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ABSTRACT

This report presents the design analysis of a "once through" type,
forced convection mercury boiler. Heat and momentum transfer parameters
are established as well as the internal geometry of the working fluid flow
passage and overall boiler design configuration. The boiler design was
based on heat and momentum transfer correlations derived from idealized
wetting and non-wetting two-phase flow models. Predicted performance
characteristics as defined by NaK and mercury-side temperature and pressure
profiles were in relatively good agreement with test results of experi-
mental and full scale boilers. Considerable care must be exercised in
maintaining the cleanliness of the mercury side heat transfer surface, If
foreign materials such as 0il or air enter the system, undesirable changes
in heat transfer can result.
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SUMMARY

This report deals with the thermal design of tantalum-stainless steel
mercury boilers. The design is based on fluid wetting and non-wetting two-
phase flow models postulated for the boiler vapor quality region. Heat and
momentum transfer correlations were devised from three models and used to
determine both design and off-design performance. Analytical predictions were

evaluated with development test results to Justify their application.

Two major problem areas were encountered in the early stages of SNAP-8
boiler development. First, the originally selected 9% Chromium-1% Molybdenum
(9M) steel alloy tube material exhibited excessive mercury side corrosion and
NaK side embrittlement. After considerable testing, it was apparent that
this tube material was not sufficiently resistant to mercury corrosion at
SNAP-8 operating temperatures (1100-1300°F) to provide the required minimum
10,000-hour life. Secondly, there was a relatively wide deviation between
the original predictions and actual heat transfer characteristics. These
results led to the conclusion that forced convection dropwise dry wall mercury
boiling heat and momentum transfer correlations were not satisfactory for the
prediction of optimum boiler performance. Test results indicated that these
correlations were not applicable to mercury two-phase flow when the fluild wet

the heat transfer surface.

Refractory metals were investigated to eliminate the corrosion problems
and produce an optimum boiler design. Tantalum was selected for the following
reasons: the solubility of tantalum in mercury at elevated temperature is Just
barely detectable; tantalum exhibits good mercury wettabllity properties; and
it has a proven history of producibility and fabricability in the chemical
industry. To safeguard tantalum against the corrosive effect of flowing Nak,
experimental configurations of double containment and bimetal tube concepts
were developed and tested. Concentric 316 stainless steel tubes were bonded
over tantalum tubes by coextrusion and by explosive bonding. Although both
processes produced satisfactory tubes, the coextrusion process exhibited no

debonding and was preferred for the bonded bimetal tubes. To meet the safety
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requirements of a man-rated Space Nuclear Electric Power system, the double
containment concept was adopted. The radicactive primary loop fluid, NeK, jg
separated from the power loop fluid, mercury, by a non-flowing buffer fluid,
also NaK. This static NaK region is contained between an oval stainless steel
tube and a round tantalum ftube. The purpose of the oval/round tube geometry
is to accommodate differential radial thermal expansion of the two different
materials. A seven (7) tube boiler was designed for the original system state
point conditions and was successfully tested in conjunction with an integrated
SNAP-8 breadboard system. A tweleve (12} tube boiler was designed for a
revised gystem state point. A fixed orifice is placed at the entrance of each
of the tantalum tubes to provide equal mercury flow distribution and to insure
a positive overall boiler pressure drop gradient when the mercury flow is
increased from zero to maximum. A tantalum rod with sixteen‘(l6) helical
passages 1s inserted in each tantalum tube. This plug insert induces vortex
flow, downstream of the liquid-vapor interface. A swirl wire turbulator is
used in the mercury flow passage downstream of the plug insert to sustain the
vortex flow throughout the remaining boiler length. A vortex flow is mandatory
for effective mercury vaporization and also makes the boller operation

independent of external gravity environments.

Heat transfer characteristics of both the bimetal tube and double
containment tube assemblies were experimentally investigated in a tube-in-
tube boiler configuration with a single full scale boiler mercury flow passage
geometry. The annular NaK flow passage was sized to simulate the full scale
boiler NaK side film conductance. Test results of both tube geometries were
in relatively good agreement with theoretical predictions. These predictions
were based on idealized wetting and non-wetting two-phase flow heat and
momentum transfer models. Thus, these models and the associated correlations
were considered qualified for the SNAP-8 boiler design and off-design

performance.

The basic method of analysis was to subdivide the boiler length into a
series of small increments and to write the coupling heat transfer and pressure

drop correlations for each increment. The boiler preheat and superheat
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sections were subdivided by taking equal increments of the mercury temperature
rise. Similarly, the vapor quality region was subdivided by taking equal
increments of vapor quality. The solution of the coupling equations at each
node provided the local thermal and dynamic operating parameters, increment
length, and nodal boundary state conditions. The heat and momentum transfer
correlations and their applicability criteria in different mercury flow
passage regions are discussed herein. Sequential solution of the nodal
equations using standard mathematical and computer techniques resulted in the

determination of the predicted optimum overall boiler performance.

One very important result derived from the test experience was the fact
that successful operation of a mercury boiler requires considerable care in
maintaining cleanliness and vacuum integrity of the working fluid system. To
prevent boiler performance degradation, care must be taken not to allow
foreign substances such as organic fluids or air to enter the system. Other-
wise, a thermal barrier on the mercury exposed surface of the tantalum tube
is formed causing degradation. Using chemical cleaning to remove the inadver-
tent contamination effectively eliminated the thermal barrier surface films

from the tantalum and restored the full heat transfer capability of the boiler.
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1.0  INTRODUCTION

This report describes the development of the last of a series of boilers
used for the SNAP-8 power system. SNAP-8 is a Rankine cycle nuclear-electric
power conversion system providing 35 to 90 kWe usable power for space missions
for 10,000 to A0,000 hours of operation. The power conversion system was being
developed by Aerojet Nuclear Systems Company for the National Aeronautics and
Space Administration. The nuclear reactor was being developed for the Atomic
Energy Commission by Atomics International. The basic SNAP-8 35 kWe system is shown
in Figure 1. Thermal energy is transferred from the reactor to the power
conversion system by a primary eutectic NaK loop. Mercury is the working fluid
in the Rankine cycle loop. The thermal energy exchange takes place in a
counterflow NaK-to-Hg heat exchanger where the Hg is preheated, vaporized and
superheated in a "once through" boiler configuration. Superheated Hg vapor
drives the turbine-alternator assembly to produce electrical power., Leaving
the turbine, the Hg vapor is condensed and pumped back to the boiler. Heat
given up by the Hg as it condenses is carried by a secondary NaK heat transfer
loop to a radiator where it is radiafted to space, Organic fluid in a fourth
loop is circulated to the pump-motor and the turbine-alternator assembly for

lubrication, and to the electrical components for cooling.

The "once through" boiler concept was selected because of its simplicity
and suitability for operation in zero and adverse gravity environments. Only
limited experimental and theoretical mercury boiling data for the "once through'
boiler concept were available prior to the SNAP-8 program. These data were
the dropwise dry wall boiling heat and momentum transfer correlations developed
for the design of mercury boilers in the preceding SNAP-2 program. SNAP-2 also
was a Rankine cycle power conversion system employing a reactor heated Nak loop
in the mercury boiler and was capable of providing 4.5 kWe usable power for

space missions (see References 1, 2, and 3).

The initial SNAP-8 boiler design was closely related to SNAP-2 boiler
development experience. The semi-empirical correlations originally applied to
the relatively small tube size (0.325 inch I.D.) were modified and applied to

larger mercury flow passage sizes of 0.902 inch and 0.652 inch inside diameter
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used in the first SNAP-8 boilers that were made of 9% chromium-1% molybdenum

(9Cr-1Mo) steel alloy for mercury containment.

The major problem in the initial phase of SNAP-8 boiler development was
mercury and NaK incompatibility with the low alloy steel tube material
(9Cr-1Mo). Excessive mercury side corrosion, NaK side corrosion and embrittle-
ment posed a serious limitation on the life of the SNAP-8 boiler. Also, these
early low-alloy steel boilers gave wide variations in thermal performance which
was attributed to cleanliness conditions of the mercury flow passage heat
transfer surfaces. The relatively wide deviation between predicted and actual
heat transfer characteristics, as demonstrated by fully conditioned 9Cr-l1lMo
alloy boilers, led to the conclusion that dropwise dry wall boiling heat and
momentum transfer correlations are not satisfactory for boller performance
predictions. For this reason, the dropwise dry wall boiling correlations
were modified and supplemented with the results of Geoscience's theoretical
and experimental studies on liquid metal "once-through" boiling (see References

4, 5, 6, 7, 8, and 9).

This report describes the development of the thermal design of the
tantalum-stainless steel boilers, the last of a series of boilers used on the
SNAP-8 programa Two mercury containment concepts, namely the bimetal stainless
steel-tantalum tube and the bare refractory double containment (BRDC) stainless
stéél—tantalum tube assembly, as shown in Fugure 2D and 2F respectively were

visualized as potential solutions of the boiler corrosion problem.

The boiler design is based on two-phase flow, wetting and non-wetting,
models. The validity of the models is established with tests of experimental
and full-scale boilers. Boiler performance degradation, its causes, and the
controlling heat transfer mechanisms involved are discussed, and the results
are presented in a separate Geoscience Ltd. report (see Reference 10). This
referenced report also provides the basic definitions of various two-phase

flow models which are used in boiler design correlations.
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2.0  REFERENCE BOTLER DESIGN CONFIGURATION

To proceed with a thermal design analysis, the designer must establish
a basic boiler configuration suitable for placement in a prescribed system
envelope and capable of being instrumented for monitoring boiller performance.
The latter requirement suggested the adoption of a tube-in-~tube design configu-
ration with a pure counterflow NaK-to-Hg heat transfer arrangement as shown in
Figure 3. The most plausible way of determining boiler design and off-design
performance is by measurements of the NaK temperature (TN) as a function of
boiler length (1). Heat transfer to the mercury results in a decrease in NaK
temperature. Hence, the slope of a NaK temperature profile corrected for
heat loss is directly proportional to the local heat flux. Boiler performance
degradation due to contaminants in the mercury loop results in a measured NakK

temperature profile (TN which 1s significantly different from the design

1)
prediction <TN—2) as shown in Figure 4A. A decrease in the slope of the temper-
ature profile in the boiling section is a typical indication of boller perform-
ance degradation. Therefore, one can see that NaK shell surface temperature
measurements are most desirable to confirm analytical predictions and diagnose

boiler performance at all system operating conditions.

The mercury tube internal diameter (0.652 inch) and the tube count (7)
in the tantalum-stainless steel boiler was identical to that used in the earlier
OCr-1Mo steel alloy boilers. State point conditions were established based on
system studies. A boiler NaK inlet temperature of from 12850 to 13300F, a

mercury flow of 11,800 lb/hr, and an exit pressure of 255 psia were established.

Several limitations in the use of tantalum existed which required special
consideration in designing the material into the SNAP-8 system (Reference 11).
Air contamination of tantalum exposed at temperatures above 400F results in
the formation of a non-adherent surface oxide. The reaction rate increases
with increased exposure temperature. Also, it was postulated that tantalum
in a flowing SNAP-8 multimetal NaeK system would accumulate interstitial
elements, carbon and oxygen, from the NakK resulting_in embrittlement and
accelerated metal mass transfer. Two basic boiler designs were developed

to avold the above uncertainties. In both designs, the tantalum was protected
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on the exterior surfaces from possible contaminants in the flowing NaK. This
was accomplished by isolating the tantalum within a stalnless steel envelope.
One design utilized a metallurgically bonded bimetal tube which congisted of

a tantalum liner inside a 316 stainless steel tube. The corrosion resistant
tantalum was used to contain the flowing mercury and the external stainless
steel surface protected the tantalum from possible NeK side impurities. The
second, and chosen design, consisted of tantalum tubes contained within an oval
shaped 321 stainless steel tube as shown in Figures 2E and 2F. The volume
formed between the two tubes was filled with a high conductivity, non-flowing
fluid (NaK) to assure good heat transfer. The resultant configuration termed
"double containment," isolated the tantalum tube from the flowing NaK and
additionally provided added protection against the possible intrusion of radic-
active primary loop NaK into the working fluid. The stainless steel oval shape
was chosen to minimize the static NaK volume while providing adequate space for
the movement of the tantalum tubes relative to the stainless steel tube. This
movement results from the large differential thermal expansion between the
tantalum and stainless steel tubes. Since both boiler designs were initially
considered to be of equal potential, it was decided to test both of them in a

subscale SNAP-8 configuration simulating the plug insert section of the boiler.

