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NOMENCLATURE

Other nomenclature is defined locally as necessary.

heat transfer area, £
specific heat, Btu/l bm-°F
constant

characteristic diameter, ft

gravitational acceleration, ft/sec®

2 3 5 3
Grashof number, PeBAT Dy P gBATx
“2 or —-——-—ﬁz——-—-—

mass velocity, PV, 1b/hr-ft?

heat transfer coefficient, Btu/hr-ftz-oF

average convection heat transfer coefficient, Btu/hr-ftz -OF
electrical current per unit area, ?Amp/ft;3

total current, amp

thermal conductivity, Btu/hr-ft-°F

number of bubbles

exponent

Nusselt number, %12 or E’f

k
parts per billion
pressure, 1bf/ff or 1bf/in.?, as specified

Prandtl number, CE K
k

xiii



NOMENCLATURE (Concluded)

q rate of heat transfer, Btu/hr

Re Reynolds number, Do G or V:x

T tube radius, ft

T temperature, OF

TC thermocouple

T temperature difference, °F

A% velocity

) viscosity, lbm/hr-ft

o) density, lbm/ft3

pe electrical resistivity, ohm-cm or ohm-ft, as specified
v kinematic viscosity, K/p, £ /sec

B temperature coefficient of volume expansion, 1/°F

Subscripts
b boiling

B bulk water

c convection or critical
i inside
o outside

sat saturation
w wall = heating surface

® symbol for infinity

xiv



ABSTRACT

An investigation was made of the heat transfer from the outside
surface of single 3/4 in. diameter tube to high purity saturated water
in the pressure range from 535 to 1550 psia. Heat transfer char-
acteristics were examined under natural convection conditions and at
a velocity of 4.7 ft/sec with the tube oriented horizontally (in cross
flow) and vertically (with flow parallel to the axis). The heat flux
range of interest extends from the non-boiling region through incipient
boiling to a low heat flux in the nucleate boiling region. Three com-
mercial heat exchanger tube materials were considered to examine
the effects of variation of material properties and surface condition on
the boiling characteristic curve.

It is shown that close control of water chemistry is required to
assure attainment of reproducible boiling data in the pressure range
of this investigation. The dissolved oxygen content and level of sus-
pended solid material in the boiling fluid are important parameters
which must be maintained as nearly zero as practicable. The water
pH does not have a direct effect on the boiling heat transfer charac-
teristics but is important, especially in ferrous metal systems, in the
control of oxidation.

Non-boiling forced convection heat transfer from the outside
surface of horizontal tubes to high pressure saturated water are
correlated by the generally accepted equation for flow normal to a
cylinder. For flow parallel with a vertical tube the equation for heat
transfer from a flat plate may be used. In this study of the vertical
tube the heat transfer coefficient did not vary with axial position since
fully developed turbulent flow conditions existed. Natural convection
non-boiling data may be represented by an equation of the following

type:

=

Nu = C (Gr Pr)

The value of the constant C required in this equation for heat transfer
to high pressure saturated water is approximately four times that
reported by other investigators for studies at atmospheric pressure.

Equations given which represent the natural convection nucleate
boiling data obtained are of the form:

n
q/A = {(P) (Tyw - Tsat)

XV



The coefficients, {(P), and exponents, n, of these equations are
affected by the pressure, tube material and tube orientation.

It is concluded that the non-boiling heat transfer characteristics
are independent of material properties and for forced convection
conditions may be predicted by generally accepted correlation equa-
tions. Incipient boiling points and nucleate boiling heat transfer are
affected by pressure, velocity, tube orientation, and tube material.
The more corrosion resistant materials support higher surface
superheat without boiling than do those more susceptible to corrosion.
In the nucleate boiling region the variation-of Ty - Tgat for Monel,
Inconel, and carbon steel is small at a given heat flux but the slope of
the characteristic curve is so steep that a large variation in heat flux
results at a given value of T - Tgat. Hence, a single boiling charac-
teristic curve cannot be used to represent the nucleate boiling region
- for various materials under the conditions of this investigation without
introducing large error.

This is the final report on the University of Michigan ORA
Project 04653. A complete description of the experimental apparatus
and procedure is included. The results given herein for a horizontal
Monel tube supersede those reported previously in Ref. 50.

xvi



I. INTRODUCTION

A. PURPOSE

In recent years great emphasis has been placed on boiling heat
transfer since the very large heat flux which can be realized is of
primary importance in the operation of nuclear reactors and in cooling
large rocket engine nozzles. The major interest and effort has been
placed on investigation of heat transfer at very high values of heat
flux. This is not unexpected in view of the severe cooling problems
in the applications cited. The conditions which lead to failure of the
heat transfer surface must be well known in order to avoid catastrophe.
Advancements in the performance of the sevsystems depend to a large
measure on the development of suitable materials to withstand the
operating conditions. However, from a thorough understanding of the
heat transfer processes involved, the material requirements may be
more fully understood and made less severe.

The economical factors of initial cost and cost of operation must
be considered also. In the pressurized water reactor which utilizes
a primary reactor coolant loop and a secondary power generation loop,
the amount of energy transferred per pound of water in the primary
loop may be relatively small. A thorough knowledge of all boiling

heat transfer phenomena up to the burnout point is necessary to effect



the most economical design of the primary loop to secondary loop heat
exchanger within the limits of operational safety requirements.

The purpose of this investigation is to study heat transfer to
saturated, pressurized water at low heat flux in the regifne from
non-boiling through incipient boiling to low values of boiling heat flux.
The pressure range of interest is 535 to 1550 psia. The range of heat
flux covered is from 100 to 100,000 Btu/hr-£t?. Boiling of distilled,
degassed and deionized water takes place on the outside surface of a
horizontal or vertical tube immersed in a pool of water. Tube
materials include Monel, Inconel, and carbon steel. Attention is
given to the control of pH, electrical resistivity, dissolved oxygen
content and quantity of suspended solids in the boiling medium. The
study considers saturated pool boiling and boiling with forced con-
vection at a velocity of 4.7 ft/sec.

The heat transfer regime of interest in this study can best be
illustrated by reference to a typical boiling curve, Fig. 1. The
curve is divided into regions which result from differences in the heat
transfer phenomena that occur as the level of heat flux or temperature
difference is varied. The location of the curve may shift for various
liquids and for a given liquid is affected by pressure, velocity, boiling
surface condition, orientation, dissolved gases in the liquid, and
various additives which affect the surface tension of the liquid at the

heated surface, among others. It is found in this research that the
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amount of suspended solids in the liquid also affects the boiling
characteristic. However, the general shape of the curve and char-
acteristics of boiling are similar for all liquids.

The région from A to B represents heat transfer without
boiling. Inasmuch as the liquid is considered to be saturated, heat
transfer to the liquid increases the temperature above the saturation
temperature and results in superheated liquid. The warmer, less
dense liquid rises from the hot surface to the liquid-vapor interface
where evaporation takes place. In a pure liquid no bubbles appear in
the region.

The appearance of bubbles marks the second major region of
the boiling characteristic curve. 'i‘his is shown as the portion of the
curve from B to E. This may be subdivided into three sections which
are labeled B-C, C-D, and D-E. The region from B to C is distin-
guished by small bubbles on the hot surface, which grow from discrete
sites or nuclei and then collapse as heat is transferred from them to
the bulk of the liquid. As the temperature of the hot surface is in-
creased, the bubbles are detached from the heated surface and rise
to the liquid-vapor interface. With increasing temperature difference
more and more nucleation sites are activated, resulting in a very
rapid increase in the heat flux. This portion of the curve is nearly a
straight line and is labeled C-D. Point D is sometimes referred to

as the point of departure from nucleate boiling (DNB). As the



temperature difference increases beyond point D the heat flux in-
creases less steeply, as shown by the portion of the curve from D to
E. This change in slope may be due to interference between the
bubbles. This interference increases until the peak heat flux in
nucleate boiling, point E, is reached. This is known as the 'burnout
point'' or point of maximum heat flux because an increase in heat
flux causes a large increase in the temperature difference (from E

.to H) which will probably cause the melting of the surface.

At temperature differences greater than that at point E, the
physical appearance again changes. With electrical resistance heating
the EFGH portion of the curve is difficult to obtain due to the step
change E to H described above. Itis readily obtained if the surface
is heated by a condensing vapor. In the region from E to F the heat
transfer surface is in transition from nucleate boiling to film boiling.
Both nucleate boiling and film boiling are observed. The film boiling
is unstable with patches of vapor appearing and disappearing in random
fashion over the heated surface. The patches of film insulate the
heating surface and as the AT is increased a decrease in heat flux
results. At higher values of AT, the amount of heating surface
affected by film patches is greater. At point F stable film boiling
is observed with the entire heating surface covered by a film of vapor.
From F to G, heat is transferred primarily by conduction and

convection through the vapor film and as the AT is increased the



heat flux again rises. At point G with the temperature about
1000°F, radiation begins to have pronounced effect. The slope of the
curve becomes steeper with rising A T until the point at which
failure of the heat transfer surface is reached.

This study is concerned with the non-boiling and nucleate
boiling characteristics of the boiling process in the region of the point
of incipient boiling. The effects of water chemistry including pH,
dissolved oxygen content, electrical resistivity and amount of sus-

pended solids in the boiling medium are considered.

B. LITERATURE REVIEW

In boiling heat transfer research considerable attention has been
given to the effects on the heat transfer coefficient produced by varia-
tion of pressure, surface roughness, surface contamination, dissolved
gases, and additives to promote wetting the surface. These and other

1,2 A

factors were covered in a literature survey by Clark et al.
brief review of previous Work pertinent to this investigation is given
here.

It has been generally established that nucleation takes place
from small pits and scratches in a heated surface. However, a large
amount of scatter exists in the data from different sources and

differences of opinion exist concerning the conditions necessary for

nucleation from solid surfaces. Ba.nkoff3 suggests that ebullition



proceeds from small quantities of vapor or gas trapped in cavities
in the solid surface. It is probable that even with the most rigorous
precautions to remove entrapped gas, some will remain for'nucleation

4

sites. In a paper on the fracture of liquids, Fisher™® states that no

finite pressure can force liquid all the way to the top of a sharp apex
cone, thus a nucleation source remains. Mead, Romie and Guiber’c5
indicate that air entrapped in surface crevices markedly decreases
the degree of liquid superheat attainable at a liquid- solid interface.
Corty and Faust6 investigated the nucleate boiling of ethyl ether
and n-pentane on horizontal nickel and copper surfaces with varying
degree of roughness. They found that a very high value of liquid
superheat could be attained when increasing the heat flux from a low
value. When boiling started, the superheat reduced to the normal
value for nucleate boiling for that heat flux. Curve abed of Fig. 2
illustrates this phenomenon. Bubbling started at a random point and
spread concentrically around the pqint. As the heat flux was de-
creased from a high value, the nucleation sites diminished in activity
then disappeared forming a hysteresis abedcdb. The hysteresis was
established again on immediately repeating the cycle but with less
initial superheat as shown by curve abfcdb. Nucleation sites which
were recently active are easily reactivated indicating the superheat

required to activate sites for the second cycle was not as great as that

for the first., The last remaining nuclei on decreasing heat flux were
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the first to be reactivated if the heat input was immediately increased.
On further increase of heat flux, these sites became centers for
patches of nucleate boiling. At about 40,000 Btu/hr-ft2 the surface
was again completely covered with bubbles and the hysteresis effect
vanished. It was observed that the surface temperature of the patch
boiling area was considerably lower than that of the bare surface.
Griffith and Wallis' also found that the mean surface temperature

is not equal to the temperature of an active cavity. They conclude
that the wall superheat at which nucleation will begin at a pre-existing
gas filled cavity is fixed by surface tension and other known fluid
properties.

Lady®

also observed the hysteresis effect in nucleate boiling

on the outside surface of a horizontal tube at 535-1550 psia but its
nature was somewhat different. Starting at a low heat flux and in-
creasing the heat input, a higher AT at a given heat flux was required
when increasing the heat input than was obtained when it was decreased.
For a cycle starting at high heat flux to low flux and back to the starting
value only a slight hysteresis was observed. However, if the heat
input was shut-off and then restarted the hysteresis returned approxi-
mately to the one established on initial start-up. Large values of
superheat were not obtained.

In a photographic study of nucleation sites, Clark, Strenge,

and Westwater? determined that pits and scratches are effective sites.
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Pits are more effective than scratches since the scratches are more
easily flooded. The size of active pits observed ranged from 0. 0003
to 0.003 in. diameter.

Attempts have been made to establish a relation between the
number of active nucleation sites and the heat flux by several investi-
gators. Jakobl0 counted two active sites per square inch at a heat
flux of 18,000 Btu/hr-ft® and concluded that a linear relationship
exists between the heat flux and the number of sites. For boiling

water on a smooth brass surface, Nishikawa, et al. 11

counted up to
eight active sites per square inch at a value of heat flux up to 13, 600
Btu/hr-ff*. They found that hM(N/A)l/3 and that this relation was not
affected by surface contamination, surface-active agents, dissolved
salts, or degree of surface roughness. Kurihara and Meyers12
counted up to 28 active sites per square inch at heat flux up to 19, 000
Btu/hr-ff®. They verified Nishikawa's relationship and stated that
neither nature of fluid nor degree of microroughness affect the rela-
tionship. Corty and Faust6 counted up to 60 active sites per square
inch for pentane boiling on nickel at a heat flux up to 25,000 Btu/hr-ff°.
All the preceding studies involved a visual count of the number
of active sites and were necessarily limited to low values of heat flux.
Gaertner and Westwater13 counted active sites after plating a thin

layer of nickel on a copper plate while boiling from the copper surface.

The heat flux range extended from 7, 680 to 535,000 Btu/hr—ft2 and
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the AT from 17.3 to 218°F. The number of sites ranged from zero
to @ maximum of 1130 at 317,000 Btu/hr-f*. The boiling liquid was
an aqueous solution of nickel salts containing 20% solids.

The present investigation shows an influence of suspended
solids on the position of the heat flux versus AT curve. Itis possible
that the suspended solids may have affected the number of active sites
during the plating process investigated by Gaertner and Westwater.

When ebullition begins the slope of the heat flux versus A T curve
becomes much greater than for the non-boiling regime. Thus for a
small increment in the difference between the wall temperature and
water saturation temperature there is a large change in the heat flux.
Very large values of heat flux are thus attainable with nucleate boil-
ing at modest temperatures.

An investigation was made of the‘energy transferred from a
heated surface to water in the form of latent heat in bubbles by
Rohsenow and Clark. 1® It was found that the amount of energy trans-
ferred to the colder water by condensing bubbles is negligible. They
state that the bubbles act as agitators which cause violent agitation of
the quiescent layers of liquid adjacent to the heated surface. This
violent motion in the superheated liquid at the heated surface is said
to be responsible for the very high rate of heat flux attainable in

nucleate boiling. Other researchers, Jakob, 16 Chang and Snyder, 17
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Gunther and Kreithl8, agree that agitation caused by the bubbles
effects a large increase in the rate of heat transfer.

Recent experiments by Moore and Meslerl? and others indicate
that latent heat transport in the region of low heat flux is more im-
portant than previously realized and should be considered as a signif-

20 found

icant part of the heat transfer mechanism. Rallis, et 2_1_1.
that the mean volume of the bubbles averaged over the entire surface
remained constant, essentially independent of heat flux or average
active site population, while the bubble frequency increased with heat
flux. Moore and Messler attributed the high rate of heat transfer in
nucleate boiling to evz;.poration of liquid at the heated surface and
simultaneous condensation at the opposite side of the bubble in com-
munication with the colder fluid.

A number of parameters influence the heat flux versus tempera-
ture difference curve in the nucleate boiling region. These include
pressure, velocity, finely dispersed gas particles in the fluid, surface
roughness and surface contamination. It is shown in the present in-
vestigation that another parameter, suspended solids, must also be
considered.

Many investigatorss’ 16,22, 24,37, 38 have obtained data which
shows the effect of pressure on heat transfer with nucleate boiling.

The effect of increased pressure is to reduce the temperature dif-

ference required at a given value of boiling heat flux. Correlations
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for experimental heat transfer data are available which include a
pressure dependent term. Jatkob16 recommends graphs developed
by Cichelli and Bonilla21 for alcohol, propane and water. F;)r other
substances Jakob recommended an equation by Insinger and Bliss22
with empirical pressure factor.

