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Abstract - The dryout conditions were determined in three sodium-heated circular helically coiled steam 
generator tubes of 18 mm I.D. The heated straightened lengths of these coils were 40.13, 35.50 and 26.67 m 
and the coil diameters 0.7 and 1.5 m. The operating conditions of the tests were: pressure: 14.7-20.2 MN/m’ ; 
mass velocity: 112-1829 kg/m* s; inlet subcooling: 35.6-156.8 K; dryout steam quality: 0.08-l ; dryout heat 
flux =41-731 kW/m*. The 203 data obtained for the first and last detected dryouts, the 459 data taken in 
vertical, long and short electrically heated circular tubes for medium and high pressures and the 215 data 
taken in a 10 m long, vertical sodium-heated circular tube at high pressures were correlated to predict the 
dryout heat flux within 20 % accuracy for 98 % of the time. The RMS-error for all the 877 data was 0.01%. 

In the above coils two-phase flow pressure drops were also measured for the following range of operating 
conditions : pressure: 14.9-20.1 MN/m* ; mass velocity : 296-1829 kg/m2 s ; steam quality at the termination 
of boiling: 0.15-l. The 70 data obtained and 299 data taken in a 10 m long, vertical, sodium-heated circular 
tube at high pressures were correlated within 20% accuracy for 98X of the time. The RMS error for all the 369 

data was 9.87%. 
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NOMENCLATURE 

cross-sectional area [m’] ; 
coil diameter [m] ; 
tube inside diameter [m] ; 
friction factor ; 
mass velocity [kg/m2 s] ; 
acceleration of gravity [m/s21 ; 
enthalpy [J/kg] ; 
dimensionless inlet enthalpy [ 1 - H,/H,] ; 
length [m] ; 

Subscripts 

b, refers to termination of boiling; 

d, refers to dryout location; 

e, refers to equivalent length ; 
h, refers to heated length; 

I, refers to inlet condition ; 
1, refers to liquid phase at the state of 

saturation; 

length of boiling region [m] ; 
number of data; 
outlet pressure [N/m21 ; 
reduced outlet pressure (i.e. P divided by 
critical pressure) ; 
total two-phase flow pressure drop 

[N/m’] ; 
acceleration pressure drop [N/m?] ; 
frictional pressure drop [N/m21 ; 
gravitational pressure drop [N/m’] ; 
developed power [W] ; 
peripheral average heat flux [W/m21 ; 
radial coordinate [m] ; 
Reynolds number ; 
inlet subcooling [K] ; 
thermodynamic steam quality; 
axial coordinate, measured from the inlet of 
a test tube [ml. 

refers to measured value; 
refers to predicted value ; 
refers to outlet condition ; 
refers to vapour phase at the state of 
saturation. 

INTRODUCTION 

SODIUM-HEATED helically coiled tube steam generators 
are used in the LMFBR cooling system. Very little 
literature exists for the dryout and two-phase flow 
pressure drop in helically coiled tubes. Below only the 
work reported in the literature for elevated pressures is 
mentioned. A literature review deals with the studies 
made at low pressures [l]. 

Greek symbols 

a, void fraction; 

6, wall thickness [m] ; 

PY density [kg/m’] ; 
3 latent heat of evaporation [J/kg]. ‘, 

The first systematic analysis of the dryout (or 
Departure of Nucleate Boiling - DNB) in electrically 
heated tubes for P = 17.2 MN/m2 is given in [2]. 
Correlations are reported in [3-51 to determine 
dryout heat flux and two-phase flow pressure drop in 
sodium- and electrically-heated helically coiled tubes 
at medium and high pressures. The correlations given 
in [3] apply to only two dryout locations and those of 
[4-S] to one dryout location, probably to the termi- 
nation of the dryout. As quoted from [2], “the DNB in 
coiled tubes occurs at different steam qualities for 
different positions around the circumference of the 
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tube, whereas, for vertical straight tubes DNB occurs 
around the complete circumference of the tube at one 
steam quality.” In [6], the two-phase flow pressure 
drop data obtained in three electrically heated heli- 
cally coiled tubes of D/d = 46, 104 and 186 at P 

= 17.9 MN/m’ are compared with the results of six 
correlations and of these the correlation of [7] gives 
the best overall agreement. 

The present work reports the results of the experi- 

ments carried out to determine the dryout conditions 

and two-phase flow pressure drop in three sodium- 
heated circular helically coiled tubes of 18 mm I.D. and 

26 mm O.D. The heated straightened lengths of these 
coils were 40.13, 35.50 and 26.67 m and the diameters 

of the coils 1.5,0.7 and 0.7 m respectively. Dryout was 
measured only at the inside (i.e. the side of the tube 

nearest to the helix axis), top, outside (i.e. the tube 
surface furthest from the helix axis) and bottom of each 
tube. The operating conditions of the experiments 

were: P = 14.7-20.2 MN/m2 ; G = 112-1829 kg/m’s; 
ATsub = 35.661568 K; X, = 0.1551.61. The 203 data 

obtained for the first and last detected dryout and the 

674 data taken for P = 4.3-20.2 MN/m2 in vertical, 
long and short electrically heated circular tubes [8,9] 

and in a 10m long, vertical sodium-heated circular 
tube [lo] were correlated to predict the dryout heat 
flux within 20 % accuracy for 98 % of the time. The 
RMS error for all the 877 data was 9.01%. 

the tube), 8.838, 13.594, 18.350, 23.106, 27.862. 32.618, 
34.996,37.374,39.752 and 42.130 m (i.e. at the outlet of 
the heated part of the tube) were measured. The 
measurement of the pressure drop on the water/steam 

side was carried out across the successive sections 
given by the locations y = 2.000, 13.594, 23.106. 
27.862, 32.618, 37.374 and 42.130m. In the wall of the 

last 9.51 m of the heated part of the test tube at the 

inside, top, outside and bottom, wall temperatures 
were also measured at 24 axial and 2 radial locations. 
The coordinates of the latter were r = 9.75 and 

11.25 mm. Thus the number of measurements for the 

wall temperatures was 192 for one test run. 

