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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 Aux to the water and the temperature difference during the quench 
process. During nuckate boihng, the relation between the flux and the temperature difference is of the 
nature specified by theories for forced convection boihng, but there are differences m detail. Maximum 
Auxes 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. 

lNTRODUCTfUN 

7h.e 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 coefhcient 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 ofrelations for the transfer 
coefficients which, in general, all require the speci- 
fication of a heat &.tx 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 reffooding of a heated ver- 
tical tube, 14.5 mm i.d., with 0.8 mm wail 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 Aux 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 euefficient fairly well when the experimental results 
are used to specify the limits of the region. 

EXPERIMENTAL ~~T~RMINA~ION OF THE 
FLUX 

Histories ofthe 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 SC’ (1 in. s-‘) to 0.0762 m 
s‘-’ (3 in. SC’). 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 0.305 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 at 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 Rux produced for it a very irregular history. The 
temperature history was, therefore, smoothed by a 
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NOMENCLATURE 

I’ specific heat AL, (L- r,), liquid subcooling 

.f fraction of surface wet in transition % quench velocity 
boiling I; quality: .Y,,.x~, just below and above 

i 
gravity acceleration quench region ; .qnax, at qmj, 
heat transfer coefhcient ; h,,,, at I distance from bottom of vertical tube: 
maximum flux ; h,,,, at minimum flux _‘u, quench height : zi, collapsed liquid 

h fr latent heat of evaporation level. 
k thermal conductivity 
P pressure Greek symbols 

Y heat tlux ; qmzrx. maximum ; qm,,,* ii wall thickness of tube 
minimum u time 

r radius, from tube center line l7 dimensionless temperature, 
7- temperature ; T,,,, saturation ; Tq:,. (T,,,,“---T,)l(T,,,-T”,,,) 

quench as defined on Fig. 1 ; T,, inside ,U dynamic viscosity 

wall temperature 1’ kinematic viscosity 
AT (r,,- T,,) ; AT,,,, AT,,,,,, at minimllm i’ density 

and maximum flux D 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 dc. current flow through the tube, the 
‘true’ output, mn,. was related to the actual mv by the 

relation 
ml:, = rnr + FI 0) 

where I is the current and F a factor such that nac, 
yielded 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 wcrc 

used with the energy equation 

In this, the distance z was related to the quench vel- 
ocity as dz = no dO, uQ 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 

The flux, q,,,,, 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, qLoss, the electrical input. 

expressed as a flux, qGEN, 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 eqLiation (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 T,,, as 
determined for the outside of the tube, the inside tube 
temperature and the flux are indicated to be 

T&f = (4) 

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, q was taken as y TKAN 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) 

Tw = Two -y/45 (Tin ‘C, yin kW m ‘f. (6) 

This stili somewhat questionable basis of predicting 
the inside wall temperature from the measured outside 
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FIG. I. Wall ~e~~ou~ie response, runs 1%32tH and 
8--l --70-l _ The triangles are the data and the curves are the 

tit. based on knots at the numbered circles. 

wall temperature produces a large difference when the 
flux is large, For a typical maximum flux of 1X00 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 f illustrates two of the temperature histories 
shuwing some of the data with triangles and the spiine 
fitted history by curves. Small 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-l ; inlet water temperature, “F; system pressure, 
atm. For run L2-3-70-1, the correspondence is good. 
The record for 8-1-70-l is shown as an indication of 
irregularity that somet,imes 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, A0, 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. 

Tabfe 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 simifarly tabulated in refs. [ 1, 
21. The table gives in successive columns, I, 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 u,, the slope of the quench 
history, zo = f(B), determined from the time at which 
the rapid drop in tube wall temperature occurs at 

