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CHAPTER 11

PREDICTION OF HEAT TRANSFER DURING
FORCED-CONVECTION SUBCOOLED BOILING
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INTRODUCTION

This paper is concerned with predicting heat transfer during forced-convection subcooled
boiling prior to botling crisis. Prediction of boiling crisis and heat transfer following boiling
Crisis are not covered.

In the following, some predictive techniques are given for calculating inception of boiling
and heat transfer coefficients for low in channels and during flow across cylinders. These
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predictive techniques are 10O be considered applicable only 1o single-component,
nonmetaliic. noncryogenic fluids, except where specifically noted otherwise. Separate
sections of this paper have been devoted 10 metallic, cryogenic, and multicomponent finids.
These sections should be consulted for these special fluids.

It should be noted that subcooled boiling is also known as surface botling.
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INCEPTION OR ONSET OF NUCLEATE BOILING

Heat transfer due to convection on a wall 1s given by:

where b, is the heat transfer coefficient due to single-phase convection.

The necessary condition for boiling to start 1s that T, > Teuq- However, this condition
s not sufficient. In many cases, wall temperaturc can far exceed the saturation temperature
withoul any boiling. For many practical problems, prediction of the onset of boihng 1s
imporiant.

Bergles and Rohsenow {i] presented an analyucal mode! which has found wide
acceptance. They postulated that a bubble of radius r can grow only 1if the temperature of
the liquid at a distance 1 from the heating surface is equal to or greater than the temperature
of vapor within the bubble. It was 1ssumed that the heating surface contains cavities of the
radius required by this conditon. They further assumed thal heat transfer through the
liquid layer occurs by steady-state conduction. The equations resujting from this modei
were solved graphically and the following empirical equation fitted to the resuits:

Qe = 156G QAT (2)
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The subscript ib indicates incipient boiling. g s in Btu/hrft®. pis in [bj/in®, and ATg,r in °F.
This equation covers the range p = i to 138 bars.

Davis and Anderson {2} solved the Bergles-Rohsenow equations analytically by making
some simplifying assumptions. Their final result was

_ o KiagPs a1y (3)
qm gﬁTEAT ( BAT}ﬂJ

Equation 3 agrees with Equation 2 as well as with the data of Bergles and Rohsenow (1]

+nd Rohsenow and Clark {3}, bolh for water at high pressure. However, the wall superheal
was greatly underpredicted for the data of Backhurst [4] for benzene and Matzourmnis [5] for

waler, both at atmospheric pressure. |
Frost and Dzakovic [6] also used the Bergles-Rohsenow model but arbitrarily inciuded

the Prandil number to arrive at the following formula:
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Frost and Dzakovic consider Equation 4 to be applicable to both f orced- and
natural-convection systems. The correlaion was compared to data for water, hydrogen,
freon. acelone, Nitrogen, OXygen, neon, ethanol, n-pentane, carbon tetrachloride, benzene,
and kerosene. Most of these data were for natural convection boiling (pool boiling).

I the heat flux is the independent variable, Equation 4 directly yields the 3Tgar 8t onsel
of boiling. Iif AT, 15 the independent vanable, Equation 4 has to be solved simultanem{ﬂ}‘
with Equation 1. For forced-convection systems, hy is calculated by a forced-convection
correlation. For pool boiling, h, 15 to be calculated by a correlation for natutal convectiol. -5

If the liquid coniains dissolved gases, Onsel of boiling occurs at superheats lower than for 3
liquids free of dissolved gases. This was demonstrated experimentally by McAdams et 8l 3
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by is the heat transfer coefficient for single-phase liquid flow.

?:_{H Equation 7 predicts ¥y < 1, use ¥y = 1.
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7]. Heating Lhéurface hnish and microstructure can also affect incipient superheat. In view
of the many vanables involved, no predictive technique can be fully reliable. Subject to this
limitation, the Frost and Dzakovic relation Equation 4, is recommended because of its
agreement with a wide range of data.

HYSTERESIS

Heat transfer coeflicients during subcooled boiling are often higher with decreasing heat
flux than with increasing heat flux. At a constant heat flux, heat transfer coefficients are
often higher with increasing subcooling than with decreasing subcooling. This phenomenon
is known as hysteresis. The explanation is that with decreasing heat flux, the active bubble
nucleation sites tend to remain active al lower heat flux as compared to the case of
increasing heat tlux. Similar s the situation with increasing subcooling as compared 1o
decreasing subcooling.

Noncryogenic fluids exhibit no hysteresis under saturated conditions. Under subcooled
conditions 1t occurs 1n many cases but not always. Hysteresis usually increases with
increasing subcooling and heat flux and decreases with increasing mass flux. See for
example the data of Hodgson {8] for water boiling in a tube.

