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No. exp Tso (
o
C) Ip (kW) Ivg (kW) IT (kW) IC (kW) ITotal (kW)

A-150613 72.1 0.289 1.544 0.069 1.037 2.938

B-160613 82.1 0.293 1.964 0.041 6.911 9.209

C-220613 91.3 0.304 2.486 0.107 3.415 6.311

D-230613 96.9 0.303 3.025 0.118 1.732 5.178

E-300613 72.1 0.521 2.876 0.225 1.866 5.488

F-060713 83.2 0.530 3.934 0.221 13.322 18.006

G-070713 90.9 0.490 4.511 0.094 12.065 17.160

H-130713 96.8 0.525 5.696 0.209 3.195 9.625

I-140713 72.3 0.652 3.664 0.236 16.485 21.036

J-200713 84.3 0.615 4.836 0.226 2.982 8.659

K-210713 91.1 0.638 6.036 0.224 3.450 10.348

L-260713 95.6 0.638 6.619 0.294 3.645 11.196

M-270713 71.0 0.790 4.310 0.316 2.877 8.292

N-030813 84.1 0.786 5.895 0.301 3.545 10.526

O-040813 91.8 0.794 7.268 0.337 6.861 15.261

P-090813 96.8 0.779 8.638 0.277 4.888 14.582

Table 22 Total exergy analysis of the system when T0 = 298.15 K, P0 = 101.325 kPa,

h0 = 236.01 kJ/kg and S0 = 1.10065 kJ/kg.K
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Appendix B 

Numerical Simulation and Experimental Calculation 
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In Figure B.1 descript the flow diagram of the ORC. The working fluid operates 

in the closed loop cycle. The heat source approaches the system through the vapor 

generator where the working fluid was heated to saturation or to its superheated point. 

After isobaric heat addition which occurs between stage 2 and stage 3, high pressure 

vapor expands in the turbine at stage 3-4. The stream of the expanded fluid is passed 

directly through condenser where it condenses to temperature and pressure at the point 

1. After leaving condenser the working fluid enters the pump via an expansion tank. In 

the pump the pressure is raised to point 2 and the fluid is returned to the vapor 

generator. 

 

 

 

Figure B.1: Flow diagram of ORC with HCFC-141b (1,1-Dichloro-1-fluoroethane) 

 

Assumptions of the numerical simulation 

- High temperature side = 90oC and high pressure side = 537.67 kPa 

- Low temperature side = 30oC and low pressure side = 94.17 kPa 

- Pressure ratio at turbine (P = 5) = 107.53 kPa 

 

Thermodynamic states and ORC system performance is carried out based on the 

assumptions. 
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Thermodynamic state and numerical results 

 State 1 - 2: Pump: s2 = s1  = 1.1197  kJ/kg-K, (Sub-cooling) 

P2 =      537.67 kPa wp= vf (P2 – P1) = 0.00082 (537.67–94.17) =   0.364   kJ/kg  

h2 = h2 + wp = 234.51 + 0.364 =  234.87  kJ/kg T2 =  30.31  oC  

2 = 1,218.59 kg/ m3  v2 = 0.21835  m3/kg 

 State 2 - 3: Vapor generator : P3 = P2 =  537.67 kPa, (Saturated vapor) 

T3 =  90  oC  v3 = 0.04231  m3/kg 

h3 = 498.38  kJ/kg  s3 = 1.8634  kJ/kg-K  

 State 3 - 4: Turbine: s4 = s3 =  1.8634  kJ/kg-K, (Saturated vapor) 

x4 = (s3 – sf)/(sg-sf) = (1.8634 – 1.1197)/(1.8576 – 1.1197) = 1.009 

h4 = hf + x4hfg = 234.51 + 1.008 (458.22 – 234.51) =  460.23  kJ/kg  

T4 =  32.95 oC  P4 =  104.55 kPa  v4 =     0.20023 m3/kg 

 State 4 – 1: Condenser : P1 = P4 =  94.17 kPa, (Sub-cooling) 

T1 =              30  oC h1 = 234.51  kJ/kg  s1 = 1.1197 kJ/kg-K 

1 =     1,219.2 kg/ m3 v1 = 0.22055 m3/kg 

 

Results of the ORC numerical simulation 

qi = qvg = h3 – h2 = 498.38 – 234.87 =   263.51  kJ/kg 

qo = qco = h4 – h1 = 460.23 – 234.51 =     225.72  kJ/kg 

Qi = Qvg = m qi = 0.031 kg/s x 263.51 kJ/kg =   8.12   kW 

Qo = Qco = m qo = 0.031 kg/s x 225.72 kJ/kg =  7.00   kW 

wP = h2 – h1 = 234.87 – 234.51 =   0.364  kJ/kg 

wT = h3 – h4 = 498.38 – 460.23 =   37.720  kJ/kg  

wnet = wT - wP = 37.720 – 0.364    =    37.356       kJ/kg  

Wnet = m wnet = 0.031 kg/s x 37.356 kJ/kg =            1.158     kW 

hth,R = wnet / qi = 37.356 / 263.51  =    0.1415   

hth,C = 1 – (TL / TH) = 1 – (30 + 273.15)/(90 + 273.15) =  0.1652  
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Figure B.2: Flow diagram of HCFC-141b as a working fluid on ORC cycle 
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Figure B.3: P-h diagram of HCFC-141b on the ORC cycle (ASHRAE, 1996) 
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Table B.1: Simulation Results of ORC model 

