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CHAPTER 1

INTRODUCTION

The demand for augmenting the heat transfer of heat exchangers
has required a large research effort, especially in those fields con-
cerned with nuclear and conventional power plants, space ships, refri-
geration, air conditionaing, and other modern technological equipment.
The direct benefit of augmenting the heat transfer in heat exchangers
is the reduction of their sizes, and thereby the reducticn of their
costs. In a report published in 1975 by Bergles [4], it was estimated
that the investment in heat exchanger equipment in the U.S. was then
approaching one billion dollars yearly. A 10 to 20% reduction in
costs, due to size reduction, could result in savings in the 100
million dollar range.

The techniques that have been used to improve the heat transfer
in the past several years have been finned surfaces, turbulence pro-
motors, vibration of the heat transfer surface or of thg fluid near
the surface, electrostatic fields, and fluid additives.

Setting longitudinal fins on surfaces is a widely used technique.
Surface promoters, which can be of either the overlapped or integral
type, are fittesd on the surface with the purpose of disturbing the
fluid layer close to the wall. Extensive knowledge has been accumu-
lated so far on the effects of the variously shaped surface promoters
such as transverse ribs, shallow grooves, screw-threads, sand grain

roughness, wound wires, and others.



Integral ribs, which are the most reliable in regard to endurance
and effectiveness at present are also produced inside tubes by means
of special techniques such as roll forming and electro and chemical
erosion. Displaced promoters are suitably shaped bodies inserted with-
in a channel in order to alternately increase and diminish the fluid
speed. They allow only moderate performances to be achieved. Vortex
generators chiefly consist of twisted tapes placed within a channel
with the aim of generating a spiral flow in the fluid, thus increasing,
at the same flow rate, the fluid speed, and furthermore establishing a
centrifugal convective effect. Twisted tapes have been extensively
used in augmenting forced boiling heat transfer and were found to
delay burnout and improve post-burnout heat transfer. They were also
found to improve the single phase heat transfer.

The main concern of the present study was to investigate the
augmentation of single phase flow and subcooled boiling heat transfer

by internally finned tubes.



CHAPTER II

LITERATURE SURVLY

In 1970, Bergles and Webb [ 6 ] published a bibliography on aug-
mentation of convective heat and mass transfer. Their bibliography
included 472 listings of the world literature on augmentation. In
1979 a similar bibliography was published by Bergles et al. [ 7 ].
Over 1900 references were cited in this bibliography.

Due to the fact that the scope of previous studies on augmen-
tation is too extensive to be fully reviewed in the present work, the
literature survey is limited to single phase flow and two phase flow
heat transfer augmentation by internally finned tubes which are rele-
vant to the present study.

Internally Finned Tubes

In 1964, Bernstein et al. [?2] studied two-phase water flow in
six different tube shapes. They reported that those tubes with some
device to turbulate or baffle the fluid displayed a remarkable improve-
ment in heat transfer over straight round tubes.

In 1969 Kidd [12], studied the heat transfer and pressure drop
characteristics of gas flow inside spirally corrugated tubes. His
research showed that tubes of this gecmetry were found to be very
effective in enhancing the heat transfer. On an equal pumping power
basis, for example, a tube with a ratio of the spacing of a corrugation
to its depth of 22 had a heat transfer coefficient 22 per cent greater
than did a smooth tube. Friction factors, measured with a diabatic

air flow, were found to be up to 1.7 times that for smooth tubes.



In the same year Lipets [20] showed that internal longitudinal fins
appreciably increased the heat transfer coefficients over those of
smooth tubes. Sauer et al. [29] published their study on heat trans-
fer coefficients and friction factors for longitudinally grooved tubes.
The purpose of their study was to investigate longitudinal grooves of
various depths on the convective heat transfer coefficient and on the
friction factor. Their conclusion was that the roughened sections
yielded definite gains in heat transfer over the smooth sections, but
with much greater increase in the friction factor. Kuntysh et al. [1?]
reported that the heat transfer coefficients of staggered finned bund-
les are higher than those of in-line bundles with the same type of
fins.

Homman [12] discussed the various expressions aobtained by dif-
ferent investigators for predicting the boiling heat transfer with
smooth and internally finned tubes using freons 11, 12, and 22. He
suggested a new correlation which he claimed that it can be used for
obtaining highly accurate heat transfer coefficients for specific sets
of conditions. Danilova et al. [11] found that the effect of the heat
flux and boiling temperature on the heat transfer differs with each of
freons 12 and 22 they tested, and also that the oil contamination had
an adverse effect on the transfer of heat. Ornatskiy et al. [26] pre-
sented a method for calculating the temperature of a pipe with internal
fins trapezoidal or rectangular. This method also helped in rationally
selecting the geometry of the finned surfaces.

In a study by Bergles et al. [3] it was reported that short

spiraled fins produced the greatest increase in heat transfer above the



smooth tube values, over 20% at equal flow conditions, and up to 170%
at equal pumping power. Watkinson et al. [34, 35] did a series of
studies on turbulent heat transfer and pressure drop in internally
finned tubes. Their study [34] reported that, based on inside tube
diameter and nominal area, heat transfer was enhanced over smooth tube
values up to 170% at a constant Reynolds number, and up to 80% at a
constant pumping power. Watkinson et al. [35] reported the results
of heat transfer and pressure drops of turbulent air flow inside in-
ternally finned tubes. Their report indicates that heat transfer en-
hancement aver smcoth tube values, at a Reynolds number equal to
50,000, based on the inside diameter, varied from 17 to 95%, depend-
ing on the geometry of the finned tube. At constant pumping power,
for Re = 50,000, the heat transfer performance for air varied from
-11% to +47% of smooth tube values.

Soliman and Feingold [30, 31, 32] did several studies on heat
transfer and pressure drops of internmally finned tubes. Soliman and
Feingold [32] studied the heat transfer, pressure drop and performance
of a quintuplex finned tube, single finned and smooth tubes. Lubri-
cating oil was used as the test fluid. Results showed that with the
use of quintupleg tubes, remarkable compact heat transfer equipment
could be produced, in comparison with those possible using smooth tubes,
at the expense of increased pumping power. Soliman and Feingold [31]
analytically investigated the fully developed lamipar flow in inter-
nally finned tubes, with fin shapes approximating real fin configu-
rations as closely as possible. Velocity and friction factor functions
were determined for a wide range of fin heights, number, and thicknesses.

Soliman [30] also analytically investigated the effect of the fins



material on laminar heat transfer characteristics of internally finned
tubes. He found for any tube geometry, heat transfer characteristics
are influenced by a single paramter K, defined as (BKS/Kr’ KF = ther-
mal conductivity of the fluid, Ks = thermal conductivity of the fin
material, 8 = half the angle subtended by one fin).

Masliyah and Nandakumar [22,23,24] analytically studied the heat
transfer characteristics for laminar forced convection, fully developed
flow in an internally finned circular tube, with uniform axial heat
flux and with peripherally uniform temperature, using finite element
method. The Nusselt number based on inside tube diameter was higher
than that for a smooth tube. They reported that, for maximum heat
transfer, there exists an optimum fin number for a given fin confi-
guration.

Hu and Chang [13] did an analytical study on the heat transfer
of fully develcped laminar flow in internally finned tubes. They
concluded that if there is no heat generation in the fluid, the
highest Nusselt number is obtained with a tube with 22 fins extended
to about 80% of the tube's radius. The heat transfer was almost 20
times that for the finless tube. When there is heat generation at a
sufficiently high rate, the number of fins was reduced from 22 to 16
in order to obtain the highest Nusselt number.

Van Rooyen and Kroger [33] investigated the heat transfer and
pressure drop characteristics for laminar flow of o0il in smooth and
internally finned tubes with twisted tape inserts. The heat transfer
coefficients in finned tubes with twisted tape inserts were found to
be as much as four times the smooth tube values, when cooling at the

same pumping power, and three times in the case of heating.



Michenko and Shvartsman [25] presented the results of an experi-
mental investigation of the optimum geometry of internally helical
finned steam generator tubes. They demonstrated the high ther-
mal efficiency of the finned tubes in sub and super critical pressure
steam generators. The study showed that the placing of helical fins
with optimum geometries in steam generating tubes allowed the designer
to reduce the mass flow rate by approximately a factor of two, with
corresponding reduction in pumping losses.

Kubanek and Miletti [16 ] conducted heat transfer and pressure
drop studies on three spiral finned tubes with two phase flow of R-22
under evaporating conditions. They compared the results with the
results of smooth tubes with and without a star shaped insert. Heat
transfer enhancements for internally finned tubes ranged from 30 to
760% over thase for the smooth tubes and increased with mass velocity.
Pressure drop increases ranged from 10 to 290%. It was concluded
that internally finned tubes would be beneficial in the design of
compact direct expansion water chillers and other equipment in which
the refrigerant is evaporated inside the tube to cool a fluid on the
outside.

Carnavos [ 8, 9, 10] has published several papers on heat trans-
fer coefficients and pressure drop of internally finned tubes in
single phase flow. In reference, [10], he reported on the air cooling
by internmally finned tubes and concluded that the heat transfer per-
formance of longitudinal inner fin tubes exhibited the same slope as
smooth tube performance curves. Heat transfer enhancement was roughly
equal to the heat transfer area increase. The increases in friction

factors were in the range of 80 to 100% of the square of the heat



transfer area increase. Carnavos [ B ] studied the heat transfer per-
formance of single phase turbulent flow inside internally finned
tubes. He developed heat transfer and fanning friction factors corre-
lations, which correlated air, water, and ethylene glycol/water data
to within * 10%. His correlations will be discussed in a later
chapter. Carnavos [9 ] also investigated the cooling of air in tur-
bulent flow inside 21 internally finned tubes having integral internal
spiral and longitudinal fins. The performance of the tubes was com-
pared to the performance of smooth tubes at constant pumping power.
The finned tubes were found to perform better by factors of 1.2 -

2. Correlating equations were also presented for heat transfer and
friction factors that describe the data to within £ 6 and * 7%, res-
pectively.

