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AN EXPERIMENTAL AND ANALYTICAL STUDY
OF THE SPUTTERING PHENOMENA

by

Paul A. Howard

ABSTRACT

One form of the sputtering phenomena, the heat-transfer
process that occurs when an initially hot vertical surface is
cooled by a falling liquid film, was examined f'.-omanew experi-
mental approach. The sputtering front is the lowest wetted po-
sition on the vertical surface and is characterized by a short
region of intense nucleate boiling. The sputtering front pro-
gresses downward at nearly a constant rate, the surface below
the sputtering front being dry and almost adiabatic. This heat-
transfer process is of interest in the analysis of some of the
performance aspects of emergency core-cooling systems of
light-water reactors.

An experimental apparatus was constructed to examine
the heat-transfer characteristics of a sputtering front. In the
present study, a heat source of sufficient intensity was located
immediately below the sputtering front, which prevented its
downward progress, thus permitting detailed measurements of
steady- state surface temperatures throughout a sputtering front.
Experimental evidence showed the sputtering front to correspond
to a critical heat-flux (CHF) phenomenon. Data were obtained
with water flow rates of 350-1600 lbjjj/hr-ft and subcoolings of
40- 140° F on a 3/8-in. solid copper rod at 1 atm.

A two-dimensional analytical model was developed to
describe a stationary sputtering front where the wet-dry inter-
face corresponds to a CHF phenomena and the dry zone is adi-
abatic. This model is nonlinear because of the temperature
dependence of the heat-transfer coefficient in the wetted region

~* has yielded good agreement with data. A simplified one-
dimensional approximation was developed which adequately
describes these data. Finally, by means of a coordinate trans-
formation and additional simplifying assumptions, this analysis
was extended to analyze moving sputtering fronts, and reason-
ably good agreement with reported data was shown.
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I. INTRODUCTION

A radioactive release following a nuclear accident during the normal
operation of a Light Water Reactor (LWR) can only happen when the energy
production exceeds the energy-removal rate, for which there are only two
possibilities: an excursion (a nuclear power transient) or a Loss-of-coolant
Accident (LOCA),75 Since the successful operation of the Emergency Core
Cooling System (ECCS) after a LOCA would prevent any radioactive release,
it is the adequacy of these systems upon which much of the controversy is
focused. The phenomena of sputtering, a heat-transfer process which has not
yet been fully identified, will occur during the operation of the ECCS.17'71

Elaborate quantitative studies have been conducted during the operation of
simulated ECCS's,10'20'21'29'57'80'81 but because of the confined geometry the
nature of the sputtering process has not yet been understood. In this first
chapter, the heat-transfer characteristics of sputtering will be related to other
boiling processes. Then the hydraulic aspects o£ sputtering will be related to
three other processes of dry-patch formation. With the perspective of this
background information, this chapter will be concluded with the purpose and
approach of this study.

The phenomenon of sputtering occurs when a falling liquid film is used
to cool a surface which is initially much hotter than the saturation temperature
of the liquid. Figure 1 illustrates this process on a vertical tube. The intense
boiling which takes place at the sputtering front lifts the water film from the

surface. Once the cooling water film
has been pushed from the surface, it
does not return because the only force
acting on it is gravity. In a vertical
orientation, the sputtering-front ve-
locity is less by an order of magnitude
than the average liquid velocity in the
falling film above the front. Falling
liquid-film velocities range from
3000 to 15,000 ft/hr (1000-5000 m/hr),
whereas sputtering-front velocities
have been reported from 30 to 3000 ft/hr
(10- 1000 m/hr). The velocity at which
a front progresses downward has been
shown experimentally to be propor-
tional to the water subcooling and in-
versely proportional to the initial
temperature of the surface.61 However,
conflicting data on the effect of coolant
flow rate has been reported.5'20

TEMPERATURE

Fig. 1. Illustration of a Moving Sputtering Front
and Associated Temperature Profiles.
ANL Neg. No. 900-75-861.

Consider a sputtering front
moving down a vertical tube as shown
in Fig. 1. Assume the tube was initially
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isothermal and that the water temperature and flow rate are constant during
the rewetting. To transform this unsteady heat-transfer problem to one of
steady state, let the coordinate system move with the sputtering front. The
tube temperature near the sputtering front is shown qualitatively in Fig. 1,
where the origin is at the sputtering front and the positive z direction is
down. Let the sputtering front be defined as the lowest wetted position on
the surface, and let the sputtering temperature be the surface temperature
at this wet-dry interface. Above the sputtering front energy is transferred to
the liquid by convection as the tube temperature decreases from TSpUt to
Tliq. In the coordinate system moving with the sputtering front, this same
energy can be viewed as the sum of two components:

1. The thermal energy removed in cooling the tube from TSpUt to
Tliq-

2. The thermal energy conducted upward in the rod by the temperature
gradient immediately below the front in the dry zone.

Any cooling of the rod below the sputtering front is by radiation or convection
to the surroundings. In some practical cases, this heat flux can be significant.
However, much can be learned from experiments and analysis where this heat
flux is small and can be neglected:

I ~ ^surroundings)^2 ** 0. (1)

• Since the net effect of rewetting is the cooling of the tube from To to Tjjq, a
• simple energy balance can relate the rewetting velocity to the total heat-
l removal capacity of the rewetting liquid:

• • Qtotal

where Q total is the heat flux integrated over the wetted surface:

- Tliq)dz. (3)= /
J-CD

This is also equal to the rates of energy increase of the water and steam re-
leased from the falling liquid film:53

Qtotal = th(l - x)cUqATliq + mx(hfg + c l iqATsub). (4)

Since sputtering is a boiling heat-transfer process, let us consider a
typical pool-boiling curve (see upper half of Fig. 2) and relate sputtering to
other boiling phenomena. Pool boiling is a process where a heated surface is
totally submerged in a stagnant body of liquid. If the liquid temperature is less
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than the saturation temperature,
the process is subcooled pool
boiling, while if the temperature
is equal to the saturation tempera-
ture, the process is saturated pool
boiling. When the heated surface
temperature is slightly higher than
the liquid temperature, thermal
energy is transferred to the liquid
at a rate which is proportional to
the temperature difference. In-
creasing ths surface temperature
will eventually cause bubbles to
nucleate at the surface; this is
known as incipient boiling. Heat
transfer is enhanced by the move-
ment of these bubbles at the sur-
face and the heat flux begins to
increase sharply. Increasing the
surface temperature increases
the rate of bubble nucleation and
the number of nucleation sites.
The first critical point on the
boiling curve is reached at point A,
which is described by many names
all of which have a slightly differ-
ent meaning.33 The terms Critical

Heat Flux (CHF) or Departure from Nucleate Boiling (DNB) will be used here.
If the heated surface is heat-flux controlled, such as a electrically heated rod
or reactor fuel rod, and if the flux were increased to a value above the CHF,
the temperature would quickly ±-ise to the point B which might be above the
melting point. This is the reason why point A is sometimes called the burn-
out point. A heat flux greater than this might result in the melting or "burnout"
of the heater.

If the surface were temperature-controlled, such as a surface heated
by another liquid, the heat flux would follow the path from point A to point C.
In the region A to C, which is known as transition boiling, the fraction of the
surface which is wetted by the liquid decreases, thus decreasing the average
heat-transfer coefficient and the heat flux. At point C, the minimum surface
temperature for stable film boiling, the surface is not wetted by the liquid.
Heat is transferred by conduction and radiation through the vapor blanket be-
tween the liquid and the surface. Point C is sometimes confused with the
Leidenfrost temperature, which applies to individual drops of liquid on a heated
surface. During stable film boiling on a heat-flux-controlled surface, if the
heat flux were reduced to a value slightly less than the amount at point C, the
surface temperature would quickly change to the value at point D and the film-
boiling regime would change to nucleate boiling.32

Fig. 2. Normal Pool-boiling Curve and the Leidenfrost
Phenomena. ANL Neg. No. 900-75-862.
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The lower half of Fig. 2 shows how the Leidenfrost temperature is
defined for spherical drops, of liquid on a horizontal heated surface.2 It is
the minimum temperature needed to prevent the wetting of the heated surface
by the liquid. Vapor produced at the bottom of the drop forms a thin vapor
blanket beneath the drop, thus supporting it. For carefully controlled condi-
tions, the minimum surface temperature has been found to be slightly above
the saturation temperature.1 For larger amounts of liquid covering a heated
surface (film boiling of puddles), the minimum surface temperature has been
found to be a function of the thermal properties of the heated surface and
liquid.32 In this situation, there is intermittent wetting and, hence, the forma-
tion of short-lived cold spots. If the surface cannot recover from the wetting
before it is contacted again by the liquid, the cold spot will grow; eventually
the heated surface will cool and become entirely wetted. As a consequence of
these hydraulic differences, the minimum temperature for stable film boiling
is different for these different situations. For water at atmospheric pressure,
the minimum temperature for stable film boiling of a pool is about 160°F
greater than saturation and can be considerably higher if the heated surface
is a poor thermal conductor. This contrasts to the Leidenfrost temperature,
which has a lower limit of the saturation temperature.

For a confined geometry, the sputtering process has been considered
to be the opposite of the dryout process.26 In dryout, the wetted surface area
is reduced instead of increased as in sputtering. The transition region is
included in the dryout process; if the two processes were truly opposite, the
same boiling phenomena would occur in the sputtering zone. In order to deter-
mine the actual physical processes at the sputtering front, the sputtering-front
temperature must be known. Present estimates of the sputtering temperature
cover the range from the CHF temperature to the stable film-boiling tempera-
ture. Analytical models of the sputtering-front velocity predict that the front
moves downward as fast as the surface temperature is reduced to a low enough
temperature to allow rewetting. The surface temperature ahead of the sput-
tering front is reduced by axial conduction from the dry region to the wetted
region. Therefore, an accurate prediction of the rewetting velocity requires
that the heat flux in the wetted zone be known.

Sputtering can be characterized as the disruption of a falling liquid
film by intense boiling at the leading edge. There are other processes where-
by a falling liquid film can be disrupted by a combination of geometry and/or
heat transfer. Consider the following processes, shown schematically in
Fig. 3. Progressive evaporation is the complete evaporation of a falling liquid
film as a result of heat transfer from the tube to the liquid. This typically
occurs when the water is nearly saturated, the flow rate is low, and the heat
flux from the tube is low. Another mode of film breakdown is dry-patch for-
mation, which occurs when a highly subcooled liquid film at a low flow rate
flows down a heated tube. If a hot spot in the heated surface should develop,
for example from an irregularity in the heated tub' the water temperature
flowing over that hot spot would increase. At a \ int diametrically opposite it,
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the water would be cooler; because surface tension is higher for colder water,
the surface tension in the cold region would pull the water away from the hot
spot. This skewing of the water flow away from the hot spot would eventually

cause the hot spot to dry up. The
HIGHLY SUBCOOLED third m o d e of f i lm breakdown,

WATER already described, is sputtering.
| i l l The last mode is flooding, which

can occur only in a confined
geometry. In this countercurrent
flow system, the falling liquid
film is stripped from the walls
by the high-velocity (** 100,000 ft/
hr or 30,000 m/hr) upward-
moving vapor. This is a ex-
tremely difficult situation to
analyze if the vapor were pro-
duced by evaporation of the
falling liquid film. An oscillating
behavior would result because
the flooding would interrupt the
falling liquid film; hence vapor
production would cease, which,
in turn, would stop the flooding,
and so on. The vapor velocity
required to strip the liquid from
the walls is known as the flooding
velocity and decreases with in-
creasing liquid-film thickness.27
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Fig. 3. Modes of Film Breakdown.
Neg. No. 900-75-863.

Sputtering will be inves-
tigated here in an unconfined
geometry. Such an approach

FLOODING greatly ease s the experimental
burden, and enables detailed

ANL measurements of the surface
and fluid temperatures near the
sputtering front. Experimental

evidence that the sputtering-front temperature corresponds to a CHF phenom-
ena wil l be presented. The data were obtained by a ser i e s of unique experi-
ments in which a sputtering front was held at a fixed location. (Appendix A
shows how these stationary-sputtering-front data can be related to moving-
sputtering-front data.) Experimental surface-temperature profiles through
sputtering fronts for various flow conditions will be modeled with analysis
developed here. An engineering approach to this problem will be taken; various
heat-transfer correlations from the literature will be considered and the most
applicable used in the modeling. Finally, by means of a suitable coordinate
transformation, this model will be extended to describe reported moving-
sputtering-front data.
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II. LITERATURE

Sputtering is not a phenomenon that is associated exclusively with the
cooling of reactor fuel rods after an LOCA. Continuous casting, quenching, and
water curtains also involve sputtering. Therefore, the literature contains
references to sputtering (but under the name of quenching) long before the ad-

• vent of ECCSs. However, the data are of a gross qualitative nature and are
not concerned with quenching itself, but with the results of quenching. From
a metallurgical point of view, the property changes within the quenched metal
were of more importance than the sputtering that brought these new properties

i about. In comparison, references to sputtering by the nuclear industry are
concerned with the heat-transfer process at the sputtering front, where there
is much ongoing work. It is for this reason that the literature cited here is from
the latter source (up to 1974). Emphasis is placed on the identification of the
sputtering phenomenon by previous investigators. It will be shown that a wide
range of sputtering-front temperatures have been reported; hence, the heat-
transfer mechanism (the location of sputtering on the boiling map, Fig. 2) at

; the sputtering front has yet to be determined.

I In 1964, Shires61 conducted experimental sputtering tests on heated ver-
• tical surfaces. Water was used to cool an initially hot, Inconel tube at atmo-

spheric pressure in both confined and unconfined geometries. Shires measured
, rewetting velocities from 112 to 1700 ft/hr (40-600 m/h) for water flow rates

up to 3000 lbm/hr-ft (447C kg/hr-m). Data were recorded for single-pin and
seven-pin heated assemblies for initial temperatures of 300-900°F (150-480°C).
In addition to the four modes of film breakdown described in Ch. I, Shires
observed the following trends with regard to sputtering:

I. Increasing the water flow rate increases the rewetting velocity.

) 2. Increasing the water subcooling increases the rewetting velocity.

. 3. Increasing the initial rod temperatures decreases the rewetting
j velocity.

< An interesting approach was used by Shires to estimate the sputtering tempera-
ture. A series of tests was conducted for different initial rod temperatures
but at a constant water temperature and flow rate. By extrapolating the data,

; an infinite rewetting velocity was calculated for an initial rod temperature of
; 280°F (140°C). Shires concluded that this is the sputtering temperature.
(\
\ Yamanouchi*0'" considered the rewetting of a simulated reactor fuel
I subassembly where water was used to cool 36 electrically heated tubes in a
| confined geometry. Data* were reported showing the conditions when rewetting
I was not possible. These conditions were a combination of high electric power
I supplied to the tubes, low water subcooling and low water flow rates. Either
* progressive evaporation or flooding prevented the water from penetrating to the

bottom of the heater assembly. The sputtering-front temperature was mea-
sured to be 300*F (I5O*C). Yamanouchi*1 proposed a model for predicting the
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sputtering-front velocity. Since thia model has been widely used,15'16'29'57 the
basic assumptions will be presented here.

