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LIST OF SYMBOLS

Quantity Units
Heat tranefer surface sq.ft.
Specific heat B.t.u./(1b.)(deg.F.)
Diameter of pipe | ft.
Friction factor uone
Accelergtion due to gravity ‘ft./hr.z
Mass velocity 1b./(hr.)(sq.ft.)
Heat tranafer coefficient B.teu./(hr.)

(sq.ft.)(deg.F)
Thermal conductivity B.t.u./(hr.)
(sq.ft.)(deg.F/ft.)

Length of path of heat

conduction ft.
Length of test section , ft.
Difforential length of pipe ft.

Differential pressure drop

due to friction 1v./8q.ft.
Quantity of heat transferred B.t.u./hr.
Fluid entranse temperature deg.F
Fluid exit temperature deg.F



LIST OF SYMBOLS (Concluded)

Symbol Quantity Units
ts Refrigerant entrance temperature deg.F
t, Refrigerant exist temperature deg.F
v Velocity of fluid in pipe ft./hr,
w Weight rate of flow 1b./hr.
z viscosity Centipoise
At Temperature difference deg.F
£ Density of fluid 1b,/cu.ft.
My Viscosity of film 1b./(hr.)(ft.)
M Bulk Viscosity 1b./(hr.)(ft.)

Symbols are according to the system recommended by the
Council of the American Institute of Chemical Engineers.
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I. INTRODUCTION



This study of heat transfer of a hydrocarbon
0il was made for the investigation of cooling phenomena
in the upper viscous and lower turbulent range. All
data reported or discussed in this dissertation are
cooling data on "Eocene", a refined kerosene. The
primary object of the research was the observation of
the characteristics in the cooling of a Rydrocarbon oil
in the critical region.

Previous workers in the same field have
reported cooling data correlated in numerous ways.
However, it was found that the most satisfactory
correlation of the date obtained in this research was
by means of an equation of the Dittus and Boelter
type. (1)
not represent the data perfectly, it does give a

. Although this type of equation does

far better presentation of the results than other
methods attempted.,

The studies reported in this presentation
voro-made on a liquid heat exchanger designed by
Browne and Finger (2) amd comstructed by Browne (3)

and‘npnahei (4). In order to attain the temperatures
dep;tcd. ;tﬁyag found necessary to install a

three~-quarter ton ice machine for the cooling of the



refrigerant liquid. In the installation of this
refrigeration unit, several minor changes were made
in the originﬁl riping layout,

As the heat exchanger was operated and
lower temperatures were sought, it was found necessary
to resort to insulation for the successful maintenance
of relatively low temperatures. The range of pipe
temperatures reported varied from 60°F to 20°7,
COnaqéuently,uit followed that the test liquid
temperatures were higher than the corresponding pipe
temperaturea, 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 for the refrigerant reservoir and hair felt for
the piping.

All temperatures were measured by means of
thermocouples read with a type "K" potentiometer, The
use of such an arraungement made possible the reading of
temperature differences to three significant figures,
Whether such accuracy was jJustified in all cases is
problematical. However, this accuracy frequently

made data having émall temperature differences valusble.



All the data presented in this study were
obtained using "Eocene"™ as both test liquid and
cooling liquid,

10



II.

THEORETICAL
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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

(4-26) 1t was decided to use

dimensionless groups
an equation of the type suggested by Dittus and Boelter:

WD = 0,026 DG 2-8 ¢ 0.3
S
(1)

This equation is recommended ﬁy them for cooling data .
Since an equation of this type can be converted
by proper mathematical manipulation into types that are
used for both turbulent and viscous flow, the use‘of
this type of equation followed (16),
The equation consists of the following
dimensionless groups:
Prandtl number Cu/k
Nusselt Number hD/k
Reynolds Number Dcéh
The Prandtl number contains terms that are
properties only. Since this fact is true, it would
seem that the Prandtl number would be of no significance

except in cases in which the properties have a marked

Variation, Furthermore it would seem logical that
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the greatest property variation would occur at the
film, Hence, in the correlation of these data an
average film viscosity was used. The film temperature
was found by taking the arithmetic mean temperature
between that of the pipe and the average test liquid
temperature (16) .

The Nusselt number contains only conductivity
terms and thereby indicates its value in the study of
heat transfer through films,

The Reynolds number is a flow term and would
seenm to.become mbrg important as turbulence is in-
creased, However, since it is concerned with flow
rather than with heat couduction or property change,
the use of a viscosity at an average test liquid
temperature would seem 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 expressed.



I1I.

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 III,

AMMONIA COMPRESSOR
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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 cousists of the
heat exchanger proper and the accessories.

The entire apparatus is shown in Figures I.,
I1.,, and III,, pages 15, 17, and 19, and is described
with reference to tﬂe figuras in the following

discussion,

HEAT EXCHANGER

The heat exchanger proper includes the
test section, the calming and mixing chambers, and
the thermocouples., The teast 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 compoéed of an inlet and outlet section for
the refrigerant, C 1 and C 2; and several sleeves.

Sections B 1 and E 2 are two 30 inch sleeves. The
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sections marked D and F are split sleeves through
which the thermocouple junctions are installed.

The calming sections installed in the inlet
and outlet sections of the refrigerant system are for
the purpose of preventing turbulence in the wiecinity of the
thermocouple junctions at the pipe ends. These calming
sections also bring about streamline flow of the
refrigerant after it has passed through the mixing chambers.

The purpese of the calming section is the
elimination of the turbulence of the liquid after
passage through the mixing chamber, The calming
section has a cross made of sheet copper, inserted
in the brass pipe between the test section and the
mixing'chamber at the entrance end of the test liquid
system,

The mixing chambers consist of slotted
copper plates and steel collars bolted together. | The
mixing chambers in the test line, MC 1 and MC 2, and in
the refrigerant line, MC 3 and MC 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 strean.

In order that heat transfer may be reduced to

a minimum between the refrigerant and the test liquid
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in the refrigerant inlet and outlet sections inmer
steel sleeves are provided, These sleeves forming
an asnnular spgce around the ends of the brass pipe
extend to the centers of the cast iron sleeves,
D1, D2, D 3, and D 4. This annular space
around each end of the brass pipe is packed with rock
wool, In order that undesirable conduction between
the cast iron shell and the test section might be
minimized, asbestos strips are placed betwsen the
surfaces making contact, Such conducticn, however,
is of minor importance since the areas of contact: are
small and relatively distamt from the test secticn.
For the measurement of temperatures, sixteen
thermocouples are installed in the heat exchanger.
One thermocouple is located in each of the four mixing
chambers and twelve are attached to the brass test
section, Those couples fastened to the brass pipe
are arranged in the following order: four thermo-
couples ninety degrees apart at each end and at the
center of the test section, The thermocouples are
made of 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 that
any thermocouple of the group may be connected to the
potentiometer with a proper dial setting,

The thermocouples are installed in the
mixing chambers through one-eighth inch copper tubing,
centered in one-half inch steel bolts. These junctions
are 1§cated in the center of the liquid streanm, The
copper tubing extending from the bolts protects the
junction and holds it in the proper position,

The thermocouples for measuring the pipe A
temperature pass through copper tubing within onthalf inch
steel bolts in the split sleeves., Each junctiion is
soldered to the pipe at one end of a one~sixteenth inch
by one inch slot cut in the pipe. The slots are
filled with litharge and glycerine cement, and the

surface smoothed to conform with the surface of the

pipe..