Tso  

oC 

Twf,i 

oC 

Twf,o 

oC 

qi 

kJ/kg 

qo 

kJ/kg 

wP 

kJ/kg 

wT 

kJ/kg 

wnet 

kJ/kg 

hth,R 

% 

hth,C 

% 

70.0 30.0 60.0 243.93 223.50 0.125 20.554 20.429 8.38 9.00 

80.0 30.0 70.0 250.54 223.95 0.189 26.782 26.593 10.61 11.66 

90.0 30.0 80.0 257.08 224.62 0.268 32.731 32.463 12.63 14.16 

100.0 30.0 90.0 263.51 225.72 0.364 37.720 37.356 14.15 16.52 

 

Table B.2: The working fluid mass flow rate on numerical calculation 

Tso Twf,i Twf,o Qi Qo WP WT Wnet hth,R hth,C

oC oC oC kW kW kW kW kW % % 

Working fluid mass flow rate 112.0 kg/h 

70.0 30.0 60.0 7.59 6.95 0.004 0.637 0.633 8.38 9.00 

80.0 30.0 70.0 7.79 6.94 0.006 0.831 0.825 10.61 11.66 

90.0 30.0 80.0 8.00 6.96 0.008 1.015 1.007 12.63 14.16 

100.0 30.0 90.0 8.12 7.00 0.011 1.170 1.158 14.15 16.52 

Working fluid mass flow rate 223.0 kg/h 

70.0 30.0 60.0 15.12 13.86 0.008 1.275 1.267 8.38 9.00 

80.0 30.0 70.0 15.53 13.88 0.012 1.661 1.649 10.61 11.66 

90.0 30.0 80.0 15.94 13.93 0.017 2.030 2.014 12.63 14.16 

100.0 30.0 90.0 16.34 13.99 0.022 2.340 2.318 14.15 16.52 

Working fluid mass flow rate 298.0 kg/h 

70.0 30.0 60.0 20.17 18.48 0.010 1.700 1.689 8.38 9.00 

80.0 30.0 70.0 20.72 18.52 0.016 2.215 2.199 10.61 11.66 

90.0 30.0 80.0 21.26 18.58 0.022 2.707 2.685 12.63 14.16 

100.0 30.0 90.0 21.79 18.67 0.030 3.120 3.090 14.15 16.52 

Working fluid mass flow rate 372.0 kg/h 

70.0 30.0 60.0 25.21 23.09 0.013 2.125 2.112 8.38 9.00 

80.0 30.0 70.0 25.89 23.14 0.020 2.769 2.749 10.61 11.66 

90.0 30.0 80.0 26.56 23.21 0.028 3.384 3.356 12.63 14.16 

100.0 30.0 90.0 27.23 23.32 0.037 3.900 3.863 14.15 16.52 

 

 

 

 

 



 
 

121 
 

Thermodynamic model 

Design condition: 

- Vapor generator temperature and pressure are 90oC, 537.67 kPa, and Qi = 70.36 

kW respectively. 

- Condenser temperature and pressure are 30oC, 94.17 kPa, and Qo = 60.27 kW 

respectively. 

- Isentropic Turbine and Pump efficiency are 85%. 

- Vapor generator unit sizing; Ainner = 1.517 m2, Twf,i = 30oC, Twf,o = 90oC,  

Vinner = 0.004058 m3 

- Condensing unit sizing; Ainner = 0.773 m2, Twf,i = 90oC, Twf,o = 20oC,  

Vinner = 0.001852 m3 

- Hot side pinch and cold side pinch are 10oC and 20oC respectively. 

- Working fluid mass flow rate between 112.0 – 397.0 kg/h. 

- Nozzle diameter inlet and outlet = 20 mm and 10 mm respectively,  

and nozzle quantity = 6 holes 

- Turbine blade angle = 25o, and nozzle angle = 30o 

 

 

 

Figure B.4: Drawing configuration of ORC prototype 
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Figure B.5: T-s diagram of HCFC-141b as a working fluid on ORC cycle 

 

Performance of ORC by calculation from experimental result 

A steady flow process with a single-stream flow through the system is described by 

 

1. Pump Phase (Stage 1-2): 

The working fluid pump is the driving mechanism of the test rig system. The 

working fluid which leaves the condenser at reduced pressure P1 is pumped to the vapor 

generator and regains pressure P2. The pump work WP is calculated:  

 

 

 

p

s21

p

ideal,p
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W

h




h
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
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Figure B.6: Flow process of working fluid pump 

 

 

Qvg 

Qc 
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The specific enthalpy of the working fluid at the pump outlet is given by h2: 

 

m

W
hh

p

12 
  

where  

h1 is the specific enthalpy of the working fluid at the pump inlet, kJ/kg 

h2 is the specific enthalpy of the working fluid at the pump outlet, kJ/kg 

W p  is the work input of the working fluid at the pump, kW 

m  is the working fluid mass flow rate, kg/h 

 

The selection of working fluid pump 

In the experiment, based on its pump performance curve (Figure B.8), the 

reciprocating piston pump (KANTO KT-TF-22-AUTO) was able to provide the 

appropriate amount of head at the desired flow rates. Further, the pump housing is 

piston coupled which requires no seals around the shaft and reduces the possibility of 

leaks. 