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 Row mass Aow rate; 6, the average initial equi- 
librium tube wall temperature before the initiation of 
the water flow ; 7, the subcooling (TN, - q”) of the 
water at inlet and 8, the value of qoEN corresponding 
to the energy rate produced by the current flow in the 
tube. There follow results obtained from the tem- 
perature history ; 9, amax, the rn~rn~rn flux ; IO_ the 
temperature difference (T,,, - T,,,) when qmax occurs ; 
1 I, the value of (T-w 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. I. Column 12 is 
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 dq/d@ becoming 
much less at higher AT. While some irregularities exist 
in the experimental results in this region, an estimate 
of a rnin~rn~ heat Aux for the transition boiling 
region can be made. These values, somewhat approxi- 
m.ate, 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 caiculated for steady con 
ditions, from the feed water flow rate and temperature 
and the heat transfer to the fluid in 0 < z < zo. Col- 
umn 16 is x2, 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 veiocity is the 
quench velocity. The basis of calculation indicated in 
ref. [2] is uncertain in some of its aspects, but x2 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 maximu. 
flux occurs. This is calculated on the same basis as is 
x2, 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. I for run 
S-1-7%1. The entry in this column is a footnote that 
gives the time interval, A&?, 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 = U& is shown, with its 
zero location at the location of the maximum flux. 
Transition boiling occurs in the region between T4, 
as marked, and qmfmax. The situation for run I%&- 
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A -8:4 , -3:6 0 3:6 8,4 

6 -1.9 -.8 0 .a I .9 

2 cm 
FIG. 2. Heat flux histories with high and low quench velocities 

Curve Run x1 (%) u9 (cm SK’) 

A 6-3-x& 1 -12 4.8 
B l&2-150-l 5.4 I.7 

150 is ambiguous because Curve B, the tem~rature 
history for this run, is such that the flux does not 
attain a relatively constant value untii dT, = 235, 
compared to AT, = 2 12, Column 1 I 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 e4 at which ATq occurs, the transfer 
for the interval 0, c 0 < B,,, is 

2nrrio qdf?, kW. 

The logarit~ic 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 0, < 8 < 8,,, and the total region &, 
to the time at which AhT= 5°C occurs. The larger 
values for condition 6-3-70-l 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 q to (I’-- TSJ is shown for the 
nucleate boiling region for I atm pressure on Fig. 3 
for runs with xI < 0 and on Fig. 4 for runs with 

Table 2 

Q' @W Q’ Fraction 
Transition Total transition 

6-3-70-l 0.51 1.10 0.46 
lO-2-150-I 0.19 0.52 0.36 

x1 > 0. The dashed line indicates the Rohsenow pool 
boiling prediction for C,, the coefhcient in that 
relation, equal to 0,021. Solid curves show the pre- 
diction according to the proposal of Bjorge ef ai. 
151, which, for the case of initially subcooled or ‘low 
quality, x, < 5%, specifies the flux as 

4 = I(~,c(~~+AT,,,))2+(~~~)23”2 

AT > AT:,. 

For atmosphe~c pressure, qB = 0.034A~3. This hap- 
pens to correspond to a Rohsenow pool boiling speci- 
fication with C sf = 0.021. ATa, is the incipient boiling 
temperature and hFc the forced convection beat trans- 
fer coefficient. From ref. 151, the value of A&, is pre- 
dicted to be 35°C. Curves AX on Fig. 3 show this 
prediction for a water flow velocity of 0.0762 m s-I 
(3 in. s-l) for low and high subcooling and for 0.0254 
m s-’ (1 in. s-“) 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 X-3-70. For 8-l-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 fatls below the scale 
of Fig. 3. As AT increases, the predicted q varies but 
there is no boiling cont~bu~on from equations (7) 
until ATjb = 35. To obtain any correspondence with 
the data, lower values of ATib would be required. As 
an example, the data for 63-70, g-3-70, 10-3-70 
correspond to a prediction from equations (7) with 
AFb = 10, and the exponent of (ATi~jA~ in the sup- 
pression factor S made unity instead of 3. 

( Tw-Tsnr ) G 
FIO. 3. Nucleate boiling at 1 atm pressure.for qualities less 
than zero. Curves A-C are from ref. I.51 for values of feed 
velocity Y,,, and quality, x1 (or AT,,,). Curve A, 7.62 cm s-l, 
- 14% (75°C) ; Curve B, 7.62 em s- ‘, - 3.7% (20°C) ; Curve 
C, 2.54 cm s-l, 14% (75°C). Curve D is the saturated pool 

boiling prediction for C, = 0.021. 
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Fio. 4. Nucleate boiling at I atm pressure for qualities greater 
than zero. Curve A is from ref. [S] for hPC = 10 kW rn~~’ 

‘C-‘. Curve D is as on Fig. 3. 

