10.63 637.5 34.095 2.87 6.95 
121 3.428 8.75 525.0 34.648 2.84 6.87 
122 3.599 6.63 39'7.5 35.185 2.82 6.82 



HEAT TRANSFER DATA (Continued) 

Run Teat Weight Weight Average Bulk Bulk 
No. Liquid Teat Teat Teat Viscos- Viscos-

~t Liquid Liquid Liquid ity ity 
Per )(in. Per Hr. Temp. zb Absolute 

Unit. of Lb •• Lb •• OJ' Centi-
Ph 

Lb.! 
Per lUnd. Per Hr. poise. (hr. )(ft.) 

129 0.623 25.25 1515.0 20.543 3.811 9.223 
130 4.638 31.50 1890.0 30~719 3.051 7.383 
131 3.461 25.25 1515.0 30.274 3.078 7.336 
132 3~35'1 13.38 802.5 ~1.187 3.024 7.318 
133 3~250 19~75 1185~O 31.290 3.020 7~308 
134 4~258 21~OO 1260~O 31.360 3~016 7.299 
135 2~319 23~'73 1483~5 30~945 3.039 7.354 
136 2~873 14~OO 840~O 30~426 3.068 7.425 
137 3~011 15.50 930~0 30.495 3.064 7.415 
138 3.461 16.00 960~0 30.~39 3.073 7.437 
139 3.288 15.50 930~0 30.356 3.072 7.434 
140 3~670 14.73 883.5 30.165 3.083 7.461 
141 4.535 12.73 763.5 30.459 3.067 7.422 
142 3.149 1~.50 690.0 30.668 3.054 7.391 
143 4.465 9.50 570.0 31.983 2.980 7.212 
144 .4.223 8.25 495.0 32.104 2.970 7.187 
145 9.761 7.13 427.5 31.44'1 3.005 7.272 
146 2.077 9.31 558.8 30.967 3.038 7.352 
147 2.284 9.31 558.8 31.619 2.992 7.241 
148 3.045 24.75 1485.0 30.166 3.083 7.461 
149 3.496 1.2.00 720.0 30.529 3.062 7.410 
150 4~O16 '1.25 435.0 30.200 3.080 7.454 
151 9.727 1.88 112.5 30.356 3.072 7.434 
152 10~884 2.25 135.0 31.681 2~994 7.246 
153 11.008 2.50 150.0 31.100 S.088 7.328 
154 7.927 4.25 255.0 31.360 3.014 7.294 
155 5.434 6.63 397.5 31.360 3.014 7.294 
156 6.335 7.31 438.8 31.291 3.019 7.306 
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(Continued) 

Bun T •• t Weight Weight Average Bulk Bulk 
No. Liquid Te.t Teat Test Viscos- Viscos-

..6t Liquid Liquid Liquid itt it)' 
per ](in. Jler Hr. Temp. Absolute 

Unit. 01' ]A)s. Lb ••. OJ' 
'pI. 

Centi- Lbs. . 
per tin. · per Hr. poises (hr.) (ft.) 

157 3.842 9~13 547~5 31.083 3.028 7.328 
158 3~O15 8.63 51'7.5: 30~977 3.040 7~357 
159 3~289 lQ~75 645~O 29~906 3~100 7~5cm 
160 3.0&27 11~75 705~0 29~664 3.113 7~534 
161 3~254 11~63 697;5 29~577 3.120 7~550 
162 3~600 16.00 960~0 29.300 3.135 7.587 
163 2.596 23.75 1425~0 28.0'71 3.210 7.741 
164 2~250 32.00 1920.0 26~790 3.300 7~986 
165 2.112 36.00 2160~0 25.268 3.412 8~257 
166 2.008 36.00 2160~0 24.350 3.483 8.429 
167 1.973 35.00 2100.0 -24.264 3.49,0 8.446 
168 2.112 28.25 1695.0 24.436 3.4'15 8.410 
169 2.07'7 26.00 1560.0 24.800 3.448 8.344 
170 2.285 18.75 1125.0 25.528 3.400 8.228 
111 2.492 13.'15 825.0 26.~3 3.33'1 8.076 
172 2.701 10.25 615.0 27.293 3.266 7.904 
1'73 3.184 9~00 540.0 27.985 3.220 7.792 
174 4.811 7.25 435.0 27.898 3.223 7~800 
1'15 4.535 3.00 180.0 29.214 3.139 7.596 

------------------- .... --
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DAT TBAllSF.BR DATA (Continuecl ) 

Run Film Film Film !lQ 
No. Temp. Viscos- Viacos- h k 

lty lty 
zf Absolute 

of 
,P.,. 

