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Abstract—Wall temperature histories for one elevation on a vertical tube being quenched by water fed
into the bottom of the tube, at pressures of 1 and 4 atm, are used with the system operating parameters,
to predict the relation between the heat flux to the water and the temperature difference during the quench
process. During nucleate boiling, the relation between the flux and the temperature difference is of the
nature specified by theories for forced convection boiling, but there are differences in detail. Maximum
fluxes are somewhat higher than for pool boiling, but cannot be related to the operating conditions. The
transition boiling behavior is shown to be predictable if the experimental values of the flux and the
temperature difference at the maximum and minimum flux are used in existing prediction methods, Another
method, based on the data, is also proposed.

INTRODUCTION

TrE NATURE of the heat transfer during the boiling
process is essential to any analysis that proposes to
specify the progress of the quench front as that occurs
in a reflood process. Commonly, this nature is speci-
fied by a correlation for the heat transfer coefficient for
the nucleate boiling region, terminating at a separately
specified heat flux, given, for instance, by the Zuber
relationship. There follows a transition boiling region
for which there is a number of relations for the transfer
coefficients which, in general, all require the speci-
fication of a heat flux and a wall temperature at the
extremes of the transition region. It is important,
therefore, to appraise experimentally the nature of the
boiling process during quench and to compare this to
the usual predictions that are made for it.
Experimental values of the heat flux during the
quench that occurs in the reflooding of a heated ver-
tical tube, 14.5 mm i.d., with 0.8 mm wall thickness,
have been deduced from the history of the tem-
perature at a position on the outside wall of the tube,
obtained as the quench passed that position. By
assuming a constant velocity for the quench during
the time in which the local quench occurs, and treating
the radial temperature variation only approximately,
the history of the flux on the inside surface of the
tube could be deduced. These fluxes, the inside wall
temperature deduced from the outside wall tem-
perature, and the saturation temperature of the water
within the tube, gave the relation between the flux and
the temperature difference to which the predictions
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could be compared. These results, and some of the
comparisons, have been given in refs. [1, 2], This paper
presents some of these results to show that fair pre-
dictions are realized for the nucleate boiling region
and the critical heat flux. For the transition region,
there is proposed a correlation that predicts the trans-
fer coefficient fairly well when the experimental results
are used to specify the limits of the region.

EXPERIMENTAL DETERMINATION OF THE
FLUX

Histories of the outside wall temperature of the tube
were obtained mostly for one location, 1.83 m (6 ft.)
from the bottom of the 3.66 m (12 ft.) high tube,
heated to obtain an initial temperature at which the
losses from the uninsulated exterior were equal to the
input from the passage of d.c. current through the
tube. The ‘reflood’ was by water at constant tem-
perature introduced into the bottom of the tube with
velocities from 0.0254 m s~' (1 in. 57') to 0.0762 m
s (3 in. s71). The progress of the quench, identified
by the rapid drop in the wall temperature, was deter-
mined by obtaining, as a function of time, the occur-
rence of this drop in temperature at locations §.305 m
(1 ft.) apart ; from this the quench velocity at the 1.83
m location was determined. These quench histories
were like those found in ref. [4] for this system which
is described in detail in that report.

The history of the wall temperature af the 1.83 m
location was produced from recorded values of the
thermocouple voltage at intervals of 0.046 s, and this
record was irregular enough so that the differentiation
of the temperature needed for the determination of
the flux produced for it a very irregular history. The
temperature history was, therefore, smoothed by a
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maximum flux; A, at minimum flux
b latent heat of evaporation
k thermal conductivity
P
q

pressure
heat flux; g, Maximum ; .
minimum

r radius, from tube center line

T temperature ; T,,, saturation; T,

quench as defined on Fig. 1; Ty, inside
wall temperature

(Tw—Tar) s AT ins» AT v at minimum
and maximum flux

AT

NOMENCLATURE
¢ specific heat AT, Ty —Ty), liquid subcooling
f fraction of surface wet in transition 1o quench velocity
boiling X quality; x,,x,, just below and above
g gravity acceleration quench region; X at Goax
h heat transfer coefficient ; 4,,,, at z distance from bottom of vertical tube;

Zo» quench height: z, collapsed liquid
level,

Greek symbols

d wall thickness of tube
2} time
7 dimensionless temperature,
( T‘min . TW)/( ]'min - Tmax )
i dynamic viscosity !
y kinematic viscosity ’
P density
a surface tension.