TT2 
The coil diameter of this test tube was 0.7 m and the 

helix angle 8.83”. The sodium side surrounding the test 
tube was constructed of 8 annuli. From the base their 
respective lengths were 8.829,6.622,4.403,4.403,4.403, 
2.184, 2.184 and 2.184 m. The inner wall of each 

annulus was formed by the test tube. The I.D. of the 
outer tube of each annulus was 0.049m. The annuli 

were connected by approx. 0.5 m long, U-type, adia- 
batic circular tubes of 0.049m I.D. The distance 
between the two successive annuli was 0.036m. The 

flow orientation was upward on the water/steam side 
and downward on the sodium side. A 4.63 m long piece 
at the inlet of the test tube was not heated. 

In the above coils the two-phase flow pressure drop 
was also measured for the following range of condi- 

tions: P= 14.9-20.1 MN/m’; G=296--1829 kg/m’s; 
X, = 0.1551.0; AP = 3.0-88 kN/m’. The 70 data 

obtained and the 299 data from a 10 m long, vertical 

sodium-heated circular tube for P = 14.8-19.9 MN/m2 
[lo] were correlated to predict the two-phase flow 

pressure drop within 200/, accuracy for 98”/, 
of the time. The RMS error for all the 369 data was 
9.87 Y<. 

EXPERIMENTAL APPARATUS, PROCEDURE 

AND DATA REDUCTION 

Both on the sodium- and water/steam-side outlet 
pressure, mass flow and the temperature along the test 
tube at y = 4.630 (i.e. at the inlet of the heated part of 

the tube), 13.459,20.11?, 24.556,28.995,33.434,35.654, 

37.873 and 40.130m and the pressure drop on the 
water/steam side across the tube sections between two 

successive values of the above given locations were 

measured. In the last 10.70 m of the heated part of the 
test tube measurements of the wall temperatures were 

carried out at 25 axial locations in a pattern similar to 
that described for the TTl. Thus in total 200 wall 

temperatures were measured for one test run. 

Three sodium-heated helically coiled test tubes of 
18 mm I.D. and 26 mm O.D. were used. These tubes 
were manufactured from stainless steel-316 and their 
total straightened lengths were 44.430, 40.130 and 
26.671 m. In the text they are referred to by TTl, TT2 
and TT3 respectively. Each test tube was installed in a 

heat transfer loop, which is described elsewhere [ 111. 

TT3 
This test tube was a short version of the TT2, i.e. the 

last 26.671 m long part of the TT2 was the TT3. The 
instrumentation of the latter was identical to that of 

the TT2. 

Type of‘ instruments 

TTl 
This 44.43m long test tube was placed concentri- 

cally in another helically coiled tube of 0.049 m I.D. 
The how on the sodium side was downward between 
these coils, and upward in the test tube. A 2.00 m long 
piece at the inlet and a 2.30 m long piece at the outlet of 
the test tube were not heated. The coil diameter was 
1.5 m and the helix angle was 7.77”. 

Both the sodium- and water/steam-side tempera- 
tures were measured with chromel-alumel thermo- 
couples of 1 mm O.D. A similar type of thermo- 
couples of 0.34mm O.D. was used for the measure- 
ments of the wall temperatures. The maximum error in 

measuring the above-mentioned was 1.2 K. 
Both the sodium- and water/steam-side mass flows 

were measured with turbine flow meters, which had 

errors less than 1%. 

Both on the sodium- and water/steam-side outlet For the measurement of the water/steam-side outlet 

pressure, mass flow and the temperature along the test pressure, a dead-weight balance manometer was used, 

tube at y = 2.000 (i.e. at the inlet of the heated part of which had a maximum error of 30 kN/mL: The pres- 
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sure drops were measured with pressure transducers, 
which had an error between about 4 and 10 %, with the 
exception of pressure drops measured for a few test 
runs carried out at low mass velocities. 

Several isothermal and single-phase flow runs were 
made to calibrate the wall thermocouples. This re- 
sulted in the rejection of the temperature measured by 
some of the wall therm~oupl~. 

All the me~~ements were collected with an on-line 
data acquisition system and processed by a 
Hewlett-Packard-2116B computer. For the tests car- 
ried out in TTl, the mass flow and the outlet tempera- 
ture at the water/steam side and the four wall tempera- 
tures measured at the end of the heated part, i.e. at y 
= 42.13 m and r = 9.75 mm were simultaneously re- 
corded on a six-line recorder. 

