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PREFACE

This dissertation is concerned with the effects well defined physi-
cal properties for pure components and/or mixtures have on estimates of
the heat transfer coefficient. Experimental measurements of the heat
transfer coefficient for laminar and turbulent flow inside a straight
horizontal tube were made. The test fluids were distilled water,
methanol, toluene, 85 wt % ethylene glycol-water mixture, 50 wt %
ethylene glycol-water mixture, heavy premium coker, 30 wt %Z diethanola-
mine-~-water mixture, and n-octane.
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CHAPTER I
INTRODUCTION

Physical properties are essential in the design and development of
heat and mass transfer equipment. Accurate physical properties are im-
portant in developing empirical, semi-empirical or theoretical predic-
tions., Since these data will be used in the form of dimensionless
groups it 1s important to test available sets of properties in such
groups.

The primary purpose of this work is to try and establish the
effect well-defined physical properties for pure components and/or
mixtures have on estimates of the heat transfér coefficient. An
experimental apparatus was built with a horizontal straight test sec-—
tion geometry such that we can most easily measure the variables
needed to evaluate the local heat transfer coefficient. Most of the
experimental runs were in the turbulent flow regime where better
correlations are available for estimating the heat transfer coeffi-
clent than in laminar flow. The apparatus was designed to use the
widest possible range‘of fluids with vastly different properties..

Experimental studies were made with water, methanol, toluene,

85 wt 7 ethylene glycol-water mixture, 50 wt % ethylene glycol-
water mixture, heavy oll coker, 30 wt % diethanolamine-water mixture,

and n-octane in turbulent flow in an electrical-resistance-heated



tube. For the heavy oil coker system, runs were also taken in laminar
flow for the thermally developing region.

The apparatus was in the form of a closed piping loop constructed
so that in the test section, Reynolds number and Prandtl number of the
.circulating fluids could be held at desired levels. The loop‘contained
a pump, an entrance sectlon, a test section, a flow meter, a fluid
cylinder, and a heat exchanger. The test section was made of 0.43 in.
i.d. stainless steel tube and was insulated from the piping system
electrically and thermally. The test section’was heated by a DC current
through two copper bars silver soldered to the tube. Thermocouples were
attached to the outer surface of the tubes. Inner surface tempe?atures
and local heat fluxes were calculated from the outside surface tempera-
ture using a numerical solution. Local heat transfer coefficients were
obtained around the periphery of the tube. Experimental heat transfer
coefficients were compared with those predicted using différent sets of
physical property data and the following heat transfer correlations in
the turbulent flow region:

1. Sieder-Tate (1) equation

2. Dittus-Boelter (2) equation

3. Petukhov (3) correlation.

Experimental data in the laminar flow region were compared with
the Morcos—Bérgles correlation (4). For the thermal entrance region,
data were compared with equations developed by Shah (5), Grigull and
Tratz (6) and Churchill and Ozoe (7). The study covered Reynolds

numbers from 52 to 60, 500 and Prandtl numbers 5.3 to 1570.



CHAPTER II
LITERATURE SURVEY

Up to the present date numerous heat transfer measuremerits have
been made for fluids in turbulent flow. However, little consideration
has been given to the effects of property inaccuracies on the prediction
of the heat transfer coefficient and other areas of chemical engineering
interest. This chapter presents a summary of these investigations.

Nangia and Taborek (8) have related the importance of thermal con-
ductivity of liquids in all heat transfer applications and the relatively
high exponents (0.65-1.0) under which it appears in equations. They
also showed that despite the importance of thermal conductivity, experi-
mental data even at ordinary temperature levels are scarce, particularly
for liquids. Contrary to gases, the theory of liquids is not developed
to a significant degree to permit a satisfactory theoretical analysis
for the prediction of this property; consequently, large errors are
frequently encountered by using the present heat transfer correlations
fqr industrial design purposes.

Nangia and Taborek (9) selected four of the most impértant proper-—
tles -~ thermal conductivity, specific heat, viscosity, and density to
demonstrate the probable errors incountered in industrial applications.

 They reported the following conclusions:



1. Data and predictive methods for liquids are badly lacking due
to measurement difficulties and the present poor understanding of inter-
molecular relationé in the liquid state.

2. Wide variations in the predicted values can have significant
effect on the size and utility of heat transfer equipment designed using
these physical property values.

McCoy, Mathur and Maddox (10) extended the consideration of physical
property variations to many areas of chemical engineering interest,
mainly pressure drop calculations, boiling heat transfer coefficient cal-
culations, and distillation column sizing. The following conclusions
were reported:

1. Errors of the order of 50-100% in physical property predictions
are not uncommoh. These errors generate substantial errors in process
and design calculations, unnecessary expenditures for equipment, unsat-
isfactory equipment operation and inefficient plants.

2. More data need to be taken on both pure components and mixtures,
particularly data taken under conditions of temperature, pressure and
liquid-vapor contact that can be expected to be encountered in day-to-
day plant’operation.

3. Good predictive and correlative procedures can only be developed
based on sound, accurate and precise experimental data.

Squires and Orchard (11) showéd the following effects of data error
on pressure drop and rebpiler duties:

1. A 207% error in viscosity causes a 47 error in pressure drop.

calculation.



2. A 20% error in thermal conductivity causes an error of 9.27%
in the boiling coefficients in reboilers,

3. A 20% error in density causes an error in pressure drop cal-
culations of 18%. The same error causes an error of 10% in reboiler
boiling coefficient.

4. The cumulative effects of data error result in a one for one
ioss in accuracy in pressure drop‘design and in feboiler boiling coef-
ficient calculations.

5. Errors in the order of 50 to 100% in physical properties pre-
dic;ions are not uncommon. The errors result in unnecéssary expendi-
tures for equipment, unsatisfactory equipment operation and inefficient
plants.

Williams and Albright (12) related the ability to effectively
save energy in petroleum processes to the accuracy of the physical and
thermodynamic data available. They reported that values of thermal
conductivity of many petrbleum components have been found to be 20 to
200% different than was reported 10 years ago. fhat improved data
necessary for.tighter design of heat exchange equipment are not avail-
able for all the compounds and materials found in the petroleum
business. Uncertainties in data led to gasoline plant designs with
excess compressor horsepower for refrigeration, relatively large
temperature approéches in heat exchange equipmént, fractionators with
excess reboiler and condenser equipment.

Zudkevitch (13) pointed out that computer techniques, although

essential in correlating data, can often lead to problems in delivering



reliable data in the form that a designer can use. The expanding scope
of computer design programs creates a strong pressure for the use of
"well-behaved" data correlations in the interest of overall efficiency
of computer program operation. Care must be taken that this does not
result in the misuse of a generalized correlation outside its region of
validity.

Gray and Zudkevitch (14) investigated the specific features of LNG
plant design which lead to relatively unique data problems. .They
reported the following conclusions:

1. There is a need for highly accurate prediction of enthalpy as a
function of temperature, pressure, and composition in vapor, liquid and
two-phase regions to minimize irreversible losses in exchanges.

2. Extremely accurate liquid density predictions are required to
~ convert the known volume of LNG to a known mass in order to calculate

the total heating values, which determine the selling price.

3. Reliable data at cryogenic conditions are difficult and
expensive to obtain. Data development efforts should be concentrated
~where the economic impact is greatest.

4. The relative magnitude and impact of errors in data predictions
at varlous conditions méy be strongly dependent on process variations.

5. Phase equilibria and enthalpy calculations are identified as

the most important thermodynamic properties in LNG facility. However,
inaccuracies in less availlable transport properties cannot be ignored.
For example, the effect of the coefficient of thermal conductivity on
the heat transfer coefficients of a fluid is‘a direct function of the

exponent, which varies between 0.65 and 1.0. Since the accuracy of



thermal conductivity data is not high, even with an exponent of 0.65
the effect on heat exchanger sizing can be serious.

Nani and Venart (15) obtained data on the thermal conductivity of
gaseous and liquid methane measured within the conditions range of a
liquefaction operation and compared the results with data from other
publications. They reported discrepancies of up to 18%Z. A discrepancy
of 18% raised to a power of 0.7.corresponds to an uncertainty of 12.37%
in the heat transfer coefficient.

Nangia and Taborek (8) reported that an uncertainty of this mag-
nitude may be significant for expemnsive cryogenic exchangers, pa;ti—
cularly since the inability of an undersized exchanger to meet design
temperatures may make 1t necessary to lower the mass flow rate, making
the heat transfer coefficient even smaller. The alternative of
raising coolant mass flow rate to raise the heat transfer coefficient
may be precluded by pressure drop limitations.

Albright (16) showed that the effects of discrepancies in data
on the economics of the entire LNG plant are not direct but also depend
on whether an additional cascade stage is required or an additional
load on one stage is partly compensated by a reduced load on the
downstream equipment. Baker (17) estimated the effect of errors in
enthalpy predictions on investment for cryogenic facilities. By updating
Baker's estimates, the designer may make a rough estimate of the effect
data errors have on investment in liquefication plants.

Recently, Streich and Kistenmacher (18) showed the influence of
property inaccuracies in low temperature designs. They presented three

examples to illustrate the severity of bad predictions.
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equilibrium constant values results in excess trays and/or excess

1. For the C, and C, splitter in olefin plants, inaccuracy in

reflux.

2. Accurate enthalpy calculations are needed in the processing
chain in which ammonia is produced. Using the standard available
methods results in poor estimateé because of excessive extrapolation.

