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Three methods of dissolution (washing off) of deposits on the surface of heat-exchange channels have been
considered.
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Introduction. Deposits of scale (hard salts as a rule) in tubes of boiler water walls are usually removed
chemically by circulation of an acid solution. For this purpose one has to stop boilers for a certain period of time, to
disconnect them from the mains, to organize a system for circulation of the solution, and to monitor the process of
dissolution of deposits, preventing corrosion of the tube metals. This brings up the question of whether these labor-
consuming operations can be avoided.

The possibility of washing surface deposits off without their chemical damage is assumed from the mechanism
of the reversible process of scaling and dissolution of deposits in heat-exchange channels. Indeed, the process of depo-
sition of the impurity from the aqueous solutions on the heat-exchange surface is the crystallization of the substance
on condition that the solution is saturated and supersaturated near the surface, i.e., under the conditions where the solu-
bility of the impurity turns out to be lower than its concentration in the solution: Sw ≤ Cwat.

For hard salts (CaCO3, CaSO4, and MgCO3) dissolved in boiler water and having a negative temperature
solubility coefficient, such conditions are often created in heated boiler tubes. In these cases we have the precipitation
of the salt from a supersaturated solution and its fixation on the tube surface (crystallization). Thereafter the process
of deposition continues, since the substance is delivered to the surface by concentration diffusion in the flow, and the
motive force of the process is the concentration head (Cwat − Sw vector). As the deposit layer grows, the hydrodynamic
drift of the substance under the action of the flow increases and grows with flow velocity and layer thickness. The
specific flux of the substance onto the channel wall is determined from the equation

dm

dt
 = βwρ (Cwat − Sw) − 

Φw,δ
k

 .

Stabilization of the deposit layer in the stationary regime is attained when the substance flux onto the wall
βwρ(Cwat − Sw) becomes equal to the growing hydrodynamic drift Φ ⁄ κ in value. Such an approach to description of
the process of deposition (scaling) has been confirmed in [1–6]. In our experiments [4, 5], the appearance and accu-
mulation of deposits have been determined from the increase in the wall temperature of the heated channel. The adhe-
sion of the layers turned out to be low: the layers of the resulting deposits could move on the portions along the
surface, e.g., with change in the angle of inclination of the channel or in vibration (impacts on the wall) [4].

Solution of the Problem. Formation of impurity deposits and their dissolution by a solution flow are consid-
ered as reversible processes [7]. If the solubility of the substance near the channel surface (tube wall) Sw turns out to
be higher than Cwat (undersaturation of the solution), the inverse process, dissolution (washing off) of the substance
from the surface of the deposit layer, i.e., its passage into solution, begins. Subsequent removal of the substance from
the wall layer to the flow core is ensured by concentration diffusion.

Thus, the "undersaturation" of the solution at the wall is the condition of dissolution of the deposits:
Cwat < Sw [7]. The dissolution rate can be higher than the scaling rate, since both components of the substance flow
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point in one direction and are summed up. Creation of such conditions is ensured in two proposed methods of disso-
lution of deposits on the tube surface (methods 1 and 2).

Method 1. Reduction in the Thermal Load or Unloading the Boiler without the Cessation of Water Circula-
tion. In this method, the wall temperature is reduced (to the level of the water temperature for the density of the heat
flux absorbed by the tubes q = 0), because of which solubility in the wall (boundary) layer grows; the solution be-
comes unsaturated and capable of dissolving the substance from the layer surface. Head (Cwat − Sw) becomes the mo-
tive force of the process.

The reversible processes of formation and dissolution (washing off) of deposits are shown in Fig. 1. Here the
operating conditions of water-wall tubes of a heating boiler at a water temperature of 100oC and concentration of cal-
cium carbonate CaCO3 Cwat = 0.5 mg-eq ⁄ kg are considered as an example. The wall temperature of a water-wall tube,
which is dependent on the heat-flux density (Fig. 1b), determines the solubility of calcium carbonate (Fig. 1a). In the
region of regimes A (wall temperature higher than 130oC, solubility at the wall Sw lower than the content of salt
Cwat), the process of formation of a scale layer occurs. The wall temperature decreases with heat flux; for heat-flux
values lower than qb, Tw is no higher than 130oC. The solubility of the impurity exceeds the concentration of the so-
lution Cwat and the process of washing off begins (region of regimes B). The lower the wall temperature, the higher
the salt’s solubility and the concentration head and the higher the washing-off rate.

