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Abstract--The paper presents the outcome of the tests on the critical heat fluxes in horizontal round tubes 
with circumferenfially uniform and variable heating. The experiments were run on small stainless steel 6 mm 
I.D. tubes at pressures of p = 6.86; 9.81 ; 13.73 MPa, mass flow rates pw = 750, 1000, 2000 kg m-2 s- 1 and 
critical steam qualities x~,=-0.5-0.7. The degree of nonuniformity in the circumferential heat flux 
distribution amounted to qmaX/? 1 = 1.50. The local values of the maximum criticai heat flux, qmax, with 
nonuniform heating are shown to be somewhat higher than those ofq~r in uniformly heated channels. Yet, the 
averaged values of the critical heat flux qcr are much lower in the region of negative relative enthalpies and 

actually coincide with qcr in the case of uniform heating at large positive steam qualities. 

N O M E N C L A T U R E  

p, pressure [MPa]  ; 
pw, mass flow rate [kg m -2 s - l ] ;  
q, heat flux [W m- 2] ; 
r, latent heat of vaporization [J kg -  1] ; 
h, enthalpy [J kg-  t] ; 
AQ, heat losses [J s -1] ;  
T, temperature [~ ; 
x, steam quality; 
d, internal diameter [m];  
D, external diameter [m];  
l, length [m] ; 
e, eccentricity [mini ; 
I/d, relative length; 
F, cross-sectional area [m2]; 
U, voltage [V] ; 
J, current [A] ; 
j, specific electrical resistance [f~ m];  
/~, coefficient of heft spreading. 

Superscripts 
', liquid phase; 
* initial; 
- ,  sign of averaging; 
max, maximum; 
ex, external. 

Subscripts 
w, wall; 
in, inlet; 
cr, critical; 
wor, working; 
aux, auxiliary; 
tot, total. 

I N T R O D U C T I O N  

ThE PROCESS of boiling, and the burnout phenomenon 

in particular, claim the attention of many scientists. A 
keen interest in this research is associated, first of all, 
with a rapid advance in a number of areas of new 
technology. To design reliable apparatus, knowledge 
about the upper limit of the admissible heat fluxes is 
indispensable. However, with all this voluminous 
experimental information accumulated on the burn- 
out heat transfer, its systematization is extremely 
difficult because of a lack of a phenomenological 
theory of the process. 

The majority of studies of the critical heat fluxes 
have been carried out in vertical steam-generating 
channels with a symmetric flow structure. On the other 
hand, a horizontal tube panel is now a familiar 
arrangement used in the practice of designing equip- 
ment for atomic power stations and other power 
engineering applications. Such channels develop some 
specific features that may affect the conditions for the 
boiling crisis occurrence. These comprise the possi- 
bility of flow lamination and circumferentially variable 
heating. 

In vapour-liquid flow through horizontal channels, 
the gravity effect can, under certain conditions, pro- 
mote separation of phases with a resulting lower 
critical heat flux as compared to vertical circular tubes. 
It is only at high coolant velocities that the values ofqc r 
coincide. With circumferentially variable heating the 
generatrix with the maximum heat evolution and 
elevated steam quality turns out to be in the most 
unfavourable conditions of heat transfer. 

Earlier works [1-6] devoted to the study of critical 
heat fluxes of water and steam-water flows in vertical 
tubes with circumferentially variable heating have 
shown that the law of heating affects the value of qcr. 
The boiling crisis is shown to take place at a high value 
of the heat flux; the curves q~r = q(x) and qc~ ~x = q(~) 
obtained with uniform and nonuniform heating are 
almost equidistant [1, 2]. At the same time, Remizov 
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FIG. 1. Schematic diagram of the experimental set-up: 1 circulation pumps; 2 control valve; 3 disc flowmeter; 
4 cut-off valve; 5 damper; 6 regenerative heat exchangers ; 7, 8 electric heaters; 9 test section ; 10 coolers ; 11 

sampling vessel; 12 dump tank; 13 supply tank; 14 manometer; 15 submerged thermocouple. 

and Sapankevich [6] noted that with high subcooling 
the maximum values of the critical heat flux qmaX show 
a tendency to coincide with the values for uniform 
heating. As to the averaged values of the critical heat 
flux, q~r, at negative relative enthalpies, these are 
lower than similar values in the case of uniform 
heating. As the steam quality changes over from a 
negative to a positive one, the average critical heat 
fluxes approach the corresponding values typical of 
uniform heating. 

