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SCOPE AND CONTENTS:

An experimental study of forced convection heat transfer and
friction in water flowing in a vertical tube is reported in this
thesis. The 'study investigates the effect of coiled wire turbulence
promotors of)various pitcﬁ to diameter ratios (ranging from 1.00

1/3 and Fanning friction

to 5.50) unon the Nusselt Prandtl medulus Nu/Pr
factor f. The investigation is carried out for three different wire

sizes, 0.052 in., 0.%63 in., 0.072 in. respectively.

Analysis of the various dimensionless numbers computed from the
measurements bf the present study indicates that the heat transfer
increases by as much aé 250% for low values of pitch to diameter
ratio, though at the cost of a much larger increase in pressure drop,
Consequently, the tubes using coiled wire turbulence promotors can
be employed with advantage for cases where pumping power is not the
dominating factor and reduction in weight and size of the equipment

are more important.



The experimental data are empirically correlated in terms of
the ratio of Musselt numbers for the tubes with turbulence promotors to
the empty tube as a function of Reynolds number and pitch to diameter

ratio.

N yirey® (#7p)70-3

To evaluate the net effect of coiled wire turbulence promotors, the

rétio . Nu
i/t =[ ]/f
RePr /3

is plotted agqinst Reynolds number. The curves for the coiled
>wire turbulence promotors fell below the theoretical curve for the
empty tube indicating that coiled wire turbulence promotors are not

advantageous in terms of heat transfer per unit pressure drop.
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CHAPTER 1

INTRODUCTION:

In the design of many types of heat transfer apparatus two
important aspects must be considered:
(a) The rate of heét transfér which governs the size of
the apnaratus. .
(b){ The pressure drop in fricfiona] flow which determines

the pumping power.

Generally, apparétus is designed to obtain a maximum heat
transfer rate with a minimun loss of energy so that equipment
size is reduced advahtageo&é]j. Tq achieve these objectives
simultaneously, various methods are used, one of which js the
introduction of a turbulence promotor in the heat transfer

“section.

He]ica]]y coiled wires and twisted tapes are two tynes of
turbulence promotors which have been genera]]y.emnloyed. Twisted
tapes are usually fitted snugly into the tube so that the flow at
the entrance is divided into two halves and spiralling is induced
in the flow in each passage. This type of turbulent vortex flow '
can be achieved by’various other methods.” The first of these
methods is called a vortex ramp in which the fluid is injected
tangentially into a convergent duct where fluid is accelerated to

achieve the required vortex strength. Due to unguided flow inside



the tube, the swir]'decays as the fluid flows downstream and

this séheme is therefore limited to short test section lengths,
The second method is called tangential injection where the

vortex motion is maintained by the repeated‘addition of fluid
through injection holes along the test section. In the third
method, vortex flow is obtained by using a twisted tube of oval
cross section. The introduction of a helically coi}ed vire

in a tube produces a more complicated flow pattern which is
mainly turbulent. This type of turbulence bromotor éoproximates
an integral internal fin. Helical flow is develoned at the
‘periphefy of the tube superimpoéed uoon a central core which is
practically unaffected. Helical flow is induéed dde to a pressure
gradient existing along the wire coiled inside the tube. The
introduction of a coi]éd wire in a tube is éxnected

a) to prodﬁce rotational flow which would result in the
generation of gravity induced currents in a single phase flow
especially in the case of wall heating, ‘

b) to introduce roughness elements which will affect the
velocity distribution, the turbulence, frictional drag and
reduce the boundary layer thickness.

The consequence'of introducing a coiled wire into a tube
is increased eddy diffu#ive heat and mass transfér and increased
fluid friction due to increased surface area and turbulent wall
shear, Howéver, it is anticipated that at high mass flow rates,
the cof]ed wire turbulence oromotors will act as roughness

" elements alone ahd the helical flow effect would be of no



consequence. Thus the heat transfer rate will tend to that of
a rough emnty tube.
Various experimehtefs have worked with botﬁ twisted tapes
and coiled wires. One general conclusion defived was that
twisted tanes and coiled wires with the same pitch to diameter
ratio gave identical heat transfer values though a ﬁigher va]uet
of frictidn factor was obtainéd in fhe latter case. Manufacturing
difficulties limit the minimum pitch to diameter ratio to
approximately 3.0 in the case of twisted tépes, thus 1imiting
the amount by which heat transfer can be increased. Coiled wires,
on the other ﬂand, can be manufactured wifh pitch to diameter
ratios as low as 0.25 and are not subjecf to same limitations.
Thus in certain cases, esrecially, where size of eguipment is
more imnortant than power required to run,it, coiled wireé are
a better proposition for increasing the heat transfer rate. Such
cases might be:
(a) The evaporator of a vapour compression plant because
| pressure drop in the evaporator tube 15 of no consider-
ation in this system. The total pressure drop which is
- normally accomonlished in the throttle valve can be
suitably apportioned between the throttle valve and |
fhe evaporator tube. |
(b) Steam condensers in steam power plants where mechaniéa]
energy is quite cheég.
(c) Heat transfer equipment on portable units where weight

and size are the main noints of consideration.



The present work is conducted with the aim of evaluating the
effect of helically coiTed wires of various diameters (0.050 1in.
- 0.075 in.) and pitch to diameter ratios (T.O - 5.5) on the heat
transfer and frictibn characteristics of water flowing vertically
in é uniférm]y heated circular tube 0.48 in. inside diameter for
various conditions of heat flux (4780 Btu/hour - 45000 Btu/hour)
and mass flow rate (10 1bs/min. - 100 1bs/min.)



CHAPTER 2

LITERATURE SURVEY:

Nagaoka and Yatanabe (1) conducted experiments with coiled
wire turbulence promotors. The test section consisted of a
‘copper tube 5 1/2 feet long through which water was circulated
at various mass flow rates. UYater was heated by meéns of oil |
passing through an annulus surrounding the test section. The
Reynolds numbers at which the work was performed, ranged from
10,000 to 50,000. It was found that increase in heat transfer
per unit power loss in frictional flow was more than that in case
of the empty tube. |

The data of Nagaoka and Watanabe showed that the ratio of
the Nusselt number for the tube with a coiled wire turbulence
promotor to Nusselt number for the empty tube was a function of
pitch to diameter ratio.‘H/D only. The H/D exponent appeared-
to be -0.35 for the 1.06 in. I;D. tube. The ratio appeared to be
indenendent of Reynolds number as all the curves for Nusselt number
versus Reynolds number were parallel to the curve for the emnty
tube.

In 1957, Margolis (2) performed experiments with two tube
sizes, 0.53 in. I.D. and 1.12 in. I.D. respectively and used both
0il and water heated by means of steam condensing in én outer jacket
surrounding the test section whose heated length was 3.67 feet,
The range of Reynolds numbers extendéd from 19,000 to 100,000,

The coiled wire turbulence promotors were made from soft steel wire



0.65 in., in diameter.

Margolis observed that an increase up to 300% could be
obtained in heat transfer whén water was used, but only 60%
increase was obtained for air. Moreovef, with both working fluids, the
heat transfer increase was much less in the case of the bigger tubés.
From this observation Margolis deduced that centrifugal acceleration
governed the heat transfer effects of coiled wire turbulence
promotors. Makgo]is noted the existence of a critical value of
pitch to diameter ratio beyond which no appreciable increase
in heat transfer was obtained. |

Margolis used the ratio of Colhurn j factor to the Fanning
fricfion factor f to evaluate the performance of the various
turbulence promotors investigated. It was found that with water
in the 0.53 in. I.D. tube, the ratio was higher than that for
the empty tube in the Reynolds number range of 40,000 to 100,600.
However, ratios for air in both the 0.53 in. I.D, and 1.12 in.
I.D. tubes were ]oﬁer than those for the empty tube case. From
this observation, Margolis concluded that a real gain in terms of
increased heat transfer without comparable increase in loss of
power cou]d be achieved for certain fluids, in a limited range of
Reynolds numbers, and for a limited range of tube sizes.

Using simnlified equations recommended by Schneider (3),
" Margolis concluded that the maximum increase in heat transfer
rate due to fin effect alone was of the order of 30%.

Margolis does not show any readings for the emnty tube in

‘his thesis so that it could not be ascertained whether the empty



tube data was in agreement with the conventional heat transfer
relation given by ,.
M= 0.023 R Bpel/2 L (2

Assuming Equation (2.1) to represent the data for the emnty tube
‘case, Margolis' data}showed thét in the 1.12 in. I.D. tube, the
pitch to diameter ratio exppnent vas -0.3 for the case of water and
-0.15 for'the case of air. Furthermore, in the 0.53 in. I.D.
tube the pitch to diameier'ratio exponent was -0.35 for water and
-0.5 for air. However, this could not be stated conclusively
as Margolis used only 2 or 3 pitch to diameter ratios for each case
and the data ;howed considerable scatter. Margolis' data indicated
that‘the Nusselt number ratio Nu/Nuo was not a function of Reynolds
number showing that the percentaqe increase in heat transfer was
the same for all values of Reynolds number.

