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ABSTRACT:This paper deals with the analyses of advanced power generation cyclyes by using Microsoft Excel and 

the Thermaxadd-in that determines the thermo-physical properties for a wide range of substances used in thermalfluid 

systems. Thermax enables Excel to be used as a modelling platform for conducting parametric and optimisation 

analyses of power generation and refrigeration cycles, air-conditioning systems, and combustion processes. The present 

paper focusses on using the Excel-Thermax platform for conduction energy and exergy analyses of the evaporative 

regenerative gas-turbine (ERGT) cycle. The relevenat Thermax functionsare validated by comparing their results with 

those provided by Bathie and shown to be in good agreemnent with hisdata.Exergy analysis of the cycle shows that the 

combustion and humidification processes cause the most exergy destruction in the system and, therefore, any efforts to improve the 

system's performance should focus on these two processes. 
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I. INTRODUCTION 

 

Microsoft Excel is a general-purpose spreadsheet application that comes as part of the widely-distrbuted Microsoft 

Office software. Being an extremely versatile and easy to use application, the potential of Excel as an effective 

educational tool for introducing the concepts of engineering sciences has been realised by many[1-6]. Unfortunately, 

the lack of fluid-property built-in functions in Excel undermines its use for thermo-dynamic analyses that involve 

significant property variations. Various educational and industrial institutions atemmpted in the past to overcome this 

diffiencyby developing their own Excel add-ins for thermo-fluid property determination. In their website, the 

University of Virginia provides Excel-based models for thermodynamics analyses of Rankine, Brayton, Otto, and 

Diesel Cycles [3]. Goodwin [4] developed an Excel add-in for educational purposes, called TPX, which determines the 

thermodynamic properties of selected gases (H2O, H2, O2, N2, CH4) and the HFC refrigerant R-134a. Rivas et al [5] 

used TPX to demonstrate the capability of Excel to define, analyse and optimise models of thermal-fluid systems and 

processes. They used Excel’s Solver to analyse and optimise a regenerative Rankine cycle with three closed feed-water 

heaters. Similar add-ins were deveoped by other academic and research groups, but most of these could only be used 

for a limited number of substances [6]. El-Awad [7] developed an Excel add-in, called Thermax, that provides a library 

of user-definedfunctions for determining the properties of mostsubstances usually met in thermal-fluid analyses. 

Thermaxenables parametric studies anddesign optimisation of most types of thermal-fluid systems to be performed via 

Excel’s user-interface and iterative tools. This paper aims to demonstrate the capabilities of the Excel-Thermaxplatform 

for analysing an advanced power generation cycle, which is the evaporative-regenerative gas turbine (ERGT) cycle. 

Analysis of the ERGT cycle requires properties of a mixture of two fluids (air and water vapour) to be determined, 

which makes it more challenging to model than a conventional regenerative gas-turbine cycle. The paper presents 

enegy and exergy analyses of the ERGT cycle and compares the results with those given by Bathie [8]to confirm the 

adequacy of the Excel-Thermax platform for such analyses. 
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II. THE EVAPORATIVE-REGENERATIVE GAS-TURBINE CYCLE 

 

Fig. 1 shows a schematic diagram of the ERGT system in which pressurised water is injected at the compressor 

discharge. Apart from increasing the mass flow through the turbine, the injected water cools the compressed air and 

makes regeneration more effective. Like compressor intercooling, water injection reduces the gas turbine thermal 

efficiency if done without regeneration. The water must be delivered at a pressure which is higher than that of the 

compressor. Theoretically, as much water as that needed to saturate the compressed air can be injected, but 

practicallytheinjected amount of water should not adversely affect the systems’sperformance. The ERGT cycle is a type 

of advanced gas-turbine cycles commonly known as humidified air turbine (HAT) cycles [8, 9]. 

