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CHAPTER 1
INTRODUCTION

Vertical tube evaporators have been used in numerous industrial
equipment since 1877. A number of investigators have explored the use
of different technigues to augment the heat transfer of evaporators and
therefore improve their performance. Augmentation of heat transfer in
these evaporators leads to a reduction in their size and hence a reduc-
tion in their cost. According to a survey conducted by Bergles [1], it
was estimated that investment in heat exchanger equipment in the U.S.
would approach 1 hillion dollars annually in the next few years and sav:
ings in the 10 million dollar range could be obtained with 10-20% reduc-
tion in capital cost.

In general, a lot of emphasis is being placed these days on optimiz-
ing the performance of heat exchangers. Therefore, an accurate knowledge
of the heat transfer coefficients and pressure drop is mandatory, before
optimization can be achieved., The following factors have to be taken
into consideration when choosing a particular augmentation technique:
capital cost, development cost, operating cost, safety, reliability,
and maintenance cost.

The number of augmentation techniques, which are being investigated
is increasing. These include fluid vibration, electrostatic fields,
surface vibration, fluid additives, surface promoters, swirl flow genera-
tors and displaced promoters. Heat transfer enhancement by surface pro-
moters and swirl flow generators, has been found to be most promising.

The displaced promoters have an inherent disadvantage, in that they are



difficult to install inside tubes and produce large pressure drops.
Swirl flow can be achieved by using coiled tubes, propellers, spiral fins
and twisted tapes. It has been realized in recent years that spiral fins
produce a better fin effect when compared to twisted tape inserts.

The main concern of the present study was to investigate the augmen-

tation of saturated boiling heat transfer by internally finned tubes.

Flow Regimes for Boiling Heat Transfer

Figure 1.1 shows the various heat transfer regimes encountered in a
vertical tube, heated uniformly over its length and fed with sqbcooied
Tiquid at its base. In region A the process of heat transfer is single
phase convective heat transfer to the liguid phase. In this region, the
liquid is being heated up to the saturation temperature and the wall tem-
perature remains below that necessary for nucleation, The heat transfer
mechanism in region 8 is known as subcoo]ed nucleat boiling, with vapor
formation taking place in the presence of subcooled liguid., In this
region, the mean bulk fluid temperature is increasing to the saturation
temperature, whilst the wall temperature remains essentially constant, a
few degrees above the saturation temperature. The liguid reaches the
saturation temperature in the transition region between B and C, where
subcooled nucleate boiling regions exist. The guality increases through
the saturated nucleate boiling region and a point may be reached where
a transition in the mechanism of heat transfer occurs. The process of
"evaporation" replaces the process of "boiling", A change in flow pattern
from bubbly or slug flow to annular flow takes place before the transi-
tion can occur, as represented by regions E and F. Evaporation occurs in
the liguid film-vapor core interface, due to heat transfer by forced

convection from the wall. In the forced convective region, nucleation is
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completely suppressed and the regions E and F are referred to as the two
phase forced convective region of heat transfer.

The complete evaporation of the liquid film occurs at some critical
value of the quality. This region is termed the liquid deficient region,
corresponding to region G in Fig, 1.1 and is accompanied by a rise in the
wall temperature for channels operating with a controlled surface heat
flux. A transition to dry saturated vapor takes place in region H. A
condition known as “dryout" occurs in the liquid deficient region. It
often 1imits the amount of evaporation that can take place in a tube at
a particular value of heat flux. "Dryout" is an extremely important
phenomenon in the design of pipe stills, evaporators, nuclear reactors
and boilers.

It is an established fact the heat transfer characteristics depend
on the flow regime. The heat transfer regime encountered in the present
experimental investigation was chosen to be in the saturated nucleate

boiling region.



CHAPTER II
LITERATURE SURVEY

A bibliography of world literature on augmentation was published by
Bergles et al, Eﬂ in 1979, Over 1900 references were cited in this
bibliography. A similar bibliography was published by Bergles and Webb
[3] in 1970. It included 472 references. For the purpose of the present
study, only the references relevant to augmentation of single phase and
boiling heat transfer by internally finned tubes will be reviewed,

Boling et al. (4] reported that evaporator performance could be
considerably improved by using fins within the refrigerant flow passage.

Bernstein et al. [5] investigated the performance of once through
zero gravity boiler tubes, with two phase water flow. The different tube
configurations used in the experiment, included internally finned tubes,
It was reported that the boiler tubes with some device to turbulate or
baffle the fluid, displayed a remarkable improvement in heat transfer,
over a straight round tube, Most of the boiler pressure drop was found
to occur in the high guality regime.

Kidd {b] analysed the heat transfer and pressure drop characteristics
of gas flow inside spirally corrugated tubes. The results showed that
spirally corrugated tubes were very effective in enhancing the heat trans-
fer,

Lipets [7] analysed the hydraulic resistance and the temperature
reqgime of tubes with internal longitudinal fins, Experiments proved the
efficiency of internal fins in reducing the wall temperatures of super-
heaters.,

Watkinson et al. [8] investigated the heat transfer and pressure drop



characteristics of integral inner fin tubes, in turbulent water flow.
Based on inside tube diameter and nominal area, the heat transfer was
enhanced up-to170% over the smooth tube values, at constant Reynolds
number in the range of 100,000 to 150,000. Fin spiralling was reported
to have led to a considerable improvement in performance, under both
constant flow and constant pumping power conditions.

Wither and Habdas Eﬂ investigated the heat transfer characteristics
of helically corrugated tubes for in-tube boiling of refrigerant-12, in
the temperature range of 30° to 50°F and over the full vaporization range.
They reported that the integral, internal helical ridging resulted in
doubling or tripling of the in-tube boiling film coefficient of heat
transfer, and increased full vaporization heat flux by up to 200% over
the peak burnout flux for the plain tube.

Ornatskiy et al, [}d] presented a method for calculating the tempera-
ture of a pipe with internal fins, trapezoidal or rectangular. This method
also helped in rationally selecting the geometry of the finned surfaces,

Watkinson et al. [11] reported heat transfer and pressure drop
measurements for eighteen internally finned tubes in turbulent air flow.
Heat transfer enhancements varied from 17 to 95%, over smooth tube values,
at a Reynolds number of 50,000, based on the inside diazmeter. At con-
stant pumping power, the performance of spiral fin tubes increased with
the inter fin spacing to pitch ratio. For straight fin tubes, the per-
formance was relatively insensitive to the inter fin spacing to equiva-
lent diameter ratio,

Masliyah and Nandakumar [12, 13, 14] analytically studied the heat
transfer characteristics for laminar forced convection, fully develcped

flow in an internally finned circular tube, with axially uniform 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 trans-
fer, there exists an optimum fin number for a given fin configuration.
Soliman and Feingold [15] investigated the performance of quintuplex
internally finned tubes. They reported that remarkably compact heat
transfer equipment could be produced with quintuplex tubes, when compared
with similar smooth tube heat exchangers. However, this would be possible
only at the expense of increasing the pumping power, The authors recom-

mended quintuplex tubes when the size of the heat transfer equipment is

to be kept to a minimum. But for applications where a certain amount of
heat is to be transferred with minimum pumping power expenditure, the
single finned tube proved to be the best choice.

Vander Mast et al. [16] used sea water in falling film evaporators
and reported that the boiling mechanism is one of evaporation at the
continuous liquid-vapor interface, with 1ittle nucleation, It was found
that spirally corrugated tubes had better heat transfer characteristics
than smooth tubes.

¥an Rooyen and Krdger [17] investigated the heat transfer anc pres-
sure drop characteristics for laminar fiow of oil 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,

Marner and Bergles [18] carried out experimental studies on augment-
ing the heat transfer in horizontal tubes under Taminar flow conditions.

Tests were conducted with twisted tape inserts, internally finned tubes



and static mixer assemblies. Based on constant pumping power performance,
the internally finned tube Tooked especially promising for cooling as
well as heating.

Patankar et al. [19] analysed the turbulent flow and heat transfer
characteristics of circular tubes and annuli with longitudinal internal
fins. The analysis was based on the differential equations for momentum
and energy conservaticn, in the flowing fluid, supplemented by a turbu-
lence model having an adjustable constant., Average Nusselt numbers and
friction factors were evaluated for a range of Reynolds numbers, fin
heights and number of fins., The results were found to be quite insensi-
tive both to fin height and to the number of fins.

Minchenko and Shvartsman [20] presented the results of an experimen-
tal investigation of the optimum geometry of internally helical finned
steam generator tubes, They demonstrated the high thermal efficiency of
the finned tubes in sub and supercritical pressure steam generators.

The study showed that the placing of helical fins with optimum gecmetries
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 [21] 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 and without a
star shaped insert. Heat transfer enhancements for internally finned
tubes ranged from 30 to 760% over those for the smooth tubes and increased
with mass velocity. Pressure drop increases ranged from 10 to 29C%. It
was concluded that internally finned tubes should prove beneficial in the
design of compact direct expansion water chillers and other eguipment in

which the refrigerant is evaporated inside the tube to cool a fluid on



the outside,

Carnavos [22] determined experimentally the heat transfer perfor-
mance for heating water in turbulent flow, having integral internal
spiral and longitudinal fins. The best performers were the tubes with
the higher helix angles and internal heat transfer surface relative to
a smooth tube. Also, Carnavos [}3, 24] investigated the heat transfer
performance for cooling air in turbulent flow with 21 tubes having inte-
gral spiral and longitudinal fins, The finned tubes were found to perform
better by factors of 1.2 - 2.0,

Soliman et al, [25] presented an analysis for fully developed, lami-
nar, convective heat transfer in tubes with internal longitudinal fins
and uniform outside temperature. They reported that the various fins
were more effective than the unfinned surfaces, based on average heat
transfer per unit area.

The literature survey revealed that the effect of internally finned
tubes in augmenting the saturated boiling heat transfer was not fully

investigated. The present study was directed towards this objective.