Units Centl- Lba~ B.T.U. B.T.U. None 
poises (hr.) (ft.) per Hr. per· . 

(hr.) ~s,. 
ft.)( F 

1 47.190 2~36 5.71 1971 79~4 79~2 
2 48.027 2.~4 5.66 2695 96.5 96.3 
3 45.041 2.43 5.88 1570 62.0 61.9 
4 47.796 2.'34 5.66 1419 48.5 48.4 
5 48~159 2.33 5~64 3995 91.5 91.3 
6 41.069 2.57 6.22 1760 48.0 47~9 
7 49.136 2.30 5.57 4470 139.2 139.0 
8 43.926 2.47 5.98 1130 34.6 34.5 
9 53.331 2.18 5.28 2520 128~8 128.6 

10 52.932 .2.19 5.30 1042 61.4 61.3 
11 42.036 2~54 6.15 1842 76.4 '16.2 
12 41.441 2.56 6.20 1350 .31~8 31.7 
13 37.287 2.72 6.58 2870 49~2 49.1 
14 41.022 2.58 6.24 1545 31.0 3) ~9 
15 38.475 2.67 6.46 1848 36.3 36~2 
16 44.140 2.46 5.95 1525 63.6 63.5 
17 45.370 2.42 5.86 1020 31.3 31.2 
18 46.915 2.37 5.74 1390 48.0 47~9 
19 48.082 2.33 5.64 1825 55.6 55.5 
20 43.081 2.50 6.05 851 18.7 18.7 
21 43.809 2.48 6.00 822 21.6 21.5 
22 45~064 2.43 5.88 763 25.0 24.9 
23 46~104 2.40 5~81 720 29~2 29.1 
24 45~683 2~35 5~69 1060 42~6 42~5 

25 46~59' 2~38 5.76 2200 73~9 'l3~ 7 
26 45~470 2~42 5~86 1640 60~9 60~8 

2'1 47~321 2~36 5.71 1568 45.5 45~4 

28 43~975 2.47 5.98 1200 39.6 39~5 

29 44.355 2.46 5.95 998 34~4 34.3 
30 44.158 2.46 5.95 1010 31.6 31.5 
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HEAT TBAlSFD DATA (Conti nued ) 

Run Film Film :film bD 
No. Temp. Vi.COB- Vi.COB- Q. h k 

ity ity 
Zt Absolute 

Unit. 0;, Centi- ~ Lb.. E.T.U. E.T.U. None 
poises (hr.}(tt.) per Hr. fer 

hr. )~8'. 
ft.){ F 

31 43.746 2.48 6.00 859 25.8 25.7 
32 43~307 2.49 6.03 821 22.9 22.8 
33 43;64' 2~'8 6~00 793 35.4 35.3 
34 53~959 2~17 5.25 1430 53~1 53.0 
35 53~119 2~19 5~30 3160 152.4 152.1 
36 53~366 2~18 5~28 2560 108~0 107.8 
37 54~OOl 2~17 5~25 2640 116.3 116.1 
38 54.570 2~15 5.20 2445 103.2 103.0 
39 54.910 2.14- 5.18 1695 60.1 60.0 
40 54.952 2.14 5.18, 1'784 58.6 58.5 
41 47.912 2~34 5.66 1539 30.8 . 30~7 
42 46~052 2.40 5.81 1581 34.6 34.5 
43 45.575 2~41 5.83 1550 35.7 35.6 
44 45.615 2.41 5.83 1854 47.1 47.0 
45 45.359 2.42 5.86 1797 50.5 50.4 
46 45.204 2.43 5.88 1960 58.7 58.6 
47 45.122 2.43 5.88 1950 62.8 62.7 
48 44.260 2.46 5.95 2470 77.0 76.8 
49 44.235 2.46 5.95 3090 98.0 97.8 
50 44.098 2.46 5.95 ~420 118.6 118.3 
51 44.330 2.46 5.95 4110 152.4 152~1 
52 44.663 2.44 . 5.90 4150 163.0 162.7 
53 49.824 2.28 5.52 1352 29.2 29~1 
54 50.048 2.28 5.52 1214 28.3 28.2 
55 50.308 2.2'7 5.49 1453 3'7.'7 37.6 
56 51.518 2.23 5.40 1441 43.8 43.'7 
5'7 51.874 2.22 5.37 1520 51.6 51.5 
58 52.386 2.21 5.35 1458 56.2 56.1 
59 53.495 2.18 5.28 1682 80.8 80.6 
60 55.216 2.13 5.15 1650 91.5 91.3 
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BEAT TRANS:nR DATA (Continued) 

