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COE-C2007 Thermodynamics & Heat Transfer, Spring 2024
Learning Exercise 3 
The exercise is to be completed independently (do not copy-paste from other students) and returned as a single pdf report with appropriate use of pictures and charts, as well as presentation of used equations in possible calculations. Name the uploaded pdf-file so that it tells the course, learning exercise number and your name, like Thermodynamics_LE1_Lastname.pdf
No single question/problem is compulsory, but a minimum of 50 % of points is required in order to pass the exercise. Also include your name and student number on the first page of the report. A proper length of an answer per question would be maximum 1 page. The time for answering this exercise is estimated not to exceed 8 hours, provided that you have attended lectures.
Return Deadline of LE1: Friday February 02, 2024, 23:55, in MyCourses.

Questions:
[bookmark: _Hlk61529795]1. A simple ideal Brayton cycle operates with air with minimum and maximum temperatures of 27°C and 727°C. It is designed so that the maximum cycle pressure is 2000 kPa and the minimum cycle pressure is 100 kPa. Use constant specific heats at room temperature. 
Properties: The properties of air at room temperature are cp=1.005kJ/kg.K and k=1.4.
(a) Draw the T-s diagram (5p).
(b) Determine the net work produced per unit mass of air each time this cycle is executed and the cycle’s thermal efficiency (15p).
[image: ]
Assumption 
1. Steady operating conditions exits.
2. The air-standard assumptions are applicable
3. Kinetical and potential energy changes are negligible
4. Air is an ideal gas with constant specific heats
Properties
The properties of air at room temperature are cp=1.005kJ/kg.K and k=1.4
Analysis 
Using the isentropic relations for an ideal gas,

Similarly,

Applying the first law to the constant-pressure heat addition process 2-3 produces

Similarly,


The net work production is then


and the thermal efficiency of this cycle is 


[bookmark: _Hlk61530207]2. A Carnot heat pump is to be used to heat a house and maintain it at 25°C in winter. On a day when the average out- door temperature remains at about 2°C, the house is estimated to lose heat at a rate of 55,000 kJ/h. If the heat pump consumes 4.8 kW of power while operating, determine (a) how long the heat pump ran on that day; (b) the total heating costs, assuming an average price of 0.11€/kWh for electricity; and (c) the heating cost for the same day if resistance heating is used instead of a heat pump. (20 p)

[image: ]
Analysis
(a) The coefficient of performance of this Carnot heat pump depends on the temperature limits in the cycle only, and is determined from 

The amount of heat the house lost that day is

Then the required work input to this Carnot heat pump is determined from the definition of the coefficient of performance to be

We know the total work generate from the pump and the power of the heat pump.
Therefore, 
(b) The total heating cost at that day is

(c) if the resistance heating were used, the entire heating load for that day would have to be met by electrical energy. Therefore, the heating system would consume 1320000kJ of electricity, that would cost

[bookmark: _Hlk61530669]
3. An ideal Otto cycle has a compression ratio of 8. At the beginning of the compression process, air is at 100 kPa and 17°C, and 800 kJ/kg of heat is transferred to air during the constant-volume heat-addition process. Accounting for the variation of specific heats of air with temperature, determine, 
(a) Draw the P-v (pressure-specific volume) and T-s (Temperature-entropy) diagram, (5p)
(b) the maximum temperature and pressure that occur during the cycle (5p) 
(c) the net work output (5p) 
(c) the thermal efficiency (5p)
[image: A brief history of the internal combustion engine - ENTHUSIASTS OF BRITISH  MOTOR VEHICLES BUILT BEFORE 1985]
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SOLUTION An ideal Otto cycle is considered. The maximum temperature and pressure, the net work output, the thermal efficiency, the mean effective pressure, and the power output for a given engine speed are to be determined.
Assumptions 
1 The air-standard assumptions are applicable. 
2 Kinetic and potential energy changes are negligible. 
3 The variation of specific heats with temperature is to be accounted for.
Analysis The P-v diagram of the ideal Otto cycle described is shown in above Figure. We note that the air contained in the cylinder forms a closed system.
(a) The maximum temperature and pressure in an Otto cycle occur at the end of the constant-volume heat-addition process (state 3). But first we need to determine the temperature and pressure of air at the end of the isentropic compression process (state 2), using data from following Table:

	Parameter
	

	
	290 K

	
	206.91kJ/kg

	
	676.1

	
	652.4K

	
	475.11kJ/kg

	
	1575 K

	
	6.108

	
	795.6 K

	
	588.74kJ/kg



Process 1-2 (isentropic compression of an ideal gas):


According to the idea gas law: . 