The objective of the present research was to study 
the effect of nonuniformity in the circumferential heat 
flux distribution on the critical heat flux in horizontal 
channels. The unfavourable combination of the heat 
flux maximum and elevated steam quality at the upper 
generatrix can induce a premature boiling crisis and 
damage to the confining walls. 

EXPERIMENTAL FACILITY--TEST SECTION 

Investigation of the critical heat fluxes in a horizon- 
tal tube heated nonuniformly around its perimeter was 
carried out on a setup which is a closed circulation 
loop (Fig. 1). Circulation of the coolant was effected by 
feed water pumps. From a supply tank the coolant is 
fed into the loop where it passes in succession through 
preheaters, a test section, heat exchangers and then is 
discharged to a dump tank. To reduce flow fluc- 
tuations, a damper, partially filled with argon, is 
installed in the loop ahead of the preheaters and a 
throttling valve upstream of the test section. The 
coolant was a chemically demineralized water. 

Working elements of the preheaters and the test 
section were heated by passing an alternating low- 
voltage current. The power was varied by means of 
one-phase voltage regulators connected in series to 
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FIG. 2. Schematic of a test section. 
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one-phase transformers. 
The test section, composed of a working and 

auxiliary segments, was placed horizontally so that the 
zone of maximum heating would lie on the upper 
generatrix (Fig. 2). The working portion of the test 
section was made of an eccentric tube, while the 
auxiliary part, of a concentric tube of the same internal 
diameter. Three copper clamps were welded to the test 
section, with the current being fed through flexible 
copper bars. The onset of the crisis was detected from a 
change in the temperature behaviour of the upper 
generatrix. 

Nonuniform circumferential distribution of the heat 
flux over the working portion was achieved by passing 
the current of different density around the tube 
perimeter. A stainless steel tube of a standard design 
with diameter of 10 x 2 mm was specially outlined by 
machining on a lathe, with the tube rotation axis being 
displaced relative to the internal generatrix axis. The 
eccentricity amounted to 0.68 mm, the external and 
internal diameters were 8.64 and 6 mm, respectively. 
The heated length of the working section amounted to 
415 mm. Heating of such a tube provided nonuniform 
heat generation over the perimeter and almost uniform 
one along its length. 

The temperature of the outer surface of the test 
section was controlled by 24 chromel-copel ther- 
mocouples 0.5 mm dia. Taking into account a peculiar 
nature of the burnout occurrence in horizontal chan- 
nels, the tube wall temperature of the working section 
was measured on the upper, lateral and lower genera- 
trices of the tube. The thermocouples were spaced 
25-50 mm apart. 

The last three thermocouples that control the 
temperature of the upper generatrix at the outlet from 
the test section were connected to separate poten- 
fiometers (class of accuracy +0.25) which automatically 
disengaged loading as soon as the temperature was 
600~ The leads of the remaining thermocouples, 
both submerged and welded to the surface, were 
brought out to potentiometers too. The temperature of 
the coolant upstream and downstream of the electric 
heater (7) at the inlet to, and outlet from, the test 
section was measured by submerged chromel-copel 
thermocouples (0.5 mm dia.). 

The pressure at different points in the loop and over 
the test section was measured by standard manometers 
(class of accuracy 0.4). The coolant flow rate was 
measured downstream of coolers (10) by a disc flow- 
meter and registered on a recorder (class of accuracy 
1.6). The electric power supplied to the working and 
auxiliary sections was measured by a current transfor- 
mer with the aid of ammeters and a voltmeter of the 
electrodyanamic systems (class of accuracy 0.5). 

EXPERIMENTAL PROCEDURE AND TREATMENT 
OF DATA 

All tests were conducted at several separate pres- 
sures 6.86, 9.81, 13.73 MPa, mass flow rates 750, 1000, 
2000 kg m -  2 s -  1 and mean values of the critical steam 

quality from -0 .5  to 0.7. In the majority of experi- 
ments the crisis was attained at constant enthalpy, 
pressure and velocity by means of smooth increase in 
the electric power of the working section. At a pressure 
ofp = 9.81 MPa and flow rate pw = 2000 kg m -2  s-  1 
the boiling crisis was attained following the law q = 
constant at the expense of increase in the flow enthalpy 
at the inlet into the test channel. 