No method for predicting the occurrence of hysteresis or its magnitude is available. For
noncryegenic fluids, the wall temperature variations caused by hysteresis generally do not
effect heat transfer coefhicients by more than 20% to 30% which is within the accuracy of
most predictive techniques,

HEAT TRANSFER DURING BOILING IN CHANNELS

Subcooled boiling in channels can be divided into two regimes, namely the *‘high
subcooling” and the “low subcooling”™ regimes. In the high subcooling regime, bubble
nucieation occurs only on a portion of surface, void fraction is low, bubbles grow and
coliapse while attached to the wall, and the wall temperature rises with decreasing
subcooling. In the low subcooling regime, bubble nucleation occurs over almost the entire
surface, void fraction 1s high, bubbles detach from the wall and are carried in the liquid core,
anq wall temperature remains constant with decreasing subcooling. The high subcooling
regime 1§ also known as the partial boiling regime and the low subcooling regime is also
known as the fully developed boiling regime.

Some techniques for prediction of heat transfer in tubes and annuli are now presented.
The most verified predictive technique is that of Shah [9, 10]) which 1s discussed first.

The correlation of Shah was first presented in Reference 9. Further verification with data

for annuli was given in Reference 10. This correlation uses the dimensionless parameters
Bo, ¥, and AT, ./ATs.r. The first two are defined as:

Bo = q/(Gig) (3)

¥ = q/(AT;00h,) (6)

The value of ¥ at zero subcooling, Y, is given by the following relation:

¥o = 230 Bo®* (7)
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In the high subcooling regime, it is assumed that the total heat flux is the sum of heat flux
due 1o single-phase convection and the heat flux to nucleate boiling. Thus: 3

At zero subcooling, the definition of ¥, yields the following equation:
g = hy (Ty — Tear) + 1 (Fo— D) (Tu — Tsar) ©) §

~N

Comparison of Equations 8 and 9 shows that,
Qu = B (Fo — 1) (T — Tsar) (10) 3
Thus for the high subcooling regime, the following relation results: |
¥ = ¥, + AT/ ATsur a1 4
For the low subcooling regime, |
¥ =, (12)
The demarcation between high and low subcooling regimes was found by trial and error s

and is as follows, When ATsc/ATsar > 2. the regime is high subcooling. The regime is also
that of high subcooling when, ¥

AT./ATsar > 6.3 x 10*Bo*? (13) 4

The regimes of high and low subcooling are shows graphically in Figure 1. The complete ,':; |
correlation is shown graphically in Figure 2.
For Re, > 2,300 h 1s calculated by the Dittus-Boelter equation:

= 0.023 (GD4/1) P12k /Do (14)

All properties are calculated at the bulk liquid temperature. The equivalent diameter D, 3§

for the circular tube is the inside tube diameter. For annuli, D, is defined as follows:

.'. "
-

3> 4mm, D, = 4 % flow area (15)

~ wetted perimeter

4 x flow area

& < 4mm, D=
*! heated penmeter

(16)

Table 1
Complete Range of Parameters of
Experimental Data with Which the Shah
Correlation [9, 10] Has Been Verified

Geomelry Tubes: 2.4- to 27.1-mm D

annuli: 8 = 1.0 to 6.4mm, D; = 4.5 to 42.3mm.
Internal, external, and two-sided heanng.

Heating surface Copper, nuckel, incone!l, glass, vanous slainless-steels

Fluids Water, methanol, n-butyl alcohol, ammonta, R-11,
R-12, R-113, K CO, solutions.

1 ) 0.005 10 0.89

AT 'K 0to 153

&Tschsﬂ D10 24D

G, kg/m's 200 10 87.000

qx 0" Wim’ 0.01 10 22.9

Re, x 107° .4 to 3604

Bo = 1{* 0.1 10 54.0

PT; 0.8 to 350
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& is the gap between the two tubes forming the annulus. All the data analyzed were for
Re, > 2,300 except one data set for an annulus which was for Re, down to 1,400, This data
set was better correlated when h, was calculated by a laminar flow equation.

The complete range of data analyzed is given in Table 1. For the approximately 900 data
points analyzed. the mean devtation of h; was found to be about 9% with over 97% of
the data points within + 30%. The two-phase heat transfer coefficients h,p is defined as:

hrp = q/(T,, — T}) (17)
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Figure 1. Demarcation between the regimes of high and low subcooled boiling accarding to the correlation
of Shah {9} for boiling inside tubes and annuii.
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Figure 2. The correlation of Shah (9] for subcooled boiling inside tubes and annuii in graphical form,
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Thus the accuracy of the Shah correlation for boiling heat transfer is comparable to that
of correlations for single-phase heat transfer. The data anaiyzed are for a variety of heating

surfaces and fluids and cover a very wide range of data. Hence it appears that this

correlation can be applied to any commercially manufactured tube and a wide variety of
fluids.

Technignes Based On Pool Boiling Correlations

Several predictive techniques have been proposed in which forced-convection heat
transfer is calculated by superposing pool boiling and single-phase heat transfer. The best
known among these is the correlation of Rohsenow {11] according to which:

q = Qg + Gspc (18)
This can be written as:
hpAT, = h, ATgar + b AT, (19)

h,, 1s calculated by a correlation for pool boiling and h, by a single-phase heat transfer
correlation such as the Dittus-Boelter equation. Thus it is assumed that forced convection
does not affect pool boiling. Rohsenow used his own poel boiling correlation [12] to
calculate h;,. While Rohsenow was able to correlate several data sets, this agreement is not
fully convincing as the value of factor C, in his pool boiling corretation could be adjusted
to suit the data. The values of C,; ranged from 0.0022 to 0.013. Bergles and Rohsenow [1]
conducted tests in which forced convection and pool boiling tests were done on the same
tube. Their measurements indicated that forced convection beiling could not be considered
an extrapolation of pool boiling. They recommended that the forced-convection boiling
curve be determined from forced-convection data, not pool boiling data. The Shah
correlation 1s in accordance with this recommendation.