Velocity has an appreciable effect on convection heat transfer.

This is treated in any text which considers natural and forced con-

23 24

vection heat transfer. Clark and Rohsenow®” and Rohsenow“* present
data for boiling inside tubes. They indicate that the effect of velocity
in nucleate boiling is small and disappears as the heat flux is in-
creased. The vanishing point occurs at higher values of heat flux as
the velocity is increased. Data are presented herein for very low
values of heat flux for boiling saturated water on the outside of a tube
which agrees with their finding. However, the value of heat flux at
which velocity effect disappears is much lower than the data of Clark
and Rohsenow. The difference is probably due to the high degree of
subcooling of the liquid used in obtaining their data.

Surface condition can affect boiling heat transfer data signif-
icantly. Two situations are considered: roughness and contamination
of the surface. Corty and Faust6 investigated nucleate boiling with
n-pentane and ethyl ether on nickel and copper surfaces with various

degrees of roughness. The roughness was established by polishing

the surface with emery cloth from grade 3 through 4/0. It was found
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that as the surface roughness increased a lower temperature difference
was required for a given value of heat flux in nucleate boiling. How-
ever, as the roughness was increased, a higher initial superheat was
required to initiate ebullition. Jakob and Fritz25 observed the effect
of roughness on nucleate boiling. Surfaces were roughened by sand
blasting which produced a rougher surface than investigated by Corty
and Faust, For these surfaces the effect on boiling due to roughness
decreased with time of emersion in water which had been thoroughly
degassed by boiling. The effect returned upon subsequent exposure
of the surface to air. Jakobl® indicates that air adsorbed by the
freshly roughened surface probably decreased during boiling and
while exposed to thoroughly degassed water accounting for the change
in heat transfer performance. On a smoother surface with smaller
cavities for nucleation sites, the removal of trapped gas or vapor
would not be as readily accomplished.

Contamination of the heated surface is recognized as an uncon-
trollable parameter. Researchers avoid conflict by insisting on a
clean surface for establishing heat transfer characteristics for a
given experimental setup. This has been acceptable for boiler design
since the resistance to heat flow is much greater on the gas side than
on the liquid side and errors in liquid side heat transfer coefficient
have only a minor effect on the overall heat transfer performance.

McAdams, et al. 26 present some data to show that surface
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contamination results in an increase in the metal surface to water
temperature difference at a given heat flux. A deposit on the surface
forms an insulating layer which then causes the metal surface tempera-
ture to rise in order to maintain a given rate of heat transfer. Lady8
presents data to show the effect on a heat transfer system with in-
ternal heat generation. A similar situation would occur for an insu-
lating layer deposited on the fuel plates of a nuclear reactor. Clean-
liness in the heat transfer fluid and close control of corrosion are
necessary if surface contamination is to be avoided.

Foreign matter in the fluid may act as nucleation sites and
reduce the temperature difference required for boiling at a given heat
flux. Vigorous boiling for a period sufficient to reduce the gas con-
tent in the liquid to a desired low level is a practice common to all
researchers. The gas content is usually measured by the level of
dissolved oxygen present as determined by a Winkler technique. This
technique is described in reference 27. An oxygen content in the range
of 0.3 to 1 cc/liter (0.43 to 1.43 PPM) is normally accepted for
adequate control of atmospheric gases. It is found in this research
that this level is much too high for control of corrosion in ferrous
metal systems and that more attention should be given to this factor.

Suspended solid material in the boiling liquid has not been in-
vestigated with respect to its effect on the nucleate boiling characteris-

28

tics. King™" mentioned the presence of dissolved gases or small
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particles in the fluid among other factors which govern the super-

29

heating of a liquid prior to ebullition. Larson”™’ noted the lack of
information in this area and speculated that a suspended solid ebullator
might have the same effect as a volatile component. In a photographic
study of nucleation sites, Clark, Strenge and Westwater9 observed a
spéck on the heated surface which supported nucleation momentarily
and then disappeared. In the present study it has been determined

that solid material even in very small amount has an effect on the

nucleate boiling characteristics and should be considered if repro-

ducible data are to be obtained.



II. EXPERIMENTAL APPARATUS AND INSTRUMENTATION

A, SUMMARY

The system utilized in this investigation was designed to study

the boiling of distilled and degassified water external to round tubes.

The design conditions are:

Heat flux:
Pressure:

Saturation Temperature:

Velocity:
Tube Orientation:

0-400, 000 Btu/hr-ft?
500-2, 000 psia
467-635°F

pool boiling to 5 ft/sec
horizontal and vertical

The system was designed sufficiently large to accommodate

small bundles of tubes, up to 5 in. in overall diameter oriented either

X )
horizontally or vertically. This size is adequate for a tube bundle of

13 vtubes, 3/4 in. O.D. on a normal triangular pitch of 1.5 times the

outside diameter.

In this study the following ranges of independent variables are

investigated for a single tube:

Heat flux:
Pressure:
Velocity:

Tube Orientation:
Tube Material:
Tube Diameter:

62 to 118,500 Btu/hr-ff?
535-1550 psia

pool boiling to 4.7 ft/sec
horizontal and vertical
Monel, Inconel, carbon steel
3/4 in. O.D.

The experimental apparatus consists of a stainless steel pres-

sure vessel, 12-3/4 in. O.D. by 36 in. long in which the test section
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(Monel, Inconel, or carbon steel tube) is placed in a horizontal or
vertical plane. The tube is heated by the dissipation of direct current
electrical energy. The vessel is partially filled with distilled water
so that the tube is immersed to a depth of approximateiy 18 in. Means
of heating the water, controlling the pressure, creating and measuring
the flow of water upward parallel with or normal to the axis of the
tube, deionizing, degassing and controlling the level of suspended
solids and dissolved oxygen in the fluid are provided. These are dis-
cussed in detail in following sections.

The experimental apparatus is located in the Heat Transfer
Laboratory of the Departmenot of Mechanical Engineering of The
University of Michigan. Facilities supplied by the laboratory include
the following:

(1) 12 volt, 3,000 ampere direct current

(2) 460 volt, 3-phase, 60-cycle power--50 kw

(3) 110 volt, 1-phase, 60-cycle power--2 kw

" (4) compressed air, 90 psig, 100 std cfm

(5) cooling water, 50 psig, 10 gal/min

A photograph of the experimental apparatus is shown in Fig. 3.
This photograph was taken before thermal insulation was applied to
the vessel and pipes which have elevated temperatures during opera-

tion.
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B. TEST SECTION

The test section is a 7 in. long Monel, Inconel or carbon steel
tube, nominally 3/4 in. O.D. by .049 in. wall, silver soldered to
nickel and chrome plated copper electrodes which protrude through
flanges of the stainless steel pressure vessel. Tables I, II, and III
provide information on the tube materials used. The laboratory direct
current power source is connected to the electrode just outside the
vessel flanges as can be seen in Fig. 3. The electrode diameter is
increased to 1 in. where it passes through the flanges in order to

minimize the current density and resultant Joulean heating of the

copper.
TABLE I
MONEL TEST SECTION SPECIFICATIONS
Supplier Wolverine Tube Division

Calumet and Hecla, Inc.

A.S.T.M. Specification B-163

Physical Condition Seamless, cold drawn, bright annealed
Chemical Analysis Nickel 64.2%
(by supplier) Copper 33.0%
Iron 1.44%
Manganese 1.12%
Silicon .07%
Mechanical Properties Tensile strength 81,000 psi
(by supplier) Yield strength 47,400 psi
Elongation, 2 in. 48%

Hardness, Rockwell B 74-75
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TABLE II

INCONEL TEST SECTION SPECIFICATIONS

Supplier

A.S.T.M. Specification

Physical Condition

Chemical Analysis
(by supplier)

Mechanical Properties
(typical data sheet values)

Huntington Alloy Products Division
The International Nickel Company

B-167-58T

Seamless, cold drawn, annealed, pickled

and ground

Nickel 76
Chromium 15
Iron 6.
Copper 0
Silicon 0
Manganese 0
Carbon 0
Sulfur 0

b

.53%
<73%

83%

.38%
.25%
.21%
.04%
.007%

Tensile strength 80-100, 000 psi
Yield strength 30-50,000 psi
Elongation, 2'" 55-35%

Hardness, Rockwell B 88 max
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TABLE III

CARBON STEEL TEST SECTION SPECIFICATIONS

Supplier The Michigan Seamless Tube Company

A.S. T.M. Specification A-106, Grade B

Physical Condition Seamless, cold drawn, annealed
Chemical Analysis Manganese 0.50%
(by supplier) Carbon 0.24%
Silicon 0.21%
Sulfur 0.028%
Phosphorous 0.011%
Iron Balance
Mechanical Properties Tensile strength 70,400 psi
(by supplier) Yield strength 46,700 psi

Elongation, 2 in. 43.7%
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A cross sectional view of the test section is shown in Fig. 4.
Temperature measurements of the inside adiabatic wall are made by
12 chromel-constantan thermocouples, 30 gauge, with glass and high
temperature varnish insulatidn. In the drawing only six thermo-
couples are shown. At each of the positions shown there are four
thermocouples, oriented at OO, 900, 1800, and 270°. This provides
a measure of the variations in temperature in the circumferential
direction. A sheet of mica of 0.003 in. thickness is inserted inthe
tube before the thermocouple assembly is installed. This provides
electrical insulation of the thermocouples from the test section,
thereby eliminating the problem of direct current pickup in the
thermocouple emf measurement. The resistance between the thermo-
couple and the tube exceeds one megohm. Each thermocouple junction
is silver soldered and held in position by a ceramic bead fastened by
cement to an Inconel spring. This spring forces each thermocouple
junction against the mica sheet with a force of about 1 1Ib. The 12
pairs of thermocouple leads pass from the test section through an
axial hole, 1/4 in. diam. in one end of the copper electrode.

The electrode must be electrically insulated from the test vessel
at the gland through the flange. A special stuffing box was designed
to utilize high temperature steam packing which is electrically non-
conducting. The packing arrangement consists of alternate layers of

Garlock 900 asbestos sheet packing and John Crane Superseal 4-J
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braided asbestos, mica lubricated packing. The sheet packing is
machined into the solid rings 1-5/8 in. O.D. by 1 in. I.D. by 1/4 in.
thick. These rings center the electrode in the gland and resist ex-
trusion of the softer braided packing. The braided packing is supplied
in a continuous roll, 5/16 in. square in cross section. Single rings
with overlapping beveled ends are formed and placed between the
layers of sheet packing. The softer braided packing makes the seal
pressure tight. A stainless steel gland is used to tighten the packing
initially and while in service. The gland has a larger than normal
inside diameter in order to avoid accidental short circuiting of the
electrode. The gland .is tightened by a follower plate which is pulled
by three studs fastened to the vessel flange. The electrical resistance
between the electrode and the vessel is about 10, 000 ohms without
water in the vessel. The resistance is approximately 100 ohms when
the vessel is filled with water to the normal operating level. Since

the vessel is grounded and the maximum voltage on the electrode is
about 1.5 volts above ground, the current leakage to ground is 0,015
ampere. This is negligibly small compared to the electrode current

of 28 to 2500 amperes.

C. TEST VESSEL
The boiling studies are carried out in a test vessel, designed

and fabricated in accordance with the ASME Pressure Vessel Code,
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Section VIII. The maximum working conditions are 2,000 psig and
650°F. The shell consists of 1 in. thick, type 347 stainless steel,
ASME Specification A 312 T 347. Its length is 38 in. and the outside
diameter is 12-3/4 in. The heads are flat T 347 forgings, 4 in.
thick. The vessel is oriented with its axis vertical and is supported
approximately 8 ft above the floor by two lugs bolted to a structural
| steel framework.

Cross sectional views of the test vessel and its assembled com-
ponents are shown in Figs. 5 and 6. The horizontal test section,
Fig. 5, or vertical test section, Fig. 6, is held in the center of the
vessel by the elec’crocies, which in turn are held rigidly in place by the
electrically insulated packing gland. All flanges are type 347 stain-
less steel, 1500 1b ring joint type, with a welding neck connection.

The free surface of the water, about 18 in. above the test sec-
tion, is shown in the figures. Above the free surface is a steam
space. All air is vented from the steam space by vigorous boiling of
the water for 2 hr prior to each series of runs. During this time the
pressure is held to about 30 psig and a continuous venting of steam
and air is permitted. Steam passes out of the test vessel to the con-
denser and the condensate is returned by gravity flow counter-current
to the steam. The steam space temperature and bulk water tempera-
ture are measured by calibrated chromel-constantan thermocouples

encased in stainless steel sheaths.
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Forced convection of water upward parallel with or normal to the
test section is caused by a circulating pump which is mounted in the
main flow loop external to the test vessel. Water from the vessel is
conducted to the pump suction by a 4 in. schedule 80 outlet pipe. The
water is returned through a 3 in. schedule 80 pipe and enters a 6 in.
schedule 120 pipe 13 in. above the bottom flange. Inside the 6 in. pipe
is a stainless steel flow guide. Baffles prevent water from flowing
upward between the inside wall of the 6 in. pipe and the flow guide.
The effect of the flow guide is to provide a fully developed turbulent
flow profile 1 in. in front of the test section. The maximum average
velocity in the flow guide is approximately 5 ft/sec for the forced
convection tests with a horizontal test section and 10 ft/sec with a
vertical test section.

The water in the test vessel is brought up to and maintained at
the required test temperature by 12 immersion heaters which are
threaded into fittings on the top and bottom heads. The six bottom
heaters are rated at 650 watts each at 230 volts. The six top heaters
are rated at 1000 watts each at 230 volts, with all of the resistance
heating wire being concentrated in the 3 in. length at the end away
from the threaded fitting. The ends of the top heaters are always
immersed below the water surface, thus insuring adequate heat re-
moval from the top immersion heaters. Each set of six heaters is

wired in three phase, delta connection to the 460 volt supply, with
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two heaters being in series on each leg of the connection. The
immersion heaters have an Inconel sheath. They are supplied by the
Watlow Manufacturing Company.

The liquid level in the test vessel is measured by a Minneapolis-
Honeywell indicating bellows meter, rated at 2500 psi static pressure
with a full scale range of 0-25 in. water. The pressure connections
are shown at the left side of the vessel in Figs. 5 and 6. The connec-
tion immediately below the top head is connected to the high pressure
side of the meter because this leg of the pressure transmitting line is
always filled with liquid due to condensation. The connection imme-
diately above the bot;‘:om head is connected to the low pressure side of
the meter. The meter was calibrated against a U-tube manometer at
atmospheric pressure and found to indicate well within the specified
accuracy of t 1-1/4% full scale.

A low level shut-down switch is incorporated as a safety feature.
A well is inserted in the connection shown in Figs. 5 and 6, somewhat
below the liquid free surface. Into this well is inserted a 3/8 in.
diam heater, rated at 130 watts and 80 volts. Also in the well and
adjacent to the heater is a thermocouple which generates an emf in
opposition to another thermocouple positioned in the water. The
differential emf is sensed by a sensitive relay manufactured by
Assembly Products, Inc. If the differential emf exceeds 5 millivolts,

the relay shuts off all power to the system. Due to the high heat
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transfer coefficient between a heated surface and boiling water, the
temperature of the well remains nearly that of the boiling water and of
the steam. If the water level drops and the well is exposed to steam,
the temperature rises due to the lower heat transfer coefficient. This
in turn actuates the safety shut-down. The low level shut-down has a
time lag of approximately 1 min when the liquid level falls below the
well,

The test vessel and the 6 in. inlet section were covered with
4 in. of calcium silicate insulation. The piping loop was covered with
a 2 in. layer of the same material. Flanges were covered by 2 in.
thick molded Fiberglas sections held by insulation straps. This pro-
vides ready access to the flange studs and nuts. The insulated vessel

and piping are shown in Fig. 7.

