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THE EFFECT OF HEATER MATERIAL AND THICKNESS

ON THE SATURATED POOL NUCLEATE BOILING CURVE

by

Kemal O. Pasamehmetoglu and Cetin Unal

Nuclear Technology and Engineering Division

Los Alamos National Laboratory

Los Alamos, New Mexico 87544

ABSTRACT

The heater effects on the saturated nucleate pool boiling curve

were investigated using a previously developed numerical model.

Two generally used heater materials, copper and nickel, were consid-

ered for heater thicknesses varying from 0.012 to 4 mm. A parametric

study is presented to identify the most influential parameters. Results

show that for a given heat flux, the nucleate boiling heat-transfer coef-

ficient (HTC) for a copper heater is higher than the HTC for a nickel

heater. Furthermore, the difference between the boiling curves for

, copper and nickel is a function of the surface topography. In general,

the boiling curve for a given heater material shifts to the left with

decreasing heater thickness. This _esult agrees with most of the avail-

able studies, with the exception of one. Our analysis also shows that,

for rougher surfaces over a nickel heater, there is an increase in the

HTC with decreasing heater thickness. Reducing the bubble departure

diameter with decreasing thickness in our simulations, we were able to

more clearly observe the increasing trend of the I-Frc with decreasing

heater thicknesses for relatively rough surfaces.
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NOMENCLATURE

A heater surface area (m 2)

C specific heat (J/kg-K)

db bubble departure diameter (m)

k thermal conductivity (W/m-K)

q surface heat flux (W/m 2)

Rc,m mean cavity radius (m)
t heater thickness (m)

ATw wall superheat (K)

p density (kg/m 3)

L INTRODUCTION

One of the relatively less understood aspects of the nucleate boiling phe-

nomenon is the effect of heater thickness and heater material on the heat-transfer

coefficients (HTCs). Most available correlations do not account for these effects.

For instance, the commonly used Rohsenow correlation (Rohsenow 1952) recom-

mended by most textbooks has an empirical constant to accommodate various fluid-

heater combinations. However, this single constant must account for various effects

such as the surface properties (contact angle and roughness), as well as heater ther-

mal properties and heater thickness. Consequently, depending upon the variations

in these properties, the Rohsenow correlation may result in erroneous predictions.

For instance, the tables provided in the textbooks for the Rohsenow constant suggest

0.013 for copper and 0.006 for nickel (Rohsenow 1973). A smaller value for the con-

stant corresponds to higher HTC. However, studies specifically aimed at heater

properties suggest that the HTCs for a nickel surface are considerably lower than the

HTCs for a copper surface. These studies will be briefly reviewed in the rest of this

section.

A brief summary of the experimental studies concerning the heater effects on

the nucleate boiling is provided in Table I. The general findings from these experi-

ments and other hypotheses are summarized below. There are other studies in the

literature that are not included in Table I. For instance, there are a number of stud-

ies where the effects of heater material and heater thickness on the critical heat flux

were invest/gated. Those studies are beyond the scope of the present paper, which is

aimed at the discrete bubble region of the nucleate boiling curve.



' Sharp (1964) experimentally showed that HTC increases with the increasing

product of thermal conductivity, density, and specific heat of the heater (k p C).

Also, he hypothesized that the HTC would deteriorate as the heater became thinner

for a given material. Dzakowic and Frost (1970) predicted the same result based on a

mathematical model of the microlayer theory.

Bliss et al. (1969) provided experimental data to estimate the effect of heater

material on the HTC. The results showed that heaters with a copper coating yielded

the highest HTC. The HTC decreased for a given superheat in the following order of

surface materials: copper, chromium, cadmium, stainless steel, nickel, tin, and zinc.

