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SYMBOLS

\
Volume rate of flow, £43 per sec

Orfice coefficient of discharge

Differential head across orifice, ft of flowing fluid
Acceleration of gravity, ft per sec

Film coefficient of heat transfer, Btu per hr £t2 OF
Friction factor

Reynolds mumber

Prandtl number

Inside diameter of test section, ft

Thermal conductivity, Btu per hr £t ©F

Total test section heating, Btu per hr

Specific heat at constant pressure, Btu per 1b :hr OF
Total test section I°R loss, kilowatts

Test section length, inches

Heat flux, Btu per £t2 hr

- Mass flow rate, 1b per £t2 sec

Total inside tube surface, ££2

Mass rate of flow, 1b per hr
Density, 1b mass per £13
Velocity, £t per sec

Temperature rise across the film, °F

Viscosity, 1b mass per ft see
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CHAPTER I
INTRODUCTION

The need for greater undérstanding of the mechanisms of heat trans-
fer and pressure drop for fluids exposed to heat fluxeg in excess of
those formerly encountered by industry in general, has become apparent
with advent of nuclear reactors. Removal of thermal energ&lproduced with-
in the reactor core requires heat fluxes of the order of 500,000 Btu per
hr sq ft. The purpose of this thesis is the determination of pressure |
drops encountered by water in flbwing through a straight section of insu-
lated horizontal tubing. The system pressure at intervals along the test
section was observed with and without heat addition to the test section.
Heat fluxes up to 310,000 Btu per sq ft hr were produced by using the
tube itself as a resistance heater, The pressure profiles were predicted
by using the Colburn relation to calculate the inside wall temperature of
the test section. The friection factors along the test section were then
calculated using the Blasius relation for isothermal flow, evaluating the
variables of this equation at the inside tube wall temperatures. These
predicted profiles were then compared with actual data to check the test

results,



CHAPTER II

PREVIOUS INVESTIGATIONS

The relationships used to calculate the pressure drop of fluids
flowing in pipes under isothermal flow conditions have bzen verified by
extensive experimentation., These relationships depend on the usge of a
friction factor in evaluating pressure drop., The friction factor is a
means of adjusting the equations for specific flow and surface roughness
conditions, For smooth tubes the friction factor can be expressed by

the Blasius relations:
c_f0318) |
(A/Re)'/4

If conditions are changed so that there is heat transfer across the

inside tube wall, and hence a temperature change across the fluid,
evaluation-of the friction factor becomes more difficult,

In the evaluation of the inside wall temperatures, the work of S. J.
Kaufman and R, W, Henderson (1) proved to be of interest, Their report
dealt with forced convection heat transfer to water at high pressures
and temperatures in the nonboiling region., Water was pumped under pres-
sure through an electrically heated test section., The outside surface
temperatures of the tube were measured and the data was used to compute
inside wall temperatures. By assuming uniform heating throughout the
test section, the Colburn relation was evaluated and the computed film

coefficient was compared with the experimental value. In this way they



were able to substantiate the Colburn correlation for heat transfer
coefficients for heat fluxes of 175,000 to 600,000 Btu per hr sq ft.
Krieth and Summerfield (2) have presented papers on pressure drop
of water flowing by forced convection through an electrically heated
tube, They determined the inside wall temperature by measuring the
outside wall temperature and using this information to calculate inside
wall temperatures. They found that the nonisocthermal frietion coeffi-

cient could be expressed by the following relations:

_iisn _ /4{w:>c>.kg
'g'iSo. 5
Where f,,n is the friction factor for nonisothermal flow and fig, is the
friction factor for flow at the same bulk temperature without any heating
of the fluid.//4w is the viscosity of the flowing fluid, evaluated at the
wall temperature of the nonisothermal case, and/Mb is the viscosity evalu~
ated at the bulk temperature., The experimental friction factors were
predicted within 3 percent by the use of this relation for Reynolds

numbers of 100,000 to 250,000,



CHAPTER III
EQUIPMENT

VThe basic design of the system is similar to a system already in
operation at the Reactor Engineering Division of the Argonne National 7
Laboratory and used by J. F. Mumm (3) and J, B. Reynolds (4). The layout
of the system will be covered by starting at the storage tank in the
Joop and describing the parts in the order encountered as the fluid»
passes through the loop. The storage tank provides a supply of water
at virtually constant positive head, The water then flows into the main
pump and from there passes through one of two orifice plates placed in
parallel in the line, From the orifice plates the water flows through
the preheater and into the test section, A sight glass follows the test
section followed in turn by four expansion valves in parallel, The water,
then at a pressure approaching atmospheric, is directed through a shell
and tube condenser or cooler depending on the state of the fluid., The
condensate, or cooled liquid as the case may be, then passes to a rectang-
ular tank, as shown in Fig, 1, which contains cooling coils for furthef
reduction of temperature., A transfer pump then forces the water into
the storage tank., This basic flow system is the same in the loops at

the Argonne National Laboratory and the Oklahoms State University.
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Design of Components

Storage Tank. The storage tank is a twelve cubic foot cylindrical

stainless steel container. The purpose of this tank is to provide a
virtually constant positive head of two to three feet on the suction side
of the main pump, and because of its volume, to operate as a thermal and
a flow desurge tank. The tank provides a steady reference point in the
system., The system fluid in the tank is maintained by a one third horse-
power Moto centrifugal pump. The pump is of bronze and steel congtruc-
tion and is actuated by a mercury switch coupled to a float valve in the
tank, This pump obtains its supply from the holdup tank.