Marner and Bergles [21] experimentally studied the augmentation
of heat transfer inside horizontal tubes by means of twisted-tape inserts,
static mixer inserts, and internally. finned tubes under laminar flow con-
ditions. In this study isothermal pressure drops and local heat trans-
fer coefficients were measured with water and ethylene glycol as test
fluids. Increases in pressure drop, especially for the static-mixer
assemblies, were observed, along with increases in the heat transfer
for all seven augmented tubes tested. Based on a constant pumping
power performance analysis, the internally finned tube used in the
large-scale tests was reported to look especially promising, far
heating as well as for cooling.

Patankar et al. [27] analysed the turbulent flow and heat trans-
fer characteristics of circular tubes and annuli with longitudinal

internal fins. The analysis was based on the differential equations



for momentum and enerqgy conservation in the flowing fluid supple-
mented by a turbulence model having an adjustable constant. Average
Nusselt numbers and friction factors were evaluated for a range of
Reynolds numbers, fin height and number of fins. The results were
found to be quite insensitive both to fin height and to the number of

fins.



CHAPTER III

EXPERIMENTAL INVESTIGATION

The objectives of this investigation were:

1) To collect different sets of experimental heat transfer and
pressure drop data for single phase heating and sub-cooled boiling in-

side vertical smooth and internally finned tubes.

2) To compare the heat transfer and pressure drop of the in-
ternally finned tubes with the smooth tube and furthermore, to develop
correlations for predicting the heat transfer and pressure drop faor
single phase heating for this augmentation technique. R=113 was

used as test fluid.

3.1 TEST FACILITY

Figure 3.1 shows a schematic diagram of the R-113 flow loop.
It included the following main components:
i) Gear pump for circulating the liquid.
ii) Precooler
iii) Observation section located at inlet to test section.
iv) Four, parralell, vertically mounted, electrically heated tubes.
One tube was smooth, the second had straight fins on the inside, the
third and fourth tubes had spiral fins.
v) Cooler-condenser.
vi) Liquid receiver.

vii) Liquid flow meters.

10
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12

R-113 was pumped from the liquid receiver to the test section
through the precooler. The test sections were electrically heated,
well instrumented to measure the outside wall temperatures, at different
locations along the test section. The flow meter was used to measure
the total flow rate of the R-113 entering the test section. All tem-
perature were measured by copper-constantan thermocouples of type
RIP-24, All wall thermocouples were connected to a data acquisition
system which gave a printout of the readings along the test section.
A Honeywell Electronic-18, multichannel potentiometer was also used
to measure separately the inlet and exit temperatures of R-113 to each
test section.

The pressure drop across the test section was measured by a
pressure transducer along with a digital voltmeter. A photographic

view of the entire tests facility is given in Fig. 3.2,

3.2 TEST SECTION CONSTRUCTICN AND INSTRUMENTATICN

The following tubes were tested: a smooth tube, tube 1, a
straight finned tube, tube 2, and two spiral finned tubés with dif-
ferent helix angles and outside diameters, tubes 3 and 4. The geo-
metric parameters of these tubes are given in Table 3.1. A photo-
graphic view of all the tubes tested is given in Fig. 3.3.

The four tubes were mounted vertically, in parallel, in the
test facility as shown in Fig. 3.1. Each test tube was instrumented
to measure the wall surface temperatures at equidistant axial loca-
tions. At each location two thermocouples were silver-brazed to the
surface opposite each other. The distance between the two thermo-

couple stations at the top and the bottom was half the distance between
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TABLE 3.1. Geometric Parameters of the Tubes Under Study

(All Values in Cm.)

Tube Na. 1 2 3 4

Type Smooth Straight Spiral Spiral
Fimmed Finned Finned

Material Cu Cu Cu Cu
Length 133.5 135.89 134.62 133.5

No. of fins, n - 10 32 16
Qutside diameter, D0 1.5875 1.5850 1.5875 2.2162
Inside diamter, Di 1.3843 1.4199 1.4707 2.0384
Equivalent diameter, O 1.3843 1.3600 1.4028 1.9870
Hydraulic diameter, Dh 1.3843 0.8530 0.6772 1.1300
Fin Height, b - 0.1575 0.0686 0.1981
Wall thickness 0.1016 0.0826 0.0463 0.0889
Fin Height/Inside diameter - 0.1109 0.0466 0.0972
Actual flow area, Afa** 1.5050 1.4527 1.5455 3.1009
Nominal flow area, AFn** 1.5050 1.5835 1.6988 3.2634
Core flow area, Afc** - 0.95848 1.3966 2.1181
Actual area, Aa** 4,3489 6.6800 9.1292 11.300
Nominal Area, An** 4.3489 4.4607 4.,6203 6.4038
Inter-fin spacing, W - 0.297 0.102 0.305
Helix Angle, a = 0° 16.2° 12.34°

Pitch, cm/360% - ST 30.48 20.3

* all lengths and areas are in cm and cm2

*¥ grea in cm

. 2
*% area in cm /cm

14

respectively, as appropriate.
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16
the intermediate stations. The test tube was also instrumented to
measure the inlet and outlet temperature of R-113 and the pressure
drop along its length. Figure 3.4 gives additional details about the
construction of each test tube. After attaching the thermocouples
each tube was wrapped with teflon tape on the outside, in order to
insulate the heating element from the surface of the tube. Heating
was accomplished by a ribbon-type chromel heating element, which was
wound uniformly on the teflon tape. The heating element was then
coated with a layer of epoxy resin to hold it onto the tube, and a
second layer of teflon tape was again wound over the resin. The en-
tire test section was then insulated with 6.25 cm thick fiberglass
insulation to prevent any heat losses to the atmosphere. The exit
of each test section had a tranSparenf glass section attached to it.
There was also another transparent observation section at the inlet
to the test sections, which was used in observing the flow regime
of R=113 as it entered the test section. The transparent sections
were made of standard, clear, high pressure glass tubing. The con-
struction details of the transparent section are shown in Fig. 3.5.

The construction details of the pressure taps are shown in
Fig. 3.6. Four holes 1/16 in (.002 m) diameter each and spaced 90°
apart around the circumference of the tube, were drilled in the test
section. The holes were then covered with a copper sleeve, whose
inner diameter was approximately equal to the outside diameter of
the boiler tube plus 3/16 in (.005 m). The copper sleeve was silver
brazed to the tube and a hole was drilled in it to accomcdate a short

copper tube 1/8 in (.003 m) I.D. The two pressure taps at the top
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and the bottom, were connected to the pressure transducer by means of
two separate pieces of tubing which were connected to the short copper
tubes. There existed the possibility that the hole drilled for the
pressure tap either went through a fin or the space between the fins.
The abave arrangement minimized this possibility and produced an aver-
aging effect at the pressure taps.

The pressure drop across the pressure taps was measured by a
Pace Wianco pressure transducer model KP15, which was connected to
a Pace Wianko digital indicator, maodel CD25. It was calibrated using
a dead weight tester. The flow rate of the refrigerant was measured
by two Fisher and Porter variable area flow meters, which were mounted
vertically in parallel, to be used individually or simultaneously.

The power input to the test section was controlled by means of
a variable transformer and the voltage and current across each heat-
ing circuit were measured by a digital voltmeter and a digital clamp-
on ampmeter, respectively. Additional details about the instrumenta-

tion used is given in appendix E.

3.3 OPERATION OF THE SYSTEM AND DATA ACQUISITION

After the construction and instrumentation of the system, the
entire system was checked for leaks under pressurized and evacuated
conditions. It was then evacuated down to 1000 microns of Hg by a
vacuum pump. The liquid receiver was then filled to the top with R-113
before the final evacuation process was started. It was then isolated
from the rest aof the system. The system was then evacuated down again

toa 1000 microns of Hg.

20
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Each experimental run was started by filling the cooling water
tank; then the circulating water pump was put into operation. The
freon pump was started. After the liquid freon appeared in the abser-
vation glass section at the entrance and exit aof the test tube and the
exit of the horizontal cooler section, water from the tank was allowed
to circulate through the precooler section. Electric power was then
gradually applied to the test tube to the desired level. In single
phase heating experiments electrical energy was added gradually while
making sure that R-113 leaving the test section was still liquid. In
subcooled boiling experiments, electrical energy was added to the test
section such that the R-113 leaving the test section was in a boiling
state.
The follawing measurements were taken during each experimental

run:
1) The refrigerant's flow rate, in kg/s (G.P.M.).
2) The inlet gauge pressure of R-113 to the test tube, in bar (PSI).
3) The pressure drop across the inlet and outlet of each test tube,

in bar (PSI).
4) The inlet and outlet temperature of R-113 in each test tube, in

°% (°r).
5) Room temperature, in % (°F).
&) The temperature of the eighteen thermacouples attached to the

outer wall of the test tube in °C (°F).
7) The electrical power supply to the test section;
The variables that were controlled in the present study were the liquid R-
113 flow rate, the electrical power input, and the initial subcooling. Also,

after the completion of each experimental run, its collected data were
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checked for acceptability. The criterion selected for acceptability
was t 7% in the heat balance error. The heat balance error was cal-
culated from the ratio of the difference between electrical power supply
and heat gain of R-113 to the electrical power supply. The heat gain
rate of the refrigerants was calculated from the freon's flow rate and
its enthalpy change between its inlet and outlet. The electrical
power input was corrected for conduction losses at the top and bottom
of the test section.

For each fixed flow rate and fixed inlet subcooling different
single phase heat transfer data were taken by varying the electrical
power input. Subcooled boiling data for the same flow rate and same
inlet subcooling were obtained by increasing the electrical power in-
put to the point were boiling could be observed at the exit of the
test section. Because of the difficulty estimating the exit quality
of R-113 in the test section during subcooled boiling experiments 1t
was assumed that the heat error balance in these experiments was also
within * 7%. The effect of such assumption on the calculation heat

transfer coefficient will be given later in Appendix By
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CHAPTER IV

EXPERIMENTAL RESULTS AND CORRELATIONS

4.1 INTRODUCTICN

Augmentation of single phase heat transfer by internally finned
tubes has been studied by several investigators. Their results were
discussed earlier in chapter II. It is important to point out that
the range of Reynolds number covered in these studies was either in
the laminar or the turbulent range. The Reynold's number covered in
the present study was in the transition zone, 2400 < Re < 5500. In
the present chapter the heat transfer and pressure drop results of
single phase flow are reported. A review of existing heat transfer
and pressure drop correlations for finned tubes is made, and new cor-
relations based on the results of the present study are proposed. In
addition, heat transfer and pressure data of subcooled boiling are re-
ported. However, because of the limited data taken, which was dictated
by the limitations of the test facility, no attempt was made to develop
design correlation for subcooled boiling.