3. In natural gas liquefaétion plants, inaccuracies in vapor-
1iquid—equilibrium constant values change the vapor-liquid-ratio
of the recycle stream, and this would change the heat load on the
exchanger.

In recent years there have been three major search efforté of the
literature for correlative and predictive techniques. The American
Petroleum Institute (19) has published a data book containing recom-
mended procedures to be used for predicting physical properties of
petroleum derived constituents, The American Institute of Chemical
Engineers (20) has published a computer package containing recommended
procedures for physical properties data predictions. A recent evalua-
tion of the available methods for thermal conductivity prediction made
during the revision of Chapter 7, "Thermal Properties," of the API
Data Book (19) indicates that uncertainties on the order of 25-30%
can readily be encountered. Fluid Properties Research, Inc. (FPRI)
has a body Af experimental data both from the literature and by mea-
surements—-collected on'thermal conductivity, viscosity, heat capacity,
density and interfacial tension. Present efforts are directed toward
extending this to include all transport and thermal properties of

importance to industrial process design. To augument experimental



data measurements and aild the predictive-correlative work, FPRI
maintains an up-~-to-date computer file of literature on physical prop-

erties and their measurement.



CHAPTER III
EXPERIMENTAL: SYSTEM

An experimental apparatus has been designed, constructed, and
equipped with instruments to measure the varlables needed to evaluate
the local heat transfer coefficients in laminar and turbulent flow in
a uniformly-heated straight tube using distilled water, methanol,
toluene, 85 wt 7 ethylene glycol—wate:, 50 wt % ethylene glycol-
water, heavy oil coker, 30 wt % diethanolamire-water, and n-cctane.

A sketch of the experimental set up is shown in Figure 1. The

DC power source, operating procedures, and the way the thermocouples
were fabricated and placed on the tube wall along the test section

was essentially the same as that used by Farukhi (21), Singh (22) and
Moshfeghisr (23). Some parts of this chapter and the following chapters

are taken directly from their Doctor of Philosophy thesis (23) (22) (21).
Description of Apparatus

Test Section

The test section is fabricated from a Gibson tube ASTM-A269,

(& 1in.) o.d. x (0.035 in.) wall thickness. It is isolated electri-
cally from upstream and downstream sections by means of two teflon

bushings that could take temperatures up to 450°F and pressures up

10



Thermocouple (+)¥ower sUpppy,‘ )

Thermocouple
C
* Electrode Test Section Electrode !
Piastic Ptasti
Insulation Pressure Gauge Pressure Gauge lnsul:t:ion C V \S}aah;héy
o ® :
g 1
Manometer
' Cyiindesr
Flowmeter i
couple
i D
— )- . =
[ Drain
A
Drain

Figure 1.

Schematic of Heat Transfer Loop

11



12

to 1000 psia. A direct current is supplied to the test section by
means of two copper bars silver-soldered at each end. The electric
current flows axially through the tube wall generating heat at a uniform
rate which 1s removed by the circulating water in the heat exchanger.
The test section is thermally insulated by first wrapping several layers
of bonded fiberglass tape, then by using 1% in. thickness of rigid
white hydrous calcium silicate insulation wrapped with aluminum foil.

An entrance length of 3 ft. is maintained to allow essential
completion of hydrodynamic development.

Dimensions of the test section with thermocouple locations are

given in Figure 2.

Fluid Cylinder

A pressurized fluid cylinder qf capacity 0.8 gal. is used. The
cylinder is surrounded by a gasket where water could flow and be used
for cooling the fluid. The top cover of the cylinder, which could be
removed, is connected to the main loop and the recycle line. At the
bottom an iron constantan thermocouple (OMEGA J type) is inserted to

measure the fluld temperature in the cylinder.

Heat Exchanger

A one shell-pass-~multi-tube heat exchanger was used to cool the
test fluid from the test section. The test fluids pass in the tubes

while water, used as a cooling fluid, passes in the shell side.

DC Power Source

In order to generate the DC current to be supplied to the test
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Figure 2. Dimensions of Test Section with Thermocouple Locations

€T



14

section through two copper bars silver soldered to the tube, a Lincoln-
weld SA-750 AC motor driven DC generator is used. This DC power genera-
tor has a maximum rated output power of 30 KW. The passage of the DC

current through the wall provided a constant heat source to the fluid.

Pump

An adjustable speed drive pump was used to pump the fluid through
the test section. The pump was manufactured by Rose Equipment Company
and has the following specifications: 1 Roper FIG. I H5 Spec. 5 con-
nected through a Lovejoy coupling to a 2 HP, 3 phase adjustable speed
gear head motor with a range of 190 RPM to 1900 RPM. The complefe unit
is mounted on a common base including a coupling guard. Maximum pres-

sure is 300 psi and maximum temperature is 400°F.
Instrumentation

Thermocouples

Temperatures were measured using two different types of iron-
constantan thermocouples connected to a thermocouple indicator through
a switch box selector.

1. TIron constantan thermocouples (OMEGA J type) to measure inlet
and outlet:bﬁlk fluid temperatures.

2. Insulated wire thermocouples "Ifon-Constantan" to measure the
outside wall temperature of the test section tube,

This pair of dissimilar metals has a sensitivity of 30 microvolts

per degree Fahrenheit, higher than any other thermocouple type for the

temperature range of interest.
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OMEGA "J Type'" Thermocouples

Two Iron-~Constantan J Type thermocouples with a positive iron wire
and a negative constantan wire, manufactured by Omega Corporation,
were used to meésure the bulk fluid temperature at the inlet and out-
let of the test section. A third thermocouple was inserted at the
bottom of the fluid cylinder. This type of sheathed ungrounded thermo-
couple was used because (23):

"1. The sheath protects the thermocouple from corrosion by the

fluid.

2. The ungrounded thermocouples are immune to any stray emfs
that may be produced by the DC heating.”

Thermocouplesvwere calibrated using a Leeds and Northrup standard
platinum resistance thermometer as a reference. Details of the cali-

bration procedure are presented in Chapter IV.

Insulated Wire Thermocouples

Thermocouples made from fiber glass-insulated, 30 B&S gauge Iron-
constantan thermocouple wire were used to measure the outside wall
temperatures of the test section tube. A thermocouple welder was used
to fabricate the’thermocouples. The hot junctions of the thermocouples
wére placed at four stations on the tube wall along the test section.
At each station four thermocouples were placed 90 degrees apart on the
tube periphery. The position of each station and the thermoccouple
layout is shown in Figure 2 and Table I.

To insulate the thermocouple leads electrically from the heating

" current, a thin layer of sauereisen cement was first placed at the



TABLE I

PRINCIPAL THERMOCOUPLE LOCATIONS
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Thermocouple No,

Description

A Room Temperature

B Bulk Fluid Outlet Temperature
C Bulk Fluid Inlet Temperature.
D Fluid Bath Temperature

Location of Test Section Thermocouples
No. *%}- No. —%%—
i i

1 45,5 9 127.0

2 45.5 10 127.0

3 45.5 11 127.0

4 45.5 12 127.0

5 80.2 13 157.0

6 80.2 14 157.0

7 80.2 15 157.0

8 >80.2 16 157.0
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intended thermocouple location and allowed to set before cementing

the thermocouple leads to its intended location. The thermocouple

wires from the thermocouple beads were held in place about % in. |

from the thermocouple beads by means of a layer of asbestos paper tape
and a flexible hose clamp. The asbestos paper tape was placed between
the clamp and the thermocouple wire to prevent any accidental short-
circuiting of the thermocouple wires due to the sharp edges of the metal
hoseclamp. The thermocouple wires were then placed along the test
section for about two inches and clamped again to the tube before being
led off to a switch box, where a master switch is connected to a thermo-
couple indicator. All thermocouples were calibrated using a platinum
resistance thermometer as a reference. Details of the calibration pro-

cedure are presented in Chapter IV.

Test Gauges

The two pressure gauges used were connected by 1/8 in. stainless
steel tubing to the inlet and outlet of the test section as shown in
Figure 1, They have 2 psi subdivisions and could read up to 400 psi.
The two gauges were calibrated against a Ruska "2400 Model Dead Weight
Gauge'". The pressure of the reference gauge was plotted against that
of the two test gauges and working equations were developed to correct
the pressure at the inlet and outlet of the test section. Results
of the calibration procedure are presented in Appendix B. A U type
manometer was connected to indicate the pressure drop across the
test section. The U type manometer was manufactured by the Meriam
Instrument Co. and has the following specifications: Model 10AA25WM,

36 inches range with 0.1 in. subdivisions.
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‘Rotameters

A Brooks rotameter and a Fischer and Porter flow indicator were used
to indicate and measure the flow rates of the different fluids tested.

Their specifications are given in Table II.

TABLE II

FLOWMETER SPECIFICATIONS

Item Rotameter 1 Rotameter 2
Rotameter model number 10-110-10 7807F
Rotameter tube number R-10M-25-3 0051F-1
Float number 10~-RV-64 —
Maximum water flow rate, gpm 6.28 1.25

Calibration tables are presented in Appendix B

Digital Multi Meter (DMM)

The power input to the test section was measured by means of a
digital multimeter manufactured by John Fluke Manufacturing Companys
Iné. The model is 8000A with 3% digit display. Push-button controls

"allow the selection of five AC or DC voltage ranges, five AC or DC
curfent ranges, and six fesistance ranges. Only the DCV function

and voltage range were used.
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The current flowing through the test section was measured by
pushing the DCV function and the millivolt range (MV) in conjunction
with a 50 millivolt shunt (see Figure 3).

