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A boiling curve has a functional relationship between the transferred heat flux and surface temperature of the heated wall. The maximum heat flux is usually called Critical Heat Flux in a boiling curve. Critical Heat Flux (CHF) is the maximum rate of thermal energy that can be transferred per surface area. Dryout and departure from nucleate boiling (DNB) distinguish two types of Critical Heat Flux associated with different speeds of the temperature rise followed by burnout. The Critical Heat Flux temperature is also called temperature for departure from nucleate boiling, burnout temperature. 

Critical Heat Flux and the Critical Heat Flux temperature have been measured with a test section, which was made of Inconel 600 and designed with 8 mm OD, 170 mm length and 1 mm wall thickness. Two flanges have been welded directly to the ends of the tube and served as power clamps for the electrical power supply unit (15V, 2500A, DC). The wall temperature of the test section was detected using ten thermocouples fixed with laser weld onto the outer tube wall. During the measurements, the heating power at the test section was carefully increased with time, until CHF was reached and the power to the test section was switched off as soon as one of the thermocouples fixed onto the tube perceived a rise in the wall temperature beyond a present value due to exceeding the peak of removable heat flux. 

In fact, the measurements were carried out in a vertical tube at up flow with water at mass flow rates of 50-400 kg/m2s at low pressure (1.0-7.0 bar) and subcooling up to 70 K. However, in this study the results that were obtained at atmospheric pressure for mass flow rates of 300-400 kg/m2s will be discussed. Dryout generally occurs at the outlet of the test section. However, it has also been observed that the temperature initially rises in the middle of the tube at atmospheric pressure for mass flow rates of 300-400 kg/m2s. 

Wall temperatures can be used to determine flow characteristics. There are some models such as by Schroeder-Richter and Bartsch (1994), Thom et al. (1965), Weber (1990) and Carbajo (1985).

Schroeder-Richter & Bartsch (1994) have obtained a model prediction the wall temperature corresponding to CHF. They reported their model was based on bubble models and thus predicts DND (Departure from Nucleate Boiling) rather than dryout mechanism. The following expression is given by Schroeder-Richter & Bartsch (1994) for water:
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Thom et al. (1965) proposed the following prediction model:
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Eq.(2) was developed from water data in the pressure range of 6,9 to 172,3 bar. However, it may be extended to lower pressures.

Carbajo (1985) proposed for pressure up to 0,4 MPa the following expression:
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The following prediction model has been developed by Weber (1990). The wall superheat depends on not only pressure also mass flux too. 
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A comparison of different correlations is presented in figure 1. This figure shows that all of the prediction models tend to increase in wall superheat at CHF except Weber prediction (Eq.4). Our measured data is obtained at mass flux of 300 kg/m2s shows a good agreement with Weber prediction (Eq.4). Weber correlation is calculated for a mass flow rate of 300 kg/m2s in figure 1.

Another way to identify flow pattern is to show data in a diagram CHF versus critical quality. It is observed that CHF occurred at the some parameter in the middle of the test section or closer to the inlet of the tube.

Figure 2a shows that CHF occurs for the mass flow rate 400 kg/m2s in the middle of the test section at atmospheric pressure but at 7 bar at the end of the test section (fig.2b). 

Figure 3a shows CHF occurs only for low subcooling in the middle of the test tube at pressure of 1 bar for the mass flow rate 300 kg/m2s but at 7 bar at the end of the tube (Fig.3b).
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Figure 1: Pressure dependence of wall superheat at critical heat flux.
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Figure 2: CHF versus critical quality at G=400 kg/m2s
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Figure 3: CHF versus critical quality at G=300 kg/m2
Figure 2b and 3b show data that CHF observed at pressure of 7 bar at the end of the test section. The CHF data versus critical quality tend to be vertical which is defined limiting quality phenomenon. In the figure 2 and 3 Eq.5 is a correlation for the limiting quality at CHF is given by Yildiz (1998) following:
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In the case, CHF occurred in the middle of the test section or closer to the inlet of the tube, the inside wall temperature of the test section has been calculated, because we measured the outside wall temperature of the tube.