Test procedure 
In order to determine the dryout conditions, two 

types of tests were made. In the first type of tests the 
steam quality at the outlet of a test tube was slowly 
increased by increasing the sodium-side inlet tempera- 
ture to about 1 or higher than 1. After reaching the 
steady-state conditions all the measurements were 
collected. In the second type of tests, which were only 
performed in the TTl, the outlet steam quality was 
increased by small increments by increasing the 
sodium-side inlet temperature. After each increment 
and after the steady-stateconditions had been reached, 
all the measurements were collected. By observing the 
fluctuations in the wall temperatures registered on the 

multi-channel recorder, the occurrence of the dryout 
along the circumference of the test tube (i.e. at inside, 
top, outside and bottom positions) was followed. 

Tests were carried out systematically: for a given 
mass flow and inlet subcooling measurements were 
made at three pressure levels, mostly at 15, 17.5 and 
20 MN/m2. 

Dern~era~s~ water with an oxygen content of less 
than 1.5 ppb, a conductivity of less than 0.5 @/cm and 
a pH between 8.5 and 9 was used during the tests. 

Data reduction 
All the measurements made were first transformed 

into a graphical form by plotting the steam quality, 
peripheral average heat flux and sodium- and water/ 
steam-side temperatures vs the length of a test tube. 
Smooth curves were drawn through the measured or 
calculated values. In a graph the wall temperatures 
were also plotted for the tests carried out in the TTl 
and the wall-surface temperatures at the water/ste~ 
side for the tests carried out in the TT2 and TT3. For 
one test run four graphs were then obtained for the 
inside, top, outside and bottom positions. An example 
is given in Fig. 1. 

The steam quality was calculated with a heat 
balance. Throughout this study, properties of water, 
steam and sodium were evaluated from [12] and [13]. 
For the determination of the peripheral average heat 
flux the power developed along a test tube was 
approximated by a 9 or 10th degree polynomial. This 
power was referenced to the inlet of the test tube. 

runnr. M 
d&e 1.9.1978 tillm 13.m 
outw pmsun . 20 MN/n~ 

mass Hlocity * 903 &g/m% 
~nkt subcoolmg . tLb.5 K 
out I*1 st*am quality= ttb 

l Stown qualily 

+ WI *np*mtun at r= 9.7Smm 

OUTSIDE OF COIL 

between the ~“ccesswe thermocouple 
locot!ons 

FOG. 1. Plot of measurements. 
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Thereafter the peripheral average heat flux was de- place first and the location of the last detected dryout 
termined from this polynomial for each successive with the location where the dryout in fact terminates. 
meter of the test tube with the formula below This result is of importance for practical applications. 

4 = [Q(v + 1) - Qh&'~d. (1) 
The value thus determined was then assumed to be 

valid for the location (y + 0.5) m. The results obtained 

were checked also with the average heat fluxes calcu- 
lated for the tube sections between two successive 
thermocouple locations. Wall surface temperatures at 

the water/steam side for the tests carried out in the TT2 

and TT3 were calculated with the well-known heat 

conduction formulae. 

At mass velocities higher than about 850 kg/m2 s the 

dryout was first detected at the inside of a test tube. 

The last detected dryout was at the outside of the tube. 
At mass velocities lower than 850 kg/m2 s, the first and 

last detected dryouts were at the top and bottom of the 
tube respectively. As indicated in [2] the location of 
the dryout appears to depend on, among other things, 
the centrifugal and gravitational forces. 

For the first type of tests, the location of the dryout 
was determined as follows : Before reaching the dryout, 

the wall temperatures at r = 9.75 mm (or wall surface 

temperatures at the water/steam side) in the nucleate 
boiling region were practically constant. After the 

dryout these temperatures rose. Therefore two wall 

temperature profiles were drawn in a graph, one before 

the dryout and the other after the dryout. The axial 
coordinate ofthe intersection of these two temperature 

profiles was assumed to be the location of the dryout. 
The values of the steam quality and the peripheral 
average heat flux were then taken from the graph for 

the aforesaid location. 

At high mass velocities wall temperature fluc- 
tuations at r = 9.75 mm were very small at the first 
detected dryout location and these fluctuations be- 
came larger at the last detected dryout location. 

Decreasing the mass flow yielded larger temperature 
fluctuations. 

Correlation of the dryout data 

For the second type of tests, which were carried out 

only in the TTl, dryout always took place at the end of 

the test tube. When temperature fluctuations were 

observed on the multi-channel recorder during a run, 

the run taken before was considered as the dryout run. 
The graphs made by a procedure similar to that 

explained above, for several runs after and before the 

dryout run, were also consulted to ascertain the 
determination of the dryout. The peripheral average 

heat flux at the end of the test tube was predicted with 

the method explained above. 

Only the data taken for the first and last detected 
dryouts were considered. The operating conditions for 

these data are summarized in Table 1. 
The present data, the 215 data obtained in a 1Om 

long, vertical sodium-heated circular tube for 14.8 I P 
(MN/m’) ‘: 20.2 [lo] and the 127 data taken in 
vertical, electrically heated circular tubes of 11 dif- 

ferent L,+/d-ratios for 15.7 _< P (MN/m’) I 19.6 [S] 

were correlated with the equation below 

Bo = 0.97ala2a3a,a,/(a6a,), (2) 

where 

a, = 1 + 3.8A.H (3) 

a2 =0.114-O.O411n(l - Pr) (4) 

a3 = 1 + 4.59(L,/d)- ’ 2 151 

a, = 1 + 0.44[exp( - 0.056 D/d) - exp( - 3 D/d)l 

In both types of tests dryout was only measured at 
the inside, top, outside and bottom of a test tube. 

