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Table 22 Total exergy analysis of the systemwhen T, =298.15 K, Py = 101.325 kPa,
ho =236.01 kd/kg and Sq = 1.10065 ki/kg.K

No.exp | Teo(°C) | b (kW) | g (kW) | b (kW) | le (kW) | brogar (W)
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 721 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 4511 0.094 12.065 17.160
H-130713 96.8 0.525 5.696 0.209 3.195 9.625
1-140713 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
0-040813 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
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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.

Turbine HCFC-141b

High temperature and ﬁ
Vapor pressure side

generator @

. ) e ™ 1
== (Condénser| I ]
- T Low temperature and \ / L p
@ pressure side R
—_ — T r 1

P
f‘@ Organic Rankine Cycle 0

RS With HCFC-141b s [Wikg-K]

\
TrC]

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

Assumptions of the numerical simulation
- High temperature side = 90°C and high pressure side = 537.67 kPa
- Low temperature side = 30°C and low pressure side = 94.17 kPa

- Pressure ratio at turbine (AP = 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

» Statel-2:Pump:s2=s1 = 11197 . kJ/kg-K, (Sub-cooling)
P2 =__ 537.67_kPawp=vs(P2—P1) =0.00082 (537.67-94.17) = 0.364 _kJ/kg
ho=hy+wp,=23451+0.364=__ . 234.87 kilkg To=_30.31 .. °C
p2=._.. 121859 . kg/m®vz=_ 021835 ... m®/kg

»  State 2 - 3: Vapor generator : P3=P>=_537.67 | kPa, (Saturated vapor)
Ts=_.9 . °C vs=_ 004231 m3/kg
hs=_.498.38 . kkg s3=_.18634 . . kJ/kg-K

» State3-4:Turbine:ss=s3=__ 18634 kJ/kg-K, (Saturated vapor)

Ta=_..3295 °C  Ps=__10455KkPa wva=__ 020023 _ . m®/kg

» State4-1: Condenser :P1=Ps=____ . 94.17 . kPa, (Sub-cooling)
Ti=__....30° h=_2351 kJ/kg s1=__ 1.1197 ki/kg-K
pr=_.12192 kg/m®vi=__ 022085 . m®/kg

Results of the ORC numerical simulation

i = Ovwg=h3—h,=49838-23487=__ . ... 26351 . kJ/kg
Qo= Qoo = ha—h1=460.23-23451=__ . 22572 ... kJ/kg
Qi=Qvw=mqi=0.031 kg/sx 263.51 kJ/kg=__ . 812 . kW
Qo=Qco=mQo=0.031 kg/sx 225.72 kI/kg= . 7.00 ... kW
Wp=h2—h1=23487-23451 = . ool EI64. ~ fez kJ/kg
wr=h3—hs=498.38-46023=__ ] 37.7120 kJ/kg
Wnet=Wt-Wp=37.720-0.364 = . %300 V<1 o0 kJ/kg
Whet = hWnet = 0.031 kg/s x 37.356 kd/lkg = .. 1959 V. €. kKW
MNthR = Wnet/ i =37.356 /26351 = .| 0.1415 .
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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)