The overall average heat transfer coefficient for single phase
or subcooled boiling for the smooth and finned tubes was calculated

as follows:

4 (4-1)
T DiL(Tw - TF)

ol
H




Where [} was the electric power input corrected for conduction losses
at the tube's ends. Di was the inside nominal diameter of the tube,
smooth or finned. L was the length of the test section. Tw was the
average inside wall temperature. It was obtained from the average
outside surface temperature of the test tube (= arithematic mean of
all 18 surface thermocouples) and the temperature drop across the

tube wall. This temperature drop was cobtained from the one dimensional
heat conduction equation for a cylinder. Tf was the arithmatic mean
aof the inlet and outlet temperatures of R-113. A sample of the cal-
culation procedure of the film coefficient of heat transfer is given
in Appendix A. The ranges of experimental parameters for single phase
heating and subcooled boiling are given in Tables 4-1 and 4-2 respec-

tively.

4.2 SINGLE PHASE HEATING
4.2.1 Heat Transfer Results of the Smooth and Finned Tubes

Due to the fact that the Reynolds number range of ‘the present
study was in the transition range of Reynolds number; and the fact
that none of the existing heat transfer correlations for laminar or
turbulent flow could satis factorily correlate the data of the present
study, a new correlation relating Nusselt number Nu, Prandtl number Pr,
and Reynolds number Re was sought. Using the least square regression
analysis the following correlation was obtained.

Nu = 0.0032 Re1'07 Pra'a (4-2)
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Table 4-1 Range of Operating Conditions for

Single Phase Heating

Mass Flux
(based on nominal inside diameter)

Heat Flux Input

Overall Heat Transfer
coefficient

R-113 inlet Temperature

R-113 outlet Temperature

Inlet Gage Pressure

%, 93(55248.7) = 282.14(1937127)

—EHE-{lbm/hr—th)
S-m

498,0(157.9) - 2929.85(928.93)

W

2z
m

(Btu/hr—ftz)

237.91(41.9) - 1691.48(297.9)

W

mz-K

(8tu/hr-ft2-9F)

23.03(73.45) - 33.64(92.55)
°c(°F)

24.77(76.59) - 38.25(100.85)
9c(°F)

0.29(4.2) - 0.41(6.0)

bar (PSIG)
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Table 4-2 Range of Operating Conditions for

Subcooled Boiling

Mass Flux 74.3(54781.3) - 259.3(1911967)
(based on nominal inside diameter)

—iﬂ%z (Tbmbe=FET)

S-m

Heat Flux Input 7420.6(2352.76) - 27035.65(8571.86)
W 2
=5 (Btu/hr-ft%)
m

Overal Heat Transfer 567.34(99.92) - 1862.16(327.96)

coefficient

—5— (Btu/he-Ft2-OF)
m =k

R-113 Inlet Temperature ' 29.93(85.87) - 111.34(44.08)
Oc(°F)

R-113 Outlet Temperature 48.23(118.81) - 61.42(142.56)
Oc(%F)

Exit Quality 0.015 - 0.322

Inlet Gage Pressure 0.34(5) - 0.62(9.0)

bar (PSIG)




Figure 4-1 dsows a plot of Nu/PrU'a versus Re for the experimental
data points of the smooth tube, tube 1. 0On the same plot Eq. (4-2) is
also plotted. As expected Nu increased with the increase in Re. It
is to be pointed out that all R-113 thermophysical and transport pro-
perties in Eq. (4-2) were evaluated at the average of inlet and outlet
temperatures. |

Equation (4-2) was taken at the basis for developing the heat
transfer correlation for the finned tubes. This was achieved by iden-
tifying madifying parameters which are dependent on the geometric para-
meters of the finned tubes and applying these modifiers to Eq. (4-2)
to bring about the best agreement between the predictions and the
experimental measurements. Before presenting the new finned tube cor-
relation a review of existing correlations follows.

Heat transfer measurements were made for finned tubes with fins ©
several designs in turbulent water flow by Watkinson et al. [351. They
correlated the experimental data of eleven spiral fin tubes over the

range 5000 s Ree < 100,000 by the eguation:

Nu_ = 0.369 Re 063 (£90-27 (w,0.21 5 1/3 0.1 3,
e e De De My

where Nue and Ree were based on the equivalent diameter.

Heat transfer data for five straight fin tubes (0.21 s g- ¢ 0.49)
e

were correlated within * 10% over the range 5000 < Ree < 100,000 by the

following expression:

Nu = 0.212 Re
e e D

0.60 (wy0.34 o 1/3 (u,0.14 (4-4)
e uw

27

f‘



Nu/Pr~@.4

100090

1880 — + TUBE #I Experimental Data
9 ’
8
7
b
g
4
3 A
+
2
Nu/Pr~8.4=0.0032(Re)~1.87
19 | | L1 & t 11
1000 2 3 4 5 6 7 8
" Re

Fig.

4-1  Correlation of Single Phase Heat Transfer

Data for Smooth Tube 1

28



29
The heat transfer performance for heating water and air was indi-
vidually determined, in turbulent flow, by Carnavos [ 8 ]. He correlated
the experimental data using the hydraulic diameter and the average bulk
physical properties. All heat transfer data were represented by the

following formula.

Nu - p.00% ReY 1) (4-5)
0.4
Pr
where
B 0.1 0.5 3
Fo= (FR0 (R 77 (Fy (4-5)
The parameters in the modifying factor F are defined as follows:
A
Fo- (3 (4-7)
1 A
fc
An
F, = (4-8)
a
F} = Seca (4-9)
where
'an 2
AFa = actual free flow area, < Cm™,
0,
Afc = Open core free flow area, = Cm™,



30

An = nominal heat transfer area based on Di as if fins were
not present, CmZ/Cm,
Aa = actual heat transfer area, sz/Cm,

The equivalent diameter De and the core diameter are defined by:

1TD§ !\’D?
=~ = == - R bt/Cos « (4-10)
ﬂDg T 2
3 = 7 (0 - 2b) (4-11)
The hydraulic diameter was also defined by:
4A
_ Ta
D'n - A
a
Using the abave definitions, it can be shown that:
A D
Foo- fa o 2P0 - (/00717 (4-12)
1 A 0. i
fc 1
[1 - (4nbt)/(xD? Cos a)]
= 12 (4-13)
[1 - Zb/Di]
F = A_/A (D.D /0%)
2 - Enld - i“h' "e
'er.2
= 1 (4-14)

[nDi + 2nb/Cos «]



n = number of fins

a = helix angle of the finm
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It is to be noticed that modifying parameters F1, FZ’ and F3
include all the geometric parameters Di’ w, b, £, n and a of the in-
ternally finned tubes. These parameters are defined in Fig. 4-2. Values

of F1, F2, and F, for the finned tubes tested are given in Table 4-3.

3

Table 4-3 Computed Values of F1, F2, and F3
F Tube Tested
value 2 X 4
F1 1.515 1.1464 1.464
F2 0.6678 0.5061 0.5667
F3 1.000 1.0413 1.0236

After several trials of using different combinations of the para-
meters F1, FZ’ F3 and by applying the least regression analysis the
following finned tube correlation resulted.

5.0 - -9.6

Foo 7] (4-15)

0.4
J 1 2

Nu = 0.0032 Re "7 p [1 + 0.0013 F

Because of the limited range of F3 of the tubes tested it was not

possible to incorporateits effect in the final correlation. According
to its definition, Eq. (4-9), it depends on the helix angle a. It is
to be pointed out that o is also included in the parameters F, and F2

as shown in Eqs. (4-13) and (4-14) respectively., It is to be pointed

out also that the characteristic dimension in Nu and Re in Eq. (4-15)
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is the nominal inside diameter Di of the finned tube rather than the
hydraulic diameter Dh. The reason for such a choice was the fact
that the heat transfer coefficient h was based on Di’ according to Eg.
(4-1), and not D, .
Figure 4-3 shows a comparison between the predictions of Nu/PrD'a
of Eq. (4-15) and the experimental measurements. The results shaw
that the disagreement is in the * 15% range.

Figure 4-4 shows a plot Nu/PrD'a

of the experimental data points
versus Re of all tubes tested. 0On the same figure the correlation lines
of the data points obtained for each tube using the least square regres-
sion analysis. Figure 4-5 was reproduced from Fig. 4-4 and it plots

the ratio of Nu/PrD'a of the finned tubes to that of the smooth tube
versus Re. The results show that the ratio slightly decreases for tube
2, ncticeably decreases for tube 4, and naticeably increases for tube 3,
with the increase of Reynolds number. Such results can be explained
from the results in Fig. 4-& which give the behavior of the individual
tubes tested. For example, Nu/PrO'4 for tubes 2 and 4 increases at a
slower rate, and at a faster rate for tube 3 compared té the smooth

tube with the increase of Re. In general it can be stated that, over
the range of Re tested, the enhancement in the heat transfer coeffi-

cient was 50%, 180%, 140% for tubes 2, 3, and 4 respectively compared

to the smooth, on a nominal area basis.
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4.2.2. Pressure Drop Results of the Smooth and Finned Tubes.

Figure 4-6 through 4-8 show plots of the pressure drop versus the
heat flux for all tubes tested for different flow velocities. The re-
sults show that the pressure drop, at a given velocity or flow rate,
is insensitive to heat addition for single phase flow. Figures 4-9
thfough 4-11 are cross plots of Figs.4-6 to 4-8 to show the effect of
increasing the flow rate on the pressure drops for the individual tubes
tested. As can be expected, at a fixed heat flux rate the single phase
pressure drop increases with the increase of velocity or mass flow rate.