Run Film Film i'ilm hD 
No. Temp. Viscoe·" Yiscos- h It' 

ity ity 
zf Absolute 

0)' 
,f'f 

Units Centi- Lb •• B.T.U. B.T.U. None 
poises (hr. ) (ft.) per Hr. fer 

hr.) ~s,. 
ft.)( F 

61 4'1.136 2.36 5.'11 3408.0 226.50 226.30 
62 42.351 2.53 6.12 2928.0 60.19 60.12 
63 34;536 2~85 6~90 1611.0 6'1.'8 6'1. '11 
64 38;06'7 2.69 6~51 2314~O 99~53 99~42 
65 41~485 2~56 6~20 17'16~O '14.88 74.80 
66 4'1~'151 2;28 5~52 1348.0 82.12 82.03 
6'1 36~829 2. '14 6~63 9'15~4 46~8'1 46..82 
68 37~'64 2.'10 6.53 515.2 39~'11 ~.76 
69 3'1.322 2~72 6.58 553.6 36~32 36.28 
'10 35.549 2.'79 6.'75 510.3 25.23 25.20 
'11 33.031 2.92 '1.0'1 380.4 19.10 19.08 
'12 32.113 2.9'1 7.19 1128.0 59.13 59.06 
73 26.471 3.32 8.03 1192.0 63.23 63..16 
74 50.121 2.27 5.49 925.3 152.20 152.00 
75 33.38'1 2.90 '1.02 677'1.0 58'1.60 586.90 
76 38.777 2.66 6.44 1'1'10.0 103.40 103.30 
77 42.835 2.51 6.0'1 2053.0 145.'10 145.60 
78 34~216 2.86 6.92 '170.8 34.28 34~25 
79 36.310 2.'16 6.68 1671.0 76.98 76.89 
80 36.145 2.77 6.70 1137.0 44.44 44.39 
81 34.043 2.87 6.95 829.6 34.15 34.11 
82 46.790 2.3'1 5.74 534.3 53.78 53.72 
83 42.213 2.53 6.12 1186.0 58.80 58.73 
84 44.064 2.46 5.95 532.3 3'1.80 37.76 
85 34.502 2.85 6.90 659.1 26.38 26':35 
86 32.502 2.95 7.14 428.7 16.88 16.86 
87 30.235 3.08 7.45 806.0 31.01 30.98 
88 29.249 3.14 '1.60 1044.0 39.39 39.35 
89 41.961 2.54 6.15 3159.0 194.60 194.30 
90 38.248 2.68 6.49 1231.0 47.25 47.19 

'"" 
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DAT TRANSDR DATA (Continued ) 

Run Film Film Film !!J! 
No •. Temp. Vilcos- Vilcoe- Q h k 

lty ity 
f Ablo1ute 

of 
,fir 

Unit. Centi- Lbl B.T.U. B.T.U. None 
poiles (hr. ltft.) per Hr. fer 

hr. )t;y. 
ft.)( 

91 43;.146 2.50 6.05 969.5 58.08 59.02 
93 30;625 3:06 7~41 847.1 40~43 40.38 
9'4 30~633 3~O6 7.41 775.4 43~89 43.84 
95 S2~11S 2~97 7~19 939.4 51.82 51~76 
96 S2~978 2;92 7.07 721~4 42~72 42.67 
97 32~035 2~98 7.21 1068.0 41.08 41.03 
98 34~129 2~87 6.95 590.2 16.52 16. 50 
99 35~090 2.82 6.82 1099.0 47.88 47.83 