ACCESSCRIES

| Reservoirs are provided for the test and
refrigerant liquids. The test liquid reserveir, T 1,
is a ten-gallon steel drum placed in a horizontal

position, A by-pass line around this reservoir is
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provided so that g control ofAthe test liquid
temperature can be maintained, The‘retrigerant
geggquir is a rectangular tank.LT 2, having a
capacity of about thirty gallons. The expansion
coilg of the ammonia compressor are located in this
tank,

Originally the rate of flow was determined
by means of an open tank into which the test liquid
was allowed to flow for a measured amount of time
with subsequent weighing of the collected liquid.
However, it was found with the attaimment of
tempergtures even a few degrees below'room temperature
that this method of rate determination added too much
heat to the systenm. In order to correct this fault
a five gallon covered tank was insulated with hair
felt and mounted on a small platform scale, This
arrangement is shown in Figure II., page 17. The
tank was provided with an exit line near the bottonm,
The exit line cqntaining a valve emptied into an
up-turned one-inch elbow that led to the test liqpid |
resexrvoir, T 1, A line from the three-way valve, V 7,
extended through the cover of this tank in such a way
that it in no way hindered the vertical movement of
the tank on the platform secale, By means of this



26

installation the test liquid could be collected over
a measured period of time, weighed, and returned to
the system without the introduction of a too great
amount of heat.,

The 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. The 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 1l and P 2, are provided for
the circulation of the test and refrigerant liquids,
P 1l is in the test liquid line, and P 2 is in the
refrigerant line, These pumps are bronze gesr pumps,
having a rated capacity of six gallons per minute at a
speed of 1606 R.P.M. A constant-speed, electric
motor drives the pumps.

The rate of flow of the two liquids is
controlled by means of the valves, V1, V2, V3, and
V4., Valves V2 and V 4 are in the by-pass lines,

A three-quarter-ton ammonia compressor wWas
installed for the attainment of lower temperatures.
The expansion coils of the compressor were located in
the refrigerant reacrvoif; The refrigeration was

controlled manually by means of the adjustment of a
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needle-point expansion valve in the liquid ammonia
line.

As a means of checking the thermocouple
readings, four thermometer wells are provided, W 1,
2, W3, and ¥ 4, The wells are made of qugrter-inch
copper tubing plugged at one end and sealed in a
drilled ome-inch standard casteiron plug.

The therhocouple readings were taken with a
Leads and Northrup Type K potentiometer and a wall
galvanometer, In order that vibration of the
galvanometer be reduced to a minimum, it was mounted
on a large concrete slad supported by four rubber
cushions, ,

It was found very early in the operation .
of the heat exchanger that temperatures even a few
degrees below room temperature could not be reached
and held with any success without the use of insulation.
At first the test section alone was insulgted; however,
" with operation at lower temperatures, it was found
necessary to cover the entire apparatus. The
refrigerant reservoir was covered with sheet-cork and
Celotex, A layer of asbestos fiber mixed with plaster

of paris and water was molded around the cast irom
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ahell_c9ntaining the test section in order that

this section might be brought more nearly to a
uniform size, The test section was then covered
with two inches of hair felt. The rest 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 apparatus to equilibrium was increased
greatly because of the lower temperatures attained,
In order to shorten this time as well as to economize
on the use of the refrigerant stored in the
refrigerant reservoir, it was decided to install a
cooling bank in the test liquid line, Th s bank con-
#igts of six l-inch pipes between two headers, This
additional piece of apparatus was placed in the line
1eading to the test section as is shown in Figure II.,
page 17. theuinstallation was accomplished by
installing two. tees with a valve between them in the
test 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 connectioun was made at the
bottom and an overflow drain connection made at the
top. With this arrangement city water could be used

for cooling prioxr to the circulation of the refrigerant.

OFERATICN

In the preparation of the heat exchanger for
a run, the operation differs somewhat from its operation
after equilibrium has been reached and thermocouple
readings hgve been taken., Before the refrigerant ié
cirQulated, the test liquid is circulated and
allowed to pass through the cooling bank, After
the test 1i§uid has been cooled as much ga'possible
by means of the cooling bank, it is bypassed across
the bank, and the refrigerant circulation begun,

In the normal operation of the heat exchanger
the pump, P 1, draws the test liquid from the
reservoir, T 1, Valves, V1 and V 2, control the rate
of flow, The liquid then passes to the mixing
chamber, MC 1, where its temperature is measured.

From the mixing chamber the liquid goes through the
test section and then to the mixing chamber, MC 2,
where the temperature is again measured. The liquid
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then passes to either valves, V5, V6, 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 test liquid
r;aarvoir. Valves, V5 and V 6, are both used in
regulation of the quantity of liquid by-pessing the
test liquié reservoir,

] In the refrigerant system, the liquid is
taken trom the refrigerant by pump, P 2. and then A
paased,.with the rate of flow gontro;led by valves, V 3
and V 4, to the mixing chamber, MC 3. In the mixing
chamber the temperature is measured. The liquid then
passes through the annular space around the test section
and to mixing chamber, MC 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 refrigerant and test liquids are circulated until
the desired temperatures are obtained and the apparatus
has come to equilibrium, Equilibrium conditions
are attained when the refrigerant and test liquid
entrance temperatures have become constaunt,

When the apparatus had come to equilibrium,

the cold junctions of the thermocouples were brought



31

to 32°F. in an ice bath. The potentiometer circuit
was balanced, and the thermocouple readings made and
recorded. These thermocouple readings were in
millivolta and, consequently, required a conversion to
degrees Fahrenheit. The temperatures indicated by
fhe thermometers in the thermometer wells were also
recoxrded. 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 determination was
made after the thermocouple and temperature readings
had been recorded, After the test ligquid taken from
the system had been returned, the valves were again
adjusted for another rate of flow, and equilibrium

conditions were again sought.

