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BOILING HEAT TRANSFER

INFLUENCE OF THE OPERATING TIME OF A SURFACE
HEATED BY ELECTRIC CURRENT ON THE HEAT-TRANSFER
COEFFICIENT OF KEROSENE AND WATER BOILING ON IT

S. G. Obukhov and D. S. Obukhov UDC 621.039.517

Results of experimental investigation of the influence of the operating time of a heating surface on the in-
tensity of heat transfer in the kerosene and water boiling on it are presented. The experimental data on the
heat transfer in the indicated liquids boiling on unrun heating surfaces have been generalized using different
relations.

The jet fuel used in a high-speed airplane represents a single coolant that provides temperature conditions nec-
essary for operation of its propulsion system and other elements [1]. However, only liquid jet fuels are used for this
purpose, which limits the cooling effect. The cooling effect can be enhanced substantialy at the expense of the evapo-
ration heat of these fuels. To use a boiling fuel for cooling an engine, it is necessary to solve a number of problems,
in particular, to determine the mechanisms of heat transfer in this fuel in the process of its boiling [2].

The cooling capacity of liquid hydrocarbon fuels can be underestimated when it is determined without regard
for the influence of the operating time of a heating surface on their boiling coefficient [3].

Many of our works [4—7] were devoted to investigating the influence of the run-in of a heat-release surface
contacting with a boiling liquid on the critical density q.q of the heat flow formed in the process of boiling. In the
present work, we consider the boiling coefficient o that represents a no less important integral characteristic of boiling.

It is known that o decreases monotonically with increase in the operating time of a heating surface because
of the appearance of a scale (carbon, coke, oxides, etc.) on it. The operation of such a surface can be divided into
three stages [7]: 1) run-in (this stage is the most important, Fig. 1); 2) operation of the run-in surface; 3) running.
Analysis of experimental data on the influence of the operating time of a heating surface on the boiling process shows
that the integral characteristics of boiling change most substantially at the run-in stage, which is scantily known.

At the Kazan Chemical-Engineering Institute (KCEI), the heat transfer in the TS-1 fuel boiling on a heating
surface for 227 h at psg = 2 bar and q = 125 KW/m? has been experimentally investigated for the purpose of deter-
mining the influence of the operating time of a heating surface, on which a jet fud boils, on its characteristics [8].
Before each experiment, the dissolved oxygen was removed from the fuel. It is seen from Fig. 2 that the decrease in
the heat-transfer coefficient caused by the deposition of gummy substances on the surface of the tube does not exceed
8% within 120 h from the beginning of boiling (portion AB of the curve). This can be explained by the fact that, at
this stage, heat is transferred between the metal and the liquid, and the deposits on the surface are small. The fuel be-
came complete dark only after 200-210 h of operation of the surface. In the case where the nonoxidized fuel was
used, o decreased significantly within the first hours of surface operation. Such behavior of the heat-transfer coefficient
within the first 120 h of surface operation (portion BC) was explained in [8] by the fact that, for this time, the thick-
ness of the deposits on the centers of vapor formation reaches a value at which these centers begin to close. The proc-
ess proceeds for 25-40 h. For this time, heat is transferred between the metal and the liquid as well as between the
metal, the pitch, and the liquid in the cavities filled with the pitch. The cavities are filled nonuniformly because they
have different dimensions. At point B, the process of closing of boiling centers ceases and the metal-liquid contact
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Fig. 1. Dependence of the critical heat flow on the time of loca boiling of the
TS-1 fuel. Tjig = 20°C, Gloc = 0.06 MW/MP. Ggr, MW/MP; Tioe, min, h.
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Fig. 2. Dependence of the heat-transfer coefficient on the operating time of a
heating surface in the case of boiling of the TS-1 jet fuel on it. Tjiq = 160°C,
pex = 0.2 MPa, g = 125 kW/m? [8]. o, W/(m?K); T, h.

disappears, i.e., the whole heating surface becomes coated with a thin pitch layer and heat is transferred through the
metal—pitch-liquid contact. Thereafter, the curve becomes straight once again (portion CD). The heat-transfer coeffi-
cient a at point C is 1.4 times smaller than that at point B. The heat-transfer further decreases in interval CD because
of an increase in the thickness of the whole deposition layer on the surface of the pipe.