The 50 millivolt shunt was connected in the line carrying the
_current to the test section. When the push button is on (MV), the
digital multimeter is connected across the shunt and the corresponding
millivolt reading corresponds to the current flowing. The shunt is
rated éuch that 50 millivolt reading corresponds to 750 AMPS.

The voltage drop across the test section was measured by pushing
the DCV function and the 20 volt range with connections to the two
copper bars., The 200 volt range was pushed first. For more accurate

readings the 20 volt range was then used.

Multipoint T/C Selection

The multipoint selector used is a switching unit having the
capability of accepting the outputs of several thermocouples; select-
ing one or more of them and feeding the signals into the thermocouple
indicator.

The front panel of the selector consists of a series of push
button switches (12 in a row) which select the desired thermocouple.
The thermocouples were wired to the multipoint selector by using the
procedure noted below:

1. Remove the four screws securing the rear'panel;vremove the
two screws from the top and bottom of the instrument and slide the
circuit board out.

2, Remove the shield by removing the six screws securing it to

the board.
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3. Route the thermocouple wires to the appropriate terminals.
(HI=TC+:LO=TC~) switch numbers on the bottom board to correspond to
front panel switches viewed left to right., (SI- the first push
button on the left.)

CAUTION: Because the second board is mounted upside down, the
wiring is reversed. S12 corresponds to the first switch on the left,
S11 to the second switch and so on until Sl corresponds to the last
switch on the right.

4, Run thermocouple wire from the HI, LO and GD terminals on the
board. These three wires attach to the respective thermocouple inputs
of the thermocouple indicator.

5. Replace the shield; slide the boards back into the housing.

Digital Thermocouple Indicator

The thermocouple indicator is‘a Doric Scientific DS350 type J
(Iron-Constantan) with a statéd accuracy + 0.27% for the -32.0°F to
+800.0°F temperature range. The thermocouple indicator used converts
the thermocouple emf fed to the iﬁstrument into its corresponding
temperature reading which is displayed directly in degrees Fahrenheit
on the digital readout panel of the indicator. Further details may

be obtained from the Digital Thermocouple Indicator Manual (24).
Auxiliary Equipment

All the measuring devices used were calibrated, except for the

8000 A Digital Multimeter where similar units used by the Electrical
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Engineering Department at Oklahoma State University were all found to
be in the accuracy range guaranteed by the manufacturer. The descrip-
tion of the auxiliary equipment consists of three sections:

l. Flow indicator calibration and fluid flow rate measurement
equipment.

2. Digital thermocouple indicator equipment.

3. Pressure gauge calibration equipment.

Rate Measurement Equipment

The fluid flow measurement equipment consisted of the following:

1. Weighing Equipment: A set of calibrated weights was used in
conjunction with a five kilogram capacity Ohaus Pan Balance to weigh the
amount of fluid collected for weights that are above 1200 grams. The
balance has a sensitivity of 0.5 grams.

For weights of the collected fluid that were less than 1200 grams,
a Mettler P1210 balance was used. The balance has a sensitivity of
0.01 grams.

2. Fluid Collecting Vesselé: The vessels used consisted of dif-
ferent capacity beakers aﬁd cylindrical metallic jars. The fluid wés
collected for a recorded interval of time, so that the mass flow rate
could be recorded.

3. Stop Watch: A 10 minute stop watch with a main dial range
of 10 seconds was used to time the fluid flow rate. The stop watch

has a precision of 0.1 seconds.
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Digital Thermocouple Indicator Calibration

Equipment

A Leeds and Northrup model 8687 Volt Potentiometer was used for the
calibration of the digital thermocouple indicator. The potentiometer
used has a maximum stated accuracy of + (0.02% cf reading + 30 micro-

volts) (25).

Test Gauge Calibration Equipment

A Dead Weight Gauge model 2400 was used in the calibration of
the two test gauges in conjunction with a Ruska Pump installed in
the line between the Dead Weight Gauge and the test gauge. The
Deed Weight Gauge used was calibrated by the manufacturer by direct
intercomparison with a Dead Weight Gauge calibrated by the National
Bureau of Standards. The Dead Weight Gauge used has a maximum stated

accuracy of + (0.01% of reading) (26).



CHAPTER IV

EXPERIMENTAL PROCEDURE

This chapter includes the following sections: (1) Calibration

Procedure; (2) Loop Operating and Data Gathering Procedure.

Calibration Procedure

Thermocouple Calibration

1. Calibration Equipment Specifications:

A. Variable Temperature 0il Bath
Model 910 AB
Instruction Manual No. 1684
Rosemount, Inc.

B. Platinum Resistance Thermometer:
Series 8163-QB
Serial No. 1827669
Leeds and Northrup Company

C. Muller Temperature Bridge:

Serial No. 8069B
Leeds and Northrup Company

2, Calibration Procedure:
All thermocouples were calibrated, before being installed in
the test section, using a standard platinum resistance thermometer.
A Muller Bridge was used to measure the resistance of the standard
platinum thermometer. Both the standard resistance thermometer and

the thermocouples were immersed in a constant temperature oil bath.

24
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temperature of the bath was meaéured by noting the resistance of the
platinum thermometer, which wzs read twice in the N (Normal position
and twice in the R (Reverse) position, and taking the reading of the
thermocouples which were connected to the Multipoint Selector which
in turn was connected to the digital thermocouple indicator.

The average of the N and R position readings was taken and corres-
ponding Standard temperatures were read from IPTS-68 table for the
resistance thermometer (Serial No. 1761202). -

A zero reading in the Muller Bridge was foﬁnd to cdrrespond to
zero ohm resistance. Ro’ the resistance of the platinum resistance
thermometer at 0°C was found to be 25.5770. Five readings were taken
to cover the temperature range of interest (60°F - QOOOF).

The converted temperature readings of the standard platinum
resistance thermocouple were plotted vs the temperature readings of .
the thermocouples, and working equations were developed to correct the
thermocouple readings. Thermocouple calibration data are presented in

Appendix B.

Flow Meter Calibration

Calibraﬁion procedures were used for distilled water, methanol,
and toluene systems. Data were taken with the flow rate increasing up
té the maximum and thén decreasing to thé»minimum flow rate.

The calibration procedure consisted of the following steps:

1., The fluid flow rate was adjusted to the desired float setting
or percent maximum flow on the flow meter. This was done by either

changing the recycle flow rate or adjusting the speed of the pump.
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2. A previously weighed empty container was used to collect the
fluid flowing in the system for a measured time interval. This was
after the flow indicator was steady on a given flow setting.

3. Temperature readings were taken using the thermocouple inserted
from the bottom of the cylinder.

4, The sample collected was weighed and then returned to the
vessel,

The above procedure was repeated two times for each flow setting
on the indicator.

For 50 wt % ethylene glycol-water, 85 wt % ethylene glycol-water,
heavy coker oil, 30 wt %Z diethanolamine-water, and n-octane systems
the flow rate was measured by repeating the above procedure for each
run,

Calibration data are presented in Appendix B.

Digital Thermocouple Indicator Calibration

The Diglital Thermocouple Indicator was calibrated periodically.
The calibration procedure is detailed in Section IV of the Owners

Manual (23).

Manometer Calibration

The reading of the U-type Manometer was set to zero when there
was no fluid flow in the test section. Liquid mercury was used as

the indicator fluid in the manometer.

Test Gauges Calibration

The test gauges were calibrated against a Dead Weight Gauge
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model 2400. The following precedure was followed:

1. The Read Out and the pressure gauge which were connected on
both sides of the diaphragm of the differential pressure were at
equilibrium (Zero Reading).

2, The system was closed off to atmosphere and weights of
nonmagnetic stainless gteel were ﬁlaced on the interchangeable piston
cylinder-weight table assembly.

3. Pressure was applied from the gas cylinder to pressurize
the pressure gauge. The pressure was built slowly until the needle
indicated a zero reading which corresponded to equal pressures on
both sides of the differential pressure indicator.

4. Steps 2 and 3 were repeated by incrementing the weights to
obtain the maximum anticipated pressure.

5. Readings were also taken when the pressure was reduced.
Loop Operating and Data Gathering Procedure

Start-Up Procedure

After the experimental loop was constructed, and all measuring
‘devices were installed, the fluid flow loop was tested fcr possible
leaks by flowing water at an anticipated maximum pressure and flow
rate. Any leaks detected were eliminated. The fluid flow lcop was
then insulated and prepared for obtaining experimental data.

The following steps were followed to gather data for each run:

1. The DC generator was started. Main switch on "ON" position
and the green button pushed. The polarity switch was kept on the "OFF"

position to allow the generator to warm up for about 30 minutes.
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2. Cooling water was started to the heat exchanger located down
stream of the test section.

3. The digital thermocouple indicator was activated.

4, The pump was started and the fluid was allowed to circulate
in the recycle line,

5. The test section was pressurized by regulating Valve I
(Figure 1) in conjuncfion with the recycle contr01‘Va1ve Iv.

6. The polarity switch was moved from the "OFF" position to
either the "Electrode Negative'" or "Electrode Positive'" position,
allowing the DC current to flow through the test section.

7. The digital Multimeter was activated.

Data Recording Process

Before any data were recorded the following steps were followed:‘

1. Control valves I and IV‘(Figure 1) were adjusted to give the
desired flow rate.

2. The DC current was adjusted by varying the output control
‘switéh on the control box of the generator. Fine control adjustment
of the current was made by a variable rheostat connected to the gen-
erator.