MATERIALS

In this study of heat transfer, both
retrigeranf and test liquids were Eocene, Since the
refrigerant 1iéuid served merely to cool the test
liéuid and thereby produce a transfer of heat, its
properties were not examined. The properties of the
test liquid were examined rather closely. The
physical properties of 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
weighed amount of Eocene when a measured quantity

of electricity was introduced., Viscosities

were determined at several temperatures by means of
a Hoepler viscosimeter, and a smooth curve was drawn
through the points to indicate the variation of the
viscosity with a temperature change, Curve 1I,,

page 34. The value of the thermal conductivity
that was used in the calculations was taken from the

1)

literature ( .
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TABLE I.
PHYSICAL PROPERTIES OF EOCENE (60°F.)

Density 50.1 1lb./cu.ft.
Specific Heat 0.504  B.T.U./(1b.)(°F.)
Thermal Comduetivity  0.,0875 B.T.U./(hr.)(sq.ft.)(°F./ft.)

DISTILLATION RANGES OF EOCENE

Percent New Used
Distilled Sample , Sample
0 320 332

10 357 368
20 376 384
30 386 407
40 398 424
50 424 439
60 448 455
70 466 471
80 484 490

90 509 510



!

122 3528
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DATA AND RESULTS
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The experimental data and the calculated
results are reportod 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 twelve thermocouples attached to the pipe.
‘Atl is the difference between the test liquid inlet
temperature and the average pipe temperature.
At; is the difference between the test liquid outlet
temperature and the average pipe tempsrature. The
logarithmic mean temperature difference is the
logarithmic mean of At; and At2. The test liguid
At is the drop in temperature in the test liquid by
rassage through the test section, The weight of‘
the test liquid per minute was either determined
directly or by a simple multiplication, The weight
of the test liquid per hour was obtained by multiply-
ing the weight of the test liquid per minute by sixty.
The average test liquid temperature is an arithmetic
average 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 test liquid temperature. The film



Test
Liquid
Inlet
Temp.,

°F

56.438
57,997
54.223
59,300
64,067
54.292
61.167
55,400
60,567
59,200
50,312
55,607
60,867
57.650
55,365
52,215
56,231

- 56,889

59,867
58,031
56.231
55,019
54,050
53.774
56,715
54,673
58,827
54,085
54.050
54.812

TABLE 11

- Test

Liquid
Outlet
Tenmp.

°F

53,046
55,019
51.211
54,154
58.827
50,138
56.612
52,285
57.997
56,992
48,407
53,011
49,377
54,638
52,458
50.588
54.223
54,500
56,231
55,607
54.263
53,600
53,081
52, 665
54,535
52,631
56,715
52,250
562,215
52,873

Average
Pipe
Temp.

°r

39.638
39.546
37,365
38,865
34,870
29.923
39,382
34,008
47,380
47,768
34.712
28,573
19,452
25.899
25,038
36,877
35,512
38,135
38,114
29,343
32,321
35.817
38, 642
38,145
37,569
37,288
36,870
34,781
35.577
34.473

HEAT TRANSFER DATA

Atl

op

16.800
18.451
16.858
20,435
29,197
24,369
21.785
_21.392
13.187
11,432
15,600
27,034
41,415
31.751
32,327
15.338
20,719
18,754
21,753
28.688
23.910
19,202
15,408
15,629
19,146
17.385
21,957
19,304
18,473
20,339

aty

Op

13.408
15,473
13,848
15,289
23,957
20.215
17.230
18.277
10,617

9,224
13.695
24.438
29,925
28.379
29,420
13,711
18,711
16,365
18.117
26,264
22,041
17.783
14.439
14,520
16,966
15.343
19,845
17,469
16,638
18,400

37

Log
Hean
at

15,056
16,935
15,318
17.756
26,518
22,250
19,438
19,814
11.868
10,299
14.642
25,740
35,395
30.250
30.882
14,524
19.717
17.550
19.899
27,486
22,986
18,502
14.933
15,084
18,0562
16,359
20,905
18,390
17,557
19,373
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HEAT TRANSFER DATA (Continued)

Run Test Test Average Iog
No. Liquid ILiquid Pipe aty at Mean
Injet  Outlet Temp. 2 At
Temp. Temp.
Units Op Oy Op O °F °F
31 54,742 52.907 33.666° 21,076 19,241 20,165
32 55,123 53.184 32,459 2,664 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 10,977 12,558
36 62,267 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 47,339 16,661 12,261 14,363
39 65.400 61,533 46,352 19,048 15.181 17.067
40 66,600 61.833 45,686 20,914 16,147 18,4417
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 56.78%5 32,373 28.394 24.412 26,380
44 59,567 55.607 33.643 25,924 21,964 23,910
45 57.892 54.396 34,574 23.318 19,822 21,544
46 57.096 53,566 35,077 22,019 18,489 20,233
47 56,127 52.977 35,691 20,436 17,286 18,836
48 55,780 52,250 34,505 21.275 17.745 19.476
49 55,780 51.869 34,644 21,136 17,225 19.133
50 54,950 50.796 38,323 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 66,700 61.100 35,747 30,953 25,353 28,088
54 65,167 60,933 37,045 28,122 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 60,767 58.862 47,175 13.592 11,687 12,628

60 61,533 59.833 49,749 11,784 10,084 10,923



HEAT TRANSFER DATA

Test
Liquid
Inlet
Temp.

°p

53,462
59,733
42,593
46.573
49,689
853,973
44,011
42,246
42,731
42,731
40,066
38,577
32,727
52,423
41,623
45,396

48,235

41,692
44,046
45.362
42,315
50,381
49,239
48,997
43,354
40,931
39,388
58,508
48,753
50.969

Test
Liquia

Outlet

Temp.
Op

50,035
54,569
40,896
43,700
47,681
51,978
42,280
41.138
41.173
40,654
38,093
37.227
31,654
51,523
33,004
42,593
46,019
40,377
41,900
42,350
40,516
49,240
47.167
47.681
40,827
39,477
36,915
36,085
45.120
43,215

Average
Pipe
Temp.

op

42,523
27.551
27,327
30,996
34.285
42,766
30,511
33,835
32,692
29,404
26,981
26,324
20,750
48,269
29,459
33,558
38,543
27,396
29,785
28,434
26.670
45,769
382335
39,788
26,912
24,800
22,342
21,200
36,984
29,404

(Continued)
.Atl A¢2
op Op

10.939 7.512

32.182 27.018

15.266 13.569

15.577 12.704

15.404 13.396

10,731 9.207

13.500 11,769

8.411 7.303

10,039 8.481

13.327 11.250

13.085 11.112

12.253 10.903

11.977 10,904

4,154 3.254
12.164 3.545
11.838 9.135°

9,692 7.476

14.296 12,981

14,261 12,115

16.928 13,916

15.645 13.846

6.612 5.471
13.016 10,944

9,209 7.893

16.442 13.91%5

16.131 14,677

16.996 14,573

17.308 14,885

11,769 8.136

22,565 13,811

29

Log
Mean
at

Op

9.117
29.482
14,399
14,089
14.375

9.948
12,613

7.843

9.237
12.157
12.069
11.562
11.430

3.601

6,989
10,374

8,535
13,6236
13.15 6
15.370
14.724

6.022
11,948

8,533
15,141
15.390
15.%1
16,063

9,839
15,791



Run
No.