The local values of the maximum critical heat flux 
q~Xwere determined for the last cross-section of the 
channel with a normal temperature from the power 
supplied at the time of the boiling crisis occurrence on 
the upper generatrix (following the recommendations 
of Belyakov et al. and Alferov et al. [-7, 8]). The 
magnitude of the coefficient of heat spreading over the 
tube perimeter was taken into account according to 
Alferov et al. I-8]. The boiling heat transfer coefficient 
was calculated for the case of uniform heating [9]. 

Mean mass steam quality of the flow at the location 
of the burnout was determined from 

hin-h' 4(Clcrlcr-l-qauxlaux) 
Xcr = - -  - [-  ( 1 )  r rpwd 

where 

U Jwo, - (AQ)r~...(l.,or/l,o,) 
~r 

~dlwor 

is the mean value of the critical heat flux related to the 
internal tube diameter; 

UJaux - (AQ)~, f l ,ux / l to t )  

qaux = 7tdlau x 

is the heat flux density in the auxiliary section. 
The critical steam quality on the upper generatrix 

with maximum heating was calculated under the 
�9 assumption of no flow mixing 

Xc r . . . .  _ xcr + 4(qcmax-- tlcr)lcr (2) 
rpwd 

where 

Fmaxf 
max _ 

qcr -- ~/qcr p j m a x  

is the maximum value of the critical heat flux related to 
the internal diameter [7]. 

ANALYSIS OF EXPERIMENTAL RESULTS 

The experimental data were processed in the form of 
the parametric dependence of the mean and local 
maximum critical heat fluxes on the cross-section- 
averaged and maximum steam qualities at the location 
of the burnout at constant velocity and pressure. For 
local values of the maximum critical heat flux q~'Xthe 
corresponding values of the steam quality were de- 
termined for the zone of the upper generatrix on the 
assumption that there is no flow mixing across the 
tube. The degree of nonuniformity in heat flux distri- 
bution (with due account for heat spreading) over the 
perimeter amounted to qmaX/~ = 1.50. 
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FIG. 3. Temperature conditions of a horizontal round tube nonuniformly heated over the perimeter at a 
pressure ofp = 9.86 MPa and mass flow rate pw = 2030 kg m-  2 s- 1 : (a) q~a, = 2.90 MW m -  2, :~,r = 0.255 ; 
(b) q~aX = 2.95 MW m-  2, xc, = 0.250 ; (c) q~a. = 3.05 MW m-  2 ; ~c, = 0.240 ; 1 upper generatrix; 2 lateral 

generatrix; 3 lower generatrix. 
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FIG. 4. Comparison of the maximum critical heat fluxes 
obtained in experiments carried out following different 
procedures at a pressure ofp = 9.81 MPa and flow rate pw ~- 
2000 kg m -  2 s- 1 : 1 q = var., h~, = const.; 2 q = const., h~. = 

var. 

All of the tests were carried out  in fluctuation-free 
condit ions.  The  b u r n o u t  was always observed on  the 
upper  generatr ix at  the end of the test section. As the 
heat  loading was increased, the locat ion of the crisis 
shifted ups t ream along the upper  generatr ix (Fig. 3). 
U n d e r  the condi t ions  studied the wall t empera ture  on  
the lateral and  lower generatrices was virtually un- 
affected. Only  at  small  critical heat  fluxes and  large 
positive s team qualities the boil ing crisis s tar ted on  the 
lateral and  then on  the lower generatr ix of the tube. 

As a rule, the b u r n o u t  is studied at  cons tan t  
pressures and  flow rates. But, as is known,  the real 
processes accompanied  by the boil ing crisis take place 
dur ing increase in the heat  flux. Figure 4 shows the 
results of experiments  carried out  following different 
procedures  : q = var, hi, = const,  and  q = const., hi, = 
var. A certain difference in the critical heat  fluxes in the 
region of averaged negative relative enthalpies  is due 
to somewhat  different mass flow rates used in the tests. 
At  ~r < 0 the tests, carried out  following the first 
procedure,  were run  at p w  = 2100 kg m -2 s -1, while 
following the second procedure,  a t  p w  = 1950 kg m -2 
s -  1. As a whole, the coincidence of the da ta  on  qr may 
be claimed as good. 

