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Abstract—Transition boiling curves of distilled water on Inconel surfaces under forced convective con-
ditions have been obtained. These data were generated from Inconel-copper composite test sections during
quench experiments, using two-dimensional analysis. In order to properly account for axial conduction in
the composite test sections, the two-dimensional model should be employed. An empirical correlation has
been proposed, based on previous and present data.

1. INTRODUCTION

A high thermal capacity copper test section has been used recently to obtain boiling curves for
distilled water at atmospheric conditions (Cheng et al. 1978a; Cheng et al. 1978c). The boiling
curves were generated based on a 1-D model (one dimensional model) without considering axial
conduction (Cheng & Heng 1976; Cheng et al. 1977a), since the axial conduction was found to
be very small in the copper test section. For the purpose of studying the effect of heated
surface thermal properties on boiling curves, composite test sections were constructed of a thin
Inconel tubing soldered inside a thick copper cylindrical block. This arrangement is designed to
maintain a long cooldown period in the transition boiling régime, thus permitting frequent and
accurate temperature measurements. Since the thermal conductivity of Inconel is much lower
than copper, it induces a larger axial temperature gradient, especially in the transition boiling
régime, resulting in severe axial conduction during quench experiments. Thus, a 2-D analysis
(Cheng 1978d; Cheng et al. 1978b) is necessary to properly account for the effect of axial
conduction.

2. EXPERIMENTS

A typical composite test section, as shown in figure 1, consists of a 5.08 cm long cylindrical
copper block with 9.53 cm outside diameter and a center bore of 1.296 cm allowing for the
insertion of an Inconel tube. The Inconel tube with O.D. = 1.27 cm and thickness & = 0.038 cm
is inserted into the copper block, with a gap of 0.013cm between them provided for
silver soldering. To ensure a uniform soldering, four strips of silver solder shim are inserted
into the gap before soldering. A test section after soldering was cut into many pieces along the
longitudinal direction, and it has been determined that the soldering layer is rather uniform without
any visible voids.

The Inconel tube protudes from both ends of the test section for piping connections.
Cartridge heaters are spaced around the test section and a total of six thermocouples are
embedded. Five of them—located in the interface of the tube and silver solder—are to be used
for data thermocouples (T.C. 2.2, T.C. 2.3...T.C. 2.6) as shown in figures 1 and 2. An extra
thermocouple is embedded at 180° apart from T.C. 2.4 to check the circumferential effect on
temperature measurements; it has been found that this effect is negligibly small. The test
section is insulated by thick ceramic fiber insulation. Subcooled distilled water at atmospheric
conditions is introduced from the bottom of the test section during quench experiments.
Detailed experimental apparatus and procedures may be found in the work by Cheng et al.
(1978c) and Cheng et al. (1977b).

3. EXPERIMENTAL RESULTS

A typical set of boiling curves for a mass flux of 136 kg/m? sec and an inlet subcooling of
13.9°C was constructed using the 2-D analysis (Cheng 1978d; Cheng et al. 1978b) as shown in
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Figure 1. Locations of thermocouples in composite test sections.

figure 3, while figure 4 presents the corresponding 1-D results. Basically, the 2-D analysis allows
one to calculate heat flux from a given section j (inside the test section), as shown in figure 2
through plane j to the fluid at time ¢, by computing the rate of change in heat.content of that
section, plus axial conduction from neighboring sections at the same time f. For simplicity, the
test section has been assumed to be perfectly insulated in the analysis.

A large spread in boiling curves is noticed for the 2-D results. In order to gain some insight
into the cause of the spread, the test section temperature distribution will be examined in detail.
Figure $S illustrates the axial data thermocouple temperature distributions as well as the inner
wall temperature distributions. The following observations can be made:

(a) At ¢ =100 sec, the rewet frontt has already gone through planes 2 and 3, while planes 4,
5 and 6 are still in the film boiling régime. A small thermocouple temperature gradient occurs
between planes 5 and 6 reflecting a small amount of heat loss through the top end of the test
section.

(b) Some typical temperature distributions in the transition boiling régime which occur at
t =203 sec, are shown in the figure. At this time, the rewet front has passed through plane 4.

(c) At t=211sec, CHF} occurs at planes 2 and 3 as evidenced by sharp temperature
gradients and a large spread between the data thermocouple temperature and the corresponding
inner wall temperature at each section.

(d) At t =216sec, CHF occurs at planes 4-6.

1The onset of rewet point in this paper is defined as the intersection point of the film boiling régime (which is almost a

flat line based on this study) and the transition boiling régime (Ragheb et al. 1978).
1CHF in this paper is referred to the maximum heat flux point of a boiling curve.
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Figure 2. Nodal network for two dimensional model in composite test sections.

(e) Some typical temperature distributions in the nucleate boiling régime which occur at
t =282 sec, are shown. From the thermocouple temperature distribution, it clearly indicates
some axial heat loss and possible end effects occurred at both ends of the test section.

Figures 6 and 7 illustrate the radial temperature distributions at ¢ = 100, 211 and 282 sec. In
general, steep temperature gradients exist near the inner wall surface (nodal point 1). At
t = 100 and 282 sec, all five sectional radial temperature distributions are very similar except in
the region close to the inner wall surface. At ¢ = 211 sec, a large spread is observed among the
five radial temperature distributions. This is because CHF occurs at planes 2 and 3 as evidenced
by the existence of sharp temperature drops between nodal points 2 and 1 on both sections 2
and 3.