 

 
Fig. 1. Schematic diagram of the evaporative-regenerative gas turbine (adapted from Horlock [9]) 

 

In what follows, the suffixes a and w refer to pure air and water, respectively. Per unit mass flow rate of atmospheric 

air to the compressor, the compressor work (wc) is given by: 

 

)(1 12 aac hhw      (1) 

Where h1a and h2a are enthalpy of pure air at states 1 and 2, respectively. The amount of water (mw) injected per unit 

mass flow rate of air is determined from an energy balance across the evaporator. Given the temperature and pressure 

of the injected water (P6, T6), the temperature of air before water injection (T2), and the temperature of the air-water 

vapour mixture after injection (T2.5), energy balance gives [8]:  

 

wwawwa hmhhmh 5.25.262 11     (2) 

Where h2a and h2.5a are enthalpy of pure air and h6w and h2.5w are enthalpy of water at these points. Rearranging (2): 

 

 
 ww

aa
w

hh

hh
m

5.26

25.2




     (3) 

In (3), the two enthalpy values for water (h6w and h2.5w) are approximated by hf at T6 and hg at P2.5, respectively. Given 

the effectiveness of the regenerator (ε), the temperature of the humidified air after the regenerator (T2.6) is determined 

from: 

 

)( 5.245.26.2 TTTT      (4) 

Where T4 is the temperature of the exhaust gas at state 4 that will be evaluated later. The heat-input (Qin) is obtained 

from: 

 
   6.231 hhmQ win      (5) 
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Where the enthalpy of the humidified air at a given temperature is calculated from those of pure air and water vapour 

according to the following relationship: 

 

 iihfh =    wwwa mhmh  1/1
 

 (6) 

Where fi is the mass fractions of the two mixture components, air and water-vapour.Since the work produced by the 

gas-generator turbine (wgt) equals the compressor work (wc), the enthalpy at point 3.5 (h3.5) is given by: 

 

   wcwgt mwhmwhh  1/1/ 335.3   (7) 

The temperature of the humidified air exiting the gas generator turbine (T3.5) is then determined from the requirement 

that: 

 

   wwwa mhmhh  1/1 5.35.35.3    (8) 

However, since the working fluid consists of two componenets, (8) has to be solved by iteration to find T3.5. The ideal 

temperature at the exit from the gas generator turbine(T3.5i)is determined from the enthalpy after an ideal expansion in 

the generator turbine (h3.5i), which can be calculated from: 

 

)1/(35.3 wgtii mwhh      (9) 

Where wgti is the ideal work from the gas-generator turbine which is related to the actual work from the gas-generator 

turbine (wgt) by: 

 

gtcgtgtgti www  //   (10) 

The temperature T3.5i is then determined from h3.5i. The pressure P3.5i, that follows an ideal isentropic expansion to T3.5i, 

can now be calculated by using the following relationship:  

0ln
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P
Rssss    (11) 

Where 0
Ts is the temperature-dependent part of entropy change and R is the gas constant for humid air, which is 

calculated by a relationships similar to (6). In (11), 0
3s and 

0

5.3 is  are evaluated at the temperatures T3 and T3.5i, 

respectively. Rearranging (11) to give the unknown pressure P3.5 = P3.5i: 
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The ideal temperature after an isentropic expansion in the power turbine (T4i) is determined from the following 

relationship that applies for an ideal isentropic expansion between points 3.5 and 4i: 
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Rearranging (13): 

i
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4 ln     (14) 

The temperature T4i can now be determined from the value obtained for 0
4is , but this also requires an iterative solution. 

The power-turbine work can be calculated from: 

 

  iwptpt hhmw 45.31     (15) 
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Whereηpt is the isentropic efficiency for the power turbine and h4i is the enthalpy of the mixture after an isentropic 

expansion in the power turbine to the exhaust pressure P4=P1. Having determined the power-turbine’s work, the actual 

enthalpy of the gas at the turbine’s discharge (h4) can be calculated from: 

 

)1/(5.34 wpt mwhh     (16) 

The temperature T4 is then determined form h4. 