3. Flow rate of the cooling water to the heat exchanger was
adjusted so that the fluid temperature in the cylinder and at the inlet
of the test section remained constant.

4. The experimental set up was then allowed to operate to
achieve steady state. If necessary, minor adjustments were made to
codling water rate, current, and fluid floﬁ rate, before any readings

were taken.
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5. After about two hours of operation coupled with checking
for temperature approach to steady state the following experimental
data were taken:

a. The inlet and outlet bulk fluid temperature.

b. The test section surface temperature,

c. The voltage drop across the test section and the
DC current flowing through the test section.,

d. The room and cylinder temperature.

e. The pressure in the system as indicated by the
pressure gauges,

f. The flow rate of the system.

6. Step 5 was repeated after about half an hour to ascertain if
steady state had been achieved.

7. Steady state was deemed to have been achieved if the two
sets of temperature measurements agreed within + 0.3°F.

If steady state had not been achieved, steps 5 and 6 were repeated
after about half an hour of continued operation where a steady state
was achieved for most of the runms.

The fluid flow rate and/or the current and/or the cooling water flow
rate was changed to a new set of conditions and the entire data record-
ing process was repeated for the new set of input conditions. For each
of the 50 wt % ethylene glycol-water, 85 wt % ethylene glycol-water,
heavy o1l coker, and 30 wt % diethanolamine-water runs, the mass flow
rate of the fluid was measured, after obtaining the temperature and
pressure data as indicated in steps 5 and 6 of the Data Recording

Process section.
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Shut-Down Procedure

The following steps were followed to shut down the system:

1. The polarity switch of the DC Generator was turned to the
"OFF" position and the red button was pushed to turn down the genera-
tor. The main switch was turned to "OFF" position.

2. The Digital Multimeter was deactivated.

3. After the fluid temperature was close to room temperature
the pump was stopped and cooling water was shut off the heat exchanger.

4, The gystem was depressurized. All valves were opened except
the drainage valves.

Each time the fluid was changed, the fluid flow loop was cleaned
with acetone or water. After draining the system, air was blown in the

fluid flow loop.



CHAPTER V
ANALYSIS OF DATA

Experimental measurements for the variables needed to evaluate the
local heat transfer coefficients for fluid flow in a horizontal test
tube were taken using the following working fluids: distilled water,
methanol, toluené, 85 wt % ethylene glycol-water, 50 wt % ethylene
glycol-water, heavy oil coker, 30 wt % diethaﬁolamine—water and n-octane,
A total of 159 runs were made: 6 runs with distilled water; 26 runs
with methanol; 24 runs with toluene; 7 runs with 85 wt % ethylene
glycol-water; 18 runs with 50 wt 7% ethylene glycol-water; 42 runs with
heavy o0il coker of which the first 7 runs were dropped out for incon-
sistency in the heat balance results; 23 runs with 30 wt % diethanola-
mine-water; and 13 runs with n-octane. The experimental data are
presented in Appendix A. Computer programs which were originally
written by Farukhi (20) and modified by Moshfeghian (27) were modified
and used to reduce the experimental data using the IBM 370/158 com-
puter,

All the‘variables measured for each experimental run are listed
under item 5 of Data Reqording Process in Chapter IV. The outside
surface temperatures were measured at 16 locations along the length
of the test section. Thermocouple locations are given in Table I in

Chapter III.
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Fluid physical property data were evaluated at the bulk fluid
temperature and at the film fluid temperature at each thermocouple
location. The viscosity was also evaluated at the inside wall tempera-
ture at each thermocouple location and at the average inside wall tem-
perature. The bulk fluid temperature was assumed to increase linearly
along the axial length of the test section, starting from the inlet
electrode.

Average bulk fluid temperature for the entire test section for
each data run was taken to be the arithmetic average of the inlet and
outlet bulk fluid temperatures.

Different sets of physical property data, for each of the fluids
run, were tested‘using avallable literature correlations which pre-
dict the local heat transfer coefficient for the flow of a fluid in
horizontal tubes. Regression correlations were developed for each
set of the experimental.physical éroperty data tested. Thermal con-
‘ductivity and electrical resistivity regression correlations of stain-
less steel used were developed by Singh (22). Appendix C gives a
listing of the regression correlations. The correlations were in-
corporated into the computer programs used for the data reduction.

Data reduction consisted of the following steps:

1. Calculation of the percentage error in heat balance.

2. Calculation of the local inside wall temperature and
the inside wall radial heat flux.

3. Calculation of the local heat transfer coefficient.

4. Calculation of the relevant dimensiénless numbers for
each of the different sets of physical ﬁroperty data

used.



Details regarding each of the above steps follow.

Calculation of the Percentage Error

in Heat Balance

Heat losses were important in so far as they affected the calcu-

lations of the local bulk temperature and the local heat input. The

percentage error in the heat balance for each data run was calculated

as follows:

where

where

qinput = M@ - Y0ss (5.1)

4inpue = heat input rate, Joules/sec

V = voltage drop across test section, volts;

I = current in test section, amperes;

c.11053 = heat loss, Joules/sec (calculated from Appendix H).

ElOlltput = (ﬁl) (c )[Tb - Tb ] (5.2)
P out - in

qoutput = heat output rate, Joules/sec;

h = mass flow rate of fluid flowing through test section,
kg/sec;

cp = heat capacity of the fluid, Joules/(kg.K);

33

(Tb) = bulk fluid temperature at the test section inlet, K;
i
7 error in qinput " c.loutput
= x 100 (5.3)
heat balance p

input
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The inlet and outlet temperatures were corrected based on the
thermocouple calibration procedure given in Appendix B. Typical error

in the heat balance is given in Appendix F.

Calculation of the Local Inside Wall Temperature

and the Inside Wall Radial Hea; Flux

Computer programs originally written by Owhadi (28) and Crain (29)
and modified by Farukhi (21) and Moshfeghian (27) were modified to com-
pute the inside wall temperatures from the measured outside wall tem-
peratures after being corrected based on the calibration procedure
given in Appendix B. The inside wall temperatures were computed by
a trial and error solution. Equations used for the numerical solution
of the wall temperature gradient with internal heat generation along
with theilr derivations are presented in Appendix D. The program also
computes the inside wall radial heat flux at each thermocouple location
on the test section. Details regarding the computer program are given

in Moshfeghian's thesis (27).

Calculation of the Local Heat

Transfer Coefficient

The local convection heat transfer coefficients were calculated
using the inside wall temperature, the rate of heat flow per unit
inside surface area and the bulk fluid temperature. That is, in

principle:
@/n),

[(TW)i - T,]

hy

(5.4)

where
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2
hi = local inside heat transfer coefficient, (J/m +s:K);

(q/A) = local inside wall heat flux, (J/mz-s);
i

(TW) = local inside wall temperature, K;
i

Tb = bulk fluid temperature at the thermocouple station, K.

Calculation of the Relevant

Dimensionless Numbers

Reynolds and Prandtl numbers were calculéted at the bulk fluid
temperature and average film temperature at each station. The Nusselt
number was also calculated for each station using the circumferentially-
averaged local heat transfer coefficient at each station. Grashof
number was calculated for each station using the circumferentially-
averaged inside wall temperature and the bulk fluid temperature at each
station. Dimensionless numbers weré recalculated whenever a new set
of physical property data was tested. For the thermally developing
runs a dimensionless axial distance was introduced. The definitions of
the dimensionless numbers evaluated are given in Table III.

All the experimental data gathered were reduced using the above
procedures. Sample calculations for one data run are given in Appendix
F.

The inside wall heat transfer coefficients were calculated for
each thermocouple location along the test section and were digitally
plotted for the four thermocouple locations on the tube periphery for

each data run.
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TABLE III

DEFINITION OF THE DIMENSIONLESS
NUMBERS EVALUATED

Dimensionless
Number Symbol Definition
Reynolds Re (di)(G)
H
where G = _ m
r 2
: (C )G
Prandtl Pr P
k
(@))% () (8) (T -T.)
Nusselt Nu 1) (@) (g) (B) (T -T,
u2
Dimensionless -
Axial Distance X* :
4 (Gz)
dy
Graetz GZ (Re) (Pr) ( T )




CHAPTER VI
EXPERIMENTAL RESULTS AND DISCUSSION

Experimental data were gathered for Reynolds numbers ranging from
52 to 60,500 and Prandtl numbers ranging from 5.3 to 1,570 in a straight
horizontal (0.5 in.) o.d. x (0.035 in.) wall thickness test section.
The test fluids were distilled water, toluene, methanol, 85 wt % ethyl-
ene glycol-water, 50 wt % ethylene glycol-water, heavy premium coker,
30 wt % diethanolamine-water and n-octane. All the experimental
runs were conducted under approximately constant wall heat flux condi-
tions. Results of this study together with a discussion of the results

are presented in this chapter.

Correlations Used to Predict the Turbulent
Heat Transfer for Constant and

Variable Property Fluids

Many correlations exist for predicting the heat transfer coeffi-
cient in the turbulent flow regime. To compare the experimental heat
transfer coefficient at each station along the test section, an arbi-
trary choice of the following equations was made because of their wide
usage 1n heat transfer calculations, mainly for industrial applications.

Sieder-Tate(l); Re > 2100

0.14

w /u ) (6.1)

0.8 1/3 (
b b’ "w

Nu = 0.023 Reb' Pr

37
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where the subscripts b and w indicate that the relevant physical proper-
ties are evaluated at the bulk and wall temperatures respectively.

