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Abstract-Post-dryout heat transfer coefficients were determined in a 10 m long sodium (i.e. non-uniformly) 
heatedsteamgeneratortubeof7.86mmI.D.forthepressurerangefrom 14.8to ~9.9MNm-‘.Thepre~ntdata 
and data from the literature obtained from electrically (i.e. unifor~y~ heated tubes were correlated using 
dimensional analysis. The ranges of geometries and operating conditions of these data are: Tube length : 
0.61-10m;tubediameter:2.54-20mm;pressure:14.8-19.9MNm~Z;massvelocity:415-3500kgm~2s~‘; 
heat flux : 5.3-166.2 W cm-‘; thermodynamic steam quality: 0.21-l. The number of data considered is 639. 
The correlation presented predicts the post-dryout heat transfer coefficient from these data within 20”/, 

accuracy for 95% of the time. The RMS error for all the data is 10.85%. 

NOMENCLATURE 

Laplace constant [m] ; 
tube inside diameter [m] ; 
mass velocity [kg rn-‘ 2 s- ‘1; 
acceleration of gravity [m sw2] ; 
enthalpy of water at the state of saturation 

CJ h-3; 
post-dryout heat transfer coefficient 

CWm -2K-1l; 
thermal conductivity of steam 

Cwm 
tube le~~&~~ ; 
Nusselt number ; 
number of data ; 
pressure [N m-‘1 ; 
Prandtl number ; 
reduced pressure, P/P, ; 
heat flux [W m- “I; 
temperature YC] ; 
saturation temperature PC] ; 
thermodynamic steam quality. 

Greek symbols 

i> axial coordinate [m] ; 

PI> density of water at the state of saturation 

[kg mm31; 
PY> density of steam at the state of saturation 

Ckg mm33; 
K dynamic viscosity of steam [kg mm’ s-l] ; 
0, surface tension [N m- “1. 

Subscripts 

; 
refers to value at the critical point ; 
refers to film temperature; 

M, refers to measured value ; 
P, refers to predicted value; 
w, refers to wall condition. 

I~ODU~ON 

THIS study deals with post-dryout heat transfer in 
non-uniformly and uniformly heated vertically 
orientated circular steam generator tubes for the 

pressure range of 14.8 < P (MN m-‘1 < 19.9. Post- 
dryout heat transfer data and correlations for this 
pressure range and for vertical steam generator tubes 
have been reported [l-6). The data of refs. [l-3] have 
been obtained in electrically (i.e. uniformly) heated 
tubes. To the knowledge of the authors, no post-dryout 
heat transfer data are available in the literature from 
non-~iformly heated tubes and for the pressure range 
considered in this study. The correlations given in refs. 
[I, 2, 4-61 are of an empirical nature, and are 
modifications of the Dittus-Boelter equation. For the 
correlation of data, the effect of thermal non- 
equilibrium in the post-dryout region on heat transfer 
has been considered [S]. The resulting correlation is, 
however, too complex for practical calculations. As a 
general rule, an empirical post-dryout heat transfer 
correlation is only applicable to the range of data from 
which it is derived [6]. 

In the post-dryout region of a steam generator tube, 
thermal non-equilibrium exists between the phases, as 
liquid droplets at the saturation temperature are 
present in the superheated steam. Consequently the 
true steam quality in this region is lower than the 
thermodynamic steam quality and the temperature of 
steam is higher than the saturation temperature, 
Analytical models have been given in the literature to 
determine post-dryout heat transfer [7-l 11. In these 
models, a dispersed droplet flow regime has been 
assumed. In most models, heat transfer to the vapour 
from the heated surface and heat transfer to the liquid 
droplets from the vapour have been considered but heat 
transfer to the liquid droplets from the heated wall has 
been neglected. Heat transfer to the vapour from the 
heated wall has always been calculated using a 
correlation for single phase flow. The model of ref. [7] 
has been verified with nitrogen data, the model of ref. 
[8] with refrigerant data, the models ofrefs. [9, lo] with 
water data taken at pressures lower than 12 MN mm2 
and the model of ref. [I l] with water data obtained at 
P = 6.9 M N m -- ’ and with nitrogen data. Each ofthese 
models appeared to give satisfactory results. No 
analytical model has been tested with water data 
obtained at pressures higher than 12 MN mm 2. For the 
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preparation of an analytical model, empirical data are 
required. among other things, for the motion and the 
diameters of the liquid droplets. Such data are scarce in 
the literature [I I], and are not yet available for the flow 
of water -steam mixtures at high pressures. 