Within the range investigated, the copper-surface HTCs were five to six times

greater than the zinc-surface HTCs for a given wall superheat. Using a simple two-

dimensional transient conduction analysis under a stationary single bubble, Bliss et

al. (1969) concluded that the thermal properties of the heater were not sufficient to

explain the differences in the data.
Kovalev et al. (1970) obtained experimental data using Freon-113 boiling over

a copper disk. In addition, they coated the disk with a low thermal-conductivity

material (glue, enamel, and alumina) and monitored the changes in the boiling

curve. They observed that the boiling curve shifted to the right (lower HTC) when

the low thermal-conductivity coating was applied to the surface. When they

increased the coating thickness between 5 and 170 _m, the heat transfer deteriorated

steadily with increasing thickness.

Magrini and Nannei (1975) reported test results where 10-mm-diam epoxy

resin rods were coated with metals of various thicknesses. The authors correlated

all the data within +15% by a correlation of

314

ATw=0.27q 1/4 1+ ._--[l-exp(-4.5 x 109k3t 3 • (1)

The data showed that the boiling curve became independent of the coating thickness

beyond a limiting thickness. This limiting thickness was less than 5 I_m for copper

and 15 I_m for tin and nickel. The limiting thickness for zinc was --70 I_m. When

the thickness was less than the limiting thickness, the HTCs were shown to increase

with decreasing thickness. For nickel coating, the HTC with a 6-_tm coating was

nearly seven times greater than the HTC obtained with coating thicknesses greater

than or equal to 15 l.tm. The HTC decreased for a given wall superheat in the



' following order of surface materials: copper, silver, zinc, nickel, and tin. For a given

superheat, the HTC from a copper-plated heater was nearly an order of magnitude

greater than the HTC from a tin-plated heater. Note that, contrary to the experimen-

tal results of Bliss et al. (1969), the HTC for the zinc coating was higher than the HTC

for the tin coating.

Grigoriev et al. (1977) obtained boiling data using cryogenic fluids (helium

and nitrogen). They argued that when using cryogenics, the data were independent

of the contact angle effects. Likewise, they obtained the data using very rough sur-

faces. Consequently, they indicated that the results were free of roughness effects

because ali the surfaces were rougher than a limiting condition. The HTC decreased

in the following order for heater materials: copper, brass, nickel, bronze, and stain-

less steel. The difference between copper and stainless steel for the HTC was more

than an order of magnitude within the range investigated. Contrary to the findings

of Bliss et al. (1969), Grigoriev et al.'s (1977) data showed a lower HTC for stainless

steel than the HTC for nickel. Repeating the same experiments using a 11.6-mm-

diam tube with a wall thickness of 0.3 mm, the authors observed that the HTC for

the copper tube deteriorated as compared to the thicker tube, especially at high heat

fluxes. Within the range investigated, the wall thickness did not change the boiling
curve for the stainless-steel tubes.

The data of Chuck and Myers (1978) showed that the HTC increases with

decreasing thickness at low heat fluxes, whereas an opposite trend is observed at

higher heat fluxes. Within the range investigated, the maximum difference in the

HTCs from the thinnest and thickest heaters was less than 15%, which is typically

within the repeatability range of the boiling heat-transfer experiments.

Del VaUe and Kenning (1985) obtained data for flow boiling. The data showed

that the HTC increases with increasing thickness. The difference in the HTCs for the

thinnest and the thickest heaters is a function of the flow velocity and subcooling.

The maximum difference is confined within a factor of four. Later, experiments

similar to those of Del Valle and Kenning (1985) were run by Akhanda and James

(1990). They reported that, within their experimental range of thicknesses, the

boiling HTCs were independent of the plate thickness.

As shown, there is a handful of studies in the literature dealing with this

problem. In addition to lacking sufficient generalized information that can be used

in a generic correlation, these studies quite often contradict each other. Assuming

that there are no systematic errors in these experiments, the inconsistency between



the results mav only be explained by investigating the differences in the experimen-

tal conditions. The review provided above shows that there are considerable differ-

ences in the experiments in terms of geometry, flow conditions, working fluids,

coating material and base material for the heater, coating procedure, etc. While

these differences will result in quantitative disagreements, it is our opinion that the

qualitative trends should not be affected by them. The roots for the qualitative dis-

agreements are beyond the experimental variables listed above. One major source

for such disagreements is believed to be the surface variables. Most investigators

listed above made an attempt in quantifying the surface roughness and argued that

