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CHAPTER I
INTRODUCTION

The increasing interest in the study of liquid flow with high heat
flux to the liquid has been stimulated by the importance of such flow
in nuclear reactors and high-pressure boilers. Water is of particular
importance for these applications because it has desirable thermodynamic
properties., For forced circulation of water through any heat exchange
apparatus, both heat-transfer and pressure-~drop determinations are of
importance, Heat transfer to water flowing through a heated tube, both
for nonbeiling and boiling of the water, has been studied extensively,
(1), (@), (3), (4), (5). Pressure drop for such systems has received
less attention than heat transfer, but a knowledge of pressure drop is
important because it is essential to a complete understanding of the
fluid flow system.

Pressure drop for liquid flowing in a tube without heat transfer

can be predicted by the Fanning Friction Factor Equation, When heat is

being added to the fluid the determination of pressure drop is complieated

since the properties of the fluid change with temperature, Some results-:

and correlations of pressure drop with heat transfer to water without
boiling have been presented by Kreith and Summerfield (4) and Rohsenow
and Clark (5); Because increased heat transfer rates occur during
boiling, boiling has been used extensively when a high heat flux is

desired,



The determination of pressure drop during b0111ng is further compli-
cated by the effect of vapor formation on the pressure drop. Net boiling
or two-phase pressure drop for water has been studied by Weiss (6) and
Leppert (7). Local or éurface boiling as a form of nucleate boiling is
of particular importance at this time since little is known.about its
chatracteristics. Only one correlation eQuation for local boiling pressure
drop data of water has been reported. (8)° "The present study was concerned
with the determination of ﬁressure drop during local boiling and during
heat transfer with no boiling, | |

Losal boiling occurs when a subcooled liquid is brought into contact
with a surface whose temperature is above the saturation température of the
liguid, Boiling ogeurs at the solideliQuidﬂinterfademand]the&vapof:ﬂormed
15 absorbed in.the subéecléd liquid,’-The two purpeses of ‘this-inveéstigation
were to make experimental measurements of the pressure drop for forced
cireulafion of distilled water with nonboiling and with local boiling in
a horizontal heated tube and to correlate the experimental data with the
variabies of heat flux, subcooling, mass velocity end absolute pressure.: .
These correlations were then compared with existing correlations which

have been propésed by other investigators, ‘

J The test section was a type AISI 304 welded stainless steel tube,.
0.399 inch inside diameter by 0,502 inch outéide diameter with a heated
lenéth of 4.667 feet. The range of variables covered in the investi-
gation: wass

System Pressure: - 50 to 250 pseia

Heat Flux: , v 100,000*toL3OO,OOOthu/Tt2hr

Mass Vélocitys: - 194 to 347 1b/ft?sec



CHAPTER II
LITERATURE SURVEY

Few data for local boiling pressure drop have been reported in the
literature, Since heat transfer and pressure drop ﬁust be econsidered
together for boiling, other studies relating to the present problem -
will be discussed in this chapter. Heat transfer and pressure drop
studies in the net boiling region also will be considered.

Reynolds»(8) presents the only data on loeal boiling pressure drop
for which a correlation equétion has been determined. His experiments
covered the following range of variables for flow of water in a hori-

zontal heated tube:

System Pressure: L5 to 99,5 psia
Mags Velocity: 343 to 652 1b/ft° sec
Heat Flux: ‘ 130,000 to 300,000 Btu/ft* hr

Reynolds! equation is

AP g =

(ap> G' DO ( Atgyp), ' ( 42 " L
: ginh
(o]

‘ , (II-I)
dL ba " G' D Cy( At

subJo
where
APL p. = local boiling pressure drop, in. of Hp0;
(dR/dL) = isothermel liquid pressure gradient at average bulk
temperature, in. of Hy0/ft; |

G' = mass veloeity of fluid throughtube, 1b/ft° sec;



D = inside diameter of the tube, ft;
C, = specific heat of water, Btu/Ib °Fs
(Atgy,), = subcooling at point where iocal boiling starts,
(tgat = tp)s F5 |
a = parameter related to heat flux (q") by equation,

(a = 4.6 x lO"6

"4 1,2);
q" =‘rate of heat flux, Btu/ft2 hrs
Z = reciprocal of the boiling length, ft 1; and
L = distance from the point where loeal boiling starts to )
any point in question (along the length of local boiling),
up to the point where net boiling starts {_(A toub) = O] s Tt.
Reynolds' date showed a deviation of * 20 per cent from his correlation
equation.’

Jens and Lottes (1) present a discussion of heat transfer and pres-
sure drop data for water gathered by resecarch teams at the University of
California at Los Angeles, Purdue University, and Massachusetts Institute
of Technology, but no correlation for local boiling pressure drop was
given, The.UCLA data showed a deviation of # 50 per cent from Reynolds!
correlation equation., For heat fluxes above 500,000 Btu/ftzhr$ the UCLA
data did not agree with the correlation.

The method for correlating pressure drop which was reported in the
literature, was to find the ratio of the pressure gradient for the data
witk respect to a reference pressure gradient., Martinelli and Nelson (9)
used either the pressure gradient for liquid or the pressure gradient for
vapor flow as a reference gradient. ILeppert (7) and Reynolds (8) used the
isothermal pressure gradient of the liquid at saturation temperature which

occurred &t the start of boiling. .One of the reasons for using this



particular pressure gradient was because it could be calculated easily.
It will be shown by the writer why the nonboiling constant heat flux
pressure gradient was used to correlate'the”present'daté. An excellent
discussion on correlating two-phase pressure drop is given by Isbin,
Moen, Wickey, Mosher, and larson (10) and Isbin, Moen, and Mosher (11).
The analysis of the data is based upon a determination of the local
boiling length which involves specifying where local boiling begins,
Two methods of calculation have been presented for determining the incep-
tion of loecal boiling. Jens and Lottes (1) from their analysis of UCIA,
Purdue, and MIT data conclude that the difference between wall temperature
and saturation temperature may be computed from
60 (..3%;)i
Dtgay = s ’ (11-2)
oP/900

>
o+
u

wall superheat,’F;

= heat flux, Btu/ft<hr; and

’Q_
]

gystem pressure, psia.

o]
0

Local boiling starts at thé position along the tube where the difference
in wall and saturation temperature is equal to Atsat‘
The start of loeal boiling can also be predicted from a plot of out-
side wall temperature to distance along the heated length of the test
section. The test section temperature remains constant at all stations
downstream from the point of locgl boiling. Once the start of loecal

boiling has been determined, the local boiling length may be found

graphically as will be shown in Chapter IV,



A method of calculation for determining the extent of local boiling

was presented by Weiss (6). In this method use was made of the equation

for Atgat. (1), The equations Weiss used are as followss:
Q" = h [(tsat * Atgay) - tb] » (11-3)
where
q" = heat flux, Btu/ft?hr;
h = £ilm coefficient, Btu/ft2hrCF;
tsa’c = gaturation temperature at the given pressure, CF
Atsat = temperature of the wall above saturation temperature, CF; and
ty = bulk temperature, °F.
q =W Cp Aty 3600 , (11=4)
where
= heat, Btu/hr;
W = flow rafe , 1b/ming
Cp = gpecific heat at constant pressure, B‘tu/lbOFi; and
Aty = bulk temperature increase, °F,
Q"Ag = (R4 V)Cp (tp - 3) 3600 , (11-5)
where
Ay = surface area =1y D, f‘b2;
€ = fluid density, 1b/ft3;
A = tube cross sectional area, ftz;
V = fluid velocity, ft/sec;
t; = inlet temperature, OF; and

variable length of the tube not in loeal beoiling, ft.



Equation (II-5) may be substituted into Equation (II-3) to obtain

by o ‘
qQ" =h [:t‘sat + Dbgay - -5, (11-6)
DG Gp 3600

where
G = mass velocity =QV, Ib/ftsec.
Equation (II-6) may be solved for y to give

_ DECy x 3600 q"

v Aq" (tsa‘t * A’tsa‘b = ( "";“‘" + b5 )l s (11-7)

where the heat transfer film coefficient (h) is a variable which depends
upon the local temperature. Equation (II-7) must be solved by trial and
error since both y and h are variables..

Another expression for At@at has been given by McAdams, Addomeg,

and Kennel (2) as

0,26
Dtgay = C (a") > (II-8)
where
C' = 0,189 for 0,30 cubic ecentimeters of air per liter,
or
' = 0.074 for 0.06 cubic centimeters of air per liter.