100 32.684 2.94 7.11 1321.0 63.70 63.63 
101 33.056 2.92 7.07 1695.0 76.99 76.90 
102 28~911 3.16 7.65 1345.0 38.44 38.40 
103 26~704 3.31 8.01 373.4 11.16 11.15 
1~ 24.004 3.51 8.49 702~8 41.60 41.55 
105 26.696 3.31 8.01 ·4288.0 135.40 l35~40 
106 27.630 3.24 7.84 2028.0 84.00 83.91 
108 62.035 1.96 4.74 1048.0 58.98 58.92 
109 32~130 2.97 7.19 999.3 49.09 49.03 
110 31.369 3.01 7.28 620.8 32~86 32.82 
111 30.875 3.04 '7.36 '795.5 39.62 39.58 
112 29.067 3.15 7.62 771.1 32.84 32~81 
113 27.872 3.23 7.82 721.8 30.39 30.36 
114 26.955 3.29 7.96 678.7 27.45 27.42 
115 25.042 3.51 8.49 1382.0 76.25 76.16 
116 27.128 3.28 7.94 1692.0 86.76 86.66 
117 29.075 3.15 7.62 1478.0 71.48 71.39 
118 28.668 3.18 7.70 1676~0 70.67 70.59 
119 27.820 3.23 7.82 1335~0 57.25 57~18 
120 27~198 3~27 7~9l 1057.0 46.66 46.60 
121 27;215 3~27 7.91 907~1 37.15 37~11 

122 27.760 3.23 7.82 721.0 29.58 29.55 
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HEAT TRANSFER DATA (Continued) 

Run Film Film Film hJ) 
No. Temp. Viacos- Viscoe- h k 

ity ity 
zf Absolute 

of 
'pI-

Units Centi- Lb_! B.T.U. B.T.U. Bone 
poises (hr.) (ft. > per Br. yer 

hr. >,s,. 
ft.)( F 

129 18.552 4.00 9.67 475.7 72.66 72.51 
130 23.970 3~52 8.51 4418.0 200.62 200.62 
131 23~608 3~54 8.57 2642~7 117.34 117.34 
132 24~290 3~49 8~44 l357~8 60.04 59.97 
133 23~666 3.54 8~57 1941.1 75.15 75.~ 
134 23~580 3.55 8.59 2704.0 106~14 106.(£ 
135 23~286 3~57 8~64 1733.9 68~83 68~ 75 
136 22.490 3.64 8.81 1216.3 46.64 46.58 
137 21~798 3.70 8.95 1411.3 49.37 49.31 
138 21.564 3.72 9.01 1674~6 58.10 58.03 
139 21.694 3.71 8.98 1541.2 54.15 54.09 
140 21.296 3.74 9.06 1634.2 56.05 55.99 
141 21.208 3.75 9.07 1101.1 36.30 36.26 
142 21.624 3.71 8.99 1036.2 36.84 36.80 
143 22.767 3.62 8.76 1282.7 42.44 42.39 
144 22.602 3.63 8.78 1042.9 33.45 33.41 
145 22.445 3~64 8.81 2103.1 68.70 68.62 
146 21.757 3.'11 8.98 584.9 18.40 18.33 
147 21.737 3.71 8.97 643.2 19.7'1 19.75 
148 22.602 3.63 8.78 2279.0 91.74 91.14 
149 21.555 3.72 9.01 1239.8 43.03 42.98 
150 20.854 3.78 9.15 880.5 28.'10 28.67 
151 21.313 3.74 9.05 551.5 18.97 18.95 
152 22.148 3.67 8.88 723.7 24.25 24.22 
153 22.100 3.68 8.89 832.2 28.99 28.95 
154 22.144 3.67 8.88 1018.8 34.08 34.04 
155 21.901 3.69 8.93 1088.7 35.17 35.13 
156 21.382 3.74 9.05 1400.9 46.37 46.31 