the roughness did not change drastically among the various materials. However,

there are two problems with this approximate estimate. First, Chowdhury and

Winterton (1985) observed that roughness itself is not a good parameter to quantify

for the nucleate boiling studies. The true variable must be the number of cavities

and cavity sizes. Chowdhury and Winterton (1985) showed that the anodized sur-

faces, which have the same roughness as the unanodized surfaces, have more small

cavities, and HTC on anodized surfaces is independent of roughness. Secondly, our

earlier studies (Pasamehmetoglu 1992, Unal and Pasamehmetoglu 1993), along with

experimental data from various sources, indicate that the relationship between the

HTC and roughness is not linear. While the boiling HTC is strongly affected by

roughness when the surface is relatively smooth, HTC approaches an asymptote

with increasing roughness. Thus, small variations in roughness may result in con-

siderable variations in HTC if the surface is characterized to be relatively smooth.

It is our opinion that an analytical study where the surface effects and heater

effects are modeled simultaneously may be very helpful in terms of identifying the

qualitative trends for the heater material effects. We developed a computer pro-

gram to analyze the local-instantaneous nature of the nucleate boiling phenomenon

(Pasamehmetoglu and Nelson 1991a, Pasamehmetoglu 1992). In the present study,

this computer model is used to investigate the heater effects on the saturated pool

nucleate boiling curve. A short summary of the numerical model is provided in

the following section.

II. NUMERICAL HEAT-TRANSFER MODEL AND SIMULATION

METHODOLOGY

In the numerical model, the transient three-dimensional conduction equa-

tion within the heater is solved using cylindrical lumped control volumes of



' octagonal cross sections. The difference equations and the solution scheme are doc-

umented in a report by Pasamehmetoglu and Nelson (1991a) and are not repeated

here for brevity. Each octagonal cell on the surface represents the footprint of a

departing bubble. The boiling behavior is simulated by a number of constitutive

models. Those models are converted into an effective HTC, which is supplied to the

conduction solution as a boundary condition.
The constitutive models include natural convection from cells without active

sites and bubble growth models from cells with an active site. The bubble waiting

time is computed as a function of the cavity mouth radius. The bubble is assumed

to grow when the wall superheat exceeds the superheat required for a hemispherical

nucleus to grow. A bubble growth model contains both the isothermal and isobaric

growth terms. The isothermal growth is assumed to be caused by microlayer evapo-

ration, which is formulated using one-dimensional conduction across an average

thickness. The growth of the microlayer and the dry spot under a growing bubble

are calculated. Bubbles are assumed to depart when they reach a predetermined size.

Bubble departure is followed by the waiting period where transient conduction to

liquid is assumed to be the dominant heat-transfer mechanism. Further details of

the closure models and their implementation into the numerical model may be

found in the previous publication (Pasamehmetoglu 1992).

The earlier papers (Pasamehmetoglu and Nelson 1991a and 1991b,

Pasamehmetoglu 1992) also provide various examples where the predictive capabil-

ities of the computer model are illustrated. The study shows that the numerical

model is successful in predicting the boiling curve behavior in addition to provid-

ing various details in terms of cavity activation and interaction and local temper-

ature transients. In this paper, we show that the numerical errors in predicting the

local instantaneous temperatures are less than 0.01°C.

In the calculations presented in this paper, we consider only one cavity to

exist for each octagonal computational cell. We divide the heater surface into a

10 by 10 grid matrix. Thus, the total number of cavities over the heating surface is

100 in all calculations. The cavity sizes are selected using an exponential probability

function that requires the mean cavity radii to be specified. Ali cavities are assumed

to be conical with a cone angle of 20 °, and no variation in the cone angle is consid-

ered in this paper. The fluids contact angle was selected as 60°. As we indicated in

our earlier paper (Unal and Pasamehmetoglu 1993), the simulation of a real surface

is a difficult task within the framework of a finite control volume approach with a

fixed grid structure. The surface roughness is considered to be a statistical average of