program which fitted a cubic spline approximation
for seven intervals of the record, adjusting the inter-
vals until the error in the approximation was a mini-
mum. This spline fit program produced continuous
first and second derivatives at the interval limits
(knots). There are eight knots for the seven intervals,
the seven were selected as to give reasonable error
for a logical amount of computation time, giving an
overall r.m.s. error usually less than 0.05. The fit was
made to values of temperature obtained from the
millivolt conversion and the output was the constants
of the cubic equations that fitted each of the defined
temperature intervals. Because the thermocouple
junction itself experienced some voltage difference
produced by d.c. current flow through the tube, the
‘true’ output, mr,, was related to the actual mv by the
relation

mr, = mv+ FI (1

where I is the current and F a factor such that me,
vielded the true tube wall temperature in steady-state
conditions with all of the input being the loss from
the tube exterior. The temperatures so specified were
used with the energy equation

er 1o éer ¢ f o7
PR v ar (") T3 (k ‘) +er. @
In this, the distance z was related to the quench vel-
ocity as dz = wu,d0, ug being assumed constant in the
short period in which the temperature history was
obtained. If the temperature is assumed to be
invariable with radius, and the variation of radius

over the small wall thickness is neglected, integration
of equation (2) gives

AT _(1yd(ery Lo
pcdew ug) a0\ do 5 dorn —qross T drran-

3

The flux, grran, at the inner wall of the tube, is given
by equation (3) in terms of the loss from the outer
wall, evaluated as a flux, g g, the electrical input,
expressed as a flux, ggen, at the inner wall, and the
derivatives of the wall temperature history. In evalu-
ation, equation (3) was expressed in terms of the con-
stants of the cubic for the intervals of the spline fit.
and the temperature dependence of the properties was
considered.

The error involved in the use of equation (3) for
the flux and of the neglect of the radial temperature
variation in it were examined by Denham [3] on the
basis of the Burgraff approximation for the radial
temperature variation. From the temperature Ty as
determined for the outside of the tube, the inside tube
temperature and the flux are indicated to be

3 87 (pe\d® Ty,
T = Two = spdreax + @2(7:) o @
87 A Two R
_ A ) 5
4§ = grraNn T P( 6 an? (3}

The second derivative as evaluated from the tem-
perature history produced a negligible contribution
from the last terms of equations (4) and (5). There-
fore, g was taken as grgan and the inside temperature
was evaluated from the two terms of equation (4).
The effect is significant, and to indicate the magnitude,
the use of a constant value of the thermal conductivity
k typical of the quench interval gives, from equation

4)
T = Two—g/45 (Tin“C.qinkWm 7). (6)

This still somewhat questionable basis of predicting
the inside wall temperature from the measured outside
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Fie. 1. Wall thermocouple response, runs 12-3-20-1 and

8-1-70-1. The trangles are the data and the curves are the

fit, based on knots at the numbered circles.
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wall temperature produces a large difference when the
flux is large, for a typical maximum flux of 1800 kW
m~? at atmospheric pressure, the inside wall tem-
perature is, from equation (6), 40°C less than the
outside temperature, The uncertainty in the prediction
is unknown and, thus, there is some question about
the inside temperature in the region near the
maximum heat flux.

Figure 1 illustrates two of the temperature histories
showing some of the data with triangles and the spline
fitted history by curves. Smali circles, numbered, show
the knot locations. Two runs are shown, designated
in terms of a number sequence of: nominal initial
temperature, hundreds of °F; fluid feed velocity, in.
s™!; inlet water temperature, °F; system pressure,
atm. For run 12-3-70-1, the correspondence is good.
The record for 81701 is shown as an indication of
irregularity that sometimes existed when the quality
within the quench zone was larger than zero. The
double differentiation of such a record would lead to
anomalous results for the time interval in which the
tube wall temperature is almost constant, as though
the transfer had ceased completely. To obtain results,
this interval, Af, was removed from the record to
make it continuous at the temperature of the interval,
so that the curve shown for the history was then
obtained from the spline fit program.

