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Abstract-Transient boiling heat transfer characteristics of liquid nitrogen at stepwise heat generation is 
investigated. A series of heat transfer experiments are carried out using a 0.10 mm diameter horizontal 
platinum wire as the test heater. Bubble behavior is observed by taking high-speed movie photographs. 
The history of heat transfer rate corresponds well with the bubble behavior during the transition stage to 
film boiling. In the case of a low heat generation rate, boiling transition occurs due to the coalescence of 
nucleate boiling bubbles. In the case of a high heat generation rate, a vapor sheath grows along the heater 
wire. Boiling transition occurs due to the settling of the vapor sheath around the wire and the heat transfer 
rate just after the boiling transition becomes much lower than that of stationary film boiling. In the case 
of an extremely high heat generation rate, a lot of fine bubbles grow rapidly and simultaneously when the 
heater temperature reaches the homogeneous nucleation temperature. Boiling transition occurs due to the 

filling of fine bubbles on the heater. 

1. INTRODUCTION 

IN A SUPERCONDUCTING magnet, disturbances such as 
flux jump or wire movement may cause local quen- 
ching of the wire. As many superconducting wires are 
used under high current density, a transient heat load 
much higher than the stationary boiling critical heat 
flux of liquid coolant may be produced during such 
an accident. If the boiling of coolant is initiated and 
the transition from nucleate boiling to film boiling 
occurs, the wire may bum out due to the deterioration 
of heat transfer. Therefore, transient boiling heat 
transfer of liquid helium under the condition of a 
rapid increase of heat generation rate has been inves- 
tigated by many researchers and such characteristic 
data as the time history of heat transfer, wall super- 
heat at boiling incipience and critical heat flux have 
been revealed [l-5]. 

On the other hand, the need for use of liquid nitro- 
gen as the coolant has increased with the recent dis- 
covery of the high-temperature superconductors the 
critical temperatures of which are more than 77 K. 
Sinha et al. reported the experimental results of the 
transient boiling heat transfer of liquid nitrogen at 
stepwise heat generation in a platinum wire. They 
have shown that boiling transition to film boiling 
occurs even at a low heat load of about 40% of the 
critical heat flux [a], and at an extremely high heat 
generation rate, the nucleation occurs when the wall 
temperature reaches the homogeneous nucleation 
temperature [I. The observation of bubble behavior 

which is indispensable for the understanding of 
the boiling and heat transfer mechanisms, however, 
was not performed in their study. Tsukamoto and 
Uyemura [8] observed the boiling bubble behavior of 
liquid nitrogen subjected to transient heating. The 
correspondence between the bubble behavior and heat 
transfer, however, is not discussed in detail. Previously 
many researches concerning the transient boiling 
including that of liquid nitrogen have been focused 
on the phenomena from boiling initiation to boiling 
transition to film boiling in the rapidly increasing 
process of the heat generation rate. The transient boil- 
ing heat transfer of both stages of before and after the 
boiling transition as well as that before the boiling 
transition are also important for the cooling of super- 
conducting wire, since superconductor damage 
depends on not only the boiling transition but also the 
whole process of heat transfer. However, the transient 
boiling heat transfer characteristics in the wide range 
from the nucleate boiling regime to the 6hn boiling 
regime have not been clarified yet, except those of liquid 
helium. The bubble behavior in such a wide transient 
boiling process, especially that in the case that the 
boiling is initiated when the wall temperature is rap- 
idly raised up to the homogeneous nucleation tem- 
perature, is also unknown. 