' the cavity heights in our numerical simulation. Because the cavity cone angle is

selected as a constant in this work, the roughness becomes directly proportional to

the cavity radii. We report the mean cavity radii to indicate the surface roughness

in the rest of the paper. In our companion study (Unal and Pasamehmetoglu 1993),

we showed that the cumulative number of cavities obtained using a exponential

probability distribution for a mean cavity radius of 1 _t was a reasonable representa-
tion of a smooth surface. Thus, we will refer to a "smooth surface" when the mean

cavity radius is 1 _tm. For representing a "rough surface," we use a mean cavity

radius of 3 _tm. In this case, the resulting cavity radii vary from 0 to 10 _tm. Because

the contact angle is greater than two times the cone angle (0 > 2_), according to

Bankoff's flooding criterion (Bankoff 1958), all the cavities are potential cavities for
activation.

The bubble departure diameter is assumed to be constant for each computa-

tional cell. The size of the octagonal cell is selected based on the bubble departure

diameter. In the numerical model, the cell size can be selected as the same or greater

than the bubble size. Primarily based on the observations reported by Magrini and

Nannei (1975), we consider the bubble departure diameter as a variable to investi-

gate the boiling curve behavior. Keeping the number of computational cells on the

boiling surface constant and decreasing the bubble departure diameter, we effectively

decrease the effective area. In other words, if one considers a heater with a constant

surface area, when we decrease the departure diameter, we are actually considering

a small section of the heater surface area to model. Using the same cavity distribu-

tion, this also implies that we are increasing the number density of the potential

cavities by decreasing the cell size. This does not necessary mean that the active site

density increases. The variation in the number of active cavities is determined by

the thermal interactions. This procedure does not change the roughness if the

roughness is characterized by the average cavity height. On the other hand, if the

roughness is characterized by a line-averaged measurement root mean squared

(RMS) or center-line averaged (CLA), this procedure modifies the roughness. How-

ever, as we discuss separately (Unal and Pasamehmetoglu 1993), the line-averaged

roughness could not be simulated by a numerical model that uses a finite-control

volume approach with a fixed grid structure. The primary limitation is that only

one cavity under a growing bubble can be activated in the current model where the

existence of other cavities in the immediate vicinity cannot be accounted for.

Ali calculations began with an initial temperature, and the transient solution

iterated until the calculated surface heat flux was the same as the specified heat flux



. at the bottom of the heater within a given tolerance level (typically +1 to 2%). The

typical timestep sizes are 0.1 to 0.2 ms for most of the calculations except those with

smaller grid sizes. Because the numerical scheme is explicit in the surface area

plane (x-y), the timestep sizes become smaller for those cases. The numerical simu-

lation considers a transient behavior of the local surface temperatures. In this paper,
we did not concentrate on the local instantaneous behavior of individual bubbles

and the temperature field but rather considered the surface-time-averaged (STA)

quantities to study the steady-state behavior of the boiling curve. Therefore, we

time-averaged the calculated values (the wall temperature and the bubble density)

over the last 0.1 to 0.2 s of the calculations. The typical run time was 2.0 to 3.0 s. A

care was taken to make sure that the selected time window was large enough the

determine the time-averaged values. Other publications (Pasamehmetoglu and

Nelson 1991b, Pasamehmetoglu 1992) provide information on the local-
instantaneous variations of the bubble behavior and the associated thermal fields.

In ali the reported cases, the working fluid is saturated water at atmospheric

pressure.

III. RESULTS AND DISCUSSIONS

In the first set of calculations, we assume that the bubble departure diameter

is equal to 2.4 mm based on the correlation of Cole and Rohsenow (1969), and we

vary the heater thickness from 4 to 0.012 mm for a copper material with a smooth

surface (Rc,m = 1 _tm) at three heat flux levels in the isolated bubble region of the

saturated nucleate boiling. The calculated boiling curves are plotted in Fig. 1. It is

evident from Fig. 1 that if the surface topography parameters are kept constant (the

number of potential cavities and cavity radii) and the thickness of the heater for a

given material is changed, the boiling curve moves right, indicating that the HTC

decreases. An increase in wall superheat at a given flux is more pronounced at
lower thicknesses. The calculated values are also tabulated in Table II that show that

the total number of active cavities increases, whereas the average number of bubbles

per cavity (average bubble density) decreases with decreasing heater thickness.