Table 1 summarizes the operating conditions and
contains some results as obtained from the relation
between the heat flux and the temperature difference
that was established from the temperature histories
obtained at the 1.83 m location. Additional runs for
different elevations are similarly tabulated in refs. [1,
2]. The table gives in successive columns, 1, the nomi-
nal run conditions ; 2, the location, quench height, at
which the temperature history was obtained ; 3, the
collapsed liquid level for the quench height. Column
4 is the quench velocity as ug, the slope of the quench
history, zq = f(0), determined from the time at which
the rapid drop in tube wall temperature occurs at
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successively higher elevations. These quench velocities
are somewhat lower than found in earlier operation
of the experimental system [4]. The reason for the
reduction was not appraised. Column 5 is the feed
water flow mass flow rate; 6, the average initial equi-
librium tube wall temperature before the initiation of
the water flow; 7, the subcooling (7, — T;,) of the
water at inlet and 8, the value of gggy cOrresponding
to the energy rate produced by the current flow in the
tube. There follow results obtained from the tem-
perature history; 9, ¢pq. the maximum flux; 10, the
temperature difference (7 .c— Tow) When ¢, occurs;
11, the value of (I'~ T,,,), denoted as AT, at the ‘knee’
of the temperature history, where the wall temperature
first diminishes rapidly, obtained by the intersection
of tangent lines as illustrated on Fig. 1. Column 121s
the flux at AT,

At the end of transition boiling, when film or pos-
sibly dispersed flow boiling began, the rapid decrease
in the flux should terminate, with dg/df becoming
much less at higher AT. While some irregularities exist
in the experimental results in this region, an estimate
of a minimum heat flux for the tramsition boiling
region can be made. These values, somewhat approxi-
mate, are in Column 13 and Column 14, gives the
values of AT, associated with these fluxes.

Finally, three calculated values of quality are given.
Column 15 is x,, the quality of the water state just
below the quench front as calculated for steady con-
ditions, from the feed water flow rate and temperature
and the heat transfer to the fluid in 0 < z < z,. Col-
umn 16 is x,, a quality calculated from this initial
water state, assuming steady conditions for a stationary
quench region, so that velocities are taken relative to
the quench velocity, and the tube wall velocity is the
quench velocity. The basis of calculation indicated in
ref. [2] is uncertain in some of its aspects, but x, does
indicate the effect of the quench on the fluid state at
exit from the quench region. Column 17 is X,.,, the
quality calculated for the point at which the maximum
flux occurs. This is calculated on the same basis as is
x,, but the evaluation requires the integral of the flux
history over the nucleate boiling region, in the manner
indicated by the discussion following Fig. 2. Column
18, the final entry on Table 1, indicates those runs for
which the history of the wall temperature contained
an irregularity like that illustrated on Fig. 1 for run
8-1-70-1. The eniry in this column is a footnote that
gives the time interval, Ag, s, that was removed and
the temperature of the deleted region.

Before proceeding to the examination of the results,
a consideration of Fig. 2, the history of the flux at the
inner wall for two of the runs, one with a high and
the other with a low quench velocity, indicates the
regions of nucleate and transition boiling and of their
extent relative to the length of the quench region. For
the latter a distance scale, z = ugf, is shown, with its
zero location at the location of the maximum flux.
Transition boiling occurs in the region between 7,
as marked, and g, The situation for run 10-2-
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F1G. 2. Heat flux histories with high and low quench velocities

Curve Run x; (%) g (cms™')
A 6-3-70-1 -12 48
B 10-2-150-1 54 1.7

150 is ambiguous because Curve B, the temperature
history for this run, is such that the flux does not
attain a relatively constant value until AT, = 235,
compared to AT, = 212, Column 11 of Table 1, that
is indicated on Fig. 2, Nucleate boiling occurs when
the flux diminishes again and as a limit for this region
there is indicated the location when AT is 5°C. Begin-
ning at the time 6, at which AT, occurs, the transfer
for the interval 8, < 6 < 8, is

(]
anQ£ gdf, kW.
Q

The logarithmic scale of Fig. 2 prevents the visu-
alization of this magnitude but an approximate evalu-
ation of the integral gives the values in Table 2 for the
transition region 8, < 8 < 0, and the total region £,
to the time at which AT = 5°C occurs. The larger
values for condition 6-3-70-1 are due to its high
quench velocity, as can be judged from the length
scale on Fig. 2. For both runs, the fraction of the
transfer in transition boiling is a large part of the total
transfer.

NUCLEATE BOILING

The relationship of ¢ to ('~ T,,) is shown for the
nucleate boiling region for 1 atm pressure on Fig. 3
for runs with x, < 0 and on Fig. 4 for runs with

Table 2
Q' (kW) Q° Fraction
Transition Total transition
6-3-70-1 0.51 1.10 0.46
10-2-150-1 0.19 0.52 0.36
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x; > 0. The dashed line indicates the Rohsenow pool
boiling prediction for Cg, the coefficient in that
relation, equal to 0.021. Solid curves show the pre-
diction according to the proposal of Bjorge ef al.
{5], which, for the case of initially subcooled or low
quality, x, < 5%, specifies the flux as

g = [(hec(AT+AT,))* +(ga5)*1"?