Equation (6.1) is intended to apply only to fully developed V
coefficients and to variable property fluids (high heating rates).
Moshfeghian (23) reported a mean absolute deviation for equation (6.1)
of 10% (water and Re > 10,000). _Sleicher and Rouse (30) reported an
average deviation of 23% for equation (6.1) for data with ub/uw ranging
from 1.43 to 2.88.

Dittus-Boelter (2); Re > 2100

Nu = 0.023 ReD'8 pr0+4 (6.2)

Moshfeghian (23) reported a root-mean-square error for Equation
(6.2) of 16.66% (3.16 < Pr < 10 and 10,000 < Re < 32,000).

Sleicher and Rouse (30) reported an average deviation for the
constant property data of 407% for Equation (6.2) at intermediate
Prandtl numbers and high Reynolds number.

| Most of the heat-transfer coefficients upon which Equation (6.2)
was based and all the coefficients upon which Equation (6.1) was
based are coefficients that are averages over the length of an
exchanger,

Petukhov Correlation

RePr (£/8)
1.07+12.7 (¢r?/ 3-1) VETB

Nu = (6.3)

for

0.5 < Pr < 2000;
and

lO4 < Re < 5 x lO6

where
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£ = (1.82 log Re-1.64) >

The heat transfer coefficients upon which Equation (6.3) was based

are point (or local) coefficients. Petukhov recommends a Seider-Tate

0.11

type correction (ub/uw) to Equation (6.3) for variable property fluids

Eagle-Ferguson (31) (for water only); Re = 2100

80

h=c (1.75 T, + 160) V°' (6.4a)

b
where

c = 0,9109 - 0.4292 log (di). (6.4b)

Appendix G presents the comparison between the experimental and
predicted heat transfer coefficient at each station along the test

section for the experimental runs.

Laminar Flow Regime Correlations

A limited number of correlations exist that adequately predict
the laminar flow heat transfer coefficient. The Morcos-Bergles corre-
lation (4) was used because it takes into account the effect of

natural convectidn in the laminar flow region.

N

0.4
Cr Prl.35
~0.25

P
W

Nu = €(4.63)% + | 0.055 (6.5)

for
Re < 1200;
3 x lO4 < Ra < 106;
4 < Pr < 175;

and
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2 <P < 66

W
where

h di2

P =

w Kw I

t = tube wall thickness; and
Kw = thermal conductivity of tube wall.

Thermal Entrance Correlations

The periphéral average heat transfer coefficienf at each thermo-
couple station along the test section was compared with the following
equétions developed by Shah (5), Grigull and Tratz (6), and Churchill
and Ozoe (7) for the thermal entrance region. The approximate equations
(6.6) and (6.7) are recommended by Shah (5) and Equation (6.8) by

. *
Grigull and Tratz (6) for the range of X indicated:

-l

* * .
1.302(x7) S -1 for X < 0.00005 (6.6)
| 1
‘< x 3 * _
Nu = 1.302(X) > - 0.5  0.00005 < X < 0.0015 (6.7)
~0.506 x
* - *
4.364 + 8.68(10°%") X for X > 0.0015
L_ (6.8)

*
The dimensionless distance X in the flow direction for thermal

entrance region heat transfer’is specified for a circular tube as
%
X = w/(4GZ) (6.9)

‘where GZ is the Graetz number defined in Table III.
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Churchill and Ozoe (7) proposed the followilng single relation

. *
for the entire range of X .

Nu + l‘= 220 _*
5 364 1+ = X (6.10)

- Impact of Data Uncertainties on the

Heat Transfer Coefficient

A sensitivity analysis was undertaken to study the influence of data
on the heat transfer coefficient calculated from the Sieder-Tate,
Dittus-Boelter, and Petukhov equations. The specific physical proper-
ties considered are viscosity, heat capacity, thermal conductivity and
density. Large errors can occur in experimental values of physical
properties data, not to mention the wide variations in value for specific
physical propertiés predicted by different correlations available in the
literature. Errors in density measurements not only have a direct effect
on the prediction of the heat transfer coefficiént but also have an
effect on viscosity, which normally is measured as kinematic viscosity
and then changed to absolute viscosity by the use of liquid densities.
‘The same is true for heat capacity, where an error in heat capacity
willl cause an error of the same magnitude in heat balances.

| Uncertainties exist and are still to be found in the éubject of
liquid thermal conductivities. Ziebland (50) suggested that toluene
might serve as a thermal conductivity standard. Touloukian (37)
indicated that further papers containing data greater by 5 percent
on the thermal conductivity of toluene have appeared since Ziebland

proposed his equation.
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The effect of specific data errors on the Sieder-Tate, Dittus-
Boelter, and Petukhov heat transfer coefficients are presented in
Figures 4 to 8.

Figure 4 shows the effect of errors in thermal conductivity on the
predicted heat transfer coefficients. The errors created in the three
equations are essentially linear. A positive error of 507 in thermal
conductivity gives respectively errors of 37%, 33%, and 327 in Sieder-
Tate, Dittus-Boelter, and Petukhov coefficients, while a negative.l
errof of 507 results in a 31% error in Sieder-Tate coeffiéient, 26.5%
error in Dittus~Boelter coefficient, and 31% in Petukhov coefficient.

Figure 5 shows the effects of viscosity errors on the heat trans-
fer coefficient. A 507 smaller than actual viscosity, yields approxi-
mately 38% error in Sieder-Tate coefficient, 35% error in Petukhov
coefficient, and 327 error in Dittus-Boelter coefficient, while a 50%
greater liquid viscosity will give approximately 15% error in Dittus-
Boelter coefficient, 16.5% error in Petukhov coefficient, and 177
error in Sieder-Tate coefficiént.

Figure 6 shows the effect of 1iquid density on the calculated
heat transfer coefficient. 50% error in density results in a heat
transfer coefficient 38-42% too large or too small.

Figure 7 shows the effect of heat capacity errors on heat trans-
fer coefficient. A 50% error in heét capacity results in a heat transfer
coeffiéient 11-247 too large or too small. A 50% error invheat capacity
will also cause an equal size error in the heat balance.

Figure 8 shows the effect of cumulative errors in physical proper-

ties on the heat transfer coefficient. If errors are to add in the
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same direction, then a 30% accumulative change in physical properties
would result in a heat transfer coefficient 65% too large or 70% too

small.

Calculation of Heat Transfer Coefficients

from Experimental Data

Values of the Reynolds and Prandtl numbers, average values of the
heat flux and the heat transfer coefficient for the inside wall were
computed for each thermocouple location along the test section for each
data run. These values are summarized in Appendix G for all the experi-
mental data runs used in the discussion.

The average heat transfer coefficient at each of the four thermo-

couple stations along the test section was defined as follows:

_ average heat

_1og
1  transfer coefficient & (6.11)

where 1 indicates the peripheral location on the tube cross section at

a thermocouple location. The average heat transfer coefficient obtained
from Equation (6.11) was then used to determine the average Nusselt
‘number for the thermocouple station. The different sets of physical
properties of the fluid used in determination of the Reynolds, Prandtl
and Nusselt numbers were evaluated at the bulk fluid temperature at

the thermocouple station, T , calculated by a heat balance based upon

b
the inlet and outlet bulk fluid temperatures and the heat input.
In addition to Equation (6.11l) the average heat transfer coeffi-

cient at a thermocouple station was also computed as follows:

) {a/8) (6.12)
2 transfer coefficient TW—T

_ average heat =

b
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where 1 indicates the peripheral location on the tube cross section at

a given thermocouple station. In Appendix G, H, and H2 represent the

1
average heat transfer coefficient using Equations (6.11) and (6.12)
respectively. TFor the runs in the turbulent flow region where the
peripheral distribution of inside wall temperatures is uniform, Hl

and H2 become equal; however, for a nonuniform distribution of inside

wall temperatures H. becomes larger than HZ'

1
The peripheral distribution of heat transfer coefficients in the
turbulent flow regime 1s fairly uniform. Natural convection effects
are negligible due to the increased mixing of the fluid due to turbu-
lent flow.
Figure 9 presents the peripheral distribution of heat transfer

coefficients for Run 612. The average Reynolds number for this rﬁn

was 22,000, and the average heat flux was 27,800 Btu/hr—ft2 (87,698 W/mz).

Physical Property Data Sources

The main literature sources from which physical properties of the
test fluids were taken were API (19), TEMA (42), and Gallant (39). The
author also had access to proprietary FPRI (35) measured values.
Physical property data from the above sources is commonly used in
engineering calcula;ions. A comﬁarison between the different physical
property data sources 1s presented to exemplify to some extent the
wide choice available for a practicing process or design engineer.

The wide range of variations found between these sources is typical
of other physical property data obtained from literature sources.

Unless otherwise mentioned, all of the physical property data equations
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are developed based on experimental data reported in literature or from
proprietary sources.,.

Figure 10 shows that the Smith (34) equation predicts a 24.6%
higher thermal conductivity value for toluene than the prediction of
the FPRI (35) equation.

Figure 11 shows the scatter in thermal conductivity data of methanol.
Yaws (36) edﬁation predicts a thermal conducitvity value at 365 K of
0.1652 J/m.S.K compared to a value of 0.2035 predicted by Touloukian (37).
This represents an uncertainty of 18.87% in the experimental value of
thermal conductivity.