Main Pump. One of the most important differences between this system
and the Argonne facility islthe main pump system. The Argonne system uti-
lizes a pair of A P C O Turbine Pumps placed in series so as to achieve a
steep pump discharge vs. capacity curve. The pumps were driven by a sin-
gle speed motor, so that the choice of either flow rate or pressure dic-
tated the setting of the other variable. The flow rate is very sensitive
to any changes in discharge pressure when compared with the positive
displacement pump.

The heat transfer loop at Oklahoma State University utilizes a Moyno
6M2 pump manufactured by Robbins and Myers. It is a positive displacement
pump capable of continuous flow at pressures of 500 to 600 pounds. A plot
of the discharge pressure vs. volume rate flow for the pump is shown in
Fig. 2. The pump operates on the principle of an eccentric screw, so that
fluid is trapped in pockets formed by the screw and the stator and forced
through the pump. Because of the eccentric motion this particular pump has

six pockets of fluid, or stages, thus providing six sealing surfaces that the
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high pressure fluid must overcome to reach the low pressure side of the
pump. The pump is driven by a ten horsepower U. S. Varibelt motor capa-
ble of varying the pump speed continuously from 150 rpm to the maximum
recommended by Robbins and Myers. Because of the large size of the driv-
ing motor in comparison with the requirements, the speed of the motor
remains essentially unchanged when varying the system pressure, This
feature was of considerable use when a specific set of conditions were
being set into the system. A tachometer was installed on the control
board which measured motor speed and served as a reference. The speed
of the pump is controlled remotely from the instrument panel by mechani-
cal means, Generally all metalic materials exposed to the system fluid
were of stainless steel or copper,

Orifice Plates. In the original design the orifice plates were to
serve two functions, as a means of sensing rate of flow and controlling
rate of flow. There are two orifice plates set in parallel in the system.
By means of valves the flow may be directed through either of the orifice
plates. The sharp edged orifices are 0.453 and 0.353 inches in diameter,
installed between flanges manufactured by the orifice manufacturer,
Danial Orifice Fitting Company. The installation and manufacturing of
the flanges and orifices were in accordance with the requirements set
forth by the Brown Instrument Company and the American Meter Company
(5) (6).

Preheater. The preheater was another piece of equipment that dif-
fered considerably from that in the Argonne loop. The preheater consists
of a cylindrical stainless steel pressure vessel approximately one foot in
diameter and three and three quarters feet in length. The thermal energy

is supplied by twelve Chromalox five thousand watt immersion heaters ,
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manufactured by the Edwin L. Wiegand Company. These heaters run the ‘
length of the cylinder, held in position by baffle plates which also
channel the flow. Each heater consists of a pair of copper tubes with
the heating element inside. With a total of twenty four tubes running
the length of the condenser, the unit resembles a shell and tube heat
exchanger. The preheater has a theoretical capacity of sixty kilowatts.
The 220 volt preheate; elements are in pargllel and are controlled by a
combination of manual switches and a Powerstat manufactured by the
Superior Electric Company. The Powerstat varies the voltage across six
of the twelve heating elements and allows an infinite number of power
settings £o be obtained. In addition, provisions exist for switching

any number of these six heating elements in and out of the eircuit., The
other six preheater elements are provided with on-off control by panel
switches.. Although the Powers;at is comnected to only six preheaters draw-
ing 47 kilowatts, it is capable of producing 60 kilowatts maximum if more
preheat becomes desirable,

Test Secﬁion° The test secticn proper is fabricated from AISI TP304

stainless steel tubing with an inside diameter of 0.399 inches and a wall
thickness of 00,0515 inches, The test section receives power through
copper lugs which are silver soldered to the test secticon with a spacing
of 60 inches, This length was a foot shorter than the Argomne lcop, due
to the use of lower capaclty welding transformers., The transformers used
are 3 Lincoln Fleet-arc AC Industrial Type welders, comnected in pafallel
with the test section. The transformers are each rated at 400 amps at

40 volts or 16 kilowatts, operating on a 60 percent duty eycle with 70
volts on open circuit., The welders used at Argonne produced a total of

60 kilowatts compared to 48 kilowatts for the system at Oklahoma State



13

University., This decrease in power available dictated the use of a
shorter distance between power lugs. OCutput of the welding transformers
is controlled by a motor and chain drive linkage, which allows each
transformer to supply the same fraction of power desired, at an infinite
number of settings. Thermal overload switches are also provided to pre-
vent damage to the transformers,

The electrical energy is converted to’thermal energy in the test
section When the high current travels between the power lugs by way of
the relatively small cross section of the tube, Teflon insulators, Fig.
3, are used to insulate the test section electrically from the rest of
the loop and prevent any current flow into other sections of the loop.
Twelve pressure taps are positioned at various intervals, as shown in
Fig. 3. The pressure tap holes are 1/32 ineh in diameter, drilled con-
centric to the tubing through the wall of the test section. The tube
was inspected for any burrs on the inﬁer wall of the test section and
these were removed by reaming.