CHAPTER III
EXPERIMENTAL INVESTIGATION

The primary objectives of this experimental investigation were:
i) To obtain experimental heat transfer and pressure drop data during
forced flow of saturated boiling inside vertical tubes with and without
internal fins,
i)} To develop design correlations for predicting the heat transfer and
pressure drop during boiling for the finned tubes.

The test fluid used was R-113.

3.1 EXPERIMENTAL 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 liguid.

ii) Preheaters,

ii1) Observation section located at inlet to test section.

iv) Four, parallel, vertically mounted, electrically heated boiler
tubes. One tube was smooth, the second had straight fins on the inside,
the third and fourth tubes had spiral fins.

v) Condenser.

vi) Liquid receiver.

vii) Liquid flow meters.

R-113 was pumped from the liquid receiver to the test section through
the preheater, which was used to control the inlet temperature to the
test section. The test sections were electrically heated, well instru-
mented to measure the outside wall temperatures, at different locations

along the test section.
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The flow meter was used to measure the total flow rate of the R-113
entering the test section.

A1l temperatures were measured by copper constantan thermocouples of
type RIP-24. A1l 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 test facility is given in Fig. 3.2.

3.2 TEST SECTION

The following tubes were tested: a smooth tube, tube 1, a straight
finned tube, tube 2, and two spiral finned tubes with different helix
angles and outside diameters, tubes 3 and 4. The geometric parameters of
these tubes are given in Table 3,1. A photographic 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 mea-
sure the wall surface temperatures at equidistant axial locations. At
each location fwo thermocouples were silver-brazed to the surface oppo-
site each other. The distance between the two thermocouple stations at
the top and the bottom was half the distance between 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



Fig. 3.2 Photographic View of the Entire Test Facility.
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TABLE 3.1, Geometric Parameters of the Tubes Under Study

(A11 Values in Cm.)

15

Tube No. 1 2 3 4
Type Smooth Straight Spiral Spiral
Finned Finned Finned
Material Cu Cu Cu Cu
Length 133.8 135.89 134.62 1335
No. of fins, n - 10 32 16
Outside diameter, D, 1.5875 1.5850 1.5875 2.2162
Inside diameter, D, 1.3843 1.4199 1.4707 2.0384
Equivalent diameter, Dy 1.3843 1.3600 1.4028 1.9870
Hydraulic diameter, D 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, A ** 1.5050 1,5835 1.6988 3.2634
Core flow area, Afc** - 0.9588 1.3966 2.1181
Actual area, Aa** 4,3489 6.6800 9.1292 11.3000
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 lenaths and areas
. 9
**  area in cm”

**  area in cmzlcm

are in cm and cm2 respectively, as appropriate.
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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 heat-
ing 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 entire 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 transparent 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 construction 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 (0.002m) 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
(0.005m), The copper sleeve was silver brazed to the tube and a hole was
drilled in it to accomodate a short copper tube 1/8 in (0.003m) I.D. The
two pressure taps, at the top and the bottom, were connected to the pres-
sure transducer by means of two separate pieces of tubing which were con-
nected 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 above arrangement minimized this possibility
and produced an averaging effect at the pressure taps.

The pressure drop across the pressure taps was measured by a Pace
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Wianco pressure transducer model KP15, which was connected to a Pace
Wianko digital indicator, model CD025. It was calibrated using a dead
weight tester. The calibration curve for the pressure transducer is
given in Appendix G, Fig. G.1.

The flow rate of the refrigerant was measured by two Fisher and
Porter variable area flow meters, which were mounted vertically in paral-
lel, to be used individually or simultaneously to measure the flow rate,

The power input to the boiling test secticn and the preheaters was
controlled by means of a variable transformer and the voltage and current
across each heating circuit were measured by a digital voltmeter and a
digital clamp-cn ampmeter, respectively. Additional details about the

instrumentation used is given in Appendix D,

3.3 OPERATION OF EXPERIMENTAL FACILITY AND DATA ACQUISITION

-After installation, the system was checked for leaks uncer pressur-
ized and evacuated conditions. It was then evacuated down to 1000 microns
of Hg by a vacuum pump. The Tiquid receiver was then filled to the top
with R-113 before the final evacuation process was started. It was then
isolated from the rest of the system. The system was then evacuated down
again to 1000 microns of Hg.

The water pump was then put into operation and the flow rate adjusted
to any desired level. The liquid freon was pumped from the liquid receiver
through the flow meter and the preheater to the test section, by adjusting
the proper valves. The flow rate of R-113 was adjusted to the desired
value and the electrical power was then gradually and simultaneously
applied to the preheater and the test section until equality of the inlet
and outlet temperatures of R-113 in the test tube was achieved. The equal=

ity of the inlet and outlet temperature was accompanied by single phase
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liquid entering and boiling fluid leaving the test section. This proce-
dure ensured that saturated conditions were maintained throughout the
test tube. For each experimental run, steady state condition was estab-
lished when the readings of all temperatures, pressures and flow rates
remained steady for a period of at least two hours.

During each experimental run, the following measurements were taken:

i) The inlet and outlet temperatures of R-113 in the test section,
in mov. °C (OF).

ii) The temperatures of the eighteen thermo couples attached to the
outer wall of the boiling section in °C (°F).
iii) The flow rate of refrigerant into the test section in gpm.
iv) Inlet gauge pressure of R-113, entering the test section, in
psig.

v) Pressure drop across the test section in m.v. (psi).

vi) The readings of the voltmeter and ammeter connected to the test
section in volts and amps, respectively, v
vii) The atmospheric temperature, in °F.

Before the saturated boiling experiments were run, it was felt essen-
tial to carry out a heat balance test for single phase flow, for every
flow rate tested, to test the performance of the test facility. The heat
balance calculation was based on the heat input and the heat gained by
the freon, taking into consideration the conduction losses at the top and
bottom. If the heat balance error was within ¢ 6%, data for saturated
boiling were taken for this particular flow rate, In such runs, the
electrical power input, adjusted for the conduction end losses of the tube,

was used to calculate the boiling heat transfer coefficient.



CHAPTER IV
EXPERIMENTAL RESULTS

4,1 INTRODUCTTON

Experimental data were obtained for the smooth and the three finned
tubes., Thirty-two readings were taken with the smooth tube (tube 1);
twenty-eight with the straight finned tube (tube 2); nineteen with the
spiral finned tube (tube 3); and seventeen with the spiral finned tube
(tube 4). The heat transfer and pressure drop results formed the major
focus of the study. The main parameters that were varied were the mass
flow rate, the heat flux input, and the saturated boiling temperature.
The ranges of experimental parameters are given in Table 4.1,

The average heat transfer coefficient for the entire test section
for all the tubes, was calculated from |

h1 = Q = — *Q (4.1)
AAT  (m Di L) (THL - Tav)

where Q represents the elactric input to the test section; Di represents
the inner diameter of the test tube; L represents the length of the test
section between the points, where the electrical heat input was supplied;
TNL represents the average inside wall temperature along the test section
and Tav is the average of the inlet and outlet temperatures of R-113.

The average inside wall temperature TwL was obtained from the average
outside surface temperature of the test tube (= arithmatic average of all
outside surface thermocouples) and the temperature drop across the tube
wall. This temperature drop was obtained from the one dimensional heat

conduction equation for a cylinder.
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TABLE 4.1. Ranges of Experimental Parameters Covered

Refrigerant's Mass Flux 44,48(32850.46) - 183.94(135847.10)
(based on nominal inside area)

_jﬂ%? (1bm/hr - ftz)
S=m

Overall Heat Transfer 1716.27(302.27) - 9511,13(1675.08)
Coefficient

u/me O (Btushr Ft8 OF)
Overall Heat Flux 5073.27(1614.,51) - 13217.90(4206.44)
W/me (Btu/hr £t2)

Saturation Temperature ' 47,20(116.96) - 63.21(145.77) % (OF)

Qutlet Quality 0.1114 - 0.8150
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As was mentioned earlier, the heat input to the preheater and the
test section were adjusted, such that the inlet and outlet temperatures
were the same and no boiling was observed at the inlet observation sec-
tion, while boiling was observed at the exit section. This guaranteed
that R-113 entered as saturated liquid and left as partially boiled at
the same temperature,

A sample of the calculation procedure is given in Appendix A,

4,2 HEAT TRANSFER RESULTS

The overall average heat transfer coefficients at various exit gqual-
ity ranges are plotted versus the mass flux in Figs. 4.1 through 4.5 for
all tubes tested. The heat transfer coefficient was found to increase
with mass flux, in all the ranges of exit conditions, for all the tubes.

The results were correlated by the following equation:
R=cg" (4.2)

where c andn are constants obtained using the least square regression
analysis. Their values are given in Table E.1 in Appendix E.

With the increase in mass flow rate it can be seen that the heat
transfer coefficient increased at a faster rate in the spiral finned tube
3, when compared to the other tubes,

The enhancements in heat transfer obtained with tubes 2 and 3 com-
pared to tube 1, at three selected values of mass flux and different
ranges of exit dryness fraction, are given in Table 4,2. Tube 4 was not
included in this comparison due to the fact the mass fluxes in the table
could not be covered.

The percentage enhancement was calculated from the following ratio:
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TABLE 4.2, Summary of Heat Transfer Enhancements of
Finned Tubes Over Smooth Tubes
Tube No. Refrigerant's % Heat Transfer Enhancement at
Quality Different Mass Vsmcities,
Change &X 1b/hr ft
80,000 100,000 130,000
1) Tube 2 59 54 48
0.17 - 01231
Tube 3 75 134 230
2) Tube 2 53 a5 35
00243 - 00285
Tube 3 57 97 156
3) Tube 2 39 37 35
0.295 - 0.332
Tube 3 48 g7 175

31
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+ = (0 finned tube - A smooth tube) x 100%
h smooth tube

% Enhancemen (4.3)

Straight finned tube (tube 2)

The enhancement in heat transfer decreased with increase in mass flow
rate and the above trend was found to hold true for all the exit dryness
fraction ranges covered.

There was a maximum enhancement of 59% and a minimum value of 35%.