D. SYSTEM FLOW CIRCUITS

The test vessel is connected with three circuits which serve
the functions of providing the circulation necessary for forced con-
vection studies, of maintaining the water at a specified purity, and of
controlling the pressure. The complete flow diagram is shown in
Fig. 8. Referring to the figure, the test section (2) is shown in the
test vessel (1) on the left. These items have been described in
previous sections. The remainder of the system will be described

in the following sub-sections:
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Fig. 7. 1Insulated vessel and piping.
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1. Primary Flow Loop

The primary flow loop (4) consists of a 4 in. schedule 80 stain-
less steel pipe leading from the upper portion of the test vessel to a
circulating pump, whence it flows in 3 in. schedule 80 stainless steel
pipe through the flow metering section, the control valve; heater, and
back to the inlet at the bottom of the test vessel. The range of veloc-
ities normal to a horizontal test section which can be achieved is
from 0 to 5 ft/sec, the range parallel to a vertical test section is from
0 to 10 ft/sec.

a. Circulating Pump. --The circulating pump (3} is supplied by

Melrath Canned Pumps, Inc. to the following specifications:

Capacity - 140 gal/min water

Discharge head - 40 ft

Net positive suction head - 4 ft

Static pressure - 2000 psig

Materials - All wetted parts of 300 series stainless steel

Drive - Direct connected electric motor

Power - 440 volts, 60-cycle, 3-phase
The most stringent requirements which this pump must meet are the
pressure and temperature associated with boiling water at 2000 psig
and the very low available net positive suction head (NPSH). The
static head on the pump is approximately 7 ft. Due to the flow re-
sistance of the suction piping, the NPSH is less than the 7 ft available

due to elevation of the free surface above the pump. Since it is not

feasible to increase the available NPSH by cooling the water as it



35

flows to the pump, due to the very large heat exchange requirements,
the pump must operate at the low value of 4 {t NPSH. The circulating
pump performs this service as specified. It was found that with cir-
culation at atmospheric pressure the pump becomes quite noisy at
about ZOOOF, apparently due to cavitation. This noise disappears at
lower flow rates and at a pressure of about 30 psig. However,

another noise of a similar nature is encountered in the pressure range
from 60 to 120 psig. To avoid these problems the auxiliary circulating
pump (11) is used until the pressure reaches at least 150 psig.

The pump and totally enclosed motor (3) have no thermal in-
sulation or cooling. The pump, therefore, operates at nearly satura-
tion temperature (467—6000F). The 5 hp induction motor operates at
nearly these temperatures, since it is cooled only by natural con-
vection of the ambient air. The pump has operated continuously for
612 hours with saturated water at temperatures from 400 to 6000F,
predominately at approximately 4750F. The service life of the
original motor bearings (carbon graphite) averaged about 150 hours.

A new bearing material (silver impregnated graphite] gave greatly
improved service.

b. Flow Measurement, -- The pump discharges into a 60 in.

long section of 3 in. schedule 80 stainless steel pipe. This length of

20 diameters precedes a sharp-edge orifice designed to ASME standards.
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The orifice diameter is 2.000 ¥ .001 in. This orifice was installed
in its pipivng system and calibrated by weigh tank measurements.

The pressure differential across the orifice flange taps is in-
dicated by two Minneapolis-Honeywell indicating bellows meters,
similar to the test vessel liquid level indicator (32). One of these
meters (34) is shown in Fig. 8. It has a range of 0-100 in. of water.
A similar meter with a range of 0-25 in. of water is installed in
parallel with the first in order to permit more accurate flow measure-
ments for low velocity runs, vx;hen the orifice differential is less than
25 in, water. The temperature of the water flowing through the orifice
is measured by a thefmocouple (TC) installed in an elbow downstream
of the meter. This temperature is needed to make the density cor-
rection to the orifice reading.

c. Flow Control. --The flow through the primary loop is con-

trolled by manually throttling on a 2 in. "Y' valve (5). This valve
is similar to a globe valve but has a lower pressure drop when fully
open. The valve has a Type 316 stai>n1ess steel body and is a Powell
No. 1314 A. For 600°F service the Teflon valve packing was re-
moved and replaced with mica impregnated asbestos rings.

d. Temperature Control. --Following the flow control valve the

water passes through a line heater (6). This consists of a "U' tube
of 3-in. schedule 80 stainless steel pipe with three immersion heaters

in each leg. The six heaters are wired in three pairs so that the
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same amount of heat is put into each leg. The total rating of the im-
mersion heaters is 18.2 kw. One pair of heaters is controlled by a
variable voltage transformer which permits power variations of 0-4. 6
kw. A second pair of heaters is rated at 4. 6 kw and has ON-OFF con-
trol. The third pair of heaters is rated at 9.0 kw and has ON-OFF
control. This control arrangement permits infinite variation of the
power inputs from 0-18.2 kw but uses a small size variable trans-
former.

The temperature of the water following the line heater is meas-
ured by another thermocouple (TC). The flow enters the bottom of
the test vessel through the 6 in. pipe in which is inserted a flow
straightener and guide (33).

e. Installation. --The entire primary flow loop is fabricated
from Type 347 stainless steel pipe and flanges. With the exception
of the pump suction line, the loop is in a horizontal plane, 8 in. above
the floor. The entire loop and pump baseplate is spring mounted to
permit thermal expansion without creating excessive stresses due to
restraints of fixed supports. Portions of the loop before and after
the calcium silicate insulation was applied may be seen in Figs. 3

and 7.

2. Water Purification Loop
Provision is made for continuous purification of the water by

means of the filtration and deionizing of a small stream which
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by-passes the primary flow loop. Referring to Fig. 8, the main
pump (3) or the auxiliary circulating pump (11) creates the pressure
necessary to force approximately 1 gal/min through the purification
loop. This hot water (470—6OOOF) is cooled in a counter-current flow
heat exchange or regenerator (12) which reduces the temperature to
150°F. It is further cooled by heat exchange with cooling water in a

thermostatically controlled U-tube type exchanger (13). The flow
rate in the purification loop may be controlled by throttling the deion
shut-off valve (14). The cooled water passes through a line filter (38)
with a 1-3 micron pore size to remove suspended solids and then
through the ion exchaﬁger (15) which controls the effluent resistivity
and pH. The deionized and filtered water is returned to the primary
loop ahead of the line heaters, having been warmed to within 50°F of
the saturation temperature by the regenerator (12).

The total quantity of water in the system is approximately 50
gal. If the assumptions are made of perfect mixing, and complete
deionizing in the bed, then the purification flow of 1 gal/min would
reduce the ion concentration by 1/e every 50 min. In actual service
the clean-up is considerably slower, due to the incomplete deionizing
and the creation of new ions from the walls of the system. By cir-
culating through the ion exchanger continuously, the water resistivity
and pH can be maintained at the values specified for the ion exchange

resin employed.
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a. Auxiliary Circulating Pump. --An auxiliary circulating pump,

similar to but smaller than the main pump, permits the deionizing
loop to be operated independently of the main loop. The pump is
Chempump Model CFT-3/4-3/4-5. Itis also a canned rotor pump and
has a water cooled stator.

b. Regenerator.--The regenerator consists of 60 ft of 1/2 in.
’O. D. by .065 in. wall tubing inside of an equal length of 1/2 in.
schedule 10 pipe (. 840 in. O.D. by .083 in. wall). All material is
Type 347 stainless steel. The 60 ft length is formed into a multiple
S-shape, consisting of six lengths each 10 ft long. The tubing and
pipe size were chosen«such that high velocities, and resulting high
heat transfer coefficients, would exist on both the tube and shell side
at the rated flow of 1 gal/min. The regenerator is hung from the
ceiling in a vertical plane and can be seen at the upper left of Fig. 3.

c. U-Tube Exchanger. --The U-tube exchanger consists of 20 ft

of Type 304 stainless steel tubing, 1/2 in. O.D. by . 065 in. wall,
inside of a jacket of 3/4 in. O.D. copper tubing. The high pressure
water passes counter-current to a flow of cooling water in the jacket.
The cooling water flow may be controlled manually or thermostat-
ically. For thermostatic control, a solenoid valve is actuated by a
Thermo Electric Co. Type 80025 electronic controller which senses

the temperature of the high pressure distilled water. This exchanger
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insures that the water entering the ion exchanger and that used for
sample analysis is maintained at the desired temperature.

d. Ion Exchanger.--The ion exchanger is a stainless steel pres-
sure vessel containing approximately 7 lbs of ion exchange resin. Two
types of resin were used in conducting this research. Rohm and Haas
Amberlite MB-1 resin is capable of increasing the electrical re-
sistivity from 500, 000 ohm-cm to 4 megohm-cm at a flow rate of
‘1 gal/min. This maintains the system water resistivity above 2
megohm-cm and the pH at about 7.4. Rohm and Haas IRN-170 resin
maintains the system water at approximately 200, 000 ohm-cm with a
pH value of about 9. 5.

e. Line Filter. --Suspended solids are removed from the water

by a 1-3 micron pore size filter element in the line ahead of the ion
exchanger. A large surface area is provided by two stacked Cuno
Type ACSA filter elements enclosed in a stainless steel pressure
vessel. This allows control of the suspended solids level in the sys-
tem and prevents clogging of the ion exchanger which would reduce its
effectiveness, Provision is made for agitating the water at the bottom
of the pressure vessel to keep solid material in suspension to be
filtered out.

f. Water Analysis. --Sample taps are provided for water analysis

to determine resistivity, pH, dissolved oxygen content and level of

suspended solids. In addition to the sample taps, a tap is provided
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through which hydrazine may be added for control of the dissolved
oxygen level.

A sample for determining pH and resistivity may be taken be-
fore or after the ion exchanger or directly from the test vessel at the
lower liquid level connection. The sample is passed through an
electrolytic conductivity flow cell. This cell is connected to an
Industrial Instruments Solu Bridge, Type RD-32, which indicates the
.specific resistance of the water. The range of the bridge is 20,000
to 4,000,000 ohm-cm, with an accuracy of 5% of the indicated reading.
After leaving the conductivity cell, the water sample is passed through
the cell of a Leeds and Northrup Model 7401 pH indicator, then dis-
carded.

The suspended solids sample tap is located ahead of the line
filter. A one liter sample is passed through a 0.45 micron pore size
disc filter element (Millipore Type HA or Gelman Type GM-6) and
discarded. Suspended solids analysis during pool boiling tests may be
accomplished by taking a sample directly from the bottom of the vessel
at the lower liquid level connection.

A Hays Dissolved Oxygen Analyzer is used to determined the
level of dissolved oxygen in the water. The sample is taken at the
inlet to the ion exchanger, passed through a pressure reducer-regu-
lator, flow control valve and dosing tank to the analyzer and discarded.

The analyzer is calibrated to indicate dissolved oxygen content based
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on an oxidation-reduction reaction which occurs in a zinc-silver
galvanic cell. An electric current is produced in an external load
circuit which is proportional to the amount of dissolved oxygen present
in the water. Fig. 9 shows the arrangement of the components used

for water chemistry control and analysis.

3. Pressure Control Loop

The pressure in the system is generated and maintained by
boiling the water in the test vessel. Pressure may be controlled by
(a) adjustment of th¢ power input to the system, (b) removing energy
in the condenser (8), or (c) venting steam through a manually operated
needle valve or through a Research Controls diaphram operated con-
trol valve (10). This valve may be operated manually or automatically
by a Fisher pressure controller (9). All three methods of control
are used initially in degassing. This is done by vigorous boiling at
about 30 psig, operating the condenser as a reflux condenser, and
permitting the noncondensable gases to escape along with some steam
through vents at the highest part of the system. The pressure on the
system is indicated by a Heise precision gage (31), having a range of
0-2500 psig and 2.5 psi scale divisions. It was calibrated to read
correctly to within 0. 1%.

a. Steam Condenser. --The steam condenser consists of a

Type 347 stainless steel tube, 1-1/8 in. O.D. by 0.120 in. wall by

6 ft long, positioned centrally within a copper tube of 1-5/8 in. O. D.
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by 0.072 in. wall. The assembly is inclined from the horizontal with
a pitch of 1 in. /‘ft. The steam enters the lower end and the condensate
drains counter-current to the steam flow. The upper vent is connected
to the noncondensable gas bleed. The copper jacket has a Crane No.
404 expansion joint to permit differential thermal expansion of the
stainless tube and the copper jacket. The jacket is silver soldered to
the stainless tube by copper heat exchanger tees. In operation the
cooling air flows counter-current to the steam flow. The condensing
capacity of the unit is regulated by adjustment of the cooling air flow

rate and pressure. The design rating is 20,000 Btu/hr.

b. Steam Bleéed System. --Provision is made to bleed automat-
ically excess steam from the system by a Research Controls needle
valve, actuated by a Fisher controller. The minimum band on the
controller is 2% of full range, or 60 psi. It was found in operation
that manual control of the heat input to the immersion heaters and
heat rejection in the air cooled condenser permitted such precise
pressure control that fluctuations could not be observed on the Heise
pressure gage. This control was achieved by semi-continuous ob-
servation of the steam space thermocouple emf. Variations of one
microvolt could be observed. This corresponds to 0.025°F or
approximately 0. 25 psi change in saturation pressure at a level of
1,000 psia. During tests the steam temperature was held constant

to 1 0.1°F (+ 1 psi) for periods of several hours at a time.
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4. Water Make-up System

The water make-up system consists of means of storing, in-
jecting and draining the distilled water used in the system. Referring
to Fig. 8, distilled water is supplied to the 55 gal stainless steel
make-up drum (20) through the filler connection (22). A vertical
Tygon tube serves as the level gage (21). The make-up tank may be
purged with nitrogen from a cylinder (24). Excess pressure on the
;cank is prevented by a relief valve (23). Water is injected into the
system by an injection pump (19). This water is fed to the inlet side
of the filter (38) before the ion exchanger (15) so that the make-up
water is filtered and deionized before it reaches the test vessel. The
system may be drained back into the make-up drum through a line
connected to the low point of the system. Nitrogen from the cylinder
is used to break the vacuum and pressurize the test vessel for com-
plete drainage. Up to 5 gal of high purity water may be stored in the
accumulator for addition to the system when needed.

a. Make-up Drum. --The make-up drum is a 55 gal drum of

Type 304 stainless steel. It is mounted horizontally on a table above
the main piping loop at the rear of the control panel. The drum is
seen at the left of Fig. 10.

b. Injection Pump. --The injection pump is a Wallace and

Tiernan Metering Pump - Series 200. It has a single stainless steel

plunger of 1/2 in. diam. The speed is fixed at 83 strokes per min
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Fig. 10. Rear view of system, before insulation.
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but the stroke is adjustable from 0-100%. The maximum rating is
5.9 gph at 2,000 psi. The pump is driven through a worm gear by a
one horsepower electric motor which is controlled manually from the
440 volt control panel. The pump is shown in the foreground of Fig.

10 mounted on the same table as the make-up drum.

5. Safety Devices

The system is protected from excessive pressure by two Farris
safety valves, set to relieve at the maximum design pressure of 2,000
psig. One valve is connected directly to the steam space of the test
vessel and discharges to a vent pipe which exhausts into the suction
of a large building roof ventilator. The second valve is on the ion
exchanger and is installed to prevent excessive pressure in the ex-
changer and line filter in the event that the purification loop shut-off
valves are closed when the injection pump is started. Despite every
reasonable care in operation, this situation occurred several times
during test runs and the safety valve functioned as required.

A pressure switch is also installed on the system. This is a
Barksdale Catalog No. B2T-A32SS. It has tv?o independent contacts
adjustable between 160 and 3200 psig. One contact is used as a high
pressure shut-off and is set at 1775 psig. It shuts off all 440 volt
power to the system on excessive pressure. The other contact is set

at 420 psig. It shuts off all 440 volt power to the system if the
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pressure drops below the set point. This serves to protect the pumps
and heaters in the event of a line break and sudden loss of water from

the system.

E. CONTROL PANELS AND POWER SUPPLIES

The operation of the low heat-flux boiling apparatus is moni-
tored and controlled from a control panel along with the a-c electrical
control and power distribution panel and direct current generator
control panel. In the right half of Fig. 3 the process panel is at the
left, the d-c generator control panel in the center, and the a-c panel

on the right.

1. Process Control Panel

On the process control panel are mounted the following instru-

ments:
Name Details
1. Differential Pressure Indicator, 0-25 in. water range,
Minneapolis- Honeywell 1-1/4% full scale accuracy,
to indicate liquid level in
test vessel
2. Differential Pressure Indicator, 0-25 in. water range,
Minneapolis- Honeywell 1-1/4% full scale accuracy,
to indicate orifice dif-
ferential, low flow
3. Differential Pressure Indicator, 0-100 in. water range,
Minneapolis-Honeywell 1% full scale accuracy, to

indicate orifice differential,
high flow
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11.