1. The rewetting-front velocity is constant. This reduces the problem
to steady state. (Bukur and Isbin have shown that the time required to reach
a steady rev. atting velocity for the Yamanouchi system is insignificant com-
pared to the time to rewet the tubes.9)

2. Only axial conduction in the rod is significant, and the rewetting
is axisymmetric.

3. The dry zone is adiabatic.

4. The heat-transfer coefficient in the wetted zone is a constant.

5. The water-film temperature is constant at T s at.

6. The tube wall thickness is thin compared to the tube diameter so
that a rectangular coordinate system is adequate.

An energy balance on an element of the tube yielded a linear second-order
differential equation relating the temperature to axial position. This differen-
tial equation was solved in both the dry zone (hc = 0) and the wetted zone
(He* = constant). The solutions were joined at the sputtering front by requiring
that the calculated temperature equal the sputtering temperature and that the
temperature gradients at that interface be equal. (A similar approach is taken
in Appendix A.) The sputtering velocity can be explicitly written as a function
of the initial tube temperature, the saturation temperature of the water, the
heat-transfer coefficient in the wetted zone, and the sputtering temperature:

(5)
-*- — c v uj.^. y I Asput " x s a t I

If

Too - T a r n it
-» 1,Tsput " Tsat

Equation 5 can be approximated as

- i / -* — sput / / x

-.put - ^ V b A T ^ - W ( 6 )Lsat

The magnitude of he was determined by measuring the rewetting rates on an
unconfined vertical tube and solving Eq. 6 for hc . The sputtering temperature
was considered to be 300°F (150°C), and the sputtering velocities were success-
fully correlated when the heat-transfer coefficient was assumed to vary with
flow rate as

he" = 4288-/F; 150 s r s 2682. (7)
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This is a straightforward analysis and will be discussed again in Ch. VI;
;, however, some additional comments are appropriate here. From Eq. 7, hc

1 ranges from 58,000 to 223,000 Btu/hr-ft2-°F (33 to 127 W/cmz-°C). These
: values seem high when compared to subcooled-forced-convection nucleate
t boiling, which leads to values that are typically 10,000 Btu/hr-ftz-°F (5.6 W/
• cm2-°C). It can be seen from Eq. 6 that decreasing hc decreases uSpUt because
I Usput varies with the square root of hc. Thus, by decreasing hc by a factor of

'I 10 to bring it into a range of more commonly observed values, the predicted
| rewetting velocity decreases by a factor of 3 below the measured values. (It
jj will be shown in Ch. VI that a major cause of the underprediction of usputW a

• factor of 3 can be related to the accuracy of the estimates of the surface and
effective liquid temperature at the sputtering front. By knowing these temper-
atures, one can determine the boiling mechanism and heat flux. Other inves-
tigators examined sputtering after Yamanouchi, and all had the same problem
of guessing at the sputtering-front temperature. More sophisticated models

, have been proposed, but all are based on best estimates of sputtering-front
i conditions.)

i Yoshioka82'83 examined sputtering on a vertical, stainless steel, uncon-
fined, electrically heated test section. Rewetting velocities of 57-3000 ft-hr
(20- 1000 m/hr) for water flow rates of 500-5000 lbm/hr/ft (750-7500 kg/hr-m)
and water temperatures of 70-160°F (20-70°C) were measured. These data
were obtained at atmospheric pressure, where initial test section temperatures
ranged from 570 to 940°F (300-500°C). The test section was a tube of 0.51-in.
(13-mm) outside diameter with a pair of thermocouples mounted on the outside,
3.9 in. (10 cm) apart, and a pair located opposite each other, one on the inside
surface and one on the outside surface. One set was used to measure rewetting
velocity and the other to detect two-dimensional effects at the sputtering front.
The electric power supplied to the test section was interrupted during the
sputtering event. Since the tube had a small thermal capacity, it began to cool
immediately. At aninitial temperature of 750°F (400°C), the tube cooled at a
rate of 38°F/s (20°C/s). Since the rewetting velocity was measured over a
3.93-in. (10-cm) length, this meant a cooling of at least 45°F (25°C) of the tube
surface before the front approached. Yoshioka reported the temperature at

| the sputtering front to be 374°F (190°C) and observed that only a thin layer of
| the falling liquid film took part in the boiling. Yoskioka concluded that in-
• creasing the water flow rate above the amount needed to form this thin layer

has no effect on the rewetting velocity.

1 Yoskioka proposed a two-region, two-dimensional model for the re-
i wetting phenomena. The dry zone was assumed to be adiabatic while the wetted
'. zone had a constant heat-transfer coefficient. As with the Yamanouchi model,
'. the front progressed downward as fast as the surface could be cooled to the
• sputtering temperature. One of the shortcomings of the Yoskioka model was
', the choice of boundary conditions at the sputtering front. At this location, the
: radial temperature gradient was assumed to be zero. This assumption greatly
; reduces the mathematical difficulties, but cannot be justified for the sputtering
I process.
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A one-dimensional, three-region model of the sputtering phenomena
was proposed by Sun et al.63 The model is based on three distinct experimen-
tally observed regions:

1. A dry adiabatic region below the sputtering front.

2. A wetted region where intense boiling occurs.

3. A continuous falling liquid-film region above the sputtering front
(see Fig. 4).

Each of the two regions in the wetted zone has a constant heat-transfer coef-
ficient. The assumed value for the falling film region was 100 Btu/hr-f^-T
(0.05 W"/cmz-°C), and for the boiling region the value was 3000 Btu/hr-rf-T
(1.7 W/cm2-°C). The boiling region is bounded by incipient boiling and stable
film boiling; by referring to Fig. 2, one sees that this includes the entire
nucleate-boiling and transition-boiling zones. The temperature at the wet-dry
interface was assumed to be 500cF (260°C), which corresponds to stable film-
boiling temperatures.
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Fig. 4. Comparison of Sputtering Models for Water. ANL Neg. No. 900-75-864.

An experimental and analytical study of rewetting was conducted by
Duffey and Porthouse.1*'1' Experiments with electrically heated stainless steel
test sections from 573 to 1472°F (300-800°C) showed rewetting phenomena to
be identical for both falling films and bottom flooding. These tests were con-
ducted at atmospheric pressure with water flow rates of 24-7250 lbm/hr-ft
(36-10,800 kg/hr-m). The axial length of the nucleate-boiling zone above the
wet-dry interface was reported to be 0.198 in. (0.5 cm).
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Two models of the sputtering process were proposed:

1. A two-region, one-dimensional model similar to the Yamanouchi
model, valid for Biot numbers hcet/kt < 1.

2. A two-region, two-dimensional model for large Biot numbers,
which reduces to the one-dimensional model as the Biot number becomes small.

Duffey and Porthouse used a macroscopic energy balance such as Eq. 2 as a
boundary condition to find uSpUt. This differs from the approach of Yamanouchi,
who required a smoothly continuous temperature profile. The resulting one-
and two-dimensional solutions are, respectively,

(T, - Tliq)1/2(Too - T s p u t) ' / 2

^sput - Tjiq

and

" T l i q
(9)

The authors were not sure if the proper liquid temperature at the sputtering
front was the initial liquid temperature or the saturation temperature. If the
initial liquid temperature was used, the suggested value for the sputtering
temperature was 374°F (190°C); if the saturation temperature was used,
Tsput = 482°F (250°C). It is found that in order for these models to predict
measured rewetting velocities accurately, the heat-transfer coefficient must
vary by a factor of 200; the range was 1760-352,000 Btu/hr-ft*-°F
(1-200 W/cm2-°C)\

Bennett5 obtained sputtering data with saturated water on a stainless
steel test section at various pressures (100, 200, 300, 500, 1000 psia) (6.8,
13.6, 20.4, 34, 68 atm). The sputtering-front temperature was measured to
be 170-208°F (95-115°C) above the saturation temperature. The rewetting rate
was found to be inversely proportional to the initial temperature of the rod and
independent of the water flow rate. The data of Bennett were analyzed by
Thompson64 with a two-region model (see Fig. 4). The wet-side heat-transfer
coefficient was proportional to (T su rface - T8at)

3, while the dry region below
the sputtering front was assumed to be adiabatic. This heat-transfer coeffi-
cient makes the rod energy equation nonlinear; hence Thompson used numerical
methods to obtain a solution. Both one-dimensional and two-dimensional
models were used with calculated heat-transfer coefficients up to 100,000 Btu/
hr-ft2 (56.7 W/cmz-°C) and heat fluxes up to 20,000,000 Btu/hr-ft2 (1500 W/cm2).
These high heat-transfer coefficients are justified by citing Refs. 30 and 69
where these very high values were observed. However, the flow conditions in
the references, high subcooling and velocity, are not similar to the conditions
of Bennett, and the applicability of these references is questionable.
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The early BWR FLECHT* tests20'21'31'47'54 were conducted with 49 elec-
trically heated rods at pressures of 15-300 psia (1-20.4 atm). Test results
with stainless steel and Zircaloy were similar. Considerable scatter in the
data was evident, with the peak clad temperature varying with rod position in
the array. The rods adjacent to the stainless steel enclosure, which usually
cooled first, had a lower peak temperature than the interior rods. No depen-
dence on water flow rate or initial conditions could be established. However,
it was reported that the rewetting rate increased with pressure.

Numerous tests were conducted during the PWR FLECHT program,10

which simulated LOCA conditions in order to evaluate PWR ECCS performance.
Simulated reactor fuel subassemblies in 7 x 7 and 10 x 10 arrays of stainless
and Zircaloy clad rods were used. The ECCS of a PWR is primarily a "bottom
flooding" device where the large quartities of water are injected into the reac-
tor vessel through the inlet piping. The PWR tests showed liquid entrainment
to be an effective heat-transfer mechanism in the region abovf? the rising
liquid pool. The effectiveness of the liquid entrainment increased with water
temperature. This is a result of larger quantities of steam being generated
and, hence, entraining more water. Heat-transfer coefficients between the
rod and mist were reported to be 30-100 Btu/hr-ft2-°F (0.017-0.056 W/cm2-°C).
As with the BWR FLECHT, the performance of a PWR ECCS is enhanced by
increased pressure. The temperature at the quenching front was reported to
be 600-1200°F (315-650°C). However, the accuracy of this measurement was
poor since data were recorded once every 4 s. Also, the quench-front temper-
ature was not the sputtering-front temperature, but that point where the tem-
perature began to drop rapidly as the rewetting front approached.

By reviewing the literature through 1974, we can conclude that sput-
tering is a heat-transfer process that has not yet been unambiguously located
on the boiling map given by Fig. 2. As the subject of intensive investigations,
sputtering has teen observed (1) in a wide variety of geometries, (2) on mate-
rial with different thermal properties, (3) at different pressures, and (4) for
a wide range of flow rates and subcoolings. The data have been correlated
with one- and two-dimensional models by assigning values to two of the un-
knowns (such as the sputtering temperature and effective water temperature
at the sputtering front), and by varying the third parameter (such as the heat-
transfer coefficient) to allow tha correlation to fit the data. Some of the per-
tinent questions about sputtering are:

1. What is the sputtering-front temperature? This temperature is
important in identifying the heat-transfer process. Presently, this temperature
has been estimated to be Z80-500°F (140-260°C). A range this wide will not
identify the heat-transfer process.

•Most commercial reactors are presently Bailing Water Reactors (BWR's) or Pressurized Water Reactors (PWR's).
Performance oi ECCS's were tested in the Full Length Emergency Cooling Heat Transfer (FLECHT) tests for
each type of reactor.
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2. What is the heat-transfer coefficient? Two-dimensionality can be
related to the heat-transfer coefficient, which is reported to vary by a factor
of 200.

3. Does water flow rate affect the rewetting velocity? Shires61 and
Yamanouchi80'81 indicate that rewetting velocity increases with flow rate;
Yoshioka82'83 and Bennett5 reported no effect.

4. Experimental data have been reported showing the rewetting ve-
locity to increase with water subcooling. At present, no consistent method
exists for incorporating this observation in analysis.
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III. EXPERIMENT

It was shown in Ch. II that sputtering has been the subject of extensive i
investigations. Up to the present, all studies of sputtering have been concerned I
with a moving sputtering front on a vertical rod or tube. The reason for the \
wide range of experimental sputtering-front temperatures is more easily I
understood by examining Fig. 1. The rod length where the temperature drops |
from T^ to Tjiq is very short, that is, a steep temperature gradient exists in \
this region. Since investigators have tried to measure the temperature where I
a steep temperature gradient exists, a slight error in the axial direction would f
result in considerable temperature error. To further complicate the problem, ;
the sputtering front is moving. In this case not only must the exact location
be known, but the temperature must be measured at the instant the sputtering
front arrives. Realizing these problems, a different approach to the investi- :
gation was undertaken. \

\
With a moving sputtering front, a steep temperature gradient exists at \

a fixed location for only a short time. The intense boiling at the sputtering J
front takes place as the falling liquid film progressively moves downward |
cooling the rod. If a heat source of sufficient intensity were available to sus- '!
tain the temperature gradient, the downward progress would cease. With a i
stationary sputtering front, the temperature measurements can be made with I
much greater accuracy than the previously reported range of 280-500°F )
(137-260°C). The cooling action in the nucleate-boiling zone lowers the sur- |
face temperature independent of the sputtering-front velocity because the i
water velocity is at least greater by an order of magnitude than the rewetting
velocity. The difference between a moving and a stationary sputtering front
is that in a moving sputtering front the tube is cooled from an initial tempera-
ture to a final temperature at a constant velocity; in a stationary sputtering
front thermal energy is supplied at a constant rate. By moving with a rewet-
ting front, it appears to be a steady-state process with the tube surface being
cooled from To to Tliq at a velocity of u s p u t (see Fig. 1). The stationary
sputtering front isi truly steady state with the temperature at the same physical
location remaining constant. The remainder of this chapter is used to describe
the experimental apparatus used. All data obtained with a stationary sputtering
front are tabulated in Appendix B.

A. Experiment Apparatus

Up to the present, most test sections have been fabricated from stain-
less steel or materials with similar thermal properties. With a stationary
sputtering front, all the thermal energy must be conducted to the front by a
temperature gradient in the test section. If a material of high thermal con-
ductivity is chosen, a lower temperature gradient is required. Copper, which
has a conductivity about 20 times greater than stainless steel, was chosen.
This choice of material necessitated that all experiments be conducted in an
inert atmosphere because of the rapid oxidation of copper at elevated
temperatures.
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A hood about 40 x 40 x 30 in. (100 x 100 x 75 cm) was purged with
argon typically for one day prior to conducting experiments. Manipulation of
the test section and other instruments within the hood was accomplished with
gloves while observing through the front window, a 1/2-in.-thick Plexiglas
plate.

B. Test Section and Heater Assembly

The test section (see Fig. 5) was fabricated from three pieces of
copper bar stock and welded together. The entire test section was 25 in.
(63 cm) long.

1. The top, of 3/8-in. OD by 17 in. (0.95-cm OD x 43 cm), most of
which is not shown in Fig. 5, is where the falling water film flowed and was
eventually sputtered off near the bottom. Sputtering usually occurred within
1 in. of the top-body junction.