Later Kreith and Margolis (4) reanalysed the same data and stated
that the exoerimental data for the empty tube was within +15%
of Equation (2.1). They nlotted the ratio Hu/Nu0 against Reynolds
number and the plots indicated that for the 1.12 in. I.D. tube the
ratio was independent of Reynolds number for both air and water.
However, in the 0.53 in. 1.D. tube with water, the Reynolds number
exnonent was found to be 0,23.

Bhatia, Kumar, and Sud (5,6) conducted experiments with
both coiled wire and twisted tapes fitted inside a 13/16 in. I.D.
copper tube, 42 in. long. Dry compressed air was heated by means

of steam condensing in_an_outer jacket at a pressure of 2.2 Kg./cm2



absolute. The Reynolds numbers fnvestigated ranged from 7000 to
60,000. Coiled wire turbulence promotors were made from spring
brass wire 0.040 in. diameter.

The Fanning friction factor values were not quite in
agreement with the trend observed by Kreith and Margolis.

Friction factors in the present study were found to first decrease
and thén increase with increasihg Reynolds Numbers, whereas friction
factors in the Kreith and Mérgo]is study (3,4) monotonically .
decreased with increasing Reynolds numbers. The critical Reynolds
number at which the inflection occurred was found to decrease for
decreasing pitch to diameter ratios. The discrepancy was explained
on the basis of perceptible zones of flow separation existing down-
streém of wire. (Figure - 8 of Reference 12). At low values of

| Reynolds number, the eddy formed dovnstream of wire at a particular
TOCation did not extend to the next location. However, as the
‘Reynolds number increased or the pitch decreased, the eddy extended
to the next location resulting in a zone of flow separation.

Curves were dravn to optimize the effects of coiled wires in
the heaf transfer and power 1655 characteristics from which the
authors concluded that a critical value of minimum pitch to‘diameter
ratio existed, Pitch to diameter ratios from 0.550 to 0.325 gave
approximately the same values of Nusselt number, though the friction
factors increased considerably. From this observation, the authors
conc]uded that it was not advantageous to use coiled wires with

pitch td diameter ratios less than 0.6. Pitch to diameter ratios



from 1.5 to 3.5 were found to give optihum results; a fairly
large increase in heat transfer and a reasonable increase in

" pumping power. The heat transfer daté of Bhatia and Kumar
fndicated that the %ﬁ;—was proportional to (H/D)'O'Z. However,

the Nu/Nu0 ratio was found to be independent of Reynolds number.



CHAPTER 3

EXPERIMENTAL APPARATUS

The various componenté comprising the test apparatus were
arranged to form a closed loop. Mater was circu]ated through a
gear pump section, an e]eétrica] heater section, a flow measuring
section, the test section, and a cooler §ectioh. The arrangement
of the various components is shown schematically in Figure 1.

Figure 2 shows a photograph of the test apparatus.

3.1 Circulation Loop

A detailed description of the circulation loop is given in
Chapter 3.1 of Reference ( 7).

A Yorthington mode] 6GEU rotary pump geared to an e]ectr1c
motor discharged water at a constant rate of 55 U.S. gallons/minute
at any pressure level upto 50 pounds per square inch. A portion
of the mass flow in excess of that reguired for a particular test
was recirculated through the pump by means of an external hypass.

" The mass flow selected then passed through a heater section whose
output could be varied continuously fran 0 - 12000 watts. The heat
sdurce was a Chromalox modeﬁ 612 flanged pipe heater comprised of

six Calrod elements.

To cover a fairly large range of Reynolds numbers and to
obtain reasonable accuracy, the flow meter section was comprised of
two orifice plates in different pipes 1.5 in. I.D. and 1.0 in. I.D.

respectively arranged parallel to each other and Va1ﬁed so that either

10
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~ one could be used independently. Thé or1f1ce plates were designed

in accordance with the British Standard Code (BS1042:A43) and |
calibrated by passing water through the orifices and collecting it

iﬁ a tank. The corrégponding differential pressure drop was
measured by a mercury differential manometer and the mass flow
collected in the tank was determined by weighing.  Calibration curves
for the'two orifice plates are shown in Appendix A . The flow meter
section desckibed was cabab]e of measuring a range of flow Fates
requiring a pressure differential varying in magnitude from 1 in. of

" mercury to 36 in. of mercury. The orifice plate in the 1.0 in, I.D.
pipe measurea flows from 0.82 1bs./minute (1 in. Hg.) to 49 1bs./minute
(35 in. Hg.) and the orifice plate in the 1.5 in. I.D. pipe measured
flows from 30 1bs./minute (1 in. Hg.) to 161 1bs./minuté (35 in. Hg.).

Heat was removed from the water by passing it through a cooler
section comprised of a Meliflow model 9XF-16S heat exchanger in which
heat was exchanged with cold water from the mains. Fine control of the

main water was achieved by means of a small valve upstream of the cooler

section.

A 5 U.S. gallon capacity head tank was connected upstream of test
section to accomodate expansion of water. The head tank was mounted
higher than any other point in the system to keep it flooded dur%ng
operation. The head tank was vented on top to establish atmospheric

conditions upstream of the gear pump section.
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3.2 Test Section

Figure 3 illustrates the test section assembly. The test
section consisted of a thin stainless steel tube 0.5 in. 0.D. and
- 0.0%in. W.T. by 34 in. Tong . The heated length of the tube was
6n1y 24 1in. sincé two copper lugs which served as electrical
connectors were silver soldered on the tube 24 in. apart, 5 in.
from each end of stainless steel tube. Three pressure tappings
were provided in the tube at each copper lug separated by 120 degrees,
so that three independent measurements of the differential bressure
drop across the test section could be made for averaging purposes.
The test section was connected,to the cifcu]ation Toon by means.of
two stainless steel housings, one at each end. The ends of the
test section extended into the housings through 0-ring seals provided

to permit expansion and prevent leakage.

The power supply for the test section was a Miller model
SR1000 B1 D.C. weldiné transformer. The heat generation in the
fest section could be regulated by a control knob provided with the
machine enabling a continuous varfation from 1 K.W. to any desired

value upto 15 K.W.

The coiled wire turbulence promotors were manufactured from
spring brass wire 0.034 in. in diameter and 0.042 in. in diameter
covered with either teflon 'thin wall' spaghetti tubing or I1lumitronic
vinyl sleeving to give 3 effective wire sizes, 0.0N52 in., 0.763 in.,and

0.072 in. in diameter respectively. Initial experiments were
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perfpfmed in thch a plexiglass tube 5/8 in. 0.D. and 1/2 in. I.D.

was fitted in place of the test section with wire coils inserted

to evaluate the effect of high mass flow rates on the position of

the wire coils. . It was observed that the coils were under sufficient
tension‘to hold themseTve§ against the tube wall under all flow
conditions. Appendix B shows some photographs of the wire coil

under various conditions of mass flow rate .

3.3 Test Instrumentation

The various temperatures in the test section were measured
with e]eVen_chrmne] - constantan thermocouples. - One thermocouple
was imnersed in the water upstream of the test section; niné thermo-
couples were spotwelded on the OQtside of the heated tube; and one
thermocouple was immersed in the water dovnstream of test section.
The nine thermocouples spotwelded on the outside of the test section
were positioned along the length of the fube in two diametrically
opposite groups 5 in. apart. These two groups were comprised of
four "two wire thermocouples" and five "three wire thermocouples”
respectively. Figure 4 shows the location of the nine tube wall

thermocouples.

