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4 REFRIGERATION CYCLES

Learning objectives:

1. In this chapter, ‘Refrigeration cycles’ are analyzed.

2. Cycles dealt with are: Ideal and actual vapour compression cycle, Ideal and actual

reversed Brayton cycle (or, Bell Coleman cycle).

3. Several useful Mathcad Functions are written for properties of Refrigerant-R134a in
superheated and two-phase regions, since Mathcad does not have built-in Functions

for R134a, and are used in solving problems. Also, useful Mathcad Functions are

written to facilitate easy calculations for all these cycles.

4. And, many useful Functions/Procedures are written in EES for different variations

of ideal vapour compression refrigeration cycle.

5. Problems from University question papers and standard Text books are solved with

Mathcad, EES and TEST.

4.1 DEFINITIONS, STATEMENTS AND FORMULAS USED [1-7]:

Note: Figures used in this section are from TEST Software [Ref: 7].

4.1.1 IDEAL VAPOUR COMPRESSION REFRIGERATION CYCLE:
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Schematic diagram and the T-s diagram of the ideal vapour compression cycle are shown above.
1-2: Isentropic compression of sat. refrigerant vapour from the evaporator in compressor
2-3: Cooling and condensing in condenser

3-4: expansion in the expansion valve; this occurs at constant enthalpy.

4-1: supply of refrigeration in evaporator

Note the following:

Woomp = h2(T1) - hi(T1)  kJ/kg...compressor work

g =hl-ht  kllkg... refrign. capacity

Now, 1 ton of refrigeration = 211 kJ/min.

COP= coeff. of performance .

Weomp

4.1.2 ACTUAL VAPOUR COMPRESSION REFRIGERATION CYCLE:

This takes in to account the isentropic efficiency of the compressor.

Schematic diagram of the system and the T-s diagram are shown below:
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Weomp = B3 - Bl kJikg...compressor work

h2 -hl

=_— — ..isentropic effcy of compressor

g =hl-hi klkg... refrign. capacity

qz=h3-ht klkg..heat transferred in condenser

COP=

coeff. of performance
eomp

4.1.3 REVERSED BRAYTON CYCLE REFRIGERATION (OR, AIR CYCLE
REFRIGERATION OR BELL COLEMAN CYCLE):

This is used in aircraft cabin cooling. Schematic diagram of the system and the T-s diagram

for an actual reversed Brayton cycle refrigeration cycle are shown below:
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T.K

s, kd/kg.K

1-2: Isentropic compression of air from the cold region in compressor
1-3: actual compression

3-4: cooling of compressed air at constant pressure

4-5: isentropic expansion of air in the turbine

4-6: actual expansion in turbine

Note that the following calculations are done assuming constant sp. heat for air:

|

(e 7 : : : :
T2=T1 B2 | K ... temp. at compressor exit after isentropic compression
:‘- 1_.1"
2 - : .
Ti=Ti+ az-1 K ... temp. at compressor exit after actual compression
nu:nmp

Download free eBooks at bookboon.com
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Tis ——— K ... temp. at turbine exit after isentropic expansion

T6=T4 - nyy (T4 - T3) K .. temp. at turbine exit after actual expansion

Weomp = P (T3 - T1) kikg ... compressor work input

Wiyt = cp-(T4 - T6)  kJ/kg ... turbine work output

W = W

net= “eomp ~ Vturb klikg ... net work input

G = cp-(T1-T6)  klikg ... refrigeration effect

Qo = cp-(T3 - T4)  kllkg ... heat rejected in HX

g
COP= —= ...coeff. of performance
1‘T:IflEt
R=cpl -1 | klikg K . Gas constant for Air
E-T1 . . .
spvoll = m"3/kg ... sp. volume of air at compressor inlet conditions,

p1.10c  with P2 in bar

4.2 PROBLEMS SOLVED WITH MATHCAD:

Note:

Mathcad does not have built-in functions for Refrigerants. So, generally, while
solving problems on vapour compression refrigeration cycles which use refrigerants
such as R-12, R-22, R-134a, as working substance, we have to refer to tables often to get

properties of refrigerant at various state points.

So, we shall first develop few simple Mathcad Functions for refrigerant R134a, based
on published Tables (Ref: TEST software, www.thermofluids.net), and then use them in

solving problems. These Functions use the built-in linear interpolation function ‘linterp’ in

Mathcad to get properties from the Tables.

Download free eBooks at bookboon.com
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Prob.4.2.1. Write Mathcad programs/Functions for properties of refrigerant R134a:

Mathcad Solution:

Our Mathcad Functions are based on published R134a Tables (Ref:[7]: TEST Software,

www.thermofluids.net).

There are separate Tables for Superheated and Saturated R134a

First, for Superheated R134a:

For each pressure, the Table is copied as a matrix in Mathcad, each column is extracted as

a vector, and linear interpolation is done for intermediate values.