2. The body, of 2-in. OD by 2 in. (5-cm OD x 5 cm), was the region
where thermal energy entered the test section by radiation. The upper lip of
the body made an electrical connection with the graphite heater.

3. The stem, of 1/2-in. OD by 6 in. (1.27-_m OD x 15.24 cm), pro-
truded from the body downward into the water bath and functioned as a
temperature-moderating device. If the body temperature climbed too high,
the stem temperature gradient increased, thus increasing the heat loss to the
water bath, and vice versa. The stem also functioned as an electrical
connection.

The heat source for these experiments was a graphite sleeve which fit
around the test-section body and radiated thermal energy. The graphite was
heated by low-voltage, high-current ac power to an estimated 3000°F during
normal operation. The top of the heater made electrical contact with the test-
section body, and the bottom of the heater made electrical contact with the
brass platform. Both the top and bottom of the heater were copper plated to
reduce contact voltage drop. Because equal amounts of thermal energy were
radiated both inwardly and outwardly, a shielding arrangement had to be con-
structed. These shields (see Fig. 5) were arranged concentrically by align-
ment rings in the brass platform. When fully assembled, the apparatus
appeared as shown in Fig. 6; a cross-sectional view is shown in Fig. 7.

C. Measurements of Surface Temperature

The Chromel and Alumel leads of the thermocouple probe were located
at the end of a modified pair of seizers (see Fig. 8). By grasping the copper
test section with the seizers, two thermocouple junctions were formed on the
heater surface: a Chromel-copper, and directly opposite it on the vertical
copper rod a copper-Alumel. Since both junctions were located at the surface,
the signal produced by this type of probe was proportional to the surface tem-
perature at a given elevation. The tips of the seizers including all but the ends
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of the Chromel and Alumel wires were insulated with a thermal-curing resin.
This was done to prevent water from coming in contact with the leads and
lowering the junction temperature. Good accuracy and response of the thermo-
couple probe (see Appendix C) was obtained at reference temperatures (32 and
212°F) (0 and 100°C). The electrical resistance of the probe upon making a
circuit with the test section was found to be insignificantly higher than the
electrical resistance of a Chromel-Alumel thermocouple of equal length and
gauge, indicating good electrical contact with the test section. All temperatures
were recorded with a Doric Digitrend 210.

The thermocouple probe was positioned along the vertical rod by a
traversing device (see Fig. 9). The probe was inserted into a milled slot in
a solid brass block which was moved by twin lead screws. A cam arrangement,
located at the top of the lead screws, permitted fixed vertical steps of 0.100,
0.050, and 0.020 in. (0.254, 0.127, and 0.058 cm). This experimental arrange-
ment permitted measurement of the surface temperature at many locations
without the constant disruption of the film by permanently positioned thermo-
couples. The cam arrangement provided constant vertical steps; however, the
clearance in the milled slot was a source of error. The tip of the thermocouple

Fig. 9. Interior of Hood. AM. Neg. No. 900-4507A.

f
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probe could move vertically 0.040 in. (1 mm) because of clearance in the
milled slot. Normally during testing, the probe was held firmly against one
side so there was only negligible movement. However, because of the clear-
ance, the vertical measurement should be considered to be ±0.020 in.
(±0.051 cm). The temperature error is the total of all the error sources. A
tolerance of ±4°F (2°C) should be associated with the thermocouple junction
and Digitrend 210. The error due to the clearance in the traversing device is
a function of test-section temperature gradient. For example, with a tempera-
ture gradient of 1000°F/in. (1410C/cm), the error would be ±20°F (±11°C).

D. Sputtered Water Temperature

The temperature of the water sputtered from the rod was initially
measured with a Chromel-Alumel thermocouple held near the sputtering front.
However, these data had considerable scatter, of the order of 30°F (17°C).
This scatter was reduced by using the mixing cup shown in Fig. 8. This cup,
which had a negligible thermal capacity, held a Chromel-Alumel thermocouple
which measured the average or bulk sputtered water temperature. Data ob-
tained in this manner did not have as much scatter as obtained from the orig-
inal, bare-thermocouple bead. Even with this improvement, the spray
temperature (sputtered water) should be considered ±5°F (±2.8°C).

E. Water Temperature and Condensation Heat Flux

Water was introduced onto the copper rod approximately 17 in. above
the sputtering front. A phenol-fiber distributing block held a thermocouple
for measuring the water temperature and for distributing the flow around the
test-section periphery. This block, shown in Fig. 10, was located at the top
of the copper test section. Sleeves of 160-mesh Monel screen were also used
to insure the entire periphery was wetted by the falling liquid film. Since there
was usually some steam inside the hood, condensation occurred on the film,
which increased the film temperature. The film temperature was monitored
with thermocouples located 7, 4, and 2 in. above the sputtering front. A linear
extrapolation from these three thermocouples was used to estimate the tem-
perature of the liquid entering the sputtering front. Appendix D illustrates
how the heat flux due to condensation was determined.

F. Measurements of Water Flow Rate

Demineralized, degassed water was used as a test fluid which was
supplied at constant flow rate from a 12.1-gal pressurized reservoir (see
Fig. 10). This reservoir was maintained at constant temperature by a water
bath. The flow rate was controlled by adjusting a valve on the reservoir and
measured by a 3/8-in. Fischer and Porter flowmeter. Flow rates were veri-
fied by measuring the volume of water flow during 100 s immediately after a
test. The flow-rate data of Appendix B should be considered to be ±5%.



28

Fig. 10. Test Facility. ANL Neg. No. 900-4508A Rev. 1.

A surfactant, Photoflo-200, was added to the test water to improve the
wetting of the copper rod.78 This water-surfactant mixture gave a uniform
sputtering front with the entire periphery at the sputtering front. The effect
of surfactant concentration on the surface tension of water was measured by
capillary action with 5-\ pipettes at 70°F. The effect of surfactant was as-
sumed constant with temperature; Fig. 11 shows how the surface tension was
estimated as a function of temperature. Surface tension was measured because
it is a parameter in boiling correlations. The change in surface tension is
given in Appendix B for each test case.
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C. Experimental Procedure

All the data were obtained
In a hood which had been purged
with argon. A minimum of 300 ft*
(8.5 m1), ten times the volume of the
hood, waft used fo- purging, which
usually took 24 hr. Demineralized,
degassed water was used for testing
and kept in a water bath to insure
that its temperature did not change
during testing. If surfactant was
to be added to the water, it was
added prior to degassing. Also,
prior to degassing the desired
water temperature was obtained
by heating the test water and
water bath with low-pressure
steam. Condensation within the
hood was reduced by means of a
heat exchanger using a closed-
circuit ethylene glycol loop. The
ethylenc glycol was cooled with
dry ice.

Eighteen temperatures
were monitored during testing.
Among these was the test-section
body temperature, which was
maintained constant by equalizing
the heat losses and gains. The
two methods of controlling the
body temperature during sputtering
were by altering the electric power

to the heater or by moving the water bath to change the heat loss down the test-
section stem to the water bath. When a steady test-section body temperature
in the 700-800T (371-427*0) range was obtained with a stationary sputtering
front, surface measurements were taken. Measurements of sputtering surface
temperature were obtained by stepping the traversing device and grasping the
test section with the thermocouple probe for approximately 2 s at each step.
Data were obtained by stepping either upward or downward; the direction was
arbitrary and did not affect the data or the time required to record these data
"•1 min.

The experimental apparatus described in this chapter performed well,
providing data for stationary sputtering fronts for water flow rates varying by
a factor of four and subcoolings from 40 to 140eF (22-77°C). The data were
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reproducible; runs 7A and 7B and 8A and 8B are listed in Appendix B to verify
this fact. The experimental procedure was straightforward because the data
were taken at steady state. Normally the surface temperature measurements
were taken at a rate of 30 per minute. These temperature measurements
were plotted to show the temperature profile through a sputtering front. Ex-
ample* of these profiles are shown in Ch. VI; the analytical model to describe
these data is developed in the following chapter.
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IV. MATHEMATICAL MODEL OF SPUTTERING

The data obtained in this study were steady-state data and can be
analyzed using a steady-state energy balance. If the test section were con-
sidered to be composed of numerous vertically stacked disks and the water
as vertically stacked rings (see Fig. 12), a one-dimensional energy balance
could be used. The resulting differential equations are coupled and nonlinear;
hence, simultaneous numerical solutions are appropriate. A possible problem
with the one-dimensional approach is the existence of two-dimensional effects;
therefore, a two-dimensional model will also be developed. Since the compu-
tational burden of a two-dimensional calculation can be greatly reduced by a
good initial guess, the calculated one-dimensional temperature profile will be
used as the starting conditions. It will be shown in Ch. VI that two-dimensional
effects do exist but do not dominate for these data; hence, a one-dimensional
model is adequate here.

ENERGY BALANCE OF ROD ENERGY BALANCE OF LIQUID

jD c u »rD T
liq liq liq rod liq|z

hc irD r o dAi(T r o d-T | i qJ

Fig. 12. One-dimensional Model of Sputtering. ANL Neg. No. 900-75-867.

A. One-dimensional Energy Equation of the Liquid

The differential element for the one-dimensional energy equation for
the falling liquid film is shown in Fig. 12. The following assumptions are
made:

1. The kinetic and potential energies of the liquid film are negligible.

2. There is no axial heat transfer in the liquid.

3. Mass flow rate due to condensation is negligible compared to the
mass flow rate of the film.

4. The film thickness is small compared to the rod radius and, hence,
a rectangular coordinate system can be used.

5. The film can be modeled adequately by one-dimensional analysis.

6. Steady state is assumed.
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The energy equation of the liquid becomes

d nc
T = 6Pliqcliqnliq

*con
pliqcliqSliq6

surface " Tliq)

(10)

where the condensation heat flux <Pcon '• estimated as shown in Appendix D.
Introducing the variable f, which is the mass flow rate per unit periphery:

Eq. 10 becomes

T

B. One-dimensional Energy Equation of the Rod

Consider a stationary sputtering front on a vertical solid rod. With
the one-dimensional differential element as shown in Fig. 12 and the following
assumptions, one can obtain the one-dimensional differential energy equation:

1. The system is in steady state.

2. The rod has constant propert ies .

The resulting equation is

T ( T

The one-dimensional temperature profiles for the rod and liquid can be ob-
tained by the simultaneous solution of Eqs. 10 and 13.

The character is t ic distance for a cylindrical geometry is one-quarter
of the diameter. By introducing the dimensionless parameter

(14)

Eq. 13 can be rewritten as

d2 h c D r o d ,
T (

dC 2

• T
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The term hcDrotj/4krcH] is a dimensionless number known as the Biot number,
which can be considered as

Biot number =
internal thermal resistance
surface thermal resistance (16)

If the Biot number is much larger than one, the internal resistance determines
the heat transfer; conversely, if the Biot number is much less than one, the
heat transfer is determined at the surface. In one-dimensional analysis, there
is no distinction between the rod surface temperature and the interior tempera-
ture. This is not the case for two-dimensional analysis of the rod.

C. Two-dimensional Analysis of the Rod

Nucleate boiling has been observed with sputtering fronts. Heat fluxes
of the order of 1,000,000 Btu/hr-ft2 are associated with nucleate boiling and,
hence, steep radial temperature gradients will occur at the rod surface near
the sputtering front. This observation prompted the development of a two-
dimensional model for which the following assumptions are made:

1. Steady state.
2. Constant properties.

3. Axial symmetry where a one-radian sector is considered.

The two-dimensional energy equation in this cylindrical geometry (see Fig. 13)
is handled as follows:

- Din)
dTrod

" "krodl
oT rod

- krodDin-T
•rod / . n Az aTrod

•'out
(17)

For the numerical method used here, relaxation, this is approximated as

(DOut " D?n) ATrod|(°out " Din>
z+Az

- D inAz
Ar = 0. (18)

in

This equation is solved for each z, r location throughout the grid. For the
analysis done here, this grid was 450 elements long in the axial direction z,
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each element representing a distance of 0.005 in. The grid was eight elements
wide with each element having the same cross-sectional area. It was found
that this grid structure, where each element had equal mass, speeded the con-
vergence. Details of the numerical method are given in Appendix E.

Fig. 13

Two-dimensional Model
of Sputtering. ANLNeg.
No. 900-75-868.

TWO-DIMENSIONS NODE STRUCTURE

In order to use this model to analyze the stationary-sputtering-front
data obtained here, the simultaneous solution of the temperature field within
the rod and the liquid film must be obtained. It has already been pointed out
that the heat-transfer coefficient hc is a function of the dependent variables.
Because hc is the key to the sputtering problem and because h c varies by two
orders of magnitude for some flow conditions near a sputtering front, the
entire next chapter is devoted to a discussion of it.



35

V. SPUTTERING PHENOMENA

Consider a device, illustrated in Fig. 14, capable of sustaining a sta-
tionary sputtering front. Let the event be examined as a three-region phe-
nomenon as shown in the figure:

1. A quiescent falling film zone extending up from the nucleate
boiling zone.

2. A short nucleate boiling zone immediately above the sputtering
front.

3. A dry adiabatic zone extending down from the sputtering front.

«»TE« INTRODUCED

O« DISTRIBUTING
SCREE*

SOLID COPPER
TEST SECTION

REGION 1
HEAT TRANSFER 6<f
FORCEO CONVECTION
ANi? CONDENSATION

Fig. 14

Three Heat-transfer Regions.
ANL Neg. No. 900-75-869.

REGION 2
NUCLEATE BOILING

HEATER ASSEMBLY

This chapter will present numerous heat-transfer correlations from
the literature. Those correlations most applicable to sputtering will be se-
lected, and a method will be proposed for calculating the heat-transfer coeffi-
cient throughout a sputtering front. This method is based upon the premise
that sputtering is a nucleate-boiling process and that the front corresponds
to a CHF phenomena. This chapter will be concluded with an example of how
to use this method of linking the various heat-transfer correlations together.

If we begin at some location far enough above the sputtering front such
that the temperature of the rod and the liquid are unaffected by the sputtering,
the different modes of heat transfer are:
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Region 1

1. Heat transfer from the rod to the falling film by nonboiling forced
convection.

2. Heat transfer from the argon-steam atmosphere inside the hood
to the falling film by condensation. This heat flux i8 considered to be a con-
stant and is evaluated in Appendix D.

Region 2

Forced-convection boiling occurs in Region 2. Local conditions deter-
mine if this boiling is saturated or subcooled. The criterion used for deter-
mining the beginning of Region 2 is the location of incipient boiling.

Region 3

This region can be considered to be adiabatic. For the present situa-
tion, heat fluxes due to radiation and convection are small (less than 1% of
Region Z) and can be ignored. The beginning of Region 3 is the location of the
CHF point on the rod surface.