Spiral finned tube (tube 3)

The heat transfer enhancement increased with increase in mass flow
rate. A maximum enhancement of 230% was attained with the minimum value
being 48%,

The highest enhancements in heat transfer coefficients were obtained
with the spiral finned tube (tube 3),

Thus it can be seen that the enhancement of heat transfer by tube 3
was better than the enhancement of the straight finned tube (tube 2),
despite the fact that both had the same outside diameter and length,
However, tube 3 had 32 fins compared to 10 for tube 2. Also, the fins
of tube 3 were spiral and resulted in vortex flow which caused a consider-

able increase in heat transfer.

4.3 PRESSURE DROP RESULTS

The two phase pressure drop, which includes both friction and accel-
eration pressure drop terms, is plotted versus the mass flux in Figs,
4,6 through 4,10, for different ranges of exit qualities.

The pressure drop was found to increase with mass flux in all the
tubes considered, over the different exit quality ranges.

The maximum pressure drop values were obtained in the straight finned



PRESSURE DROP (BAR)

| G (LB / HR. SOFT)
#1864 4 5 5 7 8 91g9 15*113;*

s - l | I 1} ) ] l -
4 Xout =0.17-0.231 E
2 L .
B.I == 2 —R 2
8 a—" — 4
6 1*—*"//(: 3!
4 ]
2 - —
Bl =
N o1 g.1
4 s 6 7 8 § 2 2

G (KG 7 S- m2)

Fig. 4.6 Experimental Pressure Drop Versus Mass Flux .

( Xout = 0.17-0.231 ).

PRESSURE DROP (PSI)

33



PRESSURE DROP (BAR)

T T VT

3%194

6

4

8.1

G (LB / HR. SOFT)
4 5 6§ 7 8 9183

{5%194

I l l i I I [

Xout=0.243-0.285

1 1141

G (KG 7 S- m2)

1 ll!l]l

13

1.9

.1

Fig. 4.7 Experimental Pressure Orop Versus Mass F?ux,

( Xout = 0.243-0.285 ).

34

PRESSURE DROP (PSI)



PRESSURE DROP (BAR)

1194

6
4

8.1

.81

G (LB 7/ HR., SGFT)
4 3
|

-

lllll_u

1 ) 1! [ i '

Xout =0.295-0.332

S

1

Illljll i

I T
35 &8 7 839 8 2

G (KG / S m2)

5§ 7 8 3183  15%184

18

1.8

a.1

Fig. 4.8 Experimental Pressure Drop Versus Mass Flux

( Xout = 0.295-0.332 ).

PRESSURE OROP (PSI)

35



PRESSURE DROP (BAR)

g.!

%194

R. SQFT)

(LB / H
§ 7 8 9183
] i

G
4 S
-

15%104
13

f

4 -

2 -

l1llll|

{ ! |3 ‘

Xout=0.35-0.512

L1 1111

1.8

| Lll_lJl

G (KG 7 §- m2)

a.!

Fig. 4.9 Experimental Pressure Droc Versus Mass Flux ,

( Xout = 0.35-0.512 ).

PRESSURE DROP (PSI)

36



PRESSURE. DROP (BAR)

3*194

6

2

.81

G (LB 7 HR. SGFT)
4 3 §

7 88187

-
4;

l—lllll[l

11'

I I ¢ i | i I

Xout=0.576-0.815

i1t

1_1 lllll

1

G (KG 7 5~ m2)

{5%194
17

a.1

Fig.4.10 Experimental Pressure Drop Versus Mass Flux ,

( Xeut = 0.576-0.815 ).

PRESSURE. DROP (PST)

37



38

tube (tube 2), when compared to the other tubes, with the pressure drop
increases ranging from 72% to 107% over that of the smooth tube. The spiral
finned tube (tube 3) gave pressure drop values that were 66% to 84% higher
than the smooth tube.

The pressure drop results were correlated by the following equation:
nl
AP =(C!'G (4.4)

where C' and n' are given in Table E.2 of Appendix E.

Table 4.3 gives the percentage increase in the pressure drop values
of tubes 2 and 3, over the smooth tube (tube 1).

The percentage increase in pressure drop for the three arbitrarily

salected mass fluxes was calculated from the following relation:

(8P - 4P ) x 100%
% Increase in AP = finned tube smooth tube .51

8P mooth tube

The AP values were obtained from the correlating equations for the
different ranges of exit qualities and for the selected values of the

mass flux.



TABLE 4,3. Summary of

Increases in Pressure Drop

% Pressure Drop Increase

Tube No. aX at Different Mass Velocities,
Ib/hr. sq.ft. )
80,000 100,000 180,000
1)
Tube 2 95 85 72
0.170 - 0,231
Tube 3 76 71 £6
2)
Tube 2 96 89 81
0.243 - 0.285
Tube 3 78 74 65
3)
Tube 2 107 95 82
0.295 - 0.332
Tube 3 76 80 84
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CHAPTER V
CORRELATION OF EXPERIMENTAL DATA

5.1 INTRODUCTIOCN

Design correlations were developed for predicting the heat transfer
and pressure drop during saturated boiling inside internally finned tubes.
This was achieved by first identifying correlations for predicting the
heat transfer and pressure drop inside smooth tubes. Modifiers, based on
the geometric parameters of the finned tubes, were then identified and
applied to the smooth tube correlations to bring about the best agreement
between the experimental measurements and predictions of the modified

correlations,

5l HEAT'TRANSFER
5.2.1 Smooth Tube Correlations

The literature survey showed that there are several correlations
available for predicting the two phase local and/or overall average heat
transfer coefficients during boiling inside tubes. HNone of the available
correlations seem to predict well the data of different investigators.

A summary of these correlations follows,

The following equation was recommended by Pierre [26] for calculat-
ing the average heat transfer coefficient of evaporating refrigerants in

a horizontal tube,

My = 0,00097 (Re? kf)o.s (5.1)

valid for (10° < Re? k. < 0.7 x 10%)
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where,

g
= JAX h, - (5.2)
Re, = 6D,/

From the above equation for Nusselt number, the average F is given by:

K
= (5.3)
1

- 2, ,0.5
hrp = 0.00097 (Re® k)

The local heat transfer correlation of Dengler and Addoms [?7] is given

by

hrp = ——'0"5’3'5 =z 0 (5.4)

where hL‘ is obtained from Dittus Boelter equation.

0.8 0.4
k, 1D.G C *
h' =0.023 £ [ i (5.5)
D ML KL
for turbulent single phase fluid flow, and,
t, * {ﬁ]o.g [_H 0.1 [;EJM (5.6
4 g 9
The correlation suggested by Guerrieri and Talty [28] is given by
1 0.45
where,
k 0.8(C u, 0.4
n = 0.023 * =& |p, S{1=X) pL (5.8)
L U-:— 1 u k L
1 L L

The effect of nucleate boiling superimposed on convective heat trans-

fer was accounted for by a nucleate boiling correction factor:
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(5.9)

*1=5/9
:

NBCF = 0.187 [-"—
where, r* = radius of bubble, &§ = liquid film thickness.

One 1imit of the above equation is that MBCF cannot be less than
unity. This limit occurs at %; equal to 0,049, A value of %; greater
than 0.049 is physically interpreted to mean that the liguid is moving
swiftly enough to prevent bubble nucieation in the wall cavities at the
existing film temperature difference.

Bennett et al. [}9] suggested the following correlation for local

two phase heat transfer coefficient, due to forced convective boiling.

h 0.74 g.11
L {_].-._ X [.g.} (5.10)
Li At
where,
k
- 0.8 GD {0.8 0.4 "L
ho = (1) [o.oza[q} Pr, Ui-:{ (5.11)

The local heat transfer coefficient correlation of Chen [30] is

given by
hTP = hmac * hmic (5.12)
hmac = contribution due to convection, hmic = contribution due to nucleate
boiling.
hooo = 0.023 [G 5;")5}0'8 PrLO‘J'[‘-(DI-“-] F (5.13)

where,
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1
1 f 0.
or Xt—ti 1
F = (5.14)
1 0.736 1
2.35[ + 0.213] for > 0.1
Tet Tet
and,
0.79 ~ 0.45 _0.49 0.24 0.75
. 0.00122 k"**7 Cy oL ATeat 8Pent S (5.15)
e ;0.5 ,0.29  0.24 0.2

S = suppression factor (which is the ratio of the mean superheat seen
by the growing bubble to the wall superheat TSAT)

S is approximated by
S = 1/[1 + 2.53 x 1070 (Re, x F1+2%)] (5.16)

where F is given by Eq. (5.14).
Shah [?1] suggested the following correlation for local heat trans-

fer coefficient.
hTP = ) * hL (5.17)

where U is a demensionless parameter and is calculated as shown below.

The convective Boiling and Froude numbers are defined initially as

0.8 |p_10.5
& 1L (
o oo -
BO = q/(Gifg) (5.19)
2
Fo= G (5.20)

and the single phase heat transfer coefficient is given by
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0.8 k
- G(1-x)D["* g8 "L
h, = 0.023 ETTET_*] Pl T (5.21)

A dimensionless parameter N is defined as shown below:

For vertical tubes at all values of FrL and for horizontal tubes with

N=C_ . (5.22)
For horizontal tubes with F, < 0.04
- -043
N'=0.38 F Cy - (5.23)

a) For N >1.0

bop = 230 8%, 8, > 0.3 x 107 (5.24)
o =1+468°°,8 <0.3x10" (5.25)
by = ﬁ%%% (5.26)
If wnb > wcb , then ¥ = wnb .
If wcb > wnb , then Y = wcb "
b) For 0.1 <N <1.0
tps = F 8,007 Exp (2,74 N701) (5.27)

Yep 15 obtained from £q. (5.26). y is equal to the larger value of

Ibbs and l‘IJCb L]
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c) IfN<O.l
_ 0.5 -0.15
b b is obtained from Eq. (5.26).
Y equals the larger of wcb and wbs

F is obtained as follows:

B, 211 x 107,  F=14.7

B <11 x107%, F

o 15.43

Schrock and Grossman [3@ proposed the following equation for both
convective and nucleate boiling regions of heat transfer.
h

TP a/A R |
= A p— +m (5.29)
" {G‘fg {IEE] }

th beina the local heat transfer coefficient where,

A= 7.39 x 10° . m=1.5 x 10~
n = 0,66

and,

b = 0.0230L] ge, 08 py 173

L ' 'U; L L
where,

Re, = GD{1-x)
L UL

Sani [33] modified Schrock and Grossman's [32] correlation by a fac-

tor of 2, Therefore, his correlation of local heat transfer coefficient

is given by
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hep |
TP 2 14,700 ﬂ- +1,5 ¥ 10‘4(xtt)‘2/3 (5.30)
hL Gng

A1l the above correlations, except that of Pierre [2&] predict local
values of heat transfer coefficients, and therefore the overall average

values were evaluated from the following equation

Kout
o= 4

(xout - Xin)

(5.31)

h1oca1 dx .