Ancther superposition technique has been proposed by Kutateladze [13]. It is expressed
by the following equation:

nilfin

-1+

h, h, |
The exponent n = 2. While the Rohsenow correlation assumes that the nucleate boiling and
single-phase convection effects are independent and additive, the Kutateladze approach
assumes some suppression of nucleate boiling due to forced-convection effects. At n = 1,
there is no suppression and the Rohsenow correlation is obtained. The increasing values of
n represent increasing bubble suppression.

In the correlation of Chen [14] for saturated boiling, nucleate boiling component 1s
calculated by a pool boiling correlation and then multiplied by a suppression factor which
depends on two-phase Reynolds number. Collier {58] reports that it has been extended to
subcooling boiling as follows:

q = hATsar + b AT, (21)

h,, is calculated by the Chen correlation with the factor . = 1. Satisfactory agreement wi:[h
subcooled boiling data for water, n-butyl alcohol, and ammonia is reported but no details 3
are given. 3

Yarious Predictive Technigues

A dimensionless correlation presented by Hodgson [8] 15 as follows:

—-0.55% : —0.0%
hee = 141 Bo® [’“"T?C‘Cﬂ [ﬁfl] ‘b,
l¢, XCP(
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: to that
fheating S
hat this - e 5 _ _ dedey ,
aricty of . = — dp (23)
X = dT¢./dp (24)
= All properties are evaluated at the bulk fluid temperature. Satisfactory agreement was
ion heat SN - found with their own data for water and the data of Noel [15] for ammonia.
The best B Numerous dimensional equations for water have been proposed. Among these, the best
S - known is the following dimensional equation of Jens and Lottes [16]:
(18) ATgar = 25" 7 (25)
(19) 4 | with AT, in °C, g in MW/m?, and p in bar (absolute). This equation was based on data
A - for water flowing upward 1n mickel and stainless steel tubes of diameter 3.63 to 5.74 mm.
t 1fﬁﬂ‘~=‘:fET Pressure vaned from 7 to 172 bar, water temperature from 115° to 340°C, mass velocity
nvection - . from 11 te 1.04 x 10*kg/m’ and heat flux up to 12.5 MW/m®,
n [12] to e - The methods proposed by Bergles and Rohsenow [1] is an extension of the Kutateladze
went 15 not . | method [13]). The tetal heat flux q is determined as follows:

» adjusted 3 .
senow 1 e _ 13172

the sarint]t . q = Qspc {i + [ b (1 — _EIL)] } (26)
ong><ed AR Qsec Qspe

nm g

Fhe snah q: 15 the heat fiux for initiation of boiling which may be calculated for water by Equation

2. Qg is the heat flux for fuily developed nucleate boiling. It is to be calculated from data
obtained with forced convection, for example the Jens-Lottes correlation. This method can
be applied only if some forced convection boiling data (or correlation) are available for the
kquid in consideration.

Percupile et al. [17] have given the following dimensional equation:

expressed

(20)

&TSAT — 223 (PJF!)—E.Ziqﬂ.lDI].G (27)
otling and

approach - ATgaris in °C, q in W/m®, and D in m. This equation is based on their data for R-11, R-12,
Atn=1, - and R-113 flowing up through vertical tubes of 6-mm and 18.8-mm ID, pressure from 1.43

gvaluesof (.5 10 9.64 bar, q from 14.7 to 102kW/m’, and vapor quality from —0.06 to 0.21.

;f;r“i‘};i o ~ Design Recommendations
xtended to 2 - e . . . .

* e For prediction of boiling inception the correlation of Frost and Dzakovic, Equation 4,
k. 18 recommended. It should be realized that boiling inception depends on so many factors

(21) that no predictive technique can be fully relied upon.
. .o 2. For calculation of heat transfer, the correlation of Shah is recommended for
ement with 3 S ~Re, > 2,300. At lower Reynolds numbers, use the Rohsenow correlation Equation 19.

t no details

"‘ESINGLE CYLINDER WITH CROSSFLOW
v Many heat exchangers, notably kettle reboilers and shell-and-tube evaporators, involve
crossflow over tube bundles. For prediction of heat transfer 1n such tube bundles, it is
ESII'B.hlE to be able to predict heat transfer to a single tube. See, for example the
j@mputatmnal method of Brisbane et al. [18]. For this reason, several experimental studies

11 heat transfer to single cylinders have been done and attempts made to develop predictive
bechniques. Some of these predictive techniques are now discussed.
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A,

Shah Correlation 4
Shah [19] has given a correlation which shows satisfactory agreement with availabla$
experimental data. The correlating parameters are the same as in his correlation for flow:

through tubes, presented earlier. The two correlations are similar but differ quantitativelys
At zero subcooling, the following equations apply:

Bo > 2.5 x 107, ¥, =443Bo"” (28)3
Bo<2.5x 1074,  ¥o=19Bo®” (298
If Equation 29 predicts ¥ < 1, use ¥y = 1. | -+

T

HIGH
SUBCQOLING

LOW SUBCOOLING

oy oo aaal

10
BoX 104

Figure 3. Demarcation dDatween the regimss of high and low subcooled boiling regimes according to thaf
correlation of Shah [19] for boiling with forced convection across cylinders. £
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Figure 4. Comparison of the Snhan correlation {18] with data for water boiting during flow across single _f_;:-

inders.