Errors in liquid heat capacity data will cause equal size errors
in heat balance calculations. The degree of confidence in the measur-
able data depends on the expenditure of care and the refinement of
technique used., Large errors in heét capacity predictions can occur
if a situation such as shown in Table IV is encountered, where a corre-
lation or predictive technique is used outside the range of its
application. The Tyagi (38) procedure for estimating the heat capa-
clty of organic liquids is compared with experimental heat capacity
values for methanol and toluene taken from Gallant (39), Touloukian
(40) and Pachaiyappan (41). The Tyagi procedure works satisfactorily
in estimating heat capacity for toluene, but gives errors as high as
607% for methanol. |

Physical properties measurements for the oll sample were made
in the FPRI Laboratories ovef a temperature range of 100-500°F. Density.
estimates by the API recommended procedure (19) fall 5-10% below FPRI
values. No comparison was made with TEMA (42) because the density was

beyond the range of the TEMA charts.
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TABLE IV

COMPARISON BETWEEN EXPERIMENTAL AND CALCULATED HEAT CAPACITIES
FOR METHANOL AND TOLUENE
(Values in Cal/gm°C)

Compound Tempegature Experimental Method % Error
F Value -1 (38)
80 0.4114 0.4142 - 0.68
120 0.4291 0.4323 - 0.76
b
Toluene
200 0.4655 0.4683 .= 0.60
280 0.5000 0.5066 -1.31
104 0.6010 0.9884 -64.50
Methanol® 176 ‘ 0.7700 1.0337 -34.25
248 0.9075 1.1060 -21.87

8% Error = [Experimental Value-Literature Value/Experimental Value] x 100
bExperimental Value from Gallant

cExperim.ental Value from Pachaiyappan



FPRI thermal conductivity measurements for the heavy premium coker
sample were compared with API (19) and TEMA (42) values., Thermal con-
duCﬁivity estimates by TEMA fall 3-14% beiow FPRI values, while API
thermal conductivity values were 9-117 below FPRI values. TEMA (42)
heat capacity estimates were up to 11.2% above FPRI values. Heat
capacity estimates by the API recommended procedure fall up to 13Z7
below FPRI values.

Kinematic viscosity estimates by the API recommended procedure
~ were transformed to absolute viscosity using the API density equation
which was based on density estimates which fall up to 10% below FPRI
values. There were wide variations between the estimated absolute vis-
cosity values and FPRI experimental data.

Figures 12 and 13 show a comparison of calculated mixture density
using mole fraction and weight fraction averages of pure components with
experimental data from FPRI (35), Dow (43) and Gallant. Figure 13 shows
that Gallant density data for glycol mixtures compares favorably with
the values computed by using the weight fraction average of pure com-
ponents. Figure 12 shows that Dow's data extrapolated above 350 K
deviate considerably from FPRI density measurements. The deviations
increase with increasing temperature.

Figure 14 shows a comparison of Gallant (39) and Dow (43) specific
heat data for the 85 wt % ethylene glycol mixturé. Specific heat data
comﬁuted using a welght fraction average compares favorably with Gallant
data. Values computed using a ﬁole fraction average over predict Dow

data by up to 13%.
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Figure 15 shows viscosity data from FPRI (36) and Dow (43) for the
30 wt % diethanolamine-water solution. There is considerable variation
in the mixture property data depending on whether a mole fraction
average or a weight fraction average of the pure components is used.

Figure 16 shows that there is considerable disagreement between
Gallant (39) and ESDU (44) experimental thermal conductivity data on
ethylene glycol mixtures. Values computed by using a mole fraction/
weight fraction average of the pure components over predict the thermal

conductivity data by up to 907%.

Comparisons of Experimental Data for

Pure Components

The average heat transfer coefficient at each of the four thermo-
couple stations along the test section was calculated according to
Equations (6.11) and (6.12) for all the test flﬁids. Preliminary mea-
surements with distilled water were taken to check the performance of
the experimental system. Correlations developed to compute the physical
properties of water are given in Appendix C. Runs were taken for a
Reynolds number range of 11,800 to 23,100 and Prandtl numbers of 2.54
to 5.11.

Table V presents the average absolute percent deviation (AAPD) for
all water runs. The Eagle-Ferguson equation shows a 2.1% average devia-
tion with a 9.0% maximum deviation. The average absolute percent
deviation for the Sieder-Tate equation is 8.1 with a maximum deviation
of 11.1%. The results for the distilled water system are within the
reported accuracy of the literature equations and are in agreement with

Malina and Aparrow (32) and Allen and Eckert (33) results.
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TABLE V

DISTILLED WATER EXPERIMENTAL RESULTS COMPARED
WITH LITERATURE PREDICTIONS

Average Absolute

Percent Deviation Max - Max +
Sieder~Tate ‘ 8.1 16.7 -
Eagle-Ferguson 2.1 8.3 6.4

Dittus-Boelter 4.8 13.0 -

For methanol and toluene, experimental heat transfer coefficient
data in the turbulent flow region wereetaﬁén in the heat transfer loop
used by Moshfeghian (23). ‘The test section was a U-bend with eleven
thermocouple stations, each of which had eight thermocouples installed
on the outer surface of the test section. Experimental data were
taken for stations 9, 10, and 11 and analyzed for station 11, As
reported by Moshfeghian (23), the secondary flow effect caused by the
U-~bend is carried to the straight sectlon downstream of the bend causing
higher heat transfer coefficients than those predicted for a straight
tube which 18 not preceded by a 180° bend. At station 11 Moshfeghian
(23) reported excellent égreement between the experimental heat trans-
‘fer coefficient and the predicted heat transfer coefficient due to the
decay of the secondary flow effect. Experimental data taken from
station 11 were used to compare the effect of specific data errors on

Sieder-Tate, Dittus-Boelter and Petukhov heat transfer coefficients.
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Figure 17 compares the peripheral average heat transfer coefficient
with that predicted from the Dittus-Boelter equation for toluene using
FPRI (35) and Smith (34) thermal conductivity data. Using FPRI thermal
conductivity data improves the prediction of the heat transfer coeffi-
cient by 9%.

Tables VI and VII present a sensitivity analysis using FPRI and
Smith thermal conductivity data on the Sieder-Tate, and Petukhov heat
transfer coefficients. The AAPD using Smith k-values and the Sieder-
Tate equation is 14.9 compared with an AAPD of 3.3 using FPRI data,
an improvement of 11.6% in the prediction of the heat transfer coeffi-
cient. Using the Petukhov correlation and Smith conductivity data the
AAPD 1s 41.9 compared to an AAPD of 26.8, or 15.1% improvement in the
prediction of the heat transfer coefficient.

Tabie VIII presents the effects of heat capacity errors on heat
balances, and on the prediction of the heat transfer coefficient. For
run 101 the heat balance error is 807, while the error in Sieder-Tate
coefficient is 78.6%. The error in the Petukhov coefficient is 132,6%
. Table IX shows the effect of using improved heat capacity data on
the calculations of the heat transfer coefficient. The error in the
heat balance is reduced to =4.3%. The error in the Sieder-Tate
coefficient is only 7.2%, a 72.47 improvement over the prediction
using Tyagi heat capacities.

The effects of cumulative errors in physical properties on the
heat transfer coefficient for methanol and toluéne systems are studied
using data taken from Gallant (39), Touloukian (40), TEMA (42), and

FPRI (35). Table X compares the AAPD of the heat transfer coefficient
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TABLE VI

EFFECT OF IMPROVED THERMAL CONDUCTIVITY DATA FOR TOLUENE
ON COEFFICIENT CALCULATED FROM
SIEDER-TATE EQUATION

Run Number Reynolds FPRI* Smith
Number Deviation Deviation
pA %
204 20,900 3.85 12.3
205 22,900 1.01 13.6
206 23,900 1.01 13.6
213 29,500 _ 2.00 16.3
214 30,700 4,00 8.7
217 32,900 9.90 25.0
221 36,600 1.01 14.9

* .
- % Deviation = (

Experimental Value = Literature Value 100
Experimental Value X



TABLE VII

EFFECT OF IMPROVED THERMAL CONDUCTIVITY DATA FOR TOLUENE
ON COEFFICIENT CALCULATED FROM
PETUKHOV'S EQUATION

Run Number Reynolds FPRI* Smith
Number Deviation Deviation
% %
204 20,900 21.9 40.8
205 22,900 26.5 40.8
206 23,900 26.5 40.8
213 29,500 28.2 42.8
214 30,700 20.5 33.3
- 217 32,900 27.0 53.8
221 36,600 26.6 40.8

*
% Deviation =

fﬁxperimental Value - Literature Value 100
Experimental Value x
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TABLE VIII

INFLUENCE OF HEAT CAPACITY ERROR ON HEAT
BALANCE GALCULATEONS FOR METHANOL

Run Reynolds Heat Balance Heat Transfer Coefficient
Number Number Error 7% Error %

% k% Kk

h h h

101 18,000 -80.2 ~-78.6 -108.3 -132.6
109 19,700 -74.2 -66.7 - 96.1 -117.4
117 21,100 -75.1 -78.6 -108.3 -132.6
119 23,600 ~66.3 ~66.7 - 92,3 ~117.4
124

28,400 -58.6 -58.7 - 81.8 -104.1

*
Evaluated using Sieder-Tate equation and Tyagi heat capacity

procedure

*k '
Evaluated using Dittus-Boelter equation and Tyagi heat capacity

procedure

*%

*
Evaluated using Petukhov correlation and Tyagi heat capacity
procedure
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TABLE IX