The governing parameters  of the b u r n o u t  with  
forced mot ion  of the coolant  in the channel  of a 
specified geometry are:  pressure, mass flow rate, heat  
flux and  s team quali ty in the b u r n o u t  zone. The effect 
of nonun i fo rm heat ing over  the tube perimeter  can be 
revealed from compar i son  with similar da ta  obta ined  
under  s tandard  condit ions,  i.e. in a uniformly hea ted  
smooth  hor izonta l  r ound  tube (Fig. 5). The tests of this 
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FIG. 5. Dependence of the critical heat flux on steam quality 
for circumferentially uniform and variable heating: (a) p = 
13.73 MPa,  pw = 2000 kg m - 2 s -  1 ; (b) p = 6.86 MPa,  pw = 
1000 kg m -  z s -  t ; 1 critical heat flux q,, for uniformly heated 
vertical round tube [10] ; 2 q ,  for uniformly heated horizon- 
tal tube; 3 local maximum critical heat flux q~" at ~ ;  4 mean 
critical heat flux ~ ,  at ~r 5 maximum critical heat flux q~,~ at 

X~r ax. 

series were conducted on a stainless steel tube, of 
diameter 10 x 2 mm, with the length of the working 
section equal to 450 and 910mm. Unlike the experi- 
ments with nonuniform distribution of the heat flux, 
the experiments with uniform heating were conducted 
following the second procedure only (q = const., hi, = 
var.). The experimental data are presented in Fig. 5 

also in the form of a parametric dependence of the 
critical heat flux qr on the critical steam quality at 
constant velocity and pressure. Also shown are the 
data [10] recommended for a vertical 8 m m  I.D. 
channel. An examination of the figures reveals that at 
the flow rates pw = 1000 and 2000 kg m -  2 s -  1 there is 
rather a good coincidence between the critical heat 
fluxes for uniformly heated horizontal and vertical 
round tubes. 

V 

V 

I 0 - 2  
0 0 - 3  

V 

0 

#'E 2 F \ o \  

Investigation of the critical heat flux 825 

I I I I E I 
- 0 6  -O4 - 0 .2  0 0.2 0 4  0 .6  

(b)  

-0.6 -0.4 -02 Q2 0.4 0.6 0.8 

5 
o Oo4o  \ 

O '7 

I I ! I I I 
O 

FIG. 6. Pressure effect on the dependence of the critical heat 
flux on steam quality : (a) pw = 2000; (b) pw = 1000 kg m -  2 

s - ~ ;  l p = 6 . 8 6 ;  2 p = 9 . 8 1 ;  3 p = 1 3 . 7 3 M P a - - m a x i m u m  
critical heat flux q~a= for circumferentially variable heating; I 
p=6 .86 ;  II p=9 .81  ; III p =  13.73 MPa--q~,  for uniformly 

heated vertical channel [10]. 
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The analysis of the results on the critical heat fluxes 
obtained in nonuniformly heated horizontal channels 
has shown that in the main the boiling crisis obeys the 
same laws which hold for uniform distribution of the 
heat flux. Mean and maximum critical heat fluxes 
decrease monotonically with increase in the steam 
quality. However,  there is a certain conspicuous 
difference caused by an asymmetric temperature field 
over the tube circumference. 

Comparison between the local values of the maxi- 
mum critical heat  flux q~0 x at ~r and the data on the 
critical heat flux q~r for the case of uniform heating has 
shown that the curves for qm~, lie somewhat higher. On 
the other hand, the data on qm~X at x~ ~ lie much above 
the values of qCr obtained at x = x~ ax. The curves for 
the mean critical fluxes ~ ,  for nonuniform distribution 
of the heat flux over the perimeter are more fiat than 
similar curves for q ,  in the case of uniform distri- 
bution. In the region of negative averaged critical 
steam qualities the values of the mean critical heat flux 
lie below those for uniform heating. As the changeover 
from negative to positive averaged steam qualities 
occurs, the mean critical heat fluxes 4 ,  at the burnout  
location approach the corresponding values of q~r for 
symmetric heating. At the cross-section-averaged 
steam qualities ~r >/ 0.2--0.4 their coincidence is 
revealed, i.e. circumferentially variable heat flux distri- 
bution does not  influence the value of the critical heat 
flux qcr" 