A model by Schroeder Richter and Bartsch (1994) has been compared with the temperature measured. The inner wall temperature shows a good agreement with the predicted wall temperature DNB. The CHF temperatures from our measurements, which have been observed in the middle of
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Figure 4: Comparison of the measured CHF temperature with the correlation.

the test section or closer to the inlet of the test section are also compared with the other CHF temperature models in literature, such as Carbajo (1985) and Weber (1990). Carbajo correlation (Eq.3) shows a disagreement with our data. However, Weber correlation (Eq.4) also shows relative close to Eq.1. Unfortunately, we do not have CHF data except at the atmospheric pressure, which are observed in the middle of the tube or closer to inlet them. 

Figure 5 shows dependence of wall superheat at CHF on subcooling for the mass flux 300 kg/m2s. 

Both Weber (1990) and Schroeder-Richter & Bartsch (1994) correlations show a good agreement. But Carbajo (1985) predicted critical heat flux temperature lower than other.

In this study measurements were repeated at least three times for every experimental parameter to be precise.

The results will be discussed in more detail.
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Figure 5: Wall superheat at critical heat flux versus subcooling for the mass flux 300 kg/m2s.

KEYS: CHF Temperature, DNB, up flow, water

NOMENCLATURE

CHF
critical heat flux

DNB
departure from nucleate boiling

G
     
mass flux, mass flow rate, kg/m2s

h
     
enthalpy, J/kg

hfg      
latent heat of vaporization, J/kg, kJ/kg

P
     
pressure, bar

q        
heat flux, (W/cm2)

xl
     
limiting quality

T     
temperature, K, (C

(  

surface tension 

(  

density, kg/m3
g 

gravitational acceleration m/s2
x 
quality
Subscripts

c        
critical

l         
liquid

g
gase

s         
saturated

E
exit
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																																												45.5427178931		10.8

																																												45.3507250236		17.2

												Mass-Str				EintrittsUnt		schroeder		weber		Jarbajo																						51.0956503173		18.9

												300				4.8		43.0726954222		46.9005320278		28.541																						49.7833059054		23.7

												304.17				5.1		42.741632399		46.770784046		28.6625																						50.7371502244		22.4

												302.89				5.6		43.2578714319		46.1083840322		28.5281																						51.073484557		71.8

												308.77				7.1		43.779006397		45.9329236304		28.3937																						0

												309.6				10.8		43.2578714319		46.1083840322		28.5281																						0

												295.84				11.4		42.2672746718		46.7715050434		28.8926																						400

												293.48				14.8		42.8881532052		45.9386853336		28.5539																						440

												297.59				15.1		43.2578714319		45.7797715519		28.5281																						0

												302.23				17.2		43.9039933901		51.6576514985		28.3851

												400.75				19.5		43.9039933901		51.6576514985		28.3851

												398.1				49.9		43.1960755408		52.5315902784		28.5324

												402.13				44.8		42.1459884595		54.6547014614		28.9012

												399.21				49.6		43.134350231		52.713629865		28.5367

												398.93				18.9		44.3252124048		51.0956503173		27.8636

												387.25				23.7		44.598586468		49.7833059054		28.4335

												407.25				22.4		44.8151711943		50.7371502244		28.5163

												396.01				71.8		44.0838369804		51.073484557		28.3722

								EintrittsUnt				Cp		xchf		hfg																		schroeder								carbajo		weber		Carbajo				Weber

				1.33		380.5		4.8		302.89		4.228		0.035		2236.447		107.5569472		952.80519616		0.77018768		4.228335104		0.0574463414		2236.4466592		71.7117921746		422.5		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		46.8720410957		28.5281				4.228

				1.33		380.5		5.1		302.89				0.099				107.5569472		952.80519616		0.77018768		4.228335104		0.0574463414		2236.4466592		71.7117921746		422.5		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		46.9201856777		28.5281				0

				1.33		380.5		5.6		302.89				0.106				107.5569472		952.80519616		0.77018768		4.228335104		0.0574463414		2236.4466592		71.7117921746		422.5		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		47.0005365653		28.5281				0

				1.33		380.5		7.1		302.89				0.028				107.5569472		952.80519616		0.77018768		4.228335104		0.0574463414		2236.4466592		71.7117921746		422.5		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		47.2424157772		28.5281				0

				1.33		380.5		10.8		302.89				0.035				107.5569472		952.80519616		0.77018768		4.228335104		0.0574463414		2236.4466592		71.7117921746		422.5		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		47.8443867114		28.5281				0