Sight Gless. A glass tube with an inside diemeter of 0,39 inches is
in the loop just down stream of the test section for wvisual checks of
flow conditions.

Exhaust Header. The purpose of this header is to throttle the water

or two phase mixture to conditions approaching atmospheric pressure, To
achieve this purpose, four valves are placed in parallel with the fleow.
For coarse adjustments, two 2 inch gate valves are provided. Finer ade
justment is accomplished with a one inch gate valve and a 3/8 inch needie
valve, The 3/8 inch needle valve is controlled from the panel board for

ease of setting.
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Gor;densero The condénser is a Ross type BCP 2 pasg shell and tube
heat exchanger, with the cooling water flowing in tubes serviced by 1 1/2
ineh cooling water entrance and exit lines. The condenser shell is brass
and the tubes copper with steel completely eliminated from the construe-
tion., The degree of cooling is controlled by the adjustment of the flow
of tap water which is used as the cooling medimm. An air bleed is pro-
vided at the high point of the condenser for removal of entrained air,

Holdup Tenk. This tank is the rectangular 1 1/2 x 2 x 3 foot stain—
less steel container shown in Fig. 1, Four layers of copper tubing with
cooling water circulating through them are placed in the bottom half of
the tank. Either two or all four layers of tubing can be used, as each
set of two layers has  separate. water inlets and cutiets, The tank
serves two purposes, to act as a hotwell for the condensate and to fur-
ther cool the system fluid,

Ion Exchange System., The entire loop is with one exceeption, com-

pletely free of steel in contact with the system fluid. A1l piping,
valves, fittings, pump casings, and tanks are of stainless steel, bronze,
brass, or copper. Due to the presence of steel impellers in two transfer
pumps and some question as to the purity of the distilled water used, an
auxiliary ion exchange system is used., The gystem fluid is pumped from
the supply tank through a small heat exchanger consisting of ceiled copper
tubing in the form of a helix inside a 4 inch diameter by 2 foot stainless
steel pips. The‘cooling water flows through the copper tubing. The pur-
pose of this exchanger is to lower the temperature to below 100°F, which
is necessary for proper action between resin and system fluid., The fluid
then flows into the ion exchanger proper, Essentially the exchanger con-

sists of a vertical stainless steel cylinder 4 inches in diameter, with
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the flow entering at the bottom., The ion exchanger media is a resin in
a capsule design which permits easy recharging, The fluid flows through
the resin and out the column at a point above the level of the resin and

is then pumped back into the storage tank,
Instrumentation

Pressure Measurements, The basic instrument for determining a refer-

ence pressure in the system is a Heise Model I7293 Bourdon tube gage of
0 to 750 psi range, checked by the manufacturer for errors exeeeding 1/4
psi over the full range. The gage is connected to both the first pressure
tep on the test section and the tap next to the downstream power lug, so
that either'pressure can be used as a reference in calculations of pressure
at any of the other taps on the test section, The pressure at the pump
outlet is also measured by a Bourbon-tube type pressure gage, placed there
essentially for the cperation of an over=pressure cut—cff switch which is
integral with the gage.

Nine 60 inch Meriam Series 30 well type mancmeters are used to obtain
a pressure profile in the test section, The mancmeters are filled with a
Meriam Red Fluid with a specific gravity of 2,95, The manometers are in-
stalled with the wells linked together and connected te the number zero
pressure tap on the test section, the pressure at the number pero tap thus
serving as a reference pressure and shown in Fig, 3., Check valves are
connected to each of the high pressure sides of the mancmeters, allowing
flow of water only and closing upon entrance of red fluid into the valves,
The low pressure sgides of the nine mencmeters are connected to the series
of pressure taps downstresm of the number zero tap. Because of the temper-

atures involved, it was found necessary to install a one foot section of
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coiled 1/8 inch copper tubing between the pressure tap and the nylon
‘tubing used for all mencmeter lines. This section of copper tubing

also acts as a condenser, keeping any steam from entering the manometer
lines and altering the common effective head of water acting on the low
pressure sides of each manometer., A seal pot is also located in each low
pressure manometer line for the putpose of preventiné red fluid from
entering the system proper and because the pots are the high points in the
manometer system, to bleed any air in the lines, A Meriam Series 30 well
type 60 inch manometer is also used to determine the pressure differential
across the ealibrated crifice plates.