The coincidence of the averaged values of the critical 
heat flux ~r in the region of high positive steam 
qualities and the local values of the maximum critical 
heat flux q ~  at high subcooling [6] with the data on 
the critical heat flux qr for the case of uniform heating 
is attributed to a dissimilar thermal and hydrodynamic 
state of the flow at different enthalpies. In the region of 
negative relative enthalpies, mixing in the flow turns 
out  to be insufficient for temperature equilibration 
across the tube, while at positive steam qualities a 
more thorough mixing aids in smoothing the thermal 
and hydrodynamic asymmetry of the flow. 

The effect of pressure and mass flow rate is shown in 
Figs. 6 and 7. The results are presented in the 
coordinates qc max - -  Xcr- These figures also show the 
tabulated data taken from [10] for vertical tubes with 
circumferentially uniform heating. The values of qmr~X 
decrease with increase in p within the whole range of 
the pressures studied. Coincidence of  the results of the 
present investigation with the tabulated data is some- 
what better at the mass flow rate pw = 2000 kg m -  2 
s -  ~ than at pw = 1000 kg m - 2  s-~. 

It  is seen from Fig. 7 that in the range of flow rates 
studied the critical heat fluxes increase with decreasing 
pw. This tendency is observed in the region of positive 
steam qualities. In the region x < 0 the relation qm~X = 
q(~), by analogy with qCr = q(x) for uniform heating, 
seems to be different. Thus, the effect of pressure, flow 
rate and steam quality on the burnout  for circumferen- 
tially nonuniform and uniform distribution of heat 
fluxes is qualitatively the same. 
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FIG. 7. Effect of the mass flow rate on the critical heat fluxes 
atp = 6.86 MPa; 1 pw = 750;2pw = 1000;3 pw = 2000 kg 
m - z s- 1 _ maximum critical heat fluxes qm~* in nonuniformly 
heated horizontal tube ; I pw = 750; II pw = 1000; III pw = 
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At the same time, the law of heat ing over the 
perimeter  substant ia l ly  affects the quant i ta t ive  re- 
la t ionships  governing the process. Figure 8 compares  
the da ta  of the present  work with those repor ted by 
o ther  au thors  [2, 6]. I t  is seen from this figure tha t  in 
the case of abou t  the same law of heat ing over  the 
perimeter  the da ta  coincide ra ther  fairly [6]. The  
results somewhat  differ [-2] when there are no  identical 
hea t ing  over the perimeter  and  the length lid. In 
engineering practice one encounters  diversified cir- 
cumferential  d is t r ibut ions  of the heat  flux. It  is reason- 
able to expect tha t  the exper imental  verification of the  
whole variety of heat ing laws is extremely difficult. The 
deve lopment  of the theory of the process is required 
which will make  it possible to confine the research to 
separate  exper imental  studies. 
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ETUDE EXPERIMENTALE SUR LE FLUX THERMIQUE CRITIQUE DANS LES 
CANAUX HORIZONTAUX AVEC UN CHAUFFAGE VARIABLE SUR LA 

CIRCONFERENCE 

R r s u m ~ - O n  prrsente les consrquences des essais sur le flux critique thermique dans des tubes horizontaux 
section circulaire avec un chauffage uniforme ou variable sur la circonfrrence. Les experiences sont conduites 
sur des petits tubes d'acier inoxydables de 6 mm de diamrtre intrrieur, fi des pressions p = 6,86; 9,81 ; 13 ; 
73 MPa, avec des drbits qw = 750, 1000, 2000 kg/m 2 set  des qualitrs de vapeur xcr = -0 ,5  - 0,7. Le degr6 
de variation du flux sur la circonfrrence atteint qmax/( 1 = 1,50. Les valeurs locales du flux critique maximal 
qmflx avec un chauffage non uniforme sont sensiblement plus 61evges que celles de qer darts le chauffage 
uniforme. Les valeurs moyennes du flux critique q~r sont plus faibles dans la rrgion des enthalpies relatives 
nrgatives et coincident avec qr dans le cas du chauffage uniforme aux grandes qualitrs positives de vapeur. 