III. ENERGY ANALYSIS OF THE ERGT CYCLE 

 

Bathie [8] analysed the ERGT cycle with the following data; T1=288 K, P1=101.3 kPa, Pressure ratio = 12, T3=1400 K, 

P6=1447 kPa, T6= 433 K (160
o
C), T2.5=444 K, compressor isentropic efficiency (ηc) = 87%, gas generator and power 

turbine isentropic efficiency (ηtg, ηpg)= 89%, and regenerator effectiveness (ε)= 85%. Taking the compressor air intake 

as 1 kg/s, he calculated the thermal efficiency and net power [kW] developed by the gas turbine. The results obtained 

by Bathie [8] will be used for validating the Thermax functions used in the analysis. Fig. 2 shows the Excel sheet 

prepared for the analysis of the ERGT cycle. The figure shows the input data on the left side of the sheet and the key 

performance parameters, wnet, Qin, η, and Power, on the right side of the sheet. The calculation part shows the 

temperature of the compressed air (T_2=620.45
o
C), the compressor work (w_c = 342.31 kJ/kg), the pressure after the 

gas-generator turbine (P_3.5i=480.46 kPa), the power-turbine work (w_pt=438.91 kJ/kg), the amount of injected water 

(m_w=0.091 kJ/kg), and the temperature of the exhaust gas at the discharge point (T_5=503.83K).  

 

 
Fig. 2. Excel sheet for the ERGT cycle – energy analysis 

 

Table I lists Thermax functions used in the Excel sheet. The working fluid properties at various states were determined 

by using  functions from three Thermax groups: (i) ideal-gas, (ii) water, and (iii) pressurised humid air. The first four of 

these function, which belong to the ideal-gas group, were used to determine properties of dry air before the humidifier. 

The following two functions that come from the water-group were used to determine enthalpy of liquid-water prior to 

the humidifier and enthalpy of water-vapour after the humidifier. The last three functions come from the pressurised 

humid-air group and were used to determine the properties of the working fluid after the humidifier. Enthalpy of humid 

air at a given temperature is determined from (6) by using the add-in function PhaTKHs_h. The temperature T3.5 has to 

be determined from (8) by an iterative process by usingthe function PhahHs_TK. The same function is used to 

determine the temperature T2.6 from h2.6, the temperature T3.5i from h3.5i, the temperature T4 form h4, and the temperature 
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T5 form h5. Equation (15), which also requires an iterative solution, could be solved with the help of the add-in function 

Phas0Hs_TK. 

TABLE I.  FUNCTIONS USED IN THE ERGT CYCLE ANALYSIS 

Function Input Output Usage 

gasTK_h "Air", T h  as hhh 5.221 ,,  

gasTK_Pr "Air", T 
relP  1relP  

gasPr_TK "Air", Pr T  
sT2  

gash_TK "Air", h T  
2T  

WatTx_h T, x h  wh6  

WatPx_h P, x h  wh 5.2  

PhaTKHs_h T, ω h  ihhh 435.2 ,,  

PhaTKHs_s0 T, ω 0s  0
4

0
5.3

0
5.3

0
3 ,,, ii ssss  

PhahHs_TK h , ω T  545.35.36.2 ,,,, TTTTT i  

Phas0Hs_TK s
0
,  ω T  T4i 

PhaHs_Rm ω R R 

 

Table II compares the solution obtained by using Thermax functions with that given by Bathie [8]. It can be seen from 

the table that the present model slightly overestimated the amount of injected water per kg of dry air (mw). However, in 

spite of this error, the figures on the table show that the present model accurately estimated the key cycle performance 

parameters. The deviations from those of Bathie [8] are less than 1%. 

 
TABLE II.  TABLE I: ENERGY ANALYSIS OF THE ERGT CYCLE 

Quantity Bathie [8] Thermax Error (%) 

wm [kg] 0.089 0.091 2.217 

T2 [K] 623.0 620.449 -0.409 

T2.6 [K] 769.0 774.095 -0.6625 

T4 [K] 831 830.130 0.104645 

wc [kJ/kg] 343.0 342.313 0.200292 

wpt[kJ/kg]  436.6 438.912 -0.52952 

Qin [kJ/kg] 851.0 853.618 -0.30765 
  0.513 0.514 -0.22963 

Power [kW] 436.6 438.911 -0.52952 

 

The perormance improvements due to water injection can be assessed by comparing the thermal efficiency and net 

power output at different rates of water injection. Fig. 3 shows the thermal effcicency and new power of the gas turbine 

at water injection rates that vary from 0 to 0.09. As the figure shows, water injection increases both the efficiency and 

power of the turbine. At the maximum rate of injection, the ERGT cycle increased the power and thermal efficiency of 

the gas turbine by 31.6% and 9%, respectively. These improvements are close to those achiveable by combined 