Thus, in this study, the transient boiling experiment 
of liquid nitrogen at stepwise heat generation is carried 
out. The history of the boiling heat transfer rate from 
boiling initiation to stationary film boiling is inves- 
tigated. The bubble behavior during transient boiling 
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NOMENCLATURE 

specific heat [J kg- ’ K- ‘1 
diameter of platinum wire [m] 
heat transfer coefficient [kW me2 K- ‘1 
latent heat [J kg- ‘1 
system pressure [MPa] 
heat generation rate [MW mT2] 

t time [s] 

4 growth time of vapor sheath [s] 

Vo unbalance voltage of bridge M 

V, voltage drop across standard resistance 
M.- 

stepwise heat generation rate [MW me21 Greek symbols 
net heat flux transferred to the fluid 6 vapor film thickness [ml 
[MWm-‘1 P density of platinum [kg m 
stored energy in superheated liquid layer P” density of vapor [kg m-j]. 
[J m- ‘1 
heater temperature [K] Subscript 
wail superheat [K] B.I. boiling incipience. 

3 
1 

is observed by high-speed movie photographs. The 
correspondence between the bubble behavior and the 
heat transfer rate is discussed. 

2. EXPERIMENTAL APPARATUS AND 

PROCEDURES 

The schematic diagram of the experimental appar- 
atus is shown in Fig. 1. The test heater is a thin 
platinum wire the diameter and length of which are 
0.1 and 50 mm, respectively, and is mounted hori- 
zontally in a transparent 70 mm i.d. glass dewar fiIled 
with liquid nitrogen. The test wire is electrically heated 
by a d.c. current. The temperature of the wire is 
obtained by measuring the variation of the electrical 
resistance between potential taps which are spot- 
welded 10 mm apart in the central part of the wire. 
The heat generation rate can be calculated by meas- 
uring the resistance and the current. The electrical 
resistance of the wire is measured precisely by using a 
double bridge. The unbalance voltage V, of the bridge 
and the voltage drop V, across the standard resistance 
inserted in series into the heating circuit are recorded 
in a wave memorizer. The net heat flux q, transferred 
from the heater to the fluid can be obtained by sub- 
tracting the heat capacity of the heater from the heat 

FIG. 1. Schematic diagram of the experimental apparatus. 

generation rate Q(r), and is calculated from the fol- 
lowing equation : 

d dT 
q,(t) = QW,cppdt. 

Here the temperature-time response and the tem- 
perature drop across the radial direction of the heater 
can be regarded as less than 0.1 ms and 0.1 ‘C. respec- 
tively, and are neglected in calculations. 

Transient boiling is initiated by heating the test wire 
stepwise. The resistance of platinum wire increases by 
more than 10 times the initial value in accordance 
with the increase of the wire temperature from the 
start of heating to the attainment of stationary film 
boiling. Therefore, the heating current is obtained by 
amplifying the heating signal which is controlled by 
the negative feedback circuit prepared to keep a con- 
stant heat generation rate by analog computation of 
signals VG and V,. The bubble behavior during tran- 
sient boiling is observed by taking 16 mm high-speed 
movie photographs. All data are taken at atmospheric 
pressure. 

3. EXPERIMENTAL RESULTS 

AND CONSIDERATIONS 

Figure 2 shows the boiling curve obtained by a 
stationary boiling experiment. With the gradual 
increase of heat flux, nucleate boiling is initiated at 
the higher wall superheat than that of the developed 
nucleate boiling. In the developed nucleate boiling 
region, a hysteresis can be slightly recognized with the 
increase and decrease of the heat flux. In the film 
boiling region in which stable film boiling is realized 
in the whole length of the wire, experimental results 
are in fair agreement with Nishikawa-Ito’s correlation 

191. 
Figure 3 shows the measured and calculated his- 

tories at stepwise heat generation, where Q, q, and 
AT,, indicate the heat generation rate, the net heat 
flux transferred to the fluid and the wall superheat. 
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FIG. 4(a). Change of wall superheat history at relatively low 

heat generation rates. 

FIG. 2. Boiling curve obtained by the stationary boiling 
experiment. 

respectively. The time of boiling incipience is detcr- 

mined from high-speed motion pictures. The time of 
boiling transition is judged from the rapid increase of 
A r,,, and the rapid decrease of c(, . 