EXPERIMENTELLE UNTERSUCHUNG ZUR KRITISCHEN 
WARMESTROMDICHTE IN HORIZONTALEN ROHREN MIT 

VARIABLER BEHEIZUNG AM UMFANG 

Zusammenfassung--Es wird fiber die Ergebnisse von Versuchen zur kritischen W~irmestromdichte in 
horizontalen runden Rohren bei am Umfang gleichm~iBiger und variabler Beheizung berichtet. Die Versuche 
wurden durchgefiihrt an kleinen Rohren aus rostfreiem Stahl mit 6 mm Innendurchmesser bei Drficken von p 
= 6,86; 9,81 und 13,73 MPa, bei Massenstr6men von pw = 750; 1000 und 2000 kg/(m2s) und kritischen 
Dampfgehalten von xcr = -0 ,5  + 0,7. Der Ungleichfrrmigkeitsgrad der Wgrmestromverteilung am 
Umfang betrug bis zu qmaX/(l = 1,50. Die 6rtlichen Werte des gr6Bten kritischen W/irmestroms q~"~ bei 
ungleichfrrmermiger Beheizung ergeben sich etwas h6her als die entsprechenden Werte bei gleichfrrmig 
beheizten Rohren. Dennoch sind die gemittelten Werte der kritischen W~irmestromdichte ~r im Gebiet 
negativer relativer Enthalpien sehr viel niedriger und fallen praktisch mit qor im Falle gleichfrrmiger 

Beheizung und grol3er positiver Dampfgehalte zusammen. 
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D K C F I E P H M E H T A Y l b H O E  H C C Y l E ~ O B A H F I E  K P F I 3 H C A  T E H Y l O O T A A q H  
B F O P H 3 O H T A Y l b H b l X  K A H A f l A X  C H E P A B H O M E P H b l M  P A C H P E ~ E J I E H F I E M  

T E H f l O B O F O  H O T O K A  H O  H E P H M E T P Y  

AIII lOTall l lm- l-lpHBe~eHbl 3KCHCpHMeHTaJIbHble pe3yJlbTaTbl n o  KpHTHqeCKHM TeHJ1OBblM I1OTOKaM B 
FopH3OHTaJIbHblX KpyrabIX Tpy6ax  C paBHOMepnbIM R HepaBHOMepHbIM TeHJIOBbI~e~eHHeM HO lqepH- 
MeTpy. OIlblTbl n p o B o a a a a c b  Ha Tpy6Kax 1~3 a e p x a s e ~ m e ~  c T a a a  BHyTpeHHHM anaMeTpoM 6 MM 
n p n  l l a a a e n a a x p  = 6 ,86 ;  9,81 ; 13,73 MFIa ,  MaccOBblX CKOpOCTaX nOTOra pW = 750, 1000, 2000 KF/(M 2 C) 
H KpltTHqeCKIlX n a p o c o a e p a ~ a n n a x  XKp = - 0 , 5  - 0,7. CTeneHb HepaBHOMepHOCTH p a c n p e a e ~ e n n a  
TeI1J1OBOFO HOTOKR n o  oKpyXgHOCTit COCTaBBaBa qMatC/q = 1,50. [ IoKa3aHo,  qTO J]OKafibHble 3HaqCHHfl 
MaI~CHMa.qbHOFO KpHTHqeCKOFO TeI1J1OBOFO I1OTOKa qM~gC IlpH HepaBHOMepHOM O6OFpeBe HeCKO31bKO 
nblme,  qeM qgp a p a B a o M e p a o  o6orpeaaeMbiX Kana~ax.  B TO )Ke BpeM~ ocpe~HeHnble 3HaqeHH~l 
KpHTI4qeCKOFO TeIUIOBOFO nOTOKa qKp CylReCTBeHHO HHX~e B o6~aCTH OTpHRaTe~bHblX ~ifTaJlb/H4~ k/ 
npaKTl tqecrn  coBnal la loT c qKp ~l,a~ c a y ~ a s  panHOMepHoro  TeI1JIOBbljlefleHHfl HpH 60~bmHX n o a o ~ n -  

Te21bHIaIX H a p o c o ~ e p x a n n s x .  