The methods used to predict the location of dryout 

appeared to practically eliminate the errors due to 
mounting the wall thermocouples at the desired 

coordinates, i.e. r = 9.75 mm and 11.25 mm. 
For the determination of the two-phase flow pres- 

sure drop, the measured values were plotted vs the 

length of a test tube. A smooth curve was drawn 
through these values. The two-phase flow pressure 
drop was then obtained from this curve by assuming 
that X = 0 at the start of boiling and X = 1 at the 
termination of boiling if X, 2 1. 

DISCUSSION OF RESULTS 

Dryout always took place in the last quarter length 

of a test tube. The distance between the locations of the 
first and last detected dryout varied between 0.2 and 
5.1 m. This distance was a small fraction of the length 
of a test tube, i.e. up to 15 ‘A. The above suggests that 
the location of the first detected dryout nearly coin- 
cides with the location where the dryout actually takes 

for the first detected dryout (6.1) 

a4 = I + 056[exp( - 0.011 D/d) - exp( - 3 D/d)] 

for the last detected dryout (6.2) 

a5 = (2S/d)“.32 (7) 

a6 = LJd + 28 Fr0.22 (81 

a; = 1. (9) 

The boiling and Froude numbers in equations (2) and 
(8) are given below 

Bo = q&G) i1O) 

Fr = G2/(9.8p:d). (11) 

The equivalent length L, in equations (5) and (8) is per 
definition 

L,Kdq, = AG(H, _- Hi + RX,). (12) 

The equivalent length was used in the past by some 
investigators to take into account the effect on the 
dryout of the axial non-uniform heat flux distribution 
and it is based on the following hypothesis : the power 
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Table 1. Dryout data from TTl, TT2 and TT3 

Operating 
conditions 

P [MN/m’] 
First G [kg/mzs] 
detected 4 IW’/m21 
drYout :q, 

[K] 
Ud 
n 

P [MN/m’] 
G [kg/m* ~1 

Last 4 Ckw/m21 
detected X 
dryout AT, [K] 

Wd 
n 

Test tube 

TTl TT2 Tr3 

14.7 - 20.2 14.9 - 20.1 16.8 - 18.5 
112 -1558 116 -1829 387 -1505 
41 712 - 84 612 - 195 367 - 
0.08- 0.64 0.24- 0.79 0.40- 0.43 

41.2 - 146.9 69.1 - 156.8 35.6 - 79.6 
329 -1293 342 - 989 418 - 620 

61 36 2 

14.7 - 20.2 14.9 - 20.1 16.8 - 18.5 
112 -1558 116 -1829 387 -1505 
69 - 691 113 - 731 265 - 445 
O.&- 1 0.73- 1.0 0.76- 1.0 

41.2 - 146.9 69.1 - 156.8 35.6 - 79.6 
357 -1123 395 - 939 500 - 717 

65 36 3 

developed up to the dryout~umout point in a non- 
uniformly heated tube is the same as that of a 
uniformly heated tube of the same bore and of a 
hypothetical length found from the condition that in 
both tubes the local heat fluxes are equal at the 
~out~umout location [14, 151. 

The equation (2) is in fact a modification of the 
correlation given in [ 161 for vertical electrically heated 
circular tubes. This correlation is 

4 = 104G[450 + 10-3(H, - H,)] 

x [ 1.02 - (Pr - 0.54~z]/(~L~/~ + 156 G”.445) 

(13) 

and fits the data obtained at elevated pressures well 

[9. 161. 
For the purpose of this study the above correlation 

was made non-dimensional and modified by taking the 
effects on the dryout of coil diameter, wall thickness 
and axial heat flux distribution: In an electrically 
heated straight tube the heat flux is in general uniform 
along the tube, while in a sodium-heated helically 
coiled or straight tube the heat flux is not uniform 
along the tube. In a helical coil, dryout appears to be 
a&ted by conduction in the tube wall, as observed in 
[2] and in the present study, and the heat flux varies 
peripherally. Therefore this effect was taken into 
account in equation (2) with the parameter given by 
equation (7). Since bubble formation or the evap- 
oration of a liquid layer on a heated wall is affected by 
conduction in the wall, the use of this parameter seems 
also justified for the correlation of data obtained in 
straight tubes. To the knowledge of the authors the 
above parameter was not used in any of the numerous 
empirical dryout correlations presented in the litera- 
ture. Some of these correlations applicable to medium 
and high pressures are collected in [9]. Dryout/burn- 
out has been extensively studied in the literature. It is 
not possible to review all of these studies in this work. 
The reader is referred to recently published text books. 

In order to determine the dryout heat flux and the 

equivalent length by the use ofequations (2) and (12) a 
simultaneous solution of these equations is not per- 
mitted. A kind of an iterative method has to be 
followed. First the equivalent length has to be solved 
from equation (12) for a given axial position in a tube. 
Thereafter this equivalent length has to be inserted 
into equation (2) to determine the dryout heat flux. 
This procedure has to be repeated till the calculated 
dryout heat flux equals the heat flux at the axial 
location considered. 

In short electrically heated straight tubes dryout 
takes place at the end of the tube [8]. For these tubes 
L, = L,,, and therefore equation (2) alone is sufficient 
to determine the dryout heat flux. However, for a 
vertical sodium heated tube [lo] or a vertical electri- 
cally heated long tube [9] the dryout does not take 
place at the end of the tube but somewhere before the 
end. Therefore for these types of tubes equations (2) 
and (12) have to be used together for the determination 
of the dryout heat ffux. 