Temperature Measurement., Thermocouples, fabricated from Honeywell

Type J Model 9B3C5 Iron Constantan thermocouple wire, are used for all
temperature measurements with the exception of the holdup tank temperature.
The bulk temperature of the system fluid is measured at the orifice inlet,
the test section inlet, and the test section ocutlet, by means of temper-
ature probes, The thermocouple wires were joined by a resistance weld
and in the case of wall temperature measurements, spot welded to the test
section thermocouples as shown in Fig., 3, Insulation temperatures on the
test section are also measured for a check of thermal losses from the test
section, Measurements of thermocouple electromotive force is done by a
Brown Electronik 48 point, O = 1200°F range, temperature indicator and a
Brown Electronik 12 point, O = 600°F range strip chart recorder;. both
operating by achieving a continuous balance of the thermocouple emf,

Power Measurement. In order to measure the thermal energy added to

the system fluid it becomes necessary to measure the current and voltage
drops across the preheater and test section., Knowledge of voltage drops

along various intervals of the test section is desirable for the purpose
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of checking power dissipated per unit length of test section. The total
current from the three welding transformers is indicated by a O~ 5 amp
General_Electric Type AB Switch Board Ammeter which recelves current from
a General Electric instrument transformer with a ratio of 300 to 1, placed
in the line. The voltage drops along the test section are measured by
six evenly spaced teps, For purposes of current and voltage measurements
the preheater is divided into Powerstat and switch controlled sections,
lines connected to the appropriate points are brought to the control panel
for connection with precision portable ammeters and voltmeters, The
precision meters used for the measurements were Weston Model 155 AC in-
struments, The ammeters were read through a 40 to 1 step down instru-
ment transformer. A General Electric P=3 Wattmeter was uéed to read

test section power, Because of the 300 to 1 instrument transformer
previously mentioned in connection with the test section ecurrent, it

was necessary to multiply the wattmeter reading by 300 or, by 600 when

the instrument'’s own built-in range doubler was used, A General Electric
Type P-3 voltmeter was used to read voltage drops directly across any of
the six voltage taps connected to the test section, A Brown Electronik
Circular Current Recorder recorded the current to the test section in
terms of percent of full scale deflection = full scale deflection repre-—

senting 1500 amps,



CHAPTER IV
CALIBRATIONS
Orifice Plate

A calibration was made with a 0,353 inch sharpvedged orifice in-
stalled in the loop, The basic equaticn relating volume rate of flow
and manometer level as used in this work is:

V= C’AC\Li?;?rr- 7
where, Vq = volume rate of flow, in cubic feet per second,
C = orifice coefficient of discharge.
A, = cross-sectional area of flow on the basis of internal
pipe diameter, in square feet, = 0,006005 square feet,

hy = differential head across the orifice, in feet of fluid

flowing.

i

g acceleration of gravity = 32,17 feel per second squared.

The determination of the orifice coefficient was by the weighing
me*choaa The manometer system was purged of any air in the lines by bleed-
ing at appropriate points., Some difficulty was encountered in getting
consistent results due in part to the difficulty in removing all the air
from the lines. The air trapped in the lines was believed to be the
cause of the manometer failing to return to the zero position after
stopping the pump. However all the data used in orifice coefficient
calculation was taken with the manometer consistently reburning to the

initial zero setting plus or minus 0.02 inch,

22
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The_measurement of water flow rate was by the following method, The
fluid after having passed through the orifice, was diveried from the loop
at g point just downstream from the condenséro The fluid flowing through
the orifice was directed into a barrel and the system was allowed to sta-
bilize, The steam of waler was suddenly diverted into the weighing tank,
at the same time the stop watch was started. When a minimum of three min-
utes had passed the water was diverted out of the weighing tank, at the
same time gtopping the watch., The weight of the water was then measured
on previously calibrated scales, The maximﬁm error of the platform scales
was 0,1 pound in the region of flow rates measured, 20 to 120 pounds, so
that no corrections were made to the scale readings. As a check on the
consistency of the method of weighing, a mmber of measurements were made
at congtant flow rates. The variation in readings was approximately 1/3
percent which was considered acceptable. A1l the data taken in determi-
nation of the orifice coefficient was under conditions of 50 pounds per
square inch gage pressure et the orifice plate, and temperatures from 70°F
to 83°F, The pressure was held constant to minimize the effect of any bub-
blesin the manometef>sensing lines, A plot was made of log Reynolds
Number vs., orifice coefficient. A straight line was found %o represent
the locus of these points with the maximum deviation from the line of
0.0004 measured along the € axis and the éverage deviation from the line
about 0,0002, These deviations were 4/7 and 2/7 percent respectively.

A plot of orifice coefficient vs., log Reynolds number is shown in Fig, 7.