Xin

The comparison between the predictions of the above correlations
and the experimental smooth tube measurements are shown in Figs. 5.1
through 5.8.

The results of the comparison are summarized in the following:

1) Sani's [33] correlation given by Eq. (5.30) correlated all the
experimental values of heat transfer coefficient to within t 30%.

2) The remaining correlations predicted values lower than the
measured values.

On the basis of these results Sani's [33] correlation was selected
as the basis for developing the finned tube correlations. In addition,
the attempt was also made to use the correlation parameters of Pierre's
[26] correlation to develop a heat transfer correlation for the finned
tubes, The reason was due to the fact that the correlation of Pierre
is among the most commonly used correlations. Also, a third correlation

equation was developed using the Martinelli-Nelson [?4] parameter.,
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5.2.2 Existing Finned Tubes Correlations
At the present time no correlations exist for predicting the heat

transfer coefficient during saturated boiling inside finned tubes. HMost
of the existing finned tube correlations were developed for single phase
flow. They were all based on applying modifying factors to the smooth
tube correlations. For single phase turbulent flow, Watkinson et al.
[5] proposed the use of{&i] for straight fins and h;i] and {51] for spiral
fins. The use of the rat?o of the fin spacing to th: equiva1:nt diameter
[gii was suggested by Ornatskii et al. [35].

: The heat transfer performance for heating water and air was indivi-
dually determined, in turbulent flow, by Carnavos [}2]. He correlated
the experimental data using the hydraulic diameter and the average bulk

physical properties. A1l heattransfer data were correlated by

= 0,023 Re?*8 (F) (5.32)

Pr-*

where,

3 (5.33)

Fy = _fa ©(5.34)
Afc
Aﬂ

Fo = (5.35)
a

F3 = Sec o (5.36)

where
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w0
’ szt

TTD2

I>
n

actual free flow area,

fa

, e’

Afc = open core free flow area,

An = nominal heat transfer area based on Di as if fins were not
present, cmzlcm,
Aa = actual heat transfer area, cmZ/cm,

Afn = nominal flow area based on Di as if fins were not present,

“012 2
o o,

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

2 2
nDe nDi
—— = —— - n bt/cos a (5.37)
4 4
2
mD ¢
£ =20, - ) (5.38)
4 4

The hydraulic diameter was alsoc defined by:

D, = — (5.39)

Using the above definitions, it can be shown that:

A 0 12
Fi= == | 2
1R, |0y [ - (26/0)]
2

(5.40)
[1 - (4nbt)/(m;" Cos a)]
[ - 26/0,]°
Fp = Aolhy = (030,105 ) - s (5.41)
2 n/a'(ih/e)-

[mD; + 2nb/Cos q]



n = number of fins ]
@ = helix angle of- the fin

—

rig. 5.9 Cross Section of Intermally Finned Tube
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5.2.3 New Finned Tubes Correlations

For saturated boiling, the attempt was made to use the same modifiers
suggested by Carnovas [22] to the smooth tube correlations to obtain a
general correlation for all the internally finned tubes. These modifiers
include all the geometric parameters, Di’ wy, b, t, n and a¢ of the internally
finned tubes. These parameters are defined in Fig, 5.9,

The values of Fl’ F2, and F3 obtained for the finned tubes, are given

in Table 5,1.

Table 5.1. Computed Yalues of Fl’ F2, and F

3
F Tube Tested
Yalue 2 3 4
Fy 1.515 1.1464 1.464
F, 0.6678 0.5061 0.5667
e 1.000 1.0413 1.0236

In the following sections three different heat transfer ccrrelations
were developed, The developments of these correlations is given in the

following sections.

a) Correlation Based on Pierre's Parameter (Rezkf)
Musselt number results of all tubes tested were correlated with -
Pierre's parameter [?6]. Using the least square regression analysis it

was possible to develop the following regression equations,

Tube 1

Nu = 12,24 * (Ra%k,)0+1458 (5.42)

f

(1.46 * 1010 < Re?

ke < 7,37 * 10

f
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Tube 2
Nu = 10,184 * (Rek )0+ 1678 (5.43)
(1.85 * 1010 < rek, < 9.54  10%0)
Tube 3
Nu = 59.66 * (Re%k)0-1213 (5.44)
(1.69 * 1010 < Refk . < 9,97 * 10%0)
Tube 4
o = 1,049 % (Rek,)0-2614 (5.45)

(8.10 * 107 < Re’k, < 3.66 * 10'°)

Figure 5.10 shows a plot of Nusselt number versus Rezkf for all the

tubes, From the plot one can infer that the Nusselt number increased with

2y

the increase in Rezkf. For a particular value of Re £ the Nusselt num-

ber is greater for the finned tubes than for the smooth tube. Tube 3

had the highest Nusselt number,
Nug.
After developing the above regression equations, the ratios of Nﬁflﬂ
sm
were then calculated for the three internally finned tubes, over

10 10y,

the common range of Rezkf (1.85 x 10*" < Rezk < 3.66 x 10

f

After several trials of using modifying factors involving Fl’ F2, and
F3 discussed in the previous section, and by using the least regression
analysis the following equation was developed

Nugsn

N
USTIT

3-715 * (F )‘8.884

= 1+ 0,00242 (F (5.46)

1) 2
where Nusm is calculated from Egq. (5.42),

Figures 5,11 through 5.13 show comparisons between the predictions of
Eq. (5.46) and the experimental measurements of the finned tubes.

The results in Fig., 5.11 show that Eq. (5.46) correlated the experi-

mental data of tube 2 to within + 30%.
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Figure 5.12 shows a plot of the values of Nusselt number predicted by
Eq. (5.46) versus the exberimenta1 values of Nusselt number for the spiral
finned tube (tube 3). A1l the data points, except two, fall within +30%
range of deviation.

Figure 5.13 shows a comparison between the experimental values of
Nusselt number of the spiral finned tube (tube 4), and the predictions of
Eqg (5.46). It shows that 88% of the data points lie within the + 30%

disagreement range.

b) Finned Tube Correlation Based on Sani's [33] Smooth Tube Correlation
Sani [33] modified the Schrock and Grossman [32] correlation to cor-

relate his own data points, and arrived at the following correlation.

h 0.66] k

TP A -4
—— g = 14700 GQ/ + 1.5 x 1074 = (5.47)
L( -x) hfg o 5 i

After several trials and by using the least regression analysis the
following equation was developed for predicting the heat transfer coeffi-

cient for finned tubes.

L
TN {1 + 0.00137 * (F1)4‘635 x (FZ)'9°853:[ (5.48)

hTP sm

where ETP om is calculated from Eq. (5.47).

Figures 5,14 through 5.16 show comparisons between the predicted heat
transfer coefficient obtained from Egq. (5.48) and the experimental values
of heat transfer coefficient.

The results show that 100% of the data points of tube 2, 64% of the
data points of tube 3, and 53% of ﬁhe data points of tube 4 agree with the

proposed correlation to within + 30%,



PREDICTED HERT TRANSFER COEFFICIENT

/ mé- oC)

{
\

MERSURED HERT TRANSFER COEFFICIENT
BTU 7 (HR.SQFT.F)

8 404 86a 1200 1640

19200 : T : :
11520
7500} Y
1200
g
5000
- 8@@
&y
i +
25ea 1 400
a [ 1 - B
2 2500 5000 7500 19000

MEASURED HERT TRANSFER COEFFICIENT
(W 7 me- oC)

Fig. 5.14 Comparison of Experimental Overall Average
Heat Transfer Coefficients With Predictions of
Modified Sani's Correlation,Eq(5.48) ,Tube 2.

PREDICTED HERT TRANSFER COEFFICIENT

65

BTU 7 (HR.SQFT.F)



PREDICTED HEAT TRANSFER COEFFICIENT

MERSURED HERT TRANSFER COEFFICIENT
BTU 7 (HR.SGFT.F)

- 8 409 804@ 1208 160808
100689 T 7 T T
-1669
0
/588t 0 x®
1268
0
0 PR
5008} iy
, 00 0 -1 884
0 0
2583- -4 4608
8 . : 4 8
8 1% 5600 7508 190098
MERSURED HERT TRANSFER COEFFICIENT
(W 7 m2- oC)

Fig. 5.15 Comparison of Experimental Overall Average
Heat Transfer Coefficients With Predictions of
Modified Sani's Correlation, Eq(5.48) Tube 3.

PREDICTED HEAT TRANSFER COEFFICIENT

66

BTU 7 (HR.SQFT.F)



PREDICTED HEAT TRANSFER COEFFICIENT

{R 7 mé- oC)

MERSURED HERT TRANSFER COEFFICIENT
BTU 7 (HR.SGFT.F)

@ 4009 804d 1200 1688
§51%150% T T T T
-11680
!\.
75088+ )
1204
Q;ll
5@88f ) A
A - 868
A
25@@' A A - 486
2 - - ' :
a 250809 5809 7508 190808
MERSURED HERT TRANSFER COEFFICIENT
(W 7 me=- oC)

Fig. 5.16 Comparison of Experimental Overall Average
Heat Transfer Coefficients With Predictions of
Modified Sani's Correlation, Eq (5.48), Tube 4.