In ref. 1121, data for temperature oscillations in the 
post-dryout region are reported for water, These 
oscillations have been measured in the present test tube 
and in an 18.84 m long tube of 7.86 mm I.D. with a 0.5 
mm O.D. thermocouple located in the cross-section of 
each tube 2.34 mm from the heated wall for P = 6.2 
18.2MNmm2andX = 1.02.lSl.Bothtesttubeswere 

heated by sodium. The water droplets at saturation 
temperature present in the superheated steam should 
irregularly wet the tip ofthe thermocouple. The amount 
of the water droplets in any part of the cross-section of 
the tube can be assumed to vary randomly. 

Consequently the tip of the thermocouple would be 
heated up and cooled down irregularly. The maximum 
peak-to-peak amplitudes of the oscillations observed 
varied from 4 to 25 K and decreased with increasing 
pressure and outlet temperature. Their periods were 
small. They completely faded away at P = 20 MN m ’ 
The foregoing probably implies that the thermal non- 
equilibrium between the phases in the post-dryout 
region of a steam generator tube is not of considerable 
significance for high pressures. It is also reported [6] 
that for the evaluation of temperature and heat transfer 
coefficient in the post-dryout region. the assumption of 
thermal equilibrium between the phases yielded 
satisfactory results in most cases for water at high 
pressures (i.e. P > I7 MN m 2). 

A review of the work on the post-dryout heat transfer 
carried out till the mid- 1970s is given in ref. [ 131. Recent 

work on the subject has been reviewed [ 10, 1 I]. 
The aim of this study is the presentation of data for 

the post-dryout heat transfer coefficient obtained from 
a sodium (i.e. non-uniformly) heated steam generator 
tube of 7.86 mm I.D. for P = 14.8-19.9 MN mm2 and 

G = 415 3467 kg m ’ s ‘, These data and the data of 

refs. 12. 31 obtained from electrically (i.e. uniformly) 
heated tubes for d : 2.54-20 mm, P = 16.619.5 MN 

m ’ and G = 700 3500 kg m ’ s ’ have been 

correlated using dimensional analysis. 

EXPERIMENTAL APPARATUS, 

PROCEDliRE AND DATA REDUCTION 

A lOm1ongtesttubeof7.86mml.D.and 12mm0.D. 
was used. This tube was manufactured from stainless 
steel, grade AIST-316. The sodium side surrounding the 
test tube was constructed in the form of seven annuli, as 
shown in Fig. I. Counting from the base, the first three 
annuli were 1.977 m long and the last four annuii were 
0.989 m long. The distance between the successive 
annuli was I6 mm. The inner wall of each annulus was 
formed by the test tube. The I.D. of the outer tube of 
each annulus was 25 mm. The annuli were connected by 
approximately 0.5 m long adiabatic circular tubes of 
25 mm I.D. The flow orientation was upward on the 

water _ steam 
out 

, 

6m 

4m 

inner tube 12 x 2.07mm 
outer tube 28 xl5mm 

2m 

Waters steam side and downward on the sodium side. 
This test tube was installed in a heat transfer loop. 
which is described elsewhere r 12. 141, 

The test tube was heavily instrumented. I!. t\ 
considered sufficient to mention here that both on the 
sodium side and on the water steam side. outlet 
pressure. mass tlow and temperature at < 2 O(i.e. at the 
inlet of the test tube), 2,4. 6, 7. 8, 9 and 10 m (i.e. at the 
outlet of the test tube) were measured. In the last 4 m 
part of the tube, wall temperatures \\ere also measured 
at 34 axial positions at a nominal radius of 4.68 mm. 