A single tube experimental SNAP-8 boiler (SF-Al), utilizing the concentric
bimetal tantalum~stainless steel tube configuration was successfully developed
and tested in a seventh scale loop. This test enabled the evaluation of the
structural reliability of the bimetal tube Joint, verification of the integrity
of the tantalum-stainless steel tube bond, and the evaluation of the heat
transfer characteristics of the helical flow passage geometry. This experi~
mental boiler exhibited excellent heat transfer characteristics and the results
were in relatively good agreement with the predictions based on idealized
wetting, and non-wetting two-phase flow models. From analysis of the test data,
it was concluded that tantalum-316 stainless steel bimetal tubes bonded by
either hot coextrusion or explosive bonding, demonstrated the potential for

providing up to 40,000 hours SNAP-8 boiler mercury contaimment tube life. The




coextruded bond was preferred because the product contains no pre-existing

sites for debond growth as does the bimetal tube fabriecated by explosive bonding.

Although the bimetal tube and the double-containment concepts both
appeared to be acceptable for mercury service, the double containment configuration
was chosen for the full size prototype design because of its higher reliability

for man-rated applications.

The overall dimensions of the boiler are defined by NaK shell C.D. and
length. These dimensions and the available space in the combined SNAP-8
Flectrical Generating System's assembly envelope were the determining factors
for the boiler design geometry. The boller configuration, used in the bresad-

board power conversion system tests, is the T—fube concept shown in Figure 2B.

The selection of Hg flow passage internal geometry for the tantalum-
stainless steel boilers was based on the results of single tube and full scale
boiler tests. The helical multipassage plug insert (MPP) and the helical
turbulator swirl wire (SW) tube geometry, as shown in Figure 5, was used in
the tantalum~stainless steel boiler design., The effect of different helical
flow induction devices on two-phase flow heat transfer is discussed in the

following section.

‘.__.PlTCH £6. —->1 l“PlTCH 2. .652 |D.
062 DIA_
MULTIPASSAGE PLUG INSERT (MPP) HELICAL SWIRL WIRE (SW)
WITH 16 HELICAL GROOVES

TUBE WALL
.080 ~—u» g
.072
.040R

SECTION A-A
OF MPP FLOW PASSAGE

Figure 5.- Mercury Tube Internal Geometry
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3.0  HELICAL FLOW INDUCTION DEVICES AND THEIR EFFECT ON BOILER HEAT TRANSFER

In a "once through" boiler the working fluid is preheated, vaporized, and
superheated while it is passing through the boiler tubes. Heat transfer
effectiveness in the boiler vapor quality region is dependent on the two-phase
flow regime that is induced by the flow passage geometry. In the case of the
SNAP-8 reference boiler, both the NaK side film resistance and the composite
double containment tube wall resistance are considered constant. Heat input
into the mercury is governed by the Hg-side film conductance which is highly
dependent on the two-phase flow dynamics in the Hg tube. A comparison of "once
through" Hg boiler NaK temperature profiles in a bare tube and in tubes provided
with a helical multipassage plug insert and helical swirl wire turbulators is
depicted in Figure L4B. Heat transfer, as indicated by the small gradient of
the bare tube NaK temperature profile, ig attributed to a linear ftwo-phase flow
pattern. It is characterized by a slug flow boiling regime in the low vapor
quality region (x = 0 to 12%) and a stratified two-phase flow boiling regime
induced by the external gravitational field. Both flow regimes are assoclated
with low film conductances and extremely long tube lengths are required to

accomplish Hg vaporization.

The liquid phase should be in contact with the heat transfer surface to
achieve maximum heat fluxes. A divided linear two-phase flow regime defined
by an annular liquid layer contiguous to the heated tube wall with a turbulent
vapor core is the optimum. Such an idealized two-phase flow regime was the
bagis for establishing three boiling modeg in the low quality vapor region
under heat transfer surface wetting conditions by the mercury. The definition
of these boiling modes and their analytical correlations are provided in

Section 4.3

The divided two-phase flow regime cannot be realized in a bare tube.
To approach the idealized divided two-phase flow, helical turbulence promoters
are provided. The creation of a helical flow pattern permits the use of its
tangential velocity component to accelerate the liquid phase towards the

heated tube wall. This acceleration makes boiler operation independent of the

10




external gravity environment. Consequently, boiler performance should not be
affected by external gravity environments. As shown in Figure UB, the
relatively large NaK temperature gradients demonstrate the effectiveness of

these helical flow turbulence promoters in improving boiling heat fluxes.

Various types of helical flow turbulence promoters were utilized in the
early experimental and full scale boilers. These included single and multi-
passage plug inserts, twisted tapes, swirl wires and single fluted helices.
The plug inserts were placed in the mercury inlet and tube section and were
degigned to contain the liquid~vapor interfacé and quality vapor region (up to
approximately 12% vapor quality). In both the single passage plug insert and
the parallel multipassage plug insert, the flow passages were helical with a
relatively small flow cross-gectional area commensurate with the vapor volume
flow,

The purpose of the plug insert is to minimize or eliminate the slug flow
boiling length, promote early vortex flow boiling and introduce the vortex
flow pattern into the unplugged tube section. A single passage plug insert is
preferred to obtain a relatively high heat flux in the initial wvapor quality
section. The single helical flow passage can be designed with a relatively
small pitéh to provide a high working fluid radial acceleration force. However,
the single flow passage plug insert results in an excessive pressure loss and
pressure loss variations over the boiler NaK inlet temperature band prescribed
for the SNAP-8 system. This plug insert geometry also gives excessive pressure
drop during the initial mercury injection period. To minimize these pressure
loss problems, the helical parallel multipassage design configuration was
selected. This geometry 1ls characterized by a reduced pressure loss and less

pressure loss variation with a change in NaK inlet temperature.

The vortex flow promoters considered for the boller unplugged tube
section were twisted tapes, swirl wires and single fluted helices. EKach
promotes the helical flow pattern to a certain degree. Twisted tapes and
helical swirl wires were investigated experimentally in an isothermal N2~Hg
test facility to determine their suitability. Twisted tapes, because of theilr

relatively large minimum pitch limitations, were not found to be suitable for

11




effective working fluid radial acceleration. A better helical flow pattern

was observed with helical wire turbulators. Fabrication simplicity and their
successful application in early SNAP-8 programs was the basis for their selection
for the SNAP-8 boiler. A true helical flow pattern, obtained by means of single
fluted helix (helical strip wound on center bar), was successfully investigated
in an experimental single tube boller. The single fluted helix eliminates the
axial vapor core flow assoclated with a swirl wire. The axial wvapor core flow

is a contributing factor for liquid droplet carryover. In a true helical
passage, the development of axlal vapor core flow is prevented by the helical
strip and the center bar. As a result, mercury droplets contained in the wvapor

flow are forced against the helical channel boundaries and are vaporized.

3.1 Helical Flow Passage Geometry

The geometric constants for a tube containing a helical swirl wire (8W)
turbulator are derived from the definition of a true helical flow passage
geometry. Such a geometry can be obtained by winding a helical strip of
minimum thickness on a center bar and inserting it in a tube ags shown in

Figure 6. This geometry represents a single fluted helix defined by:

D = tube internal diameter
DB = center bar diameter

t = helical strip thickness
P = helical pitch

12




HELICAL STRIP

TUBE WALL

CENTER BAR

Figure 6.~ Single Fluted Helix Geometry

In accordance with Reference (6) the SFHX geometric parameters are:

ro = g— = tube radius

DB
T = ~= = center bar radius

2

T

w' = -2-—5— = a constant

= 2Mm rgw' = th al pitch, tube ID
porth,T = o = orthogonal pi , tube

= 27T r 2 w' = orthogonal pitch, bar diameter
Porth,B b g prben,

21 T

Z = -t = wetted perimeter portion on tube ID

-t = wetted perimeter porticn on bar diameter

13
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©
]
It

bar circular projection angle in radians

B 112
+
1 (rb w')
2 .

e = =  tube circular projection angle in radians
T 12

1+ (ro w )

o -6 T/2
v B 2 + 2 5 B T _ . .
= To ry, - rory CoS = wetted perimeter portion
2 on helical strip

PW = ZT + ZB + 2Y = Total wetted perimeter of helical flow cross

section

2
2 / 2
A= ﬁ%& v/i + @' r)" V1 + @ )" -t (rg - rp) = helical flow cross
section area

LA
De = -hel = equivalent diameter, helical

hel RN

_om o2 2 _ . .
Alin = T (p° - Dy ) = linear cross section
Delin = DT - DB = equivalent diameter, linear
Detan - 2 (ro - rp) » = equivalent diameter, tangential
L(re - 1) + P]

The flow cross-section of the helical geometry is bounded by the wetted perimeter
of the surfaces comprised of the center bar, tube ID and helical strip. A

true helical flow pattern, consisting of axial and tangential velocity components,
is obtained. In the case of a helical swirl-wire geometry, a partial helical
flow is induced by the wire drag effect, and part of the flow, because of the
absence of a s0lid helical boundary, assumes a linear flow pattern. To calculate
the swirl-wire tube geometric parameters, the helical flow geometric correlations
were modified. The absence of the center bar was accounted for by assuming

DB = 0. The partial linear flow effect was neglected by assuming an lmaginary
helical strip thickness t = 0.00l inch to use the heat and momentum transfer

correlations developed for the helical flow insert.
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4,0 HEAT AND MOMENTUM TRANSFER CORRELATIONS

Heat transfer in the boiler is dependent on the local overall conductance
between the flowing NaeK and Hg. Substituting the true oval/round tube geometry
(see Figure 2) by its equivalent round/round tube geometry as shown in Figure 7,

the overall conductance is:

U = ——i—i— (BEq. k.0 -1)
R + =
hy
where :
Rl 1 Rl RLL-IR3 Rl R3-R2 Rl RE—Rl
R = g={—+g g = tz (Eqg. k.0 -2)
Ly Bk Fss o Raes Fer Fue Fra
where:
hH = mercury side film conductance
kSS’ kST and kg, are the thermal conductance of the stainless steel

tube, stagnant NaK and the tantalum tube, respectively, and hN is the

flowing NaK film conductance. RMi . is the mean radius of the individual
b4
composite wall materials determined from

R. -~ R,
J i

- "
fui,y T 1nZRJ.7Ri5 (Bq. 4.0 -3)

The approximation of the oval/round tube geometry in terms of the round/
round tube geometry is shown in 10,1 of the Appendix. This approach simpiifies
the boiler design analysis as it allows the use of a one dimensional nodal

network in the computer code.

Under SNAP-8 steady state operating conditions, the variations of NaX
side transport properties and the double containment wall material thermal
conductivities are relatively small. Thermal resistances of the NaK side
and the double containment wall can be assumed as constants and lumped

together as provided in Equation 4,0-1., ILocal heat transfer in various

15




; SS TUBE

, STAGNANT NAK
TA TUBE

Figure 7.- Concentric Double Containment Ta-SS Tube Geometry

regiong of the boiler are only functions of the Hg side film conductance. In
the Hg preheat and wetted boiling region, film conductances are large

(hH >7000 Btu/hr-ftE-OF), and heat transfer is governed by the combined NaK-
side film and wall resistance. In the dry wall boiling and vapor superheat
region, film conductances are small (hH = 95 to 60 E%u/hr-fte—oF), and heat

transfer is governed by the Hg-side film resistance,.