Figure 2 and Table III show the calculated values for a smooth nickel surface

with the same surface characteristics used in the case of a smooth copper surface.

The boiling curve moves right, as observed in the case of smooth copper surface. A

comparison of Figs. 1 and 2 reveals that the use of a material with lower conductiv-

ity shifts the boiling curve right. The total number of active cavities and the average



. bvbble density per cavity increase and decrease for nickel, as observed in the case of

copper.

Magrini and Nannei (1975) reported that the boiling curve moves left when

the thickness decreases to very small values. They reported photographic observa-

tions showing that, for thinner heaters, the surface is crowded with more smaller-

sized bubbles, in comparison with the thicker heaters. To investigate this effect, we

considered the nickel as the heater material and decreased the bubble departure

diameter. First, we halved the bubble departure diameter to 1.2 mm and reduced

the heater area to 121 mm2. In other words, for a smaller bubble departure diameter,

we modeled a smaller portion of a 484-mm 2 heater with 100 surface cavities. The

equivalent total number of cavities for the original heater size of 484 mm 2 increased

four times relative to the case where we kept the bubble departure diameter constant

(Tables H and III). The calculated results are summarized in Table IV, indicating that

the wall superheat for the heater thickness of 0.1 mm decreased to 24.27°C from

29.49°C. Although the total number of active cavities did not change significantly,

the average bubble density per cavity increased, causing the wall superheat to

decrease. However, the wall superheat increased gradually with a further decrease

in the heater thickness. This implied that the bubble departure diameter and the

heater dimensions should be decreased together to observe a trend showing that the

wall superheat decreases with decreasing heater thickness.

Figure 3 summarizes the calculated boiling curves for a smooth nickel surface

when the bubble departure diameter is decreased as a function of heater thickness.

The boiling curve first starts to move right with decreasing heater thickness until it

reaches a heater thickness of 0.5 mm. As indicated by dark symbols in Fig. 3, the

boiling curve then starts to move left with a further decrease in the heater thickness.

The same trend is observed for the smooth copper surface, as shown in Fig. 4. In

Fig. 4 we plot the wall superheats at three different heat fluxes as a function of the

heater thickness. Small dark symbols show the case where we kept the bubble

departure diameter constant (cross plot of Fig. 1). It is evident from Fig. 4 that the

effect of the thickness on the wall superheat almost disappears past a heater thick-

ness of 2 mm. However, it continues to increase by decreasing thickness when the

bubble departure diameter is kept constant. If the bubble diameter is assumed to be

1.2, 0.48, and 0.24 mm for a heater thickness of 0.1, 0.02, and 0.012 mm, respectively,

the wall superheats start to decrease at each heat flux.

It is worth noting that we selected the bubble departure diameter for each

heater thickness arbitrarily because this study is a parametric study and does not



look for quantitative results. While the study of Magrini and Nannei (1975) shows

that bubble departure diameters over a thin heater are much smaller than those

over a thick heater, no quantitative information is provided for the effect of thick-

ness on the departure diameter and the active site density. It is known that rapidly

growing bubbles affected by inertia forces depart with a larger diameter than slowly

growing bubbles, where departure is determined by a balance between buoyancy and

surface forces (Schultz and Cole 1980). The study of Saini et al. (1975) correlates the

bubble departure diameter as a function of the Jacob number, which is proportional

to the wall superheat. Saini et al. (1975) show that the departure diameter increases

with increasing Jacob number. Note that higher Jacob numbers correspond to

higher wall superheats, which in turn result in more rapid bubble growth. The

study of Saini et al. (1975) as well as other similar studies, are based on the STA wall

superheat. However, especially for thin nonisothermal heaters, there are consid-

erable spatial and temporal variations in the surface superheat. For instance, the

present study shows that for a 50-_tm-thick nickel heater, the local temperature

under a growing bubble changes in excess of 10°C during a bubble cycle. Likewise,

10 to 20°C temperature differences are observed spatially. Thus, using models based

on a STA temperature for bubble departure diameter is not correct under these

circumstances. Our study shows that, once activated, the wall superheat under a

bubble drops very rapidly, and the bubble growth rate becomes smaller as the heater

thickness decreases because the available energy for a given bubble becomes limited.