PREDICTED HERT TRANSFER COEFFICIENT

67

BTU 7 (HR.SQFT.F)



68

¢) Finned Tube Correlation Based on Martinelli-Nelson Parameter, xtt
Proceeding on the same lines of case (a), individual correlations

were obtained for all the tubes, for the ratio of the two phase heat trans-

fer coefficient hTP to hﬁ , as a function of Y%; . The general correlation

equation was of the form:

h n
TP e 1
L
where C'™ and n' were constants that were determined for the individual

tubes tested, and

k1946 08 CoLy 0.4 0.8
n' = 0.023 == |- (1-x)0 (5.50)
Dy L7y ke

The following equations were obtained for all the tubes:

Tube 1
h 0.8023
TP Sm _ 4,992 * [Yl— (5.51)
h,' tt
Tube 2
h . 0.7079
_IP fin _ 8,39 * [7(1_] (5.52)
B, tt
L
Tube 3
e . 0.5603
TP fin 1 *
= 20.9 * (5.53)
: ]
Tube 4
Aoy ey 1 10.0135
1P fin = 40.51 » [R“‘] (5.54)
L tt

: 1 ;
The ratio of th fin/hTP - was calculated for the same Y;; and its
value was determined in terms of the parameters F1 and Fz. After several

trials and by using the least square regression analysis, the following
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equation resulted.

hrp fin 2,425

- = 0.0711 * (Fy) -5.073

(F (5.55)

9)
TP sm

Figure 5.17 shows a comparison between the predictions of Eq. (5.51)
for tube 1 and the experimental values of the heat transfer coefficient.
Figures 5.18, 5.19 and 5,20 also show comparison between the predictions
of Eq. (5.55) and the experimental heat transfer coefficient measurements
of tubes 2, 3 and 4, respectively. The results show that the proposed
correlation predicts to within + 30%, except for a few data points for tubes

3 and 4, the experimental measurements,



74

5.3 PRESSURE DRQP
5.3.1 Smooth Tube Correlations

Among all the existing correlations for pressure drop, the correla-
tions of Pierre [26] and Martinelli and Nelson [34] were selected for pre-
dicting the two phase pressure drop.

The two phase pressure drop correlation of Pierre [26] is given by

- 2
AP 1p _ k . Dimj GV
_— m (5.56)
L xmL chi
where,
K 0.25
f = 0.,0185 |~ for |Re '
i = e or [—| > 1 (5.57)
Re kf
(Ax)h g
kf=-—-—-f-9-J—9- (5.58)
L g :
GD
Re e
My
X 1l -x
Vo= T+ L (5.59)
Pq oy
and
X: + X
X = in 2 out (5.60)

To predict the total pressure drop during boiling inside the smooth
tube for each experimental run, the distance between the two pressure
taps was divided inte 10 equal incremental lengths. By applying an energy
balance, the quality of R-113 at the exit of each incremental length was

determined. Pierre's correlation was then used to calculate the pressure
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gradient %% , for each subsection and the overall pressure drop was
obtained by integrating the above results for the entire test section.
This scheme was implemented in a digital computer program.

Fig. 5.21 compares the predicted values of AP obtained from Eq. (5.56)
with that of the experimental values.

The results show that the pressure drop predictions of Pierre's cor-
relation are higher than the experimental measurements.

According to the correlation proposed by Martinelli and Nelson [34],
the pressure drop consists of the sum of the frictional pressure drop and
the pressure drop due to the momentum change of the accelerating vapor.

The pressure drop is given by

APrne]. 2
APyp = (4P)) TPF rs £ (5.61)
APO g

where ﬁPO is tgg single phase pressure drop, when only liquid flows into
the tube, and 'E;EE is determined from the plot derived by Martinelli
and Nelson [34] ,Ofor the ratio of APy, to &P, as a function of exit
vapor quality and pressure, for zero percent inlet quality.

s is also a multiplier obtained from a plot derived by Martinelli
and Nelson (341, for r, versus pressure and exit vapor quality for zero

percent inlet quality.

APD was calculated from

o = fx 2LL (5.62)

where,

f = 0.079[5—[] (5.63)
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and,

-

1%, 0%l
ﬁ 4

(5.64)
g e +

X, is the outlet dryness fraction.

Figure 5,22 compares the values of pressure drop predicted by €q. (5.61)
with the experimental measurements of the present study. The results show
that the Martinelli-Nelson correlation was a better predictor of the
experimental pressure drop measurements of the smooth tube than the cor-

relation of Pierre [26].

5.3.2 Existing Finned Tube Correlations

The literature survey revealed that no two phase pressure drop cor-

relation for saturated boiling exists at the present time for internally
finned tubes. Among the existing correlations for single phase pressure
drop inside internally finned tubes, the correlations proposed by Carnavos
[2Z] appear to be quite promising.

Carnavos EE] proposed the correlation of Eg. (5.65) for the Fanning
friction factor for single phase turbulent flow of air inside internally
finned tubes,

- )0.50 (
(RE)U.Z 3

)0.50

F (5.65)

4

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

A
F, =Cos o, and F, = _fa
3 4 Af
n

Computed values of F4 for tubes 2, 3, and 4 of the present study were

0.9174, 0,9376, and 0.9502, respectively.
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Carnavos [27] also proposed the following correlation for the fric-
tion factor based on his work with single phaﬁe turbulent flow of water in
internally finned tubes.

0.046
f= - {5.66)
Re™** (F )

where,

Fr = —r (5.67)
(F3)

The above correlation is somewhat similar to his preceding correla-
tion, except for the term accounting for the effect of the helix angle
F3.

5.3.3 MNew Finned Tubes Correlation for Saturated Boiling

Despite the fact that the Martinelli-Nelson [34] two phase pressure
drop correlation was a better predictor of the smooth tube pressure drop
than the Pierre [26] correlation, the latter was selected as the basis
for developing the finned tubes correlation, This was due to the fact
that Pierre's correlation is a widely used correlation.

Individual correlations were obtained for all the tubes, for the

friction factor as a function of EE s in the form
f
nlt
f= 6'1%3} (5.58)
f

where, ¢c" and n" were obtained using the least square regression analy-

sis, The results for all the tubes were as follows:
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Tube 1 )

Ke
= (0,0011 * | —
Re

(5.69)

.
i

}0.112

\

0.0148 * | -

Re

—
]

(5.70)

~

Tube 2 » }0.245

Tube 3 0.28

k
0.0235 * |
Re

-h
it

(5.71)

“

Tube 4 X

ke
= 0,1045 *{
LRE‘

—h
1

(5.72)

]0.525

In developing Egs. (5.69) through (5.72) from Eg. (5.56), the same
scheme of dividing the tube into 10 egqual sections and calculating the

pressure drop for each section was used.

(Ap)fin Re
The ratio of was calculated for the same [EfJ and correlated
sm f

in terms of the parameters F3 and F4. After several trials and by using

the least square regression analysis, the following equation resulted.

(ﬂp)fin

)

)4.887 (F )-12.285

= 0.628 * (F (5.73)

3 4

(APsm) is obtained from Eg. (5.56).

Figure 5.23 shows a comparison between the experimental values of
pressure drop and the values predicted by using Eg. {(5.56) and the fric-
tion factor obtained from £q. (5.69).

Figures 5.24 through 5.26 also show comparisons between the predictions
of Eq. (5.73) and the experimental pressure drop values of tubes 2, 3, and
4, respectively, It is seen from Figs. 5.24 through 5.26, that 86% of the
data points for tube 2, 68% for tube 3 and 70% for tube 4 lie within + 40%

disagreement range,
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CHAPTER VI
PERFORMANCE EVALUATION OF AUGMENTED TUBES

6.1 INTRODUCTION

In Chapter IV a comparison was made between the heat transfer perfor-
mance of the smooth tube and the finned tubes. On a nominal area basis,
tubes 2 and 3 enhanced the heat transfer by 59% and 230% respectively,
above the smooth tube values. In carrying out a performance evaluation
of the finned tubes, it is essential to consider the penalty of the increase

in the pressure drop, associated with the enhancement of heat transfer.

6.2 PERFORMANCE INDICES

Each performance evaluation index is determined as the ratio of cer-
tain parameters of interest for the augmented and smooth surface, subject
to certain constraints.

Bergles et al. [36, 32] suggested nine performance evaluation indices
for heat transfer augmentation in single phase flow. Four of the perfor-
mance indices were directed towards the use of promoters for improvement
of existing heat exchangers; the basic geometry was fixed and analytical
relationships were obtained considering the increase in heat duty or
decrease in pumping power, which can be obtained under various process
restrictions., Four additional indices were presented to evaluate the
advantages of using promoters in the design of new heat exchangers; length
and number of tubes were free, with the heat duty along with either pumping
power, flow rate, or pressure drop being fixed and the objective was to
reduce the exchanger's size, Finally, a performance index was presented

for economic evaluation of enhanced tubes.
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Royal [38] adapted two of the above indices to evaluate the perform-
ance of internally finned tubes and tubes with twisted tape inserts in aug-
menting the condensation heat transfer of steam. These indices were the
condenser size reduction index Rh and the pressure drop index RAP’ and
they are given by

Ry = (Agyq/Pn) = (neo/h

aug’ “'sm (6.1)

aug)

and,

Ryp = (8P4 /AP (6.2)

Rh and RAp were evaluated under the constraints of fixed heat duty,
nominal diameter, and constant temperature difference. The same indices
were used by Luu and Bergles [39, 4@] in evaluating the performance of
internally finned tubes and tubes with twisted tape inserts in augmenting
" the condensation of R-113. These indices were developed assuming that
external resistance of the condensing surface is negligible or the conden-
sing side thermal resistance controls the flow,

Azer et al, [31], Lin [42], and Said [33] used the ratio of the pumping
power to the rate of heat transfer P/, as an evaluation index, in deter-
mining the performance of static in-l1ine mixers, in augmenting condensation
heat transfer inside horizontal tubes., The pumping power was ohtained from
the product of volume flow rate of the liquid at the circulating pump and
the pressure drop across the test section. The constraints under which
P/0Q was evaluated were: the same mass flow rate, the same inlet temperature,
and the same geometry. The same index of evaluation was used in the present
study.