12.

13.

14.

k9

. Pressure Gauge, Heise

Pressure Controller, Fisher

. Pressure Switch, Barksdale

. U-Type Manometer, King

. pH Indicator,

Leeds and Northrup

. Conductivity Cell,

Industrial Instruments
Galvanometer,
Leeds and Northrup

Potentiometer,
Leeds and Northrup

Pressure Gauges

Air Regulator, Wilkerson

Dissolved Oxygen Analyzer,
Hays

2. Alternating Current Panel

2500 psi range, 0.1% full
scale accuracy, to indicate
pressure of system

0-3000 psi range, to control
valve bleeding steam from
the system

160-3200 psi range, to
provide electrical shut-down
on high or low pressure

0-10 in. range, to indicate
flow of cooling air to
condenser

Model 7401, to indicate pH
of water

Range 20,000 to 4,000, 000
ohm-cm, to indicate elec-
trical conductivity of water

Type 2284, to indicate
thermocouple null balance

Type K-3, to measure ther-
mocouple emf

0-100 psig, 3 gauges, to
indicate cooling water
pressures

0-20 psig, to regulate
cooling air flow

0-100 PPB with built in
calibrating system

An alternating current electrical control and power distribution

panel was designed and fabricated to supply and control the 440 volt,
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60 cycle, 3 phase power required for the immersion heaters and
pump motors. The electrical schematic diagram of this panel is seen
in Fig. 11. On the left of the figure is a 110 volt control circuit with
interlocking safety relays actuated by the low level switch and the
pressure switches. On the right is shown the heater and pump cir-
cuits. The immefsion heaters total 28.1 kw rating. The Chempump,
supplied from surplus stock, was wired for 220 volt, 3 phase power
and requires a separate circuit. All circuits are protected against

overload and equipped with indicating lights and meters.

3. Direct Current Panel

Direct-current resistance heating of the test section is caused
by the passage of currents up to 3000 amp a)tlr 12 volts, produced by a
Hanson-Van Winkle-Munning motof-generator set of 36 kw rating.
This current is distributed throughout the laboratory by copper bus
bars of 3 sq in. cross-sectional area. The voltage from the generator
may be varied from 0.5 volts minimum to an overload of 15 volts.

The control panel for this m-g set is seen in the right center of Fig. 3.
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III. TEST PROCEDURES

A. MATERIALS CONSIDERED AND TEST SECTION ORIENTATION
Heat transfer characteristics were investigated for Inconel,
Carbon steel, and Monel tubes. Monel, Inconel, and carbon steel
tubes were oriented horizontally in the pressure vessel, Fig. 5, and a
Monel tube was oriented vertically, Fig. 6. All test sections were
instrumented as shown in Fig. 4. The dimensions of the individual
tubes, surface roughness, electrical resistivity and thermal con-

ductivity are given in Tables IV through VII below.

B. TEMPERATURE MEASUREMENT

The measurement of temperature is a matter of fundamental
importance in any heat transfer research. In this study all tempera-
tures are measured by the use of chromel-constantan thermocouples,
calibrated against a platinum resistance thermometer as described
in Appendix A.

All thermocouples have silver soldered or welded hot junctions.
The wires are brought directly to distilled-water ice reference junc-
tions, without intermediate junctions. The emf from the reference
junctions is measured through shielded copper leads by a Type K-3
Universal Potentiometer (Leeds a’nd Northrup) used with a Model
2284d moving coil galvanometer, mounted in a Julius suspension hung

from the roof of the laboratory building.

52
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TABLE V
SURFACE ROUGHNESS OF TEST SECTIONSd
(k-in. RMS)
Material Inconel Carbon steel€ Monel
Axial Traces?®
Max.Reading 68 52 40
Min.Reading 57 27 5
Average 62 35 15
- Circumferential Tra.cesb
Max.Reading 35 16
Min.Reading 20 5
Average 27 10

@Average of eight traces
bAverage of three traces

CReadings taken on two samples after exposure to high tempera-
tures. One sample used for electrical resistivity measurements, the
other used for boiling studies. Two other samples not exposed to high
temperature gave lower readings. The two samples used for these
data gave very nearly the same results.

dReadings are in {4 in. (RMS). Measurements made with a Type
Q Profilometer Amplifier, Model 1, manufactured by the Micrometrical
Co. Traces made with a Type MA Stylus.
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TABLE VI

ELECTRICAL RESISTIVITY

Resistivity, ® pohm-cm

Temperature, °p

Inconel Carbon steel Monel

100 105.2 49.4
200 105.8 50.6
300 106. 4 51.6
400 107.0 30.0 52.5
500 107.7 34.5 53,2
600 108.3 39.5 53.8
700 45, 2

@Measured as a function of temperature by passing a small
known electrical current through a sample of the tube and measuring
the voltage drop across a known length.

TABLE VII

THERMAL CONDUCTIVITY

Thermal Conductivity, 4 Btu/hr-ft °F

o
Temperature, F

Inconel Carbon steel Monel
450 9.6 27.4 16.4
500 9.8 27.3 16.9
550 10.0 27.2 17.3
600 10.2 26.9 17.8

650 10.4 26.3 18.3

@Measured with a comparison technique by the Dynatech Corp.,
Cambridge, Mass.
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1. Steam Temperature

The steam temperature thermocouple is encased in and insulated
from a stainless steel sheath of 1/8 in. diameter. Two arrangements
were used as shown in Figs. 5 and 6. For the horizontal test’sections,
Fig. 5, the thermocouple protrudes downward from the top flange with
its tip being from 1 to 3 in. above the liquid level. Although a radiation
shield was provided, careful examination indicated that it was not
‘ necessary. For the vertical test section, Fig. 6, the thermocouple
extends through the side of the vessel at the top and is looped to ob-
tain the desired depth of immersion, as discussed in Appendix A,

The steam space thermocouple was used to hold the system
test conditions constant since this allowed much closer control than
could be maintained by observing the pressure gage. By periodic
observation of the steam space temperature the conditions were held
to within T 0. 1°F which corresponds to approximately 1 0.5 psi at
535 psia and T 1.2 psi at 1550 psia. The pressure gage accuracy is
+ 2.5 psi. A smaller incremental change can be observed but the

sensitivity cannot compare with that of the thermocouple-potentiometer

combination.

2. Bulk Water Temperature
The bulk water thermocouple is encased in and insulated from a

1/16 in. diameter stainless steel sheath. This thermocouple protrudes
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downward from the top flange with its tip being about level with the
bottom of the test section, Figs. 5 and 6. The immersion depth of
this and the steam space thermocouple is sufficient to insure negligibly

small conduction error.

3. Test Section Temperatures

As described earlier, the test section has 12 thermocouples
pressed against but insulated from the inside wall. The data reported
reflect the readings of all 12 thermocouples. Zero readings were
taken at the beginning and end of each run to ''calibrate' the system
as indicated in Appendix A. Some readings fluctuated with time, a
few as much as ¥ 12 uv or  0.3°F. For all readings a time-average
of the fluctuations was recorded from observation over a number of
cycles. The inside wall of the test section is an adiabatic surface.
This eliminates a temperature gradient through the .003 in. thick
mica insulator and, hence, the measured temperature is the same as

that of the inside surface of the metal test section.

4. Wall Temperature Drop

The temperature at the outside of the test section is required
in order to determine the temperature difference between the heat
transfer surface and the saturation temperature of the water or the
bulk water temperature. The temperature drop across the wall ata

heat flux of 100, 000 Btu/hr-ff* is less than 25° for Monel, Inconel,
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and carbon steel tubes. Hence, the temperature variation of thermal
conductivity and electrical resistivity for Monel and Inconel is suffi-
ciently small to permit an assumption of constant physical properties.
However, for carbon steel the variation of electrical resistivity with
temperature required a two step calculation in order to keep the

error in electrical resistivity to less than 1%. In this case, two
equations were established and the appropriate one for the temperature
range was employed.

The expression for wall temperature drop is

2
m | rg° - rj r
T; - Tg = AT =4 o L riz ln( O) (1)
« ri
where q''' is the heat generation per unit volume. The heat generation
rate, q"'', Btu/hr-ft3, is found from the product of the resistivity,

P ohm-ft, and the square of the current density, i, amp/ft;

q'"t = i? Pe C1 (2)

where C; is a conversion factor equal to 3.413 Btu/watt-hr. Based
on the total cross-section of the test section, Atube’ £t , and the total

current, I, amperes this is

].2 Pe C1 (3)
(Atube)3

Ml o
-

The tube wall temperature drop, to the nearest 0. 1°F, except at very

low flux, is subtracted from the average reading of the twelve
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thermocouples in the horizontal test sections to give an average out-
side tube surface temperature. For the vertical test section, each
group of four thermocouples is used for a separate calculation although
in the same manner as previously stated. The use of average tem-
peratures and a total tube cross-sectional area renders unnecessary

a consideration of slight variations in tube wall thickness around the

circumference in computing the wall temperature drop.

C. POWER MEASUREMENT

The total current which passes through the test section is deter-
mined by measuring thﬂe voltage drop across a shunt of 1075 ohm re-
sistance. An L & N, Type 8662, potentiometer is used to measure

the voltage drop across the shunt and indicate the current to within

0.1%.

D. ELECTRICAL RESISTIVITY MEASUREMENT

As noted above, the electrical resistivity, Pe, is required to
calculate the heat generation term, q'". This property was measured
as a function of temperature by passing a small known electrical
current through a sample of the tube and measuring the voltage drop
across a known length., This gives the resistivity of the material as

drawn in tubular form. Values obtained are given in Table VI.



E. THERMAL CONDUCTIVITY MEASUREMENT

The thermal conductivity, k, used to calculate the wall tem-
perature drop was measured by using plates of the tube material
machined from the thick wall shell from which the tubes were drawn.
The shell size was 25 in. O. D. by 0.312 in. wall. This was split,
flattened, annealed, and machined into a flat plate approximately 0. 3
in. thick by 2% in. square. The thermal conductivity of these samples
was measured with a comparison technique by the Dynatech Corp.,

Cambridge, Mass. Results are presented in Table VII.

F. PHOTOGRAPHIC STUDY OF NUCLEATE BOILING

Photographs of the boiling on the outside surface of the test
section were made using a Crown Graphic camera and Polaroid Type
47 film, ASA 3000, 0.5 millisecond exposure at £{/32. Front lighting
was provided by a Heiland Strobonar III electronic flash held against
the sight glass port which is 35° from the normal to the test section.
The viewing port, through which the camera was focused, is normal
to the test section. Back lighting, through the port 180° from the
camera port, was not used. The sight glass consists of a 2 in. thick
fused quartz lens backed by a relatively clear mica disc to prevent
etching of the quartz by the high temperature water.

The design of the sight glass assemblies is described in

reference 1. At the operating conditions of this investigation glass is
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etched rapidly by the high temperature water. This is potentially
dangerous with tempered glass. Consequently, the lens assembly was
changed from the original design incorporating two discs of tempered
soda-lime glass, each 1 in. thick by 2-3/16 in. diameter, to a single
disc of fused quartz, 2 in. thick by 2-3/16 in. diameter.

The quartz lens proved to be about an order of magnitude less
susceptible to etching than those made of glass. However, visibility
'through this lens was unsuitable after approximately 25 hours ex-
posure to water at 473°F and 535 psia. A thin mica disc placed be-
tween the water and the lens eliminated the etching and provided good

visibility up to the maximum test condition of 600°F and 1550 psia.

G. SYSTEM PREPARATION AND OPERATION PROCEDURE

The control of water chemistry requires special operating
procedures in preparation for a series of test runs, for each run, and
in performing maintenance on the system. The need for control of
water chemistry in this investigation and the levels required are
outlined in Section IV.

Special attention is given to keeping oxygen out of the system at
all times. Nitrogen is introduced as the water is draiined for main-
tenance purposes and the nitrogen is forced out again as the system
is refilled with water. Oxygen is primarily responsible for surface

contamination and the suspended solids.



All components are washed with methlene chloride solvent and
rinsed with distilled water prior to installation in the system. The
system is rinsed with distilled water when shut down to remove solid
material which is broken from the metal surface by thermal con-
traction during cool-down. Water added to the system is passed
through the filter and ion exchanger to insure it to be of high purity.

Before each series of runs the water in the system is degassed
while circulating and boiling vigorously for a period of two hours.
While deéassing, the system is held at approximately 30 psig and a
small bleed of steam and non-condensable gases is permitted from
two high points of the.system. Hydrazine is added when the system
is cold to act as an oxygen scavenger. Upon completion of degassing
the dissélved oxygen level is less than 20 PPB. The final oxygen
level reduction is accomplished while the system pressure is less
than 200 psig by a small addition of hydrazine as required.

Even with rinsing the system as described above, the suspended
solids level in the water is very high when the system is brought up to
operating conditions at 535 psia. Heater voltages and flow velocity are
set to hold the system at the desired test condition and it is operated
continuously for about 48 hours while filtering suspended solids until
the level remained constant. The filter is in a by-pass loop just
upstream of the ion exchanger, Figs. 8 and 9. Hence, suspended

solids are removed and dissolved solids treated to control water pH
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and resistivity simultaneously. No power is supplied to the test section
until a constant suspended solids level is reached and the dissolved
oxygen level is below 7 PPB.

The level of water in the system must be kept within narrow
limits for proper operation. To do so water must be drained as the
pressure is increased. This provides water for frequent samples of
oxygen, suspended solids, pH and resistivity, Excess water is stored
in an accumulator to be reintroduced when the pressure is reduced.

Changes in system temperature result in an increase in sus-
pended solids level as described in Section IV. After a change it is
operated at the new test condition while filtering until the suspended
solids are at a constant low level prior to heating the test section.
During pool boiling runs when only the main vessel is heated and no
circulation is provided, the solids level remains approximately
constant at a satisfactory low level. Water samples are removed
directly from the vessel for analysis during the series of pool boiling
runs.

Test runs are made first under forced convection conditions at
535, 1015, and 1550 psia. Recheck runs are made and then the cir-
culation is stopped to allow pool boiling studies. Operation in this
manner is required to minimize the temperature changes for sus-
pended solids control. The system pressure is maintained above

500 psia until a series of runs is completed. The series includes both



forced convection and pool boiling runs with check runs to determine
repeatability of data. A series normally consists of 12 to 15 runs

and requires from 13 to 2 weeks to complete.

H. ATTAINMENT OF STEADY STATE CONDITIONS

At the beginning of a run, or after making a change of heat
flux in the test section, sufficient time was allowed for the attainment
" of steady state conditions before data were taken. This ranged from
10 minutes to 1 hour depending on the steadiness of the steam space
temperature and test operation considerations. For example, the
maximum heat flux of 100,000 Btu/hr-ft* was maintained for 1 hour
before taking data to allow for stabilization of the test surface tem-
peratures. At other test conditions the time required for stabilization
was much less,

The heat balance of‘ the system was manually adjusted so that
the steam space temperature did not vary by more than to. IOF over
any series of readings. Usually an entire run, lasting from 4 to 6
hr was made without the temperature varying by more than t0.2°F.
The thermocouple-potentiometer method of control proved to be much
more sensitive than control by use of the pressure gage.

At a specified test condition, readings were made of the various
thermocouple emfs, pressure, flow rate, liquid level, power input to

test section, and power to system heaters. For each test condition,
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data were recorded in the same sequence. The steam space thermo-
couple emf was recorded just before and after reading the test section
thermocouples. It was also read at intermediate points to insure
steady conditions while the twelve test section thermocouples were
read. If a difference in steam space readings was noted, an average
was taken. However, if the difference exceeded 0. loF another com-
plete set of readings were taken. This did not occur often. Several
measurements were made of the electrical current through the test
section and an average value recorded.

Data were taken by two observers, one reading the K-3
potentiometer and the other taking and recording the remaining data.
The two observers frequently swtiched roles to minimize the effect

of personal bias in reading.



IVv. WATER CHEMISTRY

The effect of a dissolved gas in a boiling liquid on the initiation
of ebullition and on the nucleate boiling curve has long been recognized.
All researchers degas the system by vigorous boiling and exhausting
the non-condensable gases. Corrosion has been avoided insofar as the
heated test surface is concerned since this introduces an uncontrollable
parameter in the definition of the test surface. Corrosion may also
affect the nucleation characteristics of the heated surface and prevent
the attainment of reproducible data.