Since the operation of a heat-release surface is divided into three stages [7] and the boiling characteristics de-
pend for the most part on the run-in stage (see Fig. 1), it is interesting to investigate the influence of this stage on
the heat-transfer coefficient (this influence was not detected within the first minutes of the experiments conducted in
[8]). Therefore, we carried out experiments on the influence of the operating time of a heating surface on the boiling
coefficient a. Experiments were conducted with the use of a rectangular duradumin vessel of capacity ~64 liters with
observation windows in the side walls. The vessel was equipped with electric heaters and a cover-condenser cooled by
running water. Kerosene vapor was condensed in the cover-condenser and was then recycled to the experimental ves-
sel. The transparent walls of the vessel alowed us to photograph and take motion pictures of the process studied. An
experimental tube of 12Kh18N9T stainless steel with a diameter do; = 10 mm, a wall thickness 6 = 0.2 mm, and an
operating length | = 170 mm was brought into the electric circuit with the use of copper buses. Conductors for meas-
uring the voltage drop were soldered to an experimental sample at a distance of 5 mm (calculated by the method of
[9]) from the point of connection of the heater with the busses for preventing the influence of the losses at the ends.
To investigate the physics of the processes considered under various heat-transfer conditions, they were filmed with the
use of a high-speed motion-picture camera. The speed of filming was 4500 frames/sec. The exposed and developed
cinefilm was examined with the use of a Kupava-16 assembly table. The sample was heated by an aternating current
generated by a TK-404 welding transformer of power 100 kW through an AOMN-40-220-75 regulating transformer.
The liquid was investigated in the large vessel under the conditions of natural convection at a temperature of 160°C.
The following quantities were measured in the process of experiments: the pressure and temperature of the ambient air,
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Fig. 3. Dependence of the heat-transfer coefficient on the operating time of a
heating surface in the case of boiling of the TS-1 jet fuel (Tjig = 160°C) on
it: 1) data of [8], p = 0.2 MPa, g = 125 kW/mz; 2) data of the present work,
p = 0.1 MPa, g = 100 KW/m?, a, W/(mZEBi); T, min; h, day.

the pressure of the heat-transfer agent, the temperature of the inner surface of the experimental sample Tgy, and the
temperature of the heat-transfer agent Tjiq. The temperature-sensitive elements were chromel-copel thermocouples with
thermal electrodes of diameter 0.16 mm. The beads of the thermocouples were soldered to the inner surface of the
tube. The above-indicated quantities were measured with the use of oscillographs and electrical measuring instruments.
The electromotive-force signals generated by the thermocouples and the voltage and current-strength signals were fed
to the input of an N-117 mirror-galvanometer oscillograph (two oscillographs were used). The heat load was deter-
mined by the voltage drop across the sample and the current strength. The temperature of the outer surface Tq, was
determined with account for the temperature drop in the wall.

The heat-transfer coefficient was calculated by the formula o = gq,/(Teur — Tes)- The current and voltage were
simultaneously measured by the electric measuring instruments and the oscillograph. The current strength J was deter-
mined by the voltage drop across a noninductive standard resistor connected in the secondary circuit of a UTT-6 cur-
rent transformer of class 0.2. This voltage was measured by an F 584 voltmeter of class 0.5, the voltage drop was
measured by a universal V7-16 voltmeter of class 0.2, and the electromotive force generated by the thermocouples was
measured by a universal V7-34A voltmeter of class 0.2.

Estimations have shown that the maximum relative errors in determining the heat-flow density and the heat
transfer did not exceed 4 and 11% respectively.

As expected, the coefficient o changed significantly at the run-in stage (Fig. 3). The heat-transfer coefficient
of the unrun (new) surface was approximately 1.4 times larger than that of the run-in surface. For comparison, we pre-
sent data obtained in [8], where this stage was not investigated.

In our experiments, we have not detected a significant influence of the deposits on the intensity of heat trans-
fer in the process of boiling of the TS-1 fuel. After the run-in of the surface, as a result of which the coefficient a
decreased by a factor of 1.4 and the critical heat flow increased by two times, the heat-transfer coefficient decreased
by no more than 7-8% within 200 h of further boiling under strictly specified conditions. This is evidently explained
by the fact that the experiments were conducted under low pressure (atmospheric). It was suggested in [3] that, at at-
mospheric pressure, deposits are not formed at a temperature close to the boiling temperature. Of course, these data
should be verified to be used in calculations.