All the measurements were carried out with prc- 
calibrated instruments, collected with an on-lint data 

acquisition system. and processed by a Ilewlett- 
Packard 2116-B computer. This computer had :t .2? 
kbytes core memory and I!)00 khytes auxiliary disc 
memory for data storage. 

Both the sodium side and water steam side mass 
flows were measured with turbine tlow meters. which 
had errors less than I”,,. F-or measuring the water 

steam side outlet pressure. ;t death-weight balance 

manometer was used, which had a maximum error of .X1 
kN m I. Both on the sodium side and on the wale1 
steam side. temperatures were measured with chrorncl 

alumel thermocouples of O.? mm 0.1). For measuring 
the wall temperatures, chronic1 alumel thermocouplcu 
of 0.34 mm O.D. were used. The maximum error in 
measuring the above mentioned temperatures was I .2 
K. The wall thermocouples were calibrated using lwo 
procedures, First their readings *erc corrected !n 

accordance with the readings of the pre-calibrated 
water -steam- and sodium-side thermocouples during 
isothermal runs. Secondly. rhe exact luxation of each 
wall thermocouple was determined. P or this purpose, a 
great number of single-phase forc;cd convection runs 
were made. Assuming that the sotlium-side tempt:!-:r 
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ture is linear between the locations of two successive 
thermocouples and that the sodium-side heat transfer 
coefficient is given by the modified Lyon equation [IS], 
the location of each wall thermocouple was determined 
using Fourier’s law of conduction. Thereafter, for each 
meter-section of the test tube, the average heat flux 
calculated by using the values of local heat fluxes 
determined with the aid of the wall thermocouples was 
compared with the heat flux calculated by using a heat 
balance. These two average heat fluxes differed by less 
than 6yd. This accuracy seems to be acceptable at the 
present state of the art, as will be explained when 
correlating the data. 

Demineralised water with an oxygen content of less 
than 15 ppb, a conductivity of less than 0.5 PS cm - ’ and 
a pH between 8.5 and 9 was used during the tests. 

Before each test run, steady-state conditions were 
established. These conditions were assumed to have 
been reached, when the variation in the sodium-side 
inlet temperature, the water-steam side inlet tempera- 
ture, the sodium-side mass flow and the water-steam 
side mass flow had not exceeded 0.5 K min-‘, 0.5 K 

mm _ I, 0.3% and O.l%, respectively. The variation of 
the water-steam side pressure stayed within 30 kN 
m-‘. 

All the measurements made were first transformed 
into a graphical form on the computer by plotting, 
among other things, local heat flux, sodium-side and 
water-steam-side bulk and wall temperatures, water- 
steam-side heat transfer coefficient and steam quality 
versus the length of the test tube. Smooth curves were 
drawn through the measured or calculated values. The 
local heat flux, post-dryout heat transfer coefficient and 
steam quality were then evaluated from these smooth 
curves. A typical plot of measurements is given in ref. 

U41. 
The properties of water, steam and sodium were 

evaluated from the data given in the tables of ref. [16] 
and the formulas of ref. [ 171. For the evaluation of the 
value of a property from the data given in a table of ref. 
[ 161, the values of this property for appropriate ranges 
of temperature and pressure were fitted in a high-degree 
polynomial. 

In total, 744 data were obtained [ 183.468 data which 
were taken at film temperatures equal or higher than 
370°C were considered for further analysis. This was for 

the elimination of the probable errors for the evaluation 
of the properties of steam. These properties and 

especially the Prandtl number of steam vary drastically 
at high pressures and in the vicinity of the saturation 

temperature. The range of operating conditions for 
these 468 data are summarized in Table 1. 