In boiling systems it may be necessary to control the oxidation
of the heated surface-under investigation and all of the components of
the system which are exposed to the high temperature boiling fluid.
Such was the case in the present investigation.

The experimental apparatus, as already mentioned, was fabri-
cated with type 347 or type 304 stainless steel. When gaseous oxygen
is present in the boiling medium (distilled water) the hot surface is
oxidized readily at high temperature. This results in the formation of
a layer of black magnetic iron oxide (magnetite, Fe3O4) on the metal
surface. The magretite layer, when properly controlled, aids in
reducing the corrosion rate of the system components. This is of

importance in a steam power plant in reducing maintenance problems.
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In a research system such as described herein corrosion control has
a more fundamental importance, that of insuring reproducibility of the
test results.

The layer of magnetite is very brittle and is broken from the
surface with thermal expansion or contraction, thus exposing the bare
metal for further oxidation to continue the process. Magnetite which
is removed from the surface becomes suspended solid material in the
water. As the level of solid material in the water is increased de-
posits will be found at various points in the system and on the heated
test surface. This forms an insulating layer on the test surface and
causes a change in the nucleate boiling curve as shown in Fig. 12.
The curve for HI1-9 was obtained with a clean heat transfer surface.
The curve for run HIl-14 shows the change of slope and increased
A T which results with a thin (approximately 0.0005 1n thick) in-
sulating layer on the test surface.

Operational procedures were adopted to minimize the tempera-
ture changes in the system while taking a series of experimental runs
and steps were taken to reduce the dissolved oxygen level to minimize
the rate of corrosion in the system. Recommended levels for dis-
solved oxygen for high pressure steam generating boilers are given

30

by Hamer, Jackson, and Thurston™" as follows.
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Pressure, psia Recommended Dissolved O, Level
> 500 30 PPB
>1500 5 PPB

The above levels cannot be reached simply by vigorous boiling
to degas the system. For example, degassing to a level of 0.3 cc/liter
dissolved oxygen corresponds to 429 PPB. In the research reported
herein, the dissolved oxygen was controlled by circulating the water
and vigorous boiling for a period of two hours as well as using a
chemical scavenger to reach the desired level. Hydrazine, which
reacts as follows with no solid by-product, was used as the scaveng-

ing agent. The nitrogen gas was vented from the system.

N,Hg + Op _a= N, + 2H;0

A Hays dissolved oxygen analyzer with a range of 0 to 100 PPB
was used to monitor the oxygen level. initial investigation of oxygen
concentration was accomplished by means of the Winkler test. The
sensitivity of this test proved to be inadequate for measurement after
thoroughly degassing for two hours and it could not be used for meas-
uring the low oxygen levels required. The level of dissolved oxygen
was controlled to less than 30 PPB for all tests and less than 7 PPB
for most of the tests.

Pocock3l recommends that the oxygen level be maintained as

near to zero as possible for high pressure steam boilers. In
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supercritical boilers corrosion control is very important for obvious
reasons. Water treatment problems for large power plants are much
more complex than for a closed loop boiling distilled water. However,
the recommendation to maintain dissolved oxygen level as near zero
as possible is considered appropriate in a research system of the
type used for this investigation.

With control of dissolved oxygen level and minimizing tempera-
ture changes, the problem of an insulating layer depositing on the
test surface can be avoided. However, suspended solid material will
still be present in the water and this presents another problem.
Fig. 13 shows a seri€s of test runs made after beginning control of
oxygen level, except for run HI1-2. A progressive shift of the data
to higher values of AT at a given value of heat flux was obtained. All
data presented are for a clean test section surface. The shift reflects
an apparent change in test section nucleation characteristics. Since
no change in slope of the curves is noted the effect is not that of an
insulating layer of contamination, as is shown in Fig. 12. The water
pH was changed from 9.5 to 7.4 after run HI1-8 and back to 9.5 after
run HI1-24 with no apparent effect on the shifts. Only the pool boiling
runs at 535 psia are shown on Fig. 13. The forced convection runs
at 535 psia are shown on Fig. 14. A similar shift of the data is evident

though of less magnitude.
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taken while developing water chemistry requirements.
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The history of operation which resulted in Figs. 13 and 14 is
such that a gradual reduction of the suspended solids level in the water
was probable. Subsequent to the taking of these data a by-pass filter
was installed and arrangements were made to sample the water to
determine the quantitative level of suspended solids. With continuous
circulation of the water at the desired test condition and filtering the
ﬂow in the by-pass loop it was possible to maintain the solids level at
less than 40 PPB for the horizontal test sections and less than 70 PPB
for the vertical test section.

The sampling filter is a 0.45 micron pore size disc element
manufactured by Millipqore or Gelman. The level of suspended solids
is determined from a one-liter water sample passed through the filter.
Two techniques were employed to evaluate the solids level from the
filter sample. First, a weighing technique was used in which the
weight of the dry filter element was determined before and after
accumulating the sample. The accuracy of this technique using a
chemical balance was poor with a small sample and it was abandoned.
Second, a color comparison chart introduced by Mr. Fred Pocock of
the Babcock and Wilcox Research Department, Alliance, Ohio, was
used for direct compariason with the filter element.

The level of suspended solids was reduced to about 40 PPB at

535 psia and about 10 to 15 PPB at 1015 and 1550 psia. The dissolved

oxygen level and pH were maintained at about 5 PPB and 9.5
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respectively. Under these conditions good repeatability of the data
has been established as will be shown in Section V, Test Results.
With a ''clean' system the lack of repeatability in the data as evi-
denced by the shift shown in Figs. 13 and 14 has not been encountered.

Tests were made to determine the effect of suspended solids
level on the nucleate boiling characteristic curve. The results are
shown in Figs. 15 and 16. It was not possible to establish and maintain
as wide a range in suspended solids level as desired. However, the
results show that as the solids level is increased the curve shifts to
lower values of AT at a given flux.

This suggests the possibility of either bulk phase nucleation or
surface nucleation or both existing as a consequence of a low level
of suspended solids in the fluid. Should bulk phase nucleation exist
it doubtless occurs in the superheated liquid in the boundary-layer near
the surface. Some evidence of this occurrence was obtained from
visual (photographic) observations made during one run, Fig. 63. In
this instance thousands of small vapor bubbles were observed near
and downstream from the heated surface. The liquid had been
thoroughly degassed and subsequent tests disclosed that electrolysis
was not responsible for the bubbles. While thé results are somewhat
inconclusive, it does seem reasonable to point to the possibility of

suspended solids as the source of the bubbles.
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There appears also the strong possibility that a 'critical"
level of suspended solids exists below which nucleation, and thus heat
transfer rate, is promoted but above which surface contamination
occurs. If this is true, the role of solids in the fluid introduces a

new dimension into the problem of boiling heat transfer and cavitation.



V. TEST RESULTS

An experimental investigation was made of boiling high purity
distilled water on the outside surface of a single 3/4 in. diameter
tube. The heat flux range extends from the non-boiling convective
heatiﬁg region through incipient boiling to low values of heat flux in
the nucleate boiling region. Experimental results are presented in
the form of curves with heat flux plotted versus the difference between
outside wall temperature and water saturation temperature. The in-
vestigation includes horizontal and vertical orientation of the tube.
Tube materials were Monel, Inconel, and carbon steel with commer-
cial finish as would be utilized in heat exchanger manufacture (See
Table IV). Photographs were made of the boiling surface to provide
a better understanding of the heat transfer mechanisms involved in
low heat flux boiling. The data for the curves shown are included in
Appendix C.

A difference in wall superheat has been notedé’ 8 at a given
value of heat flux depending on whether the boiling condition is ap-
proached from a lower heat flux or from a higher heat flux. Hence,
by starting at a low heat flux, increasing the heat flux progressively
to the maximum value, then decreasing the heat flux in a like manner,
a hysteresis is established as shown in Fig. 17. The position of the

increasing heat flux curve depends on the prior history of the test
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surface, whereas the position of the decreasing heat flux curve is
stable for boiling water of high purity, as discussed in Section IV. All
data used in the summary curves were taken when approached from a
higher heat flux. Steady-state conditions were established at each
test point prior to the recording of data.

In each series of test runs reproducibility of the data was
established by repeating the conditions of most of the runs. The re-
check runs were generally made two or more days later than the
first run with runs at other test conditions in between. In one case,

a repeat run was made immediately after the first run and a third run
at the same condition was made two days later after an intervening
run at another test condition. These runs, HI2-10, 11, 13, show

very good repeatability (see Fig. 19).
A, HORIZONTAL TEST SECTIONS

1. Inconel

Two Inconel test sections were investiga’ted. The first waé used
for the tests described in Section IV while establishing the water
chemistry requirements to insure good reproducibility of test results.
The thermocouple leads were damaged as it was being removed for
examination so a2 second test section was used for the test runs de-

scribed below.
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The heat transfer characteristics of the Inconel tube under forced
convection conditions are shown in Fig. 18, The effect of pressure is
shown with two runs each at 535, 1015, and 1550 psia. As the pressure
is increased, the position of the curve shifts to a lower value of AT
as has been found by others. The curves converge to a single curve in
the non-boiling range as would be expected. Nucleation appears to
~ begin at lower values of q/A and AT as the pressure is increased.
This is indicated by the increase in slope of the curves at lower AT
as the pressure is increased.

The results of pool boiling studies with the Inconel test section
are summarized in Flg 19. The effect of pressure is shown to be
greater than in the case with forced convection. However, as in
forced convection, the curves converge to a single curve in the
non-boiling region. The point of incipient boiling is more clearly
defined for pool boiling, and also occurs at lower AT for increased
pressure.

A comparison of forced convection and pool boiling heat transfer
characteristics is given in Figs. 20, 21, and 22, each figure for a
different pressure. The data from Figs. 18 and 19 were used for
these figures. The effect of forced convection in increasing the heat
flux at a given temperature difference is apparent. The steeper slope
of the pool boiling curve in the non-boiling region is more clearly

evident in Fig. 20. The pool boiling curve retains a steeper slope
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than the forced convection curve in the nucleate boiling region up to
the highest heat flux investigated. As the pressure increases the
influence of forced convection on the relative position of the char-
acteristic curve becomes less. At 1550 psia the curves converge at
100,000 Btu/hr-ff2. The effect of varying forced convection velocity
on the convergence was not investigated but from the work of others, 15

the point of convergence for a fixed pressure would occur at successively

‘higher heat flux as the velocity is increased.

2. Carbon Steel

A summary of forced convection studies with a carbon steel
test section is presentqed in Fig. 23. The seven test runs include
good repeatability checks. A single curve would represent the three
pressures in the non-boiling region very well and within the accuracy
of the data. The slight shift of data to higher AT at a given heat flux
as the suspended solids level is reduced is evident in the nucleate
boiling region for 535 and 1550 psia. As for the Inconel test section,
the beginning of nucleation occurs at lower AT as the pressure in-
creases and the pressure effect continues to the maximum heat flux
investigated.

The pool boiling characteristics established for a carbon steel
test section are shown in Fig. 24. The repeatability for recheck runs

is very good. The curves converge in the non-boiling region and the
/

i

pressure effect on incipient nucleation is shown.
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Forced convection and pool boiling effects are compared at
pressures of 535, 1015, and 1550 psia in Figs. 25, 26, and 27, re-
spectively. The data from Figs. 23 and 24 were used to establish
these curves., These curves, like those for Inconel, show the steeper
slope for pool boiling in both the non-boiling free convection region
and the nucleate boiling region up to the highest flux investigated.

They also converge in the vicinity of 100,000 Btu/hr-ft®.

3. Monel

Heat transfer characteristics for a horizontal Monel test
section under forced convection conditions are summarized in Fig.
28. An increase of pressure has a pronounced effect on the relative
position of characteristic curve in the nucleate boiling region. How-
ever, in the non-boiling region a single curve represents the data for
the pressure range from 535 to 1550 psia as expected. The incipient
boiling point appears to shift to lower values of AT as the pressure is
increased and the transition from non-boiling to boiling occurs grad-
ually. Reproducibility of the data at each pressure is seen to be very
good.

Pool boiling heat transfer characteristics are summarized in
Fig. 29. Pressure has a marked influence on the relative position of
the nucleate boiling curve as was found with forced convection. A

single curve represents the data for the entire pressure range in the
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non-boiling region. Transition from non-boiling to boiling appears to
occur within a smaller range of heat flux than in the forced convection
case. Reproducibility of the data is good, especially so at 535 and
1015 psia.

The effect of velocity on the heat transfer data for the Monel
tube at 535, 1015, and 1550 psia is shown in Figs. 30, 31,and 32,
respectively. The result of forced convection is to shift the curve to
a higher heat ﬂﬁx ata given AT as found for Inconel and carbon steel.
However, contrary to the results for the other materials, the in-
fluence of forced convection does not diminish as the pressure is in-

creased.

4. Comparison of Materials

A comparison can be made of the heat transfer characteristics
of horizontal Monel, Inconel, and carbon steel test sections. A
vertical test section was investigated for only the Monel material but
it is expected that the material comparison would be about the same
if it were based on vertical tube data. As indicated in Appendix B,
some error is possible in the curves due to instrumentation accuracy
and uncertainties in material properties. However, the total error
is less than the difference between the curves so a comparison is

considered appropriate.
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The characteristic curves for forced convection conditions are
presented in Figs. 33, 34, and 35 at 535, 1015, and 1550 psia, re-
spectively. The general appearance of the curves is the same at
different pressures so they are discussed as a group.

Some variation of heat flux at a given A T exists in the non-boiling
region, the data for carbon steel being slightly higher than that for
Monel and Inconel. The variation diminishes with pressure increase

| and disappears at 1550 péia. A single curve could replace the three
individual curves with an accuracy of X 10%. The slope of the curves
is about the same and nearly equal to 1, as would be expected for high
Reynolds numbers.

Incipient nucleation is seen at progressively higher AT and
heat flux for carbon steel, Monel, and Inconel in that order. In the
nucleate boiling region the slopes of the curves for the materials are
quite different. The slope of the Inconel curves gradually increases
with increased heat flux. The Monel curves have a much larger in-
crease of slope as the heat flux is increased but their general shape
is similar to those for Inconel. The curves for carbon steel, how-
ever, have an opposite curvature; the slope of the curves decreases
with increase of heat flux. These effects are accentuated with in-
crease in pressure.

The pool boiling characteristics of the materials are compared

in Figs. 36, 37, and 38 at 535, 1015, and 1550 psia. They will be
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discussed as a group as was done for forced convection. Examination
of the three figures indicates that all of the curves regardless of
material or pressure converge to a single curve in the non-boiling

region. A curve with slope of 1.25 (i.e. q/A~A Tl 25

) could repre-
sent all curves shown in this region. This is characteristic of
laminar free convection.

As for the forced convection case, incipient nucleation appears
'at progressively higher heat flux and A T for carbon steel, Monel,
and Inconel in that order. However, at 1550 psia the incipient boiling
point for Monel and Inconel is approximately the same.

In the nucleate bbviling region the slope of the Inconel curves is
independent of pressure. The Monel curves are similar in shape to
those for Inconel, however, an increase in slope occurs with increase
in pressure. The carbon steel curves again exhibit an opposite

curvature which in this case also is accentuated with increase in

pressure.

B, VERTICAL TEST SECTION

The heat transfer characteristics for a vertical tube were
investigated with a Monel test section. The 3/4 in. diameter tube
was located in the center of the pressure vessel inside a 2.43 in. ID
flow guide as shown in Fig. 6. The location of thermocouples is the

same as for the horizontal test sections, as given in Fig. 4. The
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data obtained for all twelve thermocuples for each run are tabulated
in Appendix C. Summary curves of the vertical test section data are
presented in Figs. 39 through 47 and data for the individual test runs
are presented in Figs., 48 through 58.

The results of forced convection tests are shown in Figs. 39,
41, and 43 for the bottom, center, and top thermocouple positions
respectively. Water flows into the pressure vessel through the
vbottom flange and leaves at a point above the test section. Hence, a
fluid element passes the bottom, center, and top instrumentation
positions successively in that order. The similarity of the summary
curves for the three positions is evident. The reproducibility of the
data on repeat runs is shown to be good, especially so at 535 and 1550
psia. The effect of pressure increase is to shift the nucleate boiling
section of the curve to lower AT at a given value of heat flux as occurs
with a horizontal test section. Nucleation appears to begin at lower
AT, and the slope of the nucleate boiling curve increases as the pres-
sure is increased.