Combining this equation with the forced convection equation, MchAdems

obtained

0,026 Aty K /DG \0.8
tr
Atsat:tr =

A

Cp/LL 033&_ 0.14 0,259 (11.9)
<\ K ) (Alw‘> i

C'D

Y



where
Atsat’tr = difference between wall temperature and saturation

temperature at start of local boiling, OF;

Attr difference in bulk temperature from inlet to point

of loeal boiling, °F;

i)

M = dypamic viscosity, 1b/ft hr,

Pressure plateaus noted by Reynolds (8), Figure 1, were aiso observed
in the present study. Closely related to pressure drop is the mechanism
of bubble formation and absorption in the main stream of the fluid., Attempts
have been made to study bubble formation and motion by means of high-speed
photography in order to clarify the local boiliﬁg phenomenon, An excellent
photographic study of local boiling has been reported by Gunther (12),

An important variable which affects,bubble‘motion is the subcooling
of the liquid. For subcooliﬁg greater than IOOBF, Gunther concluded that
surface bubbles do not détach from the heated surface but grow.and collapse
ag they are swept along the wall of the heated ;urface. An analytical.
method for predicting local beiling pressure drop Wés not availabie in the
litératurea

Rohsenow and Clark (13) drew conclusions afout bubble motion from an
analysis of heat transfer data, They found that heat transfer by bubble -
motion into the fluid accounted for a negligible part of the heat transfer
which was observed. Increased heat transfer was explained on the basis of
increased turbulence of the boundary layer caused by agitation of the fluid
as bubbles were formed and then collapsed., Zuber (14) considered further
the disturbance of the boundary layer by moving vapor bubbles. The ideas
which have been advanced here will be used later to discuss qualitatively

some of the observed pressure drop results,
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In the tube upstream of the point at which local boiling started,
Buchberg, Romie, Lipkis, and Greenfield (15) found that the frictional

pressure drop for a 0,174 inch vertical heated tube could be correlated

| 1 o1.825\ #001‘75 |
AP, = [0.164 , (1I1-10)

D1°175 zgc e

by

where

—_
H

tube length, fi;

D = tube diameter, ft; and

i}

0

g, = gravitational constant, £t /sec?,

Maximum deviation from the correlation equation was #* 4 per cent,
The first term in parenthesis in the equation was found to be constant
for a given mass veloeity.

iNonboiling pressure drop data for water may be correlated in terms
of friction faotors and fluid viscosities at bulk and wall temperatures.

Kreith and Summerfield (4) give the equation for friction factor ratio as

- s 0,13
Cr (heat t f
Cp (heat transfer) . (/Mh;> , (II-11)

ey

Crp (isothermal)

where

GF = frietion factor,

Rohsenow and Clark (5) give for the nonboiling region

f(isothermal 0. 14
| ) HAr ) o (II-12)

ff /Aw
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where
f(isothermal) = friction factor with no heat transfer, and
ff = pressure drop coefficient for friection drop.
and
f{isothermal 0.60
( ) . (’“b) ) (11-13)
fr M My
where

ffsM = pressure drop coefficient for friction drop'and momentum

change,

The resulting change in pressure for a horizonf,al tube becomes
2 L ax
= N e o II-1
A Pf oM b ff’ oM f Q ( 4)
°

A method based on the Colburn Equation {16) for forced convection heat

transfer will be presented in Chapter V of this thesis,



CHAPTER III

EXPERIMENTAL APPARATUS

A heat transfer loop for the forced circulation of water was

constructed to study local boiling pressure drop. The apparatus

design was similar in principle to one used by Mumm (3), Leppert (7),

and Reynolds (8)., Several changes in design were made to overcome

objections cited by these authors for their apparatus as well as to

make construction simpler., Basic changes were made as follows:

1.

2.

3.

bo
5.

Pump and drive system; a Moyno punp was used with a variable

speed drive.

The power available for the preheater was increased by 50
per cent,

A compact water-cooled condenser was used,

A special test-section was designed for the stuﬁy,

Provision wag made to take heat=-transfer and pressure=drop
data simultaneously.

The exhaust manifold was made more compact.

A Dbypass control valve was mounted on the control panel for

ease of operation,

Component Parts

The principal component of the experimental apparatus was the test

section which is shown in Figure 2, Two views of the test section

12.
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(uninsulated and insulated) are seen in Plates I and II, The test sec-
tion was fabricated of AISI type 304 stainless steel welded tubing with
a 0.502 inch outside diameter and a 0,399 inch inside Qiameter. The
tube was especially selected for its straightnesé and uniformity of
inside diameter and wall thickness. Static pressure taps of 0,125 inch
outside diameter stainless steel tubing were silver soldered to the
test section wall in a careful manner., Holes were then drilled through
the tube wall and deburred on the inside wall of the test section.,
Power lugs were clamped to the tube at 19.2 inches from the inlet flange
and 8.8 inches from the exit flange., Six voltage taps were attached to
the test section, one at each‘power>lug and four spaced at intervals of
12 inches starting from the outlet power lug. Iron-constantan 30=-gage
thermocouple wires were spot welded to the test sectlon wall every 3
inches and wrapped with glass tape. See Plate I. Twenty-two thermo-
couples were attached in this mammer. Before usable data were taken _
a 2 inch layer of fiber glass insulation was applied to the test section
between the inlet and outlet flanges. Aluminum foil was wrapped around
the insulation in order to reduce radiative heat loss. See Plate II,
Fi%e thermocouples were placed in the insulation to permit an estimation
of heat loss through the insulation. The bulk temperature of the water
at the inlet and exit of the test section was measured by means of
Minneapolis-Honeywell "Megopak" type iron-constantan thermocouples.
Electrical energy was supplied to the test section by three Lincoln
400 "Fleetwelder Special" transformers connected in parallel, National
Electrical Manufacturers Association code output rating of each trans-
former was 400 amps at 40 volts., The transformers were positioned remote=

ly from the control panel., The complete installation is shown in Plate III.



PIATE I. UNINSULATED TEST SECTION




PLATE II. INSULATED TEST SECTION




PLATE III. INSTALLATION OF THE MAIN TRANSFORMERS
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7 Main components of the loop: were suﬁply tank, main pump, pump drive,
“auxiliary pumps, metering network, flow control system, preheater, ex=-
haust manifold, condenser, holduﬁﬂtank; aﬁd ion exchanger. Important
features of several components of the loop will be discussed in the next
paragraphs .

Piping and fittings which came in contact with the water were stain-
less steel type 304 or non=ferrous metal, The two auxiliary pumps had
cast ifon housings. Anh examination of the auxiliary pumps after a months -
contact with watér showed only a trace of rust. An ion exchanger was
included in the system to remove iron ions which might alter heat trans-
fer characteristics and hydraulic flow resistance. Rohm and Haaé
YAmberlite" resin was used as recommended by Rohsenow and Clark (5).

The complete facility is shown in Figure 3,

The main pump wasa stainless steel Robbins and Myers “Moyno? Pump,
Frame 6M, type $SQ, which was a six-gtage progressing-cavity type pump.
Pump cépacity was 0,26 gallon per 100 rpm, The pump drive unit was a
U. 8. Varidrive Syncrogear Motor with a speed range of 366 to 5000 rpm.
Pulley diameters were chosen to reduce pump speed to 0.620 times that of
the dfiver speed. The resulting pump speed range is approximately 250
to 3000 rpm or a variable capacitf\bf 0.65 gallon per minute.teo.

7.80 gallonsiper minute, Flow rates of fromaloftOAISApOUﬁdsipér'minuté'~
were-considered in this investigation.

The two.aﬁxiliary pumps, one for the ion exchanger and the other
for the fluid transfer from holdup tank to supply tank were identical.
The& were Ioemaﬁs Brothers éentrifugal-pumps driven by 1/3 horsepower
rating; single phase, 115%230 volt, totally enclosed General Electric

motors.
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The metering network consisted of two parallel paths of 1 inch sched-
uie 40 stainless steel pipe with a sharp-edged orifice plate installed in
each path. Appropriate valving made it possible to use either orifice
plate. The orifice plates were supplied by the Daniel Orifice Fitting
Company and were 0.353 inch and 0,453 inch in diameter. Flange-pressure
taps were connected to a Meriam, Model 30, flow mancmeter with a 60 inch
scale graduated in inches and tenths of inches. Meriam No, 3 red mano-
meter fluid with a specific gravity of 2.95 was used. Only the 0.353
inch orifice plate was used in this investigation., It was calibrated
in place by means of a tank and scales. Manometer readings were taken
in the interval of 3.9 to 12,8 inches of red fluid which were the limits
of flow rate investigated. The orifice calibration results are shown
in Appendix F,

The pneumatic flow control system was not used because it was
found that adequate flow control was achieved with the Moyno pump and
agsociated drive system., System pressure pulsesg of + 0.5 pound were
noted only at flow rates less than 1 gallon per minute. One gallon
per minute was the minimum flow rate considered. At flow rates of 4
gallons per minute and larger, a slow change of flow rate was noted
which caused an additional error in flow of % 1 per cent above the
error introduced by orifice calibration, The change of flow increased
-for flows greater than 4 gallons per minute. Flow rates above 2,5
gallons per minute were not used.

Preheating of the water was accomplished with a heating system of
six Cromalox MT=201, 240 volt, 10,000 waft,>two=element heaters., Six
of the single heaters were connected through individual switches to

the power bus bars and six were connected by individual switches to a
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remoteiy’operated 45 KW Powerstat variable transformer supplied by the
Superior Electric Company. The preheater construction and heating ele-
ment location are shown in Figure 4.

Pressure control was obtained by throttling the water from an ex-
haust manifold. A 3/, inch stainless steel needle valve provided the
main system pressure contreol. Pressure downgtream from the throttle
valve was somewhat above atmospheric pressure. Cocling was accom=~
plished by a water=-cooled, Ross type BCF-501-2 two=-pass heat exchanger.
The cooling tubes were fabricated of admiralty metal and the exchanger
body was brass. System pressure was measured by a Heise calibrated
gage, 0-750 pounds per square inch range, 16 inch diameter dial. Dif-
ferential pressure along the test section was measured with five Meriam
odel 30 flow manometers.