The Reynolds number was found‘using the diameter of the orifice plate

as a characteristic diameter D in the equation:

/%ée = fﬁj?\/
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The temperature of the water upstream from the orifice was measured dur=-

ing each reading and the Reynolds number was adjusted accordingly. The

value of C was calculated by using the basic flow equations
V,=CANZq h,

with the known values of Vl and h1 substituted,

In plotting Reynolds number vg. orifice coefficients the degree of
scattering of data was essentially uniform over the range of Reynolds
numbers plotted, It was felt one of the prime reasons for the scatter-
ing was the instability of the menocmeter fluid meniscus. The level of
the indicating fluid in the manometer would not hold a fixed position
for a given flow setting. The level varied by as much as 0,3 inch at
high rates of flow and varied with an erratic motion, The fluid level
seemed to vary between two extremes of excursion for a given flow setting,
holding either extreme for relatively long periods of time, The higher
of the two extremes of excursion was read as it was held the greater
length of time.

The mass rate of flow vs., the manometer reading was plotted on log
log paper. The mass rate of flow used for this plot was caleulated using
values read from the plot of orifice coefficient vs. Reynolds number.
This plot was compared with a thecretical graph constructed from tables
of Reynolds number vs, C in, "The Flow Meter Engineering Handbook™
Table 31 for a standard sharp edged orifiece, The two plots differed by

a maximum of 1 percent in h for any value of mass rate of flow,
Thermoeouple

A sample of the thermocouple wire stock used throughout this work



was seléeted and a thermocouple fabricated in the same menner as previ-
ouSly'desafibéd.inhChapter"IIIo<AThevA8 point Brown Electronik Temper-
ature Indicator and thermocouple were calibrated as a unit. The plot

of the required corrections is shown in Fig. 9,
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CHAPTER V
EXPERIMENTAL PROCEDURE
Start Up

A eertain amount of routine adjustment was necessary in setting the
test equipment into operation before any data could be taken, Due to a
system of safety iﬂterlocks it was necessary to have the lines into the
condenser and hold up tank open to the cooling line pressure before sny
power for heating could be applied. The maximum allowable pressure was
also selected and set so that the entire system would shut off if the
line pressure at the pump outlet exceedéd the predetermined set point,
The maximum allowable pressure in the system of approximately AS0 psig
was controlled by a pressure relief valve placed in the manifold section.

The main pump wag first started and the fine adjustment needle valve
set to produce a pressure of from 10 to 30 psig in the test sectiqn with-
out any heat being added to the loop, The manometer systems were then
bled to remové any air trapped in the lines, This was done by opening
the valves located on the tops of the seal pots, since these were the
highest points in the systems. The system fluid was allowed to bleed
off until a visual check of the lines showed no air bubbles to be pre-
sent. After the test section pressure profile manometers had stabilized,
which required up to 5 minutes after setting the system variables, the

manometers were read and the results plotted vs., distance along the test

29
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section, A straight line was drawn through the locus of these plotted
points and individual adjustments were then made to the scale position to
move the plotted points into the straight line previously plotted., This
procedure was followed because the meniscus of the manometer fluld was

go poorly defined under conditions of zero flow. This was due to deposits
on the portion of the glass exposed to the manometer fluid when there was
no flow, The procedure had the disadvantage of masking over any variations
in a linear pressure profile which would be produced by inconsistencies in
pressure tap position or test section inner surface smoothness. These
deviations in pressure drop would become evident again as soon as the flow

rate was changed from the setting at which the corrections were made,
Procedure

The pump speed was held essentially constant'ﬂhfoughout all the vari-
ations in the other parameters, The system pressure was controlled by the
needle valve in the manifold and this pressure set an upper 1limit on the
flow rate through the test section. Any flow rate less than the maximum
could be achieved by opening the bypass valve, This permitted a portion
of the flow from the pump to be diverted to the holdup tank and thus
bypass the test section, The throttle and bypass valves were inter
dependent so that a change in one affected the other. To achieve a
desired flow rate and test section entrance pressure it became necessary
to adjust the valve settings.

A series of test section inlet pressures and £low rates were chosen
and data was obtained with varying degrees of preheat and test section
heating. To start a series of runs at a given tes£ gsection inlet pressure

and flow rate, meximum preheat was first used and the test section power

was increased until the first trace of bubbles was noted in the sight



31

glass indicating nucleate boiling in the test section,

Upon stablization of the system, the outside test section temperature
and the pressure profile were recorded. There were some fluctuations in
pressure and flow rate under hands=-off operation which necessitated one
person constantly observing the flow manometer and test section inlet
pressure and making correcting adjustments while the pressure drop profile
was being recorded. The fluctuations, if allowed to remain unchecked,
would reach 0.3 inches of manometer fluid under conditions of maximum
flow rate and at the number nine manometer. The test section voltage
drops were measured and recorded across five equal intervals. Test sec-
tion power, voltage drop, and current, as well as preheater current and
voltage were also recorded for each setting.