Table B.1: Simulation Results of ORC model

Tso wa,i wa,o Qi Jo Wp Wt Whet Nth,R Nth,C
°C °C °C kJ/kg kd/kg kJ/kg kJ/kg kJ/kg % %
70.0 | 30.0 | 60.0 | 243.93 | 22350 | 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 Twri Twro Qi Qo Wp W+ Whet Nt R Nth,C
°C °C °C kW kW kW kW kwW % %
Working fluid mass flow rate 112.0 kg/h
70.0 300 600 7.59 6.95 0.004 0.637 0.633 8.38 9.00
80.0 300 700 7.79 6.94 0.006 0.831 0.825 10.61 11.66
90.0 300 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
70.0 300 600 1512 1386 0.008 1.275 1.267 8.38 9.00
80.0 300 700 1553 1388 0.012 1.661 1.649 10.61 11.66
90.0 300 80.0 1594 1393 0.017 2.030 2.014 12.63 14.16
1000 30.0 90.0 16.34 1399 0.022 2340 2.318 14.15 16.52
Working fluid mass flow rate 298.0 kg/h
70.0 300 600 20.17 1848 0.010 1.700 1.689 8.38 9.00
80.0 300 700 20.72 1852 0.016 2.215 2.199 10.61 11.66
90.0 300 80.0 2126 1858 0.022 2.707 2.685 12.63 14.16
1000 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
70.0 300 600 2521 23.09 0.013 2125 2112 8.38 9.00
80.0 300 700 2589 2314 0.020 2769 2749 10.61 11.66
90.0 300 80.0 2656 2321 0.028 3.384 3.356 12.63 14.16
1000 30.0 90.0 27.23 2332 0.037 3.900 3.863 14.15 16.52
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Thermodynamic model
Design condition:
Vapor generator temperature and pressure are 90°C, 537.67 kPa, and Qi = 70.36
KW respectively.
Condenser temperature and pressure are 30°C, 94.17 kPa, and Q, = 60.27 kW
respectively.
Isentropic Turbine and Pump efficiency are 85%.
Vapor generator unit sizing; Ainner = 1.517 m?, Tuti = 30°C, Twto = 90°C,
Vinner = 0.004058 m?
Condensing unit sizing; Ainner = 0.773 m?, Twti = 90°C, Twio = 20°C,
Vinner = 0.001852 m?
Hot side pinch and cold side pinch are 10°C and 20°C 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 = 25°, and nozzle angle = 30°

Figure B.4: Drawing configuration of ORC prototype
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Tawi

Temperature

T'ewr cooling water

Specific Entropy
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 P>. The pump work W is calculated:

W _ Wp,ideal - m(hl _hzs)
oo, M,

Figure B.6: Flow process of working fluid pump
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The specific enthalpy of the working fluid at the pump outlet is given by h,:

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, ki/kg
W 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)

KANTO ’g‘ 1 KT-TF-22-AUTO
Pressure 10 - 40 kg/cm2
Operation 800 - 1,200 RPM
Capacity 13-22 L/min -
Require Power | 1.5-2.0 kW ' (é: (
s

i

R

Figure B.7: Reciprocation piston pump configulation and specification
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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 70°C 80°C 90°C 100°C
setting

Working fluid speed | flow | power | speed | flow | power | speed | flow | power | speed | flow | power
mass flow rate

setting rpm kg/h W rpm kg/h w rpm kg/h W rpm kg/h W

m =112 kg/h 130 | 1226 289 131 | 1242 | 2923 136 | 129.3 | 3034 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 | 5245

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 | 3905 | 788 328 | 3885 | 784.8 317 | 393.7 | 793.3 336 | 384.4 | 778.3

Working fluid leaving the reservoir in the sub-cooled liquid phase
T =30°C, P1=94.17 kPa, h1 = 234.51 kJ/Kg,
s1 = 1.1197 kJ/kg-K, p1=1,219.2 kg/ m®, vi =0.22055 m3kg

Therefore
S2 =51 =1.1197 kJ/kg-K, P, =537.67 kPa,
Wp = Vs (P2 — P1) = 0.00082 (537.67 — 94.17) = 0.364 kl/kg
ha = hy + wp = 234.51 + 0.364 = 234.87 kJ/kg
p2 = 1,218.59 kg/ m® v2=0.21835 mdkg

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:

Qug =m(hy —h,)

Where Qg is the heat input at the vapor generator, kW
h2 is specific enthalpy at the vapor generator inlet, k/kg

hs 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 10°C to be supplied heat
until reached 100°C whereas the specific heat of water Cp 4.18 kJ/kg°C with following
designs condition:

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

0.44 m, and 0.07 m® respectively.

The water volume containing in the vapor generator is 0.0057 m3

Hot water tank volume = Vyes - Vig = 0.070 - 0.0057 = 0.0643 m?

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 10°C into the hot water 100°C

Qw=m Cp (AT) =58 kg x 4.184 kJ/kg°C x (100 — 10)°C = 21,840 kJ
The hot water within 1 h of Electric heater power consumptions required as
Pe=Qw/t=21,840kJ/ (1 hx 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 - Tou)/(L1/k1A1 + Lo/k2A2)

Design condition

Temperature: Tin = 100°C Tout = 25°C
Thickness (L): L1 =0.60 mm L, =25.4 mm
Thermal conductivity: ki =50 W/m-K ko = 0.046 W/m-K
Heat transfer area: At = 0.622 m? Aup+iow = 0.318 m?
Therefore

Quoss = (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 (°C) 70 80 90 100

Heat loss (W) 105.96 144.49 183.03 240.82
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Design condition