AT, Y
S=1 '(’5?)’ AT > AT, 6

For atmospheric pressure, gz = 0.034AT>, This hap-
pens to correspond to a Rohsenow pool boiling speci-
fication with C; = 0.021. AT, is the incipient boiling
temperature and Agc the forced convection heat trans-
fer coefficient. From ref. [5], the value of AT, is pre-
dicted to be 35°C. Curves A—C on Fig. 3 show this
prediction for a water flow velocity of 0.0762 m s~!
(3in. s7") for low and high subcooling and for 0.0254
m s~ (1 in. s7") for high subcooling. For low values
of (Tw—T,), forced convection is the only con-
tribution, and the prediction, Curve A, is acceptable
for 6-3-70 and 8-3-70, For 8-1-70, with x, = — 1%,
a subcooling of about 5°C, the prediction fails, for
while the data are near Curve C, that prediction, to
be for a subcooling of 5°C, must be reduced by the
ratio (AT+ 5)/(AT+75). It then falls below the scale
of Fig. 3. As AT increases, the predicted ¢ varies but
there is no boiling contribution from equations (7)
until AT}, = 35. To obtain any correspondence with
the data, lower values of AT, would be required. As
an example, the data for 6-3-70, 8-3-70, 10~3-70
correspond to a prediction from equations {7) with
AT, = 10, and the exponent of (AT, /AT) in the sup-
pression factor § made unity instead of 3.

5
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T 77

i i i i
2 5 0 20
(TwTsar) G
FIG. 3. Nucleate boiling at 1 atm pressure. for qualities less
than zero. Curves A~C are from ref. [5] for values of feed
velocity w,, and quality, x, (or AT,;). Curve A, 7.62cm s,
~14% (75°C); Curve B, 7.62cm s~!, —3.7% (20°C); Curve
C, 2.54 em 571, 14% (75°C). Curve D is the saturated pool
boiling prediction for C = 0.021.
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Fic. 4. Nucleate boiling at | atm pressure for qualities greater
than zero. Curve A is from ref. [5] for hpc = 10 kW m™2
°C~". Curve D is as on Fig. 3.

Figure 4 shows the results for higher initial quality,
for most runs indicated there x, = 5%, near the upper
limit of Bjorge ef al.’s prediction for low quality. Now
AT, = 0 and predictions A and C of Fig. 3 for low
AT would be lower in the ratio AT/{AT +75), but AT},
would still be 35°C. Clearly, the prediction will not
correspond to the results. For Bjorge ef al’s *high
quality’, x > 5%, specification, AT, = 0.2°C for hgpc
as predicted for single phase flow with a velocity of
0.0762 in. s=' (3 m s™"). For two-phase flow with
X = 5%, the prediction is AT}, = 0.6°C, higher than
0.2 because the two-phase flow prediction gives an /i
three times that for the single phase flow. Even
with the higher Ay, and using the specification
g = (qye+Sgp) as recommended for x > 5%, the pre-
dictions are farther from the data than those of Fig.
3. It can be noted that if sy is taken as 10 kW m™?
“C~' about three times Bjorge et al.’s specification for
two-phase flow, then AT, becomes 2°C. With these
values, there is obtained the solid curve shown on Fig.
4 that is located near the majority of the data points.

For a pressure of 4 atm, Fig. 5 shows data for
x, < 0 and on it predictions like Curves A-C of Fig.
3 are shown. These predictions differ from those of
Fig. 3 because of the reduction in AT;,, which depends
on the value of zy, so that for 4 atm AT, is about
10°C. The correspondence of the prediction and the
data is better than it is on Fig. 3, though this situation
would be improved by a further reduction of AT,
Data for 2.6% < x, < 7% arc not shown here, but
are given in ref. [2]. There are only three runms, for
them the trend with x is not consistent, but they show
the same relative aspects as the results on Fig. 4.

MAXIMUM HEAT FLUX

The maximum heat flux can be noted on Figs. 3-5,
and the values are contained in Table 1, where the

S. T. Wanc and R. A. SesaN
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Fic. 5. Nucleate boiling at 4 atm pressure for gualities less
than zero. Curves A—C are from ref. [5] for values of feeding

velocity u,, and quality, x,. Curve A, 7.62 cm s™', —15%;,

Curve B, 7.62ecms™, —4%; Curve C, 2.54 cm s™', —15%.

