10.213 Chemical Engineering Thermodynamics
Spring 2000
Test 2 Solution
March 29, 2000

Problem 1 (45 points)
In a process that produces a liquefied stream of ethylene at 15 bar, a low pressure gas at 1 bar
and 25 °C (1) isfirst compressed to 15 bar and outputs at 220 °C (2). Thisgasis cooled to 50 °C
at constant pressure (3) before being compressed to 100 bar (4). This stream exits at 240 °C and
compressed to 100 bar (4). This stream
exits a 240 °C and is then cooled to a
temperature below 100 °C (5). The high
pressure, cooled gas proceeds through a
throttle valve to produce a stream at 15 bar
that is 30 % liquid ethylene (6). The vapor
stream is recycled into the process.
a) Draw the process on the enthalpy-
pressure diagram for ethylene using (1-
6) for the various states. Your process
should start with ethylene at 1 bar and
25 °C and end with liquid and vapor
streams at 15 bar. (15 points)
b) For the compression of ethylene from 1
bar and 25 °C to 15 bar and 220 °C,
what is the efficiency of the
compressor? (10 points)
compressor efficiency = (DH)JDH (comparison between isentropic and real process)
for real process, DH = H(P=15bar, T =220 °C) —H(P=1bar, T =25 °C)
DH = 250 kcal/lkg - 160 kcal/kg = 90 kcal/kg
for isentropic case, initial condition: P =1 bar, T = 220 °C and from diagram
H = 160 kcal/kg and S = 1.45 kcal/kg-K
for isentropic case, final condition, P =15 bar, S = 1.45 kcal/kg-K and from diagram
H=225kcal/kgand T =175 °C
Thus, (DH)s=H(P = 15 bar, S= 1.45 kcal/kg-K) — H(P = 1 bar, S = 1.45 kcal/kg-K)
(DH)s= 225 kcal/kg - 160 kcal/kg = 65 kcal/kg
compressor efficiency = (DH)JDH = (65 kcal/kg)/(90 kcal/kg) = 0.72
¢) How much cooling (kcal/kg) is required before the gas enters the throttle valve? (10 points)
Coalingis (Hs—Ha)
Hyisat P=100bar and T = 240 °C; H, = 250 kcal/kg from diagram
Hs isat P =100 bar and T not known, but Hs = Hg as DH = O for 5->6 (throttle valve)
He isat P =15 bar and x = 0.7; Hs = 105 kcal/kg from diagram
Thus, cooling =(Hs—H;) = 105kcal/lkg — 250kcal/lkg = -145 kcal/kg
d) What are the temperatures of the gasasiti) enters (with 5 °C) and ii) exits (within 2 °C) the
throttle valve? (10 points)
At 5 (entering throttle), P = 100 bar and Hs = Hg = 105 kcal/kg. Thus, T at 5is 35 °C
At 6 (exiting throttle), P =15 bar and L+V, from table, T at P=15 bar = 235 K or —38 °C.




Problem 2 (25 points)

A steam power plant operates on the Rankine cycle. In this process, 145 |by/s of liquid water at
950 psiais heated by a combusted fuel to 1000 °F, requiring an input of 192,800 BTUs. This
superheated gas enters a turbine (h = 0.78) at 950 psia and exits at 14.7 psia.

a) Determine the work produced by the turbine in BTUs. (20 points)