The maximum temperature in vapor generator 100°C

Inlet and outlet temperature of working fluid 30°C and 90°C
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

Outlet  Inlet

L or

v T, = constant |

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

Design conditions

The working fluid temperature at inlet and outlet vapor generator Twri = 30°C
and Twro= 90°C respectively. The tube surface temperature (Tw) is 100°C, Therefore,
average working fluid temperature is Twiavg = 60°C, p = 296.3 x 10® Pa.s, Cpr = 4,392
JIkg-K, and ks = 78.7 x 10 W/m-K.
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Figure B.11: Heat transfer in the vapor generator tube (Incropera, 2005).

Form equation q =UAATIm=ATim/ Rt
Riot = 1/(hi2meril) + In (r2/ri)/(2nkL) + 1/(ho2mr2L)
UA = 1/Riot

Considering LMTD = F X ATim

Form equation
ATim = (AT2 - AT1) / In(AT2/AT2)
AT1 = (Ts— Twro) = (100 — 90) = 10°C
AT2=(Ts— Tuti) = (100 — 30) = 70°C
Therefore
ATim=(10-70)/1In (10/70) = 30.83°C
From equation
P=(Twto— Twsi) / ((Ts = Twri) = (90 — 30) / (100 — 30) = 0.86
R=(Ts—Ts)/ ((Tmo—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 + ra/k In rofry + 1/ho]

The total vapor generator heat exchanger area is given by

As=mndx Lx N =nrx0.0107 x 4512 x 10 = 1.5167 m?

The cross section area of heat exchanger tube is

A= (n/4) d2 x N = (n/4) x 0.01072 x 10 = 0.0009 m?

The volumetric of heat exchanger tube is

Vyg = (n/4) d? x L x N = 0.00009 m? x 4,512 m x 10 = 0.00406 m?
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Where d is the tube diameter, m
L is the tube length, m
N is the tube quantity.

Therefore 7910 W = U x 1.5167 m? x 30.83°C
U = 169.04 W/m?°C

The considerations of the working fluid inlet and outlet temperature are 30°C and 90°C
respectively.
Twravg = (30 +90)/2 = 60°C

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 = uCp/k
= (296.3 x 10 Pa.s)(4,392 J/kg-K)/( 78.7 x 10 W/m-K)
=16.46
The Reynolds number, Rep is calculated from
Rep =pVD/u
= 4m¢/ nuD

=4 x0.03kg/s / (n x 296.3 x 10 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 (g). The empirical

formula is proposed as follow.

f=0.184 Rep® when Rep > 2 x 10*
Therefore
f=0.184 x 12,0481 =0.018

For the Rep for the transition from laminar flow to turbulent flow is set at Rep
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.,

Nup  =0.023 (Rep®®) (Pr®%
=0.023 (12,048°8) (16.46%)
=129.73

Where n = 0.4 for Heating (Ts > Tm), and n = 0.3 for cooling (Ts < Trm)
The equation rechecks that the calculation must be satisfied with these values;
[0.7 > Pr > 160, Rep > 10,000, L / D > 10]

Therefore
hawy = (MCp/aDL) X (Tro—Tri) / ATimTo
= (0.030 kg/s)(4,392 J/kg°C)/[r/4 (0.0107 m)?(45.12 m)] x [(90 — 30)
°C/(30.83)°C]
= 63.19 W/m?°C

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

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

— Qan — Q
Qmx  (MCP)y, AT,

€hx
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The continuity equation of pipe
m=p1Us A1=p2U2 Az

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

Q-W=mz (u+Pv+u?2+gz),—mi(u+Pv+u?2+gz)
The working fluid pressure drop is determine using

AP = major loss + minor loss
The working fluid temperature at 60°C find from HCFC-141b thermo-physical
properties

1 =296.3 x 10° Pa.s, p = 1,159.1 kg/m?, ks = 78.7 x 10° W/m-K, Rep = 12,048

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

Volume flow rate = A x u = (msVv)/A

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

be calculated from equation;

Uavg = (M¢V)/A = (0.03 kg/s x 0.08954 m®/ kg) / (10 X /4 x 0.0107% m?)
= 2.99m/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)(u?/2g)

Where L=0.38 m x 10 =3.80 m, D =0.0107 m, £ = 0.0000015 m
Therefore ¢/D=1.4x10*
And can read from f=0.018