 

Table B.3: Specification of reciprocating piston pump (KANTO KT-TF-22-AUTO) 

 

 
 

 

 

 

Figure B.7: Reciprocation piston pump configulation and specification  

 

 

 

 

Pressure 10 - 40 kg/cm2

Operation 800 - 1,200 RPM

Capacity 13 - 22 L/min

Require Power 1.5 - 2.0 kW

KANTO รุ่น KT-TF-22-AUTO
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Table B.4: The optimum working fluid mass flow rate of HCFC-141b at pump 

 

Optimum condition of experiments 

Heat source 

temperature 

setting 

70oC 80oC 90oC 100oC 

Working fluid 

mass flow rate 

setting 

speed flow power speed flow power speed flow power speed flow power 

rpm kg/h W rpm kg/h W rpm kg/h W rpm kg/h W 

m = 112 kg/h 130 122.6 289 131 124.2 292.3 136 129.3 303.4 136 128.9 302.6 

m = 223 kg/h 240 237.2 521 244 241.7 529.4 224 220.5 489.3 242 239.1 524.5 

m = 298 kg/h 305 309.1 652 286 287.9 614.3 297 301.0 637.4 297 301.0 637.3 

m = 372 kg/h 324 390.5 788 328 388.5 784.8 317 393.7 793.3 336 384.4 778.3 

 

Working fluid leaving the reservoir in the sub-cooled liquid phase 

T1 = 30oC,  P1 = 94.17 kPa,  h1 = 234.51 kJ/kg,  

s1 = 1.1197 kJ/kg-K,  1 = 1,219.2 kg/ m3, v1 = 0.22055 m3/kg 

 

Therefore  

s2 = s1 =1.1197 kJ/kg-K, P2 = 537.67 kPa, 

wp = vf (P2 – P1) = 0.00082 (537.67 – 94.17) =   0.364   kJ/kg  

h2 = h2 + wp = 234.51 + 0.364 = 234.87 kJ/kg 

2 = 1,218.59 kg/ m3   v2 = 0.21835 m3/kg 

 

2. Vaporization Phase (Stage 2-3): 

The vapor generator heats the high pressure working fluid exist the pump. As 

the heat loss in the vapor generator is neglected, the amount of heat added to working 

fluid is equal to the amount of heat extracted from the heat source as is given by: 

 

)hh(mQ 23vg    

 

Where Qvg is the heat input at the vapor generator, kW 

h2 is specific enthalpy at the vapor generator inlet, kJ/kg 

h3 is specific enthalpy at the vapor generator outlet, kJ/kg 
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Figure B.9: Vapor generator configuration 

 

Numerical calculation and testing of the vapor generator 

The vapor generator located between of the working fluid pump and turbine is 

used to vapor produce transfer to the turbine. From the design calculation, can be 

expressed as below. Assume that the initial water 58 kg is at 10oC to be supplied heat 

until reached 100oC whereas the specific heat of water Cp 4.18 kJ/kgoC with following 

designs condition: 

- The heat storage tank diameter, high, and total volume containing are 0.45 m, 

0.44 m, and 0.07 m3 respectively. 

- The water volume containing in the vapor generator is 0.0057 m3 

- Hot water tank volume = Vves - Vvg = 0.070 - 0.0057 = 0.0643 m3 

- The tank can be hot water containing is 64.30 liter, but however containing only 

90% of water, i.e. 57.9  58 liter 
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From the water 58 kg 10๐C into the hot water 100๐C 

 

Qw = m Cp (T) = 58 kg x 4.184 kJ/kgoC x (100 – 10)oC = 21,840 kJ 

 

The hot water within 1 h of Electric heater power consumptions required as 

 

Pe = Qw / t = 21,840 kJ / (1 h x 3,600 s/h) = 6.01 kW 

 

Heat loss calculation from hot water tank 

In the hot water tank is totally thermal insulated, the heat loss will be calculated 

in 2 stepping as follow: 

Step 1: Consider from the outside of wall insulator to the inside wall surface of 

the tank. 

Step 2: Consider from the outside to inside surface of the tank wall. 

 

Q = (Tin - Tout)/(L1/k1A1 + L2/k2A2) 

 

Design condition 

Temperature:   Tin = 100oC   Tout = 25oC 

Thickness (L):   L1 = 0.60 mm   L2 = 25.4 mm 

Thermal conductivity:  k1  = 50 W/m-K k2  = 0.046 W/m-K 

Heat transfer area:  Atot = 0.622 m2 Aup+low = 0.318 m2 

 

Therefore    

QLoss  = (100 - 25)/(0.0006/50 x 0.94 + 0.0254/0.046 x 0.94)  

= 144.49 W 

 

Table B.5: Heat loss calculation from heat source tank 
 

Heat source temperature (oC) 70 80 90 100 

Heat loss (W) 105.96 144.49 183.03 240.82 

 

 



 
 

127 
 

Design condition 

- The maximum temperature in vapor generator 100oC 

- Inlet and outlet temperature of working fluid  30oC and 90oC 

- Mass flow rate of working fluid   112.0  kg/h 

- Heat rate of heat source, Qin     269.78 kJ/kg 

- Thickness of copper pipe    0.001 m 

- Thermal conductivity of copper pipe   401  W/m-K 

- Heat exchanger was used LMTD in the outlet temperature calculation 

- Constant surface temperature and non-radiation in the system 

 