With three exceptions, equation (2) predicts the 
dryout heat flux within 20 % accuracy for the present 
data, the data of [lo] and the data of [S] taken for 15.7 
< P (MN/mZ) < 19.6. The RMS-error for all the 545 
data considered is 8.56 %. The ranges of the operating 
conditions and geometries for the data of [S, 10) are 
summarized in Table 2. The methods used to obtain 
the data of [lo] are given in [ll]. 

For the derivation ofequation (2) the 137 data of [S] 
obtained in short, vertical electrically heated circular 
tubes of 21 different L&&ratios for 9.8 I P (MN/m’) 
< 13.7 and 218 data of [9] taken in a long, vertical 
electrically heated circular tube for 4.3 I P (MN/m’) 
I 16 were not used. With the exception of those taken 
for low boiling numbers (i.e. 23 data), the aforesaid 
data of [8] fitted the correlation within the experimen- 
tal accuracy of the data, i.e. 25 “/, for 95 % of the time. In 
order to restrict the application of the correlation to 
the above-mentioned 114 data taken for high boiling 

numbers, the following criteria were established : 

Pr 2 0.437 (14.1) 
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Bo(L,/d)0,25[1 + 0.3(10-3 L,/d)4.Z8] 

2 3.46. lo- j(l - Pr)‘.” (14.2) 

Thus equation (2) is only valid for the conditions given 
by equations (14.1) and (14.2). The ranges of operating 
conditions and geometries of the 114 data of [8] taken 
for 9.8 5 P (MN/m’) < 13.7 are given in Table 2. 
These data, the present data and data of [8] taken for 
15.7 5 P (MN/m’) I 19.6 and the data of [lo] satisfy 
the conditions expressed by equations (14.1) and 
(14.2). 

The 218 data of [9] fitted the correlation within 30’>; 
accuracy, with 6 exceptions. However, all the errors for 
the data obtained for P 2 9.66 MN/m2 were positive, 
and almost all the errors for the data obtained for P 
< 9.66 MN/m2 were negative. In order to correlate 
these data properly, equation (2) was slightly modified. 
For this purpose the term u7 given by equation (9) was 
transformed into the following forms: 

UT = 1 + 0.049fl - Pr)‘.Z7(10- 3 L,/d)4~Z”(15.1) 

for Pr 2 0.437 (16.1 f 

a.) = [l + 0.049(1 - Pr)‘.2’(10-3te/d)4.28]! 

Cl.82 - 1.24Pr] (15.2) 

for Pr < 0.437. i 16.2) 

The value of a7 is practically equal to unity (i.e. within 
about 0 and 0.7 y0 accuracy) for the data presented and 
the data of [8, lo]. This means that the equations (15.1) 
and (15.2) take into account only the effect on the 
dryout heat flux of high &/d-ratios. This effect is 
expressed separately for two pressure regions, since in 
the past several investigators correlated the dryout 
data obtained at medium and high pressures for two 
pressure regions as specified roughly by equations 
(16.1) and (16.2) [16-181. At Pr g 0.414, the ratio of 
the enthalpy of water at the state of saturation to the 
latent heat of evaporation is unity. This ratio is greater 
than unity for Pr > 0.414 and smaller than unity for 
Pr < 0.414. This is probably why the effect on the 
dryout heat flux of pressure differs at the vicinity of a 
particular pressure. 

In equation (2) D = 0 for vertical tubes and D = x: 
for horizontal tubes. 

After the above modification the 218 data of [9] 
fitted the corretation well, i.e. within 19 % accuracy for 
99 % of the time with a RMS-error of 8 %. These data 
satisfy the conditions given by equations (14.1) and 
(14.2). The ranges of operating conditions and geomet- 
ries for these data are given in Table 2. 

The errors in predicting the dryout heat flux in 
accordance with the final form of equation (2) are 
shown vs reduced pressure in Figs. 2(a)-(g) for the data 
presented and data of [8-lo]. The correlation fits the 
data well, i.e. within 20 % accuracy for 98 % of the time. 
The RMS-error for all the 877 data was 9.01%. 

This accuracy is considered satisfactory. In order to 
ascertain this, the 215 data of [lo] obtained in a 
vertical, sodium-heated circular tube were compared 
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FIG. 2(a). Errors in predicting the heat flux for the first detected dryout. 
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FIG. 2(g). Errors in predicting the dryout heat flux for the data of [9] obtained for 4.3 I P (MN/m’) I 9.5. 

with the correlations of [16, 8, 20-221, which were 

derived from the data taken in vertical uniformly 
heated (i.e. electrically heated) circular tubes at high 
pressures. The correlation of [16] is given by equation 
(13). This correlation fitted the data poorly, i.e. the 
RMS-error in predicting the dryout heat flux was 
59.8%. When using L,/d instead of LJd in the 
correlation, the correlation yielded a RMS-error of 
10.7%. However, with 5 exceptions the error was 
between + 8.4 and - 29.2%. The correlations of [8, 
20-221 also fitted the data poorly, i.e. with a RMS- 
error of 39.8,78.9,103.4 and 111.5 %. For the four last- 
mentioned correlations it was not possible to check the 
effect of the equivalent length since these correlations 
do not include the tube length as a correlating 
parameter. From the above it is quite clear that the 
correlations based on data obtained in uniformly 
heated tubes yield very inaccurate results for non- 
uniformly heated tubes. 