Temperature was measured with the following instrumentss:

1. Brown 48-point Electronik Precision Indicator, type J,

0-1200°F,

2. Brown Multipoint Electronik strip Chart Recorder, type J,

0-600°F, 10 record.
A calibration curve was prepared for the temperature measuring system
end is presented in Appendix G.

Preheater power was indicated by Simpson Fanel Meters, 2 per cent
accuracy, connected as shown in Figure 5. All instruments and all
controls were mounted on the panel board shown in Plate IV and identi-
fied in Figure 6. The interlock controls and other safety features
of the loop will be discussed in the Operation section of this

chapter.,
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Instrumentation

Power to the test section was measured with a single-phase General
Electriec P-3 wattmeter with a range of 0-200/400 watts and an accuracy
of 0.2 per cent of full scale. Voltage drop along the test section was
measured with a General Electric P-3 voltmeter with a range of 0-15/30
volts and an accuracy of 0.2 per cent of full scale. General Electrie
JKR-2 current transformers with ratios of 5:500 and 521500 were used to
supply current to the ammeters. Either transformer could be switched
into the circuit depending upon the range of power to 'be"ineasured° A
precise determination of preheater power was not required as preheating
was used only to ébtain a given inlet bulk temperature,

Pregssure measurements were of paramount importance and special care
was taken to see that all pressure measurements were reliable., Refer-
ence pressures were taken at pressure tap zero and pressure tap four,
Figure 7, The precision gage could be connected tc pressure tap zero
or nine, The difference in pressure as read on the gage could he
checked against the manometer readings. Uncertainty in all pressure
readings was reduced materially by‘the excellent main pump character-
istics as noted previously.

The drive pump was chosen because of its smooth positive-dis-
placement pumping action, Pump characteristic curves, Figure 8, show
that flow rate is almost independent of system pressure. Pumping rate
could be accurately controlled by varying pump speed. Low flow rate
could be obtained at higher pump speed than normal by use of a bypass
needle valve., Part of the pump discharge could be shunted directly to

the holdup tank,
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Operation

Operation of the fluid flow system involved the use of rather
large amounts of electrical energy and high operating pressures.
Especially, when the system was operated near saturation temperature
or in the local boiling region of water, any fallure of the flow
network could result in injury to operating personnel or damage to
equipment. Special precautions were taken in the design of elsctrical
circuits to prevent continued heating if the main pump should fail or
if water to the condenser should not be available. The auxiliary
pump circuits are shown in Figure 9 and the main pump drive circuit
is shown in Figure 10, The main pump Varidrive was provided with two
operating ranges which were interlocked with a drive control circuit
to prevent speed range change during operation. Visual check on pump
drive circuit and speed of driver was provided on the control panel.

In cage of emergency, two "panic" buttons were provided which
shut down operation of the system. These buttons were located néar
the panel view port and ét the test section end of the panel.

The preheater elements were divided into two banks of heaters
so that six elements were connechted to ocne circuit and six were con-
nected to a second cirecuit, Figure 11, The position of heéting ele~
ments in the preheater was shown in Figure 4. Preheater elements are
switched into the circult according to the numbering order shown for
the purpose of maintaining as uniform heating as possiblea Any desired
setting of preheat could be obtained by connections of combinations
of direct-switched and Powerstat-connected heaters, The voltage for
the heaters connected through the Powerstat could be varied continu-

ously for any number of heaters one through six. Front and back views
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of the instrumentation section may be seen in Plates V ahd VI. A clear
view of the exhaust manifold discussed earlier, may also be seen in

Plate VI,
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PLATE VI. BACK VIEW OF CONTROL PANEL BOARD AND EXHAUST MANIFOLD




CHAPTER IV
ANALYSIS OF LOCAL BCILING PRESSURE DRCP

Logically, the analysis of the data may be divided into two areas:
(1) the loeal boiling region; and (2) the nonboiling region. As discussea
previously, the start of local boiling must be determined in order to
analyze the local Boiling pressure drop déta. Two.methods were used in
the present case.

The first method used to determine the start of local boiling consist-
ed»of‘finding the position along the tube where the inside wall tempera=-

ture ty, satisfied the equation,

by = tggt * Atgay o (IV-I)

The quantity, Atsat’ may be evaluated from Equation (II-2) and the
saturation temperature may be found from Figure 30 for the system pres-
sure, (1)o Due to the variation of bulk temperature and heat transfer
film coefficient, the outside wall temperature and therefore inside |
wall temperature varied along the 1engthrof the tube., The temperéture
difference across the tube wall must be computed., Temperature distri-
bution through the wall of an electrieally heated tube is represented

by the differential equation,

et 1 Ky(at) | at B2
5 + + - +
dr r K (&r) | dr JRR

i
O
°

(Iv-2)

35
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A Taylor series solution of Equation (IV=2) for the temperature differ-
ence between inside and outside wall for an adiabatic ocutside wall has

been given by Kreith and Summerfield (4) as

At =t = by
m 1
= (Ax)z' + (AX)B
L eo 3T
n(3cX + z,o<§t@ + @)
+ Tan* 5 >
61+ By )7(1 + oxty)
1 '
e 4 o . o e .- 9 (IV“"’B)
4r?
where
3.413 T2 0%
m = ’
27T2(r02 - ri2)2
Ky = thermal conductivity of tube at outside wall temperature,
Btu/ft hroF;
€o = density at outside wall temperature, 1b/ft3;
Ax = wall thickness, ft;
T, = outside radius, ft;
r; = inside radius, ft;

>
=
4

mean density, 1b/ft3;

temperature coefficient of electrical resistivity, QF"’j‘; and

2
i

temperature coefficient of thermal conductivity, °F~<,

»
i

Variation of electrical resistivity of AISI stainless steel type 304
usged in this investigation is shown in Figure 33 and thermal conductivity

is shown in Figure 34. On substituting the various constants into
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Equation (IV-3), Equation (IV-4) is obtained, Thus,
At = 1,03216m

102 | 237 x 1073 + 1282
+ 2,9370 x 10 m

(1 +5.17 x 1075,

x 107 % : (1v-4)
(1 + 6.2 x 107%,)%
vhere
m = 6,6604 x 10° P2 T2,

and |

@, = 2.265 x 10 (1 + 0,00062t) ,
for | ‘ o i

Ay < 0.4F b=t

.At D 04 F - b=ty - FAL.

The Kreith and Sumerfield equstion was progremmed for sn IEM 650 digi-
tal computer and the results of the solution are plotted in Figure 32
for variation of temperature difference with outside wall temperature
for different values of cufrent.

The second method uéed to determine the start of local boiling
consisted of examination of the pressure curves. If the shape of the
presgure curve in the nonboiling region could be determined, then local
boiling Started where the pressure curve chahged its shape., For the
range of variables considered in the bresent investigation, the pressure
variations in the nonboiling region were without' exception represented.
by straight lines. The start §f loeal boiling from fhe pressure curves

could be determined within % 1.5 inches and this point was then.checkea
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~with the temperature determination method, For many runs the tempera-
ture determination method did not prové to be reliable because the two
lines, saturation temperature and wail temperature minus A&tsat, were
approximately parallel so that the intersection was not well defined.
Both methods of determining the start of local boiling were used.

Pressure drop data for each run were plotted with distance along
the test section and the start of loeal boiling wés determined. The
pressure profile was then divided into 1.5 ineh increments beginning
with local boiling point and the slope of the curve was measured at
the.beginning of each increment. In all cases the slope at the begin-
ning of local boiling was equal to the slopé of the curve‘at the end
of the nonboiling region. The ratio (R) of the pressure curve slope
in the boiling region to that at the beginning of boiling was plotted
as the ordinate vs. a dimensionless distance (L/LB) as abscissa,

Basis of the ratio (L/LB) is the locel boiling length; i.e., the
length of tube where local boiling occurs if the tube is imagined ex-
tended until net boiling starts. Local boiling length may be solved
for graphically (Figure 12), or may be computed according to the formula
which may be derived using the geometrical relationships of Figure 12,

thus,

At GA,C
= sub ¢ vp LT.S. , (IV»S)

q" Ay 3600

where

Ly g = length of test seétion, ft.

Qutside wall temperatu;es were measured in the experimental in-
vestigation and were then usea to solve for inside wall températures.

From measured pressure the corresponding saturation temperature (tgsy)
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can be found from Figure 30. The bulk tempefature gt any: point car .
be computed from the measured inlet temperature of the test section and
from the heat added to the fluid up to the point considered., With the
values of bulk fluid temperature and saturation temperature known, the.
amount of the subcooling of the fluid, Atsubs can be computed, Temper-
ature difference between wall temperature and bulk fluid temperature is:

At = Dty + D1 (Iv-6)

sub °
The At may be used to compute heat transfer film éoeffieients,;;The
A"tsat and At sub M2V be used in the correlation equation for pressure
drop and also in a determination of the position where local boiling
starts, |

Several assumptions were examined before the data Were andlyzed.
Thesé are as follows:

1, The heat flux is constant along the tube length.