INFLUENCE OF IMPROVED HEAT CAPACITY DATA ON HEAT
BALANCE CALCULATIONS FOR METHANOLZ

Run Heat Balance Heat Transfer Coefficient
Number Error Error %
hb hc hd
101 -8.80 -4.,2 -19.1 -31.6
109 | 5,40 5.7 - 7.5 ~19.0
117 ' -6.10 -6.4 -20.5 -33.3
119 -1.30 -6.6 4,2 16.3
124 .33 +13.0 2.9 - 7.5

aLiterature value of thsical properties data from Pachaiyappan
bEvaluated using Sieder-Tate equation and Pachaiyappan data
“Evaluated using Dittus-Boelter equation and Pachaiyappan data

dEvaluated using Petukhoy correlation and Pachaiyappan data



TABLE X

COMPARISON OF HEAT TRANSFER COEFFICIENTS FOR METHANOL AND TOLUENE RUNS

Dittus—Boelter

FPRI Gallant ‘ TEMA
(Max +)  (AAPD )  (Max-) (Max +)  (4APD ) (Max-) (Max +) (AAPD)  (Max-)
Toluene 7.4 4,9 13.6 - 11.7 25.0 2.9 11.0 26.6
Methanol 14.5 4.5 17.6 ~1.0 14.7 26.6 9.0 8.9 22.0

Petukhov

FPRI Gallant TEMA
(Max +) (AAPD )  (Max-) (Max +) (apaPD ) (Max-) (Max +) (AAPD )  (Max-)
Toluene - 14.7 29.8 - 20.8 38.9 - 20.2 40.8
Methanol 4.8 14.1 31.6 - 22.9 40.8 - 17.8 35.2
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predicted using Dittus-Boelter equation and Petukhov correlation with -

physical properties data taken from FPRI, Gallant, and TEMA. Using
FPRI physical properties data improves the prediction of Dittus-Boelter
heat transfer coefficient for toluene by 6.8% and that of methanol

by 10.2%. The improvement in the prediction of the heat transfer
coefficient for toluene using Petukhov correlation is 6.1 and for
‘methanol is 8.8%.

Heat transfér tests were made using a heavy premium coker sample
for both the laminar and turbulent regions. Using FPRI and API physi-
cal properties data, heat transfer coefficients predicted using Sieder-
Tate equation, Dittus-Boelter equation, and Petukhov correlation were
compared with experimental data. The average absolute percent deviation
ranged from 7.2 using FPRI data and Sieder-Tate equation to 53.8.using -
API data and Petukhov correlation. The heat transfer coefficients
obtained using FPRI data were consistently better than API values.
Comparisons are presented as an average absolute percent deviation in
Table XI. Using FPRI physical properties data improves the prediction
of Petukhov heat transfer coefficient by 33.3%.

N~octane heat transfer runs were taken for Reynolds numbers
ranging from 19,800 to 60,500. The Prandtl number range was 6.1-9.0.
Physical properties data from Gallant (39), FPRI (35), and TEMA were

~used to predict the heat transfer coefficients. Table XII shows that
the AAPD ranged from 5.8 using Petukhov correlation to 17.6 using
Sieder-Tate equation. Heat transfer coefficient predicted using
Gallant and TEMA data were in agreement with FPRI predictions. The
maximum deviation was less than 2%Z. The results indicate that n-octane

is a well investigated material.



TABLE XI

COMPARISON OF HEAT TRANSFER COEFFICIENTS
FOR HEAVY PREMIUM COKER RUNS

71

API FPRI

(Max +) (Max -) (AAPD) (Max +) (Max -) (AAPD)
Dittus-Boelter - 51.5 31.6 - 33.3 7.5
Petukhov - 69.5 53.8 - 42.9 20.5




TABLE XII

COMPARISON OF HEAT TRANSFER COEFFICIENTS FOR N-OCTANE ROUNS

%
Gallant , TEMA , FPRI
(Max +) (Max -) (AAPD) (Max +) (Max -) (AAPD) (Max +) (Max -)  (AAPD)
Sieder-Tate 20.6 - 16.06 22.5 - 17.55 22.5 - 17.46
. Dittus-Boelter 9.91 4.17 ~5.80 11.5 3.1 7.10 11.5 3.1 6.95
Petukhov - 16.3 7.57 - 14.9 5.76 - 14.9 6.14

%’

Heat capacity values from Gallant

[44
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Local Heat Transfer Tests for Mixtures

Experiments were performed to determine heat transfer coefficients
around the circumference and along the heated length of the test tube
for aqueous solutions of 50 and 85 wt % ethylene glycol and 30 wt %
diethanolamine (DEA). Mixture physical properties data of aqueoﬁ;
ethylene glycol have been extensively studied due to their application
in wet gas treatment.

Tables XIII through XV compare the AAPD of the heat transfer coeffi-
clent for the 50 wt % ethylene glycol-water mixture, predicted using
Petukhov correlation, Sieder-~Tate equation, and Dittus-Boelter equation
with physical properties data taken from Dow, Gallan£ and FPRI. TUsing
FPRI physical properties data improves the prediction of the Petukhov
heat transfer coefficlent by 22.8% as compared to the heat transfer
coefficient obtained using Gallant data. FPRI data improve the predic-
tion of the heat transfer coefficient using Sieder-Tate equation by
36.3% and that using ﬁittus-Boelter equation by 28.0%.

The observations for the 85 wt 7 ethylene glycol-water mixture are
similar to those of the 50 wt 7% ethylene glycol-water mixture as seen
in Table XVI.

Table XVII shows comparison for 30 wt 7Z diethanolamine-water solu-
tion. Mixture data obtained from Dow and computed by a weight/mole
fraction average method were used. The comparison shows that the
estimated heat transfer coefficient using Dow data is more reliable than
that obtained by using the mixing rules (based on mole and weight

fraction methods).



TABLE XIII
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COMPARISON OF HEAT TRANSFER COEFFICIENTS FOR
50 WI' % ETHYLENE GLYCOL-WATER MIXTURE WITH

DITTUS~BOELTER EQUATION

Run Dow Gallant FPRI* Weight Fraction
No. Average

402 16.8 29,0 6.5 54.5

403 17.8 33.0 8.0 51.5

404 18.8 36.0 9.0 49.3

405 24.0 45.5 15.0 57.5

406 26.5 51.3 18.5 63.5

407 22.0 47.8 15.3 58.2

*Thermal conductivity data taken from ESDU



TABLE XIV
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COMPARISON OF HEAT TRANSFER COEFFICIENTS
FOR 50 WT % ETHYLENE GLYCOL-WATER MIX-

TURE WITH PETUKHOV CORRELATION

Run Dow Gallant , FPRI* Weight Fraction
No. Average

402 5.3 18.0 4.5 40,7

403 5.8 20.8 3.8 36.2

404 6.0 22,5 2.8 34.3

405 11.0 31.5 3.25 42.5

406 13.5 36.5 6.8 47.8

407 9.5 33.3 4.3 39.5

* Thermal conductivity data taken from ESDU

TABLE XV

COMPARISON OF HEAT TRANSFER COEFFICIENTS
FOR 50 WT % ETHYLENE GLYCOL-WATER MIX-

TURE WITH SIEDER-TATE EQUATION

Run Dow Gallant - FPRI* Weight Fraction
No. Average

402 33.0 49,8 20.0 77.0

403 33.3 53.3 20.8 71.0

404 32.8 55.5 20.8 67.5

405 33.0 66.3 27.0 77.0

406 - 39.0 71.0 29.8 80.5

407 32.5 65.0 24.8 68.0

*Thermal conductivity data taken from ESDU



. TABLE XVI

COMPARISON OF HEAT TRANSFER COEFFICIENTS FOR 85 WT Z ETHYLENE GLYCOL-WATER RUNS

FPRI ) Dow Gallant
(Max +) (Max -) (AAPD) (Max +) (Max -) (AAPD) (Max +) (Max -) (AAPD)
Sieder-Tate 25.4 - 20.6 28.1 - 26.7 62.5 - 49.1
Dittus-Boelter . 14.6 - 10.4 16.7 - 12.6 40.1 - 29.8
Petukhov 4.8 7.6 5.0 7.4 7.5 8.5 27.0 - 16.8
TABLE XVII

COMPARISON OF HEAT TRANSFER COEFFICIENTS FOR 30 WT 7 DIETHANOLAMINE-WATER RUNS

Weight Fraction

Dow : Average
(Max +) (Max -) (AAPD) (Max +) (Max =) (AAPD
Sieder-Tate 82.1 - 20.4 70.2 - 56.2
Dittus-Boelter 16.7 7.5 8.9 _ 51.2 - 40.0

Petukhov 8.3 20.5 6.1 - 69.5 24.9

9/
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The results obtained using the mole fraction mixing rule are not
reported because the Reynolds number is outside the range of applica-
. bility of the correlations. Tables XIII to XV show that heat transfer
predictions using the weight fraction average are comparable in magni-

tude to Gallants predictions.

Thermal Entrance Tests

A brief examination of the thermal entrance region was made with
heavy premium coker (oil) system; A series of 18 test runs was taken
for Reynolds numbers from 52 to 1860 and Erandtl numbers ranging from
108 to 1570. The peripheral average heat transfer coefficient at each
thermocouple station along the test section was cal;ulated using Equa-
tions (6.11) and (6.12) and wasbcompared with the equations developed
by Shah (5), Grigull and Tartz (6), and Churchill and Ozoe (7) for
the thermal entrance problem. The approximate equations (6.6) and
(6.7) are recommended by Shah (5)kand equation (6.8) by Grigull and
Tartz (6) for the range of X* defined by Equation (6.9).