The range of geometries and operating conditions of 
the data used to establish equation (2) are recapitu- 
lated below : geometries and heating conditions : 
sodium-heated helically coiled circular tubes, a vertical 
s~ium-heated circular tube and vertical, short and 
long electrically heated circular tubes; Lh = 0.2% 
40.13 m; d/(26) = 1.90-6.67; P = 4.3-20.2 MN/m’; 
G = 112-5542 kg/m’s; AT,,, = 8-273 K; X, = O-1 ; 
qd = 41-4931 kW/m2. Equation (2) is not recom- 
mended for short tubes for pressures lower than 9.7 
MN/m2 since it has not been verified with the data 
obtained in these tubes for P < 9.7 MN/m2. 

Equations (2) and (6.1) suggest that the effect on the 

heat flux for the first detected dryout of Dfd is quite 
negligible beyond D/d = 38.9. The above ratio clearly 
affects the heat flux for the last detected dryout, as 
deduced from equations (2) and (6.1). This seems a 
logical result since before the last detected dryout most 
of the tube wail is not wetted by the liquid and the 
peripheral distribution of the liquid along the wall 
would, among other things, be a function of D/d. 
Before reaching the first detected dryout, the whole 
tube surface is wetted by liquid. It seems therefore 
that beyond D/d = 38.9, the mechanism of dryout in 
straight tubes is similar to that in helical coils. 

Equations (2) and (12) also suggest that the so-called 
equivalent length hypothesis is of physical importance 
for the mechanism of dryout. 

In order to determine the length between the first 
and last detected dryout for the sodium-heated heli- 
cally coiled tubes the well-known heat exchanger 
formulae will do. The overall heat transfer coefficient is 
then obtained as the average of the overall heat- 
transfer coefficients predicted just before the first 
detected dryout and just after the last detected dryout. 
With the above procedure the aforesaid length could 
be predicted within about 1.5 % accuracy for the data 
presented. This accuracy is based on the total tube 
length. 

Correlation of the data for two-phasejlow pressure drop 
In total 70 data were obtained for two-phase flow 

pressure drop. The operating conditions for these data 
are already given in the Introduction. 

The data were first compared with the so-called slip 



Dryout and two-phase flow pressure drop 295 

[23] and homogeneous flow models [24]. For this 
purpose the friction factor of [25] was used: 

f= 0.079Re-0.25 [Re(d/D)‘]0.05. (17) 

This correlation applies to the condition, 
Re(d/D)’ > 6. The slip model fitted the correlation 
rather well, i.e. between - 14.6 and 28.9 y0 accuracy 
with a RMS-error of 14.5 %. The homogeneous flow 
model fitted the data fairly well, i.e. between - 22.8 and 
11.4 % accuracy with a RMS-error of 7.5 %. 

The above models were also checked with the 299 
data obtained in a 10 m long, vertical sodium-heated 
circular tube of 7.86 mm I.D. [lo]. The operating 
conditions for these data were: P = 14.3-19.9 
MN/m’ ; G = 399-3498 kg/m2 s; X, = 0.06-l ; AP 
= 8 -226 kN/m’. Both of the models fitted these data 
very poorly. The accuracy of the slip model was 
between - 19 and 115 % and that of homogeneous 
flow model between - 23 and 85 %. The RMS-errors 
were 38.7 and 25.9 y0 respectively. Therefore the data 
presented and the data of [ lo] were correlated with the 
equation below 

where 

BP = AP. + API + AP,, (18) 

(1 - Xb12 I x: Pl 

1 - clb 

1 

cl, Pv 1 
(19) 

Ap, = ‘W + hW_f, lG2/(dp,) 

AP, = g 
s 
)U - 4~1 + w,ldy 

(20) 

(21) 

/, =3850X0.2Pr-'.515Re-0.758 
1 b 1 (22) 

b2 = 1 + Rey.‘(3.67 - 3.04Pr) 

exp( - 0.014 D/d) - exp( - 2D/d)]. (23) 

For the data presented, the friction factor was eva- 
luated from equation (17) and the void fraction from 
the correlations given in [26]. Beyond the vapour 
volumetric rate ratio of 0.57, the flow was assumed to 
be homogeneous. 

For the data of [lo], the friction factor was eva- 
luated with the correlations given in [27] and the void 
fraction with the correlation given in [28]. Beyond the 
vapour volumetric rate ratio of 0.9, the flow was 
assumed to be homogeneous. 

In order to determine equation (21), it was assumed 
that the steam quality is a linear function of the axial 
coordinate and that the pressure is constant in the 
tube. For the present data the equation (21) had to be 
determined with a numerical integration method up to 
vapour volumetric rate ratio of 0.4. For this purpose, 
the trapezoidal rule was used. 

The error in predicting the two-phase flow pressure 
drop is shown vs reduced pressure in Figs. 3(a) and (b) 
for the data presented and the data of [lo]. The 
correlation predicts the two-phase flow pressure drops 
within 20 % accuracy for 98 % of the time. The RMS- 
error for all the 369 data is 9.87%. 

In equation (18) D = 0 for vertical tubes and D = co 
for horizontal tubes. 