FORCED-CONVECTION SUBCOOLED BOILLING 383

S There are two regimes of subcooling, namely the high subcooling regime and the low
& subcooling regime. In the low subcooling regime:

avallable § -

1 for flow 3§ S . ¥ = ¥, (30)

titatively. S

In the high subcooling regime:

LW = W+ ATs/ATgar (31)

The demarcation between the two regimes of subcooling is shown graphically in Figure 3.
It is seen that if AT;/ATgar > 4, the regime is that of high subcooling. The regime 15 that
. of high subcooling also when Bo < 5.4 x 10-* and the following inequality is satisfied:

" ATeo/ATsar > 7.63 x 10*Bo' (32)

(28)
(29)

" For calculating the single-phase heat transfer, best results were found with the following

- equation:

» 0.62

(@) pro (33)
fLe

= Al properties are calculated at the bulk fluid temperature. The mass velocity G 1s based on
£ %" the minimum flow area, i.e, the clearance between the test cylinder and the flow channel
in which it is Jocated. The value of G used in calculating Bo in Equation 33 is the same as

was used in Equation 5. Shah obtained Equation 33 by analyzing data for singie-phase heat
transfer.

" "The arguments used in developing this correlation are the same as those used in
developing the Shah correlation for boiling in tubes, as described in the previous Section.

Table 2
Results of Comparison of Data for
Crossflow Bolling with Shah Correlation [19]

:ording to the

No. of

q
Tl.lbt ETIC ﬂ_TE_ w DE‘-". .-:"’I
D, fmm) 0% cOY AT u@M Re C(Ef) Bo x 10f yp " b E;it:ts

COppEr 0,09 18 53,500 I 0.6 119 10.4 36
0.32 78 150,000 584 6.6

Stainless . (1.0 0.9 1,940 13 4 B 261 13.1 14

steel 12.0 1.5 4400 850 274

Stainless 0.5 017 1,480 86 233 il.0 59 (81

steel 1.5 T7.9

Stainless 0.14 25,000 22 0.7 18.8 50

steel 1.10 135,300 2B6 8.0

Stainless 0.06 1,500 B 56 4.5 i 45

steel 1.72 206,000 714 98.1

Stainless 1.12 910 166 6.6 13

steel 2.92 4830 36 662

Titanium 1.3 700 160 6.0 4.5 : 6i
[73.0 4710 I 6.0
Stainiess ' 2500 150 29 g2 ) 15
gieel 4,600 1,000
Porcelein, 0 2,000 1 0.5 3
mickel &0, 000 32
coabed
Copper . . 13,300 3 Q.7 i 12
. 133,000 X35
Copper . i 13,300 57 2.6 15
132,000
11,604 7 4.3 12
a3 _ 116,000
single oyt B+ - 700 1 0.6 : 334
0ss Single ey 4 e 150,000 1,000
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Shah compared this correlation with data from ten experimental studies. These were the
only data in open literature. The range of parameters covered by these studies is listed in
Table 2. He found that the use of Equation 33 gives satisfactory results with all data except
those of Yilmaz [20] which are overpredicted. The Yilmaz data give satisfactory agreement
when h, is calculated by the following equation of Fand and Keshwani {21}:

Nu, = (0.255 + 0.699 Re}") Pr}? (34)

All the properties in this equation are calculated at the film temperature. The Yilmaz data
were analyzed using this equation while all other data were analyzed using Equation 33. The
comparison between the data and correlation is shown in Table 2 and Figure 4. The heat
transfer coefficients in all 334 data points were predicted with a mean deviation of 9.5%,
with only 6 data points showing deviations greater than 30%. Thus the accuracy of the
correlation is comparable to correlations for single-phase heat transfer. Better accuracy,
though always desirable, will be difficult to achieve.

The data include four different tube matenals and three fluids. Furthermore, the
correlating parameters are the same as in the Shah correlation for boiling inside tubes which
has been verified with many fluids and tube materials. Hence this correlation may be
expected to be generally applicable to all common fiuids and commerciaily prepared
surfaces. The range of other parameters is very wide except that the reduced pressure ranged
from 0.005 to 0.05. Application to higher pressures should be made with caution. As the
shell side of heat exchangers is rarely operated at high pressures because of structural
considerations, the verified pressure range covers most practical needs.

It should be remembered that this correlation is for forced convection boiling, At G = 0,
heat transfer occurs by natural convection and pool boiling correlations apply. Hence the

Shah correlation should not be used at velocities lower than those for which it has been
verified.