 

 

Figure B.10: Temperature profile of the vapor generator (Incropera, 2005) 

 

Design conditions 

The working fluid temperature at inlet and outlet vapor generator Twf,i = 30oC 

and Twf,o= 90oC respectively. The tube surface temperature (Tw) is 100oC, Therefore, 

average working fluid temperature is Twf,avg = 60oC,  = 296.3 x 10-6 Pa.s, Cp,f = 4,392 

J/kg-K, and kf = 78.7 x 10-3 W/m-K. 
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Figure B.11: Heat transfer in the vapor generator tube (Incropera, 2005). 

 

Form equation  q   = UA Tlm = Tlm / Rtot 

 Rtot = 1/(hi2r1L) + ln (r2/r1)/(2kL) + 1/(ho2r2L) 

              UA = 1/Rtot 

Considering   LMTD = F x Tlm     

Form equation 

  Tlm = (T2 - T1) / ln(T2/T1) 

T1 = (Ts – Twf,o) = (100 – 90) = 10oC 

T2 = (Ts – Twf,i) = (100 – 30) = 70oC 

Therefore  

Tlm = (10 - 70) / ln (10 / 70) = 30.83oC 

From equation  

P = (Twf,o – Twf,i) / ((Ts – Twf,i) = (90 – 30) / (100 – 30) = 0.86 

  R = (Ts – Ts) / ((Tm,o – Tm,i) = (100 – 100) / (90 – 30) = 0 
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Figure B.12: Correlation factor of tube in the vapor generator (Incropera, 2005) 

 

Correlation factor from Figure B.12, therefore; F = 1 

The overall heat transfer coefficient at the vapor generator, U is define by 

   

U = 1 /[1/hi + r1/k ln r2/r1 + 1/ho] 

 

The total vapor generator heat exchanger area is given by 

 

As = d x L x N =  x 0.0107 x 4.512 x 10 = 1.5167 m2 

 

The cross section area of heat exchanger tube is 

 

A = (/4) d2 x N = (/4) x 0.01072 x 10 = 0.0009 m2 

 

The volumetric of heat exchanger tube is 

 

Vvg = (/4) d2 x L x N = 0.00009 m2 x 4.512 m x 10 = 0.00406 m3 
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Where  d is the tube diameter, m 

L is the tube length, m 

N is the tube quantity. 

 

Therefore            7,910 W    = U x 1.5167 m2 x 30.83oC 

         U  = 169.04 W/m2oC 

 

The considerations of the working fluid inlet and outlet temperature are 30oC and 90oC 

respectively. 

Twf,avg = (30 + 90)/2 = 60oC 

 

Prandt number (Pr) is the ratio of momentum diffusivity (kinematic viscosity) 

to thermal diffusivity. It can be related to the thickness of the thermal and velocity 

boundary layers. It is actually the ratio of velocity boundary layer to thermal boundary 

layer. When Pr = 1, the boundary layers coincide. When Pr is small, it means that heat 

diffuses very quickly compared to the velocity (momentum). This means the thickness 

of the thermal boundary layer is much bigger than the velocity boundary layer for liquid 

(www.cfd-online.com//Wiki/Prandtl_number). 

 

The considerations of the Prandt number is 

Pr  = Cp/k  

     = (296.3 x 10-6 Pa.s)(4,392 J/kg-K)/( 78.7 x 10-3 W/m-K) 

     = 16.46 

The Reynolds number, ReD is calculated from  

            ReD = VD/  

= 4mf / D 

       = 4 x 0.03 kg/s / ( x 296.3 x 10-6 Pa.s x 0.0107 m) 

       = 12,048 (Turbulent flow) 

For a fully developed turbulent flow, analysis has to be relied solely by the 

experimental results. The friction factor for any Reynolds number can be conveniently 

found in Moody chart (Figure B.14). Whereas the friction factor (f) is depend upon the 

Reynolds number and the roughness factor of the pipe surface. Generally, the friction 
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factor is increased corresponding to the increase of roughness factor (). The empirical 

formula is proposed as follow. 

 

f = 0.184 ReD
-1/5  when  ReD  2 x 104 

Therefore 

   f = 0.184 x 12,048-1/5 = 0.018 

 

For the ReD for the transition from laminar flow to turbulent flow is set at ReD 

2,300 and if greater than 0.5. However, the heat transfer rate significant to Nu. 