Figures 4(a) and (b) show the changes of the wall 
superheat history with the increase of the stepwise 
heat generation rate QO. Figure 4(a) shows the change 
at relatively low Qu, Fig. 4(b) at higher Qo. The upper 
right figure in both figures shows the whole history, 
the lower left the enlarged one of the initial stage. The 
circle on the lines indicates the condition of the boiling 
incipience and the black circle the boiling transition. 
The dotted line implies that the partial film boiling 

along the wire develops to stationary film boiling. In 
the case of lower Q,,, a marked overshoot of the wall 
superheat can be observed at the boiling incipience, 
and boiling transition occurs after the recovery of the 
wall superheat to that of stationary nucleate boiling. 
As Q0 is increased, the recovery becomes hard to 
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FIG. 3. Typical histories of transient boiling heat transfer at 
stepwise heat generation. 
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FIG. 4(b). Change of wall superheat history at relatively high 
heat generation rates. 

observe and the wall superheat goes on increasing 
from the boiling incipience to the boiling transition. 
The minimum value of Q. for the boiling transition 
to occur was 0.082 MW me2. which is nearly equal to 
the critical heat flux in stationary boiling obtained by 
our apparatus. 

Figure 5 shows photographs of the high-speed 
motion filmings of the bubble behavior just after boil- 
ing incipience. The bubble behaviors are roughly 
classified into three patterns depending on the heat 
generation rate. and Figs. j(a)-(c) are the typical 
examples of these three patterns, respectively. In the 
case of Q. = 0.082 MW m-j. the nucleate boiling 
bubbles similar to those of stationary nucleate boiling 
appear along the heater wire. Boiling transition occurs 
due to the coalescence of the nucleate boiling bubbles. 
In the case of Qr, = 0.128 hlW m-‘, a vapor sheath 
which has a smooth interface rapidly grows along 
the wire. The sheath breaks into some vapor bubbles 
which uniformly depart from the wire. Boiling tran- 
sition occurs while the sheath is settling on the heater 
surface. The sheath is considered to be the same as 
the one observed by Tsukamoto and Uyemura [8]. 
From a detailed observation. it is recognized that the 
active nucleate boiling occurs near the leading tip of 
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FIG. 5. Three typical patterns of bubble behavior observed just after boiling incipience. 

the sheath, where the liquid-vapor interface fluctuates 
and tiny bubbles often break out of the sheath. In 
the case of Q0 = 0.775 MW m-‘, many fine bubbles 
generate simultaneously and uniformly on the heated 
wire accompanying a sharp sound. The bubbles grow 
to coalesce into several vapor bubbles. Boiling tran- 
sition occurs due to filling of the initial bubbles on the 
heater surface. 

Figure 6 shows the transient boiling curves obtained 
under the three conditions of Q,, in Fig. 5. where the 
numerals on the curves indicate the time passing the 
points. In the case of Q0 = 0.082 MW m-I, the 
transient boiling curve after the boiling transition 
asymptotically approaches the stationary film boiling 
curve (Nishikawa-Ito line) from the higher heat trans- 

fer side, since boiling transition occurs due to the 
coalescence of nucleate boiling bubbles similar to that 
at stationary boiling. Such a tendency of the boiling 
curve can be also recognized for the transient boiling 

of water [IO] and,‘or liquid helium [3]. In the case of 
Q,, = 0.128 MW m-‘. the transient heat transfer rate 
just after the boiling transition becomes much less 
than that at the stationary film boiling and f-luctuates 
asymptotically as it approaches the stationary film 
boiling curve from the lower heat transfer side. In the 
case of Q0 = 0.775 MW m-‘, the deterioration of heat 
transfer after boiling transition becomes srill remark- 
able. Such a tendency of the boiling curse has not 
been recognized for the transient boiling of water 
and/or liquid helium. 
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FIG. 6. Three typical boiling curves measured by transient 
boiling at stepwise heat generation. 