Other Predictive Techniques

Several researchers have compared their measurements with the Rohsenow superposition
correlation, Equation 19. Yilmaz and Westwater {22] and Leppert et al. [23] found
satisfactory correlations by this method, using their own pool boiling data to calculate q,.
McKee [25] using his own pool boiling, found that some of his data were satisfactorily
correlated while some were under-predicted. Fand et al. (21] and Lemmert and Chawla {24],
state that their data could not be correlated in terms of Equation 19. Hence the Rohsenow
method has not been successful even where pool boiling data for the particular test section
were available. The difficulties in accurately calculating pool boiling heat transfer are
well-known.

Lemmert and Chawla [24] compared their data with the Kutateladze superposition
correlation, Equation 20. Poor agreement was found. Fand et al. [21] found this equation
unsatisfactory with n = 2, the value given by Kutateladze. However, their data were
well-correlated with n = 5.5.

McK ee [25] attempt to improve the Rohsenow method by distinguishing between areas
with bubble nucleation and those without bubble nucleation. His equation is:

qA = QA + Qsec{A — Apd) (35)

A,, is the tube surface area with bubble nucleation and A is the total surface area. He
determined A, /A by a dimensional equation which fits his data. Whether it fits other data,
1S unknowil.

Lemmert and Chawla [24] also used the approach of Equation 35 but developed different

expressions for determining A,,/A and heat flux due to bubble nucleation. While their’ '.

expressions fit their own data well, they have not been compared with any other data.
From the previous discussions, it is clear that none of these predictive techniques can be
used with confidence.
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' Design Recommendations

d 111 :; - : '

cept - Use the Shah correlation, Equations 30 and 31, with h; calculated by Equation 33. If

ient B cingle-phase heat transfer data are available, adjust the constant in Equation 33 to fit them.
3 % The verified range of this correlation is given in Table 2. Use outside this range is not

& recommended. It is especially important that the correlation be not applied to u, G, and Re;,
g lower than the minimum listed in Table 2.

z--r-_i’;RYoGEMC FLUIDS

e SN . Cryogenic fluids are Newtonian and their Prandtl numbers are comparable to that of
% B water. Hence one would expect their behavior to be similar to that of ordinary fluids. Only
racy, B two scts of analyzable data for subcooled boiling of cryogenic fluids are available. These
the B arc the data of Pappel and Hendricks [32] and Klimenko and Sudarchikov [33], both for
g H B nitrogen in electrically heated tubes. The present author found that data from both of these
?hlﬁc . S sources are in satisfactory agreement with the correlation of Shah presented earlier. Hence
vy % (hc available experimental data for subcooled boiling support the view that heat transfer
ared 4 BBP% - to cryogenic fluids is no different from that of noncryogenic, nonmetallic fluids. However,
m%id SNER - there is some indication of differences which are now discussed.
:iurafi .~ One possible difference is in the influence of thermophysical properties of the heating
" ~ surface. Stephan and Abdelsalam [34] developed correlations for pool boiling heat transfer.
- , iy They found that for cryogenic fluids,
ce the 4 B h,ocoS™” (36)

o) of heating surface

S — 37
3 3 (keC,) of liquid (37}
SIHON nr noncryogenic fluids, they found no influence of §. This suggests that S may also have

found £ an influence on forced-convection boiling of cryogenic fluids.

1te qlib '%f}Klimenkﬂ [35] analyzed the data for saturated boiling of nitrogen, neon, and hydrogen

E‘EH g 10 tubes. He presented a correlation according to which: |

isenow 4 £ brpoo 5 (38)

section - . . .

fer are .3 g ah [3{.‘.] compared data for saturated boiling of helium, hydrogen, nitrogen, and argon
- gl tubes with the correlations of Shah [37, 38] and Kiimenko {35]. The Shah correlation has

osition 3 __'factﬂr for surface properties, and at zero vapor quality it reduces to Equation 7. Data

uati on' B gRere from 11 sources. Data from 9 sources showed adequate agreement with the Shah

1 were, % gorrelation. Data of Steiner et al. [39, 40] and Mohr and Runge [41] for nitrogen and neon,

1

jrespectively, were underpredicted by a factor of up to 3. However, the deviations were

 areas 4 mhrelated to S. These data showed satisfactory agreement if hyp at zero quality was

geucilated by the superposition correlations of Rohsenow or Kutateladze with h, by the

A atebhan-Abdelsalam correlation. However, this procedure resulted in overprediction of

(35) 3 post other data. The Klimenko correlation showed satisfactory agreement with only 3 of
&y gk 11 data sets and the deviations were not related to S.

rea. HE:; : :- the evidence from the experimental data from both saturated and subcooled

er data,~4 g studies do not support the view that heat transfer to cryogenic fluid is influenced by

fp’ata from two sources are much higher than the Shah correlation and indicate little or

lifferent 3 B .suppression of bubble nucleation by forced-convection. This anomaly remains

le their ; gicxplained.

data. 3 Jeinother difference is in hysteresis. Strong hysteresis has been reported during saturated

scar” -3 giling of helium [42, 43] and to a lesser extent in saturated boiling of nitrogen [39, 44] and
3 0D {41]. Ordinary fluids shows no hysteresis during saturated boiling and thus this is a