After the reading with maximum preheat was recorded the preheat power
was reduced so as to reduce the inlet temperature to a predetermined point.
Test section power was then increased to the point where bubbles began to be
observed again in the test section. This procedure was repeated with still
lower inlet temperatures until a point of maximum test section temperature
was reached. A new test section inlet pressure was then chosen and a series
of runs starting with maximum preheat was made. When the five pressures had
been covered a new flow rate was selected and the same five pressures used
with varying inlet temperatures. Throughout this series of runs the holdup
tank temperature was kept at 80°F to 90°F and was very susceptible to any
changes in temperature due to changes in test section or preheater power.
All the cooling needed was provided by the condenser; the holdup tank coils

were not used.
A series of runs was also made under conditions of constant test sec-
tion inlet temperature and pressure and variable rates of flow. There was

no power added in the test section during these runs.



CHAPTER VI

TEST RESULTS AND CORRELAT IONS
Flow at Constant Temperature

The pressure drop between the reference pressure tap'and each down~
stream pressure tap was measured in inches of manometer fluid and plotted
against position along the test section., In this manner a profile of
pressure drop was developed. The location of the pressure taps is shown
in Pig. 3, Two principal conditions of flow were observed, first with
and second without heating of the test section, The pressure profiles
for a series of runs with flow rates ranging from 10.15 to 18.16 pounds
per minute and & constant fluid bulk temperature of 80°F is shown in Fig.
11,

The zero position on the test section axis represents the reference
pressure, Since all the differential pressure manometers used this ref-
erence pressure all pressure profiles should pass through the zero point.
However, the plotted curves intersected the zerc position at points wvary-
ing from 0.5 to 0.7-inches of manometer fluid, This was due to the manc-
meters reading 0,5 to 0.7-inches of manometer fluid under static condi-
tions, VAll the profiles resulted in straight lines indiceating a linear
pressufémdrop over the length of the tube under isothermal flow condi-

" tions,
In order to compare the test results with predictions by empirical

equetions, the theoretical pressures at points aleng the test section

32
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were computed and plotted as dash 1iﬁes in Fig, 11. The equation used

for these correlations is:

AP _ F PVE
AL D fad

Since the friction factor is dependent on the surface conditions and
the Reynolds number, and both are held constant throughout the entire
length of the test section, and also the kinetic energy remains constant,

AD
th 1s a stant,
1en N equals a constant

The frietion fachbor is dependent on the Reynolds number and rela-

tive roughness, The reléfiVé roughness is the ratio of jg_ , where
D is the inside diameter -of the tiubé and € a term dependent on the -
roughness of the ingide surface of the test sestion, The friction
factors uged in the isothermal flows were read from Moody's plot
using a relative roughness of 0,00014, equivalent to an éf of 0,000005
for drawn tubing. This value of € is based on clean tubing, The
relative roughness for smooth tubes such as drawn tubing is very
sensitive to changes in surface smoothness., It is possible that

the relative roughness of the tube wall might have had an actual
value as high as 0.0005 changing the frietion factor by 2 to 3 per-
cent at the higher flow rates., This could partially explain the 2

percent maximum difference between the experimental and computed

pressure profiles. As shown in Fig, 11 the correlation is best at



34

low flow rates which would strengthen the preceding theory.

Flow With Test Section Heating

The pressure drops were plotted for a series of runs with heating

in a manner identical to the isothermal rung, The flow rates were the
same ag the isothermal runs with the heat flux varying from 64,000 to -
312,000 Btu per sq ft hr, The thermal energy was added to the flowing
fluid under conditions of constant heat flux throughout the test section,

This fact was substantiated by observing the voltage drop across a series
of segments of test section,

Ag ghown in Fig. 10 thg test section voltage drop vs, test section
length resulted in a straighf %?ne, Sinée power dissipated equals
voltage drop times current the power dissipated per unit length was
constant. The full length of the test section was not used during -
these runs since the power added was always adjusted so that nucleate
boiling would occur at a position from four to five feet from the
entrance to the test section, The pressure profiles shown in Fig, 12
to 18 were drawn by plotting the pressure dréps from points zero to
four and extrapolating the remaining two feet. In all cases the
pressure profile proved to be best represented by a straight line
within the accuracy of pletting. In roughly 20 percent of the runs

a very slight curvature would have produced a better fit. Because
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A series of pressure drop profiles were cémputed using a set of heaf
fluxes and inlet conditions encountered in 25 runs, The runs selected
covered the complete range of heat fluxes and mass rates of flow.

In order tec compute the pressure profiles a number of assumptions
were made. As previously mentioned the power disgipated per unit lemgth
wag assumed constant over the entire test section for a given power

setting., The specific heat ¢, was assumed constant and equal to one over

b
- the temperature range encountered. The bulk temperature of the fluid was
assumed to increase linearly over the length of test section. It was
agsumed that the test section lost no heat to the surroundings.