Figs. 40, 42, and 44 present the results of pool boiling tests
at the bottom, center, and top thermocouple locations respectively.
Repeatability is shown to be very good at 535 and 1015 psia. An in-
crease of pressure produces the expected reduction of AT at a given
heat flux. The nucleate boiling curves remain approximately parallel

throughout the heat flux range investigated. As was the case for
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forced convection, the summary curves for pool boiling are similar
for the three instrumentation positions. Non-boiling conditions were
not obtained even for a AT as low as 0.7 F.
A comparison of forced convection and pool boiling is given in
Figs. 45, 46, and 47 for the bottom thermocouple position. The
effect of forced convection diminishes with increased pressure. At
1550 psia, Fig. 47, the effect vanishes when nucleate boiling begins
in forced convection and results in a single curve for both forced con-
vection and pool boiling from there to the highest heat flux investigated.
Similar curves could be established for the center and top thermo-
couple positions. Exa;nination of Figs. 41 and 42 and Figs. 43 and 44
indicates that the effect of forced convection diminishes with increased
pressure and disappears at 1550 psia for these positions also.
Complete data for the individual test runs are given in Figs,
48 through 58. The variation of heat transfer characteristics over a
short axial distance is shown by plotting data for the bottom, center,
and top thermocouple positions independently on each of these figures.
For the forced convection runs, Figs. 48 through 53, it is seen
that data for the three axial positions are approximately the same at
low heat flux. Above a heat flux of 10,000 Btu/hr-ft®, the data for
the top instrumentation position show a shift to lower A T than that

for the lower instrumentation position at a given heat flux. In two
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runs, Figs. 48 and 49, the data for the center position also shift to
lower AT above 10,000 Btu/hr-ft®.

In the pool boiling runs, Figs. 55 through 58, data for the
bottom and center thermocouple positions are the same throughout
the heat flux range investigated. However, the data for the top thermo-
couple position indicate a lower AT at a given heat flux than that for

the other two positions over the same heat flux range.

C. VERTICAL VS, HORIZONTAL ORIENTATION

Two Monel test sections were investigated. One Monel tube
was installed vertically in the pressure vessel as shown in Fig. 6
and the other horizontally as shown in Fig. 5. Heat transfer char-
acteristics for these tests are presented in sub-sections A and B
above.

Summary curves for the vertical and horizontal test sections
under forced convection conditions are given in Fig. 59. The data
for the bottom thermocouple position of the vertical test section are
used for this comparison. Similar sets of curves could be establishe
by using the center and top thermocouple data for the vertical test
section.

At a given AT the heat flux for the horizontal tube is greater
than that for the vertical tube throughout the entire heat flux range
investigated. In the non-boiling region, the horizontal tube data is

approximately 30 percent higher than that for the vertical tube, but
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the slope of the two curves is the same. In the nucleate boiling
region the slope of the curves for the vertical tube inc.reases slightly
with pressure increase, whereas for the horizontal tube data, a
large increase in slope occurs.

The pool boiling heat transfer characteristics for the vertical
and horizontal Monel tubes are compared in Fig. 60. Data in the
, non-boiling region was not obtained for the vertical test section so
comparison can only be made for the nucleate pool boiling region.
The slopes of the curves for the horizontal test section are higher
than those for the vertical test section. At a given heat flux level
less than 15,000 Btu/ilr—fta in the nucleate boiling region a higher
A T is required for the horizontal tube than for the vertical tube.
Above 15,000 Btu/hr-ft° the vertical tube requires a higher AT.

A comparison between the data for the horizontal test section
and that for the center and top thermocouple positions of the vertical
test section in the nucleate pool boiling region would be the same as
described above. The point of intersection of the two sets of curves
(vertical and horizontal) occurs as approximately 15,000 Btu/hr-ft’
at all pressures for the center and bottom thermocouple positions.
However, for the data of the top thermocouple location, the point of
intersection would occur at from 30,000 to 60,000 Btu/hr-ft* de-

pending on the test pressure.



HEAT FLUX (g/A) BTU/ hr—ft2

10~ T T T TTTI T T T T T T T
8- | I? E
6 / _
4l ————— HORIZONTAL _
| —— VERTICAL |
ol (Vertical Tube Data /
for Bottom TC Position) / B
To _
8 ]
6 ]
4 _
2 | —
Kf
8 - Material - Monel Pool Boiling ]
6 Run Nos.  Pressure Qrientation i
— 0 HM2-17,20 535 HORIZONTAL 7]
4 /3 o HM2-15,18 1015 HORIZONTAL 7]
- E/ A& HM2-16,19 1550 HORIZONTAL -
/ e VM-9,13 535 VERTICAL
2f  Heat Flux Decreases ® VM-I0,)2  10I5 VERTICAL 7
with Successive Data Points A VM-I 1550 VERTICAL
2
10 Y AnnaEn Lol N
0. 9.2/ 04 06 1.0 2 4 6 810 20 40 60 100

Fig. 60.

horizontal and vertical Monel tubes.

TEMPERATURE DIFFERENCE BETWEEN WALL AND LIQUID (To-Teqt)°F

Pool boiling heat transfer characteristics for



13k

D. PHOTOGRAPHIC RESULTS

In order to provide a better understanding of the heat transfer
mechanisms involved in low heat flux boiling, photographs were taken
during a number of runs. The details of the camera, film, and
lighting were given in Section III - F above. Three sets of pictures
are included with varying pressure and convection conditions.

The pictures were made during the test runs described in
Section IV and do not correspond to the data presented in the summary
curves. Visual observations during the Inconel test runs for which
summary curves are presented indicated that the photographic results
would be qualitatively the same. However, since increasing the water
purity caused a shift of the characteristic curve to higher AT at a
given heat flux in the nucleate boiling regime, the incipient boiling
point and the first appearance of bubbles occur at a higher value of
heat flux. Difficulty in maintaining optical clarity with the sight
glass assemblies under the high temperature, high pressure conditions
of the tests prevented photographic study in later tests.

Six photographs taken during run HIl1-16 are shown on Fig. 61.
The conditions throughout this run were 535 psia pressure and a
forced convection velocity of 4.7 ft/sec upward and normal to the tube.
The heat transfer data are included on Fig. 14. The photographs are

arranged in order of decreasing heat flux, from the initial test
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Heat Flux = 17,540 Btu/hr-ft° Heat Flux = 6,300 Btu/hr-ft°

Heat Flux = 2,016 Btu/hr-ft2 Heat Flux = 1,330 Btu/hr-ft2

Fig. 61. Photographs of saturated forced convection boiling from outside
surface of horizontal Inconel tube at 5%5 psia, 4.7 ft/sec (Run HIL-16).
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condition of 99, 300 Btu/hr-ff* and decreasing to a heat flux of 1330
Btu/hr-ff*.

The large bubbles seen below the horizontal test section are
formed by the electrical heaters in the circulation loop. The presence
of vapor bubbles in the free stream indicates that the degassed water
is saturated. The water temperature is measured by a thermocouple
inclosed in a 1/16 in. diameter sheath, seen at the left of the pictures.
Virtually no bubbles can be seen on the last two pictures, for which
the heat flux is 2016 and 1330 B'cu/hr-ft:3 , respectively,

Photographs taken during run HIL-17 are shown on Fig. 62. The
conditions throughoxft this run were 535 psia and pool boiling. Heat
transfer data for this run are included on Fig. 13. The photographs
are arranged in order of decreasing heat flux, from the initial test
condition of 99, 300 Btu/hr-ft* to the final condition of 437 Btu/hr-ft*.
No bubbles are evident at the very lowest heat flux, and the visible
bubble population is very sparce at a flux of 1250 Btu/hr-ft*.

The photographs of run HIl-20, shown on Fig. 63, were taken
under conditions of 1550 psia and pool boiling. The heat transfer data
for this run are tabulated in Appendix C. The heat flux range is from
101,000 to 446 Btu/hr-ft°.

Of particular interest in Fig. 63 is the cloudy appearance
thought to result from thousands of small bubbles in the two photo-

graphs of the intermediate heat flux condition. The cause of this is
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Heat Flux = 43,800 Btu/hr-ft?

Heat Flux = 17,390 Btu/hr-ft° Heat Flux = 5,655 Btu/hr-rt2

Heat Flux = 1,250 Btu/hr-ft° Heat Flux = 437 Btu/hr-ft°

Fig. 62. Photographs of saturated pool boiling from outside surface
of horizontal Inconel tube at 535 psia (Run HI1-17).
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Heat Flux = 101,650 Btu/hr? Heat Flux = 43,440 Btu/nr-rt2

Heat Flux = 16,530 Btu/hr-fte Heat Flux = 6,625 Btu/hr-ft2

Heat Flux = 1,280 Btu/hr-ft° Heat Flux = 446 Btu/hr-ft°

Fig. 6%. Photographs of saturated pool boiling from outside surface
of horizontal Inconel tube at 1,550 psia (Run HI1-20).
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unknown, although it may result from the influence of suspended solids
material on the nucleation process as discussed in Section VI. The.
possibility of electrolysis causing a fine mist of bubbles which form
the clouds was examined. To investigate this the electrical bus was
disconnected at one end of the test section and connected to the test
vessel. Under saturated pool conditions at 535, 1015, and 1550 psia

a voltage was impressed between the test section and the vessel with
.the water for electrolyte to determine whether electrolysis would
occur and produce the observed bubbles.- At voltage values from 0 to
15 VDC no bubbles were visible and no electric current could be

measured during the tests.



VI. DISCUSSION OF RESULTS

A. HEAT TRANSFER CHARACTERISTICS

The heat transfer characteristics for boiling from the outside
surface of 3/4 in. diameter horizontal and vertical tubes to high
purity saturated water are presented. The investigation covers low
heat flux boiling at high pressure with natural and forced convection.
The range of heat flux extends from the non-boiling region through
incipient boiling to a heat flux of 100, 000 Btu/hr-ff in the nucleate

boiling region.

1. Non-Boiling Region

At low values of wall superheat, heat is transferred by con-
vection from the heated surface to the water. In natural convection
the heated fluid rises to the liquid-vapor surface where evaporation
takes place. With forced convection, evaporation also occurs at the
liquid-vapor interface but forced circulation increases the heat trans-
fer as compared to that for gravity circulation at a given temperature
difference between the liquid and the heated surface.

a. Forced Convection. --The horizontal test section data ob-

tained for forced convection non-boiling heating are correlated very
well by the following equation given by Kreith3% for a cylinder in

crossflow:

140
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h¢ D VoDg \*
0.31
k = 1.1 C( ” ) Pr (4)

In this equation C and n are constants which are dependent on the
Reynolds number. Table X in Appendix A gives a comparison of
measured A T for Inconel and carbon steel test sections and the AT
calculated from Eq. (4). Agreement between measured and calculated
values is good at low heat flux. Deviation occurs as the effects of
boiling begin to influence the heat transfer characteristics. This is
evident at lower values of heat flux as the pressure is increased as
seen in Figs. 18 and 23. The characteristic curves for individual
pressures converge in the non-boiling region. A common curve with
a slope of 1 fits the data for the pressure range from 535 to 1550 psia
very well in this region.

The forced convection non-boiling data for the vertical Monel
test section may be correlated by the following equation given by

Kreith for flow parallel to a flat plate:

hx 1/3

Nu, = - = 0.0288 Pr

< (lz;}-(__)O.S (5)

With x based on test section heated length, this equation fits the

data at the bottom thermocouple position closely. However, the re-
duction in heat flux at a given A T predicted by Eq. (5) for the center
and top thermocouple locations does not occur in the test data as seen

in Figs. 48 through 53.
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In reference (45) the following expression for boundary layer

thickness is developed for turbulent flow over a flat plate by assuming
1/7 1
V/Ve = (y/0) and Ty = 0.0225 (V/Ve0)* :

6 = 0.37 (v/VQX)I/Sx (6)

Applying this relation for the flow conditions at 535 psia the turbulent
boundary layer would completely fill the annulus about 1 ft from the
entrance to the flow guide. Thus fully developed turbulent flow would
exist in the unheated approach section ahead of the test section. With
fully developed turbulent flow, the convective heat transfer coefficient
remains constant for almost the entire heated length. The exception
is a short distance from the point of beginning heating in which the
thermal laminar sublayer is developed. Hence, the forced convection
non-boiling data for a vertical Monel test section under the flow con-

ditions of this investigation may be represented by:

q/A = 2300 (T - Tgat) (7)
for: Ty - Tgat < 2°F at 535 psia

Tw - Tsat < 1°F in 535 to 1550 psia range.

b. Natural Convection. --The non-boiling natural convection data

at 535, 1015, and 1550 psia fit a single curve as indicated by Figs.
19, 24, and 29 for the horizontal test sections. As indicated above,

natural convection non-boiling data were not obtained for the vertical
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test section. A correlation, given by McAdams, 33

of heat transfer
with natural convection for conditions when the product of Grashof and

Prandtl numbers is between 103 and 109 is:
Nu = 0.53 (Gr Pr)0: 25 (8)

Under the test conditions of this investigation, the product of
Grashof and Prandtl numbers ranges from 106 to 107. Hence, the
-correlation expressed by Eq. (8) should be applicable for the non-boil-
ing region.
Since the heat transfer rate can be written:
q = hA(Ty - Tg) = LAAT, (9)

we can express q as:

k
A = 0,53 —
q/ 5 (

(o)

3 3 0. 25
p°gBD . C 1.25
P 8% *p P) AT (10)

ik

which illustrates that the heat flux, q/A, is proportional to the tem-
perature difference, AT, raised to the 1.25 power. For saturation

conditions Eq. (10) reduced to:

a/A = 125.5 ATV %% a2t 535 psia

1.25

q/A = 123 AT at 1015 psia

1.2
q/A = 120AT > at 1550 psia
A single equation:

1.25

qQ/A = 123 AT (11)
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could be used for the pressure range from 535 to 1550 psia under the
conditions of this investigation.

The data obtained for the horizontal Monel, Inconel, and carbon
steel test sections in the non-boiling region (reference Figs. 19, 24,
and 29) may be represented by the following equations:

For Monel, q/A = 500 AT!:?2

For Inconel, q/A = 420 ATl-23

For carbon steel, gq/A = 500 ATl 27

The non-boiling data for all three materials may be represented to

within ¥ 10% by the equation:
q/A = 460 ATL25 (12)

The experimental data for Monel, Inconel, and carbon steel
tubes are approximately four times that predicted by Eq. (11). The
literature contains very little non-boiling natural convection data for
saturated water at elevated pressures. McAdams33 presents curves
of Addoms and Rinaldo for saturated pool boiling at atmospheric
pressure which include the non-boiling region. The correlation of
Addoms' curve for a 0.048 in. diameter wire with Eq. (10) is good.
Rinaldo's data is presented to show the effect of reducing the wire

diameter.
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From Eq. (10) it can be seen that at a given A T the heat flux is
proportional to DO-%. The variation of Rinaldo's data from that of
Addoms is considerably greater than would be predictéd by the change
of diameter. For a wire diameter of 0.024 in. Rinaldo's data are
1.3 times that predicted by Eq. (10), for a 0.004 in. diameter the
data are 2.6 times the predicted value.

The data of Farber and Scorah3® for pressure from 0 to 100
‘psig also are not correlated by Eq. (10). A change of exponent would
be required to fit the data. Their method of welding thermocouples
to the surface of the wire which was heated by the passage of an
electric current probdbly introduced error in temperature measure-
ment. Thus their non-boiling data is questionable.

Hyman, Bonilla and Ehrlich47 present data for heating water
and other fluids at atmospheric pressure from the surface of hori-
zontal cylinders which are correlated by Eq. (10). However, the
fluid temperatures were less than saturation temperature for the
pressure. A large increase in heat flux was noted with relatively
small increase in A T at conditions slightly below the point for boiling
to begin. This was attributed to turbulence in the wake which in-
creased until it affected almost the entire uéper half of the cylinder.

They indicate that turbulence is initiated at:

Gr Pr
1og10( 3) = 11.2}%0.2
DO
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The maximum value of this logarithmic function for the non-boiling
data in the present research is 10.759 which indicates that turbulence
was not a factor.