Figure 7 shows the histories of the heat transfer 
coefficient defined as h = q,/AT,, and the averaged 
vapor film thickness 5, of the lower end of the heated 
wire, which is obtained from the filming, in the case 
of Q,, = 0.128 MW m-*. The stationary film boiling 
heat transfer coefficient by Nishikawa and Ito’s cor- 
relation [9] and the vapor film thickness which is 
obtained from their correlation by assuming a linear 
temperature distribution across the film are calculated 
with the same wall superheat as the transient con- 
dition and are also shown in the figure. It will be 
observed in the figure that the boiling transition cor- 
responds to the generation of the thick vapor sheath 
and the thickness of the sheath is more than 20 times 
that of stationary film boiling, and the fluctuation of 
the heat transfer coefficient after boiling transition 
corresponds to the variation of the vapor film thick- 
ness due to the uniform growth and departure of 
vapor bubbles on the heater. 

It is considered that the vapor sheath grows not 

FIG. 7. Histories of the heat transfer coefficient and averaged 
vapor film thickness. 
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FIG. 8. Vapor film thickness of vapor sheath. 

only due to the wall heat flux q,8.1. at the boiling 
incipience but also due to the stored energy [q&,,,. in 
the superheated liquid layer at the boiling incipience 
which can be expressed as the integration of q, with 
time from the start of heating to the boiling incipience. 
The thickness of the vapor film produced due to the 
evaporation rate corresponding to q,e.,., 6,, and the 
thickness of the vapor flm produced due to the whole 
consumption of [qJe.,., cS2, can be expressed by con- 
sidering the geometrical shape of the film, respectively, 
as follows : 

6, =; {Jr- +d)d)-d} (2) 

b* =; {#$+d)d)-d} (3) 

where 1, is the growth time of the vapor sheath 
obtained from the photograph. These calculated film 
thicknesses are plotted in Fig. 8 and compared with 
the thickness of the vapor sheath obtained from the 
photograph. The vapor sheath is thicker than the 
vapor film which grows due to qIB.,, and is rather close 
to the vapor film which grows due to [q&,.. The vapor 
sheath, therefore, can be regarded to grow due to the 
superheated liquid energy at boiling incipience rather 
than due to the wall heat flux. 

Figure 9 shows the wall superheat at the boiling 
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FIG. 9. Wall superheat at boiling incipience vs heat gen- 
eration rate. 



2070 K. OKLTAMA and Y. IIDA 

incipience. The range of heat generation rates of the 
three boiling patterns illustrated in Fig. 5 is also shown 
in the figure. The wall superheat of transient boiling 
is much higher than that of stationary boiling and is 
asymptotic to the homogeneous nucleation temper- 
ature with the increase of Q,,. It is considered that 
the thick vapor sheath is apt to grow at higher wall 
superheat since the excess superheated energy is stored 
in the liquid layer with the increase of the wall super- 
heat. In the case of Q0 = 0.775 MW m-‘, the wall 
superheat at boiling incipience almost reaches the 
homogeneous nucleation temperature, having some 
scatter. The fine initial bubbles generate sim- 
ultaneously and rapidly over the whole wire surface 
with a shock sound and the boiling transition occurs 
just after filling of the initial bubbles on the wire 
surface. Such bubble behavior is quite different from 
those of usual nucleate boiling and/or the vapor 
sheath. On the other hand, Sinha et al. [7] have already 
confirmed experimentally using a 0.10 mm diameter 
platinum wire heater that the wall temperature at 
boiling incipience of liquid nitrogen is asymptotic to 
the upper limit value with the increase of the stepwise 
heat generation rate and the limit value agrees with 
the homogeneous nucleation temperature over a wide 
range of system pressures. Though the nucleation 
occurs on the heater surface, the nucleation tem- 
perature of the liquid nitrogen at the superheat limit 
is little affected by the platinum wall, since the differ- 
ence in the nucleation temperature with and without 
the smooth solid surface can be estimated to be less 
than 0.1 K from the classical nucleation theory and the 
contact angle between liquid nitrogen and platinum, 
which is less than about 30” from the shape of the 
liquid surface adjacent to platinum. The homo- 
geneous nucleation, therefore, may occur in the case 
of Fig. S(c) in all likelihood. There will be no study 
based on the observation of bubble behavior for the 
homogeneous nucleation of liquid nitrogen subjected 
to transient heating. The results observed in our exper- 
iment may give further information to explicate the 
mechanism of the boiling initiated by homogeneous 
nucleation. 