Curve D is the saturated pool boiling prediction for
Cy=0.021.

quality, X,... predicted for that location is included.
Observation of Fig. 3 and of the tabulated values of
Xaxs §OT X < 0, the first seven runs in the table,
reveals no trend with x,,.,. The remaining 1 atm runs
of the table, for most of which x,.,, > 0, reveal no
trend either. All that can be deduced is that
G = 1850 kW m ™24 15%. The nature of ¢y, for 4
atm pressure is essentially the same, and it is possible
to establish only that g, = 2780 kW m  *+15%. The
Zuber pool boiling specification, slightly adjusted, is
given by Lienhard [6] as

s = 01595 B Jog(p, — pe)I. ()

This, for saturated pool boiling from a horizontal
surface, gives Gma, = 1260 for 1 atm and 2180 for 4
atm. The experimental values cited above are 1.47 and
1.27 times these values. It can be noted that, for a
vertical surface, Lienhard recommends an increase in
the g, Obtained from equation (8) by the factor
1L.4/[H(g(p;—pe)/a) 1" when the bracketed term is
less than 6, and for greater values by the factor of 0.9.
For atmospheric pressure, the value of H, the height
of the surface, that gives a factor of 1.47 is 0.2 cm,
and for 4 atm, the value that gives 1.27 is 0.34 cm.
This citation is made because the boiling surface in
the tube is indeed vertical, though in it the geomelry
and the fluid state differ from that of the system for
which the Lienhard factor is specified. Moreover, the
heights, H, needed to give the required factors cannot
be related to the present system, though the length
scale on Fig. 2 implies that the value of Az = upAd for
the period, Af, in which fluxes like the maximum exist
might be quite small.

It is also important to definc the temperature
difference, AT .., at which the maximum heat flux
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occurs. An inspection of Figs. 3-5 indicates the diffi-
culty in making such an evaluation but Table 1 con-
tains the best estimate of AT,.,. This value is mostly
higher than what is predicted when g, is used in
the pool boiling relation g= 4AAT>. For 1 atm,
A = 0.034, g = 1850 gives AT, = 38°C; for 4 atm,
A = 0.048, g = 278 gives, also, 38°C.

MINIMUM HEAT FLUX

The transition boiling region is specified to extend
from (Gmaxs ATmax) 10 (Gmins ATmin). Theoretically,
there should be film boiling or possibly dispersed flow
boiling for AT > ATy, and the nature of transition
boiling is such that there should be a rapid change in
dg/d(AT) at AT,,,. The irregularity of the results is
such, however, that ATy, and q.,, are not found
very accurately from the location of a large change in
slope, dg/dAT. Table 1 contains these values ; because
of the uncertainty AT, for some runs disagrees mark-
edly with AT,

The minimum flux can be compared to the pre-
diction for saturated pool boiling, given by Lienhard
[6] as

dy(pr—pg))” ) (pc,)” ?
w = 09phe | —=—— ] =0.65{— max-
qmm pg fg ( (Pr+Pg)2 oL q

®

The final part of equation (9) applies for ps « py,
and gn.x Specified by equation (8). For atmospheric
pressure, the factor on ¢y, is 0.015 and for 4 atm it
is 0.028. Using equation (8) for gpa., g IS given as
19 and 68 kW m™! for 1 and 4 atm, respectively. If
the average experimental values of g, are used, then
equation (9) gives g, = 28 and 72 kW m~% The
values in Table 1 for g, for 1 atm pressure indicate
only a range of about 2050 depending on whether
ATy, or AT, is used for the evaluation. For 4 atm,
the situation is similar, with values of g, mostly in
the range of 40-52. There is no indication of the more
substantial effect of pressure that is indicated by equa-
tion {(9).

The values of AT,,, vary considerably with the
operating condition, with a range of 112-240°C at
atmospheric pressure and of 115-180°C at 4 atm. A
prediction of AT, is often made by the use of g, in
the modified Bromley film boiling expression

g(pr—~pg)k§(hrg+0-34cAT)]”“_ 10)

h=0.62[ VAT

In this modification, the film length that is contained
in the Bromley result appears to have been replaced
by a distance depending on ¢ as obtained from the
specification of the minimum stable wavelength for
the interface between the gas and liquid phase, with
zero velocity, and the gradual acceleration normal to
the interface. In the vertical tube, this direction is
parallel to the surface. Berenson combined equations
(9) and (10) and solved for AT, in the process the term
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0.34cAT, negligible for water, was omitted. The values
of AT, so obtained are 86°C for 1 atm and 198°C
for 4 atm, the difference being primarily due to the
change in the density of the gas. For comparison, if
the spontaneous nucleation temperature, of 27/327 .,
which is 546 K (273°C), is used with the transient
conduction solution for one semi-infinite solid in con-
tact with another, both of different properties with
different initial temperature and the constant interface
temperature equal to the spontaneous nucleation tem-
perature, 273°C, then the relation between the wall
temperature and the liquid temperature is