4,1  NeK~Side Film Conductance and Pressure Drop

To determine the NaK side film conductance, a reference is made to the
boiler cross-section geometry shown in Figure 2. Figure 2 depicts a cross-
section of the NaK in-line flow through a rod bundle configuration as defined
by the equidistant triangular tube spacing (8) and stagnant NaK containment
tube external diameter (D). Dwyer and Tu's semi-empirical correlation for
fully established turbulent flow was selected for the film conductance

determination (see Reference 12 and 13):

278 o‘,éﬂ
y S s\¢ 5,027 -
hy = =—— }0.93 +10.81 =— - 2.01 (=) + 0.252 (=) (v Pe)
N = Bey |07 oy Dy pm |

(Eg. 4.1 -1)
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where :

o= 1. 182 (Bq. k.1 -2)

= [

De flow passage equivalent diameter

N

ky

The maximum ratio of eddy momentum diffusivity to the kinematic viscosity

I

1

bulk NaK thermal conductivity

(eM/V)max as a function of Reynolds (Re) number is provided in Figure 8. In the
above éorrelation, the stagnant NaX containment tube external diameter (D) was
assumed to be 2R), which is consistent with the oval/round tube treatment

discussed in the preceding section.

For the reference boiler crdss-section geometry, the predicted NaK side
conductance (hN) was 2680 Btu/hr-ftg-oF. The analysis of experimental and full
scale boiler data, however, showed that these boilers operated at 12% higher
film conductance. This increase can be attributed to the placement cof the tube
support structure in the NaK stream. These structures disrupt the laminar
boundary layer thus augmenting the film conductance. A helical wire was placed
around the tube bundle, to eliminate NaK flow and temperature stratification,
and 1t also contributed to increased NaK-side heat transfer coefficients. The

helical turbulator coil around the tube bundle is shown in Figure O.

The NaK side pressure loss consists of the sum of the following losses:

APin - NaK entrance loss
AP - NeK exit loss
ex
APS - pressure losses incurred by the tube bundle supports
APC - NaX turbulator coil pressure loss

AP_ - pressure loss incurred by the NaK flow through the
curved passages

The total pressure drop is then expressed as:

AP = AP, + APeX + APS + AP

1 -3
T in + APB (Eq. k.1 -3)

C
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The velocity head method was used to calculate the individual losses,
To proceed with this method, it was necessary to experimenatally determine the
velocity head coefficients for the NaK turbulator coil (Figure 9), the Hg tube
bundle support (Figure 2B) and the NaK inlet and exit sections (Figure 10).
Two full-scale boiler experimental test sections were built and tested. A
sample NaK-side pressure drop calculation is shown in 10.2 of the Appendix.
Experimentally determined velocity head coefficients and the individually
calculated losses in the boiler NaK flow passages are shown for BRDC No. k.
Figure 11 presents the NaK-gide pressure loss as a function of NaK flow. The
theoretically calculated pressure loss, as shown in Figure 11 (see 10.2 of the
Appendix), is in excellent agreement with the experimental curve. At a Nak
flow rate of 50,000 lbm/hr the 2.43 psi compares with the maximum allowable

NaK-gide pressure logs of 3.00 psi.

4,2 Preheat Section Design Correlations

For a given boiler design defined by the system NakK flow (WN) and mercury

i)’ mercury inlet ( i) and exit (

flow (ﬁHg), NaK inlet temperature (TNb T iHbo)
temperatures, mercury exit pressure (PHbo) and boiler cross-section geometry,
the preheat section length is dependent on the available mercury preheat thermal
potential and overall conductance (U) between the working fluids. The overall
conductance was defined by the Equation M.O-l, which requires the determination

of the mercury side conductance from the following correlation (see Reference 12}:

hy = g-éri (7.0 +0.025 [ Pe - l‘~8—2——3§—£ - (Eq. Lk.2 -1)
" (en/V) )
max
where:
kL = liguid Hg thermal conductivity
De = flow passage equivalent diameter
Re = Reynolds number
Pe = Peclet number
€y = EBddy diffusivity of momentum
v = 1liguid Hg kinematic viscosiby

20
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Figure 11,- BRDC Boiler No, 4 Nak-Side Pressure Drop Graph

from HQO Flow Test Data
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The ratio (ey/V) as a function of the Reynolds number (Re) is provided in

Figure 8.

number as provided in Table T.

Tts value must be evaluated in the light of the critical Peclet (Pe)

As the Peclet number is increased, the critical

value is that number at which eddy transport begins to assert itself in

contributing to the total convective heat transfer rate. The thermal potential

conditions in the preheat section are depicted in Figure 12. In this scheme,

the NaK exit temperature (TNbo) can be determined from an overall heat balance

and the preheat section inlet temperature difference. Therefore, the NaK inlet

temperature difference is as follows:

T

(Eq, k.2 -2)

in Nbo Hbi
Table I. Critical Peclet Numbers
A Rod Bundles
Np. Tubes Annuli® P/D = 1.375 P/D = 1.700 P/D = 2,200
0.005 117 270 L60 622 770
0.01 131 300 530 720 890
0.02 14k 330 582 800 1000
0.03 150 345 603 840 1056

* For heat transfer through either the inner or oubter wall
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The preheat section exit temperature difference (ATPP)

ATpp = TNpp -'Tpr (Eq. L.2-3)

is, however, not available because the mercury saturation temperature (Tpr) at
the liquid-vapor interface is dependent on the local pressure which is a function
of downstream pressure loss and the boiler exit pressure. The preheat section
exit temperature difference (ATpp), denoted in this text as "pinch point”
temperature difference, 1s determined by an iterative process, which assumes
convergent mercury inlet pressure and preheat section pressure loss values to
meet the prescribed boiller exit pressure. For an assumed boiler inlet pressure
(PHbi) and preheat section pressure loss (APPH) the mercury temperature at the

liquid~vapor interface is:

= - Eg., 4.2 -4
THPP f (Pﬁbi APPH) (Eq )
The preheat rate (q) is:
The NaX temperature (TNPP) at the ligquid-vapor interface is:
T =T e (Bq. k.2 -6)
Npp Nbo  wy CpN
where:
.H = mercury flow rate
ﬁN = NaK flow rate
cpH = liquid mercury specific heat
cpN = NaK specific heat

Inserti the calculated T
e Hpp

respectively, into Equation 4.2-3 and using Equation L.2-2, the available log mean

and. TNpp values from Equation 4.2-L and k.,2-6,

temperature may be obtained as follows:

aT, = ATin - Mpp (Eq. k.2 -7)
In(8T3n/0T )
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Noting that mercury film conductance (hH) may be derived from Equation 4.2-1,

the overall conductance (U) can be determined from Equation 4.0-1. Thus, the

available preheat flux (q') is:

13

q

= U AT, (Fg. 4.2 -8)

The required preheat length can be determined from:

Ly = ﬁ;fggjiﬁ (Eq. 4.2 -9)
where :

Nl = mercury tube count

%N = wetted perimeter

g = preheat rate from Equation 4.2 -5.
Pressure loss in the preheat section is determined from the conventional

Darcy pressure

AP

where :

loss correlation:

L e

—_— Eq. 4.2 -10)
e 7 gate (Eq

= 0.316 (Eg., k.2 -11)

Re +22

= flow passage equivalent diameter
= gpecific mass velocity
= gravitational constant

= liguid mercury density
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4,3  Vapor Quality Section Design Correlations

The determination of the vapor quality section length is based on two-
phase flow heat and momentum transfer correlations established during early
tests on refractory metal boilers. The validity of these design correlations
was successfully supported by the test results of experimental and full scale
tantalum-stainless steel boilers. To justify this judgment, comparison of test
data with design predictions is depicted in Figure 13. The NaK temperature
profile in Figure 13 is subdivided in 10% vapor quality increments (@)
fromx = 0 to x = lOO%. This region comprises the vapor quality section and
contains the two-phase flow regimes. The preceding and following tube lengths
are the mercury preheat and superheat sections, respectively. An additional
theoretical curve (TH) is the mercury temperature which shows the sensible
heat addition up to the preheat length termination point (ATpp). In the wvapor
quality region, TH is the vapor saturation temperature, a function of the
saturation pressure, and thereafter it represents the vapor superheat temper-
ature. The pinch point temperature difference (ATpp) is the available thermal
potential for the incipient mercury boiling in the MPP section. The theoretical
NaK temperature profile (TN) is in excellent agreement with the measured Nak
shell tube wall temperatures, and both the predicted NeK temperature profile
(TN) and the pressure profile (PH) meet the boiler terminal temperature and
pressure measurements, respectively. The pressure profile (PH) also agrees

with the pressure measurement at the end-point of the multipassage plug insert.

The vapor quality region containing a high NaK temperature gradient
oTy
( aL

from O to 88%. Heat and momentum transfer correlations for this regime are

) is postulated as a wetted boiling regime for the vapor quality regime

derived from a separated two-phase flow model, The simplified geometry of such
a model can be visualized in a bare tube when the liquid phase in the form of a
laminar concentric annular film is placed on the tube wall and is flowing

simultaneously with the turbulent vapor core. These separated flow correlations

were modified andlapplied to the helical flow passage geometry.
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In order to evaluate the boiling f£ilm conductance of a separated two-phase
flow model, three boiling modes were postulated in the liquid layer contiguous
to the tube wall., The first mode consists of a superheated ligquid layer that is
heated from the tube wall and loses heat from the liquid-vapor interface by
evaporative heat transfer. Heat transmission through the liquid layer itself
is achieved by conduction. The second mode is defined by a superheated liguid
layer with wall heat addition and a uniform volume heat sink representing
volume boiling. The third mode is defined by a superheated liguid layer with
wall heat addition and a volume heat sink that varies linearly from a maximum
value at the wall to zero at the liquid-vapor interface. No liquid-vapor interface
evaporative heat transfer occurs in the last two modes. The general differential

equation defining these three boundary value problems is:

a;‘%:% = 62;’ "3 Sc (Bq. 4.3 -1)

or o pf
where :

r = radial distance

p:d = axial distance

t = temperature

o = thermal diffusivity

S = volumetric heat sink function

po = liguid density

cpf = 1liguid specific heat

u = velocity

In all cases 8%/0x = 0. For the first mode S = 0, for the second mode
§ = 8,, and for the third mode § = So (1 - r/8), where §,, and So are the
mean volumetric heat sink and volumetric heat sink evaluated at the tube
wall respectively and § = ro - rq is the liquid layer thickness bounded
by the tube internal radius (ro) and the liquid-vapor interface radius
(rl). A temperature solution was derived for each heat transfer

mode. Next, the difference between the wall and liquid-vapor interface

29




temperatures was substituted into the Nusselt modulus equation:

D

o =C€3 (Eq. 4.3 -2)
where :

D = +tube internal diameter

§ = ligquid layer thickness

cC =1 for heat loss at the ligquid-vapor interface

cC =2 for a uwniform volume heat sink

C =3 for heat sink that varies linearly from a maximum

value at the wall to zero at the liquid-vapor interface.

The solution of Equation 4.3.-2 requires prior determination of the ligquid
layer thickness in terms of local vapor quality. The liquid layer thickness

is obtained from the momentum transfer correlations for the separated two-
phase flow regime in the plug insert and swirl wire tube sections, respectively.

These correlations are provided in Sections 4.3.1 and 4.3.2.