A. Falling-film Heat Transfer

Falling-film heat transfer is common in industry, and the literature
contains many references to this mode.3'12'49'50'59'70 The heat-transfer coeffi-
cient between the rod and the film is generally considered to be related to the
flow regime as characterized by the Reynolds number. For falling films, the
Reynolds number is defined as3

_ inertial forces _ 4Pliquliq6 , .
viscous forces V

Since the viscosity of water is a strong function of temperature,38 the
Reynolds number must be evaluated for a specific temperature. Two other
dimensionless groups related to heat transfer are the Prandtl number and
the Nusselt number:

p kinematic viscosity _ vliq , .
= thermal diffusivity = « u * '

and

N - temperature gradient at wall c , .
reference temperature gradient ~ kjj_ *
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It can be shown by dimensional analysis that these three groups can be related
to each other without regard to flow regime as

Nu = F(Re,Fr). (22)

For falling liquid films, the reported relationships between these
three groups vary by a factor of two depending upon the Reynolds number.
This discrepancy is a result of the difficulty in defining the flow regime. The
appearance of waves or ripples on the free surface enhances the heat transfer
before a transition to turbulent flow occurs. Therefore in the transition from
laminar to turbulent flow, the appearance of waves expands the heat-transfer
problem. If the flow regime were laminar, a momentum balance could be used
to relate the flow rate to the film thickness:

6 = (23)

The dashed lines and right ordinates of Figs. 15 and 16 show the laminar film
thickness as a function of T. If the flow regime were turbulent, the film thick-
ness would be less since the velocity profile is flatter.

8RrS,McHDflMS,DREW

MODIFIED NUSSELT S3'
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REYNOLDS NUMBER
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Fig. 15. Falling-film Heat Transfer for Water at
100°F. ANL Neg. No. 900-75-870 Rev. 1.

Fig. 16. Falling-film Heat Transfer for Water at
150°F. ANL Neg. No. 900-75-871 Rev. 1.
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These differences in flow regimes for the same apparent conditions
have led to the wide rr-nge of reported heat-transfer coefficients. Figures 15
and 16 compare three correlations for water at 100 and 150°F. The original
Nusselt correlation52 was modified by Wilke79 to include a wavy laminar and
transition region. Wilke1 s data, obtained on the outside of a brass rod, were
correlated with the following equations:

Nu = 1.88 = - £ - ; Re < 2460Pr"0'646 (laminar flow), (24)
k

Nu = 0.064 l(^p) Pr0-344; 2460Pr-0646 « Re < 1600 (wavy laminar), (25)

(n .6/5
-̂ f J pr°-344. l 6 o o s Re < 3200 (transition region), (26)

and

Nu = 0.0066f-^) pj.o.344. R e a 3 2 0 0 (turbulent). (27)

Correlations by Chun and Seban12 and by Bays et al.4 are shown in
Figs. 15 and 16 to indicate the range of reported correlations. The Wilke
correlations are used in Region 1, although there is no preference to specify
that one. If an error band of 50% were used, all of the correlations appear
equally good.

B. Incipient Boiling

The criterion used to define the beginning of Region 2 is the location
of incipient boiling. It can be seen in Fig. 2 that incipient boiling is defined
by the minimum surface temperature needed to produce nucleate boiling. For
water at atmospheric pressure, this temperature is approximately 10°F greater
than the saturation temperature. Most theories of nucleate boiling assume
that nucleation starts at favored sites on the heater surface. These favored
sites are microscopic pits, scratches, irregularities, and cavitits which are
not completely wetted.74 If vapor is trapped inside these cavities, the vapor
expands as the wall temperature increases.34 The pressure inside the buhble
is higher than the ambient pressure due to surface tension forces and, hence,
for the bubble to expand, the wall and adjacent liquid must be superheated
relative to ambient pressure. This is shown schematically in Fig. 17 where
the depth of a superheated layer is related to the temperature gradient for a
specific cavity size. This liquid temperature gradient in turn corresponds to
the incipient heat flux Vincip- This physical description of incipient heat flux
has led to the following correlation, which will be used here:7

<"incip = 15.6P1-156exP[2.3/P°-0234ln(ATx)]. (28)
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Fig. 17. Superposition and Bubble Nucleatiosi.
ANL Neg. No. 900-75-872.

An example of the iterative method
required for the solution of Eq. 28
is given at the end of this chapter.

C. Region 2--Nucleate Boiling

Region 2 is defined to exist
from the location of incipient boiling
to the location where the heat flux
equals the local CHF. Generally for
water at atmospheric pressure these
surface temperatures range from 10
to 60-90T above saturation.60 Since
the present situation is for flow boiling,
the method of superposition will be used
(see Fig. 17).

Forced-convection nucleate-
boiling heat flux has been considered to
be the sum of the pool-boiling heat flux
and the forced-convection heat flux:58

(29)

This was later modifed by Bergles7 to
provide a curve for a smooth transition
from forced-convection nonboiling to
forced-convection boiling (see Fig. 17):

(30)

The superposition method of Eq. 30 is used in Region 2 where <Pfc =
hc I falling film (Twall - Tnq), tppb is the pool boiling heat flux, and <pbi is the
boiling heat flux at ATX)if

Numerous correlations are available in the literature for estimating
pool-boiling heat fluxes.3'13'23'24'25'33'37'461"*8'58'66 The controlling parameter in
nucleate-boiling heat transfer has generally been accepted as ATX = (T s u r -
Tsat).39 Typically, boiling-heat-transfer correlations are of the form

= CATn (31)

where the values of C vary from system to system and the exponent n is in
the range from 2 to 8. The Roshenow58 and Levy46 correlations are of this type
and are, respectively,
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_ _3 „__,., »*liq /g(Pl i q -Pvap) A T 3 (32)

and

k l iq c

(33)

10
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F - GAERTNER

10"

Experimental data from a wide
variety of surface materials,
test fluids, temperatures, and
pressures have been correlated
with these two relations. For
the particular case of water at
atmospheric pressure, these
two correlations give almost
equal results (see Fig. 18).
[Equations 32 and 33 are based
upon the same physical descrip-
tion of boiling, namely, the heat
flux is due to bubble nucieation,
and is proportional to the liquid
agitation due to bubbles being
formed at the surface and sub-
sequently departing or collapsing.
In Eq. 32, Csf is an empirical co-
efficient for various fluids and
surfaces. The term P L °* E<1- 33
corresponds to the term Csf of
Eq. 32; P L is an empirical func-
tion of p l i q and hfg; the suggested
functional relation of PL(Pliq, hfg)
does reasonably v/ell for much of
the reported boiling data. Unfor-
tunately, for water at atmospheric
pressure the suggested value of
PL and the value of P L needed to
make Eq. 33 accurately predict

the experimental data differ by a factor of three. Thus, for the calculations
shown in Fig. 18, the suggested value of p^has been decreased by a factor
of three.]

Two correlations in Fig. 18 which are for water at atmospheric pres-
sure are

10
is 30 45

U -T.
60 75

Fig. 18. Pool-boiling Correlations. ANLNeg. No. 900-75-873.
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(T s a t -

Equation 34 successfully correlated pool-boiling data obtained with a centri-
fuge for accelerations from 1 to 100 g:J7

where

dP
dT

(dP/dT is estimated by the Clapeyron equation),

(hfgpvap)

and for water Cj = 0.007.23

Two pool-boiling correlations specifically for water at atmospheric
pressure which are shown in Fig. 18 are those of McAdams48 and Cichelli,13

respectively,

cppb = 0 .074/^ 86 (36)

and

V = 42&T2:42. (37)

It has been postulated23 that the high heat fluxes obtained with boiling
are a result of the intense agitation of the liquid layer at the surface. This
agitation is caused by the growth and collapse or departure of bubbles at the
surface. The pumping action of the bubbles mechanically moves the super-
heated water adjacent to the surface away and replaces it with cooler water.
It has been observed24 that subcooling does affect this pumping action. In-
creased liquid subcooling increases the frequency at which bubbles nucleate
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at the surface. This in itself would increase the heat transfer; however, the
increased subcooling also affects the average bubble size at departure, which
decreases with subcooling. The net result is only a small increase in heat
flux with increased subcooling. The correlations of Levy46 (Eq. 33) and of
Judd and Merte37 (Eq. 34) consider the subcooling effects, which are usually
less than 15% of the pool-boiling heat flux.

Another curve of Fig. 18 shows a correlation for the data obtained by
Gaertner.24 These data were obtained for a temperature-controlled surface
of water at atmospheric pressure up to and including the CHF point. The ex-
pression for pool-boiling heat flux recommended by Gaertner is

cppb = 0.0012AT*:5 for AT* £ 35°F (38)

and

35000ATx'
5 for ATX > 35°F. (39)

As can be seen from Fig. 18, there is considerable scatter in the pool-
boiling heat flux. (Gaertner24 and Kurihara40 used the same experimental ap-
paratus, and their data differed by a factor of 2.5. Apparently even experi-
mental techniques can affect the data. However, within a given set of data the
trends are consistent, the data reproducible, and the correlations accurate.)
Since a large variety of surface-liquid combinations have been correlated by
the Rohsenow model, Eq. 32, this type of expression is more easily accepted.
Vachon72 extended the original Rohsenow pool-boiling correlation to encompass
a wider range of surface-liquid combinations and surface preparations. A least-
squares fit was used to correlate the data, in which the exponent of the Prandtl
number was related to surface cleanliness and the exponent of the excess tem-
perature was related to the surface roughness. Vachon reported that, for a
smooth copper-water combination, the excess temperature exponent ranged
from 4 to 8:

cp b = 0.184ATx-
16 (4/0 emery surface polish); (40)

cppb = 4.022 • 10"4ATx-
66 (2/0 emery surface polish); (41)

cppb = 1.2586 • 10"5ATx-
69 (3/0 emery surface polish). (42)

Equation 41 will be used here because it is believed that the copper-rod surface
is best described by those conditions. Calculations with Eqs. 40 and 42 are
shown in Ch. VI for comparison.

The reason for using the Vachon exponents and constants is that these
values are specifically for water boiling on copper at atmospheric pressure.
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The original Rohsenow exponent, 3, is for a wide range of fluids and heater
materials. Vachon has published recommended surface-liquid coefficients and
exponents for many different combinations. If these calculations were to be
done with a different combination of materials, other values could be used.
In this manner, the general nature if Eq. 32 is maintained. Equation 30 can
now be used to determine the boiling heat flux, where the forr«d-convection
heat flux is (h c ] f a n i n g f i l m ) (T r o d - T l i q) and the pool-boiling heat flux is de-
termined by Eq. 41. The effects of subcooling are smaller than the uncertainty
in the nucleate-boiling heat flux and hence can be ignored.

D. Approach to CHF

Extrapolating the Rohsenow correlation, Eq. 32, to CHF would yield
unreasonably high heat fluxes at measured CHF surface temperatures. The
nucleate-boiling heat flux has been observed to be a smoothly continuous pro-
cess at CHF because of competing physical processes at the heated surface.62 '68

Increasing the nucleate-boiling surface temperature increases both the number
of nucleation sites and bubble-departure frequency. Gaertner observed that,
as the CHF was approached, continuous columns of vapor emanated from nu-
cleation sites. The maximum upward flow of vapor without inhibiting the
downward flow of liquid occurred at the CHF.

At higher surface temperatures, the larger volumes of departing vapor
limited the downward flow of water. A means must be found to complete the
boiling curve up to that point. It was shown that Gaertner correlated his data
(see Fig. 18) as two straight lines on a log-log plot with a change in slope at
approximately 0.5 CHF. This is a simple correlation and does not satisfy the
criterion of the CHF being a relative maximum. A means of calculating the
boiling heat flux as a function of surface temperature which satisfies the fol-
lowing constraints is desirable:

1. The calculated heat flux must equal the heat flux as calculated by
Eq. 30 at some intermediate point. The location of this point is arbitrary.
For the work done here, a value cf 0.6 CHF is used. Calculations with a value
of 0.4 CHF, 0.6 CHF, and 0.8 CHF are compared in Ch. VI.

2. The calculated heat flux must equal the CHF when the surface
temperature equals the temperature needed to produce a CHF phenomena.

3. The slope of the calculated heat flux at CHF is zero, that i s . the
curve has a relative maximum at CHF.51 '55

These three constraints determine a parabola:

cppb = AATX + BATX + C. (43)

This approximation is used from 0.6 CHF to CHF; the boundary conditions
which determine the constants A, B, and C are evaluated at local conditions.
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E. The Critical Heat Flux

The location of the CHF on the boiling map can be found by determining
its coordinates, ATX and VCHF" Unlike the case with pool boiling, the influence
of velocity and subcooling are significant, and will be considered.14'42'43'65'67

Pressure is also a significant factor, but since all the data taken here are at
1 atm, it will not be discussed. (Increased pressure increases the CHF. For
water, the CHF increases up to 1200 psia and then decrease:: with pressure.
The FLECHT tests were conducted at various pressures up to 300 psia, where
increased rewetting velocities were observed with increased pressures.)
Generalized CHF correlations do exist,56'84 but, as with pool-boiling correla-
tions, a wide range of values can be calculated. One such correlation is the
superposition approach by Levy:44

*CHF = ^CHF.pb + 'sub + »fc' ( 4 4 )

where

pggcfPliq Pvap)] , .
<PCHF,pb = 0.131h£gpvap £- , (45)

<psub = 0.696(k l iqp l iqc l iq)1^|- ~- " * l I — " " * v ^ | ATsub, (46)

and

Another superposition approach was suggested by Chang,11 in which the
CHF was the summation of the sensible heat transport by liquid convection
and the latent heat transport by the bubbles. The superposition approach of
Eq. 44 will be used here; however, other CHF correlations will be presented
for the sake of comparison.

Gunther30 conducted a photographic study of forced-convection boiling
from 1 atm to 164 psia. The CHF data for water were correlated as

cpCHF = 7000uliqATsub. (48)

This product-type correlation was limited to the range of 5 < ujiq < 4o fps
and 22 < ATSUD < 282°F. On the basis of his data, Gunther proposed the fol-
lowing rule of thumb for forced-convection water:
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(49)

Kutateladze41 examined pool boiling of water at 1 atm and reported the effects
of liquid subcooling on the CHF magnitude with the following relation:

(P C H F = 504000 + 1400ATsub. (50)

Vleit and Leppert73 measured the CHF of forced convection water at 1 atm in
0.105-in.-ID tube. They recommended a superposition type of correlation:

<PCHF = 504000 + 86400uu + 1400ATsub. (51)

A general CHF relation based upon the physical properties of the fluid where
the subcooling effect is included by a superposition method is35

<PCHF = O.l6h fgp1/2[ga(p l iq - Pvap)J1/4(l + PfcTsub), (52)

where

\pvap

However, to use the superposition method of Levy, a forced-convection term
must be added to Eq. 52. Thus a complete expression for CHF is

- 52)] + [hc |EqS- 24-27(Tsur - Ti iq)]. (53)

; ; The CHF data of Vliet and Leppert can be successfully correlated withEq. 53.
i ; Hence, Eq. 53 is a general correlation based upon physical properties, yet it

; is accurate for water at atmospheric pressure. Equation 53 will be used here
V i for this reason.
i; j
I Correlations such as Eqs. 44-53, which relate CHF to flow conditions,
r are independent of ATX because the CHF is a hydraulic limitation. Berenson
,; reported that surface conditions affected the surface temperature but not the
- ; heat flux at burnout.6 Corrosion increases the surface temperature for a
f i given heat flux during nucleate boiling and at the CHF.77 Gaertner24 and Stock62

reported ATX at the CHF for atmospheric water to be 79 and 43°F, respectively.
Both sets of data were taken from freshly polished surfaces. Jens and Lottes36

correlated the surface temperature at CHF for water from 100 to 2500 psia as

106

I I,
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This expression was modified by Weatherhead76'77 to include data to 60 psia as

- 0.707Tgat)l0 f ^ (55)

CRITICAL HEAT FLUX

For the calculation done here, Eqs. 53 and 55 will be used to determine the
location of the CHF point.