Because of the direct current heating used.in this study, it
was essential to find»a way of preventing the thermocouples from
"picking up" voltage from the tube which would mask the thermo-
electric potential. After a series of trials, it was found that

the following method solved the problem satisfactorily:
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For the two wire thermocouples, a 30 gauge chrome] wire was
spotwelded on the tube.at the specified location. - The underside
of the wire was insulated from the tube by means of fiberglass.
insulation tape and then a 36 gauge constantan wire was spotwelded
on the chromel Wire approximately 0.01 in. from the junction. After
using this technique for spotwelding the thermocouples, it was
found that the thermocouples sti]} picked up very small amounts of
voltage (ranéing from ,.0.010'- 0.15 mv.) from the tube. This was
corrected by calibrating the thermocouples "in situ" prior to the
cormencement of the tests. Readings were taken at a particular
steady state condition for both normal and reverse welding transformer
polarity. The difference of the two readings for eachrof the various
thermocouples yielded twice the correction required. The maximum
correction for the two wire thermocoup1e§ was found to be of the
order of 0.15 mv. corresponding to the maximum value of heat
dissipation;

The three wire thermocouples consisted of two 30 gauge chrome1
wires and one 30 gadge constantan wire spotwelded to the tube 1/8
in. apart around the circumference. The.constantan wire was spot-
welded in between the two chromel wires and the three junctions were
spaced\approximate1y 0.01 in. apart longitudinally. The two chrome]
wires were then led to a board and éonnected to the ends of 36 gauge
bare chromel wire 40 in. long. A wiper which moved along the 3¢

gauge wire was so located that the voltage picked off exactly equalled
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the voltage level of the constantan wire. The initial balance of
the three wire thermocouples was achieved by applying a small D.C.
voltage (0.5 volts) to the electrical connectors and noting the
“initial response of the three wire thermécoup]e by means of a
pbtentiometer before the heating effects set in. The final balance
was obtained by applying the heating voltage and reversing the
polarity of the welding transformer a number of times. The three
wire thermocouples were calibrated nrior to the tests to prgvide
corrections for the small unbalance which remained, using the same

procedure as with the two wire thermocounles.

To ensure'against undetected changes fn the thermocouple
calibration, all thermocouples were calibrated six times during the
course of experimentation. Every fourth test run was taken in the
manner of the calibration test run by reversing the npolarity of the
welding transformer. Figure 18 in Appendix C compares the wall

temperatures measured with these two types of thermocouples.

Initially the two stream thermocouples were formed from
Thermoelectric “Ceramo" miniature sheathed thermocouple wire with
inert oxide insulation. The chromel constantan pair contained by
the sheath was welded together and arounded to the sheath at the
hot junction. It was found that the temperatures read by these
thermocouples in the presence of D.C. heating were not correct in
as much as the temneratures read by the precision'mercury in glass

thernmometers and the thermocounles differed in magnitude by 2°F.
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or more depending upon the heating voltage. Moreover, fhese
thermocouples corroded after a few tests. In an attempt to correct
this deficiency, theﬁnocoup1es were made from 36 gauge nylon insulated
chrome]—ponstantan thermocouple wire inserted in a 0.040 in. I.D.
stainless steel tube. The junction was insulated from the stainless
steel sheath by means of a plug of epoxy. ThiQ'procedure, also,
proved somewhat unsatisfactory as the thermocouples were still
influenced by the D.C. heating but to a much lesser extent. However, the
effect upon the upstream and downstream thermocouples was found to

be the same with respect to magnitude and polarity and the temperature
difference corresponded to the bulk temperature difference aé indicated
by the mercury in glass thermometer within ! 5%. Finally, it was
decided to use the precision mercury in glass thermometers installed

in thermometer wells located upnstream and downstream of test section
for measuring bulk temneratures. The thermometers measured
temperatures with sufficient accuracy as evidenced by the fact that

the heat flux calculated from calormetric measurements agreed well

- with the heat flux calculated electrically.  Figure 19 in Appendix C
compares the bulk temperatures measured by bulk thermocounles and bulk

thermometers in a typical test.

The thermoelectric potential of the eleven thermocounles were
recorded on a Philips model PR 3210 A/00 twelve point self balancing
millivolt recorder, Thermoelectric potentials of the therm-

ocouple upstream of the test section and the nine thermocouples
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were referenced to an ice junction, whereas; the thermoelectric
potential of the bulk thermocouple downstream of test section was
referenced to the bulk thermocouple upstream of test section to give

the bulk temperature rise directly.

The heat gencrated in the fest section was calculated from
measurements of potential drop over the test settion. A Conway
model No. 655780 variable range voltmeter with t 1% full scale
accuracy meaéured the potential drop over the test section  and a
Simpson model 29SC-No-10028 ammeter with t]% full scale accuracy
Weasured the current flowing through the test section when used in

connection with a shunt.

The pressure drops over the test section, and the differential
pressures‘induced by the flow through the orifice plates were
- measured by means of five 36 in. differential mercury manometers
Meriam mode] No - 10 AA25MM with an uncertainty in the measurement no

greater than ('-t 5%).



CHAPTER 4

TEST CONDITIONS

This chapter outlines the various mass flow rate, temperature

and heat flux conditions used in this study.

The water mass flow rate was varied from 10 lbs/minute to
120 1bs/minuté incrementally resulting in nine sets of readings for
each test run corresponding to a particular pitch to diameter ratio
and wire size. However, for low values of pitch to diameter ratio
of the order of 1.00, the mass flow rate wasllimited to a maximum
of approximately 50 Tbs/minute.  The range of mass flow rates
described aboVe, in conjunction with the temperature conditibns used
in this study, yielded Reynolds numnbers ranging from a minimum of

7,000 to a maximum of 150,000,

Inlet water temperature was maintained within nlus or minus
5 degrees of room temperature. Accordingly, durihg the course of
the test run the temperature of the water ranged from 80°F to 90°F.
The heat dissipation was adjusted for each test to yield a bulk
tempefature rise of the order of 5°F td 103F. This fairly high rise
in bulk temperature minimised the error in the results associated
with computing the differences of the measurements of the bulk
liquid thermometers. The wall temperature for these bulk temperature
conditions and mass f]dw rates, was observed to be aporoximately 15°F
to 30°F higher than the bulk temperature for all the test runs using

coiled wire turbulence promotors and hetween 30°F and 45°F higher than the

18



19

bulk temperature for the case of the emnty tube. Heat flux
for the conditions described above, varied from 1.4 K. Watts
(4780 BTU/hour) for the minimum mass flow rate of 15 1bs/minute
to a maximum of 13.2 K. Watts (45,000 BTU/hour) for the maximum

‘mass flow rate of 120 1bs.7minute in the case of empty tube.



CHAPTER 5

TEST PROCEDURE

Prior to each test run, the system was filled with fresh
“water from the mains. :The plug on top of the housing downstream
of’thé test section was removed and air was allowed to‘escape
while the system was filling ti11 the housing was full of water.
The plug was replaced and the remainder of the air in the system

was removed in the manner described belcw.

The purge valves provided respectively in the housing upstreanm
of test sect1on and the casing surrounding the system heater
were opened and the air entrapped at these locations was
allowed to escape. The pﬁmp was started and the bypass valve
was set for minimum mass flow rate. Fresh water was supplied to
the tank while the dischafge va]?e pro?ided at the lowest point in
the circulation loop was opened, permitting a continuous flow of
water through the systenm. After about five minutes, the discharge
valve was closed and the head tank was a11owed‘fo fi1l up. The
mass flow rate through the systen vas increased to its maximum value
after which the air entrained in the water was found to collect in
the housing upstream of test section, where it was bled off through
the purge valve. The system heater was energised and cold water
was passed through the cooler Section in order to maintain the bulk

temperature approximately constant. Any air dissolved in the water

20
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was found to collect beneath the purge valve in the heater section

‘and was bled off from time to time.

After about ten minutes; the mass flow rate was again adjusted
to its minimum value and then the pump was shut off. Purge va1ves
on top of the five manometers were opened and water was allowed
to diséharge ti11 no air was leff in the liﬁes and the manometers

indicated zero pressure differential.

The systen heater was not used during the actual test runs.
Initially, the minimun mass flow rate was esfab]ished, an arbitrary
cooling wéter flow rate was set and heat f1ux_was adjusted to its
minimun value. Experience enabled the rough setting of the cooling
water flowrate corresponding to various heat flux cenditions to be
predetermined. Final adjustrments, bringing the temperature of
~water in the system to eguilibrium were made by adjusting the mass
flow rate of cooling water by means of a fine control valve upstrean

of the cooler section.

When the various temperatures in the system had attained the
values desired, five minutes were allowed to elapse in which it was
ensured that steady state heat transfer conditions existed in the
test section as evidenced by the fact that inlet water temperature
‘and surface temperatures remained invariant with time. Then the
following measurenents were made with the appropriate‘fnstruments

and recorded,
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1.  Flow rate of water Cirtu]ating through the system
Pressure differences over the test section
Potential drop over the tést_section

Current flowing through the test section

[S2 I /S A

Stream temperatures as indicated by the two bulk thermo-
meters :

6. Temperature of water upstream of the test section as
indicated by the stream thermocouple

7. Surface temperatures at various locations on the stainless
steel tube

8. Bulk temperature cifference as indicated by the difference
of the bulk thermocouple dounstream of the test section
and the bulk thermocouple upstream of the test section

The mass flow rate of water circulating through the system was

increased and the corresponding heating voltage and cooling water

flow rate were adjusted. This procedure was repeated to obtain

the nine sets of readings comprising one test run.