Therefore, 
Process 2-3 (constant-volume heat addition): 

According to the parameter given in the table 


We can get 
(b) The net work output for the cycle is determined either by finding the boundary (P dV) work involved in each process by integration and adding them or by finding the net heat transfer that is equivalent to the net work done during the cycle. We take the latter approach. However, first we need to find the internal energy of the air at state 4:
Process 3-4 (isentropic expansion of an ideal gas): 


Process 4-1 (constant-volume heat rejection):


Thus,

(c) The thermal efficiency of the cycle is determined from its definition: 

[bookmark: _Hlk61531194]
4. Steam is the working fluid in an irreversible Rankine cycle, the turbine and the pump each have an isentropic efficiency of 85%. Saturated vapor enters the turbine at 8.0 MPa and saturated liquid exits the condenser at a pressure of 0.008 MPa. The net power output of the cycle is 100 MW. analysis that. Determine for the modified cycle (a) the thermal efficiency, (b) the mass flow rate of steam, in kg/h, for a net  power output of 100 MW, (c) the rate of heat transfer Qin into the working fluid as it passes through the boiler, in MW, (d) the rate of W t / m heat transfer Qout from the condensing steam as it passes through the condenser, in MW, (e) the mass flow rate of the condenser cooling water, in kg/h, if cooling water enters the condenser at 15°C and exits as 35°C. 
[image: ]

Solution
Know 
A vapor power cycle operates with steam as the work- ing fluid. The turbine and pump both have efficiencies of 85%. 
Find 
Determine the thermal efficiency, the mass flow rate, in kg/h, the rate of heat transfer to the working fluid as it passes through the boiler, in MW, the heat transfer rate from the con- densing steam as it passes through the condenser, in MW, and the mass flow rate of the condenser cooling water, in kg/h. 
[image: ]
Assumptions:
1. Each component of the cycle is analyzed as a control volume at steady state. 
2. The working fluid passes through the boiler and condenser at constant pressure. Saturated vapor enters the turbine. The condensate is saturated at the condenser exit. 
3. The turbine and pump each operate adiabatically with an efficiency of 85%. 
4. Kinetic and potential energy effects are negligible. 
Owing to the presence of irreversibilities during the expansion of the steam through the turbine, there is an increase in specific entropy from turbine inlet to exit, as shown on the accom- panying T–s diagram. Similarly, there is an increase in specific entropy from pump inlet to exit. Let us begin the analysis by fixing each of the principal states. 
	State
	Parameter
	Value

	1
	
	2758.0 kJ/kg

	
	
	5.7432 kJ/kg ⋅ K

	2
	
	1794.8 kJ/kg

	3
	
	173.88 kJ/kg

	
	
	1.0084 × 10−3 m3/kg 

	
	
	146.68 kJ/kg

	
	
	62.99 kJ/kg


State 1 is the same as in Example 8.1, so h1 = 2758.0 kJ/kg and s1 = 5.7432 kJ/kg ⋅ K. 
The specific enthalpy at the turbine exit, state 2, can be determined using the isentropic turbine efficiency, 


where  is the specific enthalpy at state 2s on the accompanying T–s diagram. From the Table, h2s = 1794.8 kJ/kg. Solving for  and inserting known values 

State 3, h3 = 173.88 kJ/kg. 
To determine the specific enthalpy at the pump exit, state 4, reduce mass and energy rate balances for a control volume around the pump to obtain . On rearrangement, the specific enthalpy at state 4 is 

To determine  from this expression requires the pump work. Pump work can be evaluated using the isentropic pump efficiency: Solving for  results in 

The specific enthalpy at the pump exit is then 

a. The net power developed by the cycle is 

The rate of heat transfer to the working fluid as it passes through the boiler is

Thus, the thermal efficiency is 

b. With the net power expression of part (a), the mass flow rate of the steam is 

c.With the expression for Qin from part (a) and previously de- termined specific enthalpy values 