F. Sample Calculation

The purpose of this chapter has been to propose a method for obtaining
the heat-transfer coefficient in a sputtering front. Numerous correlations

have been discussed where the
heat-transfer coefficient or the
heat flux is a function of flow con-
ditions. Figure 19 shows the re-
sults of linking these correlations
together according to the procedure
already described. This procedure
is a logical method for joining
Regions 1,2, and 3 to form this
curve, which is the same as the
curve in Fig. 2 up to the CHF point.
Probably the best way to summarize
this chapter is to illustrate this pro-
cedure with an example.

Example

Consider sputtering under
the following flow conditions:

r = 968 lbm/hr-ft;

Ti iq = 173°F;
x sa t ~ *-llF-

IO3

5 10
EXCESS TEMPERATURE, «F

Fig. 19. Subcooled Forced-.-onvection Boiling Heat Flux
up to CHF. ANL Neg. No. 900-75-874.

For this example, the water tem-
perature will be assumed to be
constant. Actually, the water tem-

perature increases and the calculations should be done for local conditions.
However, to let the water temperature increase would make these calculations
much more lengthy and not illustrate the method any more clearly. Let the
heat-transfer coefficient be defined as

_ total heat fhix
c ~ total temperature difference " (56)
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Step 1

l:i Region 1, the heat-transfer coefficient can be determined from
Eqs. 2.4-27. Figure 18 shows calculations for 150°F water, which is lower than
in the present case. The value at 1738F is about 2000 Btu/hr-ftz-"F.

Step 2

Region 1 ends when the surface temperature reaches the incipient-
boiling temperature. The incipient heat flux can be estimated from Eq. 28,
which reduces to

= 337AT£16. (57)

To find the incipient-boiling temperature, an iterative solution is r e -
quired. If we guess that ATXjbi = 15°F, then CPincip = 118,000 Btu/hr-ft2.
Since the actual heat flux at this temperature is less than the incipient-boiling
heat flux{cp£c = hcAT = (2000 Btu/hr-ft2-°F)[(211 + 15 - 173)°F] = 106,000 Btu/
hr-ft2}, 15°F is too high. A guess that ATx>bi = 14°F reduces <Pincip t o

104,000 Btu/hr-ft2 and cpincip = cpfc, so that ATX ^i has been found. Therefore,
Region 2 starts when the surface temperature is 225°F (211 + 14°F).

Step 3

The third step is to find the CHF, which is done by using the principle
of superposition and the general pool-boiling CHF of Collier. For water at
atmospheric pressure , Eq. 52 reduces to

'PCHF.pb = (H3.25 + 3.85ATsub), (58)

and the total CHF is , by superposition,

'CHF = ^CHF.pb + hc|falling fi lm ( Tsur " Tliq)-

To solve this, T s u r must be known, which is obtained from Eq. 55, which at
14.3 psia reduces to

ATX = 6 3 ( ^ p V . (60)
\ 106 /

Again an iterative process is required, and the results are ATX = 62.6°F and
cpC H F = 973,000 Btu/hr-ft2.

Step 4

The superposition method, Eq. 30, is used to determine the heat flux
in Region 2 up to the point where cp = 0.6 <PcHF* *** us^-nS the superposition
method, the heat flux due to forced convection is determined as
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= (hc|falling film)(&Ttotal)-

and the pool-boiling component is determined as from Eq. 41.

Step 5

When the heat flux is 0.6 CHF, the parabola approximation is begun.
In this example, this occurs when TSUr = 245.1*F. If the parabola is of the
form of Eq. 43, the following equations must be satisfied:

0.6 tPcHF = AAT^ + BATXl + C; (6la)

<PCHF = A A T x 2 + B^TX 2 + C; (6lb)

0 = 2AATX2 + B, (61c)

where

ATX, = ( T s u r - TgatJ^jCHF

and

ATXz = ( T s u r - T s a t ) | C H F .

Upon solving for A, B, and C, Eq. 42 is used up to CHF. At this point, the
heat-transfer coefficient is assumed zero and the curve is completed.

The present chapter has dealt with the details of calculating the heat-
transfer coefficient through a sputtering front. When the sputtering is con-
sidered as being composed of three regions, heat-transfer correlations based
upon local conditions could be linked together to form a continuous heat-
transfer-coefficient curve. These three regions are:

Region 1: a quiescent falling film, Eqs. 24-27;

Region 1-?. interface: incipient boiling, Eq. 28;

Region 2A: forced-convection boiling by superposition, Eq. 30;

Region 2B: approach to CHF by parabola approximation, Eq. 43;

Region 2-3 interface: CHF, Eq. 44;

Region 3: adiabatic, hc = 0.

Such a method is necessary since no single heat-transfer-coefficient
correlation covers the entire boiling map. Several heat-transfer coefficients
for each region were presented, and a recommended one for each region was
chosen.
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VI. EXPERIMENTAL, DATA AND COMPARISON WITH ANALYSIS

The last chapter addressed the problem of calculating the heat-
transfer coefficient through a sputtering front and a method was proposed
for doing this based upon local conditions along the solid surface. The only
assumptions in the development of this method were: (l) the sputtering front
corresponds to a CHF phenomena, and (2) the surface below the sputtering
front is adiabatic. This chapter will present experimental evidence proving
the validity of these two asrumptions. In the development of this method, an
arbitrary constant existed taat corresponds to the point on the boiling map
where the Rohsenow correlation terminated and the parabola approximation
began. Sensitivity studies showing the effect of various values for this con-
stant as well as three different pool-boiling correlations will be presented.
Experimental and calculated temperature profiles for five test cases show-
ing the extremes of the data will be shown in detail. Finally, by means of a
coordinate transformation, reported sputtering data for a moving front will
be predicted by using a simplified version of the heat-transfer-coefficient
curve.

A. Sputtering-front Temperature

One of the major objectives of this study was to estimate the
sputtering-front temperature.

Fig. 20. Least-squares Correlation for Runs 7 A
and 7B. ANL Neg. No. 900-75-875.

In either a stationary or moving sputtering
front, this is the surface temperature at the
lowest wetted position. In other words, it
is the highest surface temperature at which
the rod is still wet. It was shown in Ch. II
that this temperature has been measured
or estimated from as low as 280°F (138°C)
to as high as 500°F (260°C) for water at
atmospheric pressure. Surface tempera-
tures of 280°F generally correspond to CHF,
whereas 500°F is more characteristic of
film boiling. As shown in Ch. V, a knowledge
of the sputtering temperature is necessary
for predicting the heat-transfer coefficient.
At surface temperatures less than the sput-
tering temperature, the surface is wet and
the surface heat flux can be large. From an
examination of the one-dimensional energy
equation, Eq. 13, a significant surface heat
flux will cause a change in the axial tem-
perature gradient. Therefore, the sputtering
temperature can be estimated by examining
the temperature profiles and determining
the lowest temperature at which the gradient
begins to change (see Fig. 20).
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A problem in using this method is the possible existence of a signifi-
cant surface heat flux in the dry zone. There are two possible heat-transfer
mechanisms here: radiation and convection. For the data obtained here, the
dry zone was short, usually about l/4 in. (0.64 cm), and the measured peak
temperature was less than 600°F (315°C). In this temperature range, radia-
tion can be neglected. The convection heat flux would be at most of the order
of 6000 Btu/hr-ft2 (1.89 W/cm2). Again, by use of the one-dimensional energy
equation this heat flux can be seen to have only an insignificant effect (<1%)
on the temperature gradient. Such an analysis shows a constant temperature
gradient can be physically justified only in the dry zone.

The temperature gradient in the dry zone was obtained by fitting a
straight line through the data in a least-squares sense; the solid lines of
Fig. 20 are the fitted lines. Inspection of all of the temperature profiles
showed that at temperatures greater than 300°F (149°C) all the data appeared
as straight lines. Therefore, a 300°F cutoff point was selected when corre-
lating the data to avoid attempting to correlate a straight line through a curve.
The standard error and 95% confidence bounds (dashed lines of Fig.Z0)were
also calculated. For the data obtained here, the experimental sputtering-
front temperature is defined as that temperature at which the data begin to
deviate from the fitted straight line. This corresponds to the highest tem-
perature at which a significant heat flux is observed and the lowest wetted
position of the rod. Table I lists the experimental sputtering temperature,
95% confidence band, correlation coefficient (an explanation of these statisti-
cal terms is given in Appendix F), and calculated sputtering temperature for
all the data obtained here.

TABLE I. Comparison of Experimental and Calculated
Sputtering Temperatures

Run
No.

1
2
3
4
5
6
7A
7B
8A
8B
9

10
11
12
13
14
15
16

^sput
Experimental,

°F

267
265
274
267
250
259
260
258
215
245
260
295
240
285
250
280
305
290

95%
Confidence
Band, °F

±6
±6
±39
±26
±11
±12
±33
±14
±32
: 1 8
1 1 4
t 3 8
±14
±25
±20
±25
±42
±18

Correlation
Coefficient

0.999
0.997
0.982
0.975
0.993
0.999
0.970
0.992
0.986
0.984
0.986
0.970
0.988
0.988
0.967
0.984
0.957
0.972

Tsput
Calculated,

°F

272
274
272
278
278
277
277
277
2 8 0
2 8 0
2 7 8
277
287
284
2 8 2
281
2 8 5
2 8 3
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Fig. 21. Comparison of Measured Sputtering-iront
Temperatures and Jens-Lottes Correlation.
ANL Neg. No. 900-75-876.

These results are shown graphically in Fig. 21, where the vertical
bars represent the 95% confidence bounds of the sputtering temperature and

the horizontal bars represent the ex-
perimental uncertainty. It can be
seen in Fig. 21 that the measured
sputtering temperature is in good
agreement with the Jens-Lottes cor-
relation. The correlation shown in
Fig. 21 is approximate because ATX

is a function of CHF which is, in turn,
a function of subcooling and ilow rate.
However, ATX is a weak function
(l/4 power) of CHF, and the estimate
in this figure is within 20°F (11°C).
If the sputtering front coincided with
film boiling, the temperature would
be the minimum temperature for
stable film boiling. These tempera-
ture? have been estimated at 380°F

(190°C) and 450°F (232°C) for water at atmospheric pressure.6'32 Even if one
considers the uncertainty in the CHF correlation and the experimental uncer-
tainty, temperatures corresponding to stable film boiling cannot be justified.
Further experimental evidence that the sputtering front corresponds to a CHF
phenomenon is that these data are reproducible, as shown in Figs. 20 and F.I.

A physical argument that the sputtering front corresponds to a CHF
phenomenon is as follows: The falling liquid film is displaced from the sur-
face by a lateral force. The only source of such a force is nucleation, which
reaches a maximum at CHF. Once the falling liquid film has been displaced
from the surface, it does not return since the only force acting on the liquid
is gravity. These facts--(1) the minimum temperature for stable film boiling
is beyond the range of experimental uncertainty, (2) the data are reproducible,
and (3) the maximum lateral force exists at CHF--justify the assumption in
the last chapter that the sputtering front corresponds to a CHF phenomenon.

B. Comparison of Experimental Data and Calculations

All the stationary-sputter ing-front data obtained here is listed in
Appendix B. These data were taken for water subcoolings varying from 40 to
140°F and flow rates varying from 350 to 1600 lbm/hr-ft. These ranges are
displayed graphically in Fig. Z2, where the vertical and horizontal lines through
the points represent the experimental uncertainty in flow rate and subcooling,
respectively. A lack of data for the combination of high subcooling and high
flow rates can be seen in the figure. The reason for this is that a stationary
sputtering could not be maintained during these flow conditions. The heat-
removal rate of such a sputtering front was greater than the maximum elec-
trical power that could be supplied to the test section.
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5

A two-dimensional nonlinear
model of a stationary sputtering front
was developed to analyze the data ob-
tained here. This model was developed
in Ch. IV, the method of obtaining the
heat-transfer coefficient was presented
in Ch. V, and the details of the numer-
ical method are shown in Appendix E.
Three initial conditions at some point
above the sputtering front are required
for these calculations: (1) the rod tem-
perature, (2) the rod temperature gra-
dient, and (3) the water temperature.
Two other parameters--water flow
rate and condensation heat flux--are
also required and were assumed to be
constant along the length of the rod.
All of these values were obtained from
the data and used in the calculations.
The experimental temperature profiles
are compared to the calculated tem-

perature profiles for both surface and centerline in Figs. 23-27 for five test
cases. In these figures, data were taken for three different stepping intervals:
0.020, 0.050, and 0.100 in. (0.05, 0.127, and 0.254 cm), and the calculated
sputtering front (location of CHF) is indicated by a double-ended arrow. The
reason that data in Figs. 24 and 25 appear to be truncated is that most of the
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Fig. 23. Calculated and Measured Temperature Profiles for Run 3. ANL Neg. No. 900-75-878.
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SUSFflCE
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Fig. 24. Calculated and Measured Temperature Profiles for Run 5 . ANL Neg. No. 900-75-879.
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Fig. 25. Calculated and Measi red Temperature Profiles for Run 6. ANL Neg. No. 900-75-880.
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Fig. 26. Calculated and Measured Temperature Profiles for Run 10. ANL Neg. No. 900-75-881.
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Fig. 27. Calculated and Measured Temperature Profiles for Run 11. ANL Neg. No. 900-75-882.
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heat transfer takes place within l/2 in. (1.27 cm) of the sputtering front.
Recording of surface temperatures were terminated when it was believed
that most of the significant data had already been recorded. Temperature
profiles for these five test cases can be seen in greater detail in Figs. 28-32.

RUN 3

TWO OIMENSlONflL EFFECTS
IN THE HEflTED ROD flT
THE SPUTTERING FRONT

CENTER-LINE TEMPERflTURE

1.7 1.8

POSITION INCHES

Fig. 28. Two-dimensional Tempeiatute Profiles foi Run 3. ANL Neg. No. 900-75-883.

RUN 5

TWO D1MENS10NRL EFFECTS
IN THE HEflTED ROD flT
THE SPUTTERING FRONT

CENTER-LINE TEMPERflTURE

0.4 o.s 0.6 0.7
POSITION INCHES

0.8 0.9

Fig. 29. Two-dimensional Temperature Profiles for Run 5. ANL Neg. No. 900-75-884.
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THE SPUTTERING FRONT

CENTER-LIME TEMPERflTURE

0.3 0.4 0.5 0.6
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Fig. 30. Two-dimensional Temperatuie Profiles for Run 6.
ANL Neg. No. 900-75-885.
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Fig. 31. Two-dimensional Temperature Profiles for Run 10.
ANL Neg. No. 900-75-886.
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RUN 11

TWO DlMENSIONflL EFFECTS
IN THE HEflTED ROO fiT
THE SPUTTERING FRONT

CENTER-LINE TEMPERflTURE

Fig. 32. Two-dimensional Temperature Profiles for Run 11. ANL Neg. No. 900-75-887.