The vapor gquality region at x = 88% is represented by a relatively
TN
Al

decreasing heat flux with increasing vapor content. This regicn is

small NaK temperature gradient ( ) which indicates significantly smaller
postulated as a mixed droplet-vapor two-phase flow dry wall boiling regime.
Under helical flow conditions, when the annular liquid film is not present at
the tube wall, the liquid phase is concentrated in the form of droplets in
the vapor stream, which intermittently contact the hot wall. Droplet
concentration at the tube wall is caused by the helical flow radial accel-
eration component. The dry wall boiling heat transfer correlations are,

therefore, derived from a model considering droplet vaporization on a hot plate.
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4.3.1 Multipassage Plug Insert

The purpose of the helical multipassage insert (MPP) is to induce
ecarly vortex two-phase [low in the MPP f{low passages and to provide sufficient
vapor volume {low at the inlet to the swirl wire (SW) tube section for the
purpose of sustaining the helical two-phase flow pattern. The determination
of the mercury vapor state conditions at the MPP termination point is based
on Koestel's (see Reference 2) semi-empirical criteria which provides, that

in the design of mercury bollers, the quantity;

w.® = ke _ lbm

p n 21 ] m‘é
11 't sec (Eq. L3501 )

can be considered a critical value, below which the forced convection pool
boiling Nusselt numbers should be applied, and above which, vortex bcoiling
Nusselt numbers should be applied. In the above correlation pl and U, are the
vapor density and the vapor linear veloclty, respectively, in the SW tube
section next to the MPP termination point. Data obtained from SNAP-8 experi-
mental boilers indicate that the constant, 142, is conservative and can be
reduced to 115 without detrimental effect on boiler performance stability.

The required MPP length is dependent on incipient boiling heat flux which is
governed by the avallable pinch point temperature difference (ATPP), A high
ATpp results in a relatively short MPP design length, a low MPP pressure drop
(see Figure 14), and stable boiler performance characteristics. For the
reference boiler MPP cross-section geometry (see Figure 2B) and a MPP length

of 3 feet, as used in experimental boiler tests, Figure 15 depicts the ATp
plotted in terms of the MPP wvapor exit quality (XPL). It shows that at least
ATpp = 4o°F and Xpp, = 11% are required to hold the boiler exit pressure variation
within acceptable limits (0 to * 5 psi), under prescribed system operating
conditions. The SNAP-8 MPP design length was defined by the pinch point temper-
ature difference and MPP vapor exit quality of MOOF and 11% respectively.

These values are referred to as the low boiler NaK inlet temperature schedule

that must be used for the MPP and total boiler length determination. The effect
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Figure 1k. MPP Operating Parameter Versus MPP Length
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of the MPP length variation on pinch point temperature difference (Ampp}, MPP
pressure drop (AP), and the vapor exit quality (xPL) under SNAP-8 system
nominal operating conditions is shown in Figure 1. Tt also shows the magnitude
of AT in relation to temperature drop across the mercury side film, which is

pp
denoted by Aly _pa.

To obtain the boiling film conductance, the local liguid layer thickness
(Equation 4.3-2) must be determined in the MPP geometry as shown in Figure 16.
From the shear stress-pressure drop and shear stress-strain equations, one can
obtain an equation for the velocity profile in the liquid layer as follows for

rl< r < I‘O M

1 -Q-E(I‘2-I‘

2
V=g bg 8% o)

(EQ.t M"03e1“2>

Upon integration from r_ to ry, the liguid mass flow rate, w_, can be obtained

O’
as follows:

Wo = Z iz \:— % (rou- rlu) + 27 (z - rlg)J (g—%)o (Bq. k.3.1-3)
where :

v = wvelocity profile in liguid layer

Bo = liguid viscosity

(é;%-o = axial frictional pressure gradient in liquid phase

r = radial distance

T, = ingide radius of tube

ry = radial distance to interface between two phases

w = Jliguid mass flow rate

Po = 1liguid density

B = angle subtended by the insert helical groove (see Figure 16)
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LIQUID

(A) SCHEMATIC DIAGRAM OF MPP INSERT CROSS SECTION

PLUG INSERT
INLET ORIFICE

TANTALUM TUBE

ARRANGEMENT OF INLET ORIFICE, TANTALUM PLUG AND
TANALUM TUBE

Figure 16.- Tantalum Plug Insert
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The pressure drop equation for the turbulent vapor core in the MPP is:

) 2

(QB) - St P1 V (Bq. 4.3.1-4)
XL g o2

n < &c

where :
gINT = friction factor for interface between the liguid and
vapor phase

pl = vapor density
Vv = average vapor velocity
Rh = hydraulic radius
g = gravitational constant

In this analysis, it is postulated that the viscous liquid-turbulent
vapor interface velocity is small compared to the average vapor velocity, V,
and is thus neglected. The geometric bounds of the idealized passage in the
MPP are arcs of circles and radial segments. Thus, the hydraulic radius

definition is:

(Eg. 4.3.1-5)

R =

65,7 B+ (B )°
h Br, +2 (r

T n
1= 1) THE T

where :

r, is the radial distance to the center of the arc defining the

inner bounds of the MPP passage.

. 2
The mean vapor velocity squared, V , can be expressed in terms

of the following continuity equation:

.2 .

2o V1 — ) !
2

(flow area) Py plg[(rl?— r22) % +.%-(B rz)g]g

(Bg. 4.3.1 -6)
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where :

—v}l is the vapor flow rate. By substitution of Equation 4.3.1-5

and 4.3.1-6 into 4.3.1-4 we obtain:

gINT &1? LB ry +2 (rl— rg) +1/2m P TZJ
(%% = E- 2 2 -13 (EQ- Lg‘o:%wl "'7)
1 8ge 0y [ (r %1 2) B +T (g 2 )21
1|\F =T /57 \P I |

By noting that in a parallel flow circuit, the pressure drop terms in Equation

4,3,1-3 and 4,3.1-7 are equal, one can obtain the following:

by - (2k (Bq. L4.3.1 -8)
&) (%), (Fq. 4.3.1 -8)
which results in the following:
[,2 2,8 ,m 273
- L ,
128;\_(9 pp ) 5 tg Be) =(l-p2)2 (Eq. 4.3.1 -9)
X \ ® o & -
gINTB LB o +2 (p - pz) +1 B 921
where :
X P W
¥ = —0 X (Eg. 4.3.1 -10)
(1-x) P1 Mo
N, N, r "
y=+%52 4 (Fq. 4.3.1 -11)
T1
p = — (Bg. k.3.1 -12)
rO
2
p I e— (ch )‘Lmsol ”13)
2
e}
. — ° ® /1 -
Wy =W, Ty (Eq. 4.3.1 -1 )
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X = Jocal average vapor quality by weight
Nl = number of mercury tubes
N2 = npurber of mercury passages in the MPP

The interface frictional pressure drop coefficient (gINT) determination
for Equation 4.3.1—9,15 discussed in Section 4.3.5. Using the reference boiler

design parameters and MPP geometry, §INT = 0.55.

Inserting the calculated values from Equation 4.3.1-10 and L4.3.1-11 into
Equation 4.3.1-9 the nondimensional ligquid layer thickness defined by Eguation
4,3.1-12 can be calculated. Rho (p) is the root of the nonlinear correlation
defined by Equation L4.3.1-9. Thus, the local liquid layer thickness

determined as follows:

5= (1-p) 1, (Bq. k.3.1 -15)

and inserted in the following correlation to obtain the mercury liquid
film conductance (hH).

koD
by =5 ¢ %

(Bq. 4.3.1 -16)

where :

A

De

ligquid thermal conductivity at saturation temperature

il

MPP flow passage equivalent diameter

D

inside tube diameter

As indicated in Section 4.3 the values for C can range from 1 to 3 depending
on the specific nucleation process in operation. In the multipassage plug
insert region, a value of C = 1 was most representative for the experimental
test results.

The local overall conductance (U) can be determined from Equation L.0-1
and the local boiling heat transfer parameters and corresponding MPP length

can be calculated in accordance with the procedure discussed herein.
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The two-phase flow frictional pressure drop (ap/ax)TF is generalized as follows.
The frictional pressure drop in the MPP passage, if completely filled with the

available vapor, X Wy, would be:

Hg
- .2 I 1
(ER) 5 x Wy [B r, e (ro— TQ) LN ( L )
oX - -3 Bg. “4.3.1 =17
all vapor 2 2 2y p . T 27
8,0, ((rg -7, ) 5+7 (B, |

Upon dividing Equation L4.3.1-7 by Equation 4,3.1-17, one obtains the two-phase
flow factor:

(dp/ox)
R (Bq. b.3.1 -18)
(B;/Bx)all vapor
3p +2 ) + % (L-0,PE+T (5,7 |
- 2 2 : 2
S B +2(1-p,) +5Bo, (p—pz)g—”g‘(@pg)

Using the values previously defined for Equation %4,3.1-9 we can obtain the

following:

(p/ox)pp = 3p/3%,

Thus, the two-phase pressure drop correlation results in the following equation:

- 2
AL X G ;
AP, =& E (Bq. k.3.1 -19)
™ cos aB De 2 g pl
where !
X = average local vapor quality pl = vapor phase density
G = specific mass valocity g€ = all vapor flow frictional
pressure drop coefficient
De = equivalent diameter in helical flow passages
(see Equation A10.3-22 in
AL = flow passage axial length Appendix)
corresponding to local wvapor
quality increment D = +tube ID
-1 m = helix pitch
ap = tan 11D, MPP passage P P
helical angle 8. = gravitational constant
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h,3.2 Swirl Wire Tube Wetted Boiling Region

The wetted boiling correlations employed in the MPP are alsoc applied
in the swirl wire (SW) tube section up to a vapor quality point of 886%,
the limiting condition for a high NaK temperature profile gradient as shown
in Figure 13. The inlet conditions in the SW tube section are those

established at the MPP exit.

To obtain the mercury film conductance (Eg. 4.3-2), the liquid layer
annular thickness at the tube wall is determined from a separated two-phase
flow model as shown in Figure 17. Based on the liquid layer velocity profile
(Fq. 4.3.1-2) and assuming B = 2m in Equation 4.3.1-2, the liquid mass flow

rate may be obtained as follows:

. _ T Pg 1 I b 2 2 21,d )
Yo 7§ D [' 5(rg -ry ) +ry (rg-rg )](—a—;p{-)o (Fq. 4.3.2-1)

The pressure gradient for the turbulent vapor core at 0 < r < Ty is:

g <
opy . DT 1 L.3.00
(BX (2 rlst2 g; (Eg. 4.3.2-2)
where :

v- is vapor core velocity relative to the ligquid-vapor interface.
Noting that the absolute vapor core velocity is:
U=V, ta
where :
2 2)

(from Equation 4.3.1-2),

the vapor core weight flow may be calculated as follows:

o 2 1 dp
RS pl[u - 5%

2 2 ¢ }
aX l (rl = ro ) +V“ \qu: 4a3v2_3)

Lo
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Figure 17.- Separated Two-Phase Flow Mode 1

From the above equations we can obtain:

.2 ;

2 M 1 2 2y.3 1 1 2_r 5y [22]

D
rl pl ‘_LO TTI'l Pl lp’o

The parallel flow circuit of a laminar annulus and a turbulent core provides:

o _ (9
D - &P,

Rased on above the Equations 4.3.2-1, 4.3.2-2 and 4.3.2-4 we can obtain the

following nonlinear correlation:

n 2 y
1x (29 (A2 + Zx v (=) +
1 p INT B
~ 2 2 I 1/2
B - \
[ gn Y2y ( PL0)3 2 39 ) (lgrr ) x%F (—ﬁ—o> ] :pl (Fg. 4.3.2-5)
INT 1 P INT 1
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which then may be used to determine the non-dimensional ligquid layer thickness
(p). Inserting the latter in Equation 4.3.1-15, the true liquid layer thiclmess
may be obtained. The X,Y and p values are defined by Equations 4.3.1-10
through 4.3.1-12, where N, = 1 for the SW tube section.