Functions are written for the following pressures: 0.6, 1.0, 1.4, 1.8, 2, 2.4, 2.8, 3.2, 4, 5,
6,7,8,9, 10, 12, 14, 16 bar.
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A sample set of Functions written for a pressure of 5 bar are shown below:

At & bar: T..deg C
vo_m*3fkg
u, h... kl'kg
T v o u b s klkgK  deg C
(1574 004086 253.64 236.07 09117
200 004138 2394 26034 09284
30 0.04416 2482 27028 09397
40  0.04533 23600 280.16 00018
30 0.04842 26383 20004 10229
60 003043 27473 29093 10331
_ 0 00324 28372 30092 10825
5
80 005432 2928 31995 11114
@) 00362 302 3301 11397
100 003803 31131 34033 1.1673
110 003988 320.74 350468 1.1040
120 006168 3303 361.14 12218
130 006347 339098 371.72 12434
140 008324 34079 38242 1.2?‘-!-6;-
I () .
tempd = 53 length{temp3) = 14
\ N 3
spvold = Si{l' enthd = Si{J' enitropd = 53
HR134A5B(T) = linterp(temp3, enth3, T) ex: HR134A5B(40) = 280.16
SR134ASB(T) = linterp(temp3, entrop3, T) ex: SR134A5B(40) = 0.992

Then, all the Functions written for the different pressures are combined into a single program

with linear interpolation applied for any desired pressure:

This Function returns enthalpy (h, kJ/kg) and entropy (s, kJ/kg.C) when pressure (P, in bar)
and temp (T, in C) are input.

Download free eBooks at bookboon.com

13



APPLIED THERMODYNAMICS:
SOFTWARE SOLUTIONS: PART-III

h_and s SuperheatB134a(P.T) =

return "'F should be between 0.6 bar and 16 bar"
return T should be between -37.07 C and 200 C"
if P=06~P<1

P-18
s « SR134A018B(T) + £ 18
(2-18)

f Pzl AP<24

. F-2
h — HR].J-I-_—"&_-)B[T} + m

: -2
5 SRIJ-I-_J&_)B[:T} + m

Pz24 P<2l8
P-24
h « HRI34A0MB(T) + P24
(28 - 24)
P-24
s « SRI3AOUE(T) + C 28
(28— 24)
Pz28AP<32
(P-28)
(32-128)
(P-128)

(31-129)

h « HRI34A028B(T) +

s « SRI34A028B(T) +

Download free eBooks at bookboon.com
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if P<06w P16
if T==3707wvTz=>200

P-06
h « HRI34A06B(T) + H-(H&lamlﬁm - HRI34A06B(T))
(P - 0.6)
s « SRI34A06B(T) + —6}-(5&134_1113[1'} — SR134A06B(T))
fPz1AP<ld
. (F-1) . .
h « HRIMAIB(T) + m-(HRl:-LADl-LB(T} - HRI34AIB(T))
(F-1)
s « SRI3AIB(T) + — = (SR134A014B(T) - SR134AIB(T))
if P14 P<18
P- 14
h « HRI3ADI4B(T) + ﬁ-(}mlsmmsa[r} - HRI3$A0I4B(T))
P- 14
s « SRI34ADB(T) + ﬁ-(mwumsmr} — SR134A014B(T))
if P18 P<2
P-18
h « HRI34ADISE(T) + H-(}mlyﬂuﬁ(r} — HRI34A018B(T))

(SRI34AJB(T) — SRI34ADI3B(T))

(HR134A024B(T) — HR134A2B(T))

(SR134A024B(T) — SRI34AZB(T))

(HR134A028B(T) — HR131A024B(T))

-(SR134A028B(T) — SR134A024B(T))

(HRI134A032B(T) — HERI3LADSE(T))

(SR134A032B(T) — SR134A028B(T))
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if P=32~P<4d

h « HRI134A032B(T) +

®-32) .. rarh
7 (HRI3A4B(T) - HRI34A032B(T))

(4-32)
rana (P-32) . 2 iana
seﬁﬂﬂmﬁmn+a—TESMAMMU—mbHMEﬁ}
- A=
f P4 P<3
P-4

h « HRI34ALB(T) + m-(}mlaumm — HRI34A4B(T))
'_'I p—

P-4
s « SRIZ4A4B(T) + H-[smaamm - SRI34A4B(T))

fPz3i~APxb

P-5
h « HRI34ASB(T) + C ") (HR134A6B(T) — HR134ASB(T))

®-3.

s « SRI34ASB(T) + (SRI34AGB(T) - SRI34AB(T))

if P26~AP<T

h « HRI34AGB(T) + %-[I—IRISJ-_—UB[T} - HRI34AGB(T))
®-6

s « SRI34AGB(T) + ey (SR134ATB(T) - SR134A6B(T))

if P=T7AP<i

P-7
h « HRI4ATB(T) + &=

5 (HR134ASB(T) - HR134ATB(T))