Only the smocth tube 1, straight finned tube 2 and the spiral finned

tube 3 satisfied the constraint of fixed geometry, which required that the

length and the inside diameter of the tube, augmented or unaugmented, be
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the same. Therefore, they were the three tubes that were evaluated.

Fig. 6.1 is a plot of P/Q versus Re for tube 1, 2 and 3 at Tin =
120°F. Re was based on the total flow rate, the inside nominal diameter
Di’ and the dynamic viscosity of the liquid. The lower this index is, the
Tower is the power demand per unit heat transfer, It is clear from the
plot of P/Q versus Re- that the smooth tube performed the best, followed
by tube 2 and tube 3.

It is obvious that the enhancement of heat transfer is always accom-
panied by an increase in pressure drop. The maximum enhancement of heat
transfer was obtained with the spiral finned tube 3, which resulted in a
considerable amount of power demand, well above the values obtained for

that of the smooth tube 1, and the straight finned tube 2,



CHAPTER VII
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Heat transfer and pressure drop data were taken during saturated
boiling of R-113 inside a smooth, a straight finned and two spiral finned
tubes. The smooth tube results were used to identify among the existing
smooth tube heat transfer correlations, the best predictors of the experi-
mental measurements of the present study. Appropriate modifiers were
identified and applied to the smooth tube correlations to bring about the
best agreement between the measurements and predictions,

The results are summarized in the following.

1. The heat transfer coefficients for all the tubes increased with
the increase in mass flux, for a fixed range of exit dryness fraction.

2. The Musselt number increased with Pierre's parameter (Re 2kf)
for all the tubes.

3. The spiral finned tube 3 gave the maximum heat transfer enhance-
ment of 230% over the smooth tube 1 on a nominal area basis.

4, The pressure drop increased with increase in mass flux for all
the tubes, for a fixed range of exit dryness fraction.

5. The strajght finned tube 2 gave the maximum increase in pressure
drop of 107% over the smooth tube 1.

6. -The spiral finned tube 3 had the greatest pumping power demand
per unit heat transfer rate for a fixed value of inlet temperature, mass
flux, length, inner diameter.

7. Three new correlations were developed Tor predicting the saturated

boiling heat transfer coefficient for finned tubes. Among the correlations
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developed, the one based on Pierre's parameter was the best predictor of
the experimental measurements.

8. A new correlation was developed for the pressure drop during
saturated boiling heat transfer inside internally finned tubes. The
correlation, based on Pierre's correlation, was a good predictor of the

experimental measurements.

Recommendations for Future Studies

1. Additional studies need to be performed using different fluids
and tube diameters to verify the general applicability of the correlations
developed in the present study.

2. More reliable pressure drop correlations need to be developed
for boiling inside smooth tubes under different flow patterns.

3. There are several performance evaluation criteria for single
phase flow. More reliable and attainable performance evaluation criteria
need to be defined for two phase flow,

4, Many of augmentation techniques tested in the laboratory have
not been adopted for full scale industrial application. It is therefore
recommended that promising techniques be considered for application in

commercial equipment.
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NOMENCLATURE

Flow Cross-sectional area, rn2 and Heat Conduction area, m2
Actual heat transfer area, m2/m2

Actual free flow area, rn2
Open core free flow area, m2

Nominal flow area based on inside tube diameter as if fins were
not present, m

Nominal heat transfer ar&a based on inside tube diameter as if
fins were not present, m</m

Fin height, m

Boiling number, Eg. (5.19)
Constant in Eg. (4.2)
Constant in Eq. (4.4)
Constant in Eq. (5.69)
Constant in £q. (5.49)

Convection number Eq. (5.18)

Specific heat of liquid, W.hr/kg.oC
Eauivalent diameter, m

Hydraulic diameter (Dh =4 Afa/Aa), m
Inside tube diameter, m

Cutside tube diameter, m

Friction factor

Factor defined in Eqs, (5.14) and (5.33)
Parameter defined in Ea. (5.34)
Parameter defined in Eqg. (5.35)

Parameter defined in Eg. {5.36)
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FrL Froude Number, Egq. (5.20) )

90 Gravitational constant, 9e = 9.81 EE;_ﬁZEEE_

G Mass flux, kg/hr. me

h Heat Transfer coefficient w/m2 ¢

hL Single phase heat transfer coefficient N/m2 O

hf Single phase liquid heat transfer coefficient WImZ O
HTP Average heat transfer coefficient W/m2 °c

th Local heat transfer coefficient, W/m2 %

H Fin pitch (length per turn), m/360°

hf Enthalpy of saturated liquid J/kg

hg Enthalpy of saturated vapor J/kg

hmac Heat transfer coefficient due to convection N/m2 g
hmic Heat transfer coefficient due to nucleate boiling
hfg Latent heat of vaporization, J/kg

kL Thermal conductivity of saturated liguid, W/m 9

k Thermal conductivity of copper, W/m 9

ke Pierre Parameter defined in Eq. (5.2)

L Length of test section, m

m Constant in Egq. (5.29)

Me Mass flow rate of R-113, kg/hr

n Constant in Egs. (4.2) and (5.24) or number of internal fins.
n' Constant in Eq. (4.4)

n ™ Constant in Eg. (5.49)

N Dimensionless parameter, Eq. (5.22)

NBCF Mucleate Boiling Correction Factor

Nu Nusselt Number
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SAT

Pr

a/A

av
AT

WL

ATsat

98

System pressure, bar

Pressure difference between inlet pressure and saturation pres-
sure, bar

Prandt]l number of saturated liquid
Heat Flux applied to tube,H/m2
Electric input to test section, U
radius of bubble, m
Quter radius of tube, m
Inner radius of tube, m
Pressure drop index for the performance evaluation, Eq. (6.2)
Reduction condenser size index for the performance evaluation,
Eq. (6.1)
G Di
Reynolds number, ( RN )

Reynolds number based on liquid on liquid phase alone flowing in
the tube (ReL= G(1-x) Dilul)

Suppression factor in Eg. (5.16)

Temperature, i

Average of inlet and outlet temperatures of R-113, 2
Temperature differences, %

Average inside wall temperature, s

Wall superheat, B

Specific volume of saturated liquid, m3/kg

Specific volume of saturated vapor, m3/kg

rean specific volume of the twe phase fluid, m3/kg
Transverse pitch of internal fins (W = I;i)

Dryness fraction (ratio of vapor mass to total mass)

Difference in quality between exit and inlet



Greek Letters

o Spiral fin tube heTix angle (angle between fin and tube axis)
degrees

8 Liquid film thickness, m

A Constant used in Egq. (5.29)

My Dynamic viscosity of saturated liquid kg/hr m

H, Dynamic viscosity of saturated vapor, kg/ hr m

vy Kinematic viscosity of saturated ligquid, m2/hr

P Density, kg/m3

Py Density of Saturated liquid, kg/m3

pv,pg Density of saturated vapor phase, kg/m3

1y Constant in Eq. (5.17)

$nb Dimensionless parameter by Eqs. (5.24), (5.25)

wcb Dimensionless parameter Eq. (5.26)

wbs Dimensionless parameter, Eq. (5.27), (5.28)

o Surface Tension, dyne/cm

Subscripts

aug Augmented surface

cal Calculated

exp Experimental

in Inlet

out Outlet

s Saturated

sm Smooth surface

finned Finned surface

TP two phase
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APPENDIX A

SAMPLE OF DATA REDUCTION AND CALCULATION PROCEDURE
OF HEAT TRANSFER COEFFICIENT

EXPERIMENTAL RUN NO. 4, SMOOTH TUBE (TUBE 1)

R-113 inlet pressure = 2.3 psig
R-113 inlet temperature = 120.38°F
R=113 exit temperature = 120.38°F
Pump flow rate = 0.1 gpm

Temperature at flow meter = 98,06°F

Pressure Drop = 2,22 mv Z 1,0295 psi

Surface temperature

T (26, 27)* = 138.56°F

T (28, 29) = 134.33%

T (30, 31) = 131.81°%F

T (32, 33) = 133.07°F

T (34, 35) = 131.45%

T (36, 37) = 133.79%

T (38, 39) = 133.7°F

T (40, 41) = 135.77°F

T (42, 43) = 134.06°F
*T(25, 27) is the average of thermocouples readings at a given axial

location.

R-113 Density = 95.96 1b/Ft3

Calculation Procedure

Mass flow rate, Mf:
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. 3
i _ allons minute ft Tbm

= 76.97 1bm/hr

Enthalpy of F-113 at inlet = 33.566 Btu/lb

Enthalpy of saturated ligquid at exit, hf 33.566 Btu/l1b

Enthalpy of saturated vapor at exit, hg 96,467 Btu/1b

Heat Loss to the top by Conduction:

l“l_ﬂ* (T(40, 41) - T(42, 43))

227 x %[[‘L%i]z s [&%5.]2]*[135.77 - 134.06]
(2/12)

0.9214 Btu/hr

Heat loss to the bottom by conduction:

%ﬁ x (T(26,27) - T(28,29))

2 2
227 x § 9—%1} . [L}’%i] |*[38.56 - 134.37]
(2/12)

n

2.28 Btu/hr

Total Electrical Power Supplied:

54,0 vol. x 18.2 amp x 3.41 2400

3346.85 dtu/hr
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Heat gained by F-113:

3346.85 - (0.,9214 + 2,28)

3343.65 Btu/hr

Dryness fraction at Exit:
3343.65 = 76.97(96.467 x + (1 - x) 33.566 - 33.566]
x = 0,689

Average outside surface temperature:

(138.56 + 134,33 + 131.81 + 133.07 + 131.45 +
133.79 + 133.7 + 135,77 + 134.06)/9.0

134.06°F

Temperature drop across the wall thickness:
1= QI (ro/r.)