Figure 4 shows the results for higher initial quality, 
for most runs indicated there X, 2: SK, near the upper 
limit of Bjorge et d.‘s prediction for low quality. Now 
AT,,, = 0 and predictions A and C of Fig. 3 for iow 
ATwould be lower in the ratio AT/fAT+75), but ATib 
would still be 35°C. Clearly, the prediction will not 
correspond to the results. For Bjorge et al.‘s ‘high 
quality’, x > 5%, specification, A’I’,, = 0.2”C for hFc- 

as predicted for single phase flow with a velocity of 
0.0762 in. s- ’ (3 m s-l). For two-phase flow with 
.Y = 5%. the prediction is A7;,, = 0.6”C, higher than 
0.2 because the two-phase flow prediction gives an h,( 
three times that for the single phase flow. Even 
with the higher h,,. and using the specification 

y = (~~~+~~~) as recommended forx > 5%. the pre- 
dictions are farther from the data than those of Fig. 
3. It.can be noted that if k,, is taken as 10 kW mm’ 
C- ‘, about three times Bjorge et ul. ‘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 ci,, so that for 4 atm ATih 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 ~l~provcd by a further reduction of ATi,. 
Data for 2.6% < .Y, < 7% are not shown here, but 
arc given in ref. f2]_ There are only three runs, 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 I, where the 

FE. 5. Nucleate boiling at 4 atm pressure for qualities less 
than zero. Curves A-C are from ref. [5] for values of feeding 
velocity u,, and qualify. x,. Curve A, 7.62 cm s-j, -- 15% : 
Curve B, 7.62 cm s-‘. -4%; Curve C. 2.54 cm s-.‘, - 15%. 
Curve D is the saturated pool boiling prediction for 

e,,- = 0.02 I. 

quality, x,,,~,~, predicted for that location is included. 
Observation of Fig. 3 and of the tabulated values of 
x,,,, for 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 

qmzlx = 1850 kW rn--‘f 15%. The nature of qmax for 4 
atm pressure is essentially the same, and it is possible 
to establish only that qfmax = 2780 kW m ‘k 15%. The 
Zuber pool boiling specification, slightly adjusted, is 

given by Lienhard [6] as 

&ii< = 0.1 sp; %Ja~!T(p, - pp 11 i’4. w 

This, for saturated pool boiling from a horizontal 
surface, gives qimax = 1260 for f 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 sutface, Lienhard recommends an increase in 
the qmur obtained from equation (8) by the factor 

1.4/[H(g(p,--y,)/a)':21"4 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 1.17 is 0.34 cm. 
This citation is made because the boiling surface in 
the tube is indeed vertical, though in it the geometry 
and the fluid state differ from that of the system for 
which the Lienhard factor is specified. Moreover, the 
heights, N, 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 = uoA0 for 
the period, AB, in which fluxes like the maximum exist 
might be quite small. 

It is also important to define the temperature 

difference, AT,,,,,, at which the maximum heat Aux 
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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 qmax is used in 
the pool boiling relation q = AAT3. For 1 atm, 
A = 0.034, q = 1850 gives AT,,,,, = 38°C; for 4 atm, 
A = 0.048, q = 278 gives, also, 38°C. 

MINIMUM HEAT FLUX 

The transition boiling region is specified to extend 

from (%nSX, AT,,,) to (qmin, AT,,,). Theoretically, 
there should be film boiling or possibly dispersed flow 
boiling for AT > AT,,,,n and the nature of transition 
boiling is such that there should be a rapid change in 
dq/d(AT) at AT,,. The irregularity of the results is 
such, however, that AT,,, and qminr are not found 
very accurately from the iocation of a large change in 
slope, dq/dA T. 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 

El as 

qmin = 0.9~$, (g$+r’ = 0.65 ($‘qmax. 