The rate of heat transfer from the condensing steam to the cooling water is 

e. The mass flow rate of the cooling water can be determined from 



5. Methane (CH4) at 25°C enters the combustor of a simple open gas turbine power plant and burns completely with 400% of theoretical air entering the compressor at 25°C, 1 atm. Products of combustion exit the turbine at 730 K, 1 atm. The rate of heat transfer from the power plant is estimated as 3% of the net power developed. Determine the net power developed, in MW, if the fuel mass flow rate is 20 kg/min. For the entering air and exiting combustion products, kinetic and potential energy effects are negligible (20p).
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solution 
Known Steady-state operating data are provided for a simple gas turbine power plant. 
Find The net power developed, in MW, for a given fuel mass flow rate. 
Engineering model 
1. The control volume identified by a dashed line on the accom- panying figure operates at steady state. 
2. Kinetic and potential energy effects can be ignored where mass enters and exits the control volume. 
3. The ideal gas model is applicable to the fuel; the combustion air and the products of combustion each form ideal gas mixtures. 
4. Each mole of oxygen in the combustion air is accompanied by 3.76 moles of nitrogen, which is inert. Combustion is complete. 
analysis The balanced chemical equation for complete com- bustion of methane with the theoretical amount of air is given by Eq. 13.4: 
CH4 + 2(O2 + 3.76N2 ) → CO2 + 2H2O + 7.52N2
For combustion of fuel with 400% of theoretical air 
CH4 + (4.0)2(O2 + 3.76N2) → aCO2 + bH2O + cO2 + dN2 
Applying conservation of mass to carbon, hydrogen, oxygen, and nitrogen, respectively, 
C: 1=a 
H: 4 = 2b 
O: (4.0)(2)(2) = 2a + b + 2c 
N (4.0)(2)(3.76)(2) = 2d 
Solving these equations, a = 1, b = 2, c = 6, d = 30.08.
The balanced chemical equation for complete combustion of the fuel with 400% of theoretical air is 
CH4 + 8(O2 + 3.76N2 ) → CO2 + 2H2O(g) + 6O2 + 30.08N2 
The energy rate balance reduces, with assumptions 1–3, to give

Since the rate of heat transfer from the power plant is 3% of the net power developed, we have Q = −0.03W . Accordingly, the energy rate balance becomes 

Evaluating terms, we get


where each coefficient is the same as the corresponding term of the balanced chemical equation and Eq. 13.9 has been used to evaluate enthalpy terms. The enthalpy of formation terms for oxygen and nitrogen are zero, and ∆h = 0 for each of the reactants because the fuel and combustion air enter at 25°C. 
With the enthalpy of formation for CH4(g) from Table A-25 


With enthalpy of formation values for CO2 and H2O(g) from Table A-25, and enthalpy values for CO2, H2O, O2, and N2 at 730 K and 298 K from Table A-23 

Using the molecular weight of methane from Table A-1, the molar flow rate of the fuel is 

Inserting values into the expression for the power

The positive sign indicates power is from the control volume. 
6. Your free feedback on the first weeks and time spent on this learning exercise. (This does not affect the grading)
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TABLE A-25 Thermochemical Properties of Selected Substances at 298K and 1 atm