2. The specific heat is equal to 1.0.

3. The heat loss through”the”insulation is negligible.

A. The axial heat conduction along the tube is negligible.

5. The heat loss from the lugs is negligible,
In order to check the validity of the assumptions, several measurements
were m;adéo If the voltage drop along the tube is constant ana axial
heat flow is negligible, then assumption 1 is correct. Several voltage
profiles are shown in Figure 13. The straight lines validate the as- .
sumption,

In range of temperatures considered (100—500°F) specific heat may

¥

written as:

Gp = 1.04000 - 0,081021 x 1072t + 0.051167 x 10~4¢2

- 0,012388 x 10-6t3 + 0,0013148 x 10-8t4 , (1v-7)
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where

t = temperature, ©F,

ARV
2
Bvaluation of the integral, Cp dt, gives the change in enthalpy:

Vi

s |
hy - zf Cp dt = 1.04000 (t, = t,) = 0.040511
t
T

x 102 (8,° = £,%) + 0,0170% x 1074 (8,7 - £,3)
- 0.003097 x 1076 (£ - t,%) + 0,002630
x 1078 (157 - £47) (1v-8)

Taking tl.i 100°F and ty = 300°F as representative temperature limits,
the enthalpy change calculated from Equation (IV-8) is 201.52 Btu com-
pared with an enthalpy change of 200 Btu when a spe@ifi@ heat of 1.0
ig used, The error is less than one per cents thus the assumption is
justified, |

The most extreme gondition for heat loss through the insulstiocn
ogeurs when the heat flux-is low aﬁd wall temperature of the tube is
high; i.e., for lowest water flow at highest inlet temperature, For

this condition the heat loss may be computed as:

KA At . 0.04x 0,5% 300
U10ss) © . = 1.5 = 18,68 Btu/hr
roln(ro/ry 1.9 x 1/12 1n( )
0.25

The heat loss for & heat flux of 100,000 Btu/?tghr is 0.04 per cent and

ie.negligible,
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“"Heat conduction along the tube would be greateét for minimum flow
and maﬁimﬁm flux since this condition produces the greatest axial wall
temperature gradient. = Considering a temperature difference of LO0%F for

1 foot of the tube, the axial heat flow may be caleulated as:

At 10(17)(5) x (,050) x(400)
Uaxial) = KA e = = 2,18 Btu/ir
Ax (L44)x (1)

"The axial heat conduction is small, so the assumption may be accapted.

Heat loss frdm the copper lugs will be of much greater value than
exial heat conduction and must be considered warefully. The most severe
condition will occur at the downstream Iug. Considering heat conduction
along the lug for a maximum temperature difference of 200°F, the com-
putatiqn will be:z .

At 210 x 1 x 200 . _
Uiess) = KA = = 1051 Btu/hr

Ax a3

which is about 2 per cent of the heat transferred to the water, No
effect on the outside wall temperatures at the exit lug was cbserved.

The caleulated heat flux was corrected for heat loss through the

power: lugds



CHAPTER V
CALCULATION OF NONBOILING PRESSURE DROP

Since the pressure profiles in the nonboiling région are straight
lines, as mentioned previously, the pressure gradient for the same run
in the nonboiling region was used as the reference pressure gradient for
that run, The writer believes that this pressure gradient most precisely
reflects the effect of local boiling on the pressure gradient. 0né of
the requirements for the reference pressure gradient is that it be calcu-
lable., This proved to be the case. The method used to caleulate the non-
bolling pressure gradient is developed in this chapter,

Nonboiling pressure drop was solved with heat flux, q"; mass wveloc-
ity,. G; and inlet temperature, t4 as input data. Informetion on out-
side wall temperature was not used for this solution., The static pressure
change for a horizontal tube, is composed of two components: (1) frictional

drop and (2) momentum drop, Pressure drop (dP) is expressed as

o

P = %g+ E%f (v=1).

Equation (V-1) may be integrated to obtain the pressure drop between two

successive points of the tube as

Lo, ¢
~AP = e P fpy Vay o (vp = V), (v-2)
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where

L

length between points 1 and 2, ft; and

¢ = Qay vay = €31 vy, Ib/ftPsec,

As long as no net amount of vapor forms in the test section, v, and

1 V2
can be evaluated from tables of properties at the respective pressure and
temperature of the fluid. Although no net amount of wapor is formed for
local boiling conditions, there is an effective change in the average
density of the fluid. The property values of saturated water are given
in Appendix B.

The Blasius equation for turbulent flow through a smooth tube for
the range of Reynolds numbers (10,000-50,000) considered in this solution
may be writfen as ,

£=0.316 (Re) T,
where
Re = Reynolds number = %% s dimensionless,

The Blasius equation will be used in the form,

. 0,316 + |
g e S O (v-3)

In order to‘find the temperature at which the friction factor should
be evaluated, several temperatures ranging in value from those of the
bulk fluid temperature to the wall temperature, were tried. Wall temper-
atures gave the better results,

The tube wés divided into several equal length segments, Figure 14,
and Bquation (V-2) was solved for each segment, Temperature difference
between bulk and wall temperature was uséd to find the wall temperature,

The change in bulk temperatire may be computed from the equation,
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at, w HBa sk (V-4)
CbL G &, x 3600
where ‘
Ay = surface area, ft2

ML = distance from inlet to point to be computed, ft;

=
#

total length, ft3
N = total number of intervals,
N, = number of intervals between the point being considered and the -
beginning of the heated section;
A_ = cross-section area, ft2; and

' C. = gpecific heat assumed to be 1, Btu/1b°F,

Start of Heater Seection

r
i

Figure 14

Illustration of Test Section Segments
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--The temperature difference across the film may be computed from the Colburn

Equation (16) for heat transfer film coefficient,

%g = 0,023 (Re)o°8 (Pr) 004 s |  (V=5)
where
h = heat transfer film coefficient, Btu/ft<hr’F;.
K = thermal conductivity of water, Btu/ft hr°F;
Pr = Prandtl number, dimensionless;

and the heat transfer equation,
q“ = h,Atf ) . i%v;éy
where
Aty = temperature difference across the film, °F.

Equations (V-5) and (V-6) may be combined to obtain

D q" .
Atf = . s o ‘(V—7)
00023 .K(Re)0°8 (PT)OOA ’ :

Inside wall temperature at any point may now be found as

by =ty * Bty ¢ Aty (v-8)"
After all the property values and friction factors were evaluated at each

tube segment end point, f . and v,y for each tube segment were computed

from
P fq + £, and (v=9)
fav = =3
fo s 102, (1-10)

2
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The computed quantities are substituted into

L, 6? | o
& + - -
APy 5 & ——— s oy (v2 v, ) . (v-11)
2ge D g
Finally the pressure gradient is computed as
AP _ P;-P
=L 4 (V-12)

V3 11-

 In order to study the solution and permit a selection of the proper
temperature for the computation of frictidn factors, the problem was pro-
grammed for an IBM 650 digital computer. For the manual solution the
property values of Water may be read from appropriate graphs or tables
but for the computer solution they must be put in a form which is suit-
-able for the computer, The following fourth order polynomials for the
computer solution were found by using a least squares curve fitting
procedure for the temperature range 100-500°F, For the dynamic viscos-
ity (/L), 1b/ft hr:
= 3.900745 - 3.331342 x 10747
+ 1.255388 x 107412 ~ 0.219447 % 107603
+ 0.0144995 x 10-814 (V-13)
For the Prandtl mmber (Pr), dimensionlesss
Pr = 11,383069 - 10.347279 x 1072T
+ 4,.051182 x 107412 - 0,725569 x 10~613
+ 0,049070 x 10-51% (V-14)
For specific volume (v), £t2 /103
v-= 0,016138 - 0,0003637 x 1072T
+ 0,0004358 x 107412 - 0,0000831 x 10~13
+ 0,000009 x 10514 (V-15)
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For thermal conductivity (K), Btu/ft hrCF:

K

0.291745 + 0,103754 x 10™°T

0.035696 x 107412 + 0.005363 % 10013

0,000383 x 10-8r% | (V-16)

The standard error of estimate of the least squares fit was:

0.936911 x 102 ()
0.333633 x 1071 (Pr)
0.108169 x 1074 (v)
0.537662 x 103 (x)

Maximum error of the computed pressure gradient from experimental values
was 4 5 per cent., Many of the pressure gradients in the nonboiling
region were found to be the same as measured, Examples of computed and

measured profiles ére shown in Figure 15,



20
18
16

®)

N

I 14

v

il

G

z 12

a.

o 10

o

)

‘jc*é 8

D

7y

n

e

o 6
a
2
0

50

— MEASURED CURVE
——CALCULATED CURVE

o

~

V/

/.