Therefore the calculation of Nu for a turbulent flow in smooth pipe cab be used the 

equation of Dittus-Boelter; i.e., 

 

           NuD  = 0.023 (ReD
0.8) (Pr0.4) 

       = 0.023 (12,0480.8) (16.460.4) 

       = 129.73 

 

Where  n = 0.4 for Heating (Ts > Tm), and n = 0.3 for cooling (Ts < Tm) 

The equation rechecks that the calculation must be satisfied with these values;  

[0.7  Pr  160, ReD  10,000, L / D  10] 

 

Therefore 

             havg   = (mCp / DL) x (Tr,o – Tr,i) / TLMTD   

= (0.030 kg/s)(4,392 J/kgoC)/[/4 (0.0107 m)2(45.12 m)] x [(90 – 30) 

oC/(30.83)oC] 

         =  63.19 W/m2oC 

 
The performance index normally used for any heat exchanger is the heat exchange 

effectiveness (HX). For which can be expressed as follow; 

 

maxminmax

avg

HX
T)Cpm(

Q

Q

Q




  
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The continuity equation of pipe 

 

m = 1 u1 A1 = 2 u2 A2 

 

The first law of energy (The Bernoulli’s equation); 

 

  Q –W = m2 (u + Pv + u2/2 + gz)2 – m1 (u + Pv + u2/2 + gz)1 

 

The working fluid pressure drop is determine using 

 

P = major loss + minor loss 

 

The working fluid temperature at 60oC find from HCFC-141b thermo-physical 

properties 

 = 296.3 x 10-6 Pa.s,  = 1,159.1 kg/m3, kf = 78.7 x 10-3 W/m-K, ReD = 12,048 

The working fluid volume flow rate in the pipe can be calculated from 

 

Volume flow rate = A x u = (mf v)/A 

 

Where u is the working fluid velocity in the pipe, v is specific volume of the fluid can 

be calculated from equation; 

 

uavg =  (mf v)/A = (0.03 kg/s x 0.08954 m3 / kg) / (10 x /4 x 0.01072 m2) 

       =  2.99 m/s 
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Figure B.14: Moody chart of pipe (http://www.engineeringtoolbox.com) 

 

The pressure drop from Straight pipe can be calculated from 

 

h = f (L/D)(u2/2g) 

 

Where L = 0.38 m x 10 = 3.80 m, D = 0.0107 m,  = 0.0000015 m 

Therefore   /D = 1.4 x 10-4 

And can read from   f = 0.018    

 

Substitute into the equation 

 h1 = 0.018 (3.80 / 0.0107)(2.992/2 x 9.81) = 2.84 m 

 

For major loss in the 180o is f = 1.5  

Therefore 

h2 = KL u2/2g x N = f (Le/D) u2/2g x N 

    = 1.5 x (2.992 / 2 x 9.81) x 9 = 6.14 m 
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The total heat pipe head loss, therefore  

 

Htot = (H1 + H2) N = (2.84 + 6.14) x 10 = 8.98 m 

 

The total pressure drop in vapor generator can be calculated from 

  P = gh = 1,159.1 kg/m3 x 9.81 m/s2 x 8.98 m / (1 kPa / 1,000 kg m/s2) 

      = 102.11 kPa 

 

The working fluid pumping power is determined by 

            WP  =  VP 

          =  0.002686 m3/s x 102.11 kPa =  0.27 kW 

 

3. Nozzle calculation 

A nozzle is properly shaped ducts which are used to increase the speed of the fluid 

flowing through it. Schematics of a typical nozzle are shown in Figure B.15. Nozzles 

are used for various applications such as to increase the speed of vapor through a garden 

hose, and to increase the speed of the vapor leaving the turbine. Since no shaft work is 

involved in a nozzle, and since the potential energy difference across a nozzle is usually 

negligible, the steady flow energy for flow through a nozzle becomes (Shanthini, 2008). 

 
Note: All dimensions are in millimeter 

 

Figure B.15: Detail of vapor distributor 
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The continuity equation of first law in the nozzle 

Qtot = Q1 + Q2 + Q3 + Q4 + Q5 + Q6 = 6QN 

Qtot = 6AV 

 

And working fluid mass flow rate as, 

wfm = Au 

 

where  is the working fluid density, kg/m3 

u is the working fluid velocity, m/s 

A is the cross section area of nozzle, m2 

 

Therefore, the velocity of working fluid flow at the nozzle exit is 

           0.002686 m3/s = 6 (/4) 0.0032 V 

    V      = (0.002686 m3/s) / (6 (/4) 0.0032) 

             = 63.34 m/s 

and 

           u = (2 h) 

        h = (498.38 – 496.38) x 103 = 2,000 J/kg or 2 kJ/kg 

 

Substitution into equation below 

           u = (2 x 2,000) = 63.25 m/s 

 

Table B.6: Designing condition 

Stage 
wfm   

kg/s 

Twf 

oC 

P 

kPa 

h 

kJ/kg 

s 

kJ/kgK 

V 

m3/s 

 

kg/m3 

v 

m3/kg 

u 

m/s 

1 0.031 90.0 537.67 498.38 1.8634 0.0027 1,093.2 0.0432 2.99 

2 0.031 86.9 501.92 496.38 1.8625 0.0027 1,093.2 0.0432 63.34 
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4. Turbine phase (stage 3-4): 

The turbine converts the potential energy of the highly pressurized gases into kinetic 

energy for power generated. The streams of high pressure vapor expand in the turbine 

and transfer its energy to rotating shaft of the turbine. Following assumed adiabatic 

expansion process, the vapor returning to low-pressure and low-temperature. Stipulating 

the turbine efficiency, turbine output is given by: 

 

)hh(mW 43t    

 

Where m is the working fluid mass flow rate, kg/h 

h3 is the specific enthalpy at the turbine inlet, kJ/kg 

h4 is the specific enthalpy at the turbine outlet, kJ/kg 

 
 

 

Note: All dimensions are in millimeter 

 

Figure B.16:  Turbine stage and Detail of turbine disk 

 

Figure B.16 the impulse turbine is the simplest form to be constructed. It consists of 

one set of rotor impeller and 1 set of nozzle head. There are altogether 6 nozzles. A 

single stage impulse turbine is used in this design after the fluid impacted from the 

turbine blades, will then be collected to the condensing unit. The disadvantage of this 

configuration is that the high kinetic energy of the fluid leaving the turbine is not yet 
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fully utilized. However, one main advantage is the simplicity of construction. At exit of 

the nozzle, the vapor velocity is 63 m/s at 5 bars. Consequently at 0.1 bars at the outlet 

of turbine will be 60 m/s. 