				1.33		380.5		11.4		302.89				0.102				107.5569472		952.80519616		0.77018768		4.228335104		0.0574463414		2236.4466592		71.7117921746		422.5		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		47.942723841		28.5281				0

				1.33		380.5		14.8		302.89				0.093				107.5569472		952.80519616		0.77018768		4.228335104		0.0574463414		2236.4466592		71.7117921746		422.5		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		48.5037975809		28.5281				0

				1.33		380.5		15.1		302.89				0.091				107.5569472		952.80519616		0.77018768		4.228335104		0.0574463414		2236.4466592		71.7117921746		422.5		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		48.5536182203		28.5281				0

				1.33		380.5		17.2		302.89				0.035				107.5569472		952.80519616		0.77018768		4.228335104		0.0574463414		2236.4466592		71.7117921746		422.5		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		48.9037984939		28.5281				0
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				P		Ts		EintrittsUnt		Mass-Str		Tdnbgem		xchf		zchf		T		Ros								Rog		Cp		SIG		Hfg		G*		Tschroed		Thom		Jens-Lottes		Weather		Carbajo		Weber		Tdnbgem

				1.3		379.9		4.8		300		427.8		0.035		0.015		106.8413272		953.33406016								0.75383468		4.227261704		0.0575858924		2238.3645892		71.7400261091		422.9726954222		380.6720418391		384.4732734865		384.5081116057		408.441		423.2051386559		427.8

				1.25		378.8		5.1		304.17		419.6		0.099		0.035		105.6486272		954.21550016								0.72657968		4.225472704		0.0578184774		2241.5611392		73.996627479		421.541632399		379.5664303175		383.358988883		383.408553786		407.4625		417.8978991537		419.6

				1.33		380.5		5.6		302.89		422.5		0.106		0.035		107.5569472		952.80519616								0.77018768		4.228335104		0.0574463414		2236.4466592		71.7117921746		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		418.558893909		422.5

				1.41		382.2		7.1		308.77		427.2		0.028		0.015		109.4652672		951.39489216								0.81379568		4.231197504		0.0570742054		2231.3321792		71.2611610489		425.979006397		382.9836455457		386.8022543969		386.8042694533		410.5937		425.863047541		427.2

				1.18		377.2		11.4		295.84		423.9		0.102		0.035		103.9788472		955.44951616								0.68842268		4.222968104		0.0581440964		2246.0363092		73.8094505446		419.4672746718		377.9581854313		381.7376973785		381.8076586632		406.0926		416.08677237		423.9

				1.27		379.3		14.8		293.48		419.8		0.093		0.035		106.1257072		953.86292416								0.73748168		4.226188304		0.0577254434		2240.2825192		70.9016439943		422.1881532052		380.0687016538		383.8647913039		383.9084807317		407.8539		418.121630555		419.8

				1.33		380.5		15.1		297.59		420.5		0.091		0.035		107.5569472		952.80519616								0.77018768		4.228335104		0.0574463414		2236.4466592		70.4569719477		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		419.327638456		420.5

				1.43		382.6		19.5		400.75		430.6		0.154		0.075		109.9423472		951.04231616								0.82469768		4.231913104		0.0569811714		2230.0535592		91.9221724558		426.5039933901		383.3856532073		387.2071892738		387.203177895		410.9851		421.6912370654		430.6

				1.32		380.3		49.9		398.1		417.5		0.137		0.095		107.3184072		952.98148416								0.76473668		4.227977304		0.0574928584		2237.0859692		94.5652414659		423.4960755408		381.0742253395		384.8787851917		384.9076977162		408.8324		421.2947786349		417.5

				1.16		376.8		44.8		402.13		422.1		0.098		0.075		103.5017672		955.80209216								0.67752068		4.222252504		0.0582371304		2247.3149292		101.0817955442		418.9459884595		377.5557413016		381.3313182616		381.4070569698		405.7012		422.5712076495		422.1

				1.31		380.1		49.6		399.21		420.8		0.087		0.075		107.0798672		953.15777216								0.75928568		4.227619504		0.0575393754		2237.7252792		95.1449177702		423.234350231		380.8731378486		384.6760433955		384.707921152		408.6367		425.133382736		420.8