112

120

HEAT TRANSFER DATA

Test
Liquid
Inlet
Temp.

50,242
38,439
37.330
38.715
39,027
44,046
46,607
44,981
40,723
41,173
40,827
384300
29,542
38,854
36,050
38,404
39.477
37.989
38.369
37,642
36,638
36.050
31,377
34,112
36,500
37.711
36,673
35,739
36,362
36,984

Test
Liquid
Outlet
Temp.

oy

46.296
35,566
34,700
36,535
37,192
38.162
43,354
40.100
37.296
38,335
38,231
36,984
28.712
33,835
33.869
36,466
37,158
36,223
35.600
34.769
33.558
32,900
29,715
32.000
34,215
34,077
33.176
32.450
32.934
33.385

Average
Pipe’
Temp.

°p

38,023
24,247
25.250
26,600
27,846
22,965
23.277
28,088
26,358
26,358
18,292
15,765
18.880
17.046
20,300
26,635
25,942
26,631
24.765
21,927
20,646

‘19,434

19,538
21,200
22,792
21,442
20,715
20,300
19,781
20,335

(Continued)

Aty at,,
p Op
12,219 8.273
14.192 11,319
12,080 9,450
12.11%5 9,935
11.181 9,346
22,081 15,197
23.330 20,077
15,993 12,012
14,365 10,938
14,815 11,977
22,535 19,939
22.535 21.219
10,662 9,832
21.808 16.789
15.750 13.569
11,769 9,831
13.535 11.216
12,3568 10,592
13,604 10,835
15.715 12,842
15.992 12,912
16.616 13,466
11,839 10,177
12.912 10,800
13,708 11,423
16.269 12,635
15.958 12.461
15.439 12,150
16,581 13,153
16,649 13,050

40

Log
Mean
at

op

10.011
12,699
10,709
10,987
10.234
15,752
21,659
13.905
12.571
13,343
21,207
20.274
10.239
19,186
14,632
10,769
12,338
111450
12,168
14,228
14.395
14,983
10,986
11,823
12,528
14,372
14,134
13.727
14,798
14.774
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HEAT TRANSFER DATA  (Continued)

Run Test Test Average Log
Fo. Liquid Liquid Pipe oty At2 Mean
Inlet Outlet Temp. ot
Temp. Temp.
Units op °» . OF OF OF op
129 20.854 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 15.674
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 14.554 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 29.093 12,580 19,662 16.513 17.068
143 34.215 29,750 13,550 20,6656 16,200 18,339
144 34.215 29,992 13.100 21,115 16,892 . 18,922
145 36.327 26,566 12.442 23.885 14,124 18.576
146 32.000 29,923 12.546 19,454 17.469 19.295
147 32.761 30,477 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,RB69 22,950 13.223 17,639
152 37.123 26,239 12.615 24,508 13,624 18.0%
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



Run
No.

Units

157
158
159
160
161
162
163
164
165
166
167
168
169
170
171

173
174
175

HEAT TRANSFER DATA (Continued)

Test
Liquid
Inlet
Temp.

°p

33,004
32,484
31,550
31,377
31,204
31.100
29,369
27,915
26.324
25,354
25,250
25,492
25,838
26.670
27,569
28,643
29,577
30,303
31.481

Test
Liquid
Outlet
Temp.

Op

29.162
29,469
28,261
27,950

- 27,950

27,500
26,773
25.665
24.212
23.346
23.277
23.380
23,761
24,385
25.077
25.942
26,393
26.492
26,946

Average

Pipe Atl At2
Tenp.

OF Op O

11,681 21,325 17,481
11,196 21,288 18,273
10.954 20.59% 17,307
10.747 20.630 17.203
10,503 20,701 17,347
10,712 20,388 16,788
11,992 17,377 14,781
11,439 16,476 14,226
11,888 14.436 12,324
11,785 13,569 11.561
12,407 12.843 10,870
12,685 12,807 10,695
12,927 12,911 10,834
12,165 14,505 12.220
11,508 16,061 13,489
11,715 16,928 14,2237
11,508 18,069 14,885
10,816 19,487 14,676
10,123 21.358 16.823

Log
Mean
at

op

19,335
19,795
18,900
18,861
19,024
18,526
16,041
15,321
12,749
12,536
11,827
11,718
11,840
13,328
14,277
15.536
16,423
16.965
18,996



Run
No.

Units

1

GV AN DN Nt e ‘
ooooszmgbampoomqmmpugwommdmm;somn-'

HEAT TRANSFER DATA (Continued)

Test
Liquid
At

p

5,392
2,978
3,012
5,146
5.240
4,154
4.555
3.115
2,570
2.208
3.905
2.596

1,490

3,012
2,907
1.627
2,008
2,389
3,636
2.424
1,869
1,419
0,969
1.109
2,180
2.042
2,112
1,835
1.835
1,959

Weight
Test
Liquid
per Min,

Lbs.
per Min.

19.25
29,87

17,25

9.13
25,25
14,00
32,38
12.00
32,38
15.63
32.00
17.19

8.25
17.00
21.00
31,00
16,75
19,25
16.63
11,63
14.56
17.81
24,63
31,63
33,38
26,63
24.56
21.63
18,00
17.19

Weight
Test
Liquid
per Hr,

Lbs.
per Hr,

1155.0
3792,5
1035,0

547.5
1515.0

840,0
1942.5

720,0
1942.5

937.5
1920,0
1031,3

495,0
1020.0
1260,0
1860,0
1005,0
1155,0

997,5:

697.5

873.8
1068,8
1477.5
1897.5
2002,5
1597.5
1473.8
1297.5
1080,0
1031.3

Average Bulk

Test
Liquid
Temp.