Immediately after the test run, water was discharged from the
system to prevent further corrosion of the bulk thermocouples. It
was genéral]y found that the plexiglass comnonents of the housings
‘were coated with an electrically conducting denosit which was
thought to result from the deposition of impurities present in the
mains water. This deposit tended to ground the wa]1.thermocouples
to the system and to circumvent this, the plexiglass componrents

were cleaned after every two or three test runs.



CHAPTER 6
DATA_REDUCTION

6.1 Evaluation of Dimensionless Numbers

- A11 the measurements obtained during the test runs were
reduced to dimehsion]éss numbers which are tabulated_in Appendix
.E. The following section outlines the manner in which the
diménsionless numbers were computed.

The mass flow rates were read from the calibration curves for
the two orifice plates (Appendix A) forvthe'measured bressure
differentia]s. The surface temperatures were read from "Chromel-
Constantan™ thermocouple conversion tab1es prenared by the Heat
Transfer Laboratory at the University of Michigan from data
published by the Mational Bureau of Standards (8) after correcting
for the voltage pick up.

The surface tempneratures were plotted on linear coordinates
~as a function of the distance from the upstream section of the
tupe to the downsteam section of the tube. The bulk temneratures
were superimposed on the same plot, enabling the mean film
temperature Tf and the film temperature drop ATf to be evaluated.
The two quantities were read from the plot about 16 inches from
the upstream section of the tube where the rate of surface temp-
erature rise with distance was approximately the same as the'rate
of bulk temperature rise. Since the thermocouples were spotwelded
on the outside of the tube, the temperature drop in the wall esfimated
in a;cordance with Anpendix F was subtracted from the temverature

values determined from the plot. A typical plot used to evaluate ATf

23



24

and Tf is shown in Figure 20 in Appendix C. The following procedure was

used to evaluate the various dimensionless numbers.

(a) Area of Flow

. Due to the pfesence of the coiled wire in the test section,
the effective flow area»was less than that for the case of an empty
tube.  For a particu]ar value of H/D, the wire could be assumed
to have a elliptical shape at every cross section of the. tube

Figure 5_‘represents a model formu]atéd to take into consideration
thesé e]]ibticai effects. The major and minor diameter of the
ellipse are calculated as follows: »

Geometric considerations give Coso = (H/D) ( (6.1)
L2 + 42

. . _ . d
The major diameter a = e (6.2)
The minor diameter b = d
Area of flow A = X (07 - ab) - - (6.3)
(b) Hydraulic Diameter
D, =4 x Cross Sectional Flow Area
H Wetted Perimeter
a2 + b2 ~
Wetted Perimeter P = 4D + nJ — (6.4)
2
- 4 x 3 (0% - ab)
Consequently D, = .
H 2 2
: a +b
W+ 7 |—a
R 2
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or
o - D%-ab (6.5)
H 2 2
a_+b
D’*J‘“’?,
(c) Réyno]ds}Number'
pVD,,
Re = —
He

The product pV was calculated by dividing mass flow rate

by area of flow so that

_ m DH .
e = e X .6
Re A xuf : (6 )

(d)  Film Heat Trans7:r Coefficient

The film heat transfer coefficient was calculated by

the following relationship

(Q/Ag)  (Q/Aq) | (6.7)

© (Tg-Tp) AT

.F

The heat flux (Q/AS) was computed from electrical measurements
of heat generation in the tube and/or calorimeteric measurements of

heat addition to water cibcu]ating through the test section.
The heat flux calculated from electrical measurements was

computed by the relationship

o aga EI :
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The heat flux calculated from calorimetric measurements
was computed by the relationship

me, (T,-T;)  mCoaTy

: 6.9
(Q/AS) - PAS ; ( )

S

The two independenf computations of heat flux served to check

the validity of the measurements of heat flux.

(e) Nussult Prandtl Modulus

-

In as much as the bulk fluid temperature was maintained
approximately conétant during the investigation,»the Prandt1l number
variation Qas very slight. Consequen£1y, the Prandtl number
influence could not be evaluated and it was assumed that the Prandtl
nunber exponent was equivalent to one thjrd.‘ Accordingly Hu/Pr]/3

values were computed by the relationship

: he Dﬂ_
K
Nu f
Pr]/3 Pr]/3 .

where the Prandtl nunber was evaluated at the film temperature.

(f) Colburn j Factors

The Colburn j factors were computed by dividing the Mu/Pr]/3
values by the corresﬁonding Reynolds number values according to the

relationship
j = Nu

= (6.11)
A Re Pr]/3
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(g) Fanning Friction Factors

The Fanning friction factors were eva]uated‘using the

fe]ationship

ap = 4F E- 3= (6.12)
H X .

{

(h) J/f Ratio
Finally the j/f ratio was computed to evaluate the net effect
of turbulence genzrators on heat transfer relative to the friction

head loss. _
In order to clarify the computation procedures used, sample
calculations are presented in Appendix D.

6.2 Uncertéinty Analysis

In performing the uncertainty analysis, the following relation-

ship was used for each individual result’ computed

ii%: 2 %1)2 + (2R ‘_RIE R ¢ L ‘i"lg_‘-)z]r”2 (6.13)
1 2 n
where R - result
wR - uncertainty in result
v - variable
wn - uncertainty in nth variable

The uncertainty in the computed results indicated hy this
relationship represents the root mean square uncertainty resulting
from the statistical combination of maximum values of individual

»

uncertainties.
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The results of uncertainty analysis are presented in a
tabular form in the following pages. The uncertainty associated

with reading of various fluid properties from tables and charts

was disregarded.

The results of uncertainty analysis ihdicate that uncertainty
in'the.correlation of heat transfer results could be as great as
8.8% and that the uncertainty in the correlation of fluid friction
results couid be as greét as 16.5%. The uncertainty in the
correlation of j/f results is evern larger and can he as great as

18.7%.
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UNCERTAINTY DESCRIPTION | UNCERTAINTY COMMENTS

MASS FLOW RATE

n = K[

Uncertainty in smallest weight ' I0.25 1bs.
measured during calibration (10 1bs.)

Uncertainty in smallest measurement +o 050 1
of pressure differential during ' 9.
calibration (1" Hg)
Uncertainty in K for single point Y667 Equation (6.13)
Uncertainty in K for twelve point +1.6% Ly 5.6
- evaluation ' v 12
Uncertainty -in smallest measurement to.05" H
of pressure differential during * S-
actual experimentation (1" Hg.)
Uncertainty in mass flow rate 5.3% Fquation (6.13)
BULK TEMPERATURE DIFFERENCE |
ATB~= TO—Ti
Uncertainty in smallest measurement +0,2°F
of bulk temperature difference (4.€°F)
g?gigtggzgy‘1n bulk temperature f4.3% ' Equation (6.13)
SURFACE AREA
AS = DL
Uncertainty in D (0.480 in.) 9.002 in.
Uncertainty in L (24.0 in.) tO,] in.

Uncertainty in surface area Afﬂ.ﬁ% Equation (£.13)



QNQFRTAINTY DESCRIPTION UNCERTAI!TY

FILM TEMPERATURE DROP
ATg =TT

f B
Reading uncertainty in smallest 0.01 mv
measurenent of recorder (2.00 mv)
Uncertainty due to emf pick up 0.05 mv
Uncertainty in film temnerature 5.0%
drop :
HYDRAULIC DIAMETER
. 2 _
Dy Dc - ab
' ID + a?+b§

2 : + .