Substitute into the equation

hy = 0.018 (3.80 / 0.0107)(2.99%/2 x 9.81) = 2.84 M

For major loss in the 180°isf=1.5
Therefore
hy = KL u%2g x N = f (Le/D) u?/2g x N
=15x(2.992/2x9.81)x9=6.14m

133

Re lative rovghne s, &/D



The total heat pipe head loss, therefore

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

The total pressure drop in vapor generator can be calculated from
AP = pgh = 1,159.1 kg/m® x 9.81 m/s? x 8.98 m / (1 kPa / 1,000 kg m/s?)
=102.11 kPa

The working fluid pumping power is determined by
Wp = VAP
= 0.002686 m*/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).
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SECTION A-A

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

Quot = Q1+ Q2+ Q3+ Qs+ Qs+ Qs =6Qn
Qtot = 6AV

And working fluid mass flow rate as,
I(hwf = pAU
where p is the working fluid density, kg/m?

u is the working fluid velocity, m/s

A is the cross section area of nozzle, m?

Therefore, the velocity of working fluid flow at the nozzle exit is
0.002686 m®/s = 6 (n/4) 0.003? V
VvV =(0.002686 m%/s) / (6 (rn/4) 0.003%)
=63.34 m/s
and
u=+(2 Ah)
Ah = (498.38 — 496.38) x 10° = 2,000 J/kg or 2 kd/kg

Substitution into equation below
u = V(2 x 2,000) = 63.25 m/s

Table B.6: Designing condition

Stage | m Tt P h s \% p v u

wf
kgl °C kPa kJ/kg kJ/kgK mé/s kg/m3 mé/kg 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:

Wt = m(h3 = h4)

Where m is the working fluid mass flow rate, kg/h
hs is the specific enthalpy at the turbine inlet, kJ/kg
ha is the specific enthalpy at the turbine outlet, ki/kg

Schematic diagram

Vapor
P3T;

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  =(hg-hg) + (Va? - V3?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 m, Tt P h S \Y p v u

AP =5 kls °C kPa | kikg | kl/kg.K | md/s kg/m3 m3/kg 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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Velocity Diagram

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)
Vg is the blade velocity (m/s)
V2 is the vapor velocity leaving blades relative (m/s)
V2r is the blade velocity (m/s)
o is the inlet angle of absolute velocity (the nozzle angle is 25°)
B is the inlet angle relative velocity (the nozzle angle is 33.8°)
v is the outlet angle of absolute velocity (the nozzle angle is 24.7°)

3 is the outlet angle relative velocity (the nozzle angle is 24.7°)
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Consider at the velocity triangle as;
V1 = Vhozzle
= 63.3 m/s

Determine Vir as
Vir  =(Visina)/(sin B)

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

and Vir cosp as
Vir cosp = 48.1 cos 33.8°

= 40.0 m/s

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

Vs =V cos a - Vir COS B
= 63.3 cos 25° - 48.1 cos 33.8°
= 17.4mls
Consider also
V1r =Var = 48.1m/s

Therefore from Var further calculation will be

V2 sin 6 = Varsiny=48.1sin 24.7°=20.1 m/s
V2058 + Ve = VorC0sy=48.1cos 24.7°=43.7 m/s
V2 €0S 6 =43.7-17.4=26.3m/s

The angle 6 consideration

Cotd = (V2sind)/(V2cos d)
(20.1 m/s) / (26.3 m/s)
1.3085

Therefore

o]
1

tan’ (1.3085)
37.4°

And

V(V2 sin 8)2 x (V2 cos 8)2
V(20.1)% + (26.3)?
33.2m/s

V>

139



The Coefficient of the blade speed (k) is
k = V2/V:

33.2/63.3

0.523

The angular velocity obtained from Eq.

V1 cos a + V2 cos &
63.3 cos 25° + 33.2 cos 37.4°
83.8 m/s

The angular velocity or tangential force of turbine disk as

Mth

Ftan = m (V1 co0s a + V2 €0S 8) = Mmin
= 0.031 kg/s x (63.3 cos 25° + 33.2 cos 37.4°) m/s
= 253N
The Axial velocity obtained from Eq.
f = Vicosa-Vzsind
= 63.3 cos 25° - 33.2 sin 37.4°
= 37.2mls

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:

Faxia = m,; (V1cos o + V2 cos d)

0.031 kg/s x (63.3 sin 25° + 33.2 sin 37.4°) 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 = Vg (V1c0s a + V2 cos d)

17.4 m/s (63.3 cos 25° + 33.2 cos 37.4°) m/s
1,457 m?/s? x [(kJ/kg) / (1,000 m?/s?)]