The major problem in calculating the pressure drop in the test section
was the determination of the friction factor along any increment of test
section, The friction factor can be expressed as a function of Reynolds
mumber for flow without heating in smooth pipes, i, e, the film temperature
and bulk temperature are essentially the same., It was assumed that from a
pressure drop standpoint two flow conditions, one with no heating and
another with heating, would have the same friction factor at a given point

if the film temperatures were the same, The friction factor was then com-

puted using the Blasius equation for turbulent flows

£ = 0.3/
(/\/Re)%

computing the Reynolds number of a fluid flowing through the test section
without heating and at a bulk temperature equal to the film temperature of

the point in question,
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b

- The film temperature was determined by adding the fbemj‘je:;atu;tfe;j{qlﬁ;i‘f?zf:encé
across the filmite thé‘bulkgiemperaturebbf theifluid@x'Ehéhbﬁikgﬁemperature
was determined by observing the test segtipn inlet and outlet temperature‘
and assuming a linear bulk temperature profile through those points, The
inside wall temperature was determined by computing the film coefficient

of heat transfer h, from the relations

| B 0.4
—-1’\,’—]2—--: 0.023 (Nﬁe)o (NPr>

With h calculated, the basic heat transfer equations
Q=hAat

was used to determine AZ since, assuming uniform heating, the quantity
Q/A was constant and known, The sum of AT and the bulk temperature was
‘then used as inside wall temperature, |

Thé test section was then divided into one foot intervals starting at
the number 1 pressﬁre tap and an average friction factor and £luid density
computed at each interval., The pressure drop across each interval was

then computed by the formulaz v :
: 2
AP - fave. ]/_2 PV
/=2 (O&VG- -D =

From the preceding discussion it can be seen that the caleulations if

done by hand for 25 runs would prove lengthy. The solutions were obtained
by the use of an IBM 650 computer after developing the system of equations
in terms of the input variables: inlet temperature, heat flux, and mass
flow rate,

The following is a deﬁelopment of the equatiéns used in the computer
solution; |

- Mixing Cup Tempersture Distribution:
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Q. w(3+412)
L L

AT = W(34/2) ), !

¢ /. L ?
AZ:T is the rise in bulk temperature above the inlet temperature at a
point i, a point 1; inches from the upstream power lug. |

In terms of the input variables:
"

At = 34124 Ard,

LGA: 3600
BEvaluating the constants:
Af, = 34/2(4940) D g”
£T 56(8.73x1073)(3600) &

Lo=2,, + AL

Inside Wall Temperature Digstribution:

Q=hAat;

!
Q- Consl“-:hﬂt'f— 7

FPor fluid flow in pipes with forced convection, the correlation:

o, 4

kD = 0.023 (Na ) (N, )
Ngo »2300
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is representative with the variables evaulated at the mixing cup temper;

ature,
[ L
h k (0.023)(N )8 (Nop)o*
AZ‘}" = . QD
Ark (0.023)Ng )8 (Mo, )°4
At" = % 'D

/’(0 023)(Njpe)® 8(/\//%)0 '

ZLA'(WAAL) = Z: + A Z"/

Pressure Drops

y
= 0.3k ()
(GD) %

= f)i-2 ~VZ G'- ’ )

——____

D 2 3(‘ FEZ (ﬂ

2
Apj-2 = ’c"“’" EEGS- +G —5?_—%;)
¢ )

The computer solutions were plotted as pressure profiles along with the
observed pressure profiles as shown in Figs, 12 through 17.

After stﬁdying the profiles the following observations were made.
The degree of correlation followed a definite pattern at the higher flow
rates, Pressure profiles for the middle and high ranges of mass flow
approached miaxjimum correlation asg the heat‘fluXﬁapproached*2509000¢to-
260,000 Btu per hri:ft?,. The lower flow rates had no defipite pattern..
in.variation of degree:of cobfrelation. - As the flow rates:decréased:
from thé maximum:the tcomputations’at ' first: predicted. pressure’ .

profiles that were lower. than the experimental results and then
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changed so that at lower flow rates the computed profiles were higher than -

the experimental results. The correlation was able tovpredietvpressure

profiles usually within 3 percent With a few predictions off by 5 percent.
As previously mentioned in Cﬁapter II, Kreith and Summerfield obtained

the following equation to predict frietion factorss

Jcnon. .:._//L(w)()‘/;?
Jciso. k/%B

The Kreith Summerfield paper stated the above equation predicted the

friction factor to # 3 percent with Reynolds numbers of 100,000 to 250,000,

Mp

25 i
Other sources suggest the value of ‘”ZVV/) for flow in the laminar region,
The Kreith Summerfield relation was evaluated for four sets of experi;

mental inlet conditions with four mass rates of flow, The linearity of

the experimental pressure profiles suggested that the ratio of

»fnon.
P

was constant over the entire length of the test section for any given run.

The value of

Fhon.
F)

was calculated from the expefimental pressure pro-

files, The Kreith Summerfield relation was used to calculate gnother

fﬂﬁ\l\.

value of e . The friction factor S: wQS'evaluated by the

iso.