Uncertainty in wire size -0.001 in.
Uncertainty in hydraulic diameter -1.9%
HEAT FLUX

Q _ 3.413 EI

Ay s

Instrunent uncertainty of voltmeter f]%

Reading uncertainty in smallest +
measurement of voltmeter (8.0 volts)- 0.2 volts
Instrument uncertainty of ammeter e
Reading uncertainty in smallest o anns
measurement of ammeter (175 amps) S
Uncertainty in heat flux : 3.2
VELOCITY
_.n
V"pA 2
- _d” 4
A= [D ~ Coso-
Uncerta1nty of area of flow ' Io.oo
Uncertainty in velocity Ie.07

30

 COMMENTS

Equation (6.13)

Equation (5.13)

Manufacturer's
Rating

Manufacturer's
Rating

Equation {6.13)

Eqdatioh (6.13)
Equation (6.13)
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UNCERTAINTY DESCRIPTION o UNCERTAINTY COMMENTS

“FILM HEAT TRANSFER COEFFICIENT
ho= 0

| c AS ATf
Uncertainty in film heat -

transfer coefficient

Eduation (6.13)

14
(82
e
5

REYNOLDS NUMBER
pVDH

W

Uncertainty in Reynolds
nunber

Re =

6.9 Equation (£.13)

© NUSSELT PRAHDTL MODULUS

Nu hhc Dy
prl/3 K prl/3 ,
Uncertainty in MHusselt Prandtl

6.0y Equation (5.13)

FANNING FRICTION FACTOR

£F=2 Eﬁ. Ap
a4 L V2

Uncertainty in smallest -
measurement of aAp (0.4" Hg)

In.05v pg.

o . - N :
Un;erta1nty in fr1cf1on factor f]S.Z% Equation (£.13)

COLBURN j FACTOR
Mu

=t
RePr‘V3

Uncertainty in j ' 8.8% . Fauation (£.13)
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UNCERTAINTY DESCRIPTION - UNCERTAINTY COMMENTS
3/f RATIO
Uncertainty in j/f ratio - 17.6% Equation (6.13)

Uncertainty in correlating heat transfer results as computed

by equation (£.13) ~ 8.8%

Uncertainty in correleting friction factor results as computed

by equation (6.13) ~ 16.5%

Uncertainty in cerrelating j/f results as computed by

equation (6.13) ~ o 18.7%



CHAPTER 7

RESULTS AND DISCUSSIONS

The data for the empty tube was fbund to correlate within

$10% with the Colburn heat transfer relationship (9) given by:

Nu

(7.1)
Pr]/3

in which the property values of the fluid were evaluated at the

film temperature.

e - T
The friction factor data correlated within -15% for low
' cirs. F s . .
Reynolds numbers and within -5% for high Reynolds numbers with the

von Karman's relationship for a snooth tube (10) given by

J:g§= 2 Togqq (Re [778)-0.8 ' (7.2)

which is approxinated by the relationship

£ = 0.046 Re 02 (7.3)

- This approximate relationship in combination with the Colburn
heat transfer relationship gave
j/f = 0.5 . (7.2)
as the theoretical value for the empty tube. The j/T ratio
computed frbm the same data for the empty tube was found to correlate
within 210% of the value predicted by Equatioﬁ (7.4) for the enpty

tube. This agreement with the predictions for an empty tube
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established confidence in the measuring technique.

Figures ( 6 - 8) show plots of Hu]Pr]/3 versus Re for the |
three wire sizes used. - These curves clearly indicate that
decreqsing the pitch to diameter ratiq at constant Reynolds number
increases the heat transfer. Moreover, it is noticed that the
heat transfer increasévis inversely proportional to Reynolds
number at constant pftch’to diameter ratio. The maximum increase
in heat transfer obtained is of the order of 250% corresponding to

pitch to diameter ratios of the order of 1.00.

Figures (9 - 11) show the variation of Fanning friction factor
with Reynolds number for the three wire sizes used: It is observed
that friction factors increase with decrgasing pitch to diameter
ratios at constant Reynolds number and decrease with increasing

Reynolds number at constant pitch to diameter ratio.

. Figures (]2- 14 ) indicate the variation of j/f with Reynolds
nunber for the three wire sizes used. It is seen that j/f ratio
decreases with increasing Reynolds number for a constant Va1ué of
pitch to diameter'ratio. This’is>contrary to Kreith's finding
‘that the j/f ratio increased with increasing Reynolds number.
Moreover, the curves for the various'turbulence nromotors all lie
below the curve for the empty tube except for the curve corresponding
to the 0.052 in. diameter wire and then only for the largest pitch

to diameter value investigated and only below a Reynolds number
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vajde of 15,000. The implication of this observation is
that although it is possible to increase heat transfer by the
use of turbulence promotors, the corresponding friction head 1055
increases even more so that ih.genera1; the empty tube always
offers the greatest heat transfer per unit friction head loss.
This finding is again contrary to that of Kreith and Margolis who
found that it was possible to improve upbn the empty tube for
cértain values of Reynolds number and pitch»tovdiameter ratio.
The explanation of this discrepancy is not known, but-it is note-
worthy that surface temperature was maintained constant in Kreith's
investigat{on whereas the surface heat flux was maintained constant
~in the present investigation. Moréover, the turbulence
promotors used in the present investigaticn were insulated and
did not act as fins whereas in Kreith's investigation, wire coils
_ were}yo}rinsulated frg@wtherheat transfer surface and thus tended

. _to act as integra1‘fins,

An emnirical correlation of the form

Nu

m
Juo

-0.3

= ¢ Re3(H (7.5)

was fitted fo the exverimental data by crossplotting the ratio of
Nusselt number for tubes with coiled wire turbulence promotors to
the Nu§se1t number for the emnty tube first as a function of H/D

at four different values of Reynolds number and then as a function

of Reynolds number at constant H/D ratio. It was found that 85%
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of the data points fell within flo% of the fitted equation. Figure
(15) shows tbe correlation of Nu/Nu0 with k(Re)a(H/D)_O’3;
Table I below indicates the numerical values obtained for the
parametérs k and a. The H/D exponent was found to be -0.3 for the
three wire sizes used and from this observation it can be concluded
that the.H/D index is independent of wire size. However, the
Reynolds number exponent was found to decrease with increasing
wire size. ft appears thét the Reynolds number exponent varies
linearily with wire size, although it is not possible to state ‘
this conc1Usjve1y.
TABLE I
TABULATION OF PARAMETERS

(d/D) Sk a
.108 7.5 -1
131 9.0 -.13
.150 12.0 -.15

It was indicated by Kreith and Margolis (4) that the
heat transfer for tubes with coiled wire turbulence promotors
vas dependént upon the centrifugal force. Furthermore, there
was a considerable difference in heat transfer increase for the
two fluids, water‘and air. In as much as the heat transfer increase
with coiled wire turbulence promotors is dependent upon the
centrifugal force and the density.of the fluid, it will not
be worthwhile comparing the data of the present study with
Kreith and Margolis' data for the 1.12 in. I.D. tube and for

air. However, Kreith and Margo]fs used a 0.53 in. I.D. tube



37

so that it is reasonable to evaluate the agreément of the two
sets of data‘fof water with coi]ed‘wire turbulence promotors of
0.065 in. diameter. ‘

The data by Kreith and Margolis (4) indicated that the
Reyno]ds number exponent was 0.23, whereas in the present case,
the Reynolds number exponent was found to be -0.135. The reason
for thié»discrepancy is not known but this variation of heat
transfer indicates that as the Reynolds number increaées, the
heat transfer increase decreases. The 1ﬁplication of this'
observation might be that at high Reynolds numbers, the coiled
wire turbu]énce promotors nb longer produced any helical flow
and tended to act as random roughhess elements. Thus the heat
transfer tended to apnroach the heat transfer for the case of a
rough empty tube.

Kreith and Margolis' data indicated that the H/D exponent
appyoximated -0.35 whereas in the present investigation the
H/D exponent was found to be -0.3. This agreement is felt
to be quite significaht.

Téble I1 below shows the various values of H/D exvonent
and Reynoids number exponent for various tube sizeé and for air

~and water, fitted to the equation

Nu . a b
NU;‘ =k Re“(H/D)

as found by various authors.



Wire Diameter

N.N65 in.
0.065 in.
0.065 in.
0.N65 in.
0.065 in.
0.040 in.
0.052 1in.
N.063 in.

. N.072 in.

COMPARTSON OF H/D EXPONENT AND REYNOLDS NUMBER EXPONENT

TABLE II

Tube Diameter.

1.06 in,
N.53 in.
0.537in.
1.12 1in,
1.12 in.
N.53 in.
13/16 in.
N.48 in.
N.43 in,

.18 in.

Fluid

Hater
water'
Air
Hater
MNir
Water
Air
Water
Yater

Water

H/D Exponent

.35
.50

.15
.35
.20
.30
.30

Re Exponent

Author(s)

~ Nagaoka and

Watanabe (1)
Margolis (2)

‘Margo1is (2)

Margolis (2)
Margolis (2)
Kreith and
Margolis (4)
Bhatia & Kumar
(5)
Present work
Present work

Present work

8¢



CHAPTER 8

CONCLUSTONS

This study presents a comprehensive set of measurements
evaluating the effect of coiled wire turbulence promotors on the
friction and heat transfer characteristics inside circular tubes
under various conditions of flow rate and heat flux. Three
different wire sizes 0.052 in., 0.063 in., 0.072 in. respectively
were used to evaluate the effect of wire diameter which had been

largely ignored by other research workers.

o The resu]ts of the present study indicate that coiled wire
turbulence promotors are less effective than an empty tube in terms
of heat transfer pér unit pumping power. It was observed that
the heat transfer could be increased cons%derab]y, of the order of
250%, but the loss due to increased friction was much greater

~ than the gain due to increased heat transfer. However, coiled
wire turbulence promotors can be effectively used where pumning
pover is of 1ittle importance and reduction in size and weight

ofﬂthe equipment. are the dominating factors.