				1.48		383.6		10.8		309.6		421		0.088		0.035		110.8616552		950.318784								0.8516228		4.233477152		0.056796216		2227.510464		69.9536246601		427.8032470472		384.3906827462		388.2195141456		388.2042221751		411.9636		422.4368966867		421

				1.44		382.8		17.2		302.23		422.7		0.077		0.035		110.1375752		950.886464								0.8302788		4.232246192		0.056941036		2229.501744		69.1058290122		426.7646704832		383.5867052521		387.4097943075		387.4032789227		411.1808		422.2508725029		422.7

				1.48		384.1		18.9		398.93		433.1		0.061		0.035		110.8616552		950.318784								0.8516228		4.233477152		0.056796216		2227.510464		90.1375952379		428.4252124048		384.8906827462		388.7195141456		388.7042221751		411.9636		429.8544645428		433.1

				1.55		384.9		23.7		387.25		427.8		0.049		0.035		112.1287952		949.325344								0.8889748		4.235631332		0.056542781		2224.025724		85.7596714342		429.498586468		385.6973915893		389.5357006031		389.5049343753		413.3335		430.4581578855		427.8

				1.59		385.6		22.4		407.25		428.5		0.054		0.035		112.8528752		948.757664								0.9103188		4.236862292		0.056397961		2222.034444		89.1962579803		430.4151711943		386.4010885699		390.2445053709		390.2048338364		414.1163		431.6127433887		428.5

				1.46		383.2		71.8		396.01		425		0.057		0.075		110.4996152		950.602624								0.8409508		4.232861672		0.056868626		2228.506104		90.0081350057		427.2838369804		383.9887074942		387.8146984825		387.8038009612		411.5722		429.2669360037		425

				P		T		Eintritts		Ros		Rog		Cp		SIG		Hfg		G*		0		0		0		Tsch		Thom		Carbajo		Carbajo		Weber

				1.0132		100		20		958.39		0.5975		4.217		0.05892		2256.7		80.0113329358				1.0132				41.0632101923		25.0434882603		29.828324				51.978911164		1.0132		47.9				17.2		302.23		422.7

				1.4324		110		20		951		0.82601		4.232		0.05697		2229.9		68.762080903				1.4324				44.004499775		28.4443281661		28.032068				48.4867322675		1.4324

				1.9848		120		20		943.16		1.1208		4.249		0.05497		2202.4		59.6885822906				1.9848				47.1216312417		31.9075433532		28.842536				45.7069539686		1.9848

				2.7		130		20		934.88		1.4954		4.267		0.05294		2174		52.2834422087				2.7				50.4323568989		35.369522215		32.839				43.3964006522		2.7

				3.6119		140		20		926.18		1.9647		4.288		0.05086		2144.6		46.1868669149				3.6119				53.9547659216		38.743027899		40.684883				41.3947788992		3.6119						1.44		39.9

				4		143.47		20		922.83		2.161		4.296		0.0501		2134.317		44.2477618405				4				55.22523013		39.936506359		44.81		28.1417964014		40.7215025122

				4.7572		150		20		917.06		2.5454		4.312		0.04875		2114.1		41.1182542066				4.7572				57.709724238		41.9480509816				30.9713338031		39.5834937197		4.7572

				6.1766		160		20		907.5		3.2564		4.339		0.0466		2082.3		36.8695035429				6.1766				61.7247736626		44.8877071213				37.3662909615		37.8751450532		6.1766

				7.9147		170		20		897.51		4.1181		4.369		0.04441		2049.2		33.2831837557				7.9147				66.0252327016		47.4639235026				45.5590561124		36.2033030256		7.9147

				10.019		180		20		887.06		5.1539		4.403		0.0422		2014.5		30.2309858224				10.019				70.652091582		49.5878244547				55.0971924657		34.5144633833		10.019

				12.542		190		20		876.15		6.3896		4.443		0.03995		1978.2		27.6209151433				12.542				75.6418489767		51.1565925962				65.3753874489		32.768473265		12.542

				15.536		200		20		864.74		7.8542		4.489		0.03768		1940.1		25.3743289008		90		15.536		90		81.0465495381		52.096844535				75.6369224187		30.9314374182		15.536