If the alignment portion is excluded from the dependences obtained (Fig. 4), they agree well with the analo-
gous dependences obtained in other works [10] in both the heat-transfer coefficient (Fig. 4a) and the critical density of
the heat flow (Fig. 4b). The total change in many parameters determines the change in the integral characteristics of
boiling in the process of run-in of a heating surface. Our data agree well with the data obtained at the Kazan Military
Artillery University (KMAU) [3].

The fact reveded is very important for estimating the operation of surfaces with a short operating lifetime,
and it can be considered as additiona evidence of the three-stage operation of an evaporating heating surface.

The run-in time of the indicated surface depends on many factors, the main of which are the local boiling
heat, the pressure, the interaction between the liquid and the wall and the number of virtual centers of vapor formation
(i.e, the quality of treatment of the surface, the size and form of the microcracks, and the degree of their saturation
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Fig. 4. Dependence of the operating time of a heating surface on the heat-
transfer coefficient (a) and the critical heat flow (b) in the case of boiling of
fuels in a large vessel: 1) data of the present work (TS-1, 12Kh18N9T); 2)
data of [10] (T-6, RT, n-octane, C7—Cqq mixture, 12Kh18N9T). T, h.

with gas). The time of run-in of a heating surface, determined by such a large number of factors, can be estimated
only on the basis of experimental data (the proportionality coefficient of g) with account for the properties of its ma-
terial and the technology of its production or, in the first approximation, by the time of deactivation of the vapor-for-
mation centers determined by the calculated adsorption of the vapor-gas inclusions on the heat-release surface. The
local instability of the vapor formation and the turbulent heat transfer in the liquid-wall system lead to the formation
of local temperatures and heat flows in the near-wall regions of the liquid flow and the solid wall, influencing the
boiling process [11]. This influence is characterized by the ratio between the heat-absorption coefficient of the liquid
and the wall

A =GP/ €PNV 2,

and by the depth of penetration of heat pulsations into the heater material. According to the data of [12], a ~ A% in
the first approximation and, according to the data of [13], this dependence for cryogenic liquids is even stronger.

The total influence of various factors on the integral characteristics of boiling can be quantitatively estimated
using a traditional method of experimental-data generalization — introduction of the coefficient Kg, into the computa-
tiona relations for a” or the dimensionless quantities Nu™

n_ r n_ r
o =Kg @ or Nu =Ky, Nu,

where o' and Nu" are the heat-transfer coefficient and the Nusselt number of a run-in surface with definite charac-
terigtics.

In our opinion, more important parameters (than the run-in time) are the relation between the characteristics
of boiling on a run-in surface (i.e., known stable parameters) and the characteristics of boiling on an unrun surface and
their dependence on such important factors as the underheating of the liquid to its saturation temperature, the pressure
of the liquid, and others. Therefore, we have investigated the characteristics of boiling of the TS-1 fuel on new and
run-in heat-release surfaces.

To anayze the influence of the operating time of a heating surface on the boiling characteristics of a hydro-
carbon fuel in more detail, we considered works devoted to investigating the influence of the operating time of such
a surface on the boiling characteristics of different liquids, water in part.

For any heat-exchange surface, the transfer of heat from it to a boiling liquid becomes stable after a certain
time of its operation. The available literature data on the heat transfer in the process of nucleate boiling on run-in and
unrun surfaces were obtained for a very narrow range of heat loads and are fragmentary in character [14, 15].

To identify run-in and unrun surfaces, we have experimentaly investigated the influence of the run-in time on
Jerp @nd a in the process of boiling of kerosene and water. It has been established that in the process of local boiling
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Fig. 5. Temperature dependences of the heat-flow density in the case of boil-
ing of water on new (@) and run-in (b) surfaces: 1) data of [14]; 2) data of
[15]; 3) data of [17]; 4) data of the present work. The points denote the de-
pendences for water. q, MW/mZ; T, K.