Further investigation appears to be necessary to determine the
factors which affect the non-boiling natural convection of saturated
water at elevated pressures. The results of this investigation are

considered valid even though they are not correlated by Eq. (10).

2. Incipient Boiling Point

The location of the incipient boiling point for the horizontal
Monel, Inconel, and carbon steel test sections under saturated pool
boiling conditions was determined by examination of Figs. 19, 24, and
29. Itis taken as the point of intersection of the non-boiling curve
and the fully developed boiling curve as suggested by McAdams, et a_l.36
Similarly, the incipient boiling point for these test sections under
forced convection conditions was determined from Figs, 18, 23, and
28. Below 6000 Btu/hr-ft® the effect of nucleation on the position of
the boiling curve for the Inconel tube is weak at each test pressure,
Fig. 18.

The forced convection test data for the vertical Monel test
section exhibit a little more scatter in the non-boiling region than was
encountered for the horizontal test sections. The effect of nucleation

on the boiling curve below 10,000 Btu/hr-ft® is weak. Incipient
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boiling points were established from Figs. 39, 41, and 43. These
data are included with those for Inconel and carbon steel in Table VIIL.
From Figs. 39, 41, and 43 it can be seen that the AT at incipient
boiling increases slightly in the direction of flow; average values for
the three positions were tabulated. The range of heat flux for pool
boiling with the vertical Monel tube did not extend to low enough value
to establish the incipient boiling point.

Bankoff34 presents data of several investigators on the incipient
boiling point for various surface-fluid combinations. The data of
Addoms3% for boiling water from the surface of a 0.024 in. diameter
platinum wire are in the pressure range of this investigation. By
interpolation, values were determined at 535, 1015, and 1550 psia
and included in Table VIII for comparison. General agreement exists
among the saturated pool boiling data althougﬁ some variation which

may be attributable to material or surface condition is evident.

3. Nucleate Boiling

In the nucleate boiling region the heat transfer by natural or
forced convection is very greatly amplified by small but very intense
convective currents which result from the formation and collapse of
bubbles at discrete nucleation sites. As a result a large increase in
heat flux results from a relatively small increase in the temperature
difference between the heated surface and the fluid. It has been found

useful to correlate boiling data by an equation in the form:
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a/A = C (Ty - Tear) (13)

On a plot of heat flux versus temperature difference as shown in
Sections IV and V, the value of n in Eq. (13) is the slope of the
characteristic curve in the nucleate boiling regime.

The slope of the characteristic curve in the nucleate boiling
region is greater than that in the non-boiling region. A gradual change
of slope occurs under forced convection conditions when progressing
from the non-boiling region to the nucleate boiling region, Figs. 18,
23, 28, and 39, However, a more abrupt change in slope is noted
for the case of pool boiling, Figs. 19, 24, and 29. The slopes in
the nucleate boiling region for the test sections investigated are shown
in Table IX. Where considerable curvature exists in the curves, a
best straight line fit for the data was used to determine slope. A
variation in slope is apparent, ranging from 1. 81 to 4.7 for pool
boiling and from 1.4 to 9.17 for forced convection.

A large variation exists in the values of heat flux at a given
surface superheat in the nucleate boiling region for the four test
sections, which includes the horizontal Monel, Inconel, and carbon
steel test sections and the vertical Mc;nel test section. Figs. 33
through 38 give a comparison of the data for the horizontal test sec-
tions. The heat transfer characteristics of the horizontal Monel and

vertical Monel test sections are compared in Figs. 59 and 60. The
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probable reasons for the variations among the horizontal test sections
are surface conditions which affect nucleation site size and distribution,
and material properties. The tube orientation is seen to have a
significant effect on the nucleate boiling characteristics.

As indicated in Section III, the surface roughness is greater

6

for Inconel than for Monel or carbon steel. Corty and Faust™ found
that, in the range from 4 to 25 {4 in. RMS, as the surface roughness is
increased the temperature difference required at a given heat flux is
reduced. They also found that this relationship did not necessarily
hold at higher values of surface roughness. Hence, the Inconel and
carbon steel tubes invéstigated do not fall in the range in which surface
roughness might be expected to have a predictable effect.

Surface corrosion may produce a more favorable distribution
of nucleation sites than would be found for the non-corroded surface.
Other factors related to the material properties may influence the

position of the nucleate boiling curve. Larson46

indicated that
corrosion resistant materials support greater wall superheat than do
non-corrosion resistant materials and thus are not good ebullators.

He found that ebullition could be correlated with floatability (or
non-wetting). Substances known to be non-wetting proved to be good
ebullators. Floatability may be brought about by surface contaminating

films due to chemical reaction (oxidation, carbonation, hydration,

etc.).
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Monel and Inconel materials are considerably more corrosion
resistant than carbon steel. From this, and if the floatability
(non-wetting) of the carbon steel is increased by its black oxide sur-
face, it W§u1d be expected that the A T for nucleate boiling for this
material would be less than that for Monel or Inconel materials at
low heat flux. Figs. 33 through 38 indicate that this is true below a
heat flux of 20,000 Btu/hr-ft*. The heat flux at which the AT for
‘Monel becomes less than that for carbon steel depends on the pressure
and is lower for forced convection than for pool boiling. Larson's
investigation was not performed with a heating surface. Hence, al-
though floatabiiity may reliably indicate the order of AT for incipient
nucleation, it correlates the relative position of the nucleate boiling
curves only at relatively low vdlues of heat flux.

Larson stated that the burnout heat flux is higher for a wetted
surface than that for a non-wetted surface. Burnout conditions were
not examined in this investigation but in this basis it might be specu-
lated that the carbon steel test section would reach 'burnout' at
lower heat flux than that for Monel or Inconel test sections.

From the discussion above it appears that the chemical nature
of the liquid-surface combination is a significant factor in the varia-
tion of data from one investigation to another. This matter is beyond
the scope of this research but may prove to be a fruitful area for

further investigation. Water chemistry has been found in this study
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to be an important factor in attaining reproducible data and should be
given due consideration in any investigation of liquid-surface charac-
teristics.

Correlation equations for the natural convection nucleate
boiling data of this investigation may be established in the form of
Eq. (13):

qQ/A = C(Ty - Tsat)" (13)

A single correlation equation to represent the horizontal Monel,
Inconel, and carbon steel data is not considered practical due to the
great difference in the data for the three materials. The variation of
temperature difference" at a given heat flux is not large but at a given
temperature difference the heat flux range may be as much as a
factor of five., Hence, correlation equations are given below for each
of these materials and the vertical Monel test section which represent
the natural convection nucleate boiling data obtained to within f 10%
except for Eq. (17) which is to within + 159

For Inconel:

Above 2500 Btu/hr-ft?

Teat/Te | %7 2.48
q/A = 93.8 (-1—_'571;'; (T - Tsat) (14)
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For carbon steel:

From 2000 to 25,000 Btu/hr-ft?

/6

1
1 4.18 3.56 (P/P
q/A = 58.9(1T§/—P: ) (Tw - Tsat) ( c) (15)

Above 25,000 Btu/hr-ft?

P/P
q/A = 4085 (1—_—13—‘/%: ) (Ty - Tsat)'' 'S (16)

For Monel (horizontal):

Above 3,000 Btu/hr-ff°
1.419

10 — =
TP | %25 1-(P/P)?
a/A = 155 1- ToniPe (Tw - Tsat)

(17)
For Monel (vertical):

Above 1,500 Btu/hr-ft?

1.21
py L. 1.82
a/A = 3580 (5_) (T - Tsat) (18)

C

The correlation equations are applicable for the pressure range 535
to 1550 psia, The exponent n is constant indicating suitable correla-
tion with a single slope for the horizontal Inconel and Monel data.
However, the carbon steel and vertical Monel data required a change
of slope with pressure change to maintain the indicated accuracy.
Above 25,000 Btu/hr-ft* a single slope for the pressure range was

suitable for the carbon steel data.
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4. Pressure and Velocity Effects

The effect of pressure on the position of the nucleate boiling
curves is evident in the summary curves. This effect is incorporated
in the above equations by modifying the proportionality constant and,
in the case of the carbon steel and vertical Monel equations by modi-
fying the AT exponent. Reduced pressure and temperature based on
saturation conditions and the critical values for water are used for
reference. All tests were made with saturated water.

The effect of pressure increase on the nucleation process for
both horizontal and vertical test sections is to reduce the superheat

required at a given value of heat flux. This is consistent with the

8,16,22, 24,37, 38 6

results of other investigators. McAdams, et al. 3
indicated that the pressure effect decreased at high heat flux ap-
proaching burnout values. For the heatflux range of this investigation
in pool boiling there is no indication of a reduction in pressure effect
as heat flux increases. For the forced convection case there appears
to be a slight increase in the pressure effect at the highest heat flux
investigated for the Monel and Inconel test sections, Figs. 18, 28,
and 39.

Forced convection increases the heat flux at a given AT as
compared to pool boiling conditions. Engelberg-Forster and Greif>?

concluded that in the nucleate boiling regime forced convection has

no effect, that nucleation dominates the heat transfer process. The
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present investigation shows that a forced convection effect remains
up to the maximum heat flux considered. However, the influence of
velocity diminishes as the heat flux increases and is affected by the
pressure and tube orientation.

For the horizontal Inconel and carbon steel test sections, the
forced convection and pool boiling curves at 1550 psia merge at about
100, 000 Btu/hr-ftz, Figs. 22 and 27. ‘At lower pressures the curves
vconverge as heat flux increases and probably merge at a flux a little
higher than 100,000 Btu/hr—fta. At higher or lower velocities the
point of merger would shift up or down accordingly. The curves for
the horizontal Monel test section converge at low heat flux but a large
velocity effect remains at the maximum heat flux investigated.

The influence of pressure on the velocity effect was more pro-
nounced for the vertical test section, Figs. 45, 46, and 47. The
effect is greatly reduced at 1015 psia. At 1550 psia the forced con-
vection and pool boiling curves merge at about the point where nucleate

boiling begins in forced convection.

5. Vertical Test Section - Heat Transfer Characteristics Variation
with Axial Position
Examination of Figs. 48 through 58 reveals a variation of heat
flux at a given A T for the three axial thermocouple locations. The

variation is small at a heat flux less than 10,000 Btu/hr-ft* for forced
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convection, Figs. 48 through 53, but in pool b,oiling it exists at the
minimum heat flux investigated. The variatien becomes progressively
greater in the range from 10,000 to 100,000 Btu/hr-ft°.

In Figs. 48 through 53, the variation with axial position is
negligible until the effect of forced convection on the heat transfer
diminishes considerably and the nucleation effect becomes the dominant
factor in boiling. The lower AT at a given heat flux at the middle and
upper thermocouple locations indicates that the metal surface is
cooler as the flow progresses upward along the tube. The probable
cause of this effect is increased agitation in the boundary layer as a
result of the additional bubbles approaching from below or the tur-
bulence level in the flow stream (and boundary layer) increases due
to the boiling action upstream. In either case the heat exchange process
is more effective and the outside wall temperature decreases in the
direction of flow. The axial distance between the thermocouple loca-
tions is 1.5 in. (total distance involved is 3 in.). At greater distance
downstream when the quantity of bubbles in the flow becomes large
enough to interfere with the bubble pumping action the surface tem-
perature would rise again until as a limit the burnout condition is
reached.

A similar condition exists for the pool boiling characteristic
curves shown in Figs. 54 through 58. In this case it is noted that the

bottom and middle thermocouple locations have essentially the same
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characteristic curve. However, the characteristic curve for the top
measuring station occurs at a lower AT at a given heat flux. This
condition extends throughout the heat flux range investigated since the
entire curve is for nucleate boiling. The non-boiling range was not
reached in the vertical test section pool boiling runs. The cause of
the shift to lower A T in pool boiling (natural convection) is probably
due to agitation of the convection flow stream by the bubbles rising
from below thus improving the bubble pumping action in exchanging
hot fluid for cold fluid at the heated surface. In this case also the
surface temperature would again rise further downstream as the
quantity of bubbles be(;omes large enough to interfere with the pumping
action.

The possibility of a reduction in Tg4¢ in the direction of flow
which would cause a reduction in tube surface temperature was con-
sidered. The change in elevation between top and bottom thermocouple
positions would result in less than 0. 02°F temperature change under
all test conditions. This is negligibly small compared to the measured
change in AT in the flow direction. A pressure drop due to friction
does not exist in natural convection. This pressure drop under the
fully developed turbulent flow conditions of this investigation is neg-
ligible. Hence, it is concluded that the observed reduction in AT in
the flow direction results from the agitation effects of nucleate boiling

and not from a change in water temperature. This is consistent with
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findings of Jakob49 who noted a reduction of AT in the direction of
natural convection flow along a vertical heated surface with nucleate
boiling at atmospheric pressure. This effect was attributed to in-

creased stirring effect due to boiling action.

B. WATER CHEMISTRY

The influence of dissolved gas in the boiling medium and addi-
‘tives to reduce the surface tension are recognized as factors which
affect the nucleate boiling characteristics of a surface - fluid com-
bination. McAdams et al. 36 presents data to show the effect of
dissolved gas on the position of the nucleate boiling curve. A sub-
stantial increase in the heat flux at a given A T results when the
amount of dissolved gas is increased. Degassing is practiced by all
researchers to avoid this influence on the data.

To control oxidation of the stainless steel system and maintain
a clean test section surface, it was found necessary in this investiga-
tion to control dissolved oxygen level to values less than .could be
reached by degassing alone. Ferrous metals oxidize readily at high
temperature with small concentrations of dissolved oxygen in the
water. Magnetite, Fe304, formed on the surface breaks loose with
changes in system temperature and appears as suspended solid
material in the water. This not only exposes the metal for further
oxidation but also supplies solid material which may settle out in the

system and on the heat transfer surface.
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The suspended solid material was found to produce another
effect on the nucleation process in addition to that of insulating the
test surface when depoSited thereon. At suspended solids levels low
enough not to settle out on the test surface an increase in this level
caused an increase in the heat flux at a given surface superheat as
discussed in Section IV. Thus, in order to obtain good repeatability
of the heat transfer data, it was necessary to maintain control of the
suspended solids level. At comparable levels of solids the repeat-
ability was very good as indicated above.

The level of suspended solids in the water was reduced until it
remained constant prior to taking data as discussed in Section III. For
pool boiling, the suspended solids level was very low and approxi-
mately the same for all test runs. However, the level attained in
forced convection runs was somewhat lower for the horizontal test
sections than for the vertical test section. This is probably due to a
slightly less rigid flow guide installation used with the vertical elec-
trode which allowed a little higher rate of addition of suspended solids
to the water.

The method of determining suspended solids level is described
in Section IV. In pool boiling, the level attained was from 5 to 20
PPB. In forced convection, the level attained was 10 to 40 PPB for

horizontal test sections and 40 to 70 PPB for the vertical test section.
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In general, the level attainable reduced as the pressure increased. At
a given test condition the variation of level from one run to another was
slight.

The absolute level of suspended solid material in the water may
not be the controlling factor in ifs effect on the nucleate boiling
process. The size, weight, and/or chemical composition of the
particles may have significance in somewhat the same way that cavity
size is important to nucleation as discussed by Hsu. 48

The water pH and electrical resistivity were varied during the
series of tests described in Section IV without apparent effect on the
reproducibility of the heat transfer data, Maintenance of a high pH
(about 9.5 to 11) aids in stabilizing the magnetite layer on ferrous
surfaces and thus assists in handling corrosion problems. Pocock31
indicated that at low pH (near 7), pH itself becomes a factor in the
corrosion process. Hence, it is desirable to maintain the pH at about
9 to 11 to reduce corrosion problems and thus assist in controlling
level of suspended solid material in the boiling medium.

Electrical resistivity varies as the inverse of the pH. It can be

6

maintained at about 2 x 10° ohm-cm at pH about 7.5 in the system de-
scribed herein. At a pH of 9.5 the resistivity is from 1 to 2 x 10°
ohm-cm which is high enough to prevent conductance problems in sys-
tems which use electrical resistance heating of the test surface. A

change of ion exchange resin is required to effect the change of pH and

resistivity indicated here.