1.46 kJ/kg

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

turbine stage w and can be calculated:

Pn= m,w = 0.031kg/s x 1.457 ki/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,
o = 27aN/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.
Fan= 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 = To
0.110 N.m x 143.4 rad/s
1577 W

The consideration of continuity equation
Q—W =(hs-h3) + (Vo2 - V)2

Consider the theoretical work output calculated from the triangle velocity
~W =(h3-hs) + (V42 - V32)/2
- 1.46 kd/kg = has - 469.38 + [(33.2? — 63.32)/2 x (kJ/kg)/(1,000 m?/s?)]

Specific kinetic energy
(V22 -ViA2 = (33.22-63.3%)/2 x (kJ/kg)/(1,000 m?/s?)
= -1.452 kd/kg

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

ha =-1.46 - 1.452 + 496.38  kJ/Kg
= 493.47 ki/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

Nith = (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:

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 90°C and outlet temperature 30°C. The cooling water
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temperature flows into the inlet and outlet condenser are 10°C and 30°C 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 (AThx2 =

20°C). The continuity equation can be expressed as
Q—W = (ho - hi) + (V% - V22)/2

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

Qe =(ho-hi)+ (V2-Vi?)2
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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 ATimro = U x 0.773 m? x (70 - 30.37)°C = 144.53U

Condition Heat rate at condenser; Qco = 60.27 kJ/s or kW
Tube surface area; Ai = 0.773 m?
Working fluid outlet temperature; Twti = 78°C
Working fluid outlet temperature; Twio = 30°C
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Water cooled inlet temperature; Tw,i = 10°C
Water cooled outlet temperature; Tw,o = 10°C
Working fluid mass flow rate; m,, = 0.031 kg/s = 112.0 kg/h

Water cooled mass flow rate; m, =0.267 kg/s = 961.2 kg/h

Therefore
Qco = UA (Twti— Twro) = U x 1.815 m? x (100 - 20.37)°C = 144.53U

The condense coefficient equation

2h k3 1/4
h, =0.725 9P N
HATND

The working fluid density (p) and latent heat of vaporization (htg) of HCFC-141b at
temperature is 45°C, can be calculated from equation,

1

=~ =1.109kg/L =1109kg/m?® and he = 160.9 ki/kg
0.90203 L/ k

p

The thermal conductivity (k) and viscosity (v) of HCFC-141b at temperature is 45°C,
can be expressed below;
k =0.0779 W/m.K and v = 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 AT = 5°C can be calculated

from this equation.

h 0,725 9:81(L109)° (160900 )(0.0779)°
o 0.00018 (5)(3.23)(0.016)

1/4
] =1528W/m’K
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:

W .
T]cycle == L= 0 01573 = 00104 = 0070/0
Q, .73
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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 Tsoavg = 71.1°C and m, = 228.8 kg/h

0.15 18
® Torque, N.m T, =83.6°C
= Power W m =240.3 kg/h
012 - - 18
S - 12
Z 0.09 - ;
() -
5 9 B
= 3
2 0.06 s
z 63
2
0.03 - = . 3
0 T T T . T T 0
0 400 800 1200 1600 2000 2400
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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

172



Appendix E

List of Publications

173



International Journal
1) Saiai, P., Chaitep, S., Bundhurat, D., and Wattanawanyoo, P., (2014). An

Experimental Investigation of Vapor Generator Characteristics in a Low-Pressure
Turbine Engine, Indian Journal of Science and Technology, Vol.7 (8), PP: 1130-
1136.

2) Saiai, P., Chaitep, S., Bundhurat, D., and Wattanawanyoo, P., (2014), Experimental
study and performance evaluation of an Organic Rankine Cycle using micro
radial turbine, International Journal of Applied Engineering Research, Vol.9
(16), PP: 3853-3862.

3) Saiai, P., Chaitep, S., Bundhurat, D., and Wattanawanyoo, P., (2014), Effects of
Vapor Generator on Organic Rankine Cycle for Low Temperature Heat Source, Int.