Such a process has been established visually in experiments with a glass portion of the "tube-in-tube" type.
With the solution of sodium sulfite Na2SO3 with a temperature of 40–42oC, whose velocity was 0.1 m ⁄ sec, we first
accumulated a deposit layer on the heated internal tube to a thickness of 1 mm and then dissolved it. After reducing
the thermal load, the layer dissolved in 25–28 min. Selection of sodium sulfite of high solubility in water turned out
to be quite appropriate, since it became possible to produce large concentration heads and to sharply reduce the dura-
tion of the experiments.

In experiments with the model of a boiler section [4], we measured the temperature regime of the heated lat-
eral side of length 350 mm in 14 cross sections with the use of a sodium-sulfite solution. At a solution temperature of
40–42oC, an average flow velocity of 0.07 m ⁄ sec, and heat-flux density q = 84 kW ⁄ m2, the temperature of the heat-
exchange surface began to grow from the level of 100oC when the concentration of the solution Cwat was brought to
0.225. For the head Cwat − Sw = 0.225 − 0.19 = 0.035, the growth in the temperature of this surface was 200–240oC
over an operating period of 3 h.

Fig. 1. Solubility of calcium carbonate Sw vs. tube-wall temperature Tw (a) de-
termined by the heat-flux density q (b) at Twat = 100oC and Cwat = 0.5. A,
region of scaling regimes (q ≥ qb), B, region of dissolution of deposits (q ≤ qb).
Sw and Cwat, mg-eq ⁄ kg; Tw, oC; q, kW ⁄ m2.
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At a fourfold reduction in the thermal load (to q = 21 kW ⁄ m2), the surface temperature in all cross sections
sharply dropped. The reduction in the temperature heads (Tw − Twat) was disproportionally larger than the decrease in
the heat fluxes, which points to washing the deposits off. But two hours of washing off turned out to be not enough
for the deposits to be washed off completely, since the concentration head was small: Cwat − Sw = 0.225 − 0.24 =
−0.015.

Method 2. Washing off with "Pure" Water (Boiler Water with a Low Concentration of Hardness Salts) without
Reduction in the Thermal Load. In this case, too, the solubility of the salt in the wall layer Sw can turn to be higher
than its concentration in the solution, and the flow will turn out to be capable of dissolving the solid substance from
the layer surface. Figure 2 illustrates such conditions for the water-wall tube of a heating boiler operating with a con-
stant load. At Tw = 150oC, the corresponding solubility of calcium carbonate in the wall layer is equal to Sw = 0.4
mg-eq ⁄ kg. The CaCO3 deposits were formed on the tube wall only when Cwat was higher than the boundary value
(region of regimes A at Tw > 150oC, solubility Sw lower than 0.4 mg-eq ⁄ kg). When the concentration of the salt in
the solution was lower than Cwat.b the solubility of the solid substance in the wall layer turned out to be higher that
Cwat, the concentration head changed its direction, and dissolution of the scale began (region B).

Such a case of "washing off in operation" was recorded in the initial operating period of the PK-41 supercriti-
cal-pressure boiler of a 300 MW power-generating unit of the Konakovo State Republic Electric-Power Station. On
disturbance of the unit’s operating regime (suction of cooling water into the condenser), which led to an increase in
the hardness of boiler water, the wall temperature in all cross sections of the water-wall tube on which the measure-
ments were performed increased 40oC from 520–530oC during 4 h. On elimination of the suctions and restoration of
the normal quality of water without changing the operating regime of the boiler, the tube-wall temperature returned to
its initial value.