VII. CONCLUSIONS

A, HEAT TRANSFER

Heat transfer from the outside surface of commercial heat
exchanger tubes to saturated high purity water at high pressure has
been investigated under both forced convection and pool boiling con-
ditions. The results give information on non-boiling heat transfer,
incipient boiling, and nucleate boiling at a heat flux up to 100, 000
Btu/hr-ff in the pressure range from 535 to 1550 psia.

Forced convection non-boiling heat transfer characteristics
may be predicted closely with generally accepted correlation equations
for flow normal to a cylinder or parallel with a flat plate, as appli-
cable. Results obtained for natural convection non-boiling heat trans-
fer from a horizontal cylinder to high pressure saturated water show
significantly higher heat flux at a given value of T, - Tg than pre-
dicted by the correlation equation given by McAdams.33The literature
contains very little natural convection non-boiling data at saturation
conditions above atmospheric pressure. That which was examined was
not correlated by McAdams' equation. It is concluded that a thorough
investigation of natural convection non-boiling heat transfer from
horizontal cylinders to water at elevated pressure is necessary to
determine the limits of applicability of the correlation equation given

by McAdams.

162
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The incipient boiling point for natural convection boiling satu-
rated water at high pressure is more clearly indicated than that under
the same conditions with forced convection. Incipient boiling occurs
at lower values of surface superheat as the pressure is increased.

The natural convection nucleate boiling of high pressure saturated
water from the outside surface of a commercial heat exchanger size

tube may be correlated by an equation in the form:
n
q/A = £{(P)(Ty - Tsat)

The value of n, the slope of the nucleate boiling characteristic curve,
is in the range from 1. 81 to 4.70 under the conditions of this in-
vestigation. Its value is affected by the pressure, tube orientation,

and tube material.

1. Effect of Pressure

Pressure variation has substantially no effect on non-boiling
heat transfer in natural convection or with forced convection. The
incipient boiling point occurs at lower value of T, - Tgat and is more
clearly defined as the pressure is increased.

In the nucleate boiling region the effect of pressure increase is
to greatly increase the heat flux at a given value of T, - Tg5¢. This
effect prevails from incipient boiling to a heat flux of 100, 000

Btu/hr-ff .



164

2. Effect of Forced Convection

In the non-boiling region the heat flux under forced convection
conditions is directly proportional to Ty, - Tg and is predicted by the
generally accepted correlation equations. The transition from
non-boiling to nucleate boiling is gradual, but becomes less so as the
pressure is increased. In the nucleate boiling region, forced con-
vection results in a higher heat flux than for pool boiling.

The influence of forced convection in the nucleate boiling
region diminishes as the pressure is increased. As the heat flux
is increased the influence of nucleation becomes stronger and even-
tually overshadows the effect of forced convection. This effect dis-
appears at a heat flux which is dependent on the pressure, velocity,

and tube orientation.

3. Effect of Tube Orientation

Tube orientation has an effect on heat transfer characteristics
in the non-boiling and nucleate boiling regions. In the non-boiling
region with forced convection the correlation equations for flow
normal to a cylinder or parallel to a flat plate, as appropriate, may
be used to estimate heat transfer. For fully developed turbulent flow
par‘allel to the test section (vertical tube) the coefficient of convective

heat transfer does not vary with axial position along the tube.
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At a given value of Ty - Tgat @ horizontal tube (in crossflow) has
a higher heat flux than does a vertical tube (parallel flow) in forced
convection nucleate boiling throughout the pressure range and to the
highest heat flux investigated. The slope, n, of the characteristic
nucleate boiling curve is greater for a horizontal tube than for a
vertical tube.

In natural convection nucleate boiling at a given Ty - Tsat a
vertical tube has higher heat flux than does a horizontal tube at low
flux values. However, as for forced convection, the slope, n, of the
boiling characteristic curve is greater for the horizontal than for the
vertical tube. Hence, at higher values of temperature difference the
heat flux is higher for the horizontal tube than that for the vertical tube.

The temperature difference, T, - Tgat, at a given heat flux
above 10,000 Btu/hr—ft’a decreases in thg direction of flow for a vertical
tube under forced convection conditions. For natural convection nu-
cleate boiling from a vertical heated surface this decrease in T, - Tgat
occurs at a heat flux as low as 500 Btu/hr-ft°. In both cases this
results from increased agitation of the fluid adjacent to the heated

surface by bubbles rising from below.

4, Effect of Tube Material on Heat Transfer Characteristics
All heat exchanger tube materials may be expected to have

approximately the same non-boiling heat transfer characteristics for
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heating saturated water from the outside surface at high pressure.
This applies to heating with forced convection as well as natural con-
vection.

The tube material has an effect on incipient boiling and on the
nucleate boiling characteristic curve. The more corrosion resistant
materials support higher surface superheat without boiling than do
those more susceptible to corrosion. As indicated by the results of
this investigation, incipient boiling occurs for carbon steel at lower
values of T - Tga¢ throughout the pressure range considered in both
natural and forced convection than it does for Inconel and Monel.

In the nucleate boiling of high pressure saturated water from
the outside surface of a tuBe a considerable variation of heat flux may
be expected for different materials at a given surface superheat. The
variation in T - T, ,; may be small at a given heat flux but the slope
of the characteristic curve is so steep that a large variation in heat
flux results at a given value of T - Tgat. In this investigation the
range of heat flux for Inconel, Monel, and carbon steel at a given
T, - Tgat was as much as five fold. The size and distribution of nu-
cleation sites and the chemical nature of the surface-fluid combination
are important factors affecting this. Surface roughness of com-
mercial tube materials in the range for the test sections of this in-

vestigation does not correlate with nucleate boiling heat transfer

performance.
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B. WATER CHEMISTRY

Control of water chemistry is an important factor in the attain-
ment of reproducible boiling heat transfer data. Degassing the boiling
fluid is the accepted method of eliminating the influence of dissolved
gases on the nucleate boiling characteristic curve. Other factors
must be considered, particularly for ferrous metal boiling systems,
to insure satisfactory results. These include dissolved oxygen level,

suspended solids level, pH, and electrical resistivity.

1. Dissolved Oxygen

The level of dissolved oxygen in the water should be maintained
less than 5 PPB and preferably as nearly zero as possible. Dissolved
oxygen is responsible for the formation of metallic oxides which
appear in the boiling medium and influence heat transfer as indicated
below. Thus, control of dissolved oxygén level is a vital factor in

controlling suspended solids in the water.

2. Suspended Solids

The level of suspended solid material in the boiling fluid must
be kept as low as practicable, preferably less than 50 PPB. When the
concentration of suspended solids becomes large, the solids begin to
settle out in the system and on the heat transfer surface. This forms
an insulating layer of oxide material and causes a change in the slope

of the nucleate boiling curve. At lower levels of suspended solid
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material, contamination of the heat transfer surface can be controlled
but suspended solids in the water still influence the nucleate boiling
process. Two possible explanations for the enhancement of nucleation
are:

a. Nucleation takes place in the superheated boundary layer with
the suspended solids acting as nucleation sites, and/or

b. The suspended solids in some manner trigger inactive nu-
cleation sites on the heated surface into active sites at a lower
Ty - Tsat than would be required in a clean system.

This aspect of water chemistry needs further investigation to
determine the exact role and complete effect of suspended solids on
nucleation., It is possible that the particle size and density and the

chemical nature of the oxide are important factors in this mechanism.

3. pH and Resistivity of the Water

The pH and resistivity of the water are related in an inverse
manner in the range of interest for this investigation. At pH values
near neutral the resistivity is very high. As the pH is changed from
7.4 to 9.5, the resistivity changes from approximately 2 x 106 to
2 x 105 ohm-cm. The pH as such in this range has no direct effect on
the heat transfer process. However, a high pH (9-11) is beneficial

in stabilizing the magnetic iron oxide layer on ferrous parts and thus

is a factor in controlling oxidation,
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An ion exchanger provides a good means of maintaining the pH
of the water at the desired level. The ion exchanger resin may also
serve as a filter to remove very small suspended solid particles from

the water.



APPENDIX A
THERMOCOUPLE CALIBRATION

A. CALIBRATION APPARATUS AND PROCEDURE

Thermocouples are widely used for the measurement of tem-
perature. A thermocouple consists of an electrical circuit created by
two dissimilar metals whose junctions are maintained at different
temperatures. Under these conditions an electromotivé“force is
generated. This emf is a function of the two metals used, the relative
temperature difference between the junctions, and the absolute tem-
perature level. The basic laws of thermoelectric circuits are given
by Roeser. 40

Although the approximate relation between the emf generated and
the temperature is well established for the various suitable thermo-
couple metal combinations, to achieve accurate results, thermocouples
must be calibrated to yield temperatures that are in agreement with the
International Temperature Scale. This scale is defined by the standard
platinum-resistance thermometer in the range of -182.970 to 630.5°C.
The platinum-resistance thermometer is calibrated at the primary
fixed points (1948 ITS) which, in our range of temperature, are:

1. Temperature of equilibrium between ice and air-saturated

water (ice point) -- 0.000°C.

170
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2. Temperature of equilibrium between liquid water and its
vapor (steam point) -- 100.000°C.

3. Temperature of equilibrium between sulfur and its vapor
(sulfur point) -- 444.600°C.

The Callendar formula is used to express the temperature as a func-
tion of resistance of the platinum thermometer.

There are several methods of calibrating thermocouples to
yield accurate indications of temperature, as discussed by Roeser and
Lonberger. 4l The most direct procedure is to compare the thermo-
couples directly with the standard platinum-resistance thermometer.
To make a comparison", a reservoir is needed whose temperature can
be regulated at a steady value and yet periodically varied to cover the
desired range. Because it is desired to cover a wide range of tem-
peratures in a single apparatus, a thermostated liquid bath is not
suitable. Therefore a solid copper cylinder, 6 in. in diameter by 18
in. long, was selected to be the controlled isothermal medium.
t0.1°F

Direct-temperature regulation of the copper cylinder to
would be difficult and direct regulation to ¥ 0. 001°F virtually impos-
sible. Constancy of temperature is necessary to eliminate uncertain-
ties in the calibration. To achieve the desired result, the cylinder
is surrounded by, but thermally insulated from, another system having

a large thermal inertia. This second system is a copper pipe, capped
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at both ends except for access holes to the inner block. The size is
approximately 11 in. O.D., with a 3/8 in. wall thickness.

The outer copper cylinder, or pipe, is thermally insulated from
the ambient air by a 5 in. layer of insulation. This whole assembly
is positioned in an extended 55-gal steel drum. The temperature of
the outer pipe is controlled by the action of an electronic controller,
using a thermocouple emf signal, which energizes electrical heaters
clamped to the outer surface of the pipe. This controller has a
+ 1°F band and the power control is either on or off. In an analysis
made by Clark, et al. ,42 it is shown that for the physical system
used, a temperature z;mplitude of loF on the pipe will be damped to
approximately to. 001°F in the inner cylinder. In operation no
measurable temperature cycling could be observed. A picture of the
complete apparatus is seen in Fig. 64.

The temperature of the inner block is accurately measured by a
Leeds and Northrup Cat. No. 8163-B platinum resistance thermometer.
This thermometer was calibrated by determining its resistance at the
fixed points listed above and at the temperature of equilibrium between
saturated liquid oxygen and its vapor at one atmosphere pressure and
certified to be satisfactory for use as a defining standard by the
National Bureau of Standards. A table was furnished by the NBS in .
1°C increments for determining the temperature corresponding to the

. . o
thermometer resistance in the range from -183" to +500°C. Linear
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Fig. 64, Thermocouple calibration apparatus.
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interpretation is satisfactory between tabulated points. The resistance
of the thermometer was measured by a Type G-2 Mueller Bridge and

a Model 2284d moving coil galvanometer, manufactured by L. & N.

The measuring resistors of the bridge are mounted in a special
enclosure and held at constant temperature by a thermostat. The
precision of the bridge is +0.0003 ohm which corresponds to a tem-
perature variation of I 0. 003°C. The largest uncertainty in the
thermometer calibration was ¥ 0.005°C. It is reasonable to consider
the combined accuracy of the Mueller Bridge and resistance ther-
mometer to be £ 0.01°C.

The test secti;)n of the low heat flux boiling apparatus consists
of a 3/4 in. O.D. tube in which are installed 12 thermocouples made
from 30 ga chromel-constantan wire. The tube is 7 in. long and is
silver soldered to short sections of the copper electrode. Each
thermocouple in the test section was calibrated by measurement of
its emf when the whole test section subassembly was inserted into a
well in the inner cylinder of the constant temperature apparatus and
held at a temperature accurately measured by the platinum resistance
thermometer, located in an adjacent well.

Sheathed thermocouples, used to measure the steam and water
temperatures, were inserted into other wells in the cylinder and cali-
brated simultaneously with the test section. The copper cylinder was

heated to 750°F and held for 24 hours to stabilize the thermocouples.
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Lady8 found that the chromel-constantan thermocouples emf changed
with length of exposure at high temperature. This is consistent with
information given by Da.hl43 for other thermocouples utilizing chromel
and constantan. By holding the thermocouples at high temperature for
24 hours prior to calibration, the shift in emf output with exposure to
temperatures of 650°F and below can be reduced to an acceptable
level. The thermocouples were calibrated and then rechecked. If the
second calibration agreed with the first within 2 gv the thermocouples
were considered satisfactory. Agreement was normally within 1 pgv
except at 550°F where the output of some of the thermocouples de-
creased by 2 pv.

Although all 12 thermocouples in the test section were made in
similar fashion and from the same spool of wire, the emf-temperature
relation differed slightly among them. A Type K-3 Universal Poten-
tiometer (L & N) was used with a Model 2284d moving coil galvanom-
eter to measure the thermocouple emf. The reference junction was
held in a distilled water ice bath. According to the manufacturer, the
potentiometer-galvanometer combination is accurate to within
1 (0.015% of reading plus 2 Wv) in the range used. This corresponds
to a maximum deviation of T 5 pv at a level of 550°F, or about T 0.125°
F. Although the absolute accuracy of the instrumentation is as stated,
the readings of one thermocouple relative to another are believed to be

within * 2 pv, or ¥ 0.05°F.
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From the calibration of a thermocouple at various known tem-
peratures, a curve of emf versus temperature may be constructed to
provide a means of interpolating between the calibration points. It is
customary to make use of standard curve and to plot the deviation
from the standard curve. A table giving standard, or average, values
for chromel-constantan is provided by Shenker, e_t 3_1.44 The table is
limited to temperatures in 10°F increments and emf values to 0. 1
mv. Thus, if readings are made to 0.001 mv (1 §v), there may be a
significant error caused by the round-off of the table. By making use
of graphical techniques to insure smooth first and second derivatives,
a table of emf versus-temperature was generated by the IBM 7090
computer. This table, which, if rounded off, yields the two place
table of Shenker, tabulates temperature in increments of 0. 1°F from
30 to 1200°F and electromotive force to three places (1 puv). Since

0.1°F represénts about 4 gv change in emf, an emf reading accurate

to f 2 v may be easily converted to temperature to the nearest 0. 1°F.
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B. FINAL CALIBRATION IN LOW HEAT FLUX BOILING SYSTEM

The thermocouples were installed in the low heat flux boiling
system to a greater depth of immersion than that used for calibration
in the constant temperature block assembly. This avoids an error in
thermocouple reading due to decreasing the depth of immersion as
reported by Dah1.43 However, it was found that there is also a change
in emf for the chromel-constantan thermocouples at a given tempera-
iture if the immersion is increased. The change is smaller than that
which occurs if the immersion is decreased but it decreases the
accuracy of temperature readings and has a serious effect on small
temperature differences determined from the readings.

A procedure of calibrating the thermocouples when installed
in the system at operating conditions was adopted in order to obtain
the desired accuracy in measurements. Thermocouple readings taken
with zero electrical current in the tube before and after each test run
provide an in-place calibration. This offers the additional advantage
that if any change in thermocouple characteristic occurs over a period
of time after installation it will be allowed for in each set of data,
It is worthy of note that no change in thermocouple characteristics
during a series of tests has been observed for these experiments.

Based on the initial calibration of thermocouples in the constant
temperature block assembly, typical sets of readings taken with no

electrical current passing through the test section are as follows:
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Run no. HI2-3 HI2-5

Steam space 474.0°F 600. 2°F

Bulk water 474, 4°F 600.6°F

Average of 12 electrode 473. 550F 599. 680F
Thermocouples

Electrode Temperature Distribution
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