																																																		57.6

																																Weber						weber						19.5		400.75		430.6		57.6

																														0		48.5759266909				0		54.7777490689						49.9		398.1		417.5		44.5

																														10		50.2621388658				10		56.6792445974						44.8		402.13		422.1		49.1

																														20		52.0068843863				20		58.6467465849						49.6		399.21		420.8		47.8

																														30		53.8121951154				30		60.6825463081						18.9		398.93		433.1		60.1

																														40		55.6801734484				40		62.7890145808						23.7		387.25		427.8		54.8

																														50		57.6129947607				50		64.9686045146						22.4		407.25		428.5		55.5

																														60		59.6129099413				60		67.2238543757						71.8		396.01		425		52

																														70		61.6822480142				70		69.557390541
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				1.41		382.2		7.1		308.77		427.2		0.028		0.015		109.4652672		951.39489216		0.81379568		4.231197504		0.0570742054		2231.3321792		71.2611610489		427.2		425.979006397		382.9836455457		386.8022543969		386.8042694533		410.5937		428.1329236304		427.2		7.1
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				1.33		380.5		15.1		297.59		420.5		0.091		0.035		107.5569472		952.80519616		0.77018768		4.228335104		0.0574463414		2236.4466592		70.4569719477		420.5		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		426.2797715519		420.5		15.1
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				1.32		380.3		49.9		398.1		417.5		0.137		0.095		107.3184072		952.98148416		0.76473668		4.227977304		0.0574928584		2237.0859692		94.5652414659		417.5		423.4960755408		381.0742253395		384.8787851917		384.9076977162		408.8324		432.8315902784		417.5		49.9

				1.16		376.8		44.8		402.13		422.1		0.098		0.075		103.5017672		955.80209216		0.67752068		4.222252504		0.0582371304		2247.3149292		101.0817955442		422.1		418.9459884595		377.5557413016		381.3313182616		381.4070569698		405.7012		431.4547014614		422.1		44.8

				1.31		380.1		49.6		399.21		420.8		0.087		0.075		107.0798672		953.15777216		0.75928568		4.227619504		0.0575393754		2237.7252792		95.1449177702		420.8		423.234350231		380.8731378486		384.6760433955		384.707921152		408.6367		432.813629865		420.8		49.6

				1.48		383.6		10.8		309.6		421		0.088		0.035		110.8616552		950.318784		0.8516228		4.233477152		0.056796216		2227.510464		69.9536246601		421		427.8032470472		384.3906827462		388.2195141456		388.2042221751		411.9636		429.1427178931		421		10.8

				1.44		382.8		17.2		302.23		422.7		0.077		0.035		110.1375752		950.886464		0.8302788		4.232246192		0.056941036		2229.501744		69.1058290122		422.7		426.7646704832		383.5867052521		387.4097943075		387.4032789227		411.1808		428.1507250236		422.7		17.2

				1.48		384.1		18.9		398.93		433.1		0.061		0.035		110.8616552		950.318784		0.8516228		4.233477152		0.056796216		2227.510464		90.1375952379		433.1		428.4252124048		384.8906827462		388.7195141456		388.7042221751		411.9636		435.1956503173		433.1		18.9
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				1.33		380.5		4.8		302.89		4.228		0.035		2236.447		107.5569472		952.80519616		0.77018768		4.228335104		0.0574463414		2236.4466592		71.7117921746		422.5		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		46.8720410957		28.5281				4.228

				1.33		380.5		5.1		302.89				0.099				107.5569472		952.80519616		0.77018768		4.228335104		0.0574463414		2236.4466592		71.7117921746		422.5		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		46.9201856777		28.5281				0

				1.33		380.5		5.6		302.89				0.106				107.5569472		952.80519616		0.77018768		4.228335104		0.0574463414		2236.4466592		71.7117921746		422.5		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		47.0005365653		28.5281				0

				1.33		380.5		7.1		302.89				0.028				107.5569472		952.80519616		0.77018768		4.228335104		0.0574463414		2236.4466592		71.7117921746		422.5		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		47.2424157772		28.5281				0

				1.33		380.5		10.8		302.89				0.035				107.5569472		952.80519616		0.77018768		4.228335104		0.0574463414		2236.4466592		71.7117921746		422.5		423.7578714319		381.2753044132		385.0814992417		385.1074417195		409.0281		47.8443867114		28.5281				0
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