HEAT TRANSFER DATA (Continued ) 

Run Film· Film Film hD 
No. Temp. Viecoe- Viecos- h k 

ity ity 
zf Abs·o1ute 

of 
/'f 

Units Centi- Lbe. B.T.U. B.T.U. None 
poises (hr. ) (ft.) per Hr. fer 

hr.) ~sr. 
ft.)( F 

157 21.392 3.74 9.05 1060.2 33.27 33.23 
158 21.087 3.77 9.12 786.4 24.11 24.08 
159 20.430 3.82 9.24 1069.2 54.40 54.34 
160 20.206 3.84 9.29 1217.7 39.18 39.13 
161 20.040 3.86 9.34 1143.9 36.49 36.45 
162 20.006 3.86 9.34 1741.8 57.05 56.99 
163 20.032 3.86 9.34 1864.5 70.53 70.45 
164 19.115 3.94 9.54 2177.3 86.04 85.94 
165 28.578 3.18 7.70 2299.2 109.43 109.31 
166 18.068 4.04 9.78 2166.0 105.81 105.69 
167 18.336 4.02 9.72 2088.2 107.14 107~O2 
168 18.561 4.00 9.67 1804.3 93.43 93.33 
169 18.864 3.97 9.60 1633.1 83.69 83.60 
170 18.847 3.97 9.60 1295.6· 58.99 58.92 
171 18.916 3.96 9.58 1036.2 44.04 43.90 
172 19.504 3.90 9.45 837.2 32.70 32.66 
173 19.747 3.88 9.40 866.6 32.02 31.98 
174 19~357 3.92 9~49 1054.8 37.73 37~69 
175 19.669 3.89 9.41 411.2 13.14 13.13 
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REA T TIUNSF:BR lU.TA (Continued ) 

Run CpA: ~c /'J )0.3 hJ) 
DG No. ~ -k -k ( k 

ICp{fr-3 /,,6 

Unite Hone Hone Hone Hone 

1 32.9 2.85 27~8 3240.0 
2 32~6 2~84 33.9 5140.0 
3 33.9 2.88 21.5 2840.0 
4 32.6 2.84 17.0 1580.0 
5 32.5 2.84 32.1 4630.0 
6 35.8 2.93 16.4 2290.0 
7 32.1 2.90 49.1 5730.0 
8 34.4 2.89 11.9 2000.0 
9 30.4 2.79 46.2 5760.0 

10 30.5 2.79 21.9 2740.0 
11 35.4 2.92 26.1 5050.0 
12 35.7 2.92 10.8 2870.0 
13 37.9 2.98 16.5 1400.0 
14- 35.9 2.93 10 •. 6 2910.0 
15 37.2 2.96 12.2 3500.0 
16 34.3 2.89 22.0 5000.0 
17 33.8 2.87 10.9 2840~0 
18 33.1 2.86 16.8 3280.0 
19 32.5 2.84 19~5 2910.0 
20 34.9 2.90 6.44 2010.0 
21 34~6 2~89 7.43 2470.0 
22 33~9 2~88 8.66 2980.0 
23 33~5 2~87 10.2 4080~0 

. 24 32;8 2~85 14~9 5220.0 
25 33~2 2~86 25~8 5690~O 
26 33~8 2~87 21.2 4410.0 
27 32~9 2.85 15.9 4290.0 
28 34.4 2~89 13.7 3570.0 
29 34.3 2.89 11.9 2970.0 
30 34.3 2.89 10.9 2860.0 
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HEAT TRANSFER DATA (Continued ) 

Run Cp)'F tc ~ 0.3 hD DG 
Ho. pJlf -

(It) ~3 
)-'f 

k cpf'r • 

lC'" 