Following the same approach of developing the single phase heat
transfer correlation of the finned tubes, a friction coefficient corre-
lation was sought for the smooth tube results. Using the least square
regression analysis, the following expression was obtained for the

Fanning friction coefficient

f = 24.97/Re (4-16)

for a range 3300 < Re < 5500

Equation (4-16) differs from the friction coefficient for laminar flow
(f = 16/Re) due to the fact that the Re range to which it is applicable
is in the transition zone. Equation (4-16) is shown plotted in Fig. 4-
13. In the same figure the experimental data points of f vs. Re for
the finned tubes are also shown. The regression equations for the data
points of all the tubes are also shown. The results show that at the
same Re, the friction coefficient is higher for the finned tubes than

for the smooth tube. A performance evaluation of the tubes tested will

be given in the next chapter.
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The attempt was made to develop a friction coefficient for the
pressure drop inside the internally finned tubes. The modifying fac-
tors originally defined by Carnavos [ 8] were used as a starting point.
Before the final correlaticn is presented a summary of the work of
Carnavos is given in the following.

Carnavos [ 9] proposed the following correlation for the Fanning
friction coefficient for single phase turbulent flow of air inside in-

ternally finned tubes.

0.046
REOJD

o

f = ) F F

D.5
3 (4-17)

0
4

where, Re is the Reynolds number based on the hydraulic diameter, and

AFa was defined earlier as the actual free flow area of the finned

tube, and
AFn = nominal flow area based on Di as if fins were not present,
11D.2
” i
4

(1 - (anbt)/(wDi Cos a] (4-18)
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Computed values of Fa for tubes 2, 3, and 4 of the present study
were 0.9174, 0.9376, and 0.9502 respectively. Carnavos [8 ] also pro-
posed the following correlation for the friction factor based on his

work with single phase turbulent flow of water in internally finned

tubes.
f= —po— (4-19)
Re "~ (F*)
where,
‘ 0.5 0.75
Fe = (AFa/AFn; (Sec o) (4-20)

None of the correlations of frictional coefficient correlated satis-
factorily the experimental measurements of the present study. This
is due to the fact that the correlations of Egs. (4-17) and (4-19) were
developed for single phase turbulent flow while the flow was in the
transition zone in the present study.

After several trials of using different functional combinations
of F

and F,, and using the least square regression analysis the fol-
3 4 g q g Y

lowing correlation was obtained for the finned tube.

10.17

f = (253.94/Re) F&

(4-21)

where Re was based on Di rather than Dn as in the heat transfer corre-
lation of Eq. (4-15). Although F4 (= Cos @) was not included in the
final correlation, the effect of the helix angle is included in Fa

given in Eq. (4-18).
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Fig. 4-14 shows a comparison between the predicted and experi-
mental Fanning friction coefficient of all tubes tested. The results

show that the diagreement is within * 10%.

4.3 SUBCOOLED BOILING RESULTS

4 .3.1. Heat Transfer

It was mentioned in an earlier section that the subcooled boiling
data were obtained, for a given flow rate, by gradually increasing the
electric heat input until beiling of R-113 could be observed in the
transparent section at the exit of the test section.

Figure 4-15, 4-16, and 4-17 show typical plots of heat flux versus
temperature difference for tubes 1, 2, and 3 at velocities g0.1, 0.14,
and 0.16 m/s respectively. Ffor the sake of comparison, both single
phase heating and subcooled boiling are included in these figures.

The curves start at their lower end in pure single phase subcooled li-
quid and terminate in the subcooled nucleate boiling regime. The re-
sults in these figures show that the heat flux increased with the in-
crease in the temperature difference for the smooth tube as well as
the finned tubes. They also show that a clear transition point exists
between the single phase heating and the subcooled regimes. At the
high end of the temperature difference, the curves of the smooth and
Finned tubes tended to merge into a single curve the so-called fully
developed nucleat boiling curve. Such observation suggest that in the
nucleate boiling regime the finned tubes had a diminishing effect.
Similar observations were reported by Ornatskiy et al. [26 ], Rohsenow

[28] and Azer et al. [1].
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The heat transfer results of finned tube 4 could not be included
in Figs. 4-15, 4-16, and 4-17 due to the fact that the velocities of
these figures could not be achieved. Figure 4-18 show a plot of the
heat flux versus the temperature difference at three different velo-
cities for tube 4. It is also clear that there is transition point
between single phase heating and subcooled boiling regimes. Also, as
the velocity increases, at the same temperature difference, the heat

flux increases in both regimes.

4,3.2. Pressure Drop

Figure 4-19, 4-20, and 4-21 show plots of pressure drop versus
heat flux for tubes 1, 2, and 3 at velocities 0.1, 0.14, and 0.16
respectively. The results indicate for the same velocity and heat
flux the pressure drop for the finned tubes 2 and 3 is higher than the
smooth tube. The results for tube 4 were not included in these figures
because the velocities ranges could not be covered. Figure 4-22 shaow
a plot of the pressure drop versus the heat flux for the finned tube
4 at three different velocities. For the same heat flux as the
velocity increases the pressure drop decreases. The reason is due to
the fact that as the velocity increases, the mass flow increases and
as a result the exit quality decreases if the heat flux remains un-
changed. The reduction in exit quality results in a reduction in the
pressure drop. Figures 4-23, 4-24, and 4-25 shaw plots similar to
Fig. 4-22 for tubes 1, 2, and 3 respectively. They exhibit the same

trend exhibited by Fig. 4-22.
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CHAPTER V

PERFORMANCE EVALUATION

Any performance evaluation should be directed toward a certain
objective. Depending on the objective, each evaluation index is de-
termined by calculatihg the ratio of certain parameters of interest
for the augmented and smooth surfaces, subject to certain constraints.

Bergles et al. [ 5] suggested eight performance evaluation in-
dices for heat transfer augmentation in single phase flow. These
indices were divided into two groups. One group was directed toward
the use of heat transfer enhancement for existing heat-exchangers.

Thus the basic geometry was fixed. The other group was directed toward
evaluating the advantages of using the heat transfer augementation in
the design of new heat exchangers. Therefore, the length and size and
number of tubes were unrestricted, and the objective was the reduction
of the size of heat exchangers.

The criteria suggested by Bergles et al. [5 ] are summarized
below.

1) Basic Geometry Fixed, Flow Rate Fixed-Increase Heat Transfer

the ratio of the heat transfer coefficient haug’ of the augmented
surface to its value for the unaugmented surface hs, is evaluated for
constant flow rate m, constant temperature difference AT, the same

length L and nominal diater Di’ and same inlet temperature Ti is given by

R, = -2Yg _ (hauQ

= = ) (5-1)
1 ag ho 'm, aT, L, Dy, N, T

1



qaug and 9s are heat transfer rates for augmented and unaugmented sur-

faces, respectively.
2) Basic Geometry Fixed, Pressure Drop Fixed-Increase Heat Transfer.

Such criteria can be expressed as follows:

q h
R, = ——=d . 2G4
2 qg hg * &p, 8T, L, Dy, N, T4 (5-2)
AP = Pressure drop.

3) Basic Geometry Fixed, Pumping Power Fixed-Increase Heat Transfer.

This criteria is appropriate when the cost of fluid pumping is

a major consideration.

R - qaug _ ( aug-
3 dg hg B, aT, L, D,y N, Ty (5-3)

4) Basic Geometry Fixed, Heat Duty Fixed-Reduce Pumping Power

Such criterion can be expressed as follaws:

4

_ au
Ry = E_ ) q, aT, L, D, N, T, (5-4)

R
]

Pumping Power

rate of heat transfer

0
1l

In this case, the heat transfer coefficient is constant.



5)

6)

7)

g)

Heat Duty Fixed, Pumping Power Fixed-Recuce Exchanger Size.

The perfcrmance index is given by

3 q, AT, 2, Di’ Ti = R

Heat Duty Fixed, Pressure Drop Fixed-Reduce Exchanger Size.

The desired ratio in this case is

A
R, = () , s
AS ‘ay 8T, &P, Dy, Ty = ¢
aug

Heat Duty Fixed, Flow Rate Fixed-Reduce Exchanger Size.
The following ratio is of interest for this case:

Ay h
R, = (—==9) s
7 Ay TGy AT, m, Di’ Ti I~

Heat Dutv Fixed, Flow Rate Fixed, Pressure Crop Fixed-Reduce

Exchanger Size.

The appropriate ratio 1is

A ;
R. = (=249 g
8 ) AS g, aT, a?, m, Di, Ti = T
aug

(5-5)

(5-3)

several of the above eight criteria include certain ccnstraints wnich

cannat be realized.

The first performance index RT, can be used to

&4
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evaluate the performance of the finned tubes 2 and 3 in relation to tube
1. The tree tubes had the same geometries.

Figure 5-1 shows a plot of the ratio E%EQ for tubes 2 and 3 sub-
ject to the constraints of fixed geometry, floi rate, inlet temperature.
With an increase in Reynolds number the ratio for finned tube 2 slightly
decreased while it increased for tube 3. The reason for such trend is
similar to the reason given earlier while discussing the results in
Fig. 4-4.

In evaluating the performance of static in-line mixers in augment-
ing the single phase flow and condensation heat transfer inside horizon-
tal tubes Lin et al. [18, 19] used the ratio of pumping power to the rate
of heat transfer B/q as an evaluation index. The pumping power was ob-
tained from the product of the volumetric flow rate of the liquid at the
circulating pump, and the pressure drop across the test section. The
constraints under which B/q was evaluated were: the same mass flow rate,
the same inlet temperature, and the same geometry. This index of evalua-
tion was used in Figs. 5-2 and 5-3 with addition of the constraint of
constant heat flux.