4. CONCLUSIONS 

The history of transient boiling heat transfer rate 
of liquid nitrogen corresponds well with the bubble 
behavior during the transition stage to film boiling. 

The bubble behavior can be roughly classified into 
three patterns depending on the heat generation rate. 
In the case of a low heat generation rate, boiling 
transition occurs due to the coalescence of nucleate 
boiling bubbles. In the case of a high heat generation 
rate, a vapor sheath grows along the test wire, since 
the excess superheat energy is stored in the liquid layer 
at boiling incipience. Boiling transition occurs due to 
the settling of the vapor sheath and the heat transfer 
rate becomes much lower than that of stationary film 
boiling. In the case of an extremely high heat gen- 
eration rate, a lot of fine initial bubbles grow rapidly 
and simultaneously. Boiling transition occurs due to 
the filling of the bubbles on the heater. Since the heater 
wall temperature at boiling incipience reaches the 
homogeneous nucleation temperature, transient boil- 
ing may be initiated by homogeneous nucleation in 
all likelihood. 
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CARACTERISTIQUES DU TRANSFERT VARIABLE DE CHALEUR PAR EBULLITION 
DE L’AZOTE (COMPORTEMENT DES BULLES ET TRANSFERT THERMIQUE POUR UNE 

GENERATION EN ECHELON) 

R&sum&On &die les caracttristiques du transfert variable de chaleur par ebullition de l&rote liquide 
sownis d une gknkratioo de chaleur en echelon. Une s&e d’exp&ieoces a tte conduite en utilisant comme 
chauffoir un fil horizontal de platine, de diambtre 0.10 mm. Le comportement des bulles est observe en 
prenant des photos a graode vitesse. L’histoire du flux thermique correspond a la vie de la bu!le pendant 
une &tape transitoire vers l’ebullition en flhn. Dans le cas dune generation faible de chaleur, la transition 
d’tbullition se produit a cause de la coalescence des bulles d’ebullition nucl%e. Dans le cas d’une generation 
intense, uoe couche de vapeur croit le long du f!! chaud. La transition d’bbullition se produit a cause de la 
formation de la vapeur autour du fil et le flux de chaleur juste apms la transition d’tbullition devient plus 
faible que pour l’ebullition stationnaire en him. Dans le cas dune generation thermique extrhement tlev~, 
beaucoup de fines bulles croissent rapidement et simultanement quand la temperature du chauffoir atteint 
la temperature de nucleation homogioe. La transition d’ebullition se produit a cause du remplissage des 

fines bulles sur tout !e chauffoir. 