°F

54.742
56,508
52,717
56,727
61,447
52,215
58.890
53,843
59,282
58,096
49.360
54,309
55,122
56.144
53,912
51,402
55.227
55,695
58,049
56,819
55,297
54,310
53,566
$3.220
55,625
53,652
57.771
53.168
53.133
53.843

Viscos-
it;

Centi-
poises

2.15
2,10
2,20
2. 09
1,97
2.21
2.04
2,17
2,03
2.06
2,29
2,16
2.13
2,11
2.17
2.24
2,13
2.12
2,06
2,09
2,13
2,16

2,18

2.19
2.)2
2,18
2,07
2.19
2.19
2,17

Bulk
Viscos ~
ity
Abgolute

'/%Lbs

nr.)(ft.
5,20

- $,08

5.32
5,06
4,77
5,35
4.94
5.25
4,91
4,99
5,54
5.25
5,15
5.11
5.25
5,42
5.15
5.13
4,99
5,06
5.15
5.23
5.28
5.30
5,13
5.28
5.01
5.30
5,30
5.25
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HEAT TRANSFER DATA (Continued)

Run Test Weight Weight  Average DBulk Bulk
No. Liquid Test Test Test Viscos~- Viscos~
At ILiquid Liquid Liquida 1 % ity
Per Min., per Hr. Temp. Absolute
Unite °F Ibs, Lbs, °%° Centi- /% Ibs,
per Min. per Hr. poises (hr.)(ft.)

31 1.835 15.50 930,90 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 4,74
35 3.279 31,88 1912.,5 59.428 2,06 4,99
36 3,405 24,88 1492,5 60.5656 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 14.50 870,90 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 4.754 11.00 660,0 59,923 2.01 4,86
43 $.982 12,88 72,5 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 70,0 63,050 1,94 4,69
55 3.633 13.25 795.0 62,017 1,96 4.74
56 3.033 15.75 945,0 61.517 1.98 4.79
57 2.633 19.13 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 1785.0 59,815 2.02 4,89

60 1,700 32,13 1927.5 60,683 1.99 4.82



Test
Liquid
At

O

3.427
5,164
1,697
2.873
2. 008
1.524
1,731
1.108
1.558
2,077
1,973
1.350
1,073
0.900
8.619
2. 805
2.216
1,315
2.146
3.012
1,799
1,141
2.072
1.316
2,527
1.454
2,423
2.423
3.633
7.754

Weight
Test
Iiquid
per Min,

Lbe.
per Min,

32,88
18,75
31.38
26,63
29,25
28,25
18,63
15.38
11,75

8,13

6,38
27.63
36,75
24.00
26.00
20,88
30,63
19,38
25,75
12.38
15.25
15.50
18.50
13,38

HEAT TRANSFER DATA

Weight
Test

- Liquid

per Hr,

Lbs.
per Hr,

1973.0
1125.0
1883.0
1598.0
1755.0
17565,0
1118,0
922.5
705.0
487.5
382,5
1658.0
2205,0
2040,0
1560,0
1253.0
1838.0
1163.0
1545.0
742.0
915,0
930.0
1110,9
802,5
517,
585,0
660,0
855.0
1725.0
315,90

(Continued)
Average Bulk
Test Viscos-
Liquid ity
Temp. %»
Op Centi-
poises
51,749 2.23
57.151 2.08
41,745 2.55
45,137 2.43
48.685 2,31
52,735 2,20
43.146 2.50
41.692 2.55
41.952 2.54
41,693 2.55
39,080 2,65
37,902 2.69
32.191 2.97
51,973 2.22
37.314 2.72
43, 995 2.47
47.127 2.36
41,035 2,58
42,973 2,50
43.856 2.47
41.416 2.56
49,811 2.28
48,203 2.33
48,339 2.33
42,091 2.54
40,204 2.61
38,127 2,69
37.297 2.72
46,937 2,37
47.092 2,36

45

Bulk
Viscos-
ity
Absolute

/16 Lbe,

5.40
5,03
6.17
5,88
5.59
5,32
6.05
6,17
6.15
6.17
6.41
6.51
7.19
5.37
6,58
5,98
5.7
6.24
6,05
5.98
6.20
5.52
5,64
5.64
6, 15
6.32
6.51
6,58
5.74
5.72
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HEAT TRANSFER DATA (Continued)

Run Test Weight Weight  Average Bulk Bulk

No. Liquid Test Test Test Viscos~ Viscos-
at Liquid Liquid Liquid igy ity
per Min. per Hr. Temp. b Absolute
: (1] o M
Units F Lbs., Lbs. F Centi- Ib
per Min, per Hr. poises (hr.)(ft.
91 3.946 8,13 487.5 48,269 2,33 5.64
93 2.873 9.75 585,0 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 2.7 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 5,88
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 6.54
102 2,596 17.35 1028.0 39,529 2.63 6,356
103 1,316 16.25 975,0 37.642 2.71 6.56
104 0.830 28,00 1680,0 29.127 S3.15 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 9.50 570,0 36,985 2.73 6.61
112 2.873 8.88 532.5 36,206 2,97 7.19
113 3.080 7.7% 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 34,920 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 6,63 397.5 35.185 2,82 6.82
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HEAT TRANSFER DATA (Continued)

Run  Test  Weight  Weight Average Bulk  Bulk

No. Liquid Test Test Test Viscos~- Viscose
At Liquid Liquid Liquia ity ity
Per ¥in. Per Hr, Temp. %y Absolute
° ° e M
Units F Lbs, Lbs. F Centi- Lbs
. Per Mind. Per Hr. poises (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 3.357 13.38 802,5 ¥1.187 3.024 7,318
133 3.250 19.75 1185.0 31,290 3.020 7.308
134 4,268 21,00 1260,0 31.360 3.016 7,299
135 2.319 23,73 1483.5 30,945 3,039 7.354
136 2.873 14.00 840,0 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 30,339 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 11.50 690.0 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 31.447 3.006 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 12.00 720.0 30.529 3.062 7.410
150 4.016 7.25 435.0 30,200 3.080 7,454
151 9,727 1.88 112.,5 30.356 3,072 7.434
152 110,884 2.25 135.0 31,681 2.994 7.246
153 11,008 2.50 150.0 31.100 3,028 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 7.3 438.8 31.291 3,019 7.306



Run
No.