2P - § ;2
(53) Wy (Eq. L.3.2-6)

2
all vapor L4 TO5 Py &

Denoting (%%f) . = (%?g)l and dividing (%%5% , as determined from
T

Equations 4.3.2-2 and 4.3.2-k4, into (%&E , the two-phase pressure
all vapor
drop factor & may be obtained as follows:

(22)
o x TF
(_B_B
0x

all vapor

2
Smir %00 [ 21y P1,,1 -%
= E (;I) }_l - (;—2—:;—2") (Q)(T)] (Bg. 4.3.2 -7)

o 1

where: po, Pqys and X are the liquid and vapor phase density and
the average vapor quality in local vapor quality increments, respectively.
Xi (€) is the frictional pressure drop coefficient for vapor flow only
which is given by Equation 4.3.4-10. For the reference boiler SW tube
section geometry, the interface frictional pressure drop coefficient
gINT = 0.05, TIts determination is discussed in Section 4.3.5. The basic
two-phase pressure drop correlation is provided by Equation 4,3,1-19.
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4.3.3 Swirl Wire Dry Wall Boiling Tube Region

As discussed in Section 4.3 and shown in Figure 13, the bounds of the
dry wall boiling regime are identified as being within the vapor quality area
of 88 and 100%. Heat transfer correlations for this region were derived
from the definition of stationary film boiling droplet vaporization models.

Tn the model of the stationary droplet vaporization on a hot horizontal surface,
the droplet is forced towards the surface by the gravity force similar to that
developed by the radial acceleration in a helical flow pattern. In both cases,
the droplets are supported by the high velocity vapor film at the wall. For
this reason the stationary drop model detailed in Reference 4 was used to

approximate the flow case.

The heat transfer from a tube wall to vaporize a liquid droplet contiguocus

to the wall is given by the following relation:

a=x, (futed s, (Bq. 4.3.3-1)
where :

kv = vapor thermal conductivity

tw = wall temperature

ts = droplet saturation temperature

Ad = area of drop adjacent to the wall

e} = vapor film thickness

The heat transfer rate can also be defined in terms of conductance by the

expression:
g =hAy (¢, -t)) (Eq. 4.3.3-2)

where :

AB is the heat transfer area per tube diameter length.
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e

From Equations 4.3.3-1 and -2 the Nusselt modulus expression can be obtained

as follows:

<WI '
]

f

=

c

1l
o 1™
Oaltj

The ratio Ad/AB is defined by the relation;

A nmTr
d d
4 ____d (Bq. %.3.3-3)
Ay (7 D)E)
where:
n = number (density) of droplets per tube diameter length
T = liquid droplet radius

d

From continuity;

nTr. 2y =A D (Eg. 14.3.3-4)

where the disk shaped droplets are 2 ry units thick and Aﬂ is the average
ligquid cross-section area and Aﬂ D is the ligquid volume per diameter length
of tube. Thus, the liguid fraction y, can be expressed as follows:
Aﬁ
VTR (Eq. 4.3.3-5)
I

From Equations 4.3.3-3 and -4 it can be shown that;

BYE |
5__= _8—5 » (Eq@ L\L.Je_)'"6>

Based on the above correlations, the Nusselt number for dry wall bolling is

defined as follows:

6.6 n (& -)8/15
_hDe _ 0 R Y
NU. = kv = 2/5 (Eq- L#..BOB"?)

[(kv = TF g)/(36OO hfv pl%. po% Uiv )]
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where:

;- - (Bq. 1.3.3-8)

(Eq. 4.3.3-9)

" *o
n = (Eg. 4.3.3-10)
bid
where the calculations were made for the case, n, = 10 and X, = .10;

these values were estimated on the basis of adiabatic mercury-air flow
experiments in a glass tube (see Reference 10). The solution for the
temperature drop (ATF) across the dry wall boiling film resistance is

obtained by the following egquation:

3/5 \ |
AT, +R Cy AT, /5. ATy =0 (Bg. 4.3.3-11)
Where:
ATB is the available bulk NaK-to-Hg temperature difference
R is the resistance defined by Equation 4.0-2
and:
~.8/1
12k, 6.6n (% 7) /35
C = = (Eq LP 3»3"]2)
1l De i L 1 12/5 © T
h ( > 5 3
L(x g)/(3600n, p, Zp 2 U7 |

The Equation 4.3.3-11 is derived from the following heat flux correlation:

UAT, = h 4T
OTp = U ATy (Eg. 4.3.3-13)
h




Inserting the expression for the overall conductance (U) from
Fquation L4.0-1 into Eguation 4.3.3-13 one obtains:

AEB - ,
ATy = T (Fg. 4.3.3-14)
Where :
Cl P
h o= A—T--—27-5-. (Fg. 4.3.3-15)
F

The two-phase flow pressure drop factor (égtt) for the dry wall boiling
regime is determined from the Martinelli-Nelson pressure drop correlation

shown in Figure 18 where:

) (Fq. 4.3.3-16)

Thus, the two-phase flow pressure drop (APTF) can be calculated using
Equation 4.3.1-19.

4.3.4  Swirl Wire Vapor Superheat Tube Section

The film conductance in the vapor superheat section is approximeted

by the linear addition of forced and free convection conductances.
- + .
hhel B hforced hfree (Ba. L.3.k-1)

The conductances in Equation 4.3.4-1 can be expressed in terms of the

Nusselt moduli Nuhelical’ Nuforced’ and Nufree‘ Each of these moduli is defined

in terms of different equivalent diameters which are defined in Section 3.1.
The free and forced convection moduli are expressed and normalized on the basis
of the Dittus-Boelter correlation, which represents a linear flow condition as
follows:

h De
1lin ~ 1lin 0.8 O
T e ————— E L ng\
Nulin = .023 (Relin) (Pr) (Bq. b.3.h-2)
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Foi the helical [low passage, the actual flow path is longer than for
a linear path. To arrive at the true forced convection conductance, the
Nusselt modulus must be modified following the technique expressed in Reference L.

The Nussult moduli are therefore modified as follows:

h De ol Do
- el fed - m Dy27" "7/ hel,0.8 3
[l+( D N vy (Bq. %.3.4-3)

Nu = = Nu. .
forced kv lin 1in

From a mathematical model describing the free convection phenomena
in a fluid that is circulating helically through & circular cross-section

tube, the proposed free convection Nusselt modulus is:

1/3 (o) LRy e
N - hfree Detan = Nu (7 l) (B MF) i D~)L/3 DetaTl}L/J
fI'ee k_v lll’l (Re . )O.B (PT)O.O‘T jo Delin
1in
(Bg. L.3.4-b)
where:
B = l/(THV + L60) = volumetric expansion
and
Pr = Prandtl modulus, vapor

f

vapor thermal conductivity

X,

The temperature drop (ATF) across the film conductance is the root

of the following non-linear correlation:

+1 AT AT
JRIRCES PO it i M- RS (Eq. %.3.4-5)
() (7) (RYF)
Where :
R is the resistance defined by Equation 4.0-2
AEB is the available bulk NaK-to-Hg temperature difference
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Kk 8 9/3 De, . 2/v

and F = Y Nu,. (7.1) 5 (
lin )0'13(1)]?)0. 7 De

(Eg. k.3.4-6)
Detan (Re

1in 1in

The Equation 4.3.4-5 is derived from the following heat flux correlation:

U ATy = ey A

Tnserting the expression for the overall conductance (U) from

Equation 4.0-1 into Equation 4.3.4-7 one obtains:

+ = 4 " 1 )4_-'( \}
s ~Tp (Eg. 4.,3.4-8)

From the correlations provided by Equations 4.3.4-1, L.3.4k-3,
4.3.4-L, and 4.3.4-7, one can obtain:

_ 1/3 , L
Bpe1 = Deorced * ¥ Al (g 4.3.5-9)

Tnserting Equation 4.3.4-9 into Equation 4.3.4-8, one can obtain
Equation 4.3.4-5.

The frictional pressure drop coefficient for single phase helical

flow is:
1.75 1.25 -0.25
. A De
g - [( 0.33625) (Ahel) (355__1’18_1__) +0. 058)4 (TT D) ( Abel>
Re : ax ax

hel

De -0.25 -

(50—) | cos g (Bq. 4.3.4-10)
hel

The derivation of Equation 4.3.4-10 is provided in the Appendix
(See 10.3).
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h.3.5 Mercury Side Pressure Loss

The total boiler pressure drop (AP ) consists of the sum of the

TOT
{ollowing losses that are present in the boiler:

APREST - The liquid phase pressure drop in the flow resgtrictor
placed in the mercury end inlet tube

APPH - The liquid phase pressure drop in the preheat section

APMPP - The pressure drop through the MPP flow passages based
on the wetting two-phase flow model

APSWW - The pressure drop through the wetted SW tube region
based on the wetting two-phase flow model

APSWD - The pressure drop through the dry wall SW tube region
based on the mixed droplet-vapor two-phase flow model

APSWSH - The vapor phase pressure drop in the superheat section

The total pressure is then expressed as:

= + + + + +
APTOT APREST APPH APMPP APSWW APSWD APSWSH (Eq. 4.3.5-1)
The purpose of the flow restrictors placed in the individual tubes is
to provide uniform.equal, mercury flow in a parallel tube network and to secure
a positive pressure drop gradient with increasing flow in the boiler. The
magnitude of the flow restrictor pressure drop depends on the thermal and

dynamic conditions in the MPP and the SW tube sections.

The preheat section pressure drop is relatively very small and
increases with flow during boiler startup. The pressure drop in the vapor
quality region and in the superheat section is dependent upon boiling heat
transfer characteristics imposed by the availlable NaX inlet temperature and
the bulk pinch point temperature difference. Typical boiler pressure profiles,
as predicted by the design correlations and confirmed by experimental test
results, are depicted in Figure 19 for the low and high NaX inlet temperature
operating conditions. This figure shows that the SW tube section pressure

drop variation (AP, = 24 to 29 psi) as compared to the MPP vapor quality

SW
section pressure drop (APMPP = 16 to 41 psi) variations, is relatively small.
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Because of the large cross-section flow area, the SW gection pressure drop is
not significantly aflfected by the increased vapor flow exit quality from the
MPP. The vapor flow increase through the relatively small MPP flow cross-

section area, however, significantly affects the MPP pressure drop variation

within the prescribed NaK inlet temperature band.

The most significant pressure drop variation in the boiler occurs during
boiler startup. A typical pressure loss versus mercury flow plot obtained from
test data ig shown in Figure 20. In this plot, AP represents the net boiler
pressure loss variation with no flow restrictors placed in the inlet end of
each mercury tube. During startup, the initial exit pressure level is low
and even though the mass flow is low, the volume flow in the MPP is very high.
The pressure drop in the MPP vapor quality regicn increases markedly wit
increasing mercury f{low due to rapid vapor volume buildup and a relatively
high MPP vapor exit quality. When the mercury flow is increased further, the
MPP boiling length and the pinch point temperature differences decreases.
Consequently, the boiling heat flux and vapor phase flow also decrease and
the boiler pressure drop (AP) curve assumes a negative slope. This pressure
drop versus flow behavior is a typical characteristic of a "once through"
boiler. The unstable character of this negative slope pressure gradient was
eliminated by including a fixed orifice at the inlet to each flow passage,

The orifice was designed to assure:
3 (aPy)

> 0 for 0< w,, <

> W 7 "H max (Bg. 4.3.5-2)

H

The size of the restrictor flow passage must be such that when its pressure
drop 1s added to the boiler net pressure drop, the total pressure drop

satisfies the conditions in Equation 4.3.5-2.