Figure 5-2 shows a plot of pumping power per unit heat transfer
B/q versus Reynolds number of R-113 for tubes 1, 2, and 3 for single
phase flow. The lower this index is, the lower is the power demand per
unit heat transfer. The figure shows that the smooth tube is far better
than the finned tubes as far as pumping power is concerned; this means
that at a constant Reynolds number, B/q is lower for the smooth tube
than for the finned tubes. Tubes 2 and 3 over the range of Reynolds
number tested had the same pumping power per unit heat transfer B/q for

the same Re. Alsao, it should be noticed that with an increase of the

Reynolds number, B/q increases.
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Figure 5-3 shows a comparison of B/q versus Re for subcooled
boiling. The results show that the ratio B/q is nearly the same for
all three tubes. The reason is due to the fact that this ratio is
mainly controlled by the pressure drop of each tube. According to the
pressure drop results in Figs. 4-19, 4-20, and (4-21) discussed earlier,
tube 2 and 3 had nearly the same pressure drop which was slightly higher
than tube 1. Additional data are needed to establish the effect of
finned tubes on heat transfer enhancement in the subcooled boiling

regime.



CHAPTER VI

SUMMARY, CONCLUSION AND RECOMMENDATIONS

In the present study, heat transfer and pressure drop data were
taken during single phase heating and subcooled boiling of R-113 in-
side four vertical electrically heated tubes. One of these was a
smooth tube and the remaining three were internally finned tubes.

For single phase flow inside internally finned tubes, appropriate
modifiers were identified and applied to the smooth tube heat trans-
fer and pressure drop correlations to bring about the best agreement
between the measurements and predictions for these tubes.

The results are summarized as follows:

1 - In single phase heating, over Re range tested, an enhancement in
the heat transfer coefficient of 50%, 180%, and 140% was obtained by
tubes 2, 3, and 4 respectively, over the smooth tube results on no-
minal area basis.

2 - A correlation equation, Eq. 4-15, was developed for predicting

the heat transfer coefficient during single phase heating inside
internally finned tubes. It is applicable to a range of 3300 < Re <
5500.

3 - A pressure drop correlation, Eq. 4-21, for single phase heating
inside finned tubes was developed.

4 - In the subcooled boiling regime, the finned tubes had a diminishing
effect on the heat flux, at a specified wall to fluid temperature dif-
ference. No attempt was made to develop a heat transfer or a pressure
drop correlation in this flow regime because of the limited data ob-

tained.
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In the subcooled boiling regime, the pressure drop for finned tubes

slightly higher than the smooth tube at the same mass flow rate and

heat flux input.

B -

The pumping power per unit heat transfer subject to the constraints

of fixed geometry and the same flow rate was used to evaluate the per-

formance of the tubes tested. The smooth tube required the least power

in single phase flow.

Recommendatiocns for Future Studies

; g

Additional data are needed for subcooled boiling inside finned
tubes to be able to develop heat transfer and pressure drop cor-

relations for these tubes.

Additional data are needed for single phase heating inside finned
tubes using other fluids and tubes geometries, over the range of
Reynolds number of the present study, to check the generality of

the proposed correlations.

Several performance evaluation criteria for single phase flow in-
side augmented tubes have been suggested. Some of these criteria
require certain constraints which cannot be realized experiment-
ally. More attainable performance criteria need to be defined not
only for single phase but also for two phase flow such as boiling

and condensation.
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APPENDIX A

SAMPLE OF DATA REDUCTION AND PROCEDURE FOR CALCULATING

HEAT TRANSFER COEFFICIENT

1. SINGLE PHASE HEATING

Experimental Run No. 1, Smooth Tube (Tube 1) Appendix D Table D-1

R-113 inlet temperature = 83.88 °F
R-113 exit temperature = 86.36 °F
Pump flow rate = 0.25 GPM
Temperature at flow meter - 83.82 °F
Pressure drop = 0.0025 PS5

Surface Temperature

7(26,27)% - 83.3 °F
T(28,29) = 84.74 °F
T(30,31) = 86.63 °F
T(32,33) = 87.55 °F
T(34,35) - 88.25 °F
T(36,37) = 89.69 °F
T(38,39) = 91.85 °F
T(40,41) = 92.21 %F
T(42,43) = 93.02 °F

*7(26,27) is the average of thermoccuples readings at a given axial

location. See Fig. 3-4.

R-113 Density = 97.136 1b/Ft3



Calculation Procedure

Me

Mass flow rate, MF:

; 3
- 0.25 9allons y o minute y g 4gpp FE g7 ¢3¢ 2BD
minute hour gallon ft3
= 194.78 lbm/hr
Enthalpy of R-113 at inlet = 25.47 Btu/lb
Enthalpy of R-113 at exit = 26.00 Btu/1b
Heat loss to the top by conduction:
KA ;
227 % -[(9:623y2 _  (H=245y27 y 93,02 - 92.21]
) 24 74
(2/12)

0.563 Btu/hr

Heat loss to the bottom by conduction:

Total

it

§§ (T(26,27) - T(28,29

))

0.625,2 0,545~ 2
(2/12)
= 1.00 Btu/hr
Electrical Power Supplied:
- 10.68 Volt X 3.1 Amp. X 3.41 B/:r x D96 =

108.38

81

Btu/hr



Heat gained by R-113:

194.,78(26.0 - 25.47)

1

103.23

Percentage Heat Bal. Error:

108.38 - 103.23 - 0.563 - 1,00
108.38

X 100 = 3.31%

Calculation of Inside Heat Transfer Coefficient

Average R-113 temperature

_ 83.88 + B86.36 _
- . -

85.12°F

Average outside surface temperature:

1]

(83.3 + 84.7 + B6.6 + 87.4 + 8B.3 + 89.7 + 91.9 +
92.2 + 93.0)/9

88.56 °F

]

Temperature drop across the wall thickness:

Qx1n(D_/D, )

a7 TRL

0.625
106.82 X ln(m)

2r X 227 X 52.5/12

0.0023 °F

1

82



Average

inside surface temperature:

88.56 - 0.0023 = 88.5533 °F

106.82

u -
A AT s
106.82
0.6242 X 3.43

0.545 52.5

X—“ﬁ‘ X -1—2-)(88.5533 - 85.12)

- 49.89 Btu/hr ftZ

Calculation of Fanning Friction Coefficient

f'

°F

83

Moo 194.78
R BTSN,
"\=74
120233 lbm2
hr ft
DaP
g_DaPo
2162
ft + lbm 1bf inZ Sec?
52,2 TE2AOM x g.sus in X 0.0025 225 X 144 205 X 3600 2% X
Sec”™ « 1bf in ft hr
2 lbm2
2 x 50.5 in X (120233)° 20—
hr ft~
97.14 iE%
ft
0.0054
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2. SUBCOCLED BOILING

Experimental Run No. 1, Smooth Tube (Tube 1) Appendix D Table D-2

R-113 inlet temperature = 92.43 °F
R-113 exit temperature = 128.03 °F
Pump flow rate = 0.25 GPM
Temperature at flow meter = 93.2 °F
Pressure drop = 0.6 PSI
Surface Temperature
T(26,27)% = 153.68 OF
T7(28,29) = 137.57 °F
T(30,31) = 122.63 °F
T(32,33) = 125.60 °F
T(34,35) = 127.85 °F
T(36,37) = 132.26 °F
7(38,39) = 134.42 OF
T(40,41) = 134.15 °F
7(42,43) = 137.30 °F
R-113 Density = 92.57 lbm/ft’
Calculation Procedure
Mass flow rate, MF:
al min ft3 1bm 1bm
Me = 0.25 %IET X 60 = X 013368 =T X 92.57 ?;3 = 185.62 =
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Enthalpy of R-113 at inlet = 27.33 Btu/lbm

Enthalpy of R-113 saturated liquid at exit, hf 35.29 Btu/lbm

97.59 Btu/lbm

Enthalpy of R-113 saturated vapor at exit, hg

Heat loss to the top by conduction:

]

= %? X (7(40,41) - T(42,43))
0.625.2 ,0.545.2
X R (2822)2 | Q2322 ¢ [137.3 - 136.15)
(2/12)
= 2.19 Btu/hr

Heat loss to the bottom by conduction:

- .§§ X (T(26,27) - 7(28,29)
227 X n[éigéi)z - —géi)z] X [153.68 - 137.57]

(2/12)

11.20 Btu/hr

Total Electrical Power Supplied:

50.1 vol. X 16.8 amp. X 3.41 Eéﬂi X 0.96

1

2755.32 Btu/hr

Heat gained by R-113:

2755.32 - (11.2 + 2.19)

2741.93  Btu/hr



Dryness fraction at Exit:

2741.93 BYY - 155 42 i%% {[97.59 X + (1-x)35.29]-27.33) Sty

hr

><
1l

0.109

Average outside surface temperature:

(153.68 + 137,57 + 122.63 + 125.60 + 127.85 + 132.26 +

134.42 + 137.3}/9

133.94 9F

Temperature drop across the wall thickness:

D
Q- In (5
1
2nKL

0.625
2741.93 X 1n (§T§Z§)

2n X 227 X 52.5/12

g.06é

Average inside surface temperature:

= 133.94 - 0.06 = 133.88 °F

The wall-fluid Temperature difference, (Tw - TF)’ can be calculated as:

92.43 + 128.03

o
5 ) = 28.6% F

f) = 133.88 - (

(Tw -T

1bm

B6



1]

eta
A a1

185.73

2741.93 B/br

0545 ., 52.5
(m X T X —'ﬁ")(23.65)
Btu
he ft2 OF
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APPENDIX B

NOMENCLATURE

Heat transfer area or heat conduction area, m2 (th)
Actual heat transfer area, mz/m (FtZ/Ft}

Actual free flow area, m2 (th)

Open core free flow area, m2 (th)

Nominal flow area based on inside tube diameter as if
fins were not present, m2 (th}

Nominal heat transfer area based on inside tube diameter
as if fins were not present, mz/m (ftZ/Ft)

Fin height

Diameter of internally finned tube if fins melted down,
m (ft)

Temperature difference (T - Te)s °c (°F)

Hydraulic diameter (D_ = 4 Afa/aa)’ m (Ft)

h
Tube diameter, m, ft
Fanning friction factor
Modifying factor in Eq. (4-5)
Parameter defined in Eq. (4-7)
Parameter defined in £g. (&-8)
Parameter defined in Eq. (4-9)
Parameter defined in Eg. (4-17)

Mass flux, kg/hr m? (lbm/hr-th}



Symbol

Tl

AP

Pr

Heat ¥ransfer cosffiedent, wiit O¢ (BtufRs<rEs OF)

Thermal conductivity of test tube, w/m °C (Btu/hr-ft °F)
Length of test tube, m (ft)

Mass flow rate of R-113, kg/hr (lbm/hr)

Nusselt number

Pitch of fin (length per turn), m (ft)

Pressure drop, bar (PSI)

Number of fins

Prandtle number of saturated ligquid

Pumping Power

Heat transfer rate to the coolant, w (Btu/hr)

Heat Flux w/m’ (Btu/hr-ft?)