2m KL
= 3345.33 1n(§4§§§)
= 0.0735°F

Average inside surface temperature:

= 134.06 - 0.0735 = 133.99°F

N T 3345.33 B/hr
LY S Ui345 3t 5)ft x (133.99 - 120.38)°F
Btu
s 303,48 —2til
hrfte OF
o - f . 76.97 lbm/hr
(0:585,2 .2
= 47491.38 120

hrft?



APPENDIX B

COMPUTER PROGRAM FOR DATA REDUCTION

Symbols used in the Computer Program

TIN
TOUT
TWLM
GY
0T
QAFNM
HI
oP
RE
NU
X(EXIT)

R-113 inlet temperature

R-113 outlet temperature

Average inside wall temperature

Total R-113 mass velocity

Temperature drop across the wall and F-113
Heat Flux

Inside heat transfer coefficient

Pressure drop

Reynolds Number

Nusselts Number

Dryness fraction at Exit
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CALCULATION OF SATURATED LIQUID ENTHALPY IM BTU/LBM FRCM
ASHRAE TABLES :
HFF(X) = B8.1416+0,19636%X+0, 118E~03%X*¥X+0,3316=07*X¥xX%kX%

CALCULATION OF SATURATED VAPOR ENTHALPY IN BTU/LBM FRCM
ASHRAE TABLES

HGF{X) = T8.6342+0.14846%X+0.22E-05% X*¥X~0.4L33E-07*X*sX%X

CALCULATICN OF SATURATED LIQUID DENSITY LBM/CU FT AS A
FUNCTION OF SATURATED TEMP. DEG F ( CURVE FIT FRQOM
ASHRAE TABLES!

LDENIX ) = 104.07-0.0827#%X

DIMENSICON T(21) ,ANU{ 100),G(100),HI{1CD) ,AQ{10),RE(LDO)
DIMENSIGON VM{100),GX(100),HIO(1L0),PIN{1CD)
REAL K,MYU,MF,KF

110 FORMATH{// s TTy'TABLE [2)2=4,/,"=",6X,1261"'=V},/)

111 FORMAT (TT7 2 'RUNY y& X, " TYPE" 18X o' TIN' 15X, *TOUT #, 18X, ' TwlLi4t,
219X, GV ,15X,'DT},5X)

115 FURMATIT 73 'NO Ty 12X "{OF )14 X P {OCIT 4SKy P{OF ) ,6X,0{0C),
*¥9XyV{OF) 46X, LOC) 42X,y "(LB/HR=FT2) 42X ' {KG/S5-12}1,3X,
1Y(COF )" 2X, 7 {0C)H*)

120 FORMAT{'=1,6X,126{'="),/)

WRITE((HII_IO}
WRITE(6,111)
WRITE{E&,115)
WRITE(E,120)

130 FORMATITX s I2+4X g "SMY 34Xy Fh o2 12X 1FE a2 14X Fb 422X FE 219X,
5FE 232 X3 F04234XyF a2 3128 4FFe214X2sF5.212%XF4.2)

123! FCRAATI T Xy L2 04X ) ' STENY 42X sF 62 12X 3F6 214X Fb a2 42X FEW2y
HOX g Fba292X ) FBua2 14X F9.292%X)FBa204X 3 F54242X3F4.2)

132 FORMATIUT X I2+4X, 'SPLL" 12X sF6 a2 42X 1 FEa244X1FHa212XeF 0621
*gngb- 2! 2X1F6-2y4X,F9.2;2X,F9o2 ;4X,F4.2;2X|F4.23

133 FORMAT (TXy [294Xy "5P22 ' 42X sFb a2y 2X9F6a2+4X2FBa292XsF6.2,
RO F b 212X 1 Fb42 44X sFFa212X9F 9.2 34X F4.232XF4.2)

N = Gb
DC 1 [=1,4N
READI[5492) PFLyTINL,TOU ,TFL,TAYS,yT{4) ,T{&EI,T{13)},T(20):+V,
%A, PRTR
2 FORMAT{F5.3,:2X,10F6.3,F5.3)
AMVLT=PRTR#*2.,0
PRTR = 00626 + 0,46094%AMYLT
CALL CCNVRTI{TINL,TIN}
CALL CCNVRTI{TOU,TOUT
TAV = (TINL+TCUI/2.7)
IF{l.GT.79) GOTO 7u0
IF {1.CGT.60) GO TC 620
IF (1.G7.32) GC 70O 504
DOUT = J.624
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DIN = 0.545
TL = 52.5

S = £.56
GOTO8UO

DCUT = 0.624
DIN = Q.559
TL = 53.5

S = .93
GGTC800

DOUT = 2.625
DIN = 0.579
TL = 53.90

S = 0,63
GOTC80C

CauT = 2.8725

TL = 5245

S = 0.63

CONTINUE

CALL CCNVRTITAV,TFAV)

CALL CCNVRTITFL,TFLO)

CALL CONVRTI{TAVS,TASUR)

DEN = 194,07-0.0827*TFLC

MF=PFL*60.,0%0.,13368%DEN

HIN = B,1416+0,19636%TFAV+), L13E=-03*TFAV*TFAV+D.3815E~-07%
*TFAV*=3

HSL=HIN ;

HSY = 78.6342+0, 14846%TEAVHD ,22E-05%TFAVETFAV-0,.4133E-07%
*TFAV*%3

CALL CONVRTIT(4)TFA)

CALL CONVRTI{T{6),TFB)

CALL CONVRTI{T{18},TFC)

CALL CCNVRT(T(23),TFD)

HTLBOT = 227%(22C/T«C*({D0UT/24401%%2,0=-{0IN/24,0)%%¥2.,7))%
1ABS{TFA-TFB)*6 .0

HTLTCP = 227%[22.0/7.,0%¥((COUT/24,0)%%2 ,0=[DIN/24.0)%%2.0))*
2ABS(TFC-TFDI*6.3

ELEC = V*A%3,41%S

HEAT=ELEC~-HTLTOP-HTLBCT

DRY=(HEAT/MF+HIN-HSL )}/ (HSV-HS5L)

DELT = HEAT#*ALCGGI{DOUT/DINI/(2.0%22,0/7.,0%227*TL/12.0)
TAVINS=TASUR-DELT

HI(I) = HEAT/(22.0/T7.0%DIN/12.0%{TL/12.0)*(TAVINS-TFAV))
K=0,04847-0.0000657*TFLC
ANULT) = HI(I}*DIN/(12.2%K)

G{I) = MF/{{DIN/24,0)%%2,0%22,0/7.0)
MYU=5,57359-0.90962=ALCGITFLO)

RE(I) = G(II*(DIN/12.0)/MYU

HFG=T2 4537-0,28=TFAY

KF = ORY®HFG*TTB8*32.2/({32.2*{TL/12.0}]
RHOV==0.643032+9.3538*1E=3*TFAV
VM{I)}=CRY/2.,2/RHOV+{1-0RY/2.0)/CEN
AQLI) = RE(I[)**2,0*KF

PR = PRTR*0,0705
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HIC(I) = HI{I)*5.6738

HEA = PEAT*3,1423

GX{I) = G{I[)*0,001354
TAVI = (TAVINS-32.0)/1.8

TAS = (TAVINS - 32.8)/1.8
TAVP = {TIN+TCUT)/2.0

CET = TAVI-TAS

DEL = TAVI-TAV

DELT = TAVINS-TAVP
[FII.GT.79) GOTO190
[IF{I.GT.60) GGTO180
IF{I.GT.32) GOTO170
IF(I.LE.32) GOTOl60
160 WRITE{6,130) I,TIN,TINL,TCUT ,TCU,TAVINS,TAVI,GII),GX{I),
*DELT,DEL
GOTR20C
170 WRITE(6,131}) I,TINyTINLyTOUT»TOU,TAVINSyTAVIZG{I}+GX{I),
*DELT,DEL
GOT0200
180 WRITE(64132) IT,TINSTINL,TCUT ,TOUSTAVIMS, TAVI,G(I)GX(1)y
*DELT,DEL
GC1C200
190 WRITE(6+133) I,TINyTINL,TCUT yTOU»TAVINS,TAVI,GUI),GX{Ld,
*CELT,DEL
200 CONTINLE
1 CCNTINUE
sTCP
END
SUBRCUTINE CONVRT(T,TFARK}
TFARH=T*1,8+32
RETURN
ENC
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APPENDIX C
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APPENDIX D

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.P.M.: 1725

Pipe Size: 1/4"

Shaft Diameter: 1/2"

H.P.: 1/3

Dripless Mechanical Shaft Seal, Self Lubricated

2. Refrigerant-113 Liquid Circulating Pump iotor:

Dayton - Electric A.C. Motor
Model No.: 5K991

R.P.Mu: 1725

HoP.: 1/2

HZ: &0

3. Refrigerant-113 Filter:

Sparlan - Catchall Refrigerant Filter
Type: (=304

4, Refrigerant-113 Liquid Receiver:

Midland-Ross Refrigerant Type Circular Tank

Serial No.: 2193

Size: 3.5 gallons

Working gressure: Max. allowable working pressure 400 psi at
650°F

5, Refrigerant-113 Valves:

Diaphram Packless Line Valves
Superior Brand, Solder to Solder Type
A. Model No.: 214-4S5 (174")
B. Model No.: 216-10S5 (5/8")
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Refrigerant-113 Tube Connectors:

Standard Copper tube
Sweat Fitting type

Test Section, and preheaters, locally constructed:
Material: Copper Tubing,
Heating Element: Ribbon type chromel of 0.204 8/
30.48 cm
Teflon tape: Saunder type S-17
Epoxy: Armstrong A-68 and B-68 types
Thermocouples

Copper Constantam thermocauple of type B and S 24 gauge

Instrumentation

1.