Entering turbine is 145 Iby/swater at P =950 psiaand T = 1000 °C.
From steam table, Hi, = 1507.0 BTU/Iby, and S = 1.6595 BTU/Iby-°R
Exiting turbine is 145 lby/swater at P = 14.7 psa
Actua work by the turbine will be the efficiency times the isentropic work that could be
produced for this expansion = 0.78 x (DH)s
Need to determine exiting condition if isentropic.
Output = P = 14.7 psiaand Soyt = Sin =1.6595 BTU/Ib-°R
For P=14.7 psia, "9 = 0.3121 BTU/Iby-°R and S'®°" = 1.7568 BTU/Ibn-°R
Thus, output is a mixture of liquid + vapor
St =(1-x) S + xS
1.6595 = (1—x) (0.3121) + x (1.7568) leadsto
x = 0.9327 _
For x =0.933& P=14.7 psia, How = (1 —x) H'9 + x H/&
How =(1-0.9327)(180.17) + (0.9327)(1150.5) BTU/Ibp,
= 121BTU Ibm + 1073.1BTU/lbm = 1085.2 BTU/Iby
Work produced by turbine = (hwmine)(DH)s = (0.78)(1085.2 — 1507.0) = -329 BTU/Iby,
Work produced by turbinein BTUs = (329 BTU/Iby,) (145 Ibn/s) = 47,700 BTU/s

b) If the work required by the pump is 3.9 BTU/Iby, determine the overall efficiency of the
power plant. Note: if you could not solve part a), you may assume that the work generated
by the turbine was 400 BTU/lby,. (10 points)

Overall efficiency = (desired output)/(required input) = (net output work)/(required heat input)
Net output work work by turbine — work by pump

47,700 BTU/s - (145 Ibm/9)(3/9 BTU/Iby,)

47,700 BTU/s - 565.5BTU/s = 47,135 BTU/s

192,800 BTU/s from problem statement

(net output work)/(required heat input)

(47,2135 BTU/9)/(192,800 BTU/s) = 0.244

Required heat input
Overall efficiency

If awork term of 400 BTU/Iby, is used for the turbine, the overall efficiency = 0.298



Problem 3 (30 points)
Propane gas undergoes a change in state from an initial condition of 4.25 bar and 25 °C to 34
bar and 100 °C. Using generalized correlations, determine the value of D5for this change of

state. Themolar heat capacity of propanein the ideal stateis given by
Cp9 (cal/mal-K) = 5.49 + 0.0424 T (°K).

Three step process to get DS for real gas. transition gas first from real to ideal state, determine
DS for an ideal gas between the two ideal state, and transition gas from idedl to real state
DS = -SY + DSY + S5,
S? and %, are determined using generalized correlations
For propane, P. = 42.48 bar, T, = 369.8 K, and w = 0.152
For Pr=4.25barand T; =25°C = 298K,
Pr1 = (4.25 bar)/(42.48 bar) = 0.1 and T; 1 = (298 K)/(369.8 K) = 0.8
From the generalized correlations chartsfor P, 1 = 0.1 and T; 1 = 0.8,
S%R=-013 and S}Y/R=-0.25
Thus, ST/R = S{YR + (W)SH YR = (-0.13) + (0.152)(-0.25) = -0.17
For P, = 34 bar and T, = 100 °C = 373 K,
P,» = (34 bar)/(42.48 bar) = 0.8 and T, » = (373 K)/(369.8 K) = 1.0
From the generalized correlations charts for P, > = 0.8 and T; » = 1.0,
SR=-085 and S%Y/R=-0.95
Thus, S%/R = SKYR + (W)SHYR = (-0.85) + (0.152)(-0.95) = -0.99
. TCY P .
DSY = p—>-dT- RIn—2 where C? =5.49+0.0424T
T P
DSY = 372K €5.49
298K

+ 0.0424lédT CRINZA 5 a0 3724 0,0424(373- 298) - RIng
4.25 bar 298

DS = [(5.49)(0.2245) + 0.0424(75) - (2.079)(1.987)] ca/mal -K

DS = [1.23+3.18- 4.13 cal/mol -K = 0.28 cd/mol -K
DS = -} + DSY + S%
-(-0.17 R) + (0.28 cal/moal-K) + (-0.99 R)
(0.17-0.99)(1.987 cal/moal-K) + 0.28 cal/mol-K = -1.35 cal/mol-K or -5.64 cal/mol-K

Note: for comparison, the NIST website give DS for this change as —5.38 cal/mol-K
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