TW'_27/32Tcril _ (ka)L 2
27/32T o — T h (pckw

To this elementary appraisal, due to Henry, more
complicated ones have been added. Using equation
(11) for water and the properties of the tube wall,
gives the term on the right as 0.19, so that ATy,
a prediction for the wall ‘rewet temperature’ gives
ATy = 164°C for 1 atm and ATy, = 109°C for 4 atm.

In consequence, neither the values of AT from equa-
tion (10) or equation {11} indicate the type of vari-
ation of AT, that is indicated in Table 1.

(1

TRANSITION BOILING

From the values of (g, AT)ex and (g, AT )i, the
relation g = f{AT)is to be predicted for the transition
region. Winterton {7] has reviewed many proposals.
There are, in fact, predictions that are proposed only
in terms of (g, AT),,.,; therefore, these terminate the
transition region only by the attainment of g/AT equal
to a film boiling, or other specification such as equa-
tion (10). Of these, a typical one 18, g/¢max = (AT max/
ATy, so that d(loggq)/dAT = —n/AT. Typical
experimental distributions are shown by points
on Fig. 6 as logg = f(AT) and it is obvious that
any proposal that produces the steepest slope for
small AT cannot fit the experimental results. Other
predictions based only on (g,AT),., also fail in
this respect. The only proposals that produce the
appropriate shape for ¢ = f(AT) require the speci-
fication of (g, A7), as well as these values for the
maximum. One is by Bjornard and Griffith [8]

and the other is that of the TRAC Code [9]
q= hAT = (hmaxf+(1 "‘f)hmm)AT (13)

In both equations (12) and (13), f = (Tpmu—T)/
(Tomin— Tmax))” and an exponent of 2 is recommended
for both relations. For given terminal conditions,
(9, AT )ax and (¢, AT)., the flux predicted from
either equation (12) or equation (13) increases as
the exponent, n, decreases and for a given exponent
equation (13) gives fluxes higher than those from
equation (12).

Figure 6 shows by points the experimental results
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FiG. 6. Transition boiling results and predictions. Curve A
is equation (12) with # = 1.5; Curve B is equation {13) with
# = 1.5, both for 10-2-150-1. Curve C is equation (12) with
n=1.5; Curve D is equation (13} with n=2; Curve E 15
equation (13) with n = 1.3, all for 6-3-70-1.

for two runs, 6-3-70~1 and 10-2-70-1. Curves show
predictions made with the terminal conditions listed
in Table 1. Curves A and C are from eguation (12)
with »n = 1.5; for each of the runs, the prediction is
too low. Curve B, for 10-2-70-1, from equation (13)
with # = 1.5 shows an improved correspondence. A
similar prediction for 6-3-70-1 produces values that
are too high and to improve correspondence 2 = 2 is
used to produce Curve D. Curve E is a prediction
from equation (13) with # = 1.5 and the terminal con-
ditions for run 6-2-70--1, except that AT, is taken
as AT,. Thus, the terminal conditions differ from those
for 6-3~70-1 only in the values of (¢, AT) ... Using
the lower ¢,... combined with the lower exponent,
makes the correspondence with the results for 6--3-
70~1 almost as good as that of Curve D. In fact, there
is equal correspondence with the data for 6-2-70-1,
which, except for AT near AT,,,, differ litie from
those for run 6-3-70-1.

The limited comparisons of Fig. 6 imply some pref-
erence for equation (13) and suggest that the exponent
might be related to an operating condition. This has
been tried for all of the runs at the point where
Gl qmax = 1/2, by obtaining AT from the curve of the
experimental results, as on Fig. 6, and then solving
for the value of ‘» from equation (13), with /.,
neglected in the equation since A, << Ay, Except for
a few runs, the resulting values for ‘" range from
1.5 to 2.25 but there is no trend with an operating
condition, such as with the value of x, Thus, it
appears that equation {13), with n = 1.75, might pro-
duce relatively acceptable predictions for most of the
runs.