Refrigerant-113 Flow Meters

2. Fischer-Porter VYariable Area Type Flow Meter
Range: 0~0.35 gpm liquid
Model: 10A3565S
Serial No.: 720714733A2
Tube No.: FP-1/2-27-G-10/55

b. Fischer-Porter Variable Area Type Flow Meter
Range: 90~ 0,5 gpm Tiquid
Model: 10A3565S
Serial No.: 7207A4733A1
Tube MNo,: FP-1/2-17-G-10/55

Refrigerant-113 Pressure Gauge

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

Pressure Transducer:

Pace Wiancko Division of Whittaker Corporation:
Model: KP15

Serial No.: 150330

Transducer Indicator

Pace Wiancko Oivision of Whittaker Corporation
Model: (D25

Serial MNo,: 23449

Voltage Regulator

Superior Electric Co.
Powerstat Variable Autotransformer
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Input: 240 V, 60 Hz
Qutput: 0 - 280V, 28 A, 7.8 ki

A.C, Ampere Meter:

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

New York, New Jersey

Model: 433 No, 164330

A.C. Volt Meter:

Daystron, 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 inte-
grated circuit microprocessor is combined with RAMS (random
access memory devices), ROMS (read-only memory devices), and
PROMS (programmable ROMs) to provide a keyboard-programmable
system that permits the instrument to scan, measure, collect,
identify, and record both analeg and digital input signals.

Accuracy:

With Ambient Temperature at 77°F ¥ 9°F

+1

+ 0.01% of reading, ¥ 0.015% full scale, + 1 count on 4000 MV

range; )
¥ 0.01% of reading, ¥+ 0.03% full scale, ¥ 1 count on 400 IV
range;

+ 0.0.% of reading, ¥ 0.04% full scale, ¥ count on 40 MV
range,

Over Full Operation Ambient Temperature Range of 32°F to
1220

0.5 u¥ per °¢, ¥ 0.01% of reading, ¥ 0.04% full scale,
1 count on all ranges.

+1 +1

Vacuum Pump

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

Power: 115V, 60 Hz

Connections: 3 conductor power cord with 2 prong adaptor.
Inlet and outlet connector to 3/8" [.D. hose.

Function: Pfortable A,C. powered source of vacuum {to 686 mm/
27" Hg) or pressure (to 1.7 kg/cmZ, 25 psig)

2}  WATER FLOW CIRCUIT

1. Cooling Water Flow Meters:

a. Brooks Rotameter
Type: 1110 - 09H3A1B
Serial No.: 7201-74650/1
Tube No,: R-9M=25-1 BR=3/4-14G10
Range: 0O~ 3 GPM

b, Brooks Rotameter
Type: 1
Serial Mo.: R=9M-25-2
Range: 02 GPM

2. Cooling Water Pump:

A,0. Smith Co. Pump,
Model Mo,: C48L2DA11A4
Serial No.: J69

HoP.,: 1

R.P.M.: 3450

Hz: 60
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APPENDIX E

Table E.1. Tabulation of Statistical Information for the Curve fits to
the Experimental Overall Heat Transfer Coefficient

X Correlation
ouT TUBE NO. n c Coefficient
0.17 - 1 0.3563 5.4 0,7527
0.231 2 0.1988 50.89 -6 0.7550

3 1.66 3.83 x 10 0.8800

4 0.648 0.571 0.7786
0,243 - 1 0.499 1.187 0.9796
0.285 2 0,239 34,28 .5 0.7144

3 1.5 2.307 x 10 0.9011

4 0.3501 11.041 0.9856
0.295 1 0.4757 1.67 0.9590
0.332 2 0.4152 . 4,58 -6 0.7885

3 175 1.39 x 10 0.9900

4 0.385 6.584 0.9385
0.350 - 1 0.214 35.86 0.7171
0,512 ) 0.2511 38.13 0.800
0.576 - | 0.206 5.03 0.6047

0.815
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Table E.2. Tabhulation of Statistical Information for the Curve fits to
the Experimental Overall Pressure Drop.

N Correlation
XOUT TUBE NO. n' 2 Coefficient
0.17 - 1 0.515 2.39 x 1070 0.876
0.231 2 0.257 0.086 0.766
3 0.399 0.0155 0.7168
4 0.293 0.0554 0.8872
0.243 - 1 0.391 0.0105 0.344
0.285 2 0.231 0.1264 0.8963
3 0.293 0.0566 0.999
4 0.518 0.0055 0.99
0.295 - 1 0.318 0.0248 0.67
0.332 2 0.1998 0.1859 0.961
2 0.553 0.0029 0.999
_ 4 0.345 ' 0.0377 0.933
0,35 - 1 0,099 0.3643 0.725
0,512 2 0.173 0.2718 0.9897
0.576 - 1 0.1029 0.36 0.67
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UNCERTAINTY ANALYSIS IN EXPERIMENTAL MEASUREMENTS OF
OVERALL HEAT TRANSFER COEFFICIENT

The Uncertainty Intervals for Individual Measurements

Run No. 17

Measurements

Tube radius

Freon temperature

Tube wall temperature
Pressure

Tube length

Freon flow rate

Inlet enthalpy of R-113
Energy transfer HQ
RP-113 specific heat
RP-113 viscosity

R-113 thermal conductivity

Smooth Tube 1

Uncertainty Interval

t+ 1+ e+ 1+ o+ o+ 1+ a4+ 4+

1+

0.001 ft
0.6°F

0.6°F
0.3 psi

0.002 ft

1.0% of flow
0,15 Btu/1bm

% of Q
0.01 Btu/.bm°F
0.01 1bm/ft, hr.
0.005 3tu/ft°F
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Uncertainty Analysis in Experimental Measurements of Average Heat Transfer
Coefficient

An error analysis of the uncertainty in the experimental measurements
of the heat transfer coefficient, was carried out.

The uncertainty for the smooth tube 1, Run no., 17, is estimated
below, using the method of Kline and McClintock [44].

The average heat transfer coefficient is calculated by:

h = —O (1)
ATy= Ty
when T, ,= the average wall temperature

Tav= the average of the inlet and outlet temperatures.

The experimental uncertainty for the average heat transfer coeffi-

cient is given by

_ffah )2, (3, )2, [3h . 2. [sh 2%
Wy, = [['B-Q' Q} + ('B-JT “A} + [.é-FaV.ITaV] + {-afr-q MT‘A]:’ (2)
From (1)
o1
30 AT
UMy - Ty

gh o _ _?__9_____‘_

A AT, - T_)
LA N
aTN A(TH - Tav)
FE

7

Moy ATy - T,.)
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For the particular run under consideration:

A=l = n[0'545][52'51 = 0.6242 ft°

12 12

T,, = 120.02°F; T,,=130.2%F; m=151 Tb/hr; Q = 2134 Btu/hr

ah 1

M = 0.1574
50 0.6242(130.2 - 120.02)

B . . = -528.02
%A  (0.6242)°(130.2 - 120.02)

2 it = -32.99

3T, (0.6242)(130.2 - 120,02)°

3h . 2134 ——

3T, (0.6242)(130.2 - 120.02)°

It was estimated that the uncertainity in heat transfer Q is + 6%, there-

fore HQ =+ ,06. \Uncertainty for energy transfer, HQ:

. I%U x 2134 = + 128,04 Btu/hr (3)

Uncertainty for heat transfer area:

(A=2rL)

2 2 3
My ={[§ﬁ i+ 122w}
ar 3L

= {(2nth )2 4+ (2nr wL)‘?}La (4)

Substituting Eq. (3) and Eg. (4) into (2) gives the uncertainty for h as:
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2

2 1 , 1 2 2
2= — 7 () + . — T LR (2mrh )]
A (Tw - Tav) (TN - Tav) A
2 2
+ ot 7 iy * e Wy
A (TM - Tav) TOA (TN - Tav)
2 1
Wl = x (128.04)
N (0.6242)9(130.2 - 120.02)°
2
. (2134) 1

52.5 2
[2m x =552 x 0.001)
(130.02 - 120.02)° (0.6242)" I

2
+ (2m x 2382« 0.002)3 + (2134)

” T x (0.6)°
(0.6242)7(130.02 - 120.02)

. (2134)°
(0.6242)%(130.2 - 120.02)*

x (0.6)°

= 3.171 + 218.77 + (391.79 x 2) = 1005.52

M =+ 31,709 Btu/hr £t° OF

Therefore, h = 335.49 —B—t;-— +31.709

hr ft° OF T

~« Uncertainty for this run is about + 9.45%.




APPENDIX G
CALIBRATION OF PRESSURE TRANSDUCER

The pressure transducer was calibrated by a dead weight tester.
Different weights were added to the dead weight tester and the corres-
ponding voltage registered in the voltmeter, connected to the transdu-
cer indicator., A calibration curve of pressure versus the voltage was
drawn as shown in Fig. G-1, The following equation was used in deter-

mining the values of the pressure drop.

Ap (psi) = 0.00626 + 0.46094 * V (millivolts).

126
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AUGMENTATION OF BOILING HEAT TRANSFER
BY INTERNALLY FINNED TUBES

ABSTRACT :

Heat transfer and pressure drop data were taken during saturated
boiling inside four vertical electrically heated tubes.

One tube was smooth, and the remaining three were internally finned
with different fin geometries. The smooth tube results were used to
identify, among the existing smooth tube heat transfer and pressure drop
correlations, the best predictors of the experimental measurements
of the present study. Appropriate modifiers were identified and applied
to the smooth tube correlations to bring about the best agreement
between the measurements and predictions.

The results are summarized below.

1. 0On a nominal area basis, an enhancement in heat transfer
coefficients as high as 230% over the smooth tube, was obtained with
the internally finned tubes.

2. The augmentation in heat transfer was not without an increase
in pressure drop, with values ranging as high as 170% over the smooth
tube pressure drop values for the same mass flux.

3. Three new correlations were developed for predicting the
saturated boiling heat transfer coefficients for internally finned tubes.
The correlation based on Pierre's parameter was the best predictor of
the experimental measurement.

4. A new correlation was developed for predicting the pressure drop
during saturated boiling inside internally finned tubes.

5. The performance of the tubes tested, was evaluated by the ratio
of the pumping power to the heat transfer rate, subject to the constraints

of fixed geometry, inlet temperature and flow rate. The smooth tube

required the least power when compared to the finned tubes.