Unite None Bone None Bone 

31 34~6 2~89 8~88 2580.0 
32 34~7 2~90 7~87 2340.0 
33 34~6 2~89 12~2 5260.0 
34 30~2 2~78 19~1 6090.0 
35 3-0~5 2.79 54~5 5580~0 
36 30.4 2~79 39.1 4450~0 
37 30~2 2~78 41~8 4350.0 
38 30.0 2~77 .37~2 3370.0 
39 29.8 2.77 21.7 2710.0 
40 29.8 2.77 21.1 2340.0 
41 32.6 2.84 10.8 1650.0 
42 33.5 2.87 12.0 1980.0 
43 33.6 2.87 12.4 2280.0 
44 33.6 2.87 16.4 a710~0 
45 33.8 2.87 17.5 2910.0 
46 33.9 2.88 20.4 3120.0 
47 33.9 2.88 21.8 3450.0 
48 34.3 2.89 26.6 3870.0 
49 34.3 2.89 33.9 4350.0 
50 34.3 2.89 41.0 4490.0 
51 34.3 2.89 52.7 5240.0 
52 34.0 2~88 56.5 5230.0 
53 31.8 2.82 10.3 1500.0 
54 31.8 2.82 9.99 1770.0 
55 31.6 2.82 13.3 2440.0 
56 31.1 2~80 15.6 2870.0 
57 30.9 ' a.ao 18.4 3470.0 
58 30.8 2.80 20.1 4000.0 
59 30.4 2~79 28.9 61S0.0 
60 29.7 2.77 33.0 5830.0 

p 
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HEAT TRANSFER DATA (Continued ) 

Run C /-II- tp;f(3 hD DG 
No. I! k -

k tpt'f r·3 "PI> 

Units None None Nona None 

61 32.9 2.85 79.4 5320 
62 35.3 2.91 20.7 3260 
63 39.7 3.02 22.4 4450 
64 37.5 2.97 33.5 3960 
65 35.7 2.92 25.6 3570 
66 31.8 . 2.82 29.1 4810 
67 38.2 2.98 15.7 2690 
68 37.6 2.97 13.4 2180 
69 37.9 2.98 12.2 1670 
70 38.9 3.00 8.4 1150 
71 40~7 3.04 6.3 869 
72 41~4 3~06 19;'3 3710 
73 46;3 3~16 20~0 4470 
74 . 31~6 2~82 53~9 5540 
75 40;4 3~03 193~5 3450 
76 37;1 2~96 35~O 3050 
77 35~O 2.90 50;1 4690 
78 39.9 3.02 11.3 2720 
79 38~5 2.99 25.7 3720 
80 38~6 2.99 14~8 1810 
81 40~0 3.03 11.3 2150 
82 33;1 2.86 18.8 2450 
83 35.3 2.91 20.2 2870 

'84 34.3 2.89 13.1 2070 
85 39.7 3.02 8.7 1230 
86 41.1 3.06 5.5 1350 
87 42.9 3.09 10.0 1480 
88 43.8 3.11 12.'1 1890 
89. 35.4 2.91 66.6 4380 
90 37.4 2.96 15.9 802 

F 
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HEAT TBANSFER DATA (Continued ) 

Run C;2..1'l !e (3 ~ !!!! 
No. pf'1 

k /'" k k m·3 
p f) 

k ) 

Uoits None None None Nooe 

91 34~9 2.90 20.0 1260 
93 42;7 3;08 13.1 1290 
94 42~' 3~08 14~2 1270 
95 41~4 3~06 16;9 1900 
96 40;7 3;04 14~0 1750 
97 41~5 3~06 13~4 843 
98 40;0 3.03 5.5 892 
99 39.3 3.01 15.9 1360 
100 40.9 3.05 20.9 1740 
101 40.7 3.04 25.3 2720 
102 44.1 3;11 12.3 2360 

,103 46.1 3.16 3.5 2170 
104· 48.9 3.21 12.9 3210 
105 46.1 3.16 42.9 3690 
106 45.2 3.14 26.8 3940 
108 27~3 2.'70 21.9 2380 
109 41.4 2.06 16.0 1920 
110 41.9 3.14 10.7 1540 
111 42.4 3.08 12.9 1260 
112 43.9 3.11 10.6 1080 
113 45.0 3.13 9.7 993 
.114 45.9 3.15 8.7 924 
115 48.9 3.21 23.7 3240 
116 45.7 3.15 27.5 3280 
117 43.9 3.11 23.0 2760 
118 44.4 3.12 22.6 1980 
119 45.0 3.13 18.3 1610 
120 45.6 3.15 14.8 1340 
121 45~6 3.15 11~8 1110 
122 45.0 3.13 9.4 849 
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BEAT TRANSFER DATA (Continued) 