Units

157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175

48

HEAT TRANSFER DATA (Continued)

Test Weight Weight Averagée Bulk Bulk

Liquid Test Test Test Viscos~ Viscos-
At Liquid Liquid Liquid 12% ity
per Min, per Hr. Temp. Absolute
(]
oF Ibs, Lbs,’ 01' Centi= / ibs, ,
per Min, :per Hr, poises Thr,.)(ft.)
3.842 9,13 547.5 31,083 3,028 17,328
3.015 8.63 517.5 30,977 3,040 7,357
3.289 10.75 645.0 29,906 3,100 7,502
3.427 11,75 705.,0 29,664 3,113 7.534
3.254 11,63 697.5 29,577 3.120 17,550
3.600 16,00 960,0 29,300 3.135 7.587

2,596 23,75 1425,0 28,071 3.210 7,78
2,250 32,00 1920,0 26,790 3,300 7.986
2.112 36,00 2160,0 25,268 3.412 8,257
2.008 36,00 2160,0 24,350 3.483 8.429
1,973 35,00 2100,0 24,864 3,490 8,446
2.112 28.25 1695.,0 24,436 3.475 8.410
2,077 26,00 1560.0 24,800 3,448 8,344
2.285 18,75 1125.0 25,528 3.400 8,228
2,492 13.75 825.0 26,323 3,337 8,076

2,701 10.25 615.0 27,293 3.266 7.904
3.184 9,00 540,0 27,985 3,220 7.792
4.811 7.25 435.0 27.898 3.233 7.800

4,535 3,00 180,0 29.214 3.139 7.596



Run
Fo,

Units

VORI OIN) =

Film
Temp.

47.190
48,027
45,041
47,796
48,159
41,069

- 49,136

43,926
53.331
52,9352
42,036
41.441
37.287
41,022
38.475
44.140
45.370
46.915
48,082
43.081
43,809
45,064
46,104
45,683
46,597
45.470
47,321
43,975
44,355
44.158

HEAT TRANSFER DATA (Continued)

Film Film

Viscos- Viscose Q

ity ity

2 Absolute

*f

Centi- Lbs B.T.U,
poises {hr.)(ft.) per Hr,
2.36 5.71 1971
2.34 5.66 2695
2.43 5.88 1570
2,34 5,66 1419
2,33 5. 64 3995
2.57 6,22 1760
2.30 5.57 4470
2.47 5,98 1130
2.18 5.28 2520
- 2.19 5,30 1042
2.54 6.15 1842
2,56 6.20 1350
2.72 6.58 2870
2.58 6.24 1545
2.67 6.46 1848
2.46 5.95 1525
2.42 5.86 1020
2,37 5.74 1390
2.33 5.64 1825
2.50 6.05 851
2,48 6.00 822
2.43 5.88 763
2.40 5.81 720
2.35 6.69 1060
2,38 5.76 2200
2.42 5.86 1640
2,36 5.71 1568
2.47 5.98 1200
2.46 5.95 998
2.46 5,95 1010

49

B T , U

oy )(3§?

79.4
96,5
62,0
48,5
91.5
48.0
139.2
34.6
128.8
6l.4
76.4
31.8 .
49.2
31.0
36,3
63,6
31.3
48,0
55.6
18,7
21.6
25.0
29.2
42,6
73.9
60.9
45.5
39.6
34.4
31.6

ol -]

None

79.2
9643
61.9
48.4
91,3
47.9
139,0

128.
61.3
7% .2
31.7
49,1

36 2
63.5
3L.2
47.9
55.5
18,7
21.5
24.9
29.1
42.5

60.8
45.4
39,5
34,3
31.5
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HEAT TRANSFER DATA (Continued)

Run Film Film Film hD
No, Temp. Viscos- Viscos- Q h k
ity ity
Zg Absolute
Unite °F Centi- B.T.U,  B. T.U. None
poises '(_—)T}T.-) per Hr,
hr. ?

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 43,644 2.48 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 54.001 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, 1784 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 1850 62.8 62,7
48 44,260 2.46 5.95 2470 .0 76.8
49 44,235 2.46 5.95 3090 98,0 97 .8
50 44,098 2.46 5.95 5420 118.6 118.3
51 44,330 2.46 5,95 4110 152.4 152.1
52 44,663 2.44 " 5490 4150 . 163,0 162.7
853 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 2.27 5.49 1453 377 37.6
56 51.518 2.23 5.40 1441 43.8 43,7
57 51,874 2.22 5,37 1520 51.6 51.5
58 52,386 2.21 5.3 1458 56,2 56,1
59 53.495 2.18 5.28 1682 80,8 80.6

60 556.216 2.13 5.15 1650 91.5 91.3



HEAT TRANSFER DATA

Run Film PFilm Film
Yo, Temp., Viscos~ Yiscos-
ity ity
3 Absolute

Units op Centi-

/#Ib
8
pOi‘ea IEQ’ tfto,

61 47.136 2,36 5.71
62 42,351 2,53 6.12
63 34,536 2,85 6.90
64 38,087 2,69 6.51
65 41.485 2,56 6.20
66 47,751 2.28 5.52
67 36,829 2.74 6.63
68 37.764 2.70 6.53
69 37.322 2,72 6.58
70 35.549 2.79 6.75
71 33.031 2,92 7.07
72 32,113 2,97 7.19
73 26.471 3.32 8.03
74 50,121 2.27 5.49
7% 33,387 2,90 7.02
76 38,7717 2.66 6.44
a4 42,835 2,51 6.07
78 34,216 2,86 6.92
79 36,370 2.76 6.68
80 36,145 2.77 6.70
81 34,043 2.87 6.95
82 46,790 2,37 5.74
83 42,213 2,53 6.12
84 44,064 2,46 5.95
85 34.502 2.85 6.90
86 32,502 2,95 7.14
87 30,235 3.08 7.45
88 29,249 3.14 7.60
89 41,961 2,54 6.15
90 38.248 2,68 6.49

51

(Continued)

Q h
B.T.U., B.T.U,
per Hr, er

fhr.) 8Q.
£t.)( F?
3408,0 226,50
2928, 0 60,19
1611.0 67.78
2314.0 99,53
1776,.0 74.88
1248,0 82.12
975.4 46,87
515.2 39.71
553.6 36,32
510. 25,23
380.4 19.10
1128.0 59.13
1192.0 63.23
925.3 152,20
677.0 587.60
1770.0 103.40
2053,0 145,70
770.8 34.28
1671.0 76.98
1137.0 44.44
829,.6 34,15
534.3 53.78
1186.0 58.80
532.3 37.80
659,.1 26.38
428.7 16.88
806,0 31,01
1044.0 39,39
3159, 0 194,60
1231.0 47.25

&

None

226,30
60.12
67. 71
99.42
74.80
8.03
46. 82
.76
36.28
25.20
19.08
59,06
63. 16

152.00

586, 90

103,30

145,60
34.25
76,89
44.39
34.11
53.72
58,73
37.76
26.35
16.86
30,98
39,35

194,30
47 .19



Ro,.