=

NN

N
py)
cC
Z

n

N
N

Figure 15,

2 3 4 5 S
TEST SECTION DISTANCE—FEET

Calculated and Experimental Nonboiling Pressure Drop



CHAPTER VI
EXPERIMENTAL RESULTS AND DATA CORREIATTON

In order to check the experimental pressure measurements, isothermal
runs were made, The pressure profiles for these data should be straight
lines as shown by the equation,

R (v1-1)
dL 2Dgs O
The straight lines, Figure 16, were verified for each series of rums,

Results of the isothermal runs may be used to show that.the friction
factor, £, approached that for a smooth tube, Figure 17 is a plot of
friction factor for various Reynolds numbers., The curve is compared
with fricfion factors for smooth tubes repérted by Moody (17). The
data are higher than the Moody results by 2 per cent at a Reynolds
mmber of 30,000, The test section was assumed to be a smooth tube for
the calculation presented in Ghapter Vi,

‘ The local boiling data were plotted with the pressure g:adient ratio
(R), as the ordinate and the length ratio (L/Ly) as the abscissa, A
representative plot is shown in_Figure 18, For individual runs the

variables of pressure, flow rate, and length ratio were considered.
The Effeet of Pressure

A careful study of the pressure gradient curves indicated that a

pressure-effeet wag present. 'The pressure.effect was small.; This fact

51
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eohfirmsiReynold@ (1) assumption that the data for local boiling in a
liﬁited pressure range are independent of pressure., As reported by
Buchberg, Romie, Lipkis and Greenfield (13) the pressure gradient ratio
is larger at lower pressure.

In an effort to account for the effect of pressure, (R - 1) was
multiplied by

 K®/R -1) | | (VI-2)

where |

P = absolute pressure at the start of local boiling, psisag

P,= 200 psia, reference pressure;

1}

0,23 and

K
R = pressure gradient ratio,

The value of the multiplying factor for various pressures is shown in
Figure 19. Becaugs of data scatter,the values of K and P, could not be
determined precisely., Additional detailed data on the effect of preésure
will certainly clarify the values of the coﬁstants to be used for other
data, The effect of the pressure multiglier was to increase (R - 1) for

pressures higher than P0 and to decrease (R - 1) for pressures lower than

P
o

The Effect of Flow Rate

As has been noted by other investigators the pressure gradient ratio
was independent of flow rate, (7), (8). The variation of R with L/Lg
for various flow rates after correcting the data for the pressure is shown

in Figure 20, As was expected; the predominate variable is the heat £lux,
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The Effect of Heat Flux

It\was difficult to obtain the same heat flux for different flow
rates and pressures; therefore, a range of heat flukes ¥ 1.0 per cent
of a given heat flux was considered as the same heat flux., For example, .
if a heat. flux of 157,000 Btu/ftzhr was being considered, then all runs
in tﬂe”rgnge of % 1500 Btu/ft?hr of 157,000 Btu/ft2hr were used together,
Even though..the value of the heat flux measurement is more accurate
than this (approximetely % 0.5 per cent), errors in the pressure drop
data ﬁould not permit more accurate analysis of the data., The composite
data are plotted in Figure 21. Using this graph the correlation equation

was found to be

(ji_) - (jf_) [1 + Jg0.2(1 - P/zoo)}
aL /L.B. dL / N.B,

q" |

— z} 0,04332 + 2,50586 (L/Lg)

s

- 21.81864 (L/1g)° + 37.21943 (L/Lg)ﬂ (VI-2)

where

n
g

dp -
dL /N.B,

The isothermal data are tabulated in Table I and the nonisothermal

constant heat flux, 40,000 Btu/ftzhr; and

]

nenboiling pressure gradient, in. of Hy0/in.

data are tabulated in Table II,
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TABLE I

ISOTHERMAL TEST DATA

P

. G q" Water Temp Pressure Drop 2.
Run - -Pres- Veloci%y Heat oF in Hx0
No. -sure 1b/(ft<) Flux In- Out- , : o :
psia (see) Bguy let 1let 1 2 -3 4 5 6 7 8 9+
‘ ft5hy - : ’
1 49.5 19L.3 0 *85- 85 2,69 4.27  5.87 7.6l 8.0 9.2, 10.14 10.53 10.93
2 49.5 232.9 0 85 85 3,22 5,58 7,80 10,14 11.31 12.50 13.65 14.24 14.76
3 49.5 270.3 0 85 85 4,19 7,12 10,06 13.08 14.64 16.15 17.67 18.35 19.07
4 49.5  307.9 O 8 85 5,03 8,70 12.42 16,19 18.12 19.91 21.86 22.62 23,71
5 49.5 346.7 0 85 85 6.05 10.59 15.22 19.89 22.21 24.71 26.87 28.04 29.09

‘a. A1l pressure drop data were measured with respect.to (0) pressure tap.

09




NONISOTHERMAL TEST DATA

TABLE II

P G q" - Water Temp Start a
"Run Pres- Velocity Heat oF of Pressure Drop b
No. sure 1b/(£t?) Flux In- Out- local in H,0
psis (sec) Btu/ 1let let boil-
£t° hr ing 1 2 3 4 5 6 7 8 9
1 48.98 194.3 649300 196.0 247.9 48,0 2.36 3,55 L.86 6,12 6,57 7.18 7.72 8,25 8,76
2  48.97 194.3 78,800 176.4 240.0 54.0 2,48 3,61 4L.89 6,10 6,70 7,08 7.78 8.39 8,99
3 48.97 194.3 1499200 81.1 201.6 52,0 2,67 3,71 4.86 5,99 6.67 7,29 7,76 8.17 8.78
4 98,99 194.3 85,800 225.0 290.7 51.0 2,38 3,51 4.82 6.03 6.55 7.02 7.59 7.64 8,01
5 98,9 194.3 103,600 205.0 285.2 49.0 2,36 3,51 4,74 5.93 6.65 7,02 7.53 7.8 8,23
6 98,99 194.3 118,100 180.5 272.3 51.1 2,42 3.55 4.80 5.9 6.63 7.1, 7.61 7.80 8,60
7 98,98 194.3 156,700 150.0 272,8 51,0 2,46  3.57 4.80 5,97 6.9, 7.12 17.55 8,35 9,20
8 98,98 194.3 187,000 109.5 256.6 51,0 2,57 3.63 4.8 5,99 6.92 7.16 17.57 8.35 9.36
9 98098 19403 2079300 8600 24905 5100 2067 3067 4080 5089‘ 6075 7006 7057 8021 9056
10 148.99 194.3 91,200 256,0 325,7 48,0 2,36 3.45 4.66 5,87 6,42 6,79 7.35 TA4LT 7.69

19



TABIE II (Continued)

13

.16

P G & Water Temp Start & | |

Run Pres= Velocity Heat O of Pressure Drop P -
No. swec Ib/(ft?) Flux In- Out- local in, Hy0

peig:  (sec) Btu/ let let boil- : -

££2hr ing 1 2 3 4 5 6 7 g8 9

U T T T . 1nd . . .
11 139.99° 194.37 113300000222000 310.4 49.5  2.36  3.51 4,66 5.89 6.57 . 6.92 7.4l 7.59 7.9
12 14'8699 19403 14'69800 1880 5 303 Ollr | 4905 2040 3651 ’ 4068 5089 6977 7002 7@39 7555 8eoo

3 W99 19%.3 174,100 159.0 295.9 49.0 2.42 3,51 L.66  5.83 6,65 6,92 7.35 7.64 8.37

L, 148,98 ‘194.3 203,100 129.0 289.3 49.2  2.48 3.59 4.70 5.81 4,80 7.0 7.47 7.94 8.68
15 148.99 194.3 219,800 86,2 263.5 48,0  2.65 3,69 4.72 5,85 6.63 7,00 7.43 7.80 8.60

198,99 194.3 99,500 272.9 353.2 49.0  2.34 3.51 4,70 5.83 6,32 6.86 7.49 7.6h 8.15
17 198.99 194.3 125,600 235.3 336.7 49.5 2.3k 3.49  4.68  5.89 6.4h  6.84  T.AL  7.61 7.9
18 198,99 194.3 150,500 206.5 328.0 48.0 2.34L  3.47 L.68 5,85 6.57 6.83 7.31 7.78 8.35
19 198.99 194.3 186,600 166.4 316.9 48.5 2,44 3.51 466 5,85 6.63 6.8 7.35 7.45 8,39
20 198.99 1943 204,800 133.3 298.6 49.5  2.50 3.51 4.6k 579 6.59 6,95 731 7.58  7.9%
21. 198,99 194.3 250,900 101.2 303,6 49.0 2.5, 3.51 4.52 5.65 6.88 6,79 7.25 7.6 8.31
22 198,99 194.3 263,700 84.2 297.0 49.5  2.63 3.57 5.62 5.69 6.53 6,8, 7.23 7.62 8,21
23 249,04 193.8 85,400 295.4 364.7 63.0 2,36 3.5 482 6.05 663 7.23 7.8 8,05 7.98
24 249.04 193.8 -147;200 235.4 354.8 62.0 2.3 3.51 4.70 6.47 7,00 748 770 8,03

5.85

29



TABIE II {(Continued)