Run °p)"f t ~ )0.3 hD m 
No. p k r l k""' /'" k (Cp /'f ~O.3 

~ k ) 

Units None None None None 

129 55~69 3~34 21~8 2393.1 
130 49~Ol 3.21 62.3 3729.1 
131 49~3'7 3.22 36~4 2963.9 
132 48.62 3~21 18~'7 159'7~5 

133 49.35 3~22 23~3 2362.1 
134. 49.4.' 3.22 32.9 2514~9 

135 49.'79 3.23 21.3 2938.6 
136 50.'74 3.25 14.3 164.8~2 

13'7 51.56 3.26 15.1 1826.'7 
138 51.8'7 3.2'7 1'7.8 1880.6 
139 51.'72 3.2' 16.6 1822.4 
14.0 52.16 1.28 1'7.1 1'725.1 
141 52.24 3~28 11~1 14.98.6 
142 51.'76 3&'2'1 11.3 1360~1 

1'3 50.4.3 3.24 10.4 -1151~5 

1« 50.5'7 3.25 10.3 / 993.2 
145 50.'75 3.25 21.1 858.4 
146 51.66 3.2'7 5.6 110'7.2 
14.'7 51~69 3.2'1 6.0 1124.2 
14.8 50~5'1 3.25 28.2 2899.6 
149 51.90 3.2'1 13.1 1415.5 
150 52.'72 3~29 8~'7 850.2 

,151 52.15 3.28 5.8 220.5 
152 51~13 3~26 '7.4 2'71.4. 
153 51~23 3~26 8.9 298.2 
154 51~14 3~26 10~5 509~3 

155 51;4.4 3~26 10~8 '793~9 

156 52.11 3.2'1 14.1 8'14.9 
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HEAT TRANSFER DATA (Conclud ad) 

Run Cph t )0.3 hD DG 
P;f l - -No. k A k 1¥=)0.3 

P
k 

'f ~ 

Units Hone Hone None lione 
157 52.11 3.27 10.1 1088.5 158 52.52 3.28 7.3 1024.8 159 53.25 3.30 16.5 1252.5 160 53.53 ·3.30 11~9 1363~3 161 53.78 3.31 11~O 1345.8 162 53.79 3.31 17.2 1843.4 163 53.78 3.31 21.3 2672.4 164 54.92 3.3.3 25.9 3502.4 165 44.37 3.12 35.0 3810.9 166 56.31 3.35 31.5 3648.3 167 55~97 3.27 32.7 3622.2 168 55.70 3.34 27.9 2936.3 169 55.31 3.33 25.1 2723.6 170 55~31 3~33 17~7 1991.9 
171 55~19 3~33 13~2 1488.3 
172 55~42 3~32 9~8 1133~6 
173 54~13 3~31 9~7 1009;5 
174 54;67 3~32 11.3 8D2.6 
175 54.22 3.31 4.0 345.2 

F 
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viscosity was read from the curve at this temperature. 

The viscosities in centipoises were converted to 

absolute viscosities by multiplying by 2.42. 

The quantity of heat transferred per hour 

was calculated as the product of the t~perature 

decrease of the test liquid, the specific heat, and 

the weight rate of flow per hour. The film 

coefficient, h, was calculated by means of Newtonts 

la .. , Q/G • h AAt, in which Q/. is the quantity of 

heat transferred per hour, A 1s the heat. transfer 

area, and ~t 1s the temperature differential. In 

this case the area of heat transfer was taken as 

the inside area of the six feet test section. The 

logarita.ic mean temperature drop Was also used in 

this calculation. 