The pressure drop characteristics for one boller are depicted in
Figure 21. This figure shows the selected flow restrictor size and its effect

on the negative pressure drop gradient.
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The pressure drop correlation for the preheat section is defined by
Equation 4.2-10. The general two-phase flow pressure drop correlation for the

helical flow passage is expressed as follows:

-2

MPrp = %ont © Cos S’I}; De, 2 };CGQV (Bq. 14.3.5-3)
Where:

@gtt is the two-phase flow pressure drop factor

£ is the "vapor flow only'" frictional pressure drop coefficient

The helical flow passage length is defined by’AL/cos aB

mean helix angle. The correlation for single phase pressure drop coefficient

, where oB is the

() is defined by Equation 4.3.4-10. The determination of the two-phase flow
pressure drop factor (égtt) for a mixed droplet vapor flow model used in the

dry wall boiling regime is defined by Equation 4.3.3-16 and Figure 18.

The definition of the two-phase pressure drop factor for a divided two-
phase flow model used in a wetted boiling regime is provided by Equations
4.3.1-18 and L4.3.2-7 for the MPP and SW tube regions, respectively. To
utilize these correlations, one must determine the liquid-vapor interface

frictional pressure drop coefficient (§ The liquid-vapor interface

INT)'
friction is the result of the drag forces created between the annular laminar
liquid film flow adjacent to the tube wall and the turbulent vapor core.
Theoretically, such an interface can be visualized as a rough liquid mercury
surface consisting of random wave heights (e) and a distance (£) between the
wave maximum amplitudes. On this basis one can postulate that the ratio of
frictional pressure drop coefficlents between a rough surface (glNT) and

smooth surface (E) can be expressed as:

gINT

= =t (> = » Re) (Eq. 4.3.5-L)

=im
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Where: ¢, 4, R and Re are the average radial and axial surface
roughness parameters, cylindrical surface radius, and vapor core Reynolds
number, respectively. In the absence of an explicit correlation for gINT’
its determination was studied in the light of experimental SNAP-8 boiler test
results, Utilizing the NaK and Hg flow and their terminal state conditions
(temperature, pressure) in conjunction with the MPP exit pressure, as deter-

mined from the test, various values were introduced in a boiler design

S1nT
computer code (see Reference 1)) to arrive at a measured NaK temperature
profile shape and to meet the measured Hg side pressure values at the boiler
inlet, MPP exit, and the boiler exit. The convergence of this semi-analytical
method, was used to provide the interface frictional coefficient values and

their applicability criteria as follows:

gINT = 0,05 for the SW tube wetted boiling region
up to a vapor quality of 88%, a mercury
flow of 100% of rated, and a MPP exit
vapor quality range of from 11 to 20%.

gINT = 0,55 for the MPP wetted boiling region, an

exit vapor quality range of from 11 to
20%, and a mercury flow of 100% of
rated.

The relatively very high value of the liguid-vapor interface frictional
pressure drop coefficient in the MPP sectlon is supported by the Geoscience,
Ltd

a transparent window. It showed an extremely rough and spongy liquid film

., mercury boiling experiment conducted in a tube which was equipped with

surface adjacent to the vapor core at low vapor quality (% < 15%).

The semi-analytical method was also used to determine the interface
frictional pressure drop coefficient in terms of mercury flow in the MPP vapor

quality region., The results are shown in Figure 22. These values are

S1ivr
provided for the purpose of the boiler off-design pressure loss determination

(see Figure 20).
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5.0 COMPUTER DESIGN TECHNIQUE

The heat and momentum transfer correlations and their applicability
criteria were coded for design and off-design performance analysis. The
basic method of the analysis was to subdivide the boiler length into & series
of small nodal increments and to write the coupling heat and momentum transfer
correlations for each length element. The prehealt and superheat sections were
subdivided by taking equal increments of the mercury temperature rise.
Similarly, the vapor quality region was subdivided by taking equal increments
of the vapor quality. The solution of the coupling equations in each node
provides the local thermal and dynamic operating parameters, the node length,
and the node boundary state conditions. The latter conditions serve as input
values for the following node calculations. In the case of design analysis,
the program utilizes different given flow passage cross-section geometries
in conjunction with given system performance requirements. The program
calculates the plug insert length, the boiler over-all length, and the oper-
ating thermal and dynamic parameters. 1In the case of off-design performance
analysis, the program utilizes given boiler cross-section and length geometry
and determines the off-design performance characteristics‘at various system

operating conditions.

A detailed description of the program structure, the flow charting and
the input instructions are provided in a separate self-contained users manual
titled "BODEPE - IBM 360 Code for SNAP-8 Boiler Heat and Momentum Transfer
Analysis" (Reference 1k4).
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6.0 EXPERIMENTAL BOILER TEST RESULTS

Three experimental tantalum-stainless steel boilers were built and
tested during development. These boilers were of the single tube-in-tube
configuration. The mercury side flow passage geometry was identical to the
one used in parallel multitube full-scale boilers. The NaK-side flow cross-
sectional area in these boilers was designed for a NaK-side film conductance
identical tc a full scale boiler. The purpose of these experimental boilers
was to confirm and improve the theoretical design approach and provide a solid

basis for the full scale boiler design and performance evaluation.

The first experimental tantalum-stainless steel double containment
boiler (SB-1) was 30 feet long with a 4 foot long multipassage plug insert.
It was tested in support of full scale boiler performance evaluation (BRDC
Nos. 1 and 2) and to check out and compare the original dry wall boiling
predictions. Typical test results of the SB-1 boiler are shown in Figure 23.
It shows the measured NaK shell-tube temperatures, the NaK and Hg terminal
temperatures, and the Hg terminal pressures that are superimposed by the
theoretical performance predictions. Because the dry wall bolling profile
(TN -BODEAN) which was determined from the drop with dry wall boiling heat and
momentum'transfer correlations falls significantly below the measured NaK
shell-tube temperature (see References 1, 2 and 3) points (x), it is quite
obvious that a more effective wetted boiling regime is present up to 11.6
feet of initial boiler length. TN’ PHG, and THG
temperature, Hg pressure and Hg temperature, respectively, as predicted by

are the profiles of the NaX

the design correlations presented in this report. In view of the relatively
favorable agreement between the SB-1 boiler test results and the BODEPE code
predictiong, this code was utilized to investigate possible SB-1 boiler
design modifications. Excessively long superheat length, relatively high
pressure drop, and pressure drop variations over the NaK inlet temperature
band, as experienced in both the full-scale boilers (BRDC Nos. 1 and 2) and
the SB-1 boiler were attributed to excessive MPP length (L4 ft) and the over-

all boiler (BRDC Nos. 1 and 2) and SB-1 lengths of 37 and 30 feet, respectively.
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Based on design code predictions, the MPP and the overall length, in
the second experimental boiler (SB-2) were reduced to 3 and 2L feet,
respectively. The SB-2 boiler was designed and tested in direct support of a
full scale boiler designated Bare Refractory-Double Containment No. 4 (BRDC
No. L4). The predicted NaK and Hg temperature profile and the Hg pressure pro-

file denoted by TN’ T and PH respectively, are shown in Figure 24. As shown

HJ
by the superimposed test data, the performance of the SB-2 boiler was in

excellent agreement with the design analysis.

Mercury boiling in a true helical flow passage contained in a bimetal
tantalum-stainless steel tube was experimentally investigated in an experimental
boiler, SF-1A, The explosively bonded tantalum~stainless steel tube with a
single fluted helical flow passage (SFHX) demonstrated excellent heat transfer
characteristics at systems operating conditions. The results are in relatively
good agreement with the predictionsg based on idealized wetting and non-wetting
two-phase flow heat and momentum transfer models. The comparison of the test

data with theory i1s depicted in Figure 25.

Two sets of experimental data interpretation are shown in Figure 25.
The profiles subscripted with "T" are the analytical performance predictions
at the indicated conditions of mercury and NeK flows and inlet temperature for
the test configuration. The test boiler contains internal instrumentation taps
to measure both temperature and pressure at locations A, B and C. The temperature
and pressure profiles are in very good agreement with the analytical perform-

ance predictions.

The second set of profiles are subscripted with "D". These profiles
are predicted for a boiler tube without internal instrumentation taps. The
difference in the profiles is caused by the frictional loss in pressure as
the mercury passes the instrumentation taps. A multi-tube boiler of this
configuration is expected to perform in accordance with the dashed (- - -)

curves shown in this figure.
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These data show that the boiler pressure drop reduction increases fThe heat
transfer elfectiveness (BT/BL)D > (BT/BL)T. The two-phase flow heat and
momentum transfer characteristics of the single fluted helix are comparable with
those of swirl wire tube geometry. It is postulated that the SFHX geometry 1s
more effective in reducing or eliminating liquid carry-over through the boiler.
Tantalum surface wetting in the MPP section, as suggested by the Nak
temperature profile gradient, alsc implies that the MPP geometry, originally
established to minimize slug-flow boiling, could be replaced by the simpler
helical geometry. Such a geometry can be derived from the SFHX geometry by
placing several parallel helical strips with a smaller helical angle on a
larger center bar diameter. Such a plug insert would induce a higher fluid
radial acceleration thus promoting more effective liquid phase evaporization

at the tube wall.

Detailed evaluation of the test results of SB-1, SB-2, and SF-1A boilers

can be found in References 15 through 17, respectively.
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7.0  FULL SCALE BOILER TEST RESULTS AND DESIGN PREDICTICNS

All full-scale tantalum boilers tested used the same basic configuration.
Seven (7) mercury containment tubes were placed in a NaK containing shell,
NaK flow was counter to the mercury flow. The mercury tubes were in an
equilateral triangular array (see Figure 2B). The first series of tantalum-
stainless steel boilers, denoted by BRDC Nos. 1, 2, and 3, were designed with a
4 foot long MPP insert and an overall length of 37 feet. BRDC Boiler No. 1 was
employed in system and endurance tests at the NASA W-1 facility and at the
General Electric, Evandale, Ohio, test faclility. A total test time of 15,125
hours and 6 startups were accumulated on this boiler. BRDC Boiler No. 2 was
operated with a breadboard power conversion system for over 8700 hours and
accumulated 27 startups. BRDC Boiler No. 3 operation in the NASA W-1 test
facility resulted in 135 startups and a total test time of 157 hours. The
performance characteristics of these bollers ranged from poor to excellent and
were dependent on the boiler deconditioning (contamination) state. The effects
of boiler deconditioning were experienced primarily in combined sysftems testing.
Deconditioning was attributed to oil influx into the mercury loop and
decomposition in the boiler. This was the most serious problem encountered
in the boiler during combined systems operation. The possible mechanisms of
boiler performance degradation and their analytical interpretations are

provided in Reference 10.

Typical test data obtained during full conditioned BRDC Boiler No. 2
testing are shown in Figure 26. The figure shows a tabulation of measured Nak
and Hg flow and thelr terminal state conditions. The NaK shell surface temper-
ature measurements, as identified by different axial and circumferential
thermocouple locations, are plotted in terms of boiler length. To compare these
results with the BODEPE computer code predictions, the independent test parameters
such as NaK and Hg flow and their inlet gtate conditions were introduced in the
analysis to determine the analytical NaK and g temperature profiles and the
Hg pressure profile in terms of boiler length. These calculated profiles are
superimposed upon the test results for the purpose of comparison. In general,

the calculated NaK profile ( ) is in relatively good agreement with the

T
NaK
measured NaK shell tube measurements. This is particularly true up to the first
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7—1/2 feet of boiler length and beyond 12-1/2 feet of boiler length. The
discrepancy within the 7—1/2 through 12-1/2 foot length is attributed to an
inaccuracy of thermocouple indications or NaK flow stratification, or both.
When compared with the SB-1 profile, Figure 23, it can be seen that a more
accurate experimental NaK temperature profile and consequently a better agree-
ment with the BODEPE code results can be obtained from the better instrumented
single tube boiler tests. Both the SB~1 and BRIC No. 2 boiler test results
conclusively indicated excessive boiler superheat length (19.5 ft) and rela-

tively high pressure loss (96 psi).