An empirical correlation of the form

Nu
Nuo

= k Re® (H/D)'O’3

was fitted to the experimental data relating the heat transfer for the

tubes using coiled wire turbulence promotors to that for the empty

tube as a function of Reynolds number and H/D ratio.
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This empirical equation can be used for preliminary design
purposes in designing heat exchangers using coiled wire type of

turbulence promotors.

40



NOMEMCLATURE

Arabic Symbols Qggggﬁzgyyl Units
A Flow Area Ft?
AS Surface Area - ' th
a Major Diameter Of Ellipse Ft
b Minor Diameter Of E]]fPSe Ft
¢,  Specific Heat - BTU/1b°F
D Diameter _ Ft
d Wire Diameter | . Ft
DH Hydraulic Diameter Ft
E ; Potential Drop Over The Test Section Volts
f éanning Friction Factor
g ' Gravitational Acceleration Constant ft/hr2
hC _Film Heat Transfer Coefficient BTU/hr.ft2°F
I Current Flowino Through Test Section Amperes
i " Colburn j Factor
Kf. Thermal Conductivity At Film Temperature BTU/hr. Ft°F
L Effective Length Ft
m | Mass Flow Rate ) 1bs/hr
AD Pressure Drop Over The Test Section Ft of water
Q Heat Generation BTU/hr
T Temperature ~ °F
TB Bulk Temnerature C o » °F
ATy Bulk Temperature Rise °F

41



: Tf Film Temperature °F
ATf Film Temperature Drop ‘ °F
Ti ~ Inlet Bulk Temperature | °F
T0 Qutlet Bulk Temperature °F
Ty Wall Temperature : °F
v Mean Flow Velocity ' Ft/hr
Greek Symbb]s
T Pi
p Density 1bs/ft3
e - Dynamic Viscosity At Film Temperature 1bs/ft.hr.
v Kinematic Viscosity .ftz/hr
0 Angle
Dimensionless
Humbers
thP
Nu Husselt Number (Nu = ~7—4 )
f
Cnuf
Pr Prandtl Number (Pr = - )
f
- P Vhy
Re Peynolds Number (Pe = ~:;»~~)
f
y 20 DH \N
f Fanning Friction Factor (T = =51 =)
4 L VZ
J Colburn j Factor (j = ~M~EET73)
RePr '/~
(H/D) Pitch To Diameter Ratio (EE%%@Q )
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APPENDIX A

‘Calibration of Orifice Plates

The orifice plates were calibrated by passing water through
the orifices and co11ecting itvin a‘tank.‘ The mass flow collected
in.the tank was determined by weighing and the corresponding
pressure differential was measured by a mercury differential
mahometer. |

'Calfbration points were obtained un to 16 in. of mercury
pressure differenfia] for the orifice plate in 1-1/2 in. pipé.

“The straight line correlation was extrapolated up to 36 in. of
mercury press&re drdp, since.it was not possihle to obtain
calibration points for the range ]O.in. mercury nressure differential
to 36 in. of mercury pressure differential. Figure 16 shows the

calibration curves for the two orifice plates.



HMASS FLOUPATE m  (1hm/hr/ 60)

CALIBRATION CURVES FOR THE ORIFICE PLATES

200 —-

100 -

50 -

20

O) —

Orifice plate in 1-1/2 in. 1.D. pipe

Orifice plate in 1 in. I.D. pipe

| ] I |

i ! T ]
5 n 20 50
Differential Pressure Drop (inches of Mercury)

FIGURE 16
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| APPENDIX B

Effect Of Various Mass Flow Rates On The
Position Of The Coil

A simple experiment was pg}formed to ascertain whether the
turbulence promotor was’affectedtby the -flow in the tube or stayed |
in position. A coil was inserted in a plexiglass tube 5/8" 0.D.
and 1/2" 1.D. and water was allowed to pass through it at different
mass flow rafes. ' Figure 17 on the fo]]owing page shows that the
coil had enough tension to hold itself against the tube wall under
mass flow conditions ranging from a minimum of zero to a maximum

of 6609 1bs/hour.
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POSITION OF COIL AT VARIOUS MASS FLOW RATES

' J \/ 7ERO MASS FLOW RATE

MASS FLOW RATE = 2200 1bs/hr.

MASS FLOW RATE = 4201 1bs/hr.

MASS FLOW RATE = 6600 1bs/hr.

FIGURE 17



APPENDIX C

Analysis of Temnerature Data

The nine tube wall thermocouples spotwelded on the outside of
the test section were poéitioned along the length of the tube in
' th diametrically opposite groups as shown in Figure 4.‘ Figure 18
.compares the temperatures measured with these two groups of thermo-

counles for one representative test condition.

The bulk temperatures at the inlet and the outlet sections were

measured in two different manners as exnlained in Section 3.3 of

Chapter 3.  The first method employed the use of two bulk thermo
coupfes and the second method made use of two precision mercury-in-
glass thermometers inserted in thermometer wells unstream and
downstream of the test section. Figure 19 compares the temperatures
nieasured by bulk thermocouples and bulk thermometers in a typical
test. Bulk temperature rise was assumed to be linear as the heat

flux was uniform,

Figure 20 shows a plot used to. evaluate the film température drop
ATf and the film temperaturé Tf. It was observed that the rate of
wall temperature rise was.identical to the rate of bulk temperature rise
“about 12 in. from the inlet section and further on. This observation

indicated that fully developed thermal conditions existed in this region.
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TABLE 111

DATA PERTINENT TO TEMPERATURE DATA ANALYSIS

TEMPERATURE NATA
m APy | AD, | ADg £ I
1hs/hr."Hg | "Hg | "Hg {Volts|Amps | BULK TEMPS. "SURFACE TEMPERATURES
i To [Tr T2 T3 [ Ta {Tg |Te {75 | Tg | Tq
°F | °F |°F | °F |°F |°F |°F |°F |°F oF |of
THERAOHETERS as 0 | 916
2332 | 6.7 | 6.8 | 7.3 [16.0 |362.0
THERNMOCOUPLES 4.5 | 021 1n7.0|110.51110.00112.0 11116 112.0] 113.2 {114, 2 115.4
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Temperature (°F)

COMPARISON OF THE TWO WIRE AND

THREE WIRE THERMOCOUPLES

115 +
e Three Wire T/C
O : O Two Wire T/C
105 —- - Mean Curve Fitted
E ' (Two Wire T/C + 1.5°F)
(Three Wire T/C - 1.0°F)
19 +
—t

o
~
xQ

Inlet 1 2 3 4 5 9 Outlet

THERMOCOUPLE NUMBER

FIGURE 18
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Temperature (°F)

COMPARISON OF BULK TEMPERATURES MEASURED

HITH BULK-THERMOMETERS AND BULK' THERMOCOUPLES

95 B Bulk Thermometers
- {  Bulk Thermocounles
90 _i.
35 _L
S s e S s . .
Inlet 1 2 3 4 5 6 7 3 9  Nutlet

THERMOCOUPLE MIMRER
FIGURE 19
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Temperature (°F)
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- EVALUATION OF aT. AND

.F
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= 80.4 + 11.6 = 101.0°F

+ 1/2 [fo

Tf = Bulk Temperature at Location 5

3 4 5 &
THERMOCOUPLE NUMBER

FIGURE 20
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APPENDIX D

- Sample Cé]cu]ations

The calculations in this appendix are based upon the following

~set of data:

Mass flow rate - m = 39.8 1bs/min. = 2388 1bs/hour

Pressure drop Apy = 6.7 in. Hg.
Pressure drop ap, = 6.8 in. Hg.
Pressure dropo Apy = 7.3 1in. Hg;
Potential drop - E = 16.0 volts
Current f]ow - 1= 362 amps.
Inlet temperature - Ty = 85.0°F
Qutlet temperature- T0 = 03,6°F
~ H/D Ratio H/D = 1.63
Yire diameter d = 0.052 in.