(9) 

The final part of equation (9) applies for Po K pL, 

and qman specified by equation (8). For atmospheric 
pressure, the factor on qmax is 0.015 and for 4 atm it 
is 0.028. Using equation (8) for qmax, qmin is given as 
19 and 68 kW m-’ for 1 and 4 atm, respectively. If 
the average experimental values of (fmax are used, then 
equation (9) gives qmin = 28 and 72 kW m-‘. The 
values in Table 1 for q,,,,” for 1 atm pressure indicate 
only a range of about 20-50 depending on whether 
AT& or AT, is used for the evaluation. For 4 atm, 
the situation is similar, with values of qmin 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 qmin in 
the modified Bromley film boiling expression 

h = 0.62 g(Pr-p,)k~(h,+O.34cAT) 
crvAT 1 “4. (lo) 

In this modification, the film length that is contained 
in the Bromley result appears to have been replaced 
by a distance depending on ci 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 (I 0) and solved for AT, in the process the term 

0.34cAT, negligible for water, was omitted. The values 
of AT,,,i, 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 compa~son, if 
the spontaneous nucleation temperature, of 2?/32Ttit, 
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 equai to the spontaneous nucleation tem- 
perature, 273°C then the relation between the wall 
temperature and the liquid temperature is 

(11) 

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 AT,, 
a prediction for the wall ‘rewet temperature’ gives 
AT, = 164°C for 1 atm and AT, = 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. 

TRANSITION BOILING 

From the values of (q, AT),aX and (q, AT&,, the 
relation q = 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 (q, AT),,, ; therefore, these terminate the 
transition region only by the attainment of q/ATequal 
to a film boiling, or other s~cifi~ation such as equa- 
tion (10). Of these, a typical one is, q/q,,* = (AT,,,/ 

AL\T)“, so that d(Iogq)/dAT = -n/AT. Typical 
experimental distributions are shown by points 
on Fig. 6 as logq = J(AT) and it is obvious that 
any proposal that produces the steepest slope for 
small AT cannot fit the experimental results. Other 
pr~ictions based only on (q,AT),,, also fail in 
this respect. The only proposals that produce the 
appropriate shape for q = f(AT) require the speci- 
fication of (q,AT),i, as well as these values for the 
maximum. One is by Bjornard and Griffith [S] 

B = %naxf+ (1 -f)(lmin 

and the other is that of the TRAC Code [9] 

(12) 

q = hAT = (hmaxf+ (1 -f)h,,)AT. (13) 

In both equations (12) and (13), f = ((Tmi,- T)/ 
(Tmi, - T,,)y and an exponent of 2 is recommended 
for both relations. For given terminal conditions, 

(4, AT),,, and (qrAT)tin, 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 expe~mental results 
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I-- 0 6-3-70-l -.027 

-- --I x 10-2-150-1 -.oor 

Fro. 6. Transition boiling resufts and predictions. Curve A 
is equation (12) with t* = 1.5 ; Curve B is equation ( 13) with 
II = 1.5, both for 10--2-150--l. CurveCisequation (12) with 
n = 1.5; Curve D is equation (13) with n = 2; Curve E 1s 

equation ( 13) with n = 1.5, all for &-i-70 - I. 

for two runs, 6-3-70--l and 10-2-70-1, Curves show 
predictions made with the terminal conditions listed 
in Table 1. Curves A and C are from equation ( 12) 
with n = 1.5 : for each of the runs, the prediction is 
too tow. Curve 3, for I&2-70-1, from equation (13) 
with IE = I.5 shows an improved correspondents. A 
similar prediction for 63-70-I produces values that 
are too high and to improve correspondence R = 2 is 
used to produce Curve D. Curve E is a prediction 
fram equation (13) with n = 1.5 and the terminal con- 
ditions for run 6-2-70--l, except that AKniT, is taken 
as A7;. Thus, the terminal conditions dilYer from those 
for 6-3--70-l only in the values of (~l,hT),;,,. Using 
the lower q,,,ax, combined with the lower exponent, 
makes the correspondence with the results for 6--3-.- 
70-l almost as good as that of Curve D. In fact, there 
is equal correspondence with the data for 6-2-7&l. 
which, except for AT near AT,,,, differ little h-on? 