Fig. 6. Dependences of the heat-transfer coefficient on the heat-flow density in
the case of bailing of water on new (1-4) and run-in (5-9) heating surfaces: |
= 110 mm and Fp= 215 (1-3), 110 mm and 4.59 (4, 5), 110 mm and 21.5
(5-8), and 25 mm and 3.25 (9) (1, 2, 46, and 9 were obtained for the dis-
tilled water; 3, 7, and 8 were obtained for the tap water; 1, 3-5, 7, and 9 were
obtained at a horizontal disposition of the tube; 2, 6, and 8 were obtained at a
vertical disposition of the tube). Nup = 0.24Re%65Pr1/3 (a), Nug = 0.125
Re2PrY2 (). a, W/(M?K); g, MW/m?.

of the TS-1 fuel with gioc = 0.06 MW/mZ, the values of qgq stabilize after 60—70 min (see Fig. 1). The bubbles of
absorbed air, gas, and dissolved oxygen arising and collapsing in the fuel and the carbon deposits are responsible for
the appearance of a hydrodynamic instability at much lower heat loads. The critical heat load on a new surface is ap-
proximately two times lower and its heat-transfer coefficient is 1.4 times higher than those of a run-in surface.

In the process of local boiling of distilled water with gjoc = 0.2-0.3 MW/mZ, the values of g and a stabi-
lize after 15-20 min (8-10 min for tap water) and become conventiona for these conditions [7]. The critical heat load
on a new surface is approximately three times lower and the heat-transfer coefficient is two times larger than those of
a run-in surface.

The run-in of a surface and determination of its heat-transfer coefficient were carried out with the use of dif-
ferent vessels. For "purity” of the experiments, each series of experiments was conducted with a new portion of kero-
sene. These experiments were described in more detail in [5, 6].

Figure 5 shows the curves of boiling of a saturated ditilled water on the new (a) and run-in (b) surfaces.
This figure also presents the data obtained by other investigators. The experimental data on a of the new and run-in
surfaces, generdized with the use of the criterion equation proposed by D. A. Labuntsov in [6], are presented in Fig.
6. He proposed the following criterion equation for the heat-transfer coefficient on a new surface:

Nu;=0.24 Re2® pr/?

The results of our experiments are in good agreement with this dependence.
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Fig. 7. Temperature dependence of the heat-flow density in the case of boiling
of the TS-1 kerosene at atmospheric pressure: 1) equation of [2]; 2) boundary
of the Kutateladze equation [14&; 3-5) data of the present work [3) generaliz-
ing dependence, a = 0.1978%1%:; 4) run-in surface; 5) new (unrun) surface]. q,
kW/m?, T, K.

Figure 7 presents the experimental data on the heat transfer on the new and run-in surfaces, generalized using
the equation proposed in [2]: a = 0.19780-106

CONCLUSIONS

1. Our investigations have shown that, in the case of boiling of liquids on a heating surface, the values of
derp @and o for the new and run-in surfaces differ significantly due to not a single but a totaity of physical effects
arising in the process of run-in of the surface. The main of these processes are

(&) removal of the absorbed air from the microcracks (this process is of great importance and manifests itself
more pronouncedly at the initial stage of run-in);

(b) appearance of deposits causing a change in the density of vapor-formation centers;

(c) appearance of a scale microlayer decreasing the wetting angle and increasing Qgrq.

The run-in time should be determined on the basis of experimental data or, in the first approximation, by the
time of deactivation of the vapor-formation centers determined by the absorption of vapor-gas inclusions on the heat-
release surface.

2. The values of g1 and a of the TS-1 kerosene and water boiling on heaters different in shape and size
were determined experimentally. Experimental dependences of the boiling characteristics of these liquids on the heat
load changing in a wide range (from the onset of boiling to the heat-transfer crises) have been obtained for new and
run-in surfaces.

3. The experimental data on the heat transfer in the process of boiling of kerosene on a new surface were
generalized using the equation involving dimensionless quantities that was developed for jet fuels in [2], and the analo-
gous data for water were generalized using the criterion equation involving a system of similarity numbers proposed
in [16].

NOTATION

a, thermal diffusivity, mzlsec; B = r(vp")?’/ 2/(0()\T91)1/2), dimensionless quantity; c, specific heat capacity,
J(kglK); d, diameter, mm; F, area of the heat-release surface, mm2; Fo= F:slu/r2 = (g(p—p)/o)l/z, dimensionless area
of the heat-release surface; g, gravitational acceleration, m/sec2; J, current strength, A; K, proportionality coefficient; I,
working length, mm; I = cp'chsur(rp)_z, dimensionless length; p, pressure, MPa; g, heat flow density, W/m2; Oerls
first critica density of the heat flow, W/mz; r, heat of evaporation, Jkg; T, temperature; K; a, heat-transfer coeffi-
cient, W/(m?K): o = aWwoTe)Y3(A\g)?3, dimensionless coefficient of heat transfer; 8, thickness of the wall, mm;
A, ratio between the heat-absorption coefficients of the wall and the liquid; A, heat-conductivity coefficient, W/(m(K);
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p, density, kg/m3; o, surface-tension coefficient, N/m; T, time, sec; v, kinematic-viscosity coefficient, mzlsec; Nug =
alyA', Nusselt number; Req = ol{(rp"'v"), Reynolds number; Pr = v'/a, Prandtl number. Subscripts: crd, first boiling
crisis; loc, loca boailing; lig, liquid; sur, surface; sat, saturation; out, outer surface, pr, preliminary; *, dimensionless
quantity; w, wall. Superscripts: n, new (unrun); r, run-in; * and ", quantity for liquid and vapor.