Another prediction was developed by using a por-
tion of the experimental results to develop a relation
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for * /” to be used in equation (13). In this, the exper-
imental values of ¢,,,, were used but AT, was deter-
mined from the use of ¢, in ¢ = A(AT)?, 4 being as
before, 0.034 and 0.048 for | and 4 atm pressure,
respectively. For AT, the values of AT, and &,
obtained from equation (10) were used. Then, equa-
tion (13} was used to calculate / from the exper-
imental heat transfer coefficients. Tt was {found that
these values of " f” could be correlated as

0t = AT T (T YT To) ()

@ ==0.0133,

a = 0.398,

b = 0.0071
b =10.0116

for | atm
for 4 atm

and considering this pressure dependence
a=0.0133P>% b =00071P%,

This correlation agrees within + 8% with the deduced
value of * /7 from which it was established for five runs
at 1 atm and five runs al 4 atm. It was then used to
predict £ = f(AT), for all of the runs. All com-
parisons are given in ref. [1] and a number of the
comparisons are given in ref. {2]. The correspondence,
of course, had to be good for those runs upon which
the correlation was established. For the others, the
worst cases gave predictions about 50% in excess of
the experimental values of the flux in the region of
/4w Of the order of 0.4, Figure 7 contains runs for
which the agreement was good and also runs for which
it was poor.

Finally, this prediction is apphed to some of the
results of Denham [3] for & pressure near 4 atm, these
results being obtained in the way that the present
results were, from temperature histories obtained at
three different elevations during the quench produced
by the reflood of a vertical tube. Figure 8 shows by
points the deduced experimental heat transfer
coefficients in the transition region and Table 3 con-
tains values of ¢,,.. AT, and AT, as estimated from

A 12-3-7C
5 8 0-3-70
¢ 8-3-70

[ g

D 6-3-7C

h KW/m?C

80 100 40 B0 220 280
Ty Temr

Fic. 7. Transition boiling at 1 atm pressure, results and
predictions.
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Table 3
z Gmax ATmax ATq X X3 (Tq - Tmax) (qmax /0048) 1
(cm) (kW m?) (0 (°C) (%) () O °C)
15 1910 130 285 —0.02 0.08 155 34
80 1400 115 220 0.03 0.08 105 31
190 800 75 175 0.09 0.12 100 25
between the heat flux and the temperature on the
50 inside wall of the tube during the quench process, to
v 15 o o1
s 80 define the nature of the nucleate and transition boiling
2 ° 190 regions that occur during the quench.

h kW/m? C

1o | o1 ' |
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¢}
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FiG. 8. Transition boiling, results from ref. [3] with the

present predictions. The results are those for run 0.1X092 of

ref. [3] for a pressure of about 4 atm, obtained at the three

elevations indicated in the legend for which the qualities, x,,
were given as —2, 3 and 9.

those results, together with the values of x; and x,
given in ref. [3]. Table 3 also includes the value of
AT, obtained from the relation, (gm,./0.048)', to
indicate how much below the experimental values of
AT,., these values are. Therefore, 4,,,, was calculated
from ¢u.., and from AT, as estimated from the
experimental results, equation (10) was used for A,;,.
The dotted curve on Fig. 8 is the prediction for the
190 cm location ; this prediction is low. With the con-
stants in equations (14) taken for 1 atm instead, the
prediction is the solid curve immediately above the
dotted curve. Similar solid curves are indicated for
the 80 and 15 cm locations. Very little potential is
demonstrated by the prediction method. In fact, equa-
tion (13) with the factor, f, calculated with an
exponent of 1.5 produces the dashed curve for the 15
cm location, and for the 190 cm location a prediction
that happens to coincide with the solid curve for the
80 cm location.

SUMMARY

Wall temperature histories, obtained for system
pressures of 1 and 4 atm at one elevation on a vertical
tube being quenched by water fed into the bottom of
the tube, have been analyzed to produce the relation

The relation between the heat flux and the difference
between the wall and the saturation temperature dur-
ing nucleate boiling is of the nature associated with
forced convection boiling and shows some of the
trends indicated by the prediction method of Bjorge
et al., though a lower incipient boiling temperature
than that of that method is needed to properly predict
the experimental data.

The maximum heat fluxes are of the order of those
for pool boiling and indicate no definitive effect of the
water velocity or the quality estimated for that region.