From the Figure B.17 consider also as a continuity equation and adiabatic process 

and no heat loss from system, therefore; 

  

– W = (h4 - h3) + (V4
2 - V3

2)/2 

 

The consideration of the design and construction of micro radial impulse turbine will be 

control volume of the turbine and with isentropic condition; one can get the power 

output of the turbine as: 

 

Table B.7: Numerical simulation of the turbine stage on the ORC system. 

Stage 

P = 5 
wfm  

kg/s 

Twf 
oC 

P 

kPa 

h 

kJ/kg 

s 

kJ/kg.K 

V 

m3/s 
 

kg/m3 

v 

m3/kg 

u 

m/s 

Inlet 0.031 86.9 501.9 496.38 1.8625 0.003 1,093.2 0.0432 63.3 

outlet 0.031 31.8 100.6 459.45 1.8574 0.023 4.8676 0.2089 33.2 

 

 

Velocity Triangle Analysis 

In the radial impulse turbine on the test rig, the velocity triangle is a triangle 

representing the various components of velocities of the working fluid in the turbine 

machine. Velocity triangles may be drawn for both the inlet and outlet sections of any 

turbine machine. The vector nature of velocity is utilized in the triangles, and the most 

basic form of a velocity triangle consists of the tangential velocity, the absolute velocity 

and the relative velocity of the fluid making up three sides of the triangle. Velocity 

triangles as show on the Figure B.17 (Ingram, 2009). 
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Figure B.17: The velocity triangle diagram of impulse turbine [Ref] 

 

Where V1R is the vapor velocity entering blades relative to blades or the absolute 

velocity (m/s) 

V1 is the vapor absolute velocity entering blades to blades or the absolute 

velocity is the blade velocity (m/s) 

VB is the blade velocity (m/s) 

V2 is the vapor velocity leaving blades relative (m/s) 

V2R is the blade velocity (m/s) 

 is the inlet angle of absolute velocity (the nozzle angle is 25o) 

  is the inlet angle relative velocity (the nozzle angle is 33.8o) 

  is the outlet angle of absolute velocity (the nozzle angle is 24.7o) 

  is the outlet angle relative velocity (the nozzle angle is 24.7o) 



 
 

139 

Consider at the velocity triangle as; 

    V1      = Vnozzle 

          =   63.3 m/s 

Determine V1R as 

V1R     = (V1 sin ) / (sin ) 

           = (63.3 sin 25o) / (sin 33.8o)  =   48.1  m/s 

and V1R cos   as  

              V1R cos   =  48.1 cos 33.8o 

           =  40.0 m/s 

 

The blade speed (VB) can be calculated from the velocity vector diagram by: 

    VB       = V1 cos  - V1R cos  

            =  63.3 cos 25o – 48.1 cos 33.8o  

=  17.4 m/s 

Consider also 

             V1R   = V2R  =  48.1 m/s 

 

Therefore from V2R further calculation will be 

V2 sin  = V2R sin  = 48.1 sin 24.7o = 20.1 m/s 

V2 cos  + VB  =  V2R cos  = 48.1 cos 24.7o = 43.7 m/s 

V2 cos   = 43.7 – 17.4 = 26.3 m/s 

The angle  consideration 

  Cot     =  (V2 sin ) / (V2 cos ) 

   =  (20.1 m/s) / (26.3 m/s) 

   =  1.3085 

Therefore  

       =  tan-1 (1.3085) 

   =  37.4o 

And 

  V2 =  (V2 sin )2 x (V2 cos )2 

   =  (20.1)2 + (26.3)2 

   =   33.2 m/s 
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The Coefficient of the blade speed (k) is 

       k =  V2 / V1 

   =  33.2 / 63.3 

   =  0.523 

The angular velocity obtained from Eq. 

    th     =  V1 cos  + V2 cos   

            =  63.3 cos 25o + 33.2 cos 37.4o 

=   83.8 m/s 

The angular velocity or tangential force of turbine disk as           

Ftan =  m (V1 cos  + V2 cos ) = mth       

            = 0.031 kg/s x (63.3 cos 25o + 33.2 cos 37.4o) m/s 

=   2.53 N 

The Axial velocity obtained from Eq. 

    f       =  V1 cos  - V2 sin   

            =  63.3 cos 25o - 33.2 sin 37.4o 

=   37.2 m/s 

The axial thrust is the force in the axial direction acting along the rotor. Therefore, the 

total axial thrust acting on the rotor blade becomes: 

   Faxial =  wfm (V1 cos  + V2 cos )   