Reynolds number

Fin thickness, m (in)

Temperature °C(°F)

Average inside Wall temperature

Average temperature of R-113 ° (°F)

Inlet velacity of R-113, m/sec. (ft/sec.)

Dryness fraction (ratio of vapor mass to total mass)

Average distance between fins, m (ft)

Greek Letters

o

Spiral fin tube helix angle (angle between fin and tube
axis), degrees
Dynamic visceosity, kg/hr-m (lbm/ft-hr)

Density, kg/m> (lbm/ft’)

89



Subscripts

aug
Cal
e

exp

in

Out

fin

Augmented surface
Calculated
Equivalent
Experimental
Inside

Inlet

Qutlet

Smooth surface
Wall

Fluid

Finned surface

90



APPENDIX C

COMPUTER PROGRAM FOR DATA REDUCTION

This program was written for H.P. 98458
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TERM
TUBE
No.
SM
STFIN
SP(3)
SP(4)
Tf in
TF out

G

DELTAT
Tow
Nu/Pr.0.4
G

Prdiff

£

Re

Hy

ERROR

Q/A

Xout

APPENDIX D
REDUCED DATA

EXPLANATION OF TERMINOLOGY USED IN

COMPUTER QUTPUT

Type of test tube
Run number

Smooth tube 1
Straight fin tube 2
Spiral fin tube 3
Spiral fin tube 4

R-113 temperature at the Inlet of test tube, o

o

R-113 temperature at the outlet of the test tube, F

Mass flux, lbm/hr—Ft2

o

Temperature difference (Tw - TF)’ F

Average outside wall temperature, &

Nu/PrG'4
Heat gain by the R-113, Btu/hr
Pressure drop, PSI

Fanning friction coefficient
Reynolds number

Heat transfer coefficient Btu/hr—Ft2 OF
Percent heat balance error

Héét“%fﬁ% ézayhr—ftz

Dryness fraction at exit
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TABLE (D-1): - REDUCED DATA

TUBE NO. Flo Tfin Tfout G DELTAT HMu-sPr~,4 Tow  ERROR
SM. 1 .256 33.83 B86.36 128231.3 2.44 23.57 32.55  2.2%
SM, 2 ,25@ 36.54 39.55 120195.98 6.34 13.77  33.3% 7.9l
SM. 3 .29 &7.26 92.93 129153.1 9.83 13.51 33,98 T.44
SM. 4 ,25@ 382.38 55.73 128288.7 3.%2 29.94. 28,44 4,32
SM. s .258 85.869 $5S5.99 128258.7 S5.3% 13.38 32,83  5.98
SH. 6§ .25@ 87.53 91.35 12882%.1 7.28 19.77 35.35 5.351
SM. 7 .25@ 91.55 BS4.15 153453.5 3,91 2%.78 88.77  3.31
SM. 8 .3S@ 284,33 88.45 163358.4 6.71 27.78  ¥3I.13  4.77
3M, 3 .358 98.63 %6.17 163247.2 9.98 23.33 182.51  5.42
SM. 18 .250 32.49 34,55 188324.8 3.57 29.8% 27V.19  F.19
3M, 11 .353 22.55 55,36 182375.1 4.47 38,32 33.73 -ti.32
SM, 12 .358 8S.46 B59.85 182292.8 7.24 23,24 34,33 8.l2
SM. {3 .490 78.53 88.59 19294%.9 3.35 31.8% 22,37  2.97
SM. 14 .498 79.57 33,19 132872.1 S.79 32.23  37.8%  3.73
SM. 1S .498 B86.96 385.28 132783.7 s5.76 32.43 23,37 2.20
3M. 16 .48 73.45 76.59 193%52.9 4.38 232,38 TI.22 3.9@
SM. 17 .4899 76.32 28.33 193727.9 6.23 32,58  324.54  3.13



TABLE (D-1): - (CONTINUED)

TUBE

SH.
SM.
SM.
SM.

SM.

SM.
SHM.
sM.

Sml

NO.

-

19
11
12
13
14

13

Flo

.259

.259

. 258

. 258

. 258

. 338
. 358
. 358
. 338
. 358
. 488

4893

Prdiff

. 8825
. BB26
. 8827
. 9925
. 8827
. 9928
. 8835
. 8837
» 8837
3837
. 3037
. 8838
B344
» 30435
0048
. 08843

. 8845

f

. 8838
. 8837
. 88359
8854
. 98358
3358
. 3848
. 3941
. 9841
.9841
8841
. 8842
. 9837
. 883283
. 3839
« 9835

. 8833

3573.2
3553.1
3696.9
3559.2
3528.8
2581.8
4927V .4
Se43.5
52%2.5
4946.3
4973.8
58%98.7

S517.5

187

132,

253,

22

[ Y]
—

)

o
w
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TABLE (D-1); - (CONTINUED)

TUBE NO. Flo Tfin Tfout G DELTAT Tow ERROR

STFIN 1 . 258 78,73 S8.42 114687.7 3.31 22.39 5.3

STFIN 2 . 259 77.89 82.48 114635.2 5.37 25.87 4.93

STFIN 3 . 250 77.38 34,47 114565.1 2.3 29.78 s. 87
STFIN 4 . 2598 79.88 83.38 1143%8.9 3.42 25.91 .73
STFIN 5 . 258 39,24 23.21 114337.4 S.27 23.44 B.l8
STFIN 5 .258 29.73 av.73 114234.93 3.273 92.51 5.62
STFIN 7 . 358 21,38 84,56 1559473, 3 2.99 35,33 2,15
STFIN ] » 3358 7997 24.28 168145.8 4.59 85,58 5,15
STFIN 3 » 358 73.44 24,82 158391.2 5. 39 37,24 4.5%
STFIN 19 » 359 79.358 73. 44 188357.4 3.82 20.92 3.358
STFIN 11l . 359 76.238 29.59 159734, 4 4.76 B3.29 2.23
STFIN L2 . 358 78.28 21.88 168789, %3 B.23 35.31 5.7
STFIN 123 488 75.92 78.33 1337352.3 2,93 =1 N g 4.31
STFIN 14 . 408 7.5 38,42 1327388.58 4.51 33,14 3.91
STFIN IS . 4849 v6.18 31.14 183724.3 5. 22 24,355 4.85
STFIN 15 » 480 76.41 73.39 133752.5 3.13 39, 54 4.25
STFIN 17 . 480 75.74 79.32 133382.5 4,38 31.5%9 4,73

STFIN 18 . 480 77.72 22.58 133558.4 5.323 35.4% 4.091



TABLE (D-1): - (CONTINUED)

TUBE

STFIN
STFIN
STFIN
STFIN
STFIN
STFIN
STFIN
STFIN
STFIN
STFIN
STFIN
STFIN
STFIN
STFIN
STFIN
STFIN
STFIN

STFIHN

HDI

(]

18

i1

13
14

1S

17

18

Flao

. 258
. 259

258

. 350
. 480
. 488
. 43908
. 438
. 488

. 489

Prdiff

8128

8133

.8138

.8185

@198

8218
. 2238
.9289
2218

. 8238

'P

8318
. 8385
.33183
. 9313

8318

.B21°7

3382.7

33%8.8

3481.2

4384.5
4773.4

4756.7

Hi

$8.31
93.45
88.35
38.47
38, 38

34.51

Y] w0
£ d
~J ~J
n 3]

0
@

55

MusF

41l-

48,

41'

33,

34,8

41.

4@.‘

44,

43,

rt.A

]

()
(v
o
5
T

]
-
(o]
u
a

—
i
(8]
i
(V)
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TABLE (D-1): - (CONTINUED)

TUBE

SP(32
SP(3
SP(3D
SP(30
SPC3D
P33
SPC(3D
SP(3)
SP(3D
SPC3)
SPC3>
SPC3)
SPC3
SP{32
SPC3Y
SPC(3J
SPC3D

SP(32

NO.

L1 1Y

i3]

18

11

12

13

Tfin

58.43
89.87
32.5%
85.31
87.35
92.57
gz.62
84.13
88.82
82.39
34.56%9
36.81
32.0848
B3.795
83.51
21.93
22.38

82.%94

Tfout

96.52

198.43

83.42

93.43

1838.33

37.93
78.23
94.19
86.43
P8.58
35.88
29.10

F1.78

o

"

=

"

)
w

oy
—

(]

0
ra

-ERROR

.21

I
[ 4]



TABLE {D-1}: - (CONTINUED)

TUBE

SPL32

SPC3)

SPC3D
SPC3>
SPC(32
SP(3Y
SPC32
SP(32
SPC32
SPL3D
SP(32
SPC33
SPC3D
SPL33
SPC30
SPC32
SP(3Y

SP(3>

MO.