Brayton-Rankine systems without the significant increase in the required initial and running costs incurred by the 

additional hardware. 
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Fig. 3. Effect of water-injection rate on the ERGT power and thermal efficiency 

IV. EXERGY ANALYSIS OF THE ERGT CYCLE 

 

Exergy analysis, which is based on the second-law of thermodynamics, enables the locations and true magnitudes of 

waste and loss to be determined. For open systems, flow exergy (Ef) is defined as follows [10, 11]: 

    gz
V

ssThhE f 
2

2

000    (17) 

Where T0 is the dead-state temeperature and h0 and s0 are the working fluid enthalpy and entropy values at the deat-

state (T0,P0). The last two terms that represent contributions from kinetic and potential energy are usullay small 

compared to the other terms. Neglecting these terms, the definition of flow exergy becomes: 

 

   000 ssThhE f      (18) 

The rate of exergy increase or decrease across each component (control volume) of the system is governed by [10]: 
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Where dE refers to the rate of exergy destruction and the sign convention of heat-in (+) and work-out (+) applies. For 

steady, single-pass flow devices, the equation reduces to: 

 feficvd eemWQ
T

T
E 








  01    (20) 

For devices that involve only adiabatic process (e.g. the air-compressor and turbine), (20) can be reduced to the 

following form: 

 

 ied ssTmE  0      (21) 

 

For the combustion chamber that does not involve work-transfer, (20) reduces to: 

 

 fefid eemQ
T

T
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The humidifier involves no heat or work tranfer and, therefore, the equation reduces to: 
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fee

i

fiid ememE       (23) 

Similarly, for the regenerator the equation becomes: 

 

 

e

fee

i

fiid ememE      (24) 

Exergy analysis of the ERGT cycle could be performed by making suitable extensions to the Excel sheet developed for 

the energy analysis. Fig. 4 shows the rate of exergy change across each device in the ERGT system. Neglecting the 

relatively small exergy input in the hot pressurised water injected in the humidifier, the only external exergy input in 

the cycle is the heat addition in the combustion chamber, which amounts to about 622 kJ. By cooling the compressed 

air, the humidifier results in a loss of neary 54 kJ, but the heat-transfer in the regenerator provides about 194 kJ. The 

gas-generator turbine converts about 350 kJ into work to drive the compressor and the power turbine produces about 

460 kJ of useful work. Therefore, the second-law efficiency of the plant approaches 71%. Fig. 5 shows the percentage 

of exergy destruction in the different components of the system. The figure shows that the combustion process causes 

the most exergy destruction in the system closely followed by the process in the humidifier. Therefore, any efforts to 

improve the system's performance should focus on these two processes. 

 

 
Fig. 4. Exergy change in the ERGT system 

C=compressor, H=humidifier, R=regenerator, C.C.=combustion chamber, GT=generator turbine, PT=power turbine 

 

 
Fig. 5. Percent exergy destruction in the ERGT system 

C=compressor, H=humidifier, R=regenerator, C.C.=combustion chamber, GT=generator turbine, PT=power turbine 

 

V. CONCLUSIONS 

 

Energy and exergy analyses of the ERGT cycle demonstrate the suitability of the Excel-Thermax combination for the 

analyses of such advanced power generation cycles. Energy analysis of the ERGT cycle shows that, at the maximum 

rate of water injection, the cycle increased the power and thermal efficiency of the gas turbine by 31.6% and 9%, 
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respectively. Exergy analysis of the cycle shows that the combustion chamber and the humidifier are the two processes 

that mostly cause the destruction of exergy in the system and, therefore, any efforts to improve the system's 

performance should focus on these two processes. 

With its numerous property functions, Thermax enables many other power generation and refrigeration cycles to be 

analysed by using Excel. For example, the functions provided for gases, water, and superheated steam can be used to 

analyse various configurations of Brayton and Rankine cycles. The functions provided for vapour-compression 

refrigerants enable the students to easily analyse multi-stage and cascade refrigeration cycles and cycles that involve 

suction-line heat exchangers. Both ammonia-water and water-lithium bromide absorption refrigeration cycles can be 

analysed by using the relevant add-in functions. Finally, it should be mentioned that Thermax makesExcel particularly 

useful for conducting optimisation analyses of thermal-fluid  systems by means of the Solver add-in. 
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