3.33

PG " Water Temp Start g _—
Run Pres=- Veloecify = Heat - °p of . Pressure Drop b
No, sure 1b/(£t<) Flux In- ~ Out- local in.H,0
psia (sec) Bgu/ let let boil- ' ‘
£t<nr ing - 1 2 3 A 5 6 7 8 9
' in. .
25 249.04 193.8 1645600 "219,6 3531 6LD  2.3h 3,51 4.66 5,85 6.42 6.9 7.4l 7.59 8,01
26 249.04 193.8 196,900 1182.6 “342:3 52,0  2.40 3.55 4.70 5.91 6,55 7,14 7,51 7.76 8,06
27 249.04 193.8 228,800 146.9 332.5 49.9 2.40 3.51 4.66 5.77 6.44 7.00 7.29 7.66 8.35
28 48,93 232,9 82,900 195.5 251. £9.%5 2.96 4.66 6,38 8.05 8,78 9.57 10,3, 11,00 11.52
29 48,90 232,9 87,100 177.9 226.6 51.0  3.08 4.82 6.59 8.27 9.0 9.89 10.61 11.39 12.15
30 48.89 232.9 142,900 126.8 223.2 5LO  3.18 4.82 6.47 8,15 8.99 9.91 10.49 11.08 11.5%
31 48,80 2329 186,600 . 85.2 210,9 48.0  3.33 4.93 6.40 8,05 9.07 9.67 10.37 11.12 11.99
32 98,92 232.9 103,500 220.4 290.2 5L7 2,93 4.58 6.38 8,00 8.76 9.44 10.20 10.61 11.13
33 98,90 232.,9 142,900 166.4 262.8 50.1 3.0 4.66 6.44 8,03 8.93 9.59 10.31 10.82 11.43
34 98.91 232.9 145,000 176.h 2742 49.0  3.00 4.64 6.2 8.00 8.9 9.59 10,30 10,71 11.33
35 98,90 232,9 163,600 156.4 266.7 49.9  3.04 4,68 6.4 8,11 9,05 9.83 10.1 10,9 11.76
36 98,91 232.9 182,200 137.3 260.2 49.5  3.06 4.62 6.32 7.9 9,10 9.59 10,10 10.76 11.52 -
37 98,90 232.9 208,300 106,2 2467 49.3 326 472 6,38 7.9 8,99 9,67 10,10 10.78 11.7
38 98,90 232,9 230,700 86.2 24,18 49.3 4.82 6,40 8,00 .9,15 9,79 10,12 10,838 11.86
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TABIE IT (Continued)

Start &

P G q" Water Temp b
Run Pres- Velocilty . Heat OF of Pressure Drop
No, sure 1b/(ft*) Fluxx In-  Out- local in. H,0
psia (gsee) Btu/ let let boil-
£42hr ing 1 2 3 b 5 6 7 8 9
in.

39 148,96 232.9 107,700 247.2 319.8 48.0 2.93 4.60 6,30 7.92 8,66 9.3 10.14 10.55 11.13
L0 148.96 232,9 122,300 236,3 318.7 49.0 2,92 4.62 6,30 7.98 8,66 9,36 10.14 10.49 10.94
A1 148.96 232.9 132,700 220,9 310.3 48,0 2,87 4.7 6,14 7,89 8,60 9.32 10.02 10.37 10,82
42 148,96 232,1 168,700 186.6 300.8 A47.5  3.02 L.66 6,28 7.92 8,93 9,65 10.14 10,57 11.21
43 148.95 232.1 210,200 146.4 288.7 48,0 3,04 4.60 6.2, 7.86 8,99 9.46 10,20 10.9, 11.78
Li, 148.95 232,1 234,200 126,9 285.5 49.0  3.12 4.62 6,20 7.80 9.05 9.48 9,98 10.74 11.60
L5 148,95 232,1 256,200 105.8 279.3 48.0 3.22 4,66 6,20 7.8 9.15 9,34 9,98 10.98 12.11
46 148,95 232,9 272,800 88,7 272.5 48.0  3.27 4L.6b4L 6,12 7.78 8,93 9.32 9,98 11,21 12.50
L7 198,96 232.1 149,200 227.0 328.0 -54.5 2.93  4.56 6,24 7,96 8,72 9.44 10,18 10.55 11.16
48 198.9% 232,1 174,100 207.1 325.0 54.0 2,98 4.62 6,26 7.2 8,74 9.36 10,04 10,53 11.13
49 198.96 232.1 206,500 176.0 315.8 55.0 3,00 4.54 6,20 7.82 8,68 9.42 10,04 10.35 10.74
50 198,98 232,1 241,300 135.9 299.3 54.0  3.10 4.60 6,18 7,78 8.62 9,38 10,06 10,32 10,72
51 248,94 232,1 93,700 303.8 367.2 60.2 2,91 4.58 6,30 8,00 8,81 9,67 10.34 10.49 10.78
52 248,94 232.1 116,100 285.9 364.5 52.2 2,94 - 4.64 6,30 8,01 8.6, 9.46 10,18 10,51 10.94

79



TABIE II (Continued)

B G q"  Water Temp Start &
" Run Pres- Veloeity Heat OF of Pressure Drop P
No, sure 1b/(ft?) Flux In-  Out- loesl in 5,0
psia (see) Btu/ let let Dboil-
Ptohr ing
in. 1 2 -3 L 5 6 7 8 9
53 248,93 232,1 124,800 266.2 350.7 54.0 2.94 4.62 6,32 7.98 8.70 9,38 10.27 10.53 11.09
5L 248,94 232,1 167,500 235.4 345.4 59.0 2.91 4.52 6,22 7.88 8,66 9,48 10,06 10.35 10,78
45 248,93 232,1 190,700 206.6 335,7 60.0 2.98 4.62 6,25 7,92 8,68 9,52 10.22 10,53 11.10
56 248.94 232.1 205,600 186.6 325.8 59,0 2.9, 4,58 6,24 7.8, 8,68 9,48 10,28 10.53 11.00
57 248,94, 232.1 269,500 121,3 303.7 58.0 3,10 4.58 6.08 7.66 8,42 9,36 9,95 10,30 10.92
58 48,75 270,3 114,000 176.4 240.2 4A8.0  3.70 6,01 8,27 10.49 11.45 12,54 13.49 14.31 15,01
59 48,81 270.3 151,700 145.8 230.7 49.5 3.72 5,97 &,11 10,32 11.58 12,50 13.63 14.27 14.92
60 . 48,80 270.,3 215,200 84.2 204.7 48.5  4.08 6,16 8,21 10,34 11.56 12.50 13.40 14.45 15.64
61 98.76 270.3 96,400 245,2 299.1 8.0 3,70 5,95 8,37 10,57 11.47 12.40 13.44 13.67 14.37
62 98,75 270.3 124,400 216.5 286,1 £9.0 3,70 5.95 8,33 10,53 11.50 12.46 13.42 13.98 14,66
63 98,75 270.3 133,500 20R2.5 277.2 49.0  3.69 5.95 8,29 10,51 11.43 12.46 13.46 14.06 14.68
6, 98,76 270.3 149,200 197.5 231.1 53.0- 3,72 6,01 8.33 10.47 11.64 12.42 13.46 13.96 14.59
65 98.76 270.3 165,800 178.9 271.7 56.5 3.70 5,99 8.27 10.32 11.68 12.60 13.46 14,10 14.86
66 98,76 270,3 221,800 124.3 248.5 52.5 3.86 5,97 8.19 10,30 11,56 12.48 13.07 13.69

14,47
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TABIE II (Comtinued)

P G g"  Water Temp Start
Run Pres- Veloc;i%y Heat op of Pressure Drop b
No, sure 1b/{ft<) Flx In- Out- loeal in. H,0
psia (see) B%u/ let let  boil-
Tt<hr ing
in, 1 2 3 4 5 6 7 8 9

&7 98,75 270,3 282,000 78,6 236.4 51.0 4.13 6,20 8.23 10,35 11.82 12,66 13.36 14.41 15.64
68 14876 270.3 125,500 247.2 317.6 48.0  3.69 5.89 8,31 10,37 11.39 12.28 13.42 13.77 14.53
69 148,76 270.3 148,400 236,3 219.4 54.0  3.67 5,95 8,23 10,35 11,43 12,30 13.26 13,75 14,57
70 148.76 270.3 186,700 200.0 304.5 54.0  3.67 5.87 8,21 10,28 11.49 12.36 13.24 13.63 14.43
71 198,82 270.3 139,700 264.0 342.,2 49.5  3.55 5.81 7.98 10,32 10,92 12,11 13.08 13.83 14.78
72 198,84 269.9 169,100 237.4 335.9 55.0  3.55 5,75 7,94 10,12 11,17 12.09 13.03 13.49 14.43
73 198.82 269,9 194,900 216,6 330.0 54,1 3,53 5.75 7.92 10,19 11.29 12.15 13,22 13.94 15.19
74, 198,82 269.9 195,300 238,L 352,1 53.0 3.51 5.66 7,80 10,02 10,12 11.99 12.89 13.52 14.45
75 198,82 269.9 228,000 186,6 319.4 49.0  3.71 5,87 7,98 10,16 11.47 12.23 13.03 13.57 14.41
76 198,42 269.9 245,000 166.5 309.2 49.0  3.71 5.85 7,90 10,12 11.43 12,15 12,95 13.38 14.06
77 198.83 269.9 264,500 149.9 303.9 49.3 3.72  3.55 7,96 10,10 11.39 12,25 13.04 13.49 14.22
78 248,80 269.,9 145,100 281.0 365.5 64.5  3.57 5.85 8,01 10,32 11.13 12.30 13.42 13.83 14.25
79 284.81 269,9 181,600 246.3 352.0 61.9 3,51 5.66 7.85 10.14 11.10 12.21 13.07 13.57 14.20