The relation between the heat flux and the tem-
perature difference in the transition boiling region
is predictable by existing recommendations provided
that both the heat flux and the temperature difference
are taken as experimental values for the terminal
points of maximum and minimum heat flux. Another
method relating these indications also works for the
present results, but does so only marginally for the
results of Denham.
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TRANSFERT DE CHALEUR PENDANT LA TREMPE LORS DU REMOUILLAGE D’UN
TUBE VERTICAL

Résumé—1 histoire de la température pariétale pour une élévation dans un tube vertical dont 'alimentation
en eau se fait par le bas, 4 des pressions de 1 et 4 atm, est utilisée pour prédire la relation entre le flux de
chaleur et la différence de température pendant le mécanisme de trempe. Durant Pébullition nucléée, in
relation entre le flux et la différence de température est comme spécifiée par les théories pour ['ébullition
en convection forcée, mais il y a des différences de détail. Les flux maximaux sont supérieurs 4 ceux de
ébullition en réservoir, mais ne peuvent pas étre reliés aux conditions opératoires. Le comportement de
transition en ébullition peut &tre prédit si les valeurs expérimentales du flux et de la différence de température
au flux maximal et minimal sont utilisées dans les méthodes existantes de prédiction. On propose aussi une
autre méthode basée sur les données expérimentales.

WARMEUBERGANG WAHREND DES KUHLPROZESSES BEIM FLUTEN EINES
EINZELNEN SENKRECHTEN ROHRES

Zusammenfassung—Der zeitliche Verlauf der Wandtemperatur eines senkrechten Rohres, das am unteren
Ende durch Wasserzufuhr bei Drilcken von 1 bis 4 atm plStzlich gekithlt wird, dient zur Ermittlung
des Zusammenhangs zwischen der Wirmestromdichte an der Wand und der Temperaturdifferenz beim
Abschreckvorgang. Wihrend des Blasensiedens wird dieser Zusammenhang durch die Theorien fir
erzwungenes konvektives Sieden beschrieben ; jedoch sind im Detail Unterschiede vorhanden. Die maxi-
malen Wérmestromdichten sind etwas groBer als die beim Behiltersieden ; aber sie kdnnen nicht mit den
Betricbsbedingungen in Zusammenhang gebracht werden. Das Siedeverhalten im Ubergangsbereich ist
vorhersagbar, wenn die experimentellen Werte der Wirmestromdichte und der Temperaturdifferenz bei
maximaler und minimaler Warmestromdichte in den vorhandenen Berechnungsmethoden genutzt werden.

TENJIONEPEHOC B NMPOLECCE PE3KOI'O OXJIAXIEHHKSA, KOTOPBIN TTIPOUCXONNAT
IIPH [TOBTOPHOM 3ATIOJTHEHHMY OAWHOUYHONA BEPTUKAJIBHON TPVERBI

Ammoranas—HW3IMeHCHHN BO BPEMEHH TEMNICPATYPH CTEHKH B OJHOM TIONEPCYHOM CEMEHHH BEPTHKAIL-
ol TpyOw! npr ORICTPOM OXRAXIEHHM BOXOH, XOTOPa® NOJACTCE Ha AHO TPYOH nox nasnerdem 1-4
aT™M.,, ¥ HAPaMCTPhl, YNPABJIIOHIHE NPOHECCOM, HCHOABIYIOTCE [UIA PACYETd 3ABHCHMOCTH MEXIY
AOTOKOM TEIUIA K BOJIE ¥ Pa3HOCTLIO TEMNIEPATYP B nponecce oxiaxienns, [Ipy ny3sIpbkoBOM KHUCHHN
3aBHCHMOCTE MEXIY TEIUIOBBIM HOTOKOM H Pa3sHOCTRIO TEMIEPATYPp HMEET TOT XK€ XapaxTep, 470 M B
CIIy4ae KHICHNUSA BbIHYXKICHHON KOHBEKIMHE, XOTH CYHIECTBYIOT HEKOTODbIE pasiwuns B aetanax. Makcn-
MABHBIC TOTOKH HOCKOALKO BHIIES IO CPABHEHHIO CO clydaeM xuneHng B 6onpwiom oGbeMe, HO OHH HE
MoryT BBITh OTHECeHB! K pabounM yenosraM. TTokasano, 4To 33KOHOMEPHOCTH KHIICHHR B [ICPEXOAHOM
peXRBME MOTYT ObITH PacCYHTaHBL, ¢C/IH B CYILECTBYIOIMX METOHAX Dacyera HCHMOIBIYIOTCH IKCHEpH-
MEHTANbHBIC 3HAYCHHS [OTOKA H PAIHOCTH TEMNEPAaTyp B CIydae MaKCHMAJBHOIO H MHHHMATLHOIO
notokos, KpoMe TOro, MpeularaeTcs Apyro MeTon, OCHOBAHHbBIN HA NONMYYeHHRIX B paboTe pesynbra-
Tax.