CORRELATION OF DATA 

Before an attempt was made to correlate the data, 
they were first compared with the correlations of 
Miropol’skiy [I], Kon’kov and Zuperman [4], and 
Herkenrath et al. [S]. These correlations predict the 
post-dryout heat transfer coefficient from the data 

within deviation of - 16 and 202O/,, - 25 and 185% and 
- 21 and 112x, respectively. The RMS errors reported 
are 69.1,57.8 and 48.9%. The span of deviation of these 
correlations in fitting the data is probably due to the 
fact that they have been derived from the data obtained 
in electrically (i.e. uniformly) heated tubes. 

For the correlation of the present data and the 133 
data of ref. [3] taken in electrically heated tubes of 10 
and 20 mm l.D. for 17 < P[MN m-‘1 d 19.5 and 
700 < G[kg me2 s-‘1 d 3500, dimensionless analysis 
was applied. The ranges of geometries and operating 
conditions of the 133 data of ref. [3] considered in the 
present study are given in Table 1. These 133 data were 
randomly selected from the graphs of ref. [3], 

The correlation obtained is 

Nu, = 0.009la,a,a,a,a,a,a,a,, 

Nu, = ~~/k~, 

h = 17/(r, - t,,J, 

i 
~cx+(1x)P”/P,l ’ 

i 

1.154 

a, = 

a2 = Prfa.577, 

a3 = (k,jk,)0~595, 

a4 = (tJt,)-2.‘7, 

a5 = p;J12(1 -pp27, 

a6 = [Gz/(~~~g)]o~0396, 

~7 = tdifW)1°~44, 

a, = 1. 

-_ 
Table 1, Ranges of geometries and operating conditions for the present data and the data of ref. [3] 

-. 

Geometry 

P (MN mT2) 
G(kgmm2 s-‘) 
q(Wcrn-‘) 
X 
Nfl, 
qr;c C) 

n 

- 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

-. 
Present data 

d= 7.86mm; L= lOm 

14.81-16.50 16.51-18.00 18.01-19.90 
824-l 667 569-3467 415--1748 
14.5-66.6 8.1-121.0 5.3-59.1 
0.440.98 0.33-1.00 0.37-1.00 
20%X67 166-2170 149-1390 
370-375.8 370-382.9 372-378.4 

___~ 

32 271 165 

Data of Herkenrath et al. [3] 
--. -- 
d=10mm;L=5.lm d=20mm 

L = 8.5 m 
-_- 

17.0 18.5 19.5 18.5 
7Ou3500 7w3500 7w3500 700-3500 
3*140 30-160 30-160 30-140 

0.34-1.00 0.26-l 0.21-0.89 0.27-0.67 
201-3842 204-2974 195-2392 413-5947 
370-457 380454 38.5-462 381-460 

37 40 32 24 
-.--- 
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_-__----_--... .~ -_ 
number of data: 466 

-30 i RMS error: 11.15% S 
in -. .L.. 
15 16 17 ia 

pressure 1 MN/m’ 

The dimensionless numbers in equations (2), (4) and 

(5) are common to all empirical post-dryout heat 
transfer correlations and. therefore, they are not 
explained here. 

As stated before, at high pressures and in the vicinity 
of the saturation temperature, the thermal conduc- 
tivity,viscosityand in particular the Prandtl number of 

steam changes drastically. This is the reason why the 
dimensionless numbers given in equations (6) ~(8). i.e. 
reduced-thermal conductivity. -temperature and 
-pressure, were used to compensate for the effect of 
variation of the properlies of steam especially with 
changing pressure and temperature on the post-dryout 
heat transfer coefficient. For instance, for the present 
tests, the film temperatures varied between 370 and 
382.9”C, while for the tests of ref. [3] considered in this 
study, a variation between 370 and 462°C was obser\ ed 
(Table I). This implies that the term expressed by 

equation (7) varies between I .02 and 0.95 for the present 
data and between 1.02 and 0.63 for the data of ref. [ 3 1. 
This means that the present data could be correlated 
well without consideringu, in equation (I)(i.e. accurate 
to 25:/g for 99.6:; of the time). However, in this case. It 
failed to properly correlate the data of ref. 131. 