248.80 269.9 208,100 222.6 343.8 62.0 3,55 5.75 7.86 10,14 11.12 12,27 13,07 13.59 14.08

99



TABIE II (Continued)

3 TG q'  Water Temp Start © .
Run Pres- Veloeity Heat - CF of Pressure Drop
No, sure 1b/(ft<) Flux TIn-  Out- local in, H,0
psia (see) Btu/ let let boil-
£t7hr . ing 1 2 3 4 5 6 7 8 9
t o in, . _ ,

81 248.80° 269,9 245,400 191.6 '334.5° 60.0 3,69 5,89 7.98 10.20 11.25 12,30 13.24 13.65 14.24
82 248,81 269.9 277,800 156.5 318.2 60.0  3.74 5.85 7.8, 10.12 11,10 12.15 13.05 13,34 13.83
83 X£9.37 307.9 96,400 205.,5 254.5 54,0 4,09  7.12  9.85 12,66 14.06 15,25 16,46 16,71 17,67
8, 50.35 307.9 131,600 177.5 244.6 54,0  4.25 7.18 10.06 12.83 14.59 15.60 16.80 17.57 18,49
85 48,67 307.9 163,300 145.7 228.8 53,00 4,50 7.37 10,00 12.85 14.29 15.78 16,93 17.63 18.35
86 48.68 307.9 234,200 83.7 202.9 53.0 4.89 7.61 10,32 12,75 14.22 15.58 16,59 17,37 18,17
g7 98,70 307,9 122,300 247.2 309.4 54.5 4,08 7.02 9.83 12.48 13.75 14.78 16,30 16,85 18.08
88 97.69 307.9 161,700 216.4 298.7 54.0 4.06 6,96 9,75 12.48 13.83 14.84 16.34 16.93 18,14
89 98,68 307.9 174,500 202.5 291.3 54.0  4.33 7.25 10.16 12.85 14.37 15.25 16.71 17.26 18.50
90 98.68 307.9 217,600 178.4 289.,1 50.0 4o33  7.25 9,96 12,83 14.33 15.42 16.67 17,76 18.70
91 148,72 307.9 157,500 250.2 330.4 55.1  4.29 7,22 10,00 12,68 14.08 14.94 16.61 17.24 18,51
92 8.7, 307,9 176,100 253.3 325.0 54.2 4,13 7.04 9,75 12.59 14,04 14.8, 16.36 16.95 18.17
93 148.64 307,9 198,600 216.5 317.5 49.0 = 4.29 7.18 9,79 12,68 14,31 15.23 16,40 17.12 18.29
94 148.89 307.9 215,600 202,5 312.,2 49.5 L27  7.04  9.75 12,46 14.16 15,05 16,40 16.95 18.06

LS



TABIE II (Continued)

P G q" Water Temp Start @
Run Prés- Velocity Heat o of Pressure Drop
No. sure 1b/(ft*) Flux In-  Out- local in, H,y0
psia (see) Btu/ let let boil-
£t2hr  ing
in, 1 2 3 L 5 6 7 8 9
795 148,64 307.9 246,700 176.4 301.9 49.5 Lo35 7,20 9,77 12,60 14.39 15.21 16.34 16.95 17.92
96 198.88 307.9 194,900 245.2 344.3 54.0 Lo31  7.16 9,94 12.50 13.84 15005 16,65 17.32 18.47
97 198,56 307.9 207,800 231.4 336.9 48.0 L4l 7,23 9,93 12,68 14,31 15,19 16,40 17.18 18,37
98-198,56 307.9 236,300 216.,0 336.2 49.1 L4l 7,22 9,95 12,66 14,61 15.23 16.48 17.37 18.53
99 198,88 307.9 244,600 202.5 37,0 54.7 L.35 7.4 9.77 12.46 13.79 14.98 16.30.16.93 17.98
leO 248,67 306.6 199,400 260.2 362.4 53.0 4,29  7.20 9.91 12,69 13,92 15.35 16,50 17.24 18;33
101 248,67 307.9 241,300 226.4 349.2 54.0° 4,29 7.20 9.83 12.66 14.02 15,17 16.42 16.87 17.69
102 48.74 346.7 110,900 202,5 252.8 49.5 5.15 8,79 12,38 15.87 17.63 19.25 20.85 21,61 22,52
103 48.74 346.7 157,500 175.4 246.8 48.0 5,21 8,79 12.30 15.70 - 17,57 19,25 20.85 21.64 22.78
10, 48.51 346.7 165,800 145.7 221.9 51.0  5.46 9,07 12.50 15.87 17.67 19.38 21.06 22.25 23.61
105 48.74 346.7 221,900 127.8 228.3 49.5 5,50 8,99 12.42 15,68 17,63 19,07 20.83 22,13 23,81
106 98,50 346.7 167,300 218.9 295.0 54.0 5,19 8,76 12,32 15.58 17.51 18.83 20.40 21,29 22.37
107 98,52 346.7 190,700 200.0 286.5 55.0 5,03 8.48 12.11 15.50 17.26 18,64 20.07 20,85 22.05
108 98,51 346.7 215,600 177.4 275.1 51.0 5,23 8,77 12,28 15.62 17.59 18.90 20.49 21.08 22,00
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TABIE II (Continued)

P " Water Temp Start @
Run Pres-~ Velceity Heat °F of Pressure Drop b
Yo, sure Fluox In- Qut- local in,H0
psia (see) Bgu/, let let boil-
ft+°hr ing ‘
in. 2 3 4 6 7 8 9

109 98,52 257,000 146.3 262.8 53.0 8,81 12.11 15.56 18,97 21.02 22,41 24.39
110 98,53 299,300 97.2 232.8 9.5 9.13 12.25 15.62 18.84 20.42 22.85 25,78
112 148.48 215,600 221.4 319.1 53.0 8.99 12.64 15.95 19.23 20.87 21,51 22,72
112 148.49 246,700 199.5 311.3 4B.5 8.66 12.25 15.64 18.97 20.51 21.27 22,39
113 148,49 282,800 176.4 304.6 49.5 8,70 11.95 15.48 18,76 20,26 21,12 22,50
114 148.48 306,800 163.4 302.5 49.5 8,81 12.11 15.60 18,95 20,26 21,41 22,78
115 198.49 249,600 228.4 341.5 48.0 8,74 12,03 15.42 18,58 20,30 21.29 22,58
116 198.49 281,500 211.5 339.1 48.0 8.54 11.82 15.35 18.53 20,12 21,26 22.60
117 198,49 311,800 193.0 334.3 48.0 8,66 11.89 15.42 18.64 20,12 21.26 22,58
138 248,48 286,000 227.5 357.2 49.5 8,62 12,03 15,37 18.45 20.40 21.66 23.32
119 248.43 315,000 208.5 351.3 29.5 8,70 12,71 15.58 18,64 22,58 24.32

20.94

a. Start of local beiling measured from (0) preséure tap

b.  All pressure drop data were measured with respect to (0) pressure tep
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CHAPTER VII
DISCUSSION

The results of this exﬁerimental study mey be discussed in terms
of nonboiling pressure drop, determination of (l&t)sat, and local boil—
ing pressure drop. A coéparison of the ratié of fricti6n factors:with:
and without heat transfer from previousfstudies:(L),(S), to those ob-
tained in the present investigation is shown in Figure 2éo The data of
Kreith and Summerfield (4) cover-a range of Reynolds numbers of 100,000
to 250,000 while for the present investigation the range is 10,000 to
30,000, The ReXnolds nﬁmbers in both.cases were computed at the average
bulk temperaturé of the fluid° The curve in Figure 22 representing ﬁhe
present investigation is based on the computation methoa, Chapter V,
Thé maiimum error of the data from the prediéted values is % 5 per cent
and fhg maximum error of the data from that predicted by the\equation
from reference (4) is * 7 per cemt, (18). The‘line with a slope of
0.60 represents both friction and momentum pressure drop. The nonboil=:
ing frictionai pressure drop predicted by fhe equatiohs of other investi-
gators was lower than similar data reported in this'thesis; (4), (5).

Nonboiling frictional pressure dfop may be anélyzed in anothéraway
as discussed in Chapter II. (15). Equation (II-10) for the pressure
drop may be solved for the friction factor by comparing it with Equation

(VI-1). The resulting expression is
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1
P = 0,164 (/;L)OJ% . (ViI-1)

,(GD)D°175
In Figure 23, veriation of friction factor with Reynolds number is shown
for the above equation and for the‘present investigation. The range of
Reynolds numbers for the equation given by Buchberg, Romie, Lipkis, and
Greenfield (15) is not reported so the friction factor has been evaluated
for the same Reymolds number as used in this reséarcho It may be ngted
that this method will predict pressure drops that are about 10 per cent
higher than for the present data. The‘nonboiling Pressurs drdp data were
reasonable sinee some variation inm test conditions of the various investi-
gaticns certainly existed.

The integraticn of Equation (II-14) presented by Rohsenow and Glark
(5) is a method to take into account the variation of fluid properties
ag the fluid is heated., It was replaced by a stepwise method based on
average densities and averags wall frictibn factors in the solution
presented in Chapter V. In the stepwise sclution the size of the inore—
ments could be varied; thus, the integrated solution eould be approached
ag closely ag desired.