Heating Values

Enthalpyof  Gibbs Function Absolute Higher, Lower,

Molar Mass, Formation, h  of Formation, Entropy, s° HHV LHV
Substance Formula M (kg/kmol) (kJ/kmol) g4 (kJ/kmol) (kJ/kmol-K)  (kJ/kg) (kJ/kg)
Carbon C(s) 12.01 0 0 5.74 32,770 32,770
Hydrogen H,(g) 2.016 0 0 130.57 141,780 119,950
Nitrogen N,(g) 28.01 0 0 191.50 — —
Oxygen 0,(g) 32.00 0 0 205.03 = =
Carbon monoxide CO(g) 28.01 -110,530 -137,150 197.54 — —
Carbon dioxide CO,(g) 44,01 —393,520 —394,380 213.69 — —
Water H,0(g) 18.02 —241,820 —228,590 188.72 — —
Water H,O(l) 18.02 —285,830 —237,180 69.95 — =
Hydrogen peroxide ~ H,0,(g) 34.02 -136,310 -105,600 232.63 — =
Ammonia NH;(g) 17.03 —46,190 -16,590 192.33 — —
Oxygen O(g) 16.00 249,170 231,770 160.95 — —
Hydrogen H(g) 1.008 218,000 203,290 114.61 — —
Nitrogen N(g) 14.01 472,680 455,510 153.19 — —
Hydroxyl OH(g) 17.01 39,460 34,280 183.75 — —
Methane CH,(g) 16.04 —74,850 -50,790 186.16 55,510 50,020
Acetylene C,H,(g) 26.04 226,730 209,170 200.85 49,910 48,220
Ethylene C,Ha(g) 28.05 52,280 68,120 219.83 50,300 47,160
Ethane C,He(g) 30.07 —84,680 -32,890 229.49 51,870 47,480
Propylene C3He(g) 42.08 20,410 62,720 266.94 48,920 45,780
Propane C3Hg(g) 44.09 -103,850 —23,490 269.91 50,350 46,360
Butane C4Hyo(g) 58.12 -126,150 -15,710 310.03 49,500 45,720
Pentane CsHy,(g) 72.15 —146,440 —-8,200 348.40 49,010 45,350
Octane CgHis(g) 114.22 —208,450 17,320 463.67 48,260 44,790
Octane CgHyg(l) 114.22 —249,910 6,610 360.79 47,900 44,430
Benzene CesHs(g) 78.11 82,930 129,660 269.20 42,270 40,580
Methanol CH3OH(g) 32.04 —200,890 -162,140 239.70 23,850 21,110
Methanol CH30H(l) 32.04 —238,810 -166,290 126.80 22,670 19,920
Ethanol C,HsOH(g) 46.07 —-235,310 -168,570 282.59 30,590 27,720

Ethanol C,H50H(l) 46.07 —2717,690 —-174,890 160.70 29,670 26,800
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TABLE A-23 Ideal Gas Properties of Selected Gases

Enthalpy h(T) and internal energy ii(T), in kJ/kmol. Absolute entropy at 1 atm 5°(T), in kJ/kmol - K.

Carbon Dioxide, CO, Carbon Monoxide, CO Water Vapor, H,0 Oxygen, O, _Nitrogen, N,
(hf =-393,520 kJ/kmol) (hf =-110,530 kJ/kmol) (hf =-241,820 kJ/kmol) (hf =0 kJ/kmol) (hf =0 kJIkmol)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
220 6,601 4772 202.966 6,391 4562  188.683 7,295 5466  178.576 6,404 4,575  196.171 6,391 4562  182.638 220
230 6,938 5,026  204.464 6,683 4,771 189.980 7,628 5715  180.054 6,694 4,782 197.461 6,683 4,770  183.938 230
240 7,280 5,285  205.920 6,975 4979 191221 7,961 5965 181471 6,984 4,989  198.696 6,975 4979  185.180 240
250 7,627 5,548  207.337 7,266 5,188  192.411 8,294 6,215  182.831 7,275 5197  199.885 7,266 5,188  186.370 250
260 7,979 5817  208.717 7,558 5396  193.554 8,627 6,466  184.139 7,566 5405  201.027 7,558 5396  187.514 260
270 8,335 6,091  210.062 7,849 5,604  194.654 8,961 6,716  185.399 7,858 5613  202.128 7,849 5,604  188.614 270
280 8,697 6,369  211.376 8,140 5812  195.173 9,296 6,968  186.616 8,150 5822  203.191 8,141 5813  189.673 280
290 9,063 6,651  212.660 8,432 6,020  196.735 9,631 7,219  187.791 8,443 6,032  204.218 8,432 6,021  190.695 290
298 9,364 6,885  213.685 8,669 6,190  197.543 9,904 7,425  188.720 8,682 6,203  205.033 8,669 6,190  191.502 298
300 9,431 6,939  213.915 8,723 6,229  197.723 9,966 7,472 188.928 8,736 6,242  205.213 8,723 6,229  191.682 300
310 9,807 7,230  215.146 9,014 6,437  198.678 10,302 7,725  190.030 9,030 6,453  206.177 9,014 6,437  192.638 310

320 10,186 7,526 216351 9,306 6,645  199.603 10,639 7,978  191.098 9,325 6,664  207.112 9,306 6,645 193562 320
330 10,570 7,826  217.534 9,597 6,854  200.500 10,976 8,232  192.136 9,620 6,877  208.020 9,597 6,853 194459 330
340 10,959 8,131  218.694 9,889 7,062 201371 11,314 8,487  193.144 9,916 7,090  208.904 9,888 7,061 195328 340
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TABLE A-23 Ideal Gas Properties of Selected Gases (Continued)

hand @ in kJ/kmol. 5° in kJ/kmol - K
Carbon Dioxide, CO, Carbon Monoxide, CO Water Vapor, H,0 Oxygen, O, _Nitrogen, N,