Units

Film
Temp,

43,146
30,625
30,633
32,113
32,978
32,035
34.129
35.090
32,684
33.056
28,911
26,704
24,004
26,696
27,630
62,035
32,130
31,369
30.875
29,067
27,872
26,955
25,042
27.128
29,075
28.668
27.820
27.198
27.215
27.760

HEAT TRANSFER DATA

Film Film
Viscos=- Viscos~
iy iy

b ¢ Absolute
Centi~ Lbs
poises lhr.f!ft.i
2,50 6. 05
3.06 7.41
3.06 7.41
2,97 7.19
2,92 7.07
2.98 7.21
2.87 6.95
2.82 6.82
2,94 7.11
2.92 7.07
3.16 7.65
3.31 8.01
3.51 8.49
3.31 8.01
3.24 7.84
1.96 4.74
2.97 7.19
3.01 7.28
3.04 7.36
3.15 7.62
3.23 7.82
3.29 7.96
3,51 8.49
3.28 7.94
3.15 7.62
3.18 7.70
3.23 7.82
3,27 7.91
3.27 7.91
3.23 7.82

52

(Continued)
hD
Q h k
B,T.U. B.T.U. None
per Hr, er
hr.)£§?.
I TR 1

969.5 58, 08 59,02

847.1 40,43 40,38

775.4 43,89 43,84

939.4 51.82 51.76

721.4 42.72 42. 67
1068.0 41,08 41,03

590.2 16.52 16 50
1099.0 47,88 47.83
1321.0 63.70 63,63
1695,0 76.99 76.90
1345.0 38.44 38.40

373.4 11.16 11.15

702,.8 41.60 41.55
-4288,0 135,40 135. 40
2028,0 84,00 83.91
1048,0 58, 98 58,92

999,3 49,09 49,03

620.8 32,86 32.82

795.5 39,62 39.58

71,1 32.84 32.81

721.8 30,39 30,36

678.17 27.45 27.42
1382,0 76,25 76.16
1692.0 86,76 86,66
1478.0 71.48 71.39
1676.0 70.67 70.59
1335.0 57.25 57.18
1057.0 46,66 46. 60

907.1 37.15 37.11

721,0 29.58 29,55
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HEAT TRANSFER DATA (Continued)

Run Film  Film  Film hD
No. Temp. Viscos- Viscos- Q h k
ity ity
Zg Absolute
Units  OF Centi /+Lbs  B.T.U. B.T.U None
' poises (hr,)(ft.) per Hr, ?
ity
129 18,552 4,00 9,67 475, 72,66 72,51
130 23,970 5.52 8.51 4418.0 200,62 200,62
131 R3.608 3.54 8,57 2642,"7 117.34 117,34
132 24,290 3.49 8.44 1357.8 60,04 59,97
133 23.666 3.54 8.57 1941.1 75.15 75.06
134 23.580 3.55 8.59 2704.0 106.14 106.02
135 23,286 3.57 8,64 1733.9 68,83 68,7
136 22.490 3.64 8.81 1216.3 46,64 46,58
137 21.798 3,70 8.95 2411.,3 49,37 49,31
138 21,564 3.72 9,01 1674.6 58.10 58.03
139 21.694 3.7 8.98 1541.2 54,15 54,09
140 21,296 3.74 9,06 l1634.2 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 3.71 8,98 584,9 18.40 18.33
147 21,737 3.71 8,97 643.2 19,77 19,75
148 22,602 3.63 8.78 2279,0 91.74 91.14
149 21.555 3.72 g.01 1239.8 43,03 42,98
150 20,854 3,78 9.15 880.5 28.170 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
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HEAT TRANSFER DATA (Continued)

Run  Film  Film  Film | )
No. Temp. Viscos- Viscos- Q h k

ity ity

i Absolute
Unit O Centi /I#L'b B.T.U. B.T.U N

n B en 1- B . . Y 3 ') . 0!13
poises Thr.)(ft.) per Hr. per
{ur ) (sq-
£t.)( F?

157 21,392 3.74 9.05 1060.,2 33.27 33,23
168 21,087 P 9,12 786.4 24.11 24.08
159 20,430 J3.82 9.24 1069,.2 54,40 54,34
160 - 20,2086 J.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 Se94 9.54 2)177.3 86,04 85,94
165 28,578 3.18 7.70 2299,2 109.43 109.31
166 18,068 4,04 9,78 2186.,0 105,81 105.69
167 18.336 4,02 9,72 2088.,2 107,14 107.02
168 18,561 4,00 9.67 1804.3 93,43 93.33
169 18.864 3.97 9.60 1633, 83,69 83.60
170 18,847 3697 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
1785 19,669 389 9.41 411.2 13.14 13,13



HEAT TRANSFER DATA (Continued)

S VO Vo2 S S
, he TR
k
Units Hone None None Hone
1l 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
4 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 5690.0
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 35670,0
29 34,3 2,89 11.9 2970,0

30 34.3 2.89 10,9 2860.0



Run
No.
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HEAT TRANSFER DATA

None

8.88

7.87
12.2
19.1
54,5
39.1
41.8
37.2
21,7
21.1
12.0
12.4
16.4
17.5
20.4
21.8
26,6
33.9
41.0

56.5
10.3
9.99
13.3
15.6
18.4
20.1
28,9
33.0

(Continued)

DG

oy

None

2580,0
2340,0
5260, 0
6090,0
5580, 0
4450.0
4350,0
3370.0
2710,0
2340,0
1650,0
1980.0
2280,0
2710.0
2910,0
3120,0
3450.0
3870,0
4350.0
4490,0
5240.0
5230.0
1500,0
1770.0
2440.0
2870.0
3470.0
4000,0
5230,0
5830, 0

56



HEAT TRANSFER DATA (Continued)

. 0.3
Run ¢ c hb
No, _.2_& ; p/‘lf E— 0.3 ﬁ/’%
k k Cp/4
k

Units None None None 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
64 375 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 7.9 2,98 12,2 . 1670
70 38.9 3.00 8.4 1150
71 40,7 3.04 6.3 869
2 41.4 3.06 19.3 3710
73 46.3 3.16 20,0 4470
4 31,6 2.82 53.9 5540
75 40.4 3.03 193.5 3450
76 37.1 2.96 35.0 3050
VAl 35.0 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
8l 40,0 3.03 11,3 2150
82 . 33.) 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.% 1890
89. 35.4 2.91 66.6 4380

90 37.4 2,96 15,9 802



HEAT TRANSFER DATA (Continued)

0.3
o VB o Yo . 7
-2—-—-—-)
k)