SUMMARY/CONCLUSIONS 

The dryout conditions were determined in three 
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FIG. 3(a). Errors in predicting the two-phase flow pressure drop for the present data. 
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sodium-heated helically coiled circular tubes of 18 mm 
I.D. The heated straightened lengths of these coils were 

40.13,35.50 and 26.67 m and the coil diameters 1.5,0.7 
and 0.7 m respectively. The tests were carried out for 
the following range of operating conditions: P 

= 14.7-20.2 MN/m’; G = 112-1829 kg/m’s; ATSUb 

= 35.6-156.8 K; X, = 0.0881; qd = 41-731 kW/m’. 
The 203 data obtained for the first and last detected 

dryouts, the 459 data taken in vertical, short and long 
electrically heated circular tubes and the 215 data 

taken in a 10 m long, vertical sodium-heated circular 

tube were correlated to predict the dryout heat flux 
within 20 y0 accuracy for 98 y/i of the time. The RMS- 
error for all the 877 data is 9.01%. The ranges of 

geometries and operating conditions of the data used 
to establish the correlations are as follows : L,, = 0.25- 

40.13 m; d = 7.86618 mm; d/(26) = 1.90 -m6.67 ; 
D/d = 38.9-83.3; P = 4.3-20.2 MN/m’; G = 112- 

5542 kg/m2 s ; ATsub = 8--273K;X,=O-1;ql,=41 

4931 kW/m’. The correlation is not recommended for 

short tubes for P < 9.7 MN/m’. 

were also measured. The 70 data obtained and the 299 

data taken in a 10m long, vertical, sodium-heated 

circular tube of 7.86mm I.D. were correlated within 
20 y0 accuracy for 98 y0 of the time. The RMS-error for 

all the 369 data was 9.87 ‘A. The operating conditions 
of the data used to establish the correlation is: P 

= 14.3-20.1 MN/m* ; G = 296-3498 kg/m* s ; X, 
= 0.06-l ; AP = 3.0-226 kN/m2. 
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R. van den Haak 

For (D/d) 2 38.9, the effect on the heat flux for the 
first detected dryout of the D/d-ratio seems negligible. 

The heat flux for the last detected dryout appears to be 
influenced considerably by the D/d-ratio. 

The so-called equivalent length hypothesis would 
have a physical significance for the mechanism of 

dryout. 
The dryout correlations based on data obtained in 

uniformly heated (i.e. electrically heated) tubes are not 
recommended for non-uniformly heated tubes. 
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ASSECHEMENT ET PERTE DE PRESSKON EN ECOULEMENT DIPHASIQUE 
DANS UN TUBE HELICOIDAL DE GENERATEUR DE VAPEUR A PRESSION 

ELEVEE. CHAUFFE PAR DU SODIUM 

R&m&+% conditions d’ass&hement sont d&ermin&s pour trois tubes h&co?daux de gt%rateur de 
vapeur chautfbs par du sodium et de 18 mm de diam&re interieur. Les longueurs chauff&zs de ces serpentins 
sont 40,13,35,50 et 26,67 mm et ies diamttres des serpentins 0,7 et 1,5 m. Les conditions d’essai sent : pression 
14,7-20,2 MN/m*; dbbit massique sp&ifique 112-1829 kg/m’ s; sous-refroidissement $ l’entrti 
35,6-156,s K ; qualitt de la vapeur g l‘as&chement 0,08-l ; flux thermique g l’ass&chement 41-731 kW/m’. 
Les 203 r&&tats obtenus pour ies premiers et demiers ass&hements d&et&s, ies 459 don&s pour ies 
serpentins chauff& 6iectriquement pour des pressions moyennes ou Ciev&s et ies 215 donn&s pour un tube 
vertical oe 10m de iongueur chauffb par du sodium sont regroup& pour prBvoir ie flux thermique 
d’ass&chement $ moins de 20% pour 98% des cas. L’kart-type pour tous ies 877 cas est de 9,01x. 

Dans ies serpentins, les chutes de pression de l&ouiement diphasique sont mesur&s pour tes conditions 
d’essai s&antes: 14,9-20,l MN/m’; d&bit massique sp&ifique 296-1829 kg/m’ s; quaiitk de la vapeur a la 
tin de f’ebullition 0,15-l. Les 70 r&uitats obtenus et ies 299 don&es pour un tube vertical de 10 m, chauffk au 
sodium sont regroutis d mieux que 20% pour 98% des cas. L&art-type pour tous ies 369 cas est de 9,87x. 
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DRYOUT UND DRUCKABFALL DER ZWEIPHASENSTROMUNG IN NATRIUMBEHEIZTEN 
SPIRALFCjRMIG GEWICKELTEN DAMPFERZEUGERROHREN BE1 HCjHEREN DROCKEN 

Zusammenfassung - In drei natr~umbeheizten runden, spiralf6rmig gewickeiten Dampferzeugerrohren mit 
dem Innendurchmesser 18 mm wurden die Dryout-Bedingungen untersucht. Die beheizte gestreckte LInge 
dieser Spiralen war 40,3 ; 35,50 und 26,67 m, der Spiraldurchmesser 0,7 und 1,s m. Die Arbeitsbereiche bei den 
Versuchen waren: Druck: 14.7-20.2 MN/m’ : Massenstromdichte: 112-1829 kg/m’s; Unterkiihlung am 
Eintritt : 35,6-156,s K ; Dampfgdhalt beim Dryout : 0,08-l ; W%rmestr&dichte beim Dryout: 
41-731 kW/mz. Die 203 Daten, die fiir die ersten und letzten festgestellten Dryout-Erscheinungen gemessen 
wurden, die 459 Daten, die in senkrechten Kreisrohren bei langer und kurzer elektrischer Heizstrecke bei 
mittleren und hohen Driicken aufgenommen wurden und die 215 Daten, die sich in einem i0m Iangen 
senkrechten natriumbeheizten Kreisrohr bei hohen Driicken ergaben, wurden korreliert, so daO die Dryout- 
Wlrmestromdichte mit 20% Genauigkeit fiir 98 “/ der FIlle angegeben werden kann. Der quadratische 
Mittelwert des Fehlers fiir alle 877 Daten war 9,01?“. 