REFERENCES

1

10.

11

12.

13.

14.

15.

16.

17.

560

O. N. Favorskii and R. |. Kurziner, Development of air-breathing jet engines for high-speed flight aviation —
synthesis of achievements in different branches of science and technology, Teplofiz Vys. Temp., 28, No. 4,
793-803 (1990).

V. V. Yagov, L. S. Yanovskii, F. M. Galimov, and A. V. Timoshenko, Heat transfer in nucleate boiling of jet
fuds, Teplofiz. Vys. Temp., 32, No. 6, 867-872 (1994).

A. F. Dregdin, V. A. Altunin, O. Yu. Pavlov, and O. Kh. Yagofarov, Study of the possibility of intensification
of the heat transfer processes and prevention of the deposit formation in power plants of screen-planes, 1zv.
Vyssh. Uchebn. Zaved., Aviats. Tekhnika, No. 2, 69-77 (1995).

S. G. Obukhov, The influence of working time of the surface on critical heat flux, Trans. ASME, J. Heat
Transfer, 25, No. 1, 97-102 (1993).

S. G. Obukhov, The influence of the run-in of a surface on the critical heat flux in nucleate bailing, Izv. Vyssh.
Uchebn. Zaved. Energ. Ob'edin. SNG, Energetika, Nos. 7-8, 62-66 (1997).

S. G. Obukhov, Critical heat flux on new and run-in surfaces of different geometry, Izv. Vyssh. Uchebn. Zaved.,
Aviats. Tekhnika, No. 1, 6873 (1998).

S. G. Obukhov, The influence of the time of contact of a heat-release surface with kerosene and water on the
critical heat flux under the conditions of stationary and stepwise heat release, 1zv. Vyssh. Uchebn. Zaved.,
Aviats. Tekhnika, No. 3, 26-29 (2001).

F. M. Gdimov, Heat Transfer in Boiling of Jet Fuels under Natural Convection Conditions, Candidate Disser-
tation (in Engineering), Kazan' (1991).

A. P. Ornatskii and L. F. Glushchenko, Method of determining the critical heat-flux density in a test element
heated by electric current, 1zv. Kievsk. Politekhn. Univ., 30, No. 2, 78-84 (1960).

T. N. Shigabiev, L. S. Yanovskii, F. M. Gaimov, and V. F. Ivanov, Endothermal Fuels and Working Bodies
of Power and Power Engineering Plants [in Russian], KGTU, Kazan' (1996). '

S. S. Kutatdladze, Heat Transfer and Hydraulic Resistance: Handbook [in Russian], Energoatomizdat, Moscow
(1990).

A. K. Gorodov and V. V. Yagov, Influence of the material of a heating surface on the boiling heat at pressures
lower than atmospheric pressure, Tr. MEI, Issue 347, 113-118, Moscow (1977). '

V. A. Grigor'ev, Yu. M. Pavlov, and E. V. Ametistov, Boiling of Cryogenic Fluids [in Russian], Energiya,
Moscow (1977).

S. S. Kutateladze, Heat Transfer in Condensation and Boiling [in Russian], Mashgiz, Moscow-Leningrad
(1952).

P. Croider and Y. Finelborgo, Experiment on pool boiling heat transfer, Trans. Amer. Inst. Chem. Eng., 23,
437-438 (1937).

D. A. Labuntsov, Generalized relations for heat transfer in nucleate boiling, Teploénergetika, No. 5, 79-81
(1960).

V. S. Golovin, B. A. Kol’chugin, and D. A. Labuntsov, Study of heat transfer and critical heat loads in boiling
of liquids under the conditions of free motion on surfaces made of different materials, Tr. TsKTI, Issue 58, 34—
46, Leningrad (1965).