"Self-washing" of deposits was investigated in the experiments of the G. M. Krzhizhanovskii Institute of
Power Engineering in metering out Volga water and solutions of hard salts into one water-wall tube of this boiler [8].
For a content of the CaSO4 salt of � 4.7 mg-eq ⁄ kg, the growth in the tube-wall temperature in the zone of maximum
heat fluxes was 17oC ⁄ h. When the metering out of the salt solutions was discontinued and the boiler’s operating re-
gime was virtually constant, a reduction in the tube-surface temperature, demonstrating the process of reverse passage
of the substances from the deposits into the heat-transfer agent, was observed in all experiments.

Method 3. Washing Deposits off Nonchemically. The operation of the heat-exchange surface is switched to the
regime of nucleate boiling. On initiation of boiling, growing and separating steam bubbles are formed on the surface
of the scale layer; they destroy the accumulated deposit layer. These regimes have been described in [4, 5] for flow
in vertical and horizontal channels and for pool conditions.

Fig. 2. Formation and dissolution of deposits in the tubes of a boiler operating
with a constant load at Cwat.b = 0.4 mg-eq ⁄ kg. A, region of scaling (Cwat.b > Sw),
B, region of dissolution of deposits (Cwat.b < Sw). Sw and Cwat, mg-eq ⁄ kg; Tw, oC.
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Conclusions. We have considered three methods of washing off (dissolution) deposits in heat-exchange chan-
nels nonchemically. All the given results on dissolution of scale layers have been obtained in the experiments with
"fresh" deposits. The scale layers are strengthened with time (adhesion grows), which makes it difficult to dissolve the
substance from the layer surface.

NOTATION

Cwat, concentration of the impurity in boiler water, mg-eq ⁄ kg; k, (dimensionless) adhesion coefficient; m,
mass of the deposited substance, kg ⁄ m2; q, heat-flux density, kW ⁄ m2; Sw, solubility of the impurity in the wall layer,
mg-eq ⁄ kg; T, temperature, oC; t, time, sec; βw, mass-exchange coefficient dependent on the hydrodynamics of the
flow, m ⁄ sec; ρ, density of the deposit layer, kg ⁄ m3; Φ, hydrodynamic drift of the substance from the layer surface,
kg ⁄ (m2⋅sec). Subscripts: w, wall; wat, water; b, boundary value; w, velocity of the water flow in the channel, m ⁄ sec;
δ, thickness of the deposit layer, m.

REFERENCES

1. E. I. Nevstrueva and I. M. Romanovskii, Investigation of scaling in forced motion of oceanic water, Teplofiz.
Vys. Temp., 9, No. 3, 461–465 (1971).

2. J. Taborek, T. Aoki, R. B. Ritter, and J. B. Knudsen, Fouling: the major unresolved problem in heat transfer,
Chem. Eng. Prog., 68, No. 7, 59–67 (1972).

3. D. Hasson, M. Avriel, and W. Resnik, Mechanism of calcium sulphate scale deposition on heat transfer sur-
faces, Industrial and EC Fundamental, 9, No. 1, 1–10 (1970).

4. B. Ya. Kamenetskii, Role of surface boiling in the process of formation of deposits in heat-exchange channels,
Teploe′nergetika, No. 12, 61–63 (1985).

5. B. Ya. Kamenetskii, Formation of deposits in boiling on horizontal surfaces, Teploe′nergetika, No. 8, 71–72
(1991).

6. B. Ya. Kamenetskii, Correlation of the characteristics of heat and mass transfer in channels, Teplofiz. Vys.
Temp., 23, No. 5, 1019–1022 (1985).

7. G. V. Aksel’rud and A. D. Molchanov, Dissolution of Solid Substances [in Russian], Khimiya, Moscow (1977).
8. E′. D. Egorov, Temperature Regime of Intensely Heated Tubes under the Conditions of Deposition of Impurities

at Supercritical Pressure, Authors’s Abstract of Candidate’s Dissertation (in Engineering), Moscow (1972).

317


	Abstract

	Introduction
	Solution of the Problem
	Conclusions
	NOTATION
	REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