A more correct approach would be to numerically evaluate the force balance on a

growing bubble and determine the departure diameter using a mechanistic model

during the simulation. However, we believe such a study would be mostly aca-

demic with the current state of the knowledge about the microheat transfer associ-

ated with the bubble growth. Furthermore, we believe the spatial temperature

variations in the small region under a growing bubble would have a strong influ-

ence on such force balance. With the current numerical grid selection, we are not

capable of focusing on temperature gradients over such small distances. Conse-

quently, this aspect of the problem is not further investigated in the current study,

and the bubble departure diameter is set rather arbitrarily, primary based on the

qualitative observations reported by Magrini and Nannei (1975).

When a rough copper surface (Rc,m = 3 _tm) is considered with a constant

bubble departure diameter, the calculated wall superheats at each heat flux level

decrease. This is illustrated in Fig. 5, which shows the wall superheats as a function

of heater thickness for smooth and rough surfaces at three different heat fluxes. The

10



• wall superheat at a given heat flux does not change significantly after approximately

1 mm (less than the smooth copper case), whereas it still increases with decreasing

heater thickness. However, in comparison to the smooth copper case, tile rate of

increase in wall superheats when the heater thickness decreases is much less. At a

heat flux level of 2.0 105 W/m 2, the increase in wall superheats levels off. Figure 5

shows that the surface topography influences the boiling curve considerably.

If a variable bubble departure diameter is used for the rough copper surface,

the trend of the wall superheat with respect to the heater thickness shows the same

trend we observed for the smooth copper surface. This is shown in Fig. 6. It is

evident that the wall superheat at a given thickness for a rough copper surface is

less sensitive to the heat flux (the slope of the boiling curve becomes steeper for a

rough surface).

The effect of the material on the wall superheat is illustrated in Fig. 7 for a

smooth surface. Figure 7 shows the wall superheats for smooth nickel and copper

surfaces as a function of the heater thickness. The wall superheats tend to become

flatter for the smooth copper surface at a heater thickness of 2 mm, whereas they

still tend to decrease slightly for the smooth nickel surface. This implies that a

thickness at which the wall superheat does not change anymore with increasing

thickness will be a little higher for less conductive materials. When thin heaters

are of concern, the nickel surface shows a somewhat different trend than the copper

surface: the slope of wall superheat-thickness curves tends to be flattened. This

effect is more pronounced for the rough nickel surface, as shown in Fig. 8. In Fig. 8,

we plot the trend of wall superheat with the heater thickness for rough nickel and

copper. It is very clear that even though we used a constant bubble departure diam-

eter for ali thicknesses, the wall superheats decrease with decreasing heater thick-

ness after the heater thickness reaches 0.1 mm. This decreasing trend is heat-flux-

dependent and is the turixing point in terms of thickness decreasing to 0.02 mm for

lower heat fluxes. Figure 9 shows the cross plots from Figs. 7 and 8. Figures 7, 8, and

9 indicate that the trend of the boiling curve with respect to the heater thickness

depends upon the heater material and surface topography. Magrini and Nannei

(1975) observed that the boiling curve moves left, and the bubble diameter decreases

with decreasing thickness and tries to relate the boiling curve behavior to the bubble

departure diameter. In Figs. 7 through 9, we see that it is possible to have the same

trend without changing the bubble departure d__ameter, and the surface effects such

as the heater material and surface roughness could be responsible for such a trend.

11



This also shows the significance of the heater surface effects in controlling the

nucleate boiling curve behavior.

With a further consideration of the use of a variable bubble departure diam-

eter with thickness, the shift in the boiling curve toward the left becomes more

significant and clear for the nickel heater, as shown in Figs. 10 and 11. Figure 12

shows a cross plot of Figs. 10 and 11, indicating that for a given set of bubble depar-

ture diameters, the decrease in wall superheats is more pronounced for smooth

surfaces and becomes more significant when the thickness decreases to 0.012 mm.