The calculated sputtering front is indicated by a vertical arrow; the calculated
temperature profiles for eight different radial locations are shown for the rod
near the sputtering front. Two-dimensional effects are even more evident
from Figs. 33-37, which detail the axial temperature gradient for the eight

§ § :

2-D EIGHT NODE MODEL
VflRIf lTlON IN TEMPERRTURE

GRBD1ENT BT SPUTTERING FRONT
FOR DIFFERENT RflDlFIL POSITIONS
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1.2S 1.50 2.2S
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Fig. 33. Two-dimensional Temperature Gradients fot Run 3. ANL Neg. No. 900-75-888.
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Fig. 34. Two-dimensional Temperature Gradients for Run 5. ANL Neg. No. 900-75-889.
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Fig. 35. Two-dimensional Temperature Gradients fot Run 6. ANL Neg. No. 900-75-890.
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Fig. 36. Two-dimensional Temperature Gradients for Run 10. ANL Neg. No. 900-75-891.
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Fig. 37. Two-dimensional Temperature Gradients for Run 11. ANL Neg. No. 900-75-892.

;, f



^

60

radial locations of Fig. 13 near the sputtering front for the same five cases.
The calculated surface temperature gradient has a sharp change in slope at
the sputtering front. The reason for this is that on the wet side of the sput-
tering front the heat flux is approximately the CHF, whereas on the dry side
the surface is adiabatic. The calculated sputtering front does not exactly
coincide with the sharp change in the gradient because of a simplification in
the numerical method, which will be explained below.

For all calculations the heat-transfer coefficient was based upon local
conditions. Figures 38-42 show the heat-transfer coefficient as calculated
with the procedure shown in the example of the last chapter for each of five
test cases shown previously. The shaded region represents the average heat-
transfer coefficient between Tjncip and TSpUt. At the wet-dry interface the
heat-transfer coefficient should drop to zero abruptly, and the curves show
an intermediate value is reached before zero. This is because the finite-
element technique of constant properties within a node has been relaxed at
this boundary.

Consider the following example in which the sputtering temperature
is 280°F and the temperature of the surface nodes are:

Tnode 1 = 278°F;

Tnode 2 = Z*2°F>

Tnode 3 = 287°F.

1.50 '-SO

200 220 240 260 280

SURFACE TEMPERATURE, *F
300 220 240 260 280

SURFACE TEMPERATURE, *F

300

Fig. 38. Heat-transfer Coefficient as a Func-
tion of Surface Temperature for Run 3.
ANL Neg. No. 900-75-893.

Fig. 39. Heat-transfer Coefficient as a Func-
tion of Surface Temperature for Run 5.
ANL Neg. No. 900-75-894.
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1.50 I. SO
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Fig. 40. Heat-transfer Coefficient as a Func-
tion of Surface Temperature for Run 6.
ANL Neg. No. 900-75-895.

Fig. 41. Heat-transfer Coefficient as a Func-
tion of Surface Temperature for Run 10.
ANL Neg. No. 900-75-896.

1.50

Fig. 42

Heat-transfer Coefficient as a Func-
tion of Surface Temperature for Run 11.
ANL Neg. No. 900-75-897.
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Even though the temperature of node 2 was greater than TSpUt. a nonzero
heat-transfer coefficient was assigned to this node based on linear interpolation:

sput " •Lnode 1 \ , , . , ,
j.— 7=, ]• (62)
"'node 2 " "'node 1/

This approximation eliminates the requirement that the sputtering front lies
on a node boundary and caused the location of the calculated sputtering front
in Figs. 33-37 to not lie precisely on the sharp change in axial surface tem-
perature gradient. For all of these figures the sputtering front was considered
to be the first node at which the heat-transfer coefficient was zero.

The temperature gradients in the dry zone can be directly related to
the heat-removal rate of a sputtering front. Hence, a comparison of the mea-
sured and calculated dry-zone temperature gradients is a measure of the
overall goodness of the model (see Table II). A simple energy balance in
which zero net vapor release is assumed was used in calculating the water
temperature rise in passing through a sputtering front (see Table II). Calcu-
lated estimates of net vapor released45 have shown that the fraction of ther-
mal energy that can be associated with vapor released is negligible. Although
nucleate boiling, and hence vapor production, are evident near the sputtering
front, most of the bubbles condense in the falling liquid film. Figure 43 graph-
ically summarizes the comparison of data and calculations; most of the data
lie within ±20% of the calculated values. When one considers the accuracy of
most heat-transfer correlations (~±25%) this engineering approach has resulted
in very good agreement with the data.

TABLE II. Comparison of Measured and Calculated
Dry-zone Temperature Gradients

Run
No.

I

2
3
4
5
6
7A
7B
8A
8B
9
10
11
12
13
14
15
16

Measureda

dT r o d

dz dry

764
530
612
833
760
894
843
910
931
927
872
943
1045
1089
910
1169
1023
692

Calculated*1

dz dry

681
612
578
732
722
689
704
704
800
800
731
702
1018
900
898
840
960
890

Calculated
Temp Rise

*F

12.4

18
13
30.5

8.4
10
14.5

14.5

34.7

34.7

12
14
• 6
31.0

30.2

38.5

37
37

a oF/in.



L '

5-

NC
H

10
00

i§
cs
a o

O (

TWO OlMENSlONflL MODEL
RESULTS /

600 700 800 900 1000
MEFISURED GRfiDlENT (F/INCH)

Fig. 43. Calculated and Measured Temperature
Gradients. ANL Neg. No. 900-75-898.

63

C. Sensitivity Studies

In the synthesis of a heat-
transfer coefficient throughout a
sputtering front, various heat-
transfer correlations for different
local conditions were concatenated
together to form a continuous heat-
transfer-coefficient curve from
nonboiling to the sputtering front.
In the development of this curve,
numerous correlations were pre-
sented with a considerable range
in reported values. The range in
pool-boiling heat-flux correlations
is important because nucleate
boiling accounts for the major
fraction of the total heat removed
by a sputtering front. A choice
was made to adopt the Rons enow
correlation because it is the most
widely used. The coefficients for

the correlation as recommended by Vachon were used because they were ob-
tained in an unbiased least-squares sense for conditions closely approximated
here. Three different pool boiling heat-flux correlations are shown in Eqs. 40-
42. From Ch. V, it can be seen that these three correlations include most of
the range of other boiling correlations. By defining the average heat-transfer
coefficient for a sputtering front as

CHF

L j.ncip

hc(T)dTrod

(63)

Lincip

the effect of various boiling correlations on Qtotal an<^ ̂ c c a n be seen in
Fig. 44.

The insensitivity of Qtotal c a n be explained as follows: Consider

Qtotal = (hc)(ATtotai)(area). (64)

V !
It was observed that the calculated length, and hence the area of the nucleate-
boiling zone, decreased with increasing boiling exponent. Since the average
heat-transfer coefficient increased, the net effect was fairly small. When one
considers the uncertainty in pool-boiling correlations, this insensitivity is
encouraging.
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The termination of the Rohsenow correlation and the beginning of the
parabola approximation were shown in the last chapter to be arbitrary. Fig-

ure 45 shows the effect of various
locations of this junction on Qtotal
and hc, where the junction is re-
ferred to as breakpoint. This sput-
tering model has been based upon an
engineering approach, and if it were
a strong function of a particular pool-
boiling correlation or arbitrary con-
stant, its usefulness would be
questionable.
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Fig. 45. Model Sensitivity to Breakpoint.
ANL Neg. No. 900-75-900.

D. Simplified Analysis

The two-dimensional nonlinear
model has shown good agreement with
die data obtained here. The drawback
of this model is that numerical methods
are required, and computational facili-
ties are expensive and not necessarily
available. The analysis to be presented
here is based on the physics of the
process but with some simplifying as-
sumptions. This analysis reduces to
three second-order linear differential
equations. The assumptions are:

r
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1. The liquid temperature is constant.

2. Sputtering is a three-region process with each region character-
ized by a constant heat-transfer coefficient.

3. The rod has constant properties.

The governing differential equation, where positive z is downward, is

4hc
( T T l iq). (65)

The three regions of the rod are defined as:

Region 1

A quiescent falling liquid film extending from -co < z < 0. The sur-
face temperature at z = 0 is Tjncip.

Region 2

The nucleate-boiling zone extends from z = 0 to z = -t, where £ is the
unknown length of the nucleate-boiling zone. The temperature at z = {, is the
CHF temperature.

Region 3

This region is adiabatic and extends from I to ». There are two
boundary conditions for each region:

Region 1

(66a)

(66b)

B.C.

B.C.

1

2

Region

B.C. 3

at

at

2

at

z =

z =

z =

0: T

0: T r o d

i ~ THq ;

= T. . .incip

= T- • ; (66c)

| B.C. 4 at z = 0: ^ T R e g i o n j = ^ T R e g i o n 2 . (66d)

- | Region 3

1 j B.C. 5 at z = I: T r o d = T s p u t ; (66e)

u
B - C ' 6 at z = 4 : ^ T R e g i o n 2 = ^ T R e g i o n 3. (66f)

65
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The solution for Region 1 is

Trod = (Tincip - T l i q)e ( rOOt l z ) + T l iq , (67)
l i q)e + T l iq ,

where

/ 4hc|fc
root i = '\/-i =t

V k r o d D r o d

and hc|fc is determined from Eqs. 24-27, and T^nc^_ is determined from Eq. 28.

The solution for Region 2 is

+ (root2 - rootjef-'004* ZK (68)

where

4EC
root , = '

krodDrod •

and hc is an average heat-transfer coefficient that can be associated with a :
sputtering front as defined in Eq. 63. The previous chapter detailed a method
of calculating hc through a sputtering front; in general, hc is a complicated
function of the surface temperature, the liquid temperature, and the liquid
flow rate. These calculations would be difficult without a computer,* and ;

have been done numerically for all flow rates and subcoolings of interest. >
The results are given in Fig. 46. The heat-transfer coefficients were also j
calculated for Region 1, and the results are shown in the same figure. The i
maximum surface temperature for Region 2 is Tsur>CHF a n ^ * s found itera- j
tively with Eqs. 53 and 55. These calculations are tedious without a com- j
puter, so they have been carried out for a wide range of subcoolings and flew |
rates; the results are shown in Fig. 47. After T s u r CHF ̂ a s been determined, '•
the length I of Region 2 can be found iteratively with Eq. 68. The tempera-
ture gradient in the dry zone, Region 3, is constant because this region is
adiabatic and equal to the gradient at t- The solution of Eq. 68 for the gradi-
ent i s "

*A useful rule of thumb was discovered in carrying out these calculations: a good guess for the average heat-
transfer coefficient is

O.60
CHF

Tsur,CHF ~ Tliq'
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= (Tincip -T l iqH r o o t2 sinh(root2 I) + rooti cosh(root2 l)]. (69)

The results of this simplified analysis for all the data obtained here are
shown in Fig. 48. Triangles, denoting one-dimensional results, are connected
to the corresponding two-dimensional results, denoted as circles, for each
data point. It can be seen that the one-dimensional simplified model is in
good agreement with these data. The one-dimensional model is adequate for
these data because two-dimensional effects do not dominate; the Biot number
is approximately 0.6 for these data.
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HATER '

1500 2500 3500 4500
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5500 6500

Fig. 46. Average Heat-transfer Coefficient as a Function of
Flow Rate and Subcooling. ANL Neg. No. 900-75-901.
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E. Analysis of a Moving Sputtering Front

Good agreement of the simplified one-dimensional model and data has
shown that a constant heat-transfer coefficient and an adiabatic dry zone are
good simplifying assumptions. To model moving-sputtering-front data, a co-
ordinate transformation is necessary which will reduce the transient analysis
to a steady-state analysis. Consider the origin to move with the sputtering
front and the dry zone as in the positive z direction. Since most rewetting
data19'61'81'82 have been obtained on surfaces for which thermal conductivity is
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fairly low (typically Biot numbers range from 2 to 5+), two-dimensional
effects must be considered. The governing two-dimensional equation for such
a system is

The governing differential equation is solved for two regions, a wetted
region and a dry region, and the solutions are joined together under the con-
straints that (1) the average temperature at the junction of both regions are
equal and (2) the average temperature gradient of both regions are equal at
the junction. (A complete development of this model is shown in Appendix G.)
Simplifying assumptions used in this model are:

1. The rewetting velocity is constant.

2. The effective water temperature is constant and estimated by
simple energy balance.

3. The tube is adiabatic below the front.

4. The heat transfer above the front can be characterized with a
constant heat-transfer coefficient.

5. The inside surface of the tube is adiabatic.

6. Since e « Dt, a. rectangular coordinate system is adequate.

By introducing the dimensionless temperature and dimensionless
sputtering velocity, the governing differential equation becomes

- ^ T + ^ T + U ^ T = 0, (71)
bQz an as

where

T - T l i m ^tf
(72)

(73)

(74)

(75)

TThe Biot number (hcs/kt) is estimated with 9000<hc< 14,000 Btu/hr-ft2-"^, s. w0.035 in., and 8 <k t < 14Btu/
hi-ft-°F.

I

I

I
1
I

T =

u *
u

G =

T -
T . -

Ptct

z
e'

2.
e '

Tliq,eff .
Tliq,eff'

e usput.
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n*k (T - T, • ^
U "(;\13put liq'

liq.eff ~ •*• liq,initial Tciia

For a given value of u*, Eq. 71 can be solved for a dimensionless sputtering
temperature, T*:

T * = T» - Tliq,eff

The dimensionless sputtering temperature is

* _ (24 + 12Bi)u* (78)
T° " (24 + 20Bi + 5Bi2)(u* + m,)

where

2 4 B i

24 + 20Bi•

In general, the rewetting velocity is desired and initial temperatures
are known; however, this analysis requires u* and yields r*. This problem
has been solved by plotting the calculated T* as a function of u* for various
Biot numbers, as shown in Fig. 49. Since the effective liquid temperature is
a function of the rewetting velocity, an iterative solution is required. The
following procedure can be used with this analysis:

1. Calculate the Biot number hce/k t by estimating hc from Fig. 46
for Tiio.initial and r.

2. Calculate TO , where TSpUt is estimated from Fig. 47; for a first
approximation T l i q i e f f = T l i q j i n i t i a l .

3. Determine u* from Fig. 49.

4. Calculate T l iqeff from Eq. 76.

5. Recalculate the Biot number.

6. Recalculate T*.

7. Find u* from Fig. 49.

8. If the new u* is significantly different, repeat steps 4-7 with
u * = (ustep 3 + ustep 7^ 2 : otherwise stop.

This procedure has been used to predict the rewetting velocity as
measured by four investigators19'61'81'82 for a wide range of test conditions.
Only data for unconfined geometries were compared because in a confined
geometry the falling-liquid-film temperature could increase due to conden-
sation. By restricting the data in this manner, the water temperature can be
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estimated with reasonable accuracy. For a confining geometry, steam would
be produced below the front as the water droplets fall down the channel, and
this would then condense on the liquid film. This comparison has been tabu-
lated in Table III and displayed in Fig. 50, where reasonably good agreement
occurs over two orders of magnitude.
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TABLE III. Calculated and Experimentally Measured
Dimensionless Rewetting Velocities

Ref.