Hall temperature distribution in Figure 18 of Appendix C

ATB = 03.6 - 85.0 = 8.6°F
ATf = 23.2°F Figqure 20 of Appendix C
Tf = 101.0°F Figure 20 of Appendix C

Corrected ATf 23.2 - 3.6 =19.6°

101.0 - 3.6 = 97.4°

Corrected Tf
(a) Area of Flow

Cosg = ——1203 = 0.345

J(1.63)2 + 42

., . _ d _ 0,05 _ .
The major diameter a = Cos 6 - 03 - N.151 in.
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The minor diameter b =>d = 0,0520 in.

Area of flow A

(b)

(c)

(d)

(e)

2

T fn2 ¢y _ T
2

0.00126 ft

Hydraulic Diameter

Cross Sectional Flow Area
Vetted Perimeter

DH =4 x

53
Metted Perimeter P = D + 7 [3-3 b

1.508 + .3729 = 1.881 in. = 0.157 ft.

D 0.386 in. = 0.032 ft.

H

Reyno]ds_Number

mDy 2388 x 0.032 x 10°

Re = Roe - 0.00126 x .472 % 3600

= 35,700

Film Heat Transfer Coefficient

Ry - 3.413 X 16 x 362 x 144
Ag 7 X 24 x 0.48

o 79295
c 20.0

Q. . 2388 x 0.998 x 8.6
(Kg’ =

h = 3065 BTU/hr. ft2°F

= 81,550 BTU/hr.ft2

m X 24 x 0.48

Nusselt Prandt1rModu1usb

h_ D |
¢ 1 3965 x 0.032
R T
P73 e/ (g65)!/3
_ 3965 x 0.032 _

* Y7 x .36q - 209

- 0.1509 x 0.052] in

= 79,295 BTU/hr. ft
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(f) Colburn j Factor

. Nu 209
j = / Re = 222 = 00585
prl/3 35700
(g) Fanning Friction Factor
D
Pz
e
Apy + Ap, + Ap ‘ : :
p= B 3-87388%7.3 6.9 in. of K.
_ 6.9 x 13.6 '
17
y o.M 2388
A T B2E x 00176
= 30,372 ft/hr.
4
¢ 186, 0.08216 , 32.2 x 36" | o0

2 2 -30,372°

(h) j/f Ratio

s e - -00585 _ :
51 = 0285 = 0,218

= 7.86 ft. of water
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Wire Size H/D Ratio

0.052 in.

0.052 1in.

0.052 1in.

1.26

1.63

2.40

APPENDIX E

DERIVED RESULTS

Test

NOY O A W -

W N~

[0 2N BlNw) ]

RN O T W Ny -

Re x 1077

7.6
11.2
15.6
21.9
29.2
38.7
51.5
63.0

8.8
12.9
18.6
26.2
38.0
48.5
61.3
73.8

92.7
13.6
19.6
26.5
37.0
46.7
66.1
89.5

71

Pr
4,81
4.66
4,64
4,50
4,43

2,52

4.59
4.66

A.FRR

4,50

4,39
4,32

433

4.31
4.29
4.4]

........

. 73.5

89.0
118.0
149.0
194.0
253.0

293.0

395.0

77

97
136
167
207
284
315
350

74

%4
122
158
198
241
290
362

.N0960
.00793
.D0756
.00680
.00664
.00652
.00569
.00630

.N087
.0075
.0073
.0064
.00545
.00575
.00514
00475

.0080
.0069
.0062
.0060
.0054
.0052
.N044
.0040

D
)
o
ol
(&3]

DO D
[oo B e SRS
e
N
~!

OO DD
2D

)

——t

[#8)

2D D D D D D O D
. . . . . . . .
>
SN
2
(92 ]

D DD
O D
NN

- Ty

— med

el =
)
—
ko)
2

Cont'd ...

J/f
.186
170
177
.165
173
.182
.181
175

., 202

212
229
.208
.196
217
.195

179

.294
.286
.295
.288
.269
.278
.288
244



‘wire Size H/D Ratio

0.052 in.

3.00

W W N O T B W N -

W O N oY O WY

APPENDIX E

DERIVED RESULTS

Test

0 0 N DY G D W Ny -

Re x 107

101.0
15.0
21.2
27.7
37.6
49.0
60.5
77.2
91.2

10.3

. 15,1

21.3
28.5
37.7
48.2
62.8
85.6
105.5

10.9
15.7
22.1
29.6
40.0
52.8
73.5
86.7

107.6

72

3

[ SN SR N - . S S~ G 2 ]
e & s » *« & - e

=

kN
.

-Zh—bb-h-fﬁi-fh-hb?’
« e & e P

RS N S « . S S %
. . . . o

Nu/Pr‘]/3

66
80
107.
128
165
212
248
283
324

66
86
106
132
166
198

268

309
361

63
75

98
121

155
193
261
304
370

J

.0065

-.0052
0051

.0046

.0044

.0043
.0041
.0037
.0035

- .0065

.0057
.0050
.0047
.0044
.0041
.0043
.0036
.0034

.0058
.0048
L0045
.0041
.0039
.0037
.0036
0035
0034

DD D

[ T T R o Y s DO D O DO D O D0

L0154
.0123
.0137
.0123
0122
.0118
L0117
0114
0113

0124
01e
0102
0104
.0098
L0002
.0090
. 0085
L0036

.00939
00959
.00939
.00gs8n
.N03821
00746
00R79
00752
00751

... Cont'd ...

J/f

425
.393
.385
.347
.360
.367
.350
.322
.314

.520
.485
.487

©.447

450
445
.475
428
.400

.615
.500

473
464
475
509
524
462
458




- Wire Size

0.063 in.

0.063 in.

0.063 in.

H/D Ratio

1,05

2.05

2.80

- APPENDIX E

DERIVED RESULTS

Test

~NOY G s W Ny e

O N U S W N -

W N e

Re x 107

6.0

9.85
14.00
20.2

23.3
27.6
37.5

8.7
12.8
19.9
25.6
36.0
45.1
54.0
68.7

9.1
14.4
21.0

- 27.6

36.6
46.9
62.5
86.0

73

3

(63 ]

A > 0 s DD

12 IS TS, TR

Pr

.78
.64
.62

62

R4
.5€

N2

an
.21
.78
04
02
N8
.00

.00
.84
.68
73
.73
.71

.83

a4

Nu/Pr

66
100
127
164

205

225
288

77

101

140

161

208 -

259
317
375

76

95
134
150
184
223
285
383

3

LRI

j f
0110 0.0978
0100 0.0922
.0091 0.0878
.0081 0.086A
.0088 0.N912
.0082 0.0762

,0077 0.0761 .
.0089 0.N2n2
0079 0.0374
.0074 0.0342
0063 Nn.0N314
.0058 0.N206
0057 N.N2G7
.0059 0.0269
0055 0.N273
.0084 0.0307
.0066 0.0256
0064  0.0233
.0055  0,0208
.0051  1,0200
.0050 0.0178
.0046  n.M76
0044 0.0165

Cont'd ...

J/f

113
102
.103

.096
107
100

240

212
.205
.201
.195
215
.218
.200

273
.257
274
. 262

.252

.278
.258
. 260



Wire Size

0.063 in.

0.072 1in.

0.072 in.

H/D Ratio

3.95

1.65

N Y TS W N —

APPENDIX E

DERIVED RESULTS

Test

S ™

0 ~N Oy

N O U S W R —

Re x 107

10,

15.
22,
29.
38.
49,
67.
90.

g0 N0 W o Oy

ot
~N)

14.20
18.90
25.3
32.4
41.2

8

43,

14,
20.
28.
42.
48.
59.

o0 O O NNO

74

3

Pr

4.81

4.73
4.62
4,59
4.67
4,70
4.7n

475

4.73
a.56
4,47
4.4
1,48
4.47
4.03
4.32

4,65

2.63
4.53

4.43
4.48
4.41
4,35

Nu/PrV3 J

57

95
111
131

183
206
254
327

67
9
120
150
181
224

282

312

93
121
147
187

250
270

320

f
.0054  0.0163
.0061 . 0.0144
.0050  0.0123
.0045  0.0117
0047 0.0108
.0042  0.0100
.0037  0.0099
.0036  0.0N92
0111 0.0675
0102 0.0617
.0084  0.0578
0079 0.0547
.0072  0.05NE
.0069  0.0474
.0068  N.0258
.0064  0.0066
.0097  0.N55]
.0032  0.04983
0071 0.0436
.0066 0,00
.0059  n.0365
L0055  0.n342
0054 n.n3EN

eee. Cont'd ...