J. of Emerging Technology and Advanced Engineering, VVol.4(1), PP: 656-662.

International Conference

4) Pattanachok Saiai, Sumpun Chaitep, Damorn Bundhurat, and Pipatpong

Watanawanyoo, Performance Assessment and Thermal Efficiency of a Compact
Vaporizers Used in Low Pressure Turbine Cycle, the 2013 International National
Conference on Alternative Energy in Developing Countries and Emerging
Economies (2013 AEDCEE), 30-31 May 2013, Pullman Bangkok King Power,
Bangkok, Thailand.

National Journal

5) Saiai, P., Chaitep, S., Bundhurat, D., and Wattanawanyoo, P., (2014), Design and
Testing of Vapor Generator for Low Pressure Turbine, Journal of Engineering and
Technology, College of Engineering, Rungsit University, (in-Thai), Vol.16 (2), PP:
10-18

National Conference

6) Saiai, P., Chaitep, S., Bundhurat, D., Na Lampang, T., and Wattanawanyoo, P.,
(2013), Preliminary Design and Experimental Studies of Low Pressure Turbine for
Organic Rankine Cycle Engine, National Conference on 12" Heat and Mass Transfer
in Equipment and Process, March, 14-15, Imperial Golden Triangle Resort Hotel,
Chiang Rai, Thailand., PP: 275-280.

174



) \Vol: 6 | Issue: 3 | March 2013 | Print ISSN: 09746846 | Online ISSN= 08745645

Indian Journal

SCIENCE
TECHNO

I\

”

The Fast Track International Journal Covers:
Original Research, Reviews and Popular Articles in
Science & Technology, Medical and Environmental Fields

Access articles online: www.indjst.org

Indian Society of [
Education a:dI;:w(r):r:en?;gt = i 3 "\iF( )RﬂHTIES

A Passageto Knowledge

www.iseeadyar.org see www.informindia.co.in

o i

175



Indian Journal of Science and Technology, Vol 7(8), 1130-1136, August 2014

ISSN (Print) : 0974-6846
ISSN (Online) : 0974-5645

An Experimental Investigation of Vapor Generator
Characteristics in a Low-pressure Turbine Engine

Pattanachok Saiai'", Sumpun Chaitep', Damorn Bundhurat' and Pipatpong Watanawanyoo?

'Department of Mechanical Engineering, Faculty of Engineering, Chiang Mai University, Chiang Mai, 50200,
Thailand; pattanachoks@gmail.com, svmpvn@gmail.com, damornb@yahoo.com
2Mechanical Engineering Program, College of Engineering, Rangsit University, Pathumthanee, 12000,

Thalland; tum1879@hotmail.com

Abstract

This paper proposes an experiment using a vapor generator for a low-temperature heat source to drive a turbine engine.
The system consists of a heat source to heat the water in the vapor generator apparatus, and thus heating the water in the
system of the working fluid increases the vapor turbine driving force. In this study, HCFC-141b is used as a working fluid in
the systembecause ithas betterthermo-physical properties, is a non-flammable liquid, is non-destructive to the atmosphere,
and has a high molecular mass and low boiling point. The experimental conditions comprised operating temperatures of
70 to 100°C and a starting temperature of 30°C. The variables studied were the heating rate of vapor generator, mass flow
rate of the working fluid flow through the vapor generator, inlet and outlet temperatures and pressures through the flow
vapor generator, and power output. These results were recorded to determine the performance and thermal efficiency of
the vapor generator in the vaporized for driving the turbine. The results of this study show the potential of using a vapor

generator for small-scale electricity production.

Keywords: Low-Temperature Heat Source, Low-pressure Turbine, Organic Rankine Cycle, Vapor Generator

1. Introduction

In recent years, the escalating consumption of fossil fuels
has caused many serious environmental problems, such
as global warming, ozone layer destruction, and atmo-
spheric pollution. New energy conversion technologies
are required to utilize energy resources suitable for power
generation without causing environmental pollution.
Low-temperature heat sources are considered as candi-
dates for the new energy sources. Solar heat, waste heat,
and geothermal energy are typical examples of low-tem-
perature heat sources with their available temperatures
ranging between 60 to 200°C . The use of such low-
temperature heat sources as an alternative energy source
to generate electricity has long been investigated using
power turbine cycles. The temperature of the exhaust

*Author for correspondence

from most industrial processes and power plants is less
than 370°C. If this kind of waste heat is released into the
environment directly, it leads to not only waste but also
heat pollution to the environment?®.