            =  0.031 kg/s x (63.3 sin 25o + 33.2 sin 37.4o) m/s 

=  0.20 N 

The sum of the moments of all the external force is equal to the rate of change of 

angular momentum of the system. Thus the torque delivered by a vapor tube of a 

considered the theoretical work output calculated from the velocity triangles. 

          w =  VB (V1 cos  + V2 cos ) 

   =   17.4 m/s (63.3 cos 25o + 33.2 cos 37.4o) m/s 

   =   1,457 m2/s2 x [(kJ/kg) / (1,000 m2/s2)] 

   =   1.46 kJ/kg 

The theoretical power output of the turbine stage Pth is the rate of the work done in a 

turbine stage w and can be calculated: 

         Pth =  wfm w  =  0.031 kg/s x 1.457 kJ/kg         

                                  =   0.0437 kW or 43.7 watt 
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The consideration of the turbine rotation speed on the experiment result was 1,369 rpm, 

     =  2N/60 

 =  (2 x  x 1,369 rad/min) / (1 min / 60 s) 

 =  143.4 rad/s 

 

The consideration of the turbine torque and angular on the experiment result were T = 

0.0721 N.m,  = 1,369 rpm. 

        Ftan =  T / r 

   =  0.0721 N.m / 0.25 m 

   =   0.29  N.m 

 

The consideration of the power output on the experiment result as 

       Pact = T 

                          = 0.110 N.m x 143.4 rad/s         

                              =   15.77 W            

 

The consideration of continuity equation  

Q – W = (h4 - h3) + (Vo
2 - V2

2)/2 

 

Consider the theoretical work output calculated from the triangle velocity 

  – W = (h3 - h4) + (V4
2 - V3

2)/2 

   - 1.46 kJ/kg = h4 - 469.38 + [(33.22 – 63.32)/2 x (kJ/kg)/(1,000 m2/s2)] 

 

Specific kinetic energy 

 (V2
2 - V1

2)/2 = (33.22 – 63.32)/2 x (kJ/kg)/(1,000 m2/s2) 

   = -1.452 kJ/kg 

 

Consideration of the turbine outlet specific enthalpy (h4) such as 

  h4   = -1.46 – 1.452 + 496.38 kJ/kg 

    =  493.47 kJ/kg 
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The theoretical efficiency of the turbine rotor can be expressed as a ratio of the power 

output to the rate of the power input or an available kinetic energy produced by nozzles 

 

       hth = (Pout / Pin) x 100% 

   = (15.73/778.3) x 100% 

   =  2.02% 

 

5. Condenser Phase (Stage 4-1) 

The vapor from the turbine exit at low pressure undergoes isobaric phase change 

into saturated liquid form by transferring heat to environment or to the coolant. The 

pressure of the working fluid in the condenser is considered the same as the lower 

pressure of the system. The first law of thermodynamics of the condenser will be 

considerate by steady-flow system and the condenser load output, Qco which defines the 

rate of latent heat transfer by working fluid, can be given by the equation: 

 

)hh(mQ 41co    

             

 
 

Figure B.19: Configuration of water cooled condenser  

 

Design condition of condenser 

In the design condition of the condenser, the considerate of heat rejection area 

where condensation was used for condenser cooling system. The working fluid used is 

HCFC-141b at inlet temperature 90oC and outlet temperature 30oC. The cooling water 
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temperature flows into the inlet and outlet condenser are 10oC and 30oC respectively. 

The condenser tube is coiled round the number 1 position in the tube. The copper tube 

was used sizes 15 mm ID and 18 mm OD with the temperature difference (THX2 = 

20oC). The continuity equation can be expressed as 

 

Q – W = (ho - hi) + (Vo
2 - V2

2)/2 

 

Consider of the system, no work addition at the condenser therefore 

 

Qco = (ho - hi) + (V2
2 - V1

2)/2 

 

 
 

Figure B.20: Condenser coil constructed 

 
Consider at the condensing area and tube length of the condenser required to 

comply with the cooling system with 6.77 kW and HCFC-141b as a working fluid. For 

the procedure to calculate in this design, the heat transfer rate, conduction heat transfer, 

and convection heat transfer. Then calculate the area and length of the pipe according to 

the equation. 

Qco = UA TLMTD = U x 0.773 m2 x (70 - 30.37)oC = 144.53U  

 

Condition Heat rate at condenser; Qco = 60.27 kJ/s or kW 

Tube surface area; Ai = 0.773 m2  

Working fluid outlet temperature; Twf,i = 78oC  

Working fluid outlet temperature; Twf,o = 30oC 
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Water cooled inlet temperature; Tw,i  = 10oC  

Water cooled outlet temperature; Tw,o  = 10oC  

   Working fluid mass flow rate; 
wfm = 0.031 kg/s = 112.0 kg/h 

Water cooled mass flow rate; 
wm  = 0.267 kg/s = 961.2 kg/h 

Therefore 

Qco = UA (Twf,i – Twf,o) = U x 1.815 m2 x (100 - 20.37)oC = 144.53U  

 

The condense coefficient equation                 
4/1

3

fg

2

co
TND

khg
725.0h


















  

 

The working fluid density () and latent heat of vaporization (hfg) of HCFC-141b at 

temperature is 45oC, can be calculated from equation, 

3m/kg1109L/kg109.1
k/L90203.0

1
  and  hfg = 160.9 kJ/kg 

 

The thermal conductivity (k) and viscosity () of HCFC-141b at temperature is 45oC, 

can be expressed below; 

                              k = 0.0779 W/m.K and  = 0.000180 Pa.s 

 

Consider the number of tube at this point is the temperature difference between the 

working fluid vapor and surface of tube. There are assume T = 5oC can be calculated 

from this equation. 