82

82

82

82

82

82

81

81

81

81

81

81

81

81

61

61

61

61

61

61

61

61

61

61

19

19

19

19

19

°F

932

752

752

752

752

752

1202

1112

572

392

1022

932

572

392

360

490

660

350

410

650

330

495

660

950

572

752

932

1112

1292

122

70

70

70

158

158

70

70

70

70

70

70

70

70

70

70

70

70

70

70

70

70

70

70

68

68

68

68

68

r,
lbm/hr-ft

2500

5000

362

1327

1200

2600

850

850

850

850

340

340

340

340

363

363

363

725

725

725

725

725

725

725

1154

1154

1154

1154

1154

Biot
No.

3.47

3.44

3.18

3.21

3.62

3.67

2.2

2.2

2.2

2.6

2.2

2.2

2.2

2.4

3.5

3.5

3.4

3.5

3.5

3.5

3.3

3.4

3.4

3.4

3.0

3.0

3.0

3.0

3.0

T*

0.201

0.32

0.32

0.32

0.202

0.208

0.194

0.21

0.438

0.528

0.23

0.255

0.438

0.502

'\5

O.'l

0.366

0.6

0.55

0.37

0.75

0.5

0.87

0.246

0.436

0.32

0.25

0.21

0.18

umeas

4.6

59.4

2.92

10.4

1.1

3.46

0.66

0.835

3.91

11.7

0.51

0.78

1.68

3.52

7.76

3.25

2.2

14.9

5.0

3.2

33.5

8.4

6.0

2.2

5.7

3.5

1.76

1.45

1.2

ucal

0.8

2

1.5

1.5

0.85

0.9

0.5

0.52

2.1

23

0.6

0.75

2

10

>25

12

2.5

>30

>30

2.5

>60

>30

2.5

1

5

1.5

0.9

0.7

0.6
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f I VII. CONCLUSIONS

;• I Experimental evidence that the sputtering-front temperature corre-
' I sponds to a CHF phenomena has been obtained. The data were analyzed in
I an unbiased least-squares sense and showed the lowest wetted surface tem-
| perature to be approximately 270°F. This temperature closely corresponds

! jj to reported CHF surface temperatures for water.

'•I
'; | A two-dimensional model was proposed to describe the data, and a
\ | good correlation between model and data has been obtained. Experimental
• ] and calculated temperature profiles were compared in detail for five test
".' cases . The measured total heat-removal capacity of all the data obtained

here show reasonably good agreement with this analysis. The analysis has
••' shown evidence of two-dimensional effects near the sputtering front.

* I The two-dimensional model is based on a continuous curve for the
j | heat- transfer coefficient, which is formulated from, various heat- transfer

| correlations available in the l i terature . A method has been proposed and
,; I illustrated by an example for calculating the heat- transfer coefficient through-
(f out a sputtering front based upon local conditions. The heat- transfer coeffi-
: I cients were of the order of 10,000 Btu/hr-ft2-°F, which is in variance with
) I other values reported heretofore.

'• j The increase in the water temperature as it passes through a sputter-
,t I ing front was measured, and it was found that the temperature rise can be
t) estimated by a simple energy balance. Most of the thermal energy transferred
- i from the rod in the cooling process can be accounted for in the gain of sensible

I heat by the water. Only a negligible fraction of this energy contributes to net
ĵ vapor release. In general, the ismperature rise was approximately 10-30°F
'•• | depending upon flow rate for these data.
vl

A simplified three-region model, in which each region is characterized
by a constant heat-transfer coefficient, was proposed. A simplified one-
dimensional model showed good agreement with the data because two-
dimensional effects did not dominate. Typical Biot numbers near the sput-
tering front were of the order of 0.6.

A two-dimensional, two-region linear model for moving sputtering
fronts has been proposed and compared to reported rewetted data. This
model is based upon the propositions that the sputtering front is a CHF phe-
nomenon and the dry zone is adiabatic. Reasonably good agreement was
obtained.
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APPENDIX A

Relation between a Stationary Sputtering Front and a Moving Sputtering Front

Up to the present, sputtering has been examined as it progresses down
a vertical tube. The data have been presented with accompanying analyses
which predict the rewetting velocity. The literature contains sputtering Jata
for water at various pressures, temperatures, and flow rates. However, all
the data obtained here and the model to describe these data are for a stationary
sputtering front. In this appendix, a means of relating a moving sputtering
front to a stationary sputtering front will be developed. The following analysis
is similar to the one used by Yamanouchi with the exception that this is for a
solid rod, whereas Yamanouchi modeled a tube.

Consider an initially isothermal vertical solid rod. Let the rod be
cooled by a falling liquid film which advances downward at a constant rate,
u s p ut; assume that at time = 0, the film has advanced to some point z. Assume
that the film temperature remains constant, the rod has constant properties,
and that the heat-transfer process in the wetted zone can be characterized by
a constant heat-transfer coefficient hc. The region below the liquid film front
is adiabatic. This nonsteady analysis can be simplified by a moving coordinate
system with its origin at the liquid front. If the positive z direction is down-
ward, the one-dimensional equation of this proc ! -.

4hc(Trod - Tljq)
kro<j dz krodDrod

The following boundary conditions are applicable:

B.C. 1 at z = -»: T r o d = T l iq;

B.C. 2 at z = 0: T r o d = T s p u t ;

B.C. 3 at z = 0: •j-T ro<jis smoothly continuous;

B.C. 4 at z = »: T r o d = T..

The complementary solution of Eq. A. 1 is

Trod = (Tsput "

where

rooti =

usputProdcrod /usputProdcrod 1 6 hc
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v !

A particular solution is T r o d = T^-, and the complete solution for z £ 0 is

Trod = T l i q + (T s p u t - Tliq)e<rooti:0 ( A . 2 )

Below the front, z > 0, the heat-transfer coefficient is zero, and Eq. A.I
becomes

d2Trod usputProdcrodd Trod _ Q

dz2 krod d z

With boundary conditions 2 and 4, this has a solution

T = T . - (T. - T s p u t)exp(.U sPu t
k

P r°d
d C r o dz). (A.3)

Equations A. 2 and A.3 are joined at z = 0 to form a smoothly continu-
ous temperature profile. Therefore the derivatives at this point must be equal:

(root l ) (T s p u t - T l iq) = (T. - T s p u t )
s P U t

k
P ; o ° d

d r O d (A.4)

By solving Eq. A.4 for the rewetting velocity, we obcain

(Tsput - Tliq) r o o t i k rod
usput - / T - T.™,*) o . ^ C w T ( '

Since the sputtering front is assumed to move at a constant velocity, the heat-
removal capacity can be considered to be the sum of two components: (1) the
energy conducted to the front by the temperature gradient immediately below
the front, and (2) the energy removed by the cooling of the rod from T s p u t to
T

! d T r o dTT_.2

Qmoving - Qconducted to front + Qcooling of rod

•4DrodProdcrod(Tsput - Tliq)usput

TT z , .usputProdcrod
~ rod4 4"od' <n ~ sput' t j

•* x- Krod

+ l£DrodProdcrod(Tsput - Tliq)usput- (A-6)

The rate of energy removal determines how fast the sputtering front moves
downward. Since the rewetting velocity is one to two orders of magnitude less

.; | than the average liquid velocity, the movement of a sputtering front should not
affect the heat-transfer process.
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If a stationary sputtering front were maintained on a solid rod, all the
thermal energy would be conducted to it by a temperature gradient immediately
below the front:

^stationary = Krod 4 -
d T r o d

(A. 7)

Equating Qstationary a n d ^moving a s a given set of conditions (rod and fluid
properties, flow rate, and temperatures), an equivalent rewetting velocity can
be found from the temperature gradient in a stationary front:

krod dT

( T . - T l l q ) p r o d c r o d d .
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APPENDIX B

Staticnary-sputtering-front Data



Run No.

Date

Error, %

Tiiq. °F
Error. °F

«1cond' Btu/hr-ft?
Error. %

6|T0.
mills

1

1/30/74

694
±2

173
±2

Not
measured

12.7

2

4/5/74

678
±2

160
±4

8,135
±20

12.8

3

4/6/74

968
±2

173
+0. -3

8,883
+0, -10

14.3

4

4/18/74

357
±2

115
±4

4,032
±20

12

5

4/27/74

1.598
±2

159
±5

~0

16.8

6

4/27/74

1,216
±2

159
±5

~0

15.5

7A

4/27/74

859
±2

148
±6

-0

14.2

7B

4/27/74

859
±2

148
±6

~0

14.2

8A

4/27/74

387
±5

107
±2

-0

11.6

88

4/27/74

387
±5

107
±2

-0

11.6

9

5/1/74

1.157
±2

150
±2

~0

15.4

10

5/1/74

896
t2

148
±2

1.100
ilO

14.4

11

5/5/74

738
±5

71
±2

~0

1?.8

12

5/11/74

539
±5

91
±5

~0

13.8

13

5/14/74

539
±5

98
±2

4.446
±10

12.9

14

5/14/74

397
±5

102
±2

4,374
±10

11.9

15

5/3/74

494
±3

73
12

1.580
±20

12.7

16

5/7/74

465
±6

85
±6

1.500
±50

12.5

Jspray.

As.
dynes/cm

192-203 - 191 187 172 175 168 - - - - - - - - - - -

0 40 0 0 40 40 40 40 40 40 35 35 35 44 42 42 35 0

10,800 10,400 13.300 6,120 18,700 15,500 11,900 11,900 6.480 6,480 14.S0O 12,240 9,000 7.560 8,100 6.480 7.560 7.200

Note: Ao is the decrease in surface tension of the water due to the addition of surfactant.
6 | T 0 is the liquid film thickness as evaluated by Eq. 23 at the initial liquid temperature.
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APPENDIX C

Estimate of Contact Temperature Error

A momentary depression of the rod surface temperature was caused by
the thermocouple probe contacting the surface. The thermal response of the
junction was analyzed as a two-dimensional finite-difference model. This
transient analysis showed the junction temperature to recover to within 1°F in
100 ms (see Fig. C.I).

IMSTANEOUS TEMPERATURE
DEPRESSION AT

THERMOCOUPLE JUNCTION
INITIAL ROD TEMP - 2 5 0 *F
HEAT FLUX -150 K B t u ' l i r / f t 2 Fig. C.I

Thermocouple Response. ANL
Neg. N«>, 900-75-906.

75 100 IBS
MILLISECONDS

An initial estimate of this error can be obtained by considering two
semi-infinite isothermal bodies of different temperatures.32 If these two bodies
are brought together, the interface temperature is invariant in time, and is
determined by the thermal properties and initial temperatures:

(C.I)T2 - Tj
Ti - Tj

For example, with the present materials and initial temperatures of

Thermocouple: k= 34 Btu/hr-ft2-°F, p = 555 lbm/ft3,

c = 0.103 Btu/lbm-°F, To = 100°F,

Copper rod: k = 218 Btu/hr-ft2-°F, p = 558 lbm/ft3,

c = 0.091 Btu/lbm-°F, To = 250 °F.

The interface temperature is 207°F or an error of 43°F. An error of this mag-
nitude justifies a more accurate model.

The analysis used here considers a cross section of the rod at a given
axial location. Only the rod material near the surface is involved, so the prob-
lem is simplified by assuming a rectangular grid (see Fig. C.I). The analysis
was conducted for conditions in the boiling zone, where a radial temperature
gradient and surface heat flux existed. The transient analysis showed the inter-
face temperature to increase rapidly because of the relative masses of the
material and junction geometry. Since Eq. C.I does not take this into consid-
eration, it can only be used as an initial guess.
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APPENDIX D

Estimate of the Condensation Heat Flux

The temperature of the falling liquid film sometimes increases a.3 much
as 20°F before it reaches the vicinity of the sputtering front. It was determined
that condensation from steam inside the hood was the cause of this temperature
rise. Neither the ambient temperature nor the lighting intensity was sufficient
to cause an increase of this magnitude. The condensation heat flux varied from
run to run because of different operating conditions. A heat exchanger (see
Fig. 10) was capable of removing most of the steam; however, in some tests
its capacity was insufficient.

Four thermocouples, 17, 7, 4, and 2 in. above the sputtering front,
showed the temperature rise to be linear both before and after the sputtering
temperature profile was measured. By assuming a constant condensation heat
flux, a simple energy balance was used to estimate its magnitude. The follow-
ing example illustrates this method.

Run 14, T = 397 lbm/hr-ft

Tfilm.

Before
Test

89
96
98

103

(°F)

After
Test

88
94
99

102

Position
(in. above sputtering front)

17 (inlet)
7
4
1.75

In steady state, the sum of energy entering and leaving is

l E i n - £ E o u t = 0,

that is,

rciiqT in + cpconAz - rc l i q T o u t = 0.

Accordingly,
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APPENDIX E

Numerical Methods

The one-dimensional energy equation of the rod and liquid are nonlinear
because of the temperature dependence of the heat-transfer coefficient. These
two equations are solved simultaneously by the modified Euler method,28 and
the solutions of these equations, the temperature profiles through a sputtering
front, are used in a two-dimensional model which employs the relaxation tech-
rique.39 Both of these numerical methods are described here.

The modified Euler method truncates the Taylor series after the second-
derivative term:

The one-dimensional energy equation of the rod for a stationary sputtering
front is

4 hc

where hc = F(Trod> T l iq, r),as discussed in Ch. V.

Let the step size be Az (0.0005 in. was used for the one-dimensional
model). By inserting Eq. E.2 into Eq. E.I, one obtains

Trod = Trod|z + ^

4hc(T r o d |z , T l i q | z , r) & z
2 , ,

k d D d ^ ( r ° d ' Z " l i q | z ) < ( '

Starting at some location above the sputtering front, where the initial
conditions are known, Eq. E. 3 is used to progressively calculate the rod tem-
perature in the downward direction. Since Tjiq is required at each step, the
liquid-energy equation, Eq. 16, is solved simultaneously and is approximated as

Tliq|z+Az = Tliq|z+ ^ T l

To solve Eq. E.4, the first derivative is calculated as

d . _ hc|z(Trod|Z - Tliq|z)

d7Tiiqh f ^ +
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and the second derivative is estimated as

d2 „ diTliq|z+Az " ^ T l i
dz2 TUq = Ai

hc|z(Trod|z+Az - Tliq|z+Az) " hc|z(Trod|z - Tliq|z) .„ , .
= a_j; 3—. (E.6)

For the approximating calculation of Eq. E.6, the liquid temperature is esti-
mated as

Tliq|z+Az = T l i q j z + ^T l i q | z Az. (E.7)

The following summarizes the numerical method used to obtain the one-
dimensional temperature profiles:

1. h c is found as shown in Ch. V for a given set of Tro<j, Tiiq, and T.

2. Tro(j(z+Az is found by means of Eq. E. 3.

3. Tliq|z+Az i s initially estimated by use of Eq. E.7.

4. d2/dz2Tjiqlz is found by means of Eq. E.6.