. Lo
bt

1,
-
_|.-|' -
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significant difference between the behaviour of cryogenic and noncryogenic fluids. In the
data of Ogato and Sato [42] for saturated boiling of helium in tubes, the heat transfer |
coefficients with decreasing heat flux were up to four times higher than those with increasing
heat flux. Jergel et al. [43] also noted strong hysteresis during saturated boiling of helium #
in rectangular channels. Hence one would expect strong hysteresis during subcooled boiling 2
of hefium. Klein [44] and Steiner and Schliinder [39] have reported hysteresis during
saturated boiling of nitrogen in tubes but the difference between the higher and lower A
boiling curves did not exceed 20%. Similar results have been reported by Mohr and Runge
[41] for saturated boiling of neon in tubes. Hence some hysteresis is likely in subcooled
boiling of nitrogen and neon but is likely to be much less than with helium. It should 3
however be noted that Klimenko and Sudarchekov [33] found no hysteresis during 3
subcooled boiling of nitrogen and Papell and Hendricks [32] have made no mention of g
hysteresis during their expeniments with subcooled boiling of nitrogen and neon. -

Papell and Hendricks Correlations

Subcooled boiling of cryogenic fluids was the subject of studies by Papell and Hendricks 3
[32]. In that study, mtrogen and neon flowed up through an electricaily heated inconel tube 3
of 19.8 mm ID. The parameters in nitrogen tests Were. p = 11.1 to 28.7 bar, flow rate 2.7 9
to6.5gfs,q=4.1to2l.i W/em?, and subcooling up to 26.5°K. The range of neon data was: . %
p.= 11.2 to 16.6 bar, flow rate from 4 to 10.8¢/s, g = 1.8 to 20.5 W/cm?®, and subcooling .
up to 11.6°K. All data were correlated within + 30% by the following equation:

TIPS
ta ) (&) T 39
F— e/ sat g

the enthalpy of liquid at actual temperature
the enthalpy of saturated liquid
the density of liquid at bulk temperature

It should be noted that nitrogen data from this study show satisfactory agreement with 3
the correlations of Shah [9] and Klimenko [35). The data for neon were not given in an k
analyzable form. 4

Papell and Hendricks correlated the data for boiling inception by the following relation:

g — 1

Bo (pr/ey) (pypkis [;i]z ~ 0.0014 40)

Design Recommendations

1. The correlation of Shah given 1n the section on “Heat Transfer dunng Boiling in 4
Channels™ is the best choice for calculating heat transfer in tubes and annuli. It should 3
however be noted that some data are much higher than this correlation. B

2. Very strong hysteresis may be expected with heltum. It is expected that the Shah %
correlation will yield the lower boiling curve. e

3. For inception of boiling, recommendations are the same as in the section mentioned ifl

Recommendation 1. Equation 40 may be used in the range of data on which 1t 18 hasedg'f;

LIQUID METALS ‘]

Boiling of liquid metals has been found te be considerably different from that of ordine

liquid. Cotrelations of heat transfer to nonmetallic fluids are usually inapplicable ti_
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metallic fluids. Ordinary liquids generally show incipient superheats of only a few degrees.

{n liquid metals superheats of over 100°K have been measured. Large fiuctuations in wall
temperatures and fluctuations in flow have often been experienced.

Boiling Inception And Instabilities

Several studies on potassium have shown that when liquid enters the heating tube 1n a
subcooled state, boiling inception superheat is high and large fluctuations in wall
temperatures occur. For example, Aladyev [45] reports the following typical behavior. Wall
temperature first increases with time. When a certain value (greater that Ts,y) is reached,
rapid boiling of potassium takes place and the wall temperature drops to Tg,r at the rate
of 20° to 25°C/second. The process is then repeated. As the pressure increases, the superheat
decreases, while the frequency increases. The observations of Hofiman and Krakoviak [46]
are similar. With a plain stainless steel tube, they found superheats in excess of 160°C and
wall temperature fluctuations at 0.025 Hertz. The superheat decreased sharply when the
tube surface was provided with artificial nucleation sites. In the experiments of Noyes and
Lurie [47] with sodium in an annulus, wall temperature fluctuations were also observed
under subcooled conditions, but their amplitude and frequency were not as high.

Chen [48] measured incipient superheats in subcooled potassium at pressures between
0.55 and 0.96 bar flowing in tubes. Incipient superheats between 9° and 65°K were measured
and those were found to be related to deactivation conditions preceding boiling tests and
boiling pressure. Chen points out that analyses based on the Bergles—Rohsenow model,
discussed earlier, will underpredict the incipient superheats for metals. This is because the
cavity size corresponding to predicted inception conditions is so large that such cavities are
likely to be flooded by liquid and hence inactive. As a consequence boiling will start only
when superheat has increased sufficiently to activate smaller cavities containing trapped
gases. Chen developed an analytical model which agrees with his own data.