18
11
12
13
14

13

17

i3

Flo

.308
. 3680
. 388
. 380
. 328
. 309
.358
. 350
. 359
. 358
. 358
. 358
. 400
. 400
483
. 428
. 420

408

Prdiff

.81

IBI

.31

.91

lel

.81

IBl

81

. B2

81

31

=1¢)
52
S5
=17
S4
57
59
L
a8
28
gL

f

8234

. 8258

. 8384

. 8294

.B3282

. 83388

. 8287

LAZl4

LB241

LAZ41

LB214

Re

4178.5

4248.7

4345.4

4888.7

4174.5

4347,2

4598. 4

4771.8

4362.8

4531.4
47838.2
42388.5
S5485.92
5485.9
5498, 4
S484.2
5434.1

S5497.8

Hi

148.389
132,34

159.839
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TABLE (D-1): - (CONTINUED)

TUBE

SP(4)
SP(4)
SP(4)
SP ()
SP(4)
SP(4)
SP(4)
SP(4)
SP(4)
SP(4)
3PC4)
3P(4)
SP(4)
SP(4)
SP(4)
SP(4)

SPl4y

NO.

WD

13

11

12

13

14

13

18

TFin

31.54

83.79

34.56

33.48
36.8683
85.77
35.82
83.24
85.38
73.94

73.358

Tfout

98.14
91.353
BE.77
89.57
21.71
89.3%2
87,833
89.24
28.7S
93.65
78.08
31.14

33.359

33.087

34.13

G

38873.83
38792.2
38755.9
38837.4
33873.83
383858.2
55274.2
55274.2
55316.7
35265.7
35248.7
F3311.93
72248.5
73192.9
72133.4
7318%.58

78A97.7

BELTAT

.54

5.33

2.81

HusPr~.4
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TABLE (D-1): - (CONTINUED)

TUBE

SP(4)
SP(4)
SP(4)
SP(4)
SP(4)
SP(4)
SP(4)>
SP(4)
SP(4)
SP(4)
3P(4)
SP(4)
SP(4)
SP(4)
SPC4)
SP(4>

SP(42

HOI

19

11

13

14

15

17

Flo

.48

« 48

» 40

.48

. 48

« 23
« 35S
« 35
.35
.38
« 35

«35

Prdiff

.3664
. 0063
. 38693
. 8081
. 8858
. 3862
. G938
, @944
8941
. 8843
. 0042
. 8852
. 8854
. 3857
. B854
. 8@S7

. 9953

£

. B857
. 8673

. 8787

Re

3388.1

2472.4
2581.9
3218.7

3282.9

1a7.51

181.43

1585, 44
75.89
152.9%
75.44
7l.41
33.88
37.5°9
37.453
953.483
33,35

23.33
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TABLE (D-2): - REDUCED DATA

TUBE

sM.

snl

SM.

sM.

SM.

SM.

SM.

sM.

SH.

SM.
snM.
gM.
snM.

SM.

NDI

19
i1
12
13
14

13

17

13

Flo

25
« 23
« 23

23

« 33
« 35
'« 33
« 35
.35
«35
.40
.48
. 48
« 44
.40

48

Tfout

128.83
131.27
148.893
113.81
138. 48
139.53

130.24

139.88
129.8¢
132.19
139.83
131.79
135.949
141,49
129.74
133.41

148,45

Prdiff

.58

1.835

1.35

+ 38

.99

1.38

35

.38
.78
1.83
.34

» 33

189

.34
.58

.65

T 130

133.94
133.12
143,51
127.42
135.85
147,328

138.51
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TABLE (D-2): - (CONTINUED)

TUBE

s”l

SM.

SH.

SM.

SM.

sM.

SM.

SM.

SM.

SM.

snM.

SM.

SH.

SM.

NO.,

19

11

13
14
15
16
17

1s

Flao

.25

25
25
. 25
« 33
« 33
35
.39
35
« 35
.48
. 40
.43
.40
.48

.48

G

119273.7
113831.5
118894.5
119334.3
113%783.9
118241.9
166596.3
183951.4
16538€6.5
166354.2
166209.3
165289.7
131191.7
19@661.1
1%8871.4
1s8602.1
198183.4

189187.9

Re

3747.09
3842.66
4093.53
3723.17
3819, 71
3971.19
5329.41
5469, 43
5510.68
5273.64
S413.33
5616.27
£312.99
£033.38
5151.05
6846.12
§135.47

£353.99

Aout

. 1837

. 2834

. 3284

. 8832

. 1243
1794
@417
. 188348
.1888
. 8429
» 8851
1319
«B434

. 33886

a-A

4394.82

5314.83

8371.3%

3574,533

55183.31

291a.15

2187.27
4321.848

5949.92
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TABLE (D-2): - (CONTINUED)

TUBE

STFIN
STFIN
STFIN
STFIN
STFIN
STFINM
STFIN
STFIN
STFIM
STFIN
STFIN
STFIN
STFIN
STFIN
STFIN
STFIN
STFIH

STFIN

HO.

18

it

13
14

13

Fio

« 25
« 25
« 25

. 23

.35
« 33
«35
« 35
« 35
« 33
« 48
48
.40
L
. 48

.48

TFin

86.18
89.74
92.33
91.76
35.38
97,75
92.41
95.49
a7 .34
35.18
95.99
a7.43
33.67
35.084
98.71
92.83
93.74

7. 18

Tfout

128.53
131.18
137.32
129.89
133.79
136, 386
129,78
133.7@
136,88
131.18
132.53
135.45
138.35
132.87
138.28
129,73
132,33

137.88

Prdiff

.88

1.15

.33

1.18

.68

.35

43
.32
« 95
.34
.73

« 93

DELTAT

22.33
24.78
27.31
2.89

24.54

B3

[ 35}
3]

24.48

25.13

Tow

138.33
135.55
141,531
134.17
139.9a
l44.78
133,47

139,37
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TABLE (D-2):

TUBE HO.
STFIN 1
STFIN 2
STFIN 3
STFIN 4
STFIN =]
STFIN 5
STFIN 4
STFIM 3
STFIN 3
STFIM 18
STFIN 11
STFIN 12
STFIN 13
STFIN 14
STFIN 15
STFIN L8
STFIN L7

STFIN 18

(CONTINUED)

Flo G

« 25 114182.3
«25 113654.4
. 235 113321.5
295 113444.2
' 25 113111.5
.25 112591.,1
« 35 158552.2
.33 158298.3
«33 157718.3
« 335 158583.2
« 35 158134.4
. 35 157628, 3
48 1813%98.7
« 48 131998.4
48 139193.7
. 48 15315658.9
. 44 131314.58

48 139538.49

Re

4837.3

4180.5

4899,8
$1383.9
4247.8
S743.2

5859.7

S913.35

3318.4

3346.8

59@6.1

6503.6

B372.3
£858.:3

BTI2.5

Bout

3R

B52%. 82
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TABLE (D-2): - (CONTINUED)

TUEE

SPC32
SPC32
SPC3D
SPC3
SP(3>
SPC32
SPC3>
SPC3D
SPC3D
SRC3D
SPC3D
SP(3>
SPC3D
SP(3D

SPC3D

HO.

18

11

13

14

15

Fla

. 40
.48
.48
. 48
43

. 48

Tfin

g7.92
191.91
181.491
185,94
187.28
182.33
111.34
182.34
118.93

25.867
182.33
111.34

36.9%
183.91

1834.41

Tfout

129.28
134.69%
134,13
137.32
137.73
132.34
141.22
132.53
144,32
124.38
133.32
141.94
129.24
135.18

139.28

Prdiff
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TABLE (D-2): - (CONTINUED)

TUBE

SPC3
SP(3)
SPC3)
SPC3D
SPC32
SPC3D
SPC2D
SPC3D
SPC3D
SPC3Y
SPC3D
SPL3)
SP(3)
SP(32

SPC35

NO.

Flo

« 33

l35

« 35

« 48

.48

. 48

l4e

.43

.48

G

195448.3
195283.8
185133.2
124942. 4
184328.1
147123. 1

4156.6

o
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145508.8
169893, 3
168221.3
167124.3
169199, 4
168534.7

153373.49

Re

48987.3
4113.4
4118.4

4289.8

5911.1

5426.5

666%.1

5759.2

Hout

. 1379
» 2294

L2297

»2150

1188

2134

,8199
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RAH
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TABLE (D-2): - (CONTINUED)

TUBE

SPC4)
SP(4)
SPC4)
SP(4)
SP(4)
SPC4)
5PC4)
SP (4>
SP(4)
SP(4)
SP(4)>
SP(4)
3P(4)
SPC4>
SPC4y
SPC4)
SP(4)

SP(a)

NO.

(3

12

i1

12

13

i4

15

17

13

Flo

.48
.48
« 48
. 40

. 408

29
.25
.25
« 25
. 25
«35
.35
«35
« 35
«33

.35

Tfin

33.83
97.33
184,98
35.87
37.41
181.56
92.38
98.31

182.87

Tfout

129.87
135.75
128.72
129.78
135.91
129.81
138.7°7
124,11
138.13
135.74

148,41
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D
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TABLE (D-2): - (CONTINUED)

TUBE

SPC4)
SPC4)
SP(43
SP(4)
SPC4)
SPC4)
SPC4)
SPC4)
SPC4)
SPC4)
SP(4)
SP(4)
SP(4)
SP(4)
SPC4)
SPC4)
SP(4)

SP(3>

NO,

18

11

13

14

15

Flo

. 48

48

I4g

. 448

.48

« 40

I25

« 25
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.33
<35
.35
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«33

G

87949.2
g7731.7
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88871.8
87s881.2
37622.9
55961.7
549859.3
54781.3
55€@95.7
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S4738.3
7rE21.3
773688.1
77288.7
7riiB.2
77308.8

77145.9

Re’
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»
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. 35383
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B A
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APPENDIX E

ADDITIONAL INFORMATION ON THE INSTRUMENTATION

AND COMPONENTS USED IN THIS STUDY

1. R-113 FLOW CIRCUIT

A. Components:

1.

Refrigerant-113 Liquid Circulating Gear Pump:

Sherwood Alear Siegler Company

Bronze Rotary Gear Pump

Model: S and V Series

R.E.M.2 %725

Pipe Size: 1/4"

Shaft Diameter: 1/2"

HoP.: 1/3

Dripless Mechanical Shaft Seal, Self Lubricated.