5. d/dzTj^_|z is found by means of Eq. E. 5.

6- Tliq|z+Az i s f o u n d bY u s e o f E<1- E - 4 '

The initial conditions required for those calculations were measured
from the data: initial rod temperature, rod temperature gradient, and liquid
temperature. For the next iteration, the rod temperature gradient is updated:

diTrod|z+Az = ^Trodlz"1- ^Trodjz^2- (E.8)

After sufficient steps to pass through the sputtering front (-4500), the
rod and liquid temperature profiles were operated upon by a two-dimensional
relaxation program. The two-dimensional array used for calculating the rod-
temperature field was 450 by 8. Each element represented a one radian sector
of an axisymmetric shell 0.005 in. long and a thickness such that the cross-
sectional area was (1/16)TT of the total rod cross-sectional area. It was found
that this choice of node structure and the simultaneous solution of the eight
radial nodes and water node enhanced convergence. Even with this approach,
slow convergence was a problem, so a very good initial guess was needed.
The one-dimensional model results were used as a starting condition for a
two-node two-dimensional model which calculates the center line and surface
temperature. This two-node model used a 2 by 450-element array for the rod
and a 450-element array for the water. The array was relaxed 1000 times, and
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these calculations were then used for the 8-node model. The starting condi-
tion of the two-dimensional eight-node array had centerline and surface tem-
peratures as calculated by the two-node model, and intermediate radial nodes
were obtained by linear interpolation.

In addition to a steady state, the two-dimensional model assumes:

1. The rod has constant properties.

2. The rod has centerline symmetry; the heat transfer at a given
axial location is constant around the entire periphery.

In steady state, the net t'lermal energy entering any differential ele-
ment is zero; therefore, the two-dimensional finite-element energy equation
of the rod nodes 2 to 7 (see Figs. 13 and E.I) is

-krodAi — —

- krodAz \ " z
 d = 0, (E.9)

where i is the node number, and

Ai = y/i - lDrodAz/4;

-/2i - 3)Drod

1 2 / 1 \
Az = T7®rod\TT~ cross-sectional area) ;

Az = axial interval (0.005 in. for two-dimensional calculations);

(•/2i + 1 - v^i - l)D r o d

Ar;ri+i

and Ta, T^, Tc, and T 3 are the adjacent node temperatures to the l?£t, bottom,
right, and top of the central node, respectively. The node temperature is
found by solving Eq. E.9 for Tj:

Arj Az Arj+i Az
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The centerline mode temperature, i = 1, is found from Eq. E.10 with Aj/Arj =
0 and Ai-n/Ari+i = 4Az/(V8('\/3 - 1). Likewise, the surface node temperature,
1 = 8, is found from Eq. E. 10 with Ai+1/Ari+J = DrtKjAz/2hc/kro<i and Tc =
Tjjq. Equation E. 10 was solved for each node in the 8 x 450 array for
1000 iterations.

•e
CENTERLINE NODE

ENERGY BALANCE

INTERIOR NODE

ENERGY BALANCE

d"'
SURFACE NOOE

Fig. E.I. Two-dimensional Temperature Grid.
ANL Neg. No. 900-75-907.
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APPENDIX F

Statistical Definitions and Methods

Because of the random nature of experimental error, statistical methods
were used to infer information from the data in a quantitative manner. The
surface temperature profiles were subject to errors in both position and tem-
perature. The statistical analysis of data is greatly simplified if one of the
parameters, the probe position, were considered accurate while the other was
subject to error. For example, if the probe were mispositioned by 0.040 in.
where a temperature gradient of 1000°F/in. existed, the error would be con-
sidered 40°F and not 0.040 in. These methods are best explained graphically,
and this approach will be taken here with run 8A and vun 8B done as examples.

1. Linear Least-squares Regression Line

A straight line,

Test = To+ T\z, (F.I)

was fitted through the data in a least-squares sense (see Fig. F.I). Both To
and T] are chosen to minimize the summation of the deviations squared from
the fitted line to the data in the vertical direction. To and f t are found by set-
ting the derivative equal to zero and inserting (z, T(z)) from each of the N data
points and solving for To and Tj as follows:

gl- £ (deviations) = 0 = £- £ [To + Tjz) - Tmea(z)f

= 2 Z [To + f i(z) - Tmea(z)] (F.2)

and

- | - I (deviations) = 0 = ^ £ [To + *,(z) - Tmea(z)]2

= 2 £ {[To + f!(») - Tmea(z)](z)}. (F.3)

When To and T2 are obtained in this manner, Eq. F. 1 is a linear
line of regression of T on z.

2. Standard Error of Estimate

The standard error of estimate of T on z is defined as

- Test)4 /~W
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where TeSf. is obtained from Eq. F. 1 for each of the N data points. The second
factor on the right-hand side of Eq. F.4 increases the standard error of esti-
mate as N decreases. The quantity S£|Z should more precisely be called the
standard error of estimate of small samples. Two parallel lines, one line
s t z above the regression line and the other s t z below the regression line,
bound 68% of the data. For a 95% confidence band, these lines are 2 s t z above
and below the regression line (see Fig. F.I).

SB-

s.

EXPERIMENTS. DflTfi

WHERE DflSHED LINES flRE

WITH 9 5 2 CONFIDENCE BOUNDS

RUN 8fi

-1»6O°IH-931 F/ inoh-z '

RUN 8B

//|'-1030°W926°F/inch-z ffjf

i
so

0.5 1
POSITION (INCHES)

NORMAL
DISTRIBUTION

-STUDENT- t
DISTRIBUTION

- 3 - 2 - 1 0 1 2 3

Fig. F.I. Statistical Methods. ANL Neg. No. 900-75-908 Rev. 1.

3. Coefficient of Correlation

The square root of the explained variation squared divided by the
tot.il squared is known as coefficient of correlation:

(explained variation)2

(total variation)2
T(T est -

I(TWa
(F.5)
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Explained variation is defined as the sum of the squares of the varia-
tions of the calculated and measured average temperature for each of the data
points within 68% confidence bounds. The coefficient of correlation is positive
if the measured temperature and the estimated temperature both have the
same trends; it is negative if one increases while the other decreases. For a
linear regression line, given by Eq. F. 1, the coefficient of correlation can be
obtained by the product momentum method as

r = A<z a» i(T T / (F-6)

Vl( zact " z) KTact " T)
The quantity r varies from -1 to +1 and is a quantitative measure of how well
the line of regression correlates the data. Values of r close to one indicate
that the line of regression closely matches the data. For the example consid-
ered, a linear temperature gradient is indicated and, hence, no significant sur-
face heat flux in that region.

A range for Tj where a 95% confidence can be obtained is deter-
mined as

where t|0-95 is the two-tailed student-t distribution for N-2 degrees of freedom
at 95% significance. For a graphical explanation refer to Fig. F.I. The total
area under a student-t distribution curve is -mity; the shaded area of Fig. F.I
is 0.95 or 95%, and the area under each tail is 2.5%. The number of degrees
of freedom is the sample size minus the number of parameters needed to de-
scribe the line of regression, namely, N - 2 . As N increases the student-t
distribution approaches the normal distribution curve. Consider the N data
points to be a small sample from a large population of possible data points.
By examining the N data points and calculating s^>x and s2, we can infer char-
acteristics of the large population. The value of t can be obtained from a
student-t distribution table for a given value of confidence and degree of free-
dom. Equation F. 7 is then used to calculate the range of Ti for a given con-
fidence level. For example, runs 8Aand 8B, with 95% of the samples of N data
points taken at random, will have a temperature gradient between 926-936°F/in.
and 921 - 931 °F/in., respectively.

95% confidence band for T of run 8A
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95% confidence band for T t of run 8B

^ f = 926±5.3°F/in.3

These statistical calculations were done for all the data of Appendix B and are
tabulated in Table I.
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APPENDIX G

Two-dimensional Analysis of a Moving Sputtering Front

Much of the reported rewetting data have been obtained on surfaces
where thermal conductivity is fairly low. Typically stainless steel (k =
10 Btu/hr-ft-°F [17.3 W/m-°C]) or similar materials have been used because
of their chemical stability at elevated temperatures. It was shown in Ch. V
that heat-transfer coefficients of the order of 10,000 Btu/hr-ft2 (5.6 W/cm2-°C)
can be associated with the boiling of water and hence with sputtering. The
sputtering Biot number (hce/k) for tubes of wall thicknesses of about 0.040 in.
(1 mm) range from 2 to 5, which indicates two-dimensional effects dominate
the heat-transfer process. To model such a process, the following assump-
tions are made:

1. The rewetting velocity is constant.

2. The dry zone is adiabatic.

3. The effective liquid temperature is constant.

4. Heat transfer in the wetted zone can be characterized with a con-
stant heat-transfer coefficient.

5. The tube-wall thickness is small compared to the tube diameter;
hence, a rectangular coordinate system can be used.

By letting the origin move with the sputtering front, this transient heat-
transfer problem is transformed into a steady-state problem. With the coor-
dinate system and dimensionless variables as shown in Fig. G.I, the dimen-
sionless governing differeritial equation becomes

^ T = 0. (G.I)

<a>z=-co,T=Tliqeff

»=«
-"sput

£=-OO,T=O

^ i i l i .

—1,=0

dimensionless
velocity

tenptrature

dimension less
surface

tempetolute

dimepuionless
spullermg

temptroturt

Teo-Tiiqtff

Fig. G.I. Two-dimensional Analytic System. ANL Neg. No. 900-75-909.
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The solution is found by considering two regions: £ > 0 and £ < 0, and joining
the solutions at £ = 0. Let the variables Q+ and Q", which are functions of £
only, be defined as

Q+ = f T dTl, £ a 0 (G.2)

and

«• - 1 : T dl], £ s 0. (G.3)
o

At £ = 0, the regions are joined under the constraints that

Q"|o = Q+|o (G-4)

and

^ Q - | o = ^ Q + | o . (G.5)

The dimensionless boundary conditions for the dry region, £ >0, are

B.C. 1 at 1] = 0: ^ T = 0;

B.C. 2 at 11 = 1: J -T = 0;

B.C. 3 as £ -* «: T -• 1.

By integrating the governing differential equation with respect to T) from 0 to
1 for £ >0,

jf fe
Because £ and T] are independent, the order of differentiation and integration
can be interchanged in the first and third terms:

( a 7 )



--'-.•w-.-• ' - - ' " '<- • ' '.'-"-•!^-<~

91

Evaluating the second term and applying B.C. 1 and B.C. 2 give

Therefore,

| r 2 Q +
 + u*^Q+ = 0, (G.9)

and the solution of Q+ is

Q+ = Cj - C2e"u*£. (G.10)

From B.C. 3, C = 1; therefore,

Q+ = 1 - C2e-U*£. (G.ll)

A similar approach is taken for the wetted zone, where the dimension-
less boundary conditions are

B.C. 4 at T) = 0: | - T = Biot T(£,0)

or

^ T = Biot T0;

B.C. 5 at T] = 1: -^-T = 0;
OT]

B.C. 6 a s Q -* -co: T -*0.

Assume the terrperature field has the form

T = TO(C) + J an(£)Tln, (G. 12)
n=i

where ro{Q) and an(£) are functions of Q only. By inserting this form of T into
the governing differential equation, we obtain

H + 2a2(C) + f [n(n -
n=i «--» J n=3

(G.I 3)

n=i
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Since £ and T| are independent variables, an infinite number of equations result;

d2 9
^ 5 ^ . ( 0 + u* — an(£) + (n+ 2)(n+ l )a n + 2 (£) = 0; n = 1. • . (G.14)

F r o m B. C. 4, and noting that

4 T = ai(C)
1 n=i

we have

Biot TO(C) = ai(C). (G.16)

Consider the first four terms of the temperature field:

T = T0(£) + ax^jT] + a2(C)112 + a3(Tl)3 (G.17)

= xo(g) + Biot To(C)71 + a2(C)Tl2 + a3(C)T). (G.18)

From Eq. G.14 with n = 1 and a^g) = Biot T C (£) ,

gg = 0. (G.19)

Therefore, from Eq. G. 13,

(G .20)

After using B.C. 5 and solving for az(£) and a3(£), Q" can be found as

_ T(c)+ Biot T0(C) Biot TO(C) Biot2 TO(£)
Q - TO(C) + 2 - 6 + 3 B i o t 24 + 12 Biof (

with

- ,r\ (24 + 12 Blotto ' . .
T°M = 24 +20 Biot + SBiot2" {GZZ)

Integrating the governing differential Eq. G.I with respect to T) from 0 to 1
in the wetted region gives

| p Q - + u * ^ Q " - Biot TO(C) = 0. (G.23)
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The last term on the left-hand side is derived as

— —

From Eqs. G. 22 and G.23, we obtain

3 * - . a. 9 ~- 24 Biot + 12 Biot2

i? 5C 24+20Biot+5BiotiQ = °' <)

The quantity Q" is a second-order differential equation whose solution is

Q" = C i e
m j C+ C2emzC, (G.25)

where mj and m2 are the positive and negative roots, respectively, of

,. AVL*Y 24 Biot + 12 Biot2

«x,)2 " ~ - V \Ty T 24+ 20 Biot+ 5 Biot2- ^ " ° '

Since Q" is zero at Q = ~a>, we have C2 = 0 and

Q" = C i e
m i e . (G.27)

We must match Q+ and Q~ at Q = 0:

Q+|o = Q"|o- (G-28)

Accordingly,

i - t^2e = v^je , (Lj.^Vy

: ; 1 - Cz = Ci, (G.30)

^ Q + l o = | Q " I O . (G.31)

u*C2 = mxCi, (G. 32)

and

Q" - s s r k e m i C - (G-33)
Therefore

tr\ 24 + 12 Biot u*emiC ._ , , .
T°^) = 34+20Bi O t+5Bio t a u*+m 1 ' ^ ^



and the dimensionless sputtering temperature is

T* _ (24 + 12 Biot)u*
0 " (24 + 20 Biot + 5 Biot*)(u* + mx)-

 { °>

The two-dimensional heat-transfer equation has been solved, however,
in order to apply the final results, Eq. G. 35, to moving-sputtering-front data.
There are two complications. The first problem is that the governing differ-
ential equation yields T* as a function of u* and Biot number. Normally, the
opposite is desired, namely, T* and Biot number are known and u* is desired.
This obstacle can be Dvercome by solving Eq. G.35 for a wide variety of (u* -
Biot) combinations and interpolating. The second problem is in the definition
of r*> which from Fig. G. 1 is

To = Jsput - Tliq_eff
T» " Tliq eff

As the falling liquid film cools the tube, heat transfer between the tube and
liquid film will increase the liquid temperature. The effective liquid tempera-
ture is estimated by a one-dimensional energy balance as

T T u*MTsPut - Tliq initial) .
Tliq eff = Tliq initial + f^T • ^Gil>

This complication requires an iterative solution in which T]̂ q e££ is initially
estimated: T l iq initial' a n c* a value of u* is found. This u* is then used in
Eq. G. 37 to obtain a better estimate of T^ e££. This iterative process is then
repeated as many times as required for the latest value of u* equal the pre-
vious u*.
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