The Organic Rankine Cycle (ORC) system exhib-
its great flexibility, high safety, and low maintenance
requirements in recovering this grade of waste heat. By
integrating the ORC into energy systems, such as power
plants, the use of low-grade energy to generate high grade
energy (power) could be achieved, easing the power bur-
den, and enhancing system efficiency*. Since the ORC
consumes virtually no additional fuel, for the same added
power, the emission of environmental pollutants such as
Carbon Dioxide (CO,), Sulphur Dioxide (SO,), and so
on will be decreased. Moreover, according to the local
demand, the exhaust heat exiting from the ORC could be
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Abstract

This paper proposes an experiment using a vapor generator for a low-
temperature heat source to drive a turbine engine. The system consists of a
heat source to heat the water in the vapor generator apparatus, and thus heating
the water in the system of the working fluid increases the vapor turbine
driving force. In this study, HCFC-141b is used as a working fluid in the
system because it has better thermo-physical properties, is a non-flammable
liquid, is non-destructive to the atmosphere, and has a high molecular mass
and low boiling point. The experimental conditions comprised operating
temperatures of 70to 100 °C and a starting temperature of 30 °C. The variables
studied were the heating rate of vapor generator, mass flow rate of the working
fluid flow through the vapor generator, inlet and outlet temperatures and
pressures through the flow vapor generator, and power output. These results
were recorded to determine the performance and thermal efficiency of the
vapor generator in the vaporized for driving the turbine. The results of this
study show the potential of using a vapor generator for small-scale electricity
production.

Keywords: low-pressure turbine, organic Rankine cycle, vapor generator,
low-temperature heat source

Introduction
In recent years, the escalating consumption of fossil fuels has caused many serious
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Abstract — This paper proposes an experimental study of
the vapor generator for low temperature and low pressure to
drive a micro-turbine engine. The thermodynamic
performances of an ORC system under this designed
configuration have been analyzed. The vapor generator
constructed from copper tube. The turbine consisted of a
single stage radial impulse turbine with a rotor diameter of 80
mm and 18 blades. The blade thickness was 4 mm. and radial
blade width is 10 mm. The turbine designed to the incline
angle of the nozzle is 25 degree with respect to the tangential
line. The working fluid selected is HCFCs-141b (1,1-Dichloro-
1-fluoroethane) is used in the system, which preferable thermo
- physical properties, ie., non-flammable liquid, non-
destructive to the atmosphere, high molecular mass and a low
boiling point. Experiment was conducted with following set
up conditions, i.e., of operating temperatures between 90°C -
100°C, as well as at the starting heat of 30°C. The variables
parameters were observed, ie., heat rate of vapor generator,
mass flow rate of working fluid flow through the vapor
generator, inlet and outlet temperature and pressure through
the flow vapor generator, and power output. These were being
recorded in order to determine the performance and thermal
efficiency of the vapor generator. The results in this study
show the potential of using a vapor generator for the driving
of a low pressure turbine cycle in a small electricity
production.

Keywords— low pressure turbine, organic Rankine cycle,
vapor generator, low temperature heat source

I. INTRODUCTION

The present day energy situation of the world is
beginning info crisis. As the energy demand is rapidly
increase and with escalating rate the future. International
Energy Agency (IEA) predicts the energy demand of the
world in 17 years (2030) in the fufure, that it will be
increased 2 in 3 parts of energy demand in present or 9,179
Mtoe. [1] The research and development of heat energy for
from other source such as geothermal energy, exhaust gas
from engine, waste heat from industrial or solar energy to
achieve maximum benefit with a closed loop Rankine cycle
which uses organic chemical (ORC) and change heat
energy at low temperature to electric energy. The use of
these heat sources could be studied [2].
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This approach is particularly interesting to development
of energy production system.