Figure 18 presents the peripheral distribution of heat transfer
coefficient for run 508. The average Reynolds number for this run
was 205, the average Prandtl number was 578 and the average heat flux
was 3,300 Btu/hr—ft2 (10,505 W/mz).

Figure 18 indicates that as the fluid moveé along the test section
the difference between the heat transfer coefficients at the top and
the bottom of the tube increases. This behavior was observed by
Moshfeghian (23) and explained by the fact that dufing heating the fluid
near the wall is warmer and, therefore, the heavier fluid near the

center of the tube flows downward. The effect of this natural convection
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flow as indicated by Figure 18 is to cause the heat transfer coefficient
to be higher at the bottom than at the top of the tube.

Figure 19 shows values of the local Nusselt number along the test
section for run 516. The Nusselt number is higher near the start of
heating and the profile flattens out along the test section. The
experimental results are compared with those predicted by Equations
(6.6) to (6{8) and Equation (6.10). The same profile for Nusselt
number along the test section 1s predicted, but Nusselt number predicted
by Shah's equation is 307% lower than the experimental value. Thislmay
be interpreted as due to the fact that the basic idealization made in
developing the thermal entrance analytical results 1s that the fluid
prbperties are constant. The fluid properties of the heavy oil system,
mainly the viscosity, are heavily temperature dependent. For run 516,
b = 116.4°F) at-Ef = 45, the ratio of wall to bulk viscosity
(EE> = 0.11. Such variations in fluid properties distort the velocity

n
b .
profile, which in turn affects the temperature profile.

(TW—T

Figure 20 shows value of the local Nusselt number along the test

section for run 513 where(éﬂ)= 0.31 at X - 45, Shah's equation pre-

b di

dicts a Nusselt number of 22,7, 14.77 less than the experimental
value,

Large temperature differences between the wall and bulk fluid
temperature were encountered in the heavy oil runs. Shah (5) and Ozoe
(6) solutions deviate substantially from experimental results. A
limited number of solutions for such temperature dependent fluids have
appeared in the literature. Kays (45) and Kays and London (46) sug-
geéted that, for engineering applications, it is convenient to employ

constant property analytical solutions, or experimental data obtained
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with small temperature differences with a correlation to account for
property variations. A property ratio correction for viscosity,(gf)o.l4,
is recommended by Kays and Perkins (47) for developed and developing
laminar flow through a circular tube. The viscosity correction was
applied to Equation (6.6), (6.7) and (6.9). The corrected equations
predict a heat transfer coefficient that agrees within 13% of the cal-

culated average heat transfer coefficient for the thermal entrance test

runs.,

Laminar Flow Regime

Experimental data taken by Moshfeghian (23) for ethylene glycol
in the laminar flow region was used to study the effects of physical
pfoperty data on the pfediction of the heat transfer coefficient. The
peripheral average heat transfer coefficient at thermocouple station
number 3 on the straight section upstream of the bend was calculated
using Equation (6.12), and was compared to the results predicted by
the correlation (Equation (6.5)) developed by Morcos and Bergles (4).

The Morcos-Bergles correlation takes into account the effect of
natural convection in the laminar flow region. The agreement between
the experimental data at station Number 3 and Morcos-Bergles correlation
was reported by Moshfeghian (23) to be excellent for Reynolds numbers
less than 1000.

Table XVIII shows tHe ekperimental heat transfer coefficient (HZ)
for rumns 258—362. Also shown 1is fhe deviation of the heat: transfer
coefficient from experimental data as predicted by the MorcoS—Bergles
correlation for two sets of physical property databtaken from

Moshfeghian (23) and Campbell (48).
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TABLE XVIII

COMPARISON OF HEAT TRANSFER COEFFICIENTS DATA
FOR ETHYLENE GLYCOL

%* *% h * %
Run No Re Re (exgt) Deviation Deviation
(J/m -S.K) R 7 %
352 95.1 102 214.6 11.1 16.3
353 129 139 227.1 16.3 20.5
351 35.4 59.8 186.8 8.7 16.3
354 180 197 223,2 23.5 29.9
355 220 239 239.1 17.6 25.0
356 263 289 252,7 16.3 23.5
359 290 324 225.4 17.6 25.0
357 342 387 265.7 14.9 23.5
361 398 451 223.7 25,0 35.2
362 467 534 236.8 17.6 26.6
260 284 345 274.8 1.0 7.6
258 © 393 478 283.3 1.0 9.9
hex t ~ lit
% Deviation = ;Eh x 100
expt
*h(lit) is evaluated using Morcos and Bergles correlation with
Moshfeghian physical property data -
**h(lit) 1s evaluated using Morcos and Bergles correlation with-

Campbell physical property data.
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Using the physical property data reported in Moshfeghian (23),
the average de&iation of the predicted heat transfer coefficient is
14.27. Usiné Campbell's physical property data, the heat transfer
coefficient is predicted with a 21.67% average deviation from the ex-
perimental value. FPRI data (35) were found to predict a heat trans-

fer coefficient that agrees within 27 of the data from Moshfeghian.

Development of Correlation for

Thermal Entrance Region

Experimental data in the thermal entrance region gathered using
heavy coker oil were used to develop a correlation that accounts for the
effects of physical property variations on the peripherally-averaged
heat transfer coefficient. A correlation similar to the literature
correlation with a>viscosity ratio correction for variable property
effects was assumed as follows:

d

i
Nu = [a(X ©)=c] (f-’-) (6.15)
w

* T
where X = (4GZ .
Computer programs developed by Chandler (49) were used to fit the
experimental data to the above equation and estimate the parameters.

The following correlation with an AAPD of 4.7 was obtained using

FPRI (35) physical properties data,

N ~0.343 My 0.065
Nu = [1.085 (X)) + 3.513] (’;T) (6.16)
w

* 3
with 52 < Re < 1,890, 0.0001 <X < .002, and 2.8 5_(;29‘5_16.7.
) w
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To study the effects of uncertainties in physical properties data on
the parameters of the proposed correlation, experimental data were
again fitted using API (19) physical property data. The following

correlation with an AAPD of 5.1 was obtained.

x —0.243 u, 0.059
- b
Nu = [4.017(X ) - 5.992] C;—)

w

(6.17)

Equation (6.16) was used with FPRI physical properties and compared to
experimental data to show the magnitude of the error involved in corre-
lations developed on inaccurate physical property data. The AAPD of

the predicted heat transfer coefficient was 15.87%.



CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

Experimental measurements of the heat transfer coefficients for
laminar and turbulent flow inside a horizontal straight tube were made.
Eight fluids, methanol, toluene, distilled water, 85 wt %.ethylene
glycol-water mixture, 50 wt % ethylene glycol-water mixture, heavy
premium coker, 30 wt % diethanolamine-water mixture, and n-octane
were studied. Literature correlations for straight tubes were tested
using well defined physical properties to determine how well they could
" predict the experimental result.

The following conclusions were arrived at as a fesult of the total
study:

1. Regardless of the equation used, the accuracy of prediction
of a heat transfer coefficient is tied with the availability of accurate
physical properties data. Significant improvements in the predictions
of the heat transfer coefficient were consistently observed when reli-
able and accurate physical properties data were used. Inaccurate
physical properties data can be a major cause of error in heat trans-
fer coefficient predictions using any of the predictive or correlative
methods.

2. In the case of mixtures, the problem of predicting accurate

heat transfer coefficients is compounded by the nonavailability of

86
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universal mixing rules. This conclusion is based on the wide deviaeions
that were observed when predicted properties computed by commonly used
mixing rules were used in the predictions of the heat traosfer coeffi~
cient. Generally pure component heat transfer coefficient predictions
are significantly better than heat transfer coefficient predictions in
the case of mixtures.

3. Any predictive correlation has an inherent error depending
on the physical properties used to develop that correlation. Some
errors in the heat transfer coefficient predictions are bound to crop
up when a different set of physical properties data soorcee are used,
The uncertainty in heat transfer coefficient prediction made by using

‘the same correlation is different 1n magnitude for different fluids
investigated. Due to the reasons outlined above all existing correla-
tions need to be used with caution,

4, A eorrelation has been developed to predict the local Nusselt
number for the thermal entrance region for variable property fluid.

5. The investigation clearly indicates that wide differences
exist in the experimental physical properties data reported by differ-
ent sources. The errors are forther magnified when predictive methods
for physical properties are used.

6. Errors in individual physical propertiesitranslate into errors
in the predicted heat traosfer coefficient. A sensitivity analysis
indicating the magnitude of these errors was made.

The following recommendations are made, based oo the resultsiof
this study for future research in the area:

1. The conclusions made above indicate that several of the

existing correlations, especially those that were developed when
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sufficiently accurate data were not available, need to be looked at
closely. If need be, improvement in their predictive capability can be
made by proper modifications or recalculation of the coefficients based
on mére accurate or recent data.

2. Equation (6.16) for the thermal entrance region was developed
for 0.0001 < X*j_0.00Z. This equation can be properly modified to
extend its range of applicability and to make it more general.

3. A similar type of study needs to be undertaken wifh pure
vapor and vapor mixtures to provide a complete understanding of the
magnitude of the problems and conclusions made here.

4, An accurate method of measuring pressure drop needs to be

incorporated in the experimental setup.
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