WARMEtiBERGANG BEIM NICHTSTATIONAREN SIEDEN VON STICKSTOFF 
(BLASENVERHALTEN UND WARMEUBERGANGSKOEFFIZIENT BE1 

STUFENFdRMIG GESTEIGERTER WARMEZUFUHR) 

Zusammenfassung-Es wird der Wiirmeiibergang beim nichtstationaren Sieden von StickstofT bei stufen- 
fiirmiger Erhiihung der Wiirmezufuhr untersucht. Eine Reihe von WIrmeiibergangsmessungen wurde mit 
einem 0,I mm dicken horizontalen Draht als Heizelement durchgefiirt. Mit Hilfe von Hochgeschwindig- 
keits-Aufnahmen wurde das Blasenwachstum beobachtet. Der Verlauf des Wirmeubergangs hlngt mit 
dem Blasenverhalten wlhrend der Ubergangsphase zum Filmsieden zusammen. Im Bereich niedriger 
Warmestromdichte erfolgt der Siedeiibergang aufgrund der Koaleszenz von Dampfblasen. Im Bereich 
hoher Wlrmestromdichte wlchst ein Dampffilm entlang des Heizdrahtes. Der Siedeiibergang ereignet 
sich aufgrund eines sich urn den Draht einstellenden Dampffilms. Der Wlrmetibergang direkt nach 
dem Siedeiibergang wird vie! geringer als beim stationiren Filmsieden. Bei extrem hohen W&me- 
stromdichten wachsen sehr viele kleine Blasen schnell und gleichzeitig, wenn die Temperatur des 
Heizdrahtes die Temperatur der homogenen Verdampfung erreicht. Der Siedeiibergang erfolgt durch 

Auffiillen der kleinen Blasen auf dem Heizdraht. 

l-IEPEXOJ&HbIE XAPAKTEPHCTHKH TElUIOlIEPEHOCA lTPki KHllEHkIH A3OTA 
@IOBEnEHHE lW3bIPbKOB H CKOPOCTL TEWlOlIEPEHOCA rIPM 

CKA’JKOOEPA3HOM TEl-IJIOBbI~EJIEHFiki) 

~Hccneaylorca nepexomsle xaparrepncmrH TemonepeHoca B npouecce KHneHHn ztzuuioro 

iuaranpRcKauKoo61#unoM~oBburcneHR8.npoecncHacepHl om~~~no~e~ompemcyc~cno~b- 

3088HHeMropHU)HT8nblloBMaTIIlM)BOInpO~onoulaaaMtTpoM 0.10~~ ~~awc~w3Kcncpmetmnb- 

Horo ~arpe~aTeJt% Ha6moaewe 38 nOweHHeM nympbros ocyru eCrBJIMOcb BblCOKOCKOpCCTHOii 

~~~OCbC~KoB.H3MeHe~e~opOcreTe~oncpcHocaxopoluocornacycrcrcno~Aeture~ny3~bKoBt1a 

mum IIepexoAaK AJIeHolrxOMy KRneHHIo. Bcnynae HH3KOii HHT~HCHBHOWIT~IIAOB~IA~A~HE~I BcuIIla- 

HHe npOHiXOAHT3ilC'XeTCJlJlKHH~ 3apOr;rralOlUHxCll Q'3bQbKOB. Buyme 1(c BbICOKOti HHTeHCUBHOCTH 

TcruoBbueAemn napoear 06onoma 06pa3ycTcn ~ltonb nposono%oro uarpenarenn. Bexsmamre o6yc- 
nonneuo +ophmponamierbs napoaolt o6onosxu noxpyr npononoar; cropocrb Tcnnonepeuoca irenoc- 
PeACKMHHO HOCAC BCKHIIMIHK CTBHOBUTCK HaMHOrO HHYCe, 'IeM IIpil CTaullOHapHOM HJl~HOQIOM 

KHneHHH.BCJQWe KpaiiHe Bb1cOK0ii HlMHCHBHOCTH TCIIJIOBbWICHHll IIpOHCxOAHT 6bn~pti OAHOBpc- 

MeifHbd pock 6ommoro Komecma bmwx n)nbQbKOB,KOrAa TeMnepaTypa HU-peMT&la AOCTBl-BCT 

TemepaTypv onHoponHoR HyKJleaLum. BenmaHHe llpoHCXOmT npH IlOllaAaHRH lQ’3blpbKOB Ha HapeBa- 

TeJlb. 