those for ruff &F-3-7@ f . 
The limited comparisons of Fig. 6 imply some prtf- 

erence for equation (I if 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 

YlY,,1,* = l/2, by obtaining AT from the curve of the 
experimental results, as on Fig. 6, and then solving 
for the value of ‘n’ from equation (13), with h,,!, 
neglected in the equation since Iz,,,~, cc h,,,,. Except for 
a few runs, the resulting values for ‘n‘ range from 
I.5 to 2.25 but there is no trend with an operating 
condition, such as with the value of x3. Thus. it 
appears that equation f13), with n = I .75, might pro- 
duce relatively acceptable predictions for most of ihe 
mns. 

Another prediction was developed by using a par- 
tion of the experimental results to develop a relation 

for ‘.f” to be used in equation (I 3). In this. the exper- 
imental values of qmux were used but AT,,, was deter- 
mined from the use of (iman in 4 = A(AT)j, A being as 
before. 0.034 and 0.048 for 1 and 4 atm pressure. 
respectively. For AT,,i, the values of AT, and h,,,> 
obtained from equation (IO) were used. Then. equa- 
tion (131 was used Cal calculate .f from the cxpcr” 
imental heat transfer coe%cicnts. tt was found that 
these values of. f’ could bc correlated as 

In,;= rr-OAT, ii= (T,,,,,--T)i(‘I; ,,,,; --T,,,,) (14) 

for I atm 0 = 0.0133, h = 0.0071 
for 4 atm il = 0.398. h = 0.0116 

and considering this pressure dependence 

n = 0.11133P2.“5, h = O.OO71P” ?h. 

This correlation agrees within $8X with the deduced 
vafue of’,f’ from which it was established for five runs 
at 1 atm and five runs at 4 atm. ft was then used to 
predict h = j’(AT), for all of the runs. Ail com- 
parisons are given in ref. [l] and a number of the 
comparisons are given in ref. [Z]. 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 

+ina,x of the order of 0.4. Figure 7 contains runs for 
which the agreement was good and also runs for which 
it was poor. 

Fina&, this prediction is applied to some of the 
results of Denham [3] for a pressure near 4 atm, these 
results being obtained in the way that the present 
rcsujts 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 q,,,,,,. AZ;, ,,,, and ATti as estimated from 

A 12-3-70 i? 
5 K-3-70 T 

FIG. 7. Transition boiling at i atm pressure, results 
predictions. 

and 
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Table 3 

z 

(cm) 
4max 

(kW mm’) 

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 

‘T-T,& C 

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, xr, 

were given as -2, 3 and 9. 

those results, together with the values of x, and x2 
given in ref. [3]. Table 3 also includes the value of 
AT,,, obtained from the relation, (qmax/0.048)“3, to 
indicate how much below the experimental values of 
AT,,,,, these values are. Therefore, h,,, was calculated 

from Cimax, and from AT,,,,, as estimated from the 
experimental results, equation (10) was used for h,i,. 
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 

between the heat flux and the temperature on the 
inside wall of the tube during the quench process, to 

define the nature of the nucleate and transition boiling 
regions that occur during the quench. 

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’IJN 
TUBE VERTICAL 

R&n&--L’histoire de la temperature parietaie pour une 6Ievation dans un tube vertical dent ~~l~rn~n~~~~~~ 
en eau se fait par le has, i des pressions de I et 4 atm, est utiIi& pour p&dire la relation entre Ie Rux de 
chaieur et la difference de tempkrature pendant le m&u&me de trempe. Duranf I’tbulhtion nuc!&ee, ia 
relation entre le flux et Ia difference de temperature est comme sp&iI%e par les theories pour l~~bullition 
en convection for&e, mais ii y a des differences de detail. Les Rux rnaxjrn~i~ sent superieurs i ccux de 
~~bullitioll en r&servoir, mais ne peuvent pas etre relies aux conditions operatoires. Le comport~ment de 
transition en ~buIIition peut 6tre predit si Ies vafeurs exp~rimen~Ies do &IX et de la difference de temperature 
au flux maximal et minimal sont -&Ii&es dans Ies methodes existantes de p&diction. On propose aussi une 

autre mothode b&e sur les don&es experimentales. 