Based on the above conclusions and the SB-2 test results, the BODEPE
code was utilized to modify the initial boiler design (BRIC Nos. 1, 2, and 3)
MPP insert and overall boiler length. These modifications were incorporated
in BRDC Boiler No. 4 which was employed in conjunction with the combined power
conversion system tests, Typical BRDC Boiler No. 4 test results and corre-
sponding design predictions are shown in Figure 27. To minimize or preclude
NaK flow and temperature stratification, this boiler was provided with helical
coil turbulators around the tube bundle (see Figure 9) and multiple radial NaK
inlet and exit ports (see Figure 10). The effect of these features can be seen

in a more uniform NaX shell temperature gradient as shown in Figure 27.

Test results of both the experimental and the full scale boilers
verified that boiler designs can be based on heat and momentum transfer corre-
lations derived from idealized wetting and non-wetting two-phase flow models
with helical flow passages. To avoid the analytical difficulties encountered
in determining the interface frictional pressure drop coefficient for a wetted
boiling divided two-phase flow regime, a semi-empirical method was used. It
was based on availlable experimental pressure data evaluation as described in

Section 4.3.5.
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8.0  BOILER DESIGN FOR REVISED SYSTEM STATE POINT CONDITIONS

The final task in boiler development was to design a boiler for a

higher electrical power output system.

The revised PCS-G system state point conditions are defined as follows:

Revised Original
Characteristic Symbol Units Value Value
NaK Flow (WNaK) 1b/hr 57050 L9500
Boiler Inlet NeK (T - .) °r 1185 1280
NaK, in

Temperature 4
Mercury Vapor (W, ) 1b/hr 13775 11800
Flow Hg, vap
Mercury Pressure (p ) psia 146 25
at Boiler Outlet Hg, out

Terminal Temper- Tterm OF 20 20
ature Difference
Minimum Pinch (az_ ) °p 38 38
Point Temperature bp,

Difference
Duty \ q KW, 600 517

The selected mercury flow containment geometry was identical to thet of
BRIC Boiler No., L. To meet the revised state point conditons, the tube count
was increased from 7 to 12 tubes which were placed equidistant in an annular
NeK flow passage as shown in Figure 2C. The lower boiler operating pressure
and increased mercury flow rate giving a greater volume flow dictated the

increase in tube count.

A summary of the thermal design analysis is provided in Table II. I+t
specifies the boiler cross-section geometry, the calculated MPP length, and

the total length requirements for a low NaK inlet temperature schedule as well
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Table IT.

SNAP-8 PCS-G BRDC No. 5

Boiler Design Characteristics and Operating Parameters

MECHANTCAL

Design Concept
Boiler Type

Design Configuration
Number of Hg Tubes

Hg Containment

Ta Tube Dimensions
Oval 321 SS Tube Dimensions
Effective MPP Length

Number of Helical
MPP Flow Passages

MPP Flow Passage Pitch
MPP Flow Passage Cross-Section

Swirl Wire Dimensions

NaK Shell Tube Dimensions

Length~Centerline to
Centerline of NaK Inlet and
Qutlet

Flow Restrictor Orifice with
Square Bdge Entry

70

"Once through" mercury preheat,
boiling and superheat

Parallel counterflow NaK-to-Hg heat
exchanger

Parallel tube bundle-in-tube
12

In round Ta tube contained in oval
321 SS tube with stagnant NaK in
annular space

.750 in. OD x .O49 inch wall
.880 in. x 1.45 in., x .049 inch wall
2.7 ft, Tantalum

16
6 inch
*jo.o8o-
| ¥
0.032
4
0.0LOR

.062 in. dia. x 2 in. pitch,
90% Ta-10% W

7.625 in. OD x ,120 in. wall, 316 88

21.5 ft.

0.050 inch diameter




Table II (Continued)

THERMAT,

Item Parameter Symbol Dimension NaK igi?t Temp. S;?;gule
1 NaK Flow Rate Wy 1b/hr 57148 57148
2 NeK Inlet Temperature T °p 1185 1211
3 NaK Temperature Drop ATy °F 170 167
L NaK Pressure Drop APy Psi .~ 3 ~ 3
5 Hg Flow Rate oo 1b/hr 13775 13600
6 Hg Exit Pressure Paro Psia 148 1h47
7 Hg Exit Temperature o °r 1165 1190
8 Hg Inlet Temperature oo °F 420 420
9 Hg Vapor Region Press. Drop AP Psi 32 L6
10 Hg Flow Restr., Press. Drop AP Psi 143 140
11 Hg Inlet Pressure Dy Psia 323 333
12 Pinch Point Temp. Diff. AT °F 38 Sk
13 Terminal NaK-to-Hg AT, O 20 o
1k Vapor Superheat ATy O 197 20l
15 Mean Preheat Flux S B/hr-ft2 188465 215553
16 Mean MPP Boiling Flux 2"ypp B/hr-ft2 Lo237 71292
17 Mean SW Boiling Flux q"Sw. B/hr—ft2 57921 63338
18 Mean Superheat Flux q"SH B/hr-ft2 5176 5707
19 Boiling Termination Point L oo ft 15.4 13.4
20 MPP Vapor Exit Quality Xor. % 12 18
21 Thermal Power Required % KW 600 598
22 External Power ILoss U1, KW 5 5

(Assumed)
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as the boiler operating thermal and dynamic parameters for the prescribed
system state point conditions. The boiler envelope and some of the internal
details are shown in Figure 28. The predicted NaK and mercury temperature
profiles and the mercury pressure profiles in terms of boiler length at high
and low NaK inlet temperature schedules are depicted in Figure 29. To insure
a positive pressure drop gradient in the boiler, the mercury tubes were
provided with square edge entry restrictors of 0.050 inch diameter. The
relationship between the total boiler pressure loss (Aptot)’ net boiler
pressure loss (APNet) and the restrictor pressure loss (APR) in terms of Hg
flow is shown in Figure 21. The expected total mercury side pressure drop is
17k psi at 100% mercury flow. The NaK side pressure loss as a function of
NaK flow is shown in Figure 30. It was established from water flow tests
conducted with a full-scale plastic model. At the design point (WN = 57,000
lb/hr), the predicted NaK side pressure loss is 1.7 psid.
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BOILER NO.5 NAK-SIDE AP, PSI
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NAK FLOW (LB/HR)

Figure 30.- Predicted BRDC Boller No, 5 NaK-Side Pressure Drop
Versus NaK Flow From H20 Flow Experiments
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9.0  CONCLUSIONS

Heat and momentum transfer in a "once-through" boiler can be based on
proposed models of wetting and non-wetting two-phase flow as demonstrated by
the agreement between analytical performance predictions and development test

results of the tantalum-stainless steel boilers.

Mercury boiling heat transfer effectiveness is dependent on the cleanlii-
ness of the mercury-side heat transfer surface. Only clean surfaces wetted by
the mercury will develop optimum heat transfer characteristics predicted by the

design correlations presented in this report.

Both the bimetal stainless steel tube and the double-contaimment stainless
steel and tantalum tube assembly are suitable for mercury containment and

effective vaporization in the boiler.

To meet the safety requirements for a man-rated system, the double-

containment concept was adapted for the boiler design.

Helical flow induction devices (such as the multipassage plug insert,
swirl wire turbulators, and single-fluted helixes in the mercury flow passages)
are mandatory for high acceleration boiling heat transfer independent of

external gravity environments.

To secure minimum liguid carryover in the boiler, the single-fluted helix
is preferred over swirl wire turbulators. The adoption of the latter was based

on simpler boiler fabrication technigues.

To prevent boiler performance degradation, care must be tsken not to
allow foreign materials such as organic fluids, oxides or air to enter the mercury
flow passage. TForeign materials and their decomposition products form a thermal
barrier on the mercury-exposed heat transfer surface of the tantalum tube,
Chemical cleaning effectively removes the thermal barrier surface films from
tantalum which has been exposed to contamination and restores full heat transfer

capability of the boiler.

The use of the BODEPE computer code for boiler design and analysis is
limited to once-through NaK-to-mercury boilers with a counterflow configuration.
The program can be used for other fluid combinations providing their transport
properties are made available in the form of function subroutines. Only a

helical flow passage geometry can be utilized for the boiling fluid.
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SYMBOLS

ALIN - Linear flow cross-section area

Cp ~ Specific heat

Dl -~ Tube ID

Det - FEquivalent diameter, tangential

Del - Equivalent diameter, linear

d - Channel width in plug insert

8. ~ Gravitational constant

hfv ~ Vaporization heat

hforced Forced convection heat transfer coefficient
hfree Free convection heat transfer coefficlent
hHg - Mercury side heat transfer coefficient

hSH - Vapor heat transfer coefficient

kf '~ Thermal conductivity, liguid mercury

kv - Thermal conductivity, vapor mercury

Nl -~ Number of tubes in boiller

N2 - Number of flow passages in plug insert

Nu - Nusselt modulus

Nul -~ Nusselt modulus, linear

ng - Initial droplet population per diameter length
n - Local droplet population per diameter length
P - Pitch, pressure

Pr - Prandtl modulus

a ~ Heat flow

7




Thermal resistance between bulk NaK and mercury tube ID
Tube ID radius

Liquid-vapor interface radius in divided two-phase flow model
Radius

Temperature

Velocity, mean

Vapor tangential velocilty

Mean velocity

Liquid phase flow rate

Vapor phase flow rate

Total flow rate

Mean vapor quality

Initial vapor quality

Mean moisture content

Helical angle, @ = tan’l(n:D/p)

Angle, volumetric expansion

Liquid-vapor interface frictional pressure drop coefficient
in divided two-phase flow regime

Frictional pressure drop coefficient at tube wall
Dynamic viscosity, liquid

Dynamic viscosity, vapor
Density, liquid

Density, vapor

Two-phase pressure drop factor
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PH

PP

- Shear stress
- Liquid film thickness

-~ Surface roughness

SUBSCRIPTS

-~ Preheat
- Mercury
- Pinch point

- NakK

9
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APPENDIX

10.0  ANALYSIS AND CALCULATIONS USED IN THE SNAP-8 BOILER THERMAL DESIGN

10.1 Calculatition of the Stagnent NaK Thermal Resistance in an Oval-Round
Double Containment Tube

A typical oval-round double containment tube cross-section is shown in
Figure A-1B & E. It involves varying stagnant NaK thickness distribution around the
circular tube. The stagnant NaK thickness distribution is dependent on the
tube eccentricity ratio between the round and the oval tube. The eccentricity
of the tubes results from the nonuniform thermal expansion coefficients of the
two materials, tantalum and stainless-steel, when heated to operating tempera-
ture. Such a geometry creates a nonuniform thermal resistance and a nonsymmetric
temperature field between the flowing NaK and boiling mercury. The ncnsymmetric
temperature field also creates a natural circulation heat transfer effect of the
stagnant NaK in the heat transfer pass. The description of the oval-round tube
heat transfer pass shows that a complicated three-dimensional heat transfer
analysis must be employed to determine the true temperature conditions in the
mercury flow passage. The complexity of both the heat transfer pass thermal
conditions and the two-phase flow heat and momentum transfer correlations result
in extreme difficulty in applying a three-dimensional analytical approach. For
this reason, a one-dimensional analytical design approach was selected. The
heat flow between the primary and secondary fluids was assumed to be strictly
radial. An equivalent wall thermal resistance of the oval-round tube assembly
was defined to account for the nonsymmetric temperature field around the mercury

flow passage.

In the concentric position (Figure A-1F), the stagnant NaK was considered
to be of uniform thickness over the entire periphery of the inner tube, such
that the stagnant volume in the equivalent wall equals that of the actual wall.
The volume of stagnant fluid is:

Vol = (mr Zior L) - mr

3 3 (Eq. A10.1-1)

2

m(.38)% + (.38) (.27) - m (.375)°

[

218 in.2
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The equivalent uniform thickness is then found from:
A-'[' o~y
Vol = 2m (ro +—2—-) JAN G (Eq_g !XlO,l—d)

and.:

Ar = .0835 in, = ,100 in.