This is true also for rough copper (rough isothermal material) heaters, as illustrated

in Fig. 13, which shows the wall superheats for rough nickel and copper heaters as a

function of heater thickness. The slopes of the wall superheats for nickel and copper

are very similar when the bubble departure diameter is varied (corresponding to the

total number of potential cavities). The wall superheats for nickel are elevated by

about 2°C relative the wall superheats of copper heater.

IV. SUMMARY AND CONCLUSIONS

A previously developed numerical model (Pasamehmetoglu and Nelson

1991a, Pasamehmetoglu 1992) is used to investigate the effect of the heater material

and thickness on the saturated pool nucleate boiling curve. The numerical model

consists of solving the three-dimensional transient heat-conduction equation

within the heater subjected to nucleate boiling over its upper surface. A finite-

control volume approach with a octagonal grid scheme is considered. The surface

topography model to distribute the cavities and cavity angles over the boiling sur-

face uses a Monte Carlo scheme, which uses an exponential and normal probability

functions for cavity radii and cavity cone angles, respectively, as discussed by Unal

and Pasamehmetoglu (1993).

The present study considers two generally used heater materials, copper and

nickel, with a range of heater thickness from 0.012 to 4 mm. The boiling curves for
these two materials are obtained from the numerical solution for various mean

cavity radii, total number of cavities, cone angles, and heater thicknesses. A para-

metric study is presented to identify the most influential parameters.

Our results show that for a given heat flux, the nucleate boiling I-rrc for a

copper heater is higher than the I-Frc for a nickel heater (the boiling curve for nickel

is to the right of the boiling curve for copper). This result is in agreement will ali

available data in the literature. Our study also shows that the difference between

12



the boiling curves for copper and nickel is a function of the surface topography.

For surfaces with higher mean cavity radii, the boiling curves for different heater
materials are closer to each other.

In general, our study shows that the boiling curve for a given heater material

shifts to the left with decreasing heater thickness. This also is in agreement with

most of the available studies, with the exception of the study by Magrini and Nannei

(1975). Our analysis also shows that, for rougher surfaces over a nickel heater, there

is a increase in the HTC with decreasing heater thickness, consistent with the obser-

vations of Magrini and Nannei (1975). Magrini and Nannei (1975) experimentally

observed that the thinner heaters are crowded with bubbles with smaller departure

diameters. Reducing the bubble departure diameter in our simulations, we were

able to more dearly observe the increasing trend of the HTC with decreasing heater

thicknesses for relatively rough surfaces.

Results indicated that the boiling curve for an isothermal smooth surface

(smooth copper with a mean cavity radius of I _t) shifted right with decreasing

heater thickness when the bubble departure diameter and the total number of

potential cavities are assumed to be constant. This trend was also observed for a

rough isothermal surface. The boiling curve shifted left when the bubble departure

diameter was decreased as a function of heater thickness. The boiling curve behav-

ior was different for a nonisothermal material (nickel). The boiling curves for a

smooth nickel surface started showing a tendency to shift left at a thickness of

0.012 mm. For the rough nickel surface, this trend was very clear; the boiling curve

moved left even though the bubble departure diameter was assumed to be constant.

When a variable bubble departure diameter for the smooth and rough nickel sur-

faces was considered, the decrease in the wall superheat with decreasing thickness

became more pronounced.

To the best of our knowledge, our analysis is the first study that provides a

quantitative explanation for the data of Magrini and Nannei (1975), which could not

be explained by previous analytical studies. We believe that studying the boiling

curve using analytical models will be extremely helpful in identifying the most

influential parameters controlling the nucleate boiling mechanism that cannot be

controlled/measured simultaneously in an ideal experiment. The results obtained

from the above analytical study are presented to better understand the nucleate

boiling mechanism and design well-defined experiments to further verify the find-

ings from analytical studies similar to those presented in this paper.
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