Km/W528,1
)016.0)(23.3)(5(00018.0

)0779.0)(160900()1109(81.9
725.0h 2
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
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 Cycle efficiency 

The cycle efficiency is the ratio of net useful work done to the heat input during 

the vaporization phase. The efficiency of the system is much less than the Rankine cycle 

due to its lower temperature range. The efficiency is defined as: 

%07.00104.0
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Appendix C 

Proportion of Torque and Power output from Experiments 
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Proportion of torque and power output for Tso,avg = 72.4oC and avgm = 113.3 kg/h 

 

 

 

Proportion of torque and power output for Tso,avg = 82.3oC and avgm = 111.0 kg/h 
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Proportion of torque and power output for Tso,avg = 90.7oC and avgm = 112.5 kg/h 

 

 

 

Proportion of torque and power output for Tso,avg = 96.1oC and avgm = 111.1 kg/h 

 

 

0

3

6

9

12

15

18

0.00

0.03

0.06

0.09

0.12

0.15

0 400 800 1200 1600 2000 2400

P
o

w
er

 o
u

tp
u

t,
 W

T
u

rb
in

e 
to

rq
u

e,
 N

.m

Turbine  rotation speed, RPM

Torque, N.mm

Power, W

Ts = 90.7 oC

m    = 112.5 kg/h

0

3

6

9

12

15

18

0.00

0.03

0.06

0.09

0.12

0.15

0 400 800 1200 1600 2000 2400

P
o

w
er

 o
u

tp
u

t,
 W

T
u

rb
in

e 
to

rq
u

e,
 N

.m

Turbine rotation speed, RPM

Torque, N.mm

Power, W

Ts = 96.1 oC

m    = 111.1 kg/h



 

148 
 

 

 

Proportion of torque and power output for Tso,avg = 71.1oC and avgm = 228.8 kg/h 

 

 

 

Proportion of torque and power output for Tso,avg = 83.6oC and avgm = 240.3 kg/h 

 

 

0

3

6

9

12

15

18

0

0.03

0.06

0.09

0.12

0.15

0 400 800 1200 1600 2000 2400

P
o

w
er

 o
u

tp
u

t,
 W

T
u

rb
in

e 
to

rq
u

e,
 N

.m

Turbine rotation speed, RPM

Torq, N.m

Power, W

Ts = 71.1 oC

m    = 228.8 kg/h

0

3

6

9

12

15

18

0

0.03

0.06

0.09

0.12

0.15

0 400 800 1200 1600 2000 2400

P
o

w
er

 o
u

tp
u

t,
 W

T
u

rb
in

e 
to

rq
u

e,
 N

.m

Turbine rotation speed, RPM

Torque, N.m

Power, W

Ts = 83.6 oC

m    = 240.3 kg/h



 

149 
 

 

 

Proportion of torque and power output for Tso,avg = 90.6oC and avgm = 221.2 kg/h 

 

 

 

Proportion of torque and power output for Tso,avg = 96.1oC and avgm = 237.9 kg/h 
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Proportion of torque and power output for Tso,avg = 73.4oC and 𝑚̇𝑎𝑣𝑔 = 302.2 kg/h 

 

 

 

Proportion of torque and power output for Tso,avg = 83.4oC and avgm = 292.3 kg/h 
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Proportion of torque and power output for Tso,avg = 91.4oC and avgm = 296.2 kg/h 

 

 

 

Proportion of torque and power output for Tso,avg = 96.1oC and avgm = 296.2 kg/h 
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Proportion of torque and power output for Tso,avg = 72.6oC and avgm = 397.7 kg/h 

 

 

 

Proportion of torque and power output for Tso,avg = 83.6oC and avgm = 382.3 kg/h 
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Proportion of torque and power output for Tso,avg = 91.6oC and 𝑚̇𝑎𝑣𝑔 = 389.4 kg/h 

 

 

 

Proportion of torque and power output for Tso,avg = 95.4oC and avgm = 378.1 kg/h 
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Appendix D 

Test Rig Drawing and Construction Cost  
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Table C1: List of test rig construction cost detail 
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Test rig construction cost 

No. Description 
Cost 

Baht $ 

1 Vapor generator set 30,000  925  

2 Vapor header 1,500  46  

3 Vapor distributer 1,000  31  

4 Bypass vapor pipe 500  15  

5 Turbine set 30,000  925  

6 Pressure reducer tank 2,000  62  

7 Condenser set 30,000  925  

8 Liquid receiver tank 4,000  123  

9 Water cooling condenser set 10,000  308  

10 Liquid pump (working fluid pump) 10,000  308  

11 Liquid header 1,500  46  

12 Test rig base 20,000  617  

13 Pipe and fitting 9,500  293  

14 Labor cost 50,000  1,542  

  Total 200,000  4,625  

 

http://www.bot.or.th/Thai/Statistics/FinancialMarkets/ExchangeRate/_layouts/Applicati

on/ExchangeRate/ExchangeRate.aspx 
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