The thermal resistance of the equivalent stagnant NaK thickness referenced

to the mercury tube I.D. is then:

2 o
r — ™
R, o= L Ar - ooouy BEcEE - T (Bq. A10.1-3)
cneemtr L 1o K Btu
st
_ ry - Ip
where : T = —————— (Eq@ Al@,lw@)
in (1‘3/1’2)
ryo= 2335 in, Ta tube I.D.
r, = .375 in. Ta tube 0.D.
ry = 395 in. Analytical stagnant NaK containment tube I.D.
k. = 15 Btu/nr-£t-F

The thermal resistance through a maximum eccentrically situvated oval-
round tube geometry is treated by assuming inner and outer tubes as being
concentric over some fraction of the periphery, say 60%, and the remainder
(40%) as being comprised of concentric walls separated by stagnant NaeX at the
maximum eccentricity. For that particular case (Figure_AnlE),the stagnant

NaK thicknesses and thermal resistance are:

Ly =15 =Ty = .380 - .375 = .005 in. (Bg. £10.1-5)
r. A4r 20
| = 2335 2000 o oooopug BEEE = E 0 (mg. a10.1-6)

1
- Btu
r 12 XK, L3778 (12)(15)
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3778 in. (BEq. A10.1-7)

H
i
|
1l

and:

.520 in. (Eg. £10.1-8)

1l

Ar, =T, =T, = 895 - 375

r Ar 2 o
R, = = 2 -:330 2220 o oo Ez:%%;F-E (Eq. £10.1-9)
r, 12K, .597 (12)(15)
Ar
Ty - = = —220 = 597 . (Bq. A10.1-10)
In (I’B/rg) In 2.39

Lumping the two resistances in a parallel resistance network, the overall

thermal resistance is calculated as follows:

5 - (L06) &=+ () £ (Eq. A10.1-11)
R R R
eccentr. 1 o)
= 24390 + 2469
= 26859
2 o

_ nr £ -OF ;.

Reccentr. = -0000k3 Btu (Eq. A10.1-12)

A comparison of thermal resistance approximations of the oval/round

tube concentric (R ) and eccentric (R ) geometries shows that

concentr. eccentr.

(Fq. A10.1-13)

= (.1)R

R
eccentr. concentr.,
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Based on this approximation, it seems credible that any tube
eccentricity reduces the stagnant NaK thermal resistance from the maximum
value when the tubes are in concentric position., For thils reason, the
A . - 2o . o N
utilization of R . . =~ = L0004t hr-£t°-"F/Btu in local boiling heat transfer
analysis throughout the boiler length can be considered as a reasonably

conservative value.

10.2 NaX Side Pressure Loss Analysis for BRDC Boiler No. b

10.2.1 Total NaK Side Pressure Loss

The total boiler NaK side pressure loss APT, consists of the sum of the

following losses that are present in the boiler:

APin = NaX entrance losses

APex = NaK exit pressure losses

APf = Fricticnal flow pressure loss

APS = Pressure losses incurred by the tube bundle supports
APC = NaK turbulator coil pressure loss

APb = Pressure loss incurred by the NaK flow through

a curved passage
The total boiler pressure loss is then expressed as:

= + + + + i L 2-1
AP, AP, HAP AP, + AP+ AP+ AP, psi (Eg. A10.2-1)

In the pressure loss amalysis, the velocity head method was used for

calculating the individual losses at the following NaK side flow conditions:

NaK flow, &y, = 50,000 1b/hr

Mean NaX temperature = 12SOOF
- 3

Prak = L 75 1o/t

byag = +39 1b/hr -£%
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Figures A4, 9 and 10 show cross sections of the boiler with their pertinent

geometric parameters used in the analysis.

The velocity head coefficients for the tube bundle supports (Figure A-IB) .
the NaX turbulator coil (Figure 9) and the NaK inlet and exit sections
(Figure 10) were determined experimentally on full-scale test sections fabricated

and tested at General Electric Co.

The results of these experiments are summarized below (values are based

on shell-side velocity head):

KS = 1.1, for a single spacer
K, = 2.8, for a 6-foot long turbulator coil
Kin = 5.0, NaK inlet section

oy~ 2-0, NaK outlet section

The frictional pressure loss is expressed by the Darcy-Weisbach egquation:

Kf V2p
&P, = = —L | psi (Eq. A10.2-2)
L 2g
c
_ L ] .
where : Kf = f s dimensionless
e

Pressure loss due to flow through the coiled boiler is given by

NKE V2

AP = —= — p , psi (Eq. A10.2-3)
1k 2g,
where : Ky = f (%) (Ref. 1, pg. 318, Figure 137)
and N = number of 180° bends.
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The shell side velocity is:

. 1, ,1
= =) (=) , f
v (wN)(Af)(pN) >, fps
_ /50,000 1hh 1
V= (S T s o e
V = L4.,15 fps

The shell side velocity head is:

woo T L (k15)7 ()
. 2z, Pu By (32.2)
HS = 12,0 psf
H = ,083 psi

10.2.2 Pressure Losses

The pressure losses are as follows:

(a) Tube bundle support pressure losses:

» psf

APSP = n KS HS , psi
n = 10 supports
APSP = (10) (1.1) (.083) = .92 psi

(b) NeK inlet and

outlet sections pressure losses:

AP,
in

ex

il

K. H
in "8

(5.0) (.083) A15 psi

It

]

(5.0) (.083)

s
1!

ex =8

89

L5 psi |

(Eg. A10.2-4)

(Eq. A1D.2-5)

(Eq. A10.2-6)

(Bq. A10.2-7)

(Eq. A10.2-8)



(¢) ©NaK turbulator coil pressure losses:

AP, = K M= (2.8) (.083) = .23 psi

(d) Frictional pressure losses:

_ (b.15)(Bh.75)(1.1)(3600)  _ 175,000

fe = (2) (35)

f = .316/Re'25 = ,0155

L = 25 ft = 300 in.

D, = 1.1 in.

- - Laplpe

AP, = K, Hy = (4.23)(.083) = .35 psi

(e) Pressure loss due to the boiler coils:

5 = £
where : R = 27.125 in.
d = 4,72 in.
R _
i - 5.76

(Bg. A10.2-9)

(Bq. A10.2-10)

(BEq. A10.2-11)

(Eg. Al0.2-12)

(Eq. A10.2-13)

(Eq. A10.2-1k)

From Ref. A-1, pg. 318; Figure 137 we can obtain the following:

K, = .h2 for one 180° bend.
N =3
ap o= (WK )(E) = (3)(.k2)(.083) = .10 psi

(Eg., AL0.,2-15)

(f) Total boiler NaK~-side pressure loss from Equation A10.2-1 is:

APT = ,92 +2 (,415) + .23 + .35 + ,10

90

2.43 psi



10.3 Derivation of the Helical Flow Passage Friction Factor

The following is a derivation of the theoretical friction factor for
fluid flow in & helix flow passage. In the derivation no attempt has been
made to establish a velocity profile for this type of flow. The end result
is used as a means to predict the pressure 1loss for full-scale mercury flow

in the SNAP-8 boiler.

The pressure loss in a single-fluted helix flow passage is given by the

Darcy-Weisbach equation as:

Iy U

= £, = 5— (Bg. A10.3-1)
H  THD, 2g,

where : f = Helix friction factor

LH = Helix flow path length

DH = Helix equivalent diameter
UH = Helical flow veloclty

P = Fluid density

g, = Gravity constant

Solving Equation Al0.3-1 for fH:

AP, D 2g
H "H C , .
f = [y ——— som——— E . Alo»’)_z;
I o I U; (Eq DR

It is postulated that the total pressure loss APH can be written:

P, = AP+ AP (Eq. A10.3-3)
where: ‘ A&%‘ = the axial flow loss
APr = the rotational flow loss
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For the axial component:

T %

2 2 (Eq. A10.3-k)

NP = £ = =
a a Da 2gc
. - .25
where : £, = .316/Re,
La = Distance between pressure taps
Da = Axial equivalent diameter
Ua = Axial flow velocity

The axial geometry is obtained from Figure A-2 in the following manner:

Constant Values:

t = 06 in.
RB = .095 in.
RT = ,326 in.

Figure A-2, - Plug Section Axial Geometry
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then

x = t/cos ay
A =m © _ n R - x (R, - R.) =the free flow
o = Bp B T~ Bl =

axial area

The wetted perimeter is given by:

= + + - -
P 2 m Ry, 2 m Ry 2(RT RB) 2x%

The equivalent diameter is:

Da = k.0 (Aa/Pa)

(Eg. A10.3-6)

(Eq. A10.3-8)

The rotational pressure loss term APr is defined by the energy lost

in overcoming shear at the tube wall (Reference A-2), such that:

v = 0
r
also: Ve = ‘tangentlal velocity
= tan QT Ué
TW = ghear stress at the tube wall
Aw = area of the tube wall
= 1 DTLa
m D
tand = 1L
T P
W = p A U,

(Eq, A10.3-9)

The shear stress at the tube wall for turbulent rotating flows is

evaluated in terms of v, a8 follows. The velocity at the wall relative to

some reference velocity in the flow is given by Kinney (Reference A-3), as

r Vv

WY o~ 66

To Vo
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and r v w % (Eq. A10.3-11)

o 0O =
2Kﬁ
where: r, reference radial position
v, o reference tangential velocity
r, = radius of the wall
v, = tangential wall velocity
Vy T tangential wall velocity
T8
= Vg < (Eq. A10.3-12)
K, = constant = .028 (Eg. A10.2-13)

By substituting Equation Al0.3-13, 12, and 11 into 10 and

solving for the shear stress results in the following expression

for T
Vw2
T = ,0073 p — (Eq. A10.3-1k)
W gC
Substituting the expressions for v, , tandp, W, A and
Equation A10.3-14 into -9 gives: :
m DT3 " Dy v
LP = 00 L Fg, AlO.3-1
- (ERSal el el (Bq 3-15)

The term, ﬂDT/Aa, in Equation A10.3-15 can be represented by:

D. -t
L,0o ,°T
mD,_/A_ = == ( )
T/a Dy Dy +Dg
then :
ﬂDT3 Dy -t T, U‘;
AP = 0292 (—=) ( ) =— — o (Eqg. AL0.3-16)
D +'DB Da g
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Substituting (16) and (L) into (3), the helix flow pressure drop is:

-t L Ui

L, U'; ﬂDT?’DT
AP = f — =——p + .0292 (—=) (
H a.Da 2gc P DT

) = —p
+-DB Da g

(Eq. A10.3-17)

Placing the above expression for APH in Egquation Al0.3-2 gives:

L. U ° M. 5 D t DL, U e
T T " H a
£, = £, § j(——)+0292( =) (5 ;~—Gﬁzo
Ly T T Iy U
(Eq., A10.3-18)
However :
La.
'LTH' = cosay, (Eg., A10.3-19)
and since: V}a =0 Aa, U, = ‘H =p AH Uy
U
then: ﬁia- = %ﬁ (Eq. £10.3-20)
H a
A_D
H a
and’ RE = RE, == —
a H A, DH
then:
-2 -2
316 316 g D, g
T, = z) ( =) (==) (Eq. A10.3-21)
a .25 Ay D
RE REH H
a

Substituting Fauation Al0.3-19, 20 and 21 into Equation A10.3-

we get £ . as follows:

H

L.75 4 1.25

fy ) (53) cosu
a

Hltneo.) M

95

ﬁD 3
L0584 (——) (

18

D -t
L)

D %P

“*f

Y )COS@

D&

/4

(Bq. A10.,3-22)
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Reference A-1l:

Reference A-2:

Reference A-3:
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