Blasius relation, With-the Blasius substitution the Kreith Summerfield

relation becomes:
o./3

S o, 0316 (Mg -bw)
P ©.427)G%» P

The viscosity A{),, was evaluated at the inside wall temperature at a
point five feet from the zero pressure tap. The inside wall‘temperature
was caleculated by using the Colburn relation in a manner previously dis—

cussed,

£ ven
p

values and hence the pressure profiles within from 3 to 7 percent. The

The Kreith Summerfield relation predicted the experimental
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correlation was best at high flow rates with Reynolds mmbers of 40,000
to 50,000, This was to be expected since the Kreith Summerfield relation

is stated to hold for Reynolds mumbers of 100,000 to 250,000,
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CHAPTER VII
ANALYSIS OF ERRORS

It is estimated that the measurement of total power inte the test
section was accurate to within * .5 percent, Heat losses through the test
section insulation were of the order of 1 percent were ignored in the cal-
culations., The measurement of mass rate of flow of system fluid was
estimated to be accurate to within % 1.5 percent. OSystem pressure was
measureable to within % 2 psi. The only temperature required was the
test section inlet temperature which was estimated accurate to within
%+ 1.5°F, Pressure drop along the test section was the most critical
measurement and the accurécy of measurement varied}with flow rate.

At high flow rates the ménometer was less readable due to movements of
the manometer fluid level. The average error is estimated at + 0,1~
inches of manometer f£luid,

In computing the pressure drop in tﬁe test section, with test section
héatingp the most sensitive factor is the mass rate of flow, G, to the 1/2
power, It was‘therefore estimated that the pressure'drop calculatiéns
were within 2 percent of the results that would be obtained if the true

values of all measured quantities required in the solutions were known.



CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

To pressure drop over the test seqtion wag cobserved for a seriesg of
isothermal flow conditions. For turbﬁlent flow in smooth tubes under
isothermal conditions, the Blasius relation, was found to prediet friction
factors in agreement with Moody's results for drawn tubing, The Blasius
friction factors were then used to predict the isothermal pressure profiles,
The resulting pressure profiles were within 2 percent of the measured pro-
files., These results served as a check on the methods used in sensing
pressures, temperatures, and mass rates of flow,

The pressure profiles were next plotted for a series of monisothermal
flow conditions, The Colburn relation for predicting film coeffieients
wag used to calculate the inside wall temperatures, The inside wall
temperatures were used in evaluating the Blasius relation; thus the fric-
tion factors were obtained for any point along the test section, The
pressure profiles were then caleculated and compared with the experimental
results, The correlation was best at Reynolds numbers of 20,000 to 40,000,
ranging from 2 to 3 percent. Over the complete range of Reynolds numbers
encountered the correlation was successful within # 5 percent, The Kreith
Summerfield relation previously mentioned was also used to predict the
pressure profiles; It predicted the ﬁrofiles most successfully at the
higher Reynolds numbers.ranging from /4 percent at the higﬁer flow rates

to 7 percent at the lowest,



From these results it was concluded that the Blasius relation, when
used in eonjunction with the Colburn equation for Reynolds numbers of
10,000 to 50,000 was slightly more successful in predicting friction
factors than the Kreith Summerfield relation when evaluated using the
same set of inside wall temperatures.

It is recommended that further studies be made with REeynolds numbers
congiderably higher than those encountered in this thesis. This would
provide information as to the suitability of the methods used in this
thesis for predicting pressure drop at higher Reynolds numbers,

For continued testing in the range of Reynolds numbers from 10,000
to 30,000 it is recommended that the manometer fluid be replaced with fluid

with a specific gravity of approximately 2.
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TABIE I

TEST SECTION VARIABLES

‘Rwm Inlet. Inlet g

G
Nemiber Temperature Pressure Btu/ft2 hr 1b/ft2 sec
OF psi
8 17,5 8, 131,600 307,9
10 216., 8l 161,700 307.9
19 202.5 185 24,600 307.9
24, 234.3 35 62,100 346.7
25 127.8 35 221,900 3L6.7
28 177.4, 85 215,600 346.7
39 197.5 85 149,200 270.3
28 126.8 35 142,900 232.9
52 220,4 85 103,500 232,9
59 164.0 135 217,300 L3l o4
62 220.9 135 132,700 232.9
72 207.1 135 174,100 232,1
77 196.0 35 64,300 194.3
79 145.3 35 101,600 1043
&7 176.9 85 118,100 ' 194.3
95 184,.9 135 16,800 194,.33
102 235.3 185 125,600 194.3
111 145.8 35 151,700 270.3
113 83,7 35 234,200 307.9
120 146.3 85 257,000 346.7
121 163,4 135" 306,800 346,7
126 193.0 . 135 311,800 346.7
150 266.1 235 110,300 193.8
162 206,6 . 235 190,700 232.1

170 196.5 235 282,000 307.9
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