Dodonov et al. [49] carried out an extensive study of incipient boiling superheat of
potassium in straight and coiled tubes. The straight tubes were 6- to 6.1-mm ID stainless
steel with their inner surface reamed on a lathe. The coiled section was made from a 10-mm
ID stainless steel tube. The coil diameter was 162 mm, and coil pitch was 73 mm. The range
of variables was: p from 0.6 to 3.6 bar, G from 0 to 277 ke/m’, q from 32 to

- 300 x 10° W/m?, and inlet subcooling from 43° to 488°K. It was found that incipient boiling

superheat was independent of G, q, and inlet subcooling. The unsteadiness in approach to
boiling was not found to affect superheat. The superheat at the tube exit prior to vapor
generation and the superheat in the center of tube with vapor generation were found to be
the same. Superheats measured at different times and with different prior histones were
found to be essentially the same. This contradicts the observations of Chen [47] discussed
earlier. Superheat was found to depend on pressure. Their data were correlated by the
following dimensional equation:

AT, = 100exp{—50p,) (41)

7 . AT, is in °K. This equation was found to also show reasonable agreement with data from

several other sources.
Peppler [50] has reported experiments on incipient boiling superheat for flow of sodium

_ in single channels and pin bundles. He states that every time boiling occurred in a new test
. section, no measurable superheat was observed. After repeated boiling under heat fluxes
.- greater than 150 W/cm?, the maximum superheat found was 25°C. This increase in incipient
.. superheat may perhaps be explained in terms of surface deterioration caused by corrosion,

as suggested by Schultheiss [51]. Peppler further reports that in boiling tests with pin

. bundles without gas injection, 5Hz pulsations in outlet velocity were found. With gas

injection, the pulsations were less evident.

Henry et al. [52] measured incipient superheats for sodium in an annulus 9.5-mm OD,
$.84.mn1 1D. Pressures varied from 0.14 to 0.68 bar. Superheats from 0° to 75°K were
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measured. The data were found to be consistent with the reentrant cavity model when
history and gas solubility were properly accounted for.

Schmiicker and Grigull [53] carried out tests on boiling of mercury in a tube. Boiling was
found to be intermittent and the behaviour was generally similar to that of potassium
described by Aladyev [43].

Tang et al. [54] conducted tests on potassium-mercury mixtures in tubes. Tests included
transition from single-phase to subcooled boiling. They report no sigmficant Incipient
superheats or instabilities. The tests of Mori et al. [55] on mixtures of mercury, bismuth,
and lead also included transition from single-phase flow to subcooled boiling. They also do
not report any significant incipient superheats or flow-temperature fluctuations.

Summarizing, boiling of pure subcooled liquid metals is often unsteady. Large amphtude
cyclic variations in wall temperatures often occur. The vanations are generally stronger for
potassium than sodium. Mercury also shows behavior simnilar to potassium. Large incipient
superheats have often been found with sodium and potassium. On the other hand some tests
on sodium have shown negligible incipient superheat. Some data show incipient superheat
to be related to previous history while some do not show such a relation. Finally mixtures
of metals show no incipient superheat and no unsteadiness in boiling. Clearly, experimental
evidence is conflicting and no method of predicting incipient superheat can be relied upon.
However, Equation 41 for potassium shows reasonable agreement with a considerable
amount of data.

Heat Transfer

Noves and Lurie [47] studied subcooled boiling of sodium in an electrically heated
annulus. Boiling heat transfer coefficients were found to be only slightly higher than those
for single-phase forced convection. |

Tang et al. [54] measured heat transfer to potasstum-mercury mixtures in a 7.75-mm 1D
stainless steel tube. Pressure varied from 0.1 to 0.9 bar and subcooling was up to 167°K.
Boiling heat transfer coefficients were found to be only slightly mgher than those for

single-phase convection.

Experiments on forced-convection boiling of rubidium and cesium have been reported by
Fisher et al. [56, 57]. The tests were done in 7.1-mm ID tubes made of columbium-]
zirconium alloy. The range of parameters investigated for rubidium was: G =158 to
1192 kg/m?, Tsay = 977 to 1255°K, g =0 to 103 KW/m® inlet subcooling = 111°C to
222°C, and outlet quality from 0 to 0.8. The data for the nucleate boiling of rubidium were
correlated by the dimensional equation:

hpp=aq’ (42)

Table 3

Value of a and n in the Correlation of
Fisher (Equation 42) for Boiling of Rubidium

Te:m}.:l .Flian ge log,ca

1,350-1,400 —2.046
1,400-1,450 ~0.918
1,450-1,500 —1.294
1,500-1,550 —3.044
1,550-1,600 —3.414
1,600-1,650 ~3.128
1,650~1,700 _ —1.268
1,700-1,750 : — 4427
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el when 2B . hL,isin Btu/hr ft*°F and q in Btu/ar ft2. The value of a and n were determined at SO°F
S . intervals and are given in Table 3.

ling was

tassium

Design Recommendations

ncluded M _ S _ _ ‘
ncipient § 1. No reliable method for calculating incipient superheat is available. For potassium,

sismuth, -3 A Equatiﬂp 41 may be used 1n its verified range. For mixtures of mercury with other
‘alsodo T metals, incipient superheats is neglgibie.