The film coefficient, physical properties, 

and characteristics .ere used to calculate the 

Busselt and Prandtl groups. The Reynolds number was 

calculated directly from the weight rate of flow 

and the bulk viscosity as 4w/lT D,.P6· 

The data of Run No. 61 are used in the 

following sample calculation: 



Log "an At 

Teat Liquid L1t 

Weight Rate of Flow 

A'Yerage Test Liquid 

Temperature 

I""'P ------------------ ~ - -~-~~~ 
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~tl = tl - t 

• 53.462 - 42.523 

Atl • 10.9390 F 

L1t2 = t2 - t 

• 50.035 - 42.523 

~t2. 7.512 oF 

..6t. = tl - t2 
t1 

10 t2 

• 10.939 - 7.512 
10.939 

2.303 log 7.512 

Lltm = 9.117 of 

Llt • tl - t2 

:: 53.462 - 50.035 
o 3.427 F • 

.. ... x 60 

• 32.88 x 60 

W = 1973.0 

ta :: (tl ~ t 2 )j2 

lba./hr. 

• (53.462 f 50.035)/2 

ta:: 51. '149°F. 



Absolute Visco si ty 

Film Temperature 

Heat Transferred 

Film Coefficient 

Nuseel t Humber 
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",u : z x 2.42 

A • 2.23 x 2.42 

fo. 5.40 1be./{hr.) (tt.) 

~ • 2.36 x 2.42 

..--u.,.. 5.71 lb •• /(hr. )(tt. ) 

tr • (t of t a )/2 

• (42.523 + 51.749)/2 

tt • 47.136oF. 

Q, • W x Ll t x Cp 

• 1973.0 x 3.427 x 0.504 

Q, • 3408.0 B.T.U. per hr. 

Q, • h x A x Lltm 

h • Q/(A x L1'tm) 

• 3408.0/(1.65 x 9.117) 

h • 226.50 B.T.U./(hr.) 

(eq.ft. )(oF.) 

lIu : hD/k 

• 226.5 x 0.0874/0.0875 

Xu == 226.30 



Prand tl Number 

64 

Pr I: cp~!k 

• 0.504 x 5.71/0.875 

• 32.9 

Pr0.3. 32.90.3 

• 2.85 

Ratio of Nusselt to Prandtl Number to 0.3 power 

hD/k 

--
R87nolds Number 

:I 226.3 
2.85 

79.4 

He • (4 x w)/( 7Tx D X/,I ) 

• 4 x 1973.0 
3.1416 x 0.0874 x 5.40 

Re: 5320 

The experimental data are shown graphically 

by Cur'f. II.. pase 65. 'lbe straight line thr ough the 

points i8 an arbitrary line that seemed to best represent 

the median'locus. In this correlation (hD/k)(Cp}t/k)O.3 

is plotted logarithmically against DGtp.s . ~is method 

of plotting employs the type equation recommended by 

Dittus and Boelter (17). 





66 

CONCLUSIONS 





p 
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• 

The logarithmic plot of the ratio of the 

Nusselt to the Prandtl numbers to the 0.3 power against 

the Reynolds number indicates that this type of equation 

can be used for the correlation of cooling heat transfer 

data in the viscous and critical ranges. 

Th. data of Sherwood and petri.(l) ga~e a 

slope to the empirical cur~e greater than 0.8. A plot 

of the first sixty rUDS of this data using bulk viscosity 

throughout the calculations gave a slope to the line of 

0.915 (17). Th ti f th t" e equa on 0 e curve represen 108 

the data in this study is as follows: 

hD : 0.0387 
it 

This equation was obtained by grouping the data and 

drawing the best straight line through the points. 

In the grouping of the data, Reynolds numbers were 

collected in groups of ten beginning with the smallest 

and ~ontinuing through to the highest value. The 

line A-B on Curve III., page 67, was assumed to be 

the best line through all the points. 

A comparison with previous work is also 

gi~en in Curve Ill., page 67. The line E-F is a plot 

of the equation determined by Groth(17). The line 
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G-H is the plot of the equation of Dittus and Boelter(l). 

The three lines, A-B, E-F, and G-R, have slopes that are 

very nearly the same, and the lines are fairly close 

together. These facts would seem to indicate that the 

temperatures at which the data were taken have very little 

influence on the location of the curves. 

~rom the plot of the data it is indicated that 

the use of this type of equation is sufficiently accurate 

for Reynolds numbers above 1000. Below this figure the 

correlation is not as successful. 
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