Maizza ef al., (2001) [3] reported that the fluid
thermodynamic characteristics give rise to thermodynamic
limitations to the amount of energy that can be extracted
from the heat source. Some refrigerants satisfy the above
mentioned criteria more than the others. One such
refrigerant is HFCs-245fa. Liu et ai, (2002) [4] reported
performed a simulation on an ORC with various working
fluids for a hot temperature of 150°C and a cold
temperature of 30°C. It turned out in this simulation that
HCFCs-123 had a slightly better efficiency than iso-
pentane. HFCs-245fa and n-pentane were not taken into
account in that study. Badr et. al., [5] was developed ORC
machine including of working fluid and amplifier device.
From the research of variables design of Lee et., al., [6]
concluded that saturated vapor temperature in evaporator,
condense temperature at condenser, and superheated vapor
temperature from high heat vapor generator are important
to the economics of energy recovery system. Hung et. al.,
[7] is studied dry working fluid for ORC which use waste
heat recovery and the efficiency of system. This cycle was
uses low temperature working substance such as benzene,
ammonia, CFCs-11, CFCs-12, HFCs-134a and CFCs-113.
Furthermore, there are the other researches which use
Rankine organic cycle with other cycle such as solar energy
using, space energy cycle, geothermal energy, other
efficiency energy using.

The organic Rankine cycle (ORC) system exhibits great
flexibility, high safety, and low maintenance requirements
in recovering this grade of waste heat. Integrating the ORC
to the energy system, such as power plants, could achieve
using low grade energy to generate high grade energy
(power), easing the power burden, and enhancing system
efficiency [8]. Since the ORC consumes virfually no
additional fuel, for the same added power, the emission of
environmental pollutants such as carbon dioxide (CO,),
sulfur dioxide (SO;) and so on will be decreased.
Moreover, according to the local demand, the exhaust heat
exiting from the ORC could be further utilization such as
absorption chillers for supplement of cooling capacity.
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ABSTRACT

This assessment of performance and thermal efficiency of the compact vaporizer to drive the low pressure micro
— turbine, using a low temperature heat source. The system consists of a heat source to heat the water in the
vaporizer apparatus, thus heating the water in the system of the working fluid, increases the vapor turbine
driving force. In this study the refrigerant HCFC-141b (1.1-Dichloro-1-fluoroethane) as a working fluid is used
in the system, because of the better thermo physical properties, non-flammable liquid, non-destructive to the
atmosphere, high molecular mass and a low boiling point. Experiment conditions, of temperatures from 80 °C
to 100 °C at operating temperature, as well as at the starting heat of 30 °C. The variables study, heat rate of
vaporizer, mass flow rate of working fluid flow through the vaporizer, inlet and outlet temperature and pressure
through the flow vaporizer, and heat exchanger effectiveness. This is being recorded in order to determine the
performance and thermal efficiency of the compact vaporizer in the vapor for driving the turbine. The results in
this study are to potential of the using a compact vaporizer for the driving of a low pressure micro — turbine in a
small electrical unit. )

Keywords: Low pressure micro - turbine, organic rankine cycle, compact vaporizer, heat rate of vaporizer, HCFC-141b (1,1-
Dichloro-1-fluoroethane).

Corresponding Author: pattanachok@nnr.nstda.or.th
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ABSTRACT

This paper proposes a numerical simulation and testing of vapor generator for driving of low pressure turbine
engines using low temperature heat source. The thermodynamic performances of an LPT system under this designed
configuration have been analyzed. The test rig consists of a vapor generator, turbine, reducer tank, condenser, receiver
tank, and pump. The working fluid selected is HCFC-141b because of its high molecular mass and high efficiency in run.
An experimental study was carried out on a system recovering heat from hot water at temperature ranging from 70-100°C
and mass flow rate of working fluid about 112 kg/h. This work is part of the theoretical analysis of the waste heat from

various thermal processes. The goal of this research is to develop a numerical modeling for optimize system performance.

Keywords: low pressure turbine, Rankine cycle, low temperature heat source
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Abstract

This paper proposes a design and development of micro radial impulse
turbine using low temperature heat source for driving organic Rankine cycle engines.
The thermodynamic performances of an ORC system under this designed
conﬂguration have been analyzed. An experimental study was carried out on an ORC
recovering heat from hot water at temperature ranging from 80-100°C. The working
fluid selected is HCFC-141b (1,1-Dichloro-1-fluoroethane) because of its easy
procure, low costs and high efficiency in ORC. In order to achieve results, this
experiment has been investigated the effects of pressure, temperature, torque, and
power output of the turbine. This work is part of the theoretical analysis of the waste
heat from various thermal processes. The goal of this research is to develop a

numerical modeling for optimize system performance.

Keywords: low pressure turbine, organic Rankine cycle, radial impulse turbine, low

temperature heat source
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