None None None None
34.9 2.90 20,0 1260
42,7 3.08 13.1 1290
42.7 3.08 14.2 1270
41.4 3.06 16.9 1900
40,7 3,04 14,0 1750
41.5 3.06 13.4 . 843
40,0 3.03 5.5 892
39,3 3.01 15.9 1360
40,9 3,05 20,9 1740
40,7 3.04 25.3 2720
44,1 3.11 12.3 2360
46,1 3.16 3.5 2170
48,9 3,21 12,9 3210
46,1 3e16 42,9 3690
45,2 3,14 26,8 3940
27.3 2.70 21,9 2380
41.4 2.06 16.0 1920
41.9 J3.14 10,7 1540
42.4 3,08 12,9 1260
43,9 3.11 10,6 1080
45,0 3.13 9.7 993
45,9 3.15 8.7 924
48,9 3.21 23.7 3240
45.7 3.15 27,5 3280
43,9 3.11 23.0 2760
44.4 3.12 22,6 1980
45,0 3.13 18.3 1610
45,6 3.15 14.8 1340
45,6 3.15 11.8 1110

45.0 3.13 9.4 849
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HEAT TRANSFER DATA (Continued)

Run c c 0.3
No. -Eéfi g-géﬁii %2' 0 3%?
§ ko)
Units None None None None
129 55,69 3,34 21.8 2393.1
130 49,01 3.21 62,3 3729.1
131 49,37 3.22 36.4 2963,9
132 48,62 3.21 18,7 1597.5
133 49,35 3.22 23,3 . 2362.1
134 49,47 3.2 32,9 2514,.9
1395 49,79 3.23 21.3 2938,6
136 50,74 3.25 14,3 1648,2
137 51,56 3.26 15.1 1826, 7
138 51.87 3.27 17.8 1880.6
139 51,72 J,2% 16.6 1822.4
140 52.16 3.28 17.1 1725.1
141 52.24 3.28 11.1 1498,.6
142 51,76 3527 11,3 1360,1
143 50.43 3.24 10.4 -1161.5
144 50,57 3.25 10,3 7 993,2
145 50,75 3.25 21.1 858.4
146 51,66 D27 5.6 1107.2
147 51,69 3.27 6.0 1124.2
148 50,57 3.25 28,2 2899,6
149 51,90 3,27 13.1 - 1415.5
150 52.72 3.29 8.7 850.2
- 1861 52.156 3.28 5.8 220, 5
152 51.13 3.26 7.4 271.4
153 51.23 3.26 8.9 298,2
154 51.14 3.26 10,5 509,3
155 5l.44 326 10,8 793.9

156 52,11 3427 14,1 874.9
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HEAT TRANSFER DATA (Concluded)

, 0.3
Run c c )V hD oG
Fo. pk//f i p:’f; X 0.3
» /)
k

Units None None None None
157 52,11 3427 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 'S¢ 30 11.9 1363.3
161 53,78 3.31 11.0 1345.8
162 53.79 3.31 17.2 1843.4
163 53,78 3.31 21,3 2672 .4
164 54,92 Sedd 25.9 3502.4
165 44,37 J3.12 35,0 3810,9
166 56,31 3.35 31.5 3648,3
167 55.97 3.27 327 3622.2
168 55,70 3.34 27.9 2936,3
169 55.31 333 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 54.13 331 9.7 1009.5
174 54.67 3,32 11.3 al2.5
175 54.22 3.31 4,0 345,2
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viscosity was read from the curve at this temperature.
The viacogities 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 temperature
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 Newton's
law, Q/0 =« h A At, in which /@ is the quantity of
heat traunsferred per hour, A is the heat transfer
area, and At is the temperature differential. In
this case the area of heat transfer was taken as
the inside area of the six feet test section. The
logarithmic mean temperature drop was also used in
this calculation.

7 The‘film coefficient, physical properties,
and characteristics were used to calculate the
Nusselt and Frandtl groups. The Reynolds number was
calculated directly from the weight rate of flow

and the bulk viscosity as 4w/7 D4,.
The data of Run No. 61 are used in the

following sample calculation:



Aty : Aty = §; -t
= 53,462 - 42,523
Aty = 10.939°F
Atzz Aty = "2," t 7
s 50,035 - 42,523
Aty = 7.512°F
Log Mean At Atm = t] - 1:2
¥
in tz

g 10,939 = 512
12:939 = 1.2 939
2.303 log ~7.51%

At 9,117 °F
Test Liquid At At = tl -t

B
]

2
= 53.462 - 50.055

Atz 3.427°F.
Weight Rate of Flow ¥V =2 wx60

= 32,88 x 60 ‘ ‘
W = 1973,0 1bs./hr,
Average Test Liquid
Temperature tg = (87 4 £5)/2

» (53.462 $ 50,035)/2
t, = 51,749°F,



Absolute Visoo sity

Film Temperature

Heat Transferred

Film Coefficient

Fusselt Number

Nu =

RNus=

63

zZ x 2,42

2.23 x 2.42

5,40 1lbs./(hr.)(ft.)
2.36 x 2,42

5.71 1bs./(hr.)(ft.)
(t 4 t3)/2

(42.523 4 51.749)/2
47.136°F.
Wxatx cp
1973,0 x 3.427 x 0.504
3408.0 B.T.U. per hr. |
h x A x Aty

V(A x Aty)
3408.0/(1.65 x 9.117)
226,50 B.T.U./(hr.)
(sa.ft.)(°F.)

hD/k

226.5 x 0.0874/0.0875
226,30
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Prandtl Number oz C, M/x
= 0,504 x 5.71/0.875
s 32.9
Pr0:3 5 32,90.3
s 2,8
Ratio of Nusselt to Prandtl Number to 0,3 power

. hnzk ' = 226,3
(Cp/ffk) * 2.85

- 79.4
Reynolds Number
Re = (4 x W)/(7x D x/a)

= 4 x 197390
3.1416 x 0.0874 x 5,40

Re = 5320

The experimental data are shown graphically
by Curve II., page 65, The straight line through the
points is an arbitrary line that seemed to best represent
the median‘locus. In this correlation (h'n/k)(cp/{c/k)o’3
is plotted logarithmically against DG/« . This method
of plotting employs the type equation recommended by
Dittus and Boelter (17),
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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. )

The data of Sherwood and Petrie(l) gave a
slope to the empirical curve greater than 0.8, A plot
of the first sixty runs of this data using bulk viscosity
throughout the calculations gave a slope to the line of
0.915(17). The equation of the curve representing

the data in this study is as follows:

hb = 0.0387 (cC )0+3 (pg)0-801
X % p£/¢§ 2

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
coilected in groups of ten beginning with the smallest
and continuing through to the highest value, The |
line A-B on Curve I1III,, page 67, was assumed to be
the best line through all the points,

A comparison with previous work is also
given in Curve I11I., page 67. The line E-F is a plot
of the equation determined by rotn{17),  me 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-H, 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.

From 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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The author of this thesis is indebted to
Edward Groth, Jr,
and |
James F. Scott

who assisted with the experimental work
in this investigation
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