j/’f

330
424
407
.381

434

420
.378
.369

165
165
146
.145
42
145
149
137

176
167
163
161
.160
161
.154




APPEMDIX E

DERIVED RESULTS

Wire Size H/D Ratio Test Rex 1075 Pr  Hupr!/3 f j/f
1 103 473 62 L0061 0.0356 172
2 4.9 459 g2 0055 0.0260 .21
3 22,3 452 110 .0049  D.0176 280
4 39.4 4.52 177 0045 0.0127 354
0.072 in. 2.95 5 48.0 4,08 205  ,0043 0.0119 359
' 6 65.8 806 273 .0041  0.0118 352
7 76.5 2.3 295 . .0039 0.0115 ,336
8 89.5 4.31 316 0035 0.0121 292
9 103.7 415 420 0041 0.0119 340
1 10.4 2,73 52 L0050 N.N359 - 140
2 15.7 4.64 76 0049 0.0274 178
3 22.3 4.47 96 0043 0.0191 225
¥ 31.2 4.2 137 0044 ©.0130 317
0.072 in. 3.94 5 46.7 4.30 180 .0039  0.N105 367
6 60.3 4.37 214 0035 0.0099 358
7 74.6 2.28 266 .0036  0.0096 372
8 90.0 4.22 306 0034 0.0092 370
9 107.0 4.07 346 0032 0.0090 360
1 0.0  4.24 5] 0051 0.03°9 13
2 15.3 AR3 69 .0045  0.0253 177
3 21.9 2.63 98 0045  N.N1ES 267
. 4 3.0 4.37 127 0041 00112 347
0.072 in.  5.50 5  45.7 4,30 178 0039 N.NN92 425
6 60.5 2,30 227 .0037 N.O0R5 442
7 8n.4 2,33 282 0035 N.NM21 433
8 95.5 a.2n . 33 0035  N.ON70 a3g
a  102.0 n18 346 0034 N.OOTT 440

.. font'd ...

75



Wire Size

0.072 in.

0.072 in.

0.972 in.

H/D Ratio

- 2.95

(Rerun)

3.94
(Perun)

5.50
(Rerun)

O ~N DWW N e

APPENDIX E

DERIVED RESULTS

Test

w N -

S

O N N o,

Re x 107

14.
22,
38.
46.
63.

10,
15,
21,
29.
37.
50.
70.
92.

10.
13.
19.
23.
34,
47.
66.
86.

76

o O W O DN

T W N Yy B W™

R S B T N e

3

Iy OV

R T T S S S L = S

>

[ Y 4

Pr

N

.66
.61
3
.68
.78

.97
.68
.HR
.h9
0

.78

. 8f
.68

Nu/Pr]/3

66
79
113
181
210
285

58
84
110
131
170
212
253
309

53

72
102
116
151
192
250
311

J f

.0068  0.0203
.0055  0.0173
.0050  0.n151
0047  n,0135
0045 n 0123
0045 n,n123
L0057 n.n77
.0055  0.0143
L0051 0.0110
0044 n.01ng
0045  n.0104
.0042  0,0ngo
.0036 n.0naa
.0033  n,nnas
.0053  n,ni5n
0055  0.013]
.0053  n.n1ns
L0050  n.ninn
.0044  n_nnos
.0041 n.nngs
.0038  n.nna3y
0036 n.nnon
. Cont'd ....

j/f

e X
337
317
331
.350
366
.363

322
.386
.430
410
435
423
. 382
.355

.356
.48
.508
.495
458
478
466
450




Wire Size H/D Ratio

Empty Tubev

O 00 N O O W e

APPENDIX E

DERIVED RESULTS

Test

Re x 107

12.5
17.8
27.5
46.0

1 56.0

81.5
98.5
121.0
137.0

77

3

Pr

oA D DD AR DD
e e e e e = e e s

nuyer!/3

44
62
80
137
150
208
237
289
363

.00351
.00346

.00288

.00292
.00268
.00255
.00240
.00230

00265

DD D DD D DD D

0113
0074
L0053
.N051]
.N053
048
LNNAE
L0045
L0050

J/f

315
.468
.545
572
.506
531
522
.530
530 |




APPENDIX F.

Analysis of Heat Losses and Temperature Drop

a) Conduction Along Tube:

In order to evaluate the heat transferred away from the

heated length by conduction in the tube wall, a fin analysis

was performed. - ' T
- _ , —+Idx v

T(‘ 3 hy
0 ?‘ 1

FIGURE 21

-]

"~

2

Assuming .
, (i) The temperature of the cdnper lug to be the same
as that of the tube
(2) The temperature of water entering the test section
or leaving the test section is the same and equal to the

temperature of the ambient air outside the test section.

D.E.
g;-(KA %%0 -~ o(hPy + hP,) =0
where A
o=(T-T)
A = Crossectional area of tube
P = Perimeter of tube
h]'= Inside film heat transfgr coefficient

e
L]

, = Outside film heat transfer coefficient.
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B.C.
T at x = O = To
so that o (0) = %
P (=) = 0
D.E.
2
g-%? - m20 =0 (1)
- dx :
h,P, + h,P
2 _ 11 2 2
where m" = ——pr—
B.C.
9(0) = 0q (2)
do(0)
w0 | (3)

The solution to the D.E., (1) for the B.C. (2) and B.C. (3)

is given in Kreith (11).

0 -Cosh m(L - x) _
oy TTosh(mD) (4)

‘which is further solved to give
q = (hyP, + hoP,)K A tanh (ml) (5)

For the present configuration

hy = 5000 ———9195—-—~
hr. Ft=. °F
~ BTU
h, =1.0 —2U____
2 hr. Ft2. °F

h] >>}h2 and therefore h2 can be neglected,
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80

Py = 2er, = 2nx Qiéﬂ- Ft. = 0.126 Ft.
he. Ft. °F
) 2 2
A"‘ﬂ'ﬂ (Y‘z -Y‘-I )
= (0.252 - 0.242)

107 x 1073 Ftl

2 MP Py Py
e ¢
SO0 L gy
8.6 x .107 x 10
L= 5 |
q = hyPyK A tanh (mL)

5000 X .126 x 8.6 X .107 x 107> tanh{e=)

BIU
hr

L]

= 761

,Tﬁis amount of heat loss is negligible in comparison with the
minimum rate of heat generation in the heated length.

b) Temoerature Drop in The Wall:

In order to evaluate the temperature droo in the tube wall
a steady state conduction analysis for the heater tube was performed.
d2 ree

T
— + — 4
dr2 r

S |~
o,
= i.o
n
O

o

is Poisson's Equation in cylindrical coordinates for steady state
~ heat conduction in a solid with hdmogeneous internal heat

generation.
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FIGURE 22

T(rz)

i)

T(r]) T]

And assuming adiabatic outer surface

dT
dr

This equation with the

— =

(rz) 0

is solved in Appendix (2.1) of Reference (7) to give

2
QIII 2 2 .I rz r2
T, -T =—~ (r,° -r %) -« ———5 In—
! ° 2. 2 1 [:2 r, -1 2 r
v 2 1 1
In the present casé 
0 - Quyax
VoTlume
T
e = 455000 f

_ 2 2
Volume = n(r2 - ) x L

3

=k (257 - 242y x 2 Ft3 = 0.214 x 10

above mentioned boundary conditions

~3p3
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6 BTU
Hr.Ft

= 210 x 10

m 45,000
Q_._......_____._.:3..
.214 x 10

K = 8.6 __EIQ“;_.,m

hr.Ft.°F
. 6 2 2 2
J1) = 200 x 107 (.25% - 289 | _0.25

(T

i~ o 8.6 X 144

0.251 _ °
1“-(-)-.—2—4-]— -9°F

(.25% - .24%)

" This value is quite significént. Consequently, while making

;a1cu1ations for the inside film heat transfer coefficient this

temperature drop was subtracted from the measured values of ATf

and Tf.

¢) Heat Loss Through Insulation:

In order to evaluate the heat loss through the lagging,
a steady state conduction analysis was performed for the one inch
.thick insulation layer. Assuming the end effects negligible and
the innér surface. temperature of the insulation constant, the rate
of heat conduction through insulation is,

- dT
Yins. = K ar
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FIGURE 23

The solution is obtained in Chapter (2.1) of Reference (11).

qs = L2/ oK, L
| ms. 1n Y‘3 mns.

(=)
2
vhere _ ry = Outside diameter of insu1ation = }4§-Ft.
r, = Inside diameter of insulation = %55 Ft.
- o]
T2 ~.130 F
T, = 75°F
BTU
K. = 0,022 ———————
ns. hr. Ft. °F
L =2 Ft.
- (130 - 75)

a; _
s an L2 (o x .022 x 2)

14 BTU/hr.

This amount of heat loss is negligible in comparison

with the minimum rate of heat generation in the tube.
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