Boiling curves based on 2-D and 1-D analysis were generated for other mass flux and
subcoolings (Cheng et al. 1978b). Based on their 1-D and present 1-D data, all evaluated at the
mid-plane, a new empirical correlation for the Inconel surface is found as follows:

¢ = 0.820[5266.6(A T,o)" " + 107910.0A T, exp (— 0.025A T,,)] exp [(0.0045A T
+0.0005G) In AT.]

where ¢ is the heat flux (W/m?); AT, is the wall superheat (°C); G is the mass flux;
68-203 kg/m® sec; and AT,y is the inlet subcooling of the liquid; 0-27.8°C. The form of the
empirical correlation is similar to Hsu’s expression (1974), but has been modified by
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Figure 3. Boiling curves of distilled water for G = 136 kg/m’ sec and AT, = 13.9°C, using 2-D model.
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Figure 4. Boiling curves of distilled water for G = 136 kg/m? sec and AT,,, = 13.9°C, using 1-D model.
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Figure 5. Axial temperature distributions for G = 136 kg/m? sec and AT, = 13.9°C, using 2-D model.

incorporating the effects of subcooling and mass flux. The correlation was obtained over 452
data points (from nine test runs) with an rms error of 9.7%.

The effect of subcooling on boiling curves at G = 136 kg/m® sec is presented in figure 8,
while the effect of mass flux at AT, = 13.9°C, is shown in figure 9. Heat flux increases with
increasing subcooling and mass flux; this indicates the same parametric trends as reported

previously for the copper test section (Cheng et al. 1978a; Cheng et al. 1978c).

4. DISCUSSION

In general, the values of CHF and minimum heat flux generated by the Inconel-copper test
section are about the same as those of copper test section. A typical comparison is illustrated in
figure 10. However, the rewetting for the composite test section is found to be at approx.
100-150°C higher wall temperature and CHF 30°C higher wall temperature. This is in agreement
with the findings of Henry (1974) and Yao & Henry (1978). They found that for a lower value of
kpc, (such as Inconel surface in this study), a higher minimum film boiling temperature is
required to sustain stable film boiling. Here, the value of the minimum film boiling temperature
is assumed to be very close to the rewet temperature.

Concerning the 2-D analysis, it should be pointed out that the model is very sensitive to (a)
the soldering of test section and thermocouples, (b) the exact locations of thermo-
couples and (c) the accuracy of each data thermocouple measurement. The contact resis-
tance between the tube and the copper block may have some effect on the resulting boiling
curves. However, preliminary analysis based on the existing set-up indicates that its effect is
very small.

For simplicity, heat losses are not incorporated in the 2-D model. It is assumed that heat
losses from the test section through the tube to the connection piping and from the test section
through the insulation to the surroundings, are small. The former is justified by the use of very

thin tubing with a low value of thermal conductivity.
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Figure 6. Radial temperature distributions for G = 136 kg/m? sec and AT, = 13.9°C, using 2-D mode! (part
D.

The plane 6 boiling curve in the film boiling régime is always higher than plane 5 boiling
curve and an example is shown in figure 3. This is possibly due to (a) neglecting axial heat
losses and (b) end effects resulting in more efficient heat transfer. Also, the plane 2 boiling
curve in film and transition boiling régimes, in general, is found to be noticeably higher than
other boiling curves regardless of the inlet subcooling and mass flux. This is attributed to (a) the
lowest bulk fluid temperature, (b) entrance and end effects and (c) neglecting axial heat losses.
In the transition boiling régime, all the five boiling curves show a correct trend against the bulk
fluid temperature. The heat losses in this régime should be negligibly small in comparison with a
rather high level of axial conduction taking place inside the test section.

In the nucleate boiling régime, planes 2 and 6 boiling curves are higher than others, this is
due to the same reasons as explained in the film boiling case.

It has been found in the studies of copper test section that, (a) the mid-plane boiling curve
based on 2-D analysis represents the average boiling curve for the entire test section, and a
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Figure 7. Radial temperature distributions for G = 136 kg/m? sec and AT, = 13.9°C, using 2-D model (part
1.

similar observation can again be made for 1-D analysis, (b) the two mid-plane boiling curves
based on 2-D and 1-D models, respectively, are approximately the same and (c) the net axial
conduction gain at the mid-section, based on 2-D analysis is very small and for practical
purposes, it can be assumed to be zero. In the present study, the plane 4 (mid-plane) boiling
curve of 1-D model (figure 4) falls somewhere between the plane 3 and plane 4 boiling
curves for the corresponding 2-D model (figure 3). This suggests that the zero axial conduction
section has been shifted down from the mid-section as evidenced from axial temperature
distributions in figure 5.

Some steady state results are obtained as shown in figure 11, good agreement is observed
with transient data evaluated at mid-plane, using 1-D analysis. This is anticipated as both sets of
data representing the average boiling curve for the test section. During steady state operation,
the heat flux to the fluid was measured directly from the power input to the heaters (Cheng et
al. 1978¢c; Cheng et al. 1977b).

For the purpose of studying the effect of thermal properties on boiling curves, other
composite test sections such as stainless steel-copper and Zircaloy-copper are under in-
vestigation at the present time.
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Figure 11. Boiling curves of distilled water for G = 136 kg/m? sec and AT, = 13.9°C, using transient and
steady state methods.

5. CONCLUSIONS
(1) Transition boiling curves obtained via both 1-D and 2-D models have been investigated.
The large spread in boiling curves via 2-D analysis was discussed. The boiling curve generated
via 1-D model evaluated at mid-plane represents the average heat flux for the test section and
this is in agreement with steady state data,
(2) To generate local transition boiling curves on an Inconel surface, the 2-D model must be
employed in order to properly account for axial conduction.
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