S 5 No verified method for predicting the heat transfer rate is available. If no experimental

data are available, the following conservative approach is suggested. Calculate pool

boiling and single-phase-convection heat transfer coeflicients separately. Use the larger

of the two.

nplitude
nger for .
ncipient 3
e tests 3

iperheat SN ¢ MULTICOMPONENT FLUIDS

xtures JE.-

rimental - In discussing the boiling of multicomponent mixtures, one must first distinguish between
«dupon. 3 . azeotropic and nonazeotropic mixtures. In azeotropic mixtures, the concentrations of

iderable S components in the vapor and liquid phases are the same and remain the same during
S ... evaporation. Such mixtures behave like single-component fuids. Heat tramsfer to
7 - agzeotropic mixtures can be calculated by the methods for single-component fluids, using the
5 mean mixture thermophysical properties. Behaviour of nonazeotropic mixtures is much

3 . more complex and is the subject of this section.
. heated Fink et al. [29] studied boiling of mixtures of R-11 and R-113 during forced flow across
a heated cylinder. Heat transfer coefficients for the mixtures were always lower than what

in those A - will be expected from linear interpolation of heat transfer coefficients for the pure fluids in
-mm ID NS proportion to concentration. Similar results have been reported during pool boiling of
167K, 3 »: multi-component mixtures. The explanation is that the low boiling point component
10se for K- . cvaporates faster with the result that its concentration in the liquid surrounding the bubble
3N i isless than in the bulk of liquid. Thus the boiling point of the liquid surrounding the bubble

%, is higher than that of the bulk liquid. As a consequence, the temperature difference causing

iiifnb_{ E . bubble nucleation is lower than in the case of pure fluids.
. 158 to 3 Data for forced-convection subcooled boiling are scaré and no verified method for

11°C to 3 fé_‘_';pmdicting heat transfer is available. For rough estimates, the author's recommendation is
4 ¢ ‘to use the Kutateladze superposition method (Equation 20) with h,, calculated by a

m were S - . . o : . .
SRR ‘correlation suitable for pool boiling of multicomponents mixtures. The single-phase heat

E. transfer coefficients h, is to be calculated using mixture mean properties. This

(42) if is only for nonmetallic fluids. Recommendations for metallic fiuids are
j:  given carhier.

' :-_r ”'1.- i
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¥ NOTATION

area (ml) equivalent diameter of channel
boiling number = q/(Giy), (m)

dlme_nmnnlﬂss . putside diameter of the inner
specific heat at constant press- tube of an annulus (m)

ure (J/kg'K) inside diameter of the outside

specific heat of lqud at F l
constant pressure (J/(kg'K) tube of an annulus (m)

diameter (m); when flow 1s

acceleration due to gravity
2
inside the tube, D is the inside (m/s’)

diameter: when flow is outside total mass flux (kg/m?’s)
the tube, D is the outside heat transfer coefficient
diameter (W/m?**K)
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heat transfer coefficient in
single-phase flow assuming all
mass (vapor + liquid)} flowing
in liquid form (W/m?°K)

heat transfer coefficient due to
nucleate boiling (W/m*°K)
heat transfer coefficient cal-
culated by a pool boiling
correlation (W/m?K)
two-phase heat transfer coef-
ficient = q/(T, — T.)
(W/m?°K)

enthalpy of hiqud (J/kg)
enthalpy of saturated liquid
(J/kg) _
latent heat of vaponzation
(J/kg)

thermal conductivity
(W/m°K)

Nusselt number = hD/k,,

heat flux (W/m?®

heat flux at boiling inception
(W/m?)

heat flux due to nucleate
boiling (W/m?)

heat flux assuming pool boil-
ing (W/m?)

heat fiux due to single-phase
convection (W/m?)

radius of bubble {(m)
Reynolds number = GD/u,,
dimensionless

parameter defined by Equa-
tion 37, dimensionless
temperature (CK)

bulk liquid temperature ("K)
saturation temperature ("K)
= Tsar — Tp (K)

= T, — T, CK)

= T, ~ Tsar CK)
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pressure (N zml) (&Tg ﬁnT)ih ’:}TS.:AT at bﬂ!llﬂg IﬂCﬂptlﬂﬂ ( K.)
critical pressure (N/m?) u lquid velocity in the narrowest
reduced pressure = DP/p. section (m/s)

dimensionless vy,  specific volume of vapor minus
Prandtl number of liqud = specific volume of hguid both
C 4. /k,, dimensionless at saturation (m’/kg)
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Greek Symbols

¥ = hg/h,, dimensionless dynamic viscosity (Ns/m?)
¥, value of ¥ at zero subcooling surface tension (N/m)
and zero quality 8§ annular gap = (Dy— D)/2
o density (kg/m?) (m)

R I
e )

), !
Frikany

Subscripts

L e

..I
-
-'|
.
-
ol
H
-~
4
W
't
A
i
L
-
4
-t
e
Ly
b
.: =
W E
oy
i
+ el

b bulk (ie. mixing cup con- g of vapor

dition}
f with properties at film tem-
perature = (T, + Ty)/2

of hquid
at saturation temperature
at wall

Abbreviations

ID inside diameter stainless steel
OD outside diameter
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