TheFroudenllmberinequation(9~sho~sthcr~iti~~(~f 
inertia to gravity force, and was considered to take into 
account the settling of liquid droplets in the vapour 

[191. 
The modified boiling number in equation [IO] takes 

into account the non-uniformity of the axial heat Huw 
distribution. For a non-uniformly heated steam 
generator tube (say. the present test tube), this boiling 
number changes along the length of the tube if the 
pressure in the tube is assumed conslant. Par an 
electrically (i.e. uniformly) heated tube, this boiling 
number is constant along the tubeif aconstant pressure 
is considered in the tube. It is logical to assume that the 
increase of heat flux along the post-dryout region will 
quicken droplet evaporation : consequently. the heat 

transfer mechanism in this region will be affected. 

The results of ~~~nlparing the data with equation i I) 
are shown in Figs. 2 and 3. This equation predicts the 

Nusselt number. and consequently the post-dryout 
heat transfer coefficient. within X)‘:,,accuracy for 94”,, nl 
the time from the present data and within 20”;, accuracy 

for 97”,, of the time from the data of ref r31. The KMS 
error is 11.15”,, for the present data and 9.X2”;, for the 
data of 131. 

Equation ( I) was also compared with the data of [ _I j 
taken in small-diameter short vertical tubes of 1.54 and 

‘e “d:lOmm 
30. _ d:20mm 

number of data: 133 
: RMS error : 9.825, * 

.- .- - 
0 l 
0 

- -a- -’ 

_ __ _- .-” -_ __. -~ -- -- 
20% Line 

.301_ _..... 
16.5 17 -18 19 20 

pressure , MN/m* 

FIG. 3. Errors in predicting the heat iranskr cvefkient iron1 
the data of ref. (31. 



Post-dryout heat transfer in steam generator tubes 463 

Table 2. Ranges of geometries and operating conditions for the data* of ref. [2] 

L (ml 0.61, 1.83 and 2.75 

d (mm) 2.54 5.08 

P(MN m-‘) 16.616.8 19.5 16.8 19.4 
G(kgm~‘s~‘) 20342712 20342712 20343376 2034 
q(W cn-? 129.6-149.2 134.3-166.2 91.3-152.6 90.7 
X 0.3GO.66 0.340.77 0.37-0.96 0.54-0.90 
N% 166-345 212-620 559-1660 729-1297 
Tr (“Cl 413467 395451 371416 378-393 

n 9 8 17 4 

*Data obtained in the stable region after the critical heat flux. 

5.08 mm I.D. for 16.6 <P (MN mm2) < 19.5. The 
ranges of geometries and operating conditions of these 
data are summarized in Table 2. The data obtained in 

tubesof2.54mmI.D.atP = 16.6-16.8MNm-2didnot 
fit equation (1) well, i.e. within deviation of -33 and 
- 51%. The remaining data, however, fitted the 
correlation fairly well, i.e. within deviation of 4 and 
-22% with a RMS error of 11.67%. Bergles and 
Rohsenow [20] report that the single-phase forced 
convection heat transfer coefficient in a small-diameter 

tube of 2.39 mm I.D. is about 10% higher than that 
predicted by the Dittus-Boelter correlation. The 
foregoing implies that the effect of a small tube diameter 
on post-dryout heat transfer is of significance, and this 
effect is probably due to the turbulence created by the 
liquid droplets. 

In order to properly correlate the data of ref. [2] 
taken in small-diameter tubes, equation (1) was slightly 
modified, i.e. the expression given by equation (11) was 
transformed into the following form : 

a8 = 1+ 138.5(b/@02 

where b, the Laplace constant, is 

(12) 

b = ~~/Cs(~,-~vU~“~s. (13) 

In this case, equation (1) predicts the post-dryout heat 
transfer coefficient from the data of ref. [2] within 18% 
accuracy for 97% of the time with a RMS error of 
10.57%. a, given by equation (12) is equal to practically 
1 for the conditions of the present data and ofthe data of 
ref. [3]. 