The quantity, Atgy4, has been used in‘@ne of the methods for
determining the start of local boiling., The Jens and Lottes (1) equa-
tion has been used by several authors (6), (8) and is recommendsd.

The present apparatus did not have provision for the rémoval of en=

ltrainea gages; therefore, the experimental data are presented for gassed
distilled water, It hés been noted that the presence of nitrogen uwp o
110 cubie centimeters per iiter at a pressure of 500 pgia had no signifi-

cant effset on heating-tube pressure loss for Aftsub above 36°F, An
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increase in pressure loss of the order of 10 per cent was observed for
Abgyp of 36°F. (15).

. An examination of Figure 1 and the examples of pressure profiles
(Appendix I) show that theﬁcurves have a similar ghape in the local
boiling region., No analytical studies on the mechanism of local boil-
ing pressure drop have been reported in the literature. The pressure
plateau may be explained qualitatively in terms of bubble formation.
At the first bupble formation, .an- increase iu velccity‘oecursy and the
static pressure decreases, due to increesed friefienal-drag-ahd.ehenge
in fluid momentum. As the bubbles form they move downstream where. more
bubbles are ferming unfil a point is reached where a‘rapid abSOrption‘
of bubbles oceurs, In the region where vapor absorption is high, a
parﬁialmpressure recovery'is noted. In this area the ‘bubbles form at
an increased rate and a gradual ihcrease in bubble absorptioﬁ causes
the sﬁatié pressure ﬁd de@rease; The pressure plateaus may eventually
give a clue to the mechanlsm of local b0111ng pressure drop.

Reynolds‘_correlatlon equat;on is . shown in F1gure-24, ‘An examinaé
ticn of the correlatiou‘equatioﬁ presented from‘the~presen£ sﬁudy shews
the Reynoldsﬂ correlatlon equatlon does not take 1nto account adequately\:
the pressure change for the f1rst half of the local b0111ng reglono'_
Reynolds? correlation has the advantage in that it is easier to caleu-
léﬁe_than'the'present'eorrelationlaud is reeommended for use for the
last half of the local boiling length

Equation (VI-2) for pressure gradlent dur1ng local b01llng is
’ emplrleal but the wvariables contalned in the equatlon are the 1mportant
‘ones to be eon81dered Upon integrating Equatlon (VIe2) the‘following

express1on for pressure drop is obtalned‘
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R A GDCp (Abypls -‘
AP g, g(f“”"”) L/ky
dL /N B, 4 g" .

.9.{@002 (1»p/zoo>} @
., 40,000

{0004332 (L/1g) + 1.25293 (L/1g)

- 7.27288 (L/15)° + 9.30486 (L/IB)Z{}} (vi1-2)

Study of the pressure-drop equation shows that. it eorrelates the
data of the p:fesen‘t styudy within £ 25 per cent; Moreover it correlates

_ the data of Reynolds (8) within £ 40 per cent.



CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

From an analysis of the experimental pressure drop data for non-
boiling and local boiling and an examination of data and correlations
presented by other investigators, the following specific coﬁclusions can
be_drawnz

1. The loeal boiling pressure drop dets may be correlated within

plus or minus fwenty—five per cent by the empirical equation

relating significant variables as follows:

dp G D Gy (Dtgylo
N.B.

L/Lg

APLeB. = komanasd A .
q

dL
.+ Eeooz (1- p/QOO)E{ q" -2
40,000

{‘0,04332 (L/Ig) + 1.25293 (1/15)°

- 7.27288 (L/15)> + 9.30486 (L/LB)A} (VII-2)

Tt is recommended that the correlation equation be used for the
firat half ¢f the local bolling length,

2, Within the limits of accuracy of the data, the pressure gradient
:ratio was found to be independent of flow rate. |

3, The effect of pressure on the pressure gradient ratio may be
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represented by a multiplier of the type, eX(P/Py = 1), in which
'K-="0,2 énd P, is the reference pressure, 200 psia, Inxéfder;
to take into account the effect of gystem pressure, (R ='1) was
multiplied.by the pressure term.

L. Reynolds! correlation eguation is recommended for correlating
data for the last one-half of the local boiling length.

5. Pressure drop du?ing nonboiling heat transfer to the fluid may
be computed by using the proper friction factof based on the
fluid viscosity at the wall tempereture. The caleulation is
easily adapted to processing by a digital computer.

6., Isothermal pressure drop for the presént study may be computed
by using friction factors for smooth tubes as given by Moody.

As a result of the present investigation, the following recommen—

dations can be mades

1. An analytical solution for local boiling pressure drop should be
developed since no adequate apalytical study has been reported
in the literature.

2, Photographic study and density measurements should:be considered
as a means for clarifying experimentally the mechanism of local
boiling. A more detalled knowledge of vepor formation and ab-
gorption will make clear its effect on local boiling pressure
drop.

3. Extensive loeal boiling pressure drop data at considerably higher
pressures than in the present investigation should be obtained
to aid'in'establishing more precisely the constants used in the
equation for pressure effect.

In summary it may be said that losel boiling pressure drop is
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imperfectly understood. The correlation equations presented sorfar for
vlo¢alvboiling pressure drop data are empirical and still are of limited
application., Few detailed loeal boiling pressure drop data have been
reported in the literature. One of the purposes of the present investi-
gation was to contribute extensive pressure drop data which have not been
»ayai%able up to now, It is hoped that some of the methods outlined and
di»seussed in this thesis may point the way to further understanding and

development in the pfedietion of local boiling pressure drop.
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AFPENDIX A

REPRESENTATIVE PRESSURE PROFILES
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Figure 25{(a)., Experimental Pressure Profile
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APFENDIX B
FROPERTIES OF WATER

The properties of water were taken from references (19), (20).
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APPERDIX G

ESTIMATE OF EXPERIMENTAL ERRCRS
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Lineal Measurementss
variation of inside diameter is negligible
heated length of test section is thought to be in error by
no more than 0,002 inch. ‘
Flow Rate:
maximum error due to orifiee plate calibration of # 1 per
cent, .
Inlet Temperature:

£ 1.5

Power Measurements:

maximum error of test section power % 0.5 per cent

5 Pressure Measurementss

meximum error of system pressure measurement * 1 per cent

maximm error of manometer pressure measurements £ 0.2
inch Hy0



APPENDIX D

SOLUTIONS OF THE KREITH-SUMMERFIELD EQUATION
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APPENDIX E

PROPERTIES COF AISI STAINIESS STEEL

The electrical resistivity and thermal conductivity values
for AIST type 304 stainless steel tubing were taken from refer-

ence (21).
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APPENDIX F

ORIFICE CALIBRATION

The method of orifice caleulation was taken from reference (2

=2
(@]
B

23
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APPENDIX G

THERMOCOUPLE CALIBRATION
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APPENDIX H
SYMBOLS
a  Parameter related to heat flux by the equation,
(a = 4.6 x 107" + 1,2),
A Area,
C' Coefficient defined by equation (II-Z),
Cp Friction factor,
C. Specific heat at constant pressure,
D Diameter,
f Fanning frictién factor,
F  PFrictional pressure drop.
g, Gravitational constant,
G Mass velocity.
G" Mass veloeity,
h Heat transfer film coefficient,
h  Enthalpy.
I Eleectric current.
K Thermal conduetivity,
K Constant defined by equation (VI=2),
1 ILength,
L Iength of test section from start of lecal boiling to any point,

LB Local boiling length,
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IJEB Ratio of length of test section from start of loeal boiling to
any point to local boiling length,

m Variable defined by equation (IV-3),

Yv Variable number of intervals,
N Topal number of intervals,
P

System pressure,

bLP  Pressure drop.

%% Pressure gradient,
q Heat transfer rate.

q" Heat flux.
r Radius,

R Ratio of pressure gradient in local boiling region to reference
pressure gradient,

Lt Variable temperature.

t,  Bulk temperature.

Atb Change in bulk temperature.
tggt - Saturation temperature.

Atgyt Temperature difference between wall and saturation temperature.

Aigét +r Wall superheat. oscurring at the transition point from nonboiling
> to local boiling.

Atgp Temperature difference between saturation and bulk temperature,
bDty, Difference in bulk femperature from inlet to point of local boiling,

t

- Inside wall temperature.

v Specific volume,
? Velocity,
f Flow rate,

v
W
L& Variable distance,
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L.B.

N.B. .
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Wall thickness.
Variable length of tube not in local boiling,
Reciprocal of local boiling length,
Temperature coefficient of electrical resistivity.
Temperature coefficient of thermal conductivity.
Electrical resistivity.
Fluid density.
Dynamic viscosity.

Dimensionless Groups
Prandtl number.
Reynolds number,

Subscripts

Average conditions..
Bulk conditions,
Boiling conditions.
Cross sectional conditions.,
Frictional conditions,
Film conditions.
Friction plus momentum conditions,:
Frictional conditions.,
Inlet conditions,
Inside wall conditioms,
Logal boiling conditions,
Mean conditions,
Nonboiling conditiens.

Isothermal eonditions.,
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tr

Outside wall conditions.
Reference conditions,
Surface conditions,

Transition point conditions,

T.5, Test section,

W

Wall conditions,
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