Refrigerant-113 Liquid Circulating Pump Motor:
Dayton-Electric A.C., Motor

Model No.: 5K--1

R.PaMas 1285

H.P.: 1/2

HZ: &0

Refrigerant-113 Filter:

Sparlan-Catchall Refrigerant Filter Type: C-304
Refrigerant-113 Liquid Receiver:

Midlan-Ross Refrigerant Type Circular Tank

Serial No.: 2193
Size: 3.5 gallons

Working pressure: Maximum Allowable Working Pressure

400 PSI at 650 °F
Refrigerant-113 Valves:
Diaphram Packless Line Valves
Superior Brand, Solder to Solder Type
A. Model No.: 214-45 (1/4")
B. Model No.: 216-105 {5/8")

Refrigerant-113 Tube Connectors:

Standard Copper Tube
Sweat Fitting Type

13



114
7. Thermocouples:

Copper-Constantan Thermocouple of Type RIP - 24 gage.

8. Test Section, and Preheater, Locally constructed:
Material: Copper Tubing
Heating Element: Ribbon type chromel of 0,204 /03.48 cm
Teflon tape: Saunder type 5-17
Epoxy: Armstrong A-68 and B-68 types

Instrumentation

1. Refrigerant-113 Liquid Level Gauge:

Brooks Rotameter view meter
Type: 6-1355-VB
Serial No.: 6507-36340/4

2. Refrigerant-113 Flow Meters:

a. Fischer-Porter Variable Area Type Flow Meter
Range: 0~8.35GPM liquid
Model: 10A3565S5
Serial No.: 7207A4733A2
Tube No.: FP-1/2-27-G-10/55

b. Fischer-Porter Variable Area Type Flow Meter
Range: 0~0.5 GPM liquid
Model: 10A3565S
Serial No.: 7207A4733A1
Tube No.: FP-1/2-17-G-10/55

3. Refrigerant-113 Pressure Gauge:

Heise Pressure Gauge of Type H28832
Range: 0~200 psig

4. Pressure Transducer:
Pace Wiancko Division of Whittaker Corporation
Model: KP15 Pressure Transducer
Serial No.: 150330
5. Transducer Indicator:
Pace Wiancko Division of Whittaker Corporation

Model: CD25
Serial No.: 23449
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Voltage Regulator

Superior Electric Co.

Powerstat Variable Autotransformer
Input: 240 Vv, 60 HZ

Output: 0-280 V, 28 A, 7.8 KW

A.C. Ampere Meter:

Daystrom, Incorporated Weston Instruments Div.
Westen Instruments, Inc.

New York, New Jersey

Model: 433 No. 164330

A.C. Volt Meter:

Daystrom, Incorporated Weston Instruments Div.
Weston Instruments, Inc.

New York, New Jersey.

Model: 433 No. 146652

Data Acquisition System:

Esterline Angus an Esterline Company
Model: PD-2064
Type: Key Programmable

The system can gather analog and digital data from
up to 64 channels under the control of tiny microprocessor.
The system outputs the measured values in engineering or
scientific units through various output devices. The
solid-state integrated circuit microprocessor is combined
with RAMs (random access memory devices), ROMs (read-only
memory devices), PROMs (Program-mable ROMs) to provide a
keyboard-programmable system that permits the instrument
to scan, measure, collect, identity, and record both ana-
log and digital input signals.

Accuracy:

With Ambient Temperature at 77°F % 9°F

3 0.01% of reading, ¥ 0.015% full scale, # 1 Count on 4000 MY
range;

T 0.01% of reading, * 0.03% full scale, + 1 Count on 400 MV
range;

F 0.01% of reading, ¥ 0.04% full scale, ¥ 1 Count on 40 MV
range.

Over full Operation Ambient Temperature Range of
32°F to 122°F

0.5 uV per °C, * 0.01% of reading, + .04% full scale,
1 Count on all ranges.



10. Vaccum Pump

Matheson Scientific
Division of Will Reoss, Inc.
Serial No.: 1173

Power: 115 V, 60 HZ

Connections: 3 Conductor Power Cord with 2 prong adaptor.

Inlet and outlet Connector to 3/8" 1.D. hose.

Function: Portable A.C. Power Source of vaccum (to 686 mm/

27"Hg) or Pressure (to 1.7 kg/cm?, 25 psig)

2) WATER FLOW CIRCUIT

1. Cooling Water Flow Meters:

a. Brook Rotameter
Type: 110-09H3A1B
Serial No.: 7201-74650/1
Tube No.: R-9M-25-1 BR-3/4-14G10
Range: 0 ~ 3 GPM

b. Brooks Rotameter
Type: 1
Serial No.: R-9M-25-2
Range: 0 ~ 2 GPM

2. Cooling Water Pump

A.0.Smith Co. Pump.
Model No.: C48L2DAT1A4
Serial No.: J69

HP.: 1

R.P.M.: 3450

HZ: 60



APPENDIX F

UNCERTAINTY ANALYSIS IN EXPERIMENTAL MEASUREMENTS
OF HEAT TRANSFER COEFFICIENTS

The uncertainty intervals for individual measurements are

summarized as follows:

Smooth Tube 1

Measurements Uncertainty Inverval
1. Tube radius * 0.001 ft
2. R-113 Temperature + 0.6 °F
3. Tube wall Temperature + 0.6 OF
4. Tube length + 0.002 ft

5. R-113 flow rate 1.0% of flow

I+

I+

6. Inlet enthalpy of R-113 0.15 Btu/lbm

1+

7. Outlet enthalpy of R-113 0.15 Btu/lbm
Kline and McClintor [ 15] presented a method of analyzing the effect
af uncertainty in each variable on the uncertainty of the result.

This may be represented by:

Wp = {zitz—s_ ‘ﬁ‘\,.)z}l/2 (F-1)
i i
where
WR = Uncertainty in calculating of R
R = Result
Vi = Independent variable
WV = Uncertainty in Measurement of Vi

117



118

For single phase flow and subcaooled boiling, the heat transfer coef-
ficient, ﬁl was calculated as follows:

[ 0 (F-2)

By applying Eq. (F-1), the uncertainty in calculating h can be

written as

_ oh ., +2  ,3h . .2  ,ah 2 ,2h 2 %
WF =2 4 (Ea NQ} + (EK'NA) + (BT WT T+ (ET— WT )7} (F-3)
W w f f
From Eq. (F-2)
3h ) q
R e e (F-4)
W f
3h =
‘% Z . (F-5)
A (Tw - Tf)

=

?? = s 7 (F-6)
W A (Tw - TFJ

=

- - — (F-7)
F A (Tw - TF}

For run number one of the smooth tube (Table D-2) Appendix (D)

A:wDL:ﬁ(gf[—g—aé) X 4.375 = 0.624 ft°
T = 133.94 °F

W

T, = 110.23 O

Q = 2742.87 Btu/hr
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(F-4) to (F-7) to get the numerical values

substituting in Egs.

ah 1 _
3q 0.624 (133.96 - 110.23) - 714.8 (F-8)
LU St = - 296.91 (F-9)
(0.624)° (133.94 ~ 110.23)
n - 274237 - = - 7.82 (F-10)
W (0.624)(133.94 - 110.23)
ah 2742.87 _
Uen (55,9 - 1.3y - 082 (F-11)

It was estimated that the maximum uncertainty in the heat transfer

therefore WQ =+ .07,

4= 0
0y

Q to be t
Uncertainty for energy transfer, WQ

+ 192.00 Btu/hr

7
= 100 X 2742.87 =

The estimation of the uncertainty for the heat transfer area,wA:

A = 2ZarbL

Thus, the uncertainty

3A 2 (3A 2 0%
{(ar wr) M (aL NL) !

Wa
From Eq. (F-13):
3A
5 = 2Z=L
3A =

(F-12)

(F=13)

(F-14)

(F=15)

(F-16)
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substituting Eqs. (F-14) and (F-15) into (F-13) yields

'Ii

_ 2L 2
wA = {(ZHLNF) : (zner) } FE<TT)
9 L
Wy = (21 X 4.375 X 0.001)° + (2 95232 X 0.002)%)%
Wy = 0027 il (F-18)

supstituting Egs. (F-8), (F-9}, (F-10), (F-11), (F-12}, and (F-18)

into (F-3) yields

- - ?
he s {(Tzl§ X 192.00)2 + (=296.91 X 0.027)% + (-7.82 X 0.5)°
2 %
+ (7.82 X 0.6)°17
- 2 a
WH = * 16.63 Btu/hr ft F
_ Bty
Therefor, h = 165.8 " th o * 16.63

Uncertainty for this run is about # B.95%

Cne can assume that this uncertainty is representative of the

uncertaties of all other runs.
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ABSTRACT

In the present study, heat transfer and pressure drop data were
teken during single phase heating and subcooled boiling of R-113 in-
side four vertical electrically heated tubes. One of theses was a
smooth tube and the remaining three were internally finned tubes. For
single phase flow heating inside internally finnmed tubes, appropriate
modifiers were identified and applied to the smooth tube heat trans-
fer and pressure drop correlations to bring about the best agreement
between the measurements and predictions for these tubes.

The results are summarized as follows:
1 - In single phase heating, over Reynolds number range tested, the
highest enhancement in the heat transfer coefficient was 180%, over
the smooth tube results on nominal area basis.
2 - A correlation equation was developed for predicting the heat trans-
fer coefficient during single phase heating inside internally finned
tubes. It is applicable to a Reynolds number in the range of 3300
to 5500.
3 - Over the same range of Reynolds number, for single phase heating
inside finned tubes, a new pressure drop correlation was developed.
4 - In the subcooled boiling regime, the finned tubes had a diminishing
effect on the heat flux, at a specified wall to fluid temperature dif-
ference. No attempt was made to develop a heat transfer or a pressure
drop correlation in this flow regime because of the limited data ob-
tained.
5 - In the subcooled boiling regime, the pressure drop for finned tubes
was slightly higher than the smooth tube at the same mass flow rate and

heat flux input.



6 - The pumping power per unit heat transfer subject to the constraints
of fixed geometry and the same flow rate was used to evaluate the per-
formance of the tubes tested. The smooth tube required the least power

in single phase flow.