In den oberen Spiralen wurde such der Druckverlust in der Zweiphasenstrljmung gemessen, und zwar fiir 
die folgenden Arbeitsbereiche: Druck : 14,9-20,l MN/m’ ; Massenstromdichte: 296-1829 kg/m* s; Dampf- 
gehalt bei Siedebeginn :0,15-l. Die 70 Daten, die dabei aufgenommen wurden und die 299 Daten, die sich in 
einem 10m langen, senkrechten natriumbehe~ten Kreisrohr bei hohen Driicken ergaben, wurden ebenfalis 
mit 20% Genauigkeit fiir 98 ?a der Fiille korreliert. Der quadratische Mittelwert des Fehfers fi.ir alle 369 

Daten war hier 9,87 “(,. 

KPM311C TEI-lJIOOTfiArIM M IIEPEI-IAA AABJIEHIlR IlPkl ABYXQA3HOM TEqEHklki 
KKMJJKOCTH B HArPEBAEMbIX HATPkiEM CnUPAJIbHbIX TPYEiKAX 

HAPOl-EHEPATOPA nPH 60JIbllIRX AABJIEHMRX 

AHHOT~WSI- OilpefieneHbI ycnoeuff 803wKHoBeHNR ~pa3~Ca TennOOTJIaYB B Tpex Harpesaeiwsx 

HaTpSieM C~~pa~bH~x rpy6tKax I~aporeHe~To~, u~e~m~x BHyT~HHu~ &uaMeTp, paBHbIii 18 MM. 
AnwHa CIlpaMneHHbIx Hai-peBaeMbxx y?acTxoB paBHRnacb 40.13 M. 35.50 M II 26.47 M, a JJaaMeTpbI 
BHTKOB cocraBn5mK 0,7 w 1,5 M. Mccnenosaner npoaoiwufcb B nuana3olie naenetiaii OT 14,7 no 
20,2 MH/M~, MaccoeoFi CKO~OCTH: 112-1829 KT/M~C~K, HenorpeBa Ha axone: 35,6-156,8 K. napoconep- 
maHHn npe Kpw3nce -rennooTflaqU: 0,08-l, nnoTnocrH Tennoaofo noToKa npw Kpusuce TennooTnaSli: 
41-731 KBT/M~. HaHHbre (203 3HaYeHNR). nonyresabre a;na nepBoro w nOCJIeaHer0 u3 Ha6nmnaemHxca 

KpH3HCOBTenJIOOTJIaWI, ~3ynbTaTbIII3MepeHNiiBBepTBKanbHbIX(MwHHbiXuKO~TKwX) HarlWBaeMbIX 
~~~KT~H~~~K~MTOKOM KonbueBbIx TpyBKax npsi yMepeHrsoh4 N B~ICOXOM ~aB~eH~~x (459 3naqeHH~)u 
B lf%MeTpOBOii ~pT~a~bH0~ HarpeBaeMOg HaTpiieM KpyrnOii Tpy& IIpH BUCOKUX XaBfieHNRX (215 

3HaseHaii)Koppeaiipoeajlecb c zenbio nony~eisun cooTHouews l~ls pacseTa TennoBoro noToKa npa 

KpHSEiCe TennoOTnawi c TowocrbH) no lo",, npll .uocToBepHocra 987;. Ann Bcex 877 3HaveHati 

OTHOCWTeJbHWl CpeJ,HeKBaL,paTKqHaR IIOr~lrrHOCTb He IlpeBbILUaJla 9,01:;,. 
B 3TUX ZKe CnHpaJbHblX Tpy6KaX ‘I3MepNIHCb nepenanbl fiaBneHNII npM JIByX@3HOM TeYeHEIB 

EHIZKOCTW B aHana3oue naaneaaii OT 14.9 no 20,l MH/M~, Maccosofi CKO~O~T~: 296-1829 ~r!h?ceK, 
napoco.rlepzKaHusI npa npeKpauwiuri K%irreHwI: 0,15--l. AaHHbIe (70 sHareHI&), nonyqeHHbie Ha cnri- 
pa,IbHMx Tpy6KaX, A peSy,%Ta’II,I EI3MepHHE? (299 3~~eHn~) B IO-MeTpOBOli BepT~Ka~bHO~ HarpeBa- 

eMOfi HaTpEieM KpyrnOe Tpy6e np%i BblCOKHX JlaBReHHlIX KOp~n~pOBa~~Cb C TOSHOCTbK) iI 20’!,, &Ix 
BCeX 369 3HaYeHAG OTHOCiITeJlbHaR CpeJIHeKBaElpaTHYHaR IIOrpeLLIHOCTb He npeBbIWana 9,x7”,,. 