(hf =-393,520 kJ/kmol) (hf =-110,530 kJ/kmol) (hf = -241,820 kJ/kmol) (hf = 0 kJ/kmol) (hf = 0 kJ/kmol)

600 22280 17,291  243.199 17,611 12,622 218204 20,402 15413 212920 17,929 12,940 226346 17,563 12,574  212.066 600
610 22,754 17,683  243.983 17,915 12,843 218708 20,765 15693 213529 18250 13,178  226.877 17,864 12,792  212.564 610
620 23231 18076 244758 18221 13,066 219205 21,130 15975 214.122 18572 13,417  227.400 18166 13,011  213.055 620
630 23,709 18471 245524 18527 13,289  219.695 21495 16,257 214707 18,895 13,657  227.918 18468 13,230  213.541 630
640 24,190 18,869 246282 18,833 13,512  220.179 21,862 16541 215285 19,219 13,898  228.429 18,772 13,450  214.018 640

650 24,674 19,270 247.032 19,141 13,736 220.656 22,230 16,826 215.856 19,544 14,140 228.932 19,075 13,671 214.489 650
660 25,160 19,672 247.773 19,449 13,962 221.127 22,600 17,112 216.419 19,870 14,383 229.430 19,380 13,892 214.954 660
670 25,648 20,078 248.507 19,758 14,187 221.592 22,970 17,399 216.976 20,197 14,626 229.920 19,685 14,114 215.413 670
680 26,138 20,484 249.233 20,068 14,414 222.052 23,342 17,688 217.527 20,524 14,871 230.405 19,991 14,337 215.866 680
690 26,631 20,894 249.952 20,378 14,641 222.505 23,714 17,978 218.071 20,854 15,116 230.885 20,297 14,560 216.314 690

700 27,125 21,305 250.663 20,690 14,870 222.953 24,088 18,268 218.610 21,184 15,364 231.358 20,604 14,784 216.756 700
710 27,622 21,719 251.368 21,002 15,099 223.396 24,464 18,561 219.142 21,514 15,611 231.827 20,912 15,008 217.192 710
720 28,121 22,134 252.065 21,315 15,328 223.833 24,840 18,854 219.668 21,845 15,859 232.291 21,220 15,234 217.624 720
730 28,622 22,552 252.755 21,628 15,558 224.265 25,218 19,148 220.189 22,177 16,107 232.748 21,529 15,460 218.059 730
740 29,124 22,972 253.439 21,943 15,789 224.692 25,597 19,444 220.707 22,510 16,357 233.201 21,839 15,686 218.472 740

750 29,629 23,393 254.117 22,258 16,022 225.115 25,977 19,741 221.215 22,844 16,607 233.649 22,149 15,913 218.889 750
760 30,135 23,817 254.787 22,573 16,255 225.533 26,358 20,039 221.720 23,178 16,859 234.091 22,460 16,141 219.301 760
770 30,644 24,242 255.452 22,890 16,488 225.947 26,741 20,339 222.221 23,513 17,111 234.528 22,772 16,370 219.709 770
780 31,154 24,669 256.110 23,208 16,723 226.357 27,125 20,639 222.717 23,850 17,364 234.960 23,085 16,599 220.113 780
790 31,665 25,097 256.762 23,526 16,957 226.762 27,510 20,941 223.207 24,186 17,618 235.387 23,398 16,830 220.512 790

800 32,179 25527  257.408 23,844 17,193  227.162 27,896 21,245  223.693 24,523 17,872 235810 23,714 17,061  220.907 800
810 32,694 250959 258048 24,164 17,429  227.559 28284 21549 224174 24861 18126 236230 24,027 17,292  221.298 810
820 33212 26,394 258682 24483 17,665  227.952 28,672 21,855  224.651 25199 18382  236.644 24342 17,524  221.684 820
830 33,730 26,829 259311 24,803 17,902 228339 29,062 22,162 225123 25537 18,637  237.055 24,658 17,757  222.067 830
840 34251 27,267  259.934 25124 18,140 228724 29454 22470 225592 25877 18,893  237.462 24974 17,990  222.447 840
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