WARMEUBERGANG WAHREND DES KUHLPROZESSES BEIM FLILJTEN EINES 
EINZELNEN SENKRECHTEN ROHRES 

Z~~a~~~nf~~~g-~~r zeithche Verlauf der WandteInperatur eines senkrechten Rohres, das am unteren 
Ende durch Wasserzufuhr bei Driicken van I &is 4 atm pliitzlich gekiihft wird, diem zur Ermittlung 
des Zusammenhangs zwischen der W~~estromdichte an der Wand und der Temperaturdiffer~n~ beim 
Abs~hr~kvorga~g. W~hrend des Blasensiedens wird dieser Zusammenhang durch die Theorien fiir 
erzwungenes konvektives Sieden ~s~hrieben; jedoch sind im Detail Unters~hiede vorhanden. Die maxi- 
malen W~rmestrn~ndicht~n ind etwas gr6Ber aIs die beim Beh~te~ieden; aber sie k&men nicht mit den 
Betriebsb~il~gungen in Zusammenhang gebracht werden. Das Siedeverhahen im tiber~ngsberei~b ist 
vorbersagbar, wenn die experiment&en Werte der W~rmestromdi~hte und der Temperaturditferenz bei 
maximaler und minimaier W~~estromdic~te in den vorhandenen Bere~hnungsmethoden genutzt werden. 

TEHJIOHEPEHOC B HPOHECCE PE3KOF0 OXJLQKflEHHI, KGTOPbIH ITPOHCXG~MT 
IIPH I-IOBTOPHOM 3AHOJIHEHHH OJJHHOrJHOH BEF’THKAJIbHOfi TPYBbI 

~~~~~3MeHeH~~ 80 3geMeiin TehfrrepaTypH cTeHgu 5 5lfHo~ ~5~e~~~o~~~eH~~ iseprRxa.~b- 

HOii Tpy6at IX&Xi 6hICTpOM OXJESZ?CAt%iEU BOAOii,KOT5p I'WAZ%eTCS Ha AHO Tpy6bI IlOAAaBJ?eEHeM l-4 
aTM., 8s napaMe-fpM, ynpaenxiame npoAeso~, Ircnozb3ywrca waxn paCueTa BBE~MOC~E r4-y 

SOTOKOM Tenna~BoAe~pa3H~b~TeMnepaTyp~npouecceoxnamaeHsr,~pHAy3~pbKoBoMKlineH~~ 
3aBUC~MOCTb MeXi,Ay TeAnOB~M ElOTOKOM H pa3HOCTbK) TtWIii?piWyp UMfZT TOT XC’.? XiiptlKTep,YTO 33 3 
cJrysae romerina Bbr~~Ae~Ho~ KOHE~K~~~,~OT~ C~W~CTB~WT Heiwropbre pa3A~q~~ 3 AeTannx.MaKca- 

M~A~H~I~~OTOKU~~~CRO~~K~B~UI~~~~~~BH~H~~K)COCA~Y~~MKA~~HI~~B~~A~~CM~~~M~,HOOHI~ He 

MOi-yT 6blTb OTFWXHM K @iO=IRM &XOBXQ#M. niOKW4EO, FTO 3F%COHOM~HOCTlt KNIIW.&iS 3 il’C~Xi?AHOM 
~XCllMe MOi-y-f 6bITb paCQIZ%TaEi~, CCJIE B C~~T~~~~X MeToAaX PG'ieTa ~CnO~b3~~TC~ 3KCIlCpK- 

MeHTaAbHble 3aarewirr IlOTOKa a pa3FIocTa TeMnepaTyp B cAy9ae MaKCSiMflASHOTO B hiBIIHManbHOrO 

IIOTOKOB. KpoMeToro,qeAnaraeTcl ApyrOti MeToA,oCHOBaHHbIii Ha IIOJIyYeHHbIX 6 pa6oTe pe3yJIbTa- 

Tax. 