The above mentioned deviations are considered to 
be quite satisfactory taking into account that the scatter 
on post-dryout heat transfer coefficients determined in 
four identical test sections by four different groups of 
investigators was between 10 and 25% with a mean of 
17.9% [13]. 

The ranges ofgeometries and operating conditions of 
the data used to establish equation (1) are recapitulated 
below : Geometry : sodium and electrically heated and 
vertically orientated circular tubes; L = 0.61-10 m; 
d = 2.54-20 mm; P = 14.8-19.9 MN mm2 ; G = 415- 
3500 kg mm2 SC’; X = 0.21-1.00; CJ = 5.3-166.2 
W cme2. The number of data considered is 639. The 
correlation presented predicts the post dryout heat 

transfer coefficient from these data within 20% 
accuracy for 95% of the time. The RMS error for all the 
data is 10.85%. 
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TRANSFER-I‘ ‘THERMIQUE APRES L’ASSECIfEMF:NT DANS DES ‘I 1iBt;S 1)1 
GENL:RATEI!R DF VAPEUR A GR.ANI>EI PRESSION 

R&urn& Des coefficients de transfert thermiqur apr2s I’asichement sent dhtermines dans un iubt dz 11) m 
chat& au sodium de 7.86 mm de diamktre intGcur. pour des pressions allant de 14,8 i J9,Y MN m ’ I.c\ 
rCsultats obtenus et lrs don&es de la 1ittL:rature ohtenus pour des tubes chat&% ~l~~~tr~~~~~~rnent 
(uniform&ment) sont rassembltq en utilisant farxiiyse dimensionnelle. Ler domaines des gt-omftries et de> 
conditions opkratoires de ccs cssa~s sent : longueur du tube: 0.61 10 m: diamitre du tube. 23 30 mm: 
pression: 14,X--19,9 MN m -‘: vitcsse massique: 415.-3500 hg m ‘s ’ : tlux thermiquc: 5.3 lhb,7 W cm ‘. 
qualitk thermodynamiquede la vapeur : 0.21 I. Le nombrededonnixs est 639.1-a formule p~~~entcedonlrt iv 
coe~cientdet~nsfert ap&sz&chement i 20”>, pres pour95”,, despoints. L‘crreurqundratiq~~e~,~o~,cnr,epour 

toutes Its don&es est IO.X.S”,,. 

Zusammenfassung I’o~t-~iry~)ut-WilrmciihertI-;igungskoeflizjcnt~n \+ urden in cinem IO ni !un+x t WI 
Natrium (d.h. ungleichhjrmig) beheiLten I)arupfer/eugerrohr mit 7.86 mm II111elldUrChme\\rl rile eitie~? 

Druckbereichvon 14,X his 19.9 MN m ’ bcstunmt. Mittels I~imcn~ronian~~ly\e wurden d~eerhalrcrvz~l l>;~icn 
sowie Literaturwerte,diemitelektrisch (d.h.pleichm~llig) bcheiLten Rohren bestimmt wurden, k~!rrrl~crt. Di< 
Rcreiche der geometrischen Werte und der Vcrsuclrshedingunlrcn waren foigenclc: Rohriringc: 0 hl I(1 ,?I 

R~~lirdurchmesser : 2.54 20 mm, Druck : 14.8 I99 MMN.‘mm’ : 2:lassenstrctmcii~i~t~. 415 :%ti bib ,,, ? 

s _ ’ ; Wzrmestromdichte : 5.3 1 hh.2 W m ’ : ti~crntodynaitllscl~cr Dampfgehalt : 0.2 1 - I .O. t,\ u LII&II rt+i 
MeOpunkte beriicksichtlpt. Die vorgeschlapene Beliehung crmii$icht die Berechnung des l’c~>i-dr!,c~tii- 

Warmeiiberyangskocffirientzn. der sich aus diesen &ten erpibt. mit ciner Genauigkelt ~011 ?o”.,. I)cI- inilttlcr: 
quadratische Fehlur aller Dater1 l~cgt bci 10.X”, 