P-7
s « SRIZATE(T) + (s 1} (SR134ASB(T) — SR134ATB(T))

fPz8~APx@

h « HRI34ASB(T) + i—_:;-[HRIS-L-‘LQB[D — HRI34A8B(T))

s « SRI4ASB(T) + %-[SRIS-L—‘LQB[T} - SRI34ASB(T))

if P20A~AP<10

h « HRI34A9B(T) + %-[I—IRIS-L—UDB[T} - HRI34A9B'T))

P-¢
s « SRIMAGB(T) + [(1—;-(53134&103(1} - SRI34A9B(T))

Download free eBooks at bookboon.com
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if P=210~AP<12

P-10
h « HRI34A10B(T) + H-(I—IRH:LAIEB(T} - HRI34AL0B(T))
U ¢ ot 1) I U U
B A IUD T P T N B Y = allI+ AUl
ORI (T (T
#P212AP<l4
(P-12) _
h « HRI34A1B(T) + m-(}mmauﬁm - HRI3AIZB(T))
(P-12)

s « SRI3ALB(T) + m-[SRlﬂ;—&lal-B[T} — SRI34A12B(T))
#P>14AP<16

(P-14)
(16 — 14)

s « SRIALEB(T) + %-[SRB#&I&B[T} — SRI34A4B(T))

h « HRIF4AEB(T) + (HR134A16B(T) — HRI34A4B(T))

(h s)

360°
thinking

Deloitte

DiSCOVCI’ thC truth at WWW.dClOittC,Ca/CaI‘CCI‘S © Deloitte & Touche LLP and affiliated entities.

)
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Further, for convenience and uniformity, we write the following programs to get enthalpy
and entropy of R134a when P and T are given in bar and deg.C respectively:

enthalpy B134a(P T} = |return "P should be between 06 barand 16 bar" o P 06w P> 16
return T should be between -37.07 Cand 200 C" of T« 53707+ T = 200
tsat « TSAT(F)

h « h_and_s_SuperheatRli-l-a[P_.T}EI_D if Tz tsat

(return "State pointin two phase region— use 2 phase Functions")  otherwise

entropy E134a(P.T) = |return "P should be between 0.6 bar and 16 bat” of P 06w P> 16
return "T should be between -37.07 Cand 200 C" of T < <3707 w T = 200
tsat «— TSAT(E)

5 h_and_s_SuperheatRlS-l-a[P_.T}I}_1 if T = tsat

(return "State point in two phase region— use 2 phase Functions") otherwise

Function to find h when P and s are knpwn:

As a first step, get T when P and s are known:

P=8 bar

s =094 klkgC

T=30 ©C...guessvalue
Given

entropy_E134a(P. T)= s

Temp R134a(P.s) = Find(T)

Temp R134a(P.s)=30045 C

Download free eBooks at bookboon.com
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Now, write the Function to get h:

enithalpy El134a Ps(P.s) = |retun "P should be between 0é barand 16 bar" f P< 04w P> 1€
T « Temp E134a(P.s)
h « enthalpy E134a(P.T)

Ex: P=20 bar s = 08253 klkgC

enthalpy Rl134a Ps(P.s) = 272394 Jkg

Next, we write Functions for properties of R134a in the two-phase region:

Here, the Sat. pressure Table is used.

To write the Functions, we extract each column from the Table as a vector and use them to

get interpolated values, in conjunction with the interpolation function ‘linterp’ in Mathcad.
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The different vectors extracted from the Table are shown below:

Properties of Refrigerant R134a:
Sat. properties: (Ref: TEST, Cengel)

Units:  psat (bar), tsat(C), vf, vg (m3/kg), hf, hg (klikg), sf.sg (kd'kg.C)

(0.6  —36.05 ) 0.0007098 ) © 031121 )
0.7 -33.87 0.0007144 0.26029
0.8 -31.13 0.0007185 023753
09 —28.63 0.0007223 0.21263

1 -26.37 0.0007259 0.019254
12 2232 0.0007324 0.016212
14 -18.77 0.0007383 0.14014
1.6 -15.62 0.000744 0.1229
1.8 -12.73 0.000749 0.1098
2 -10.00 0.000753 0.0093
24 -5.37 0.000762 0.0834
28 -123 0.00077 0.0719
32 248 0.000777 0.0632
36 5.84 0.000784 0.0564
psat = A tsat = 20 vizat = 0.00079 vEsat = 0.0500
5 15.74 0.000806 0.0409
6 21.58 0.00082 0.0341
7 26.72 0.000833 0.0292
g 31.33 0.000845 0.0235
9 35.33 0.000858 0.0226
10 30.30 0.00087 0.0202
12 46.32 0.000893 0.0166
14 52.43 0.000916 0.014
16 57.92 0.000939 0.0121
18 62.01 0.000063 0.0103
20 67.49 0.000988 0.0093

[25 L 77.59 tﬂ_{rﬂlﬂﬁﬁ L 0.0069

30 ) 8622 0.001142 0.0053

Download free eBooks at bookboon.com
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3.841 ) (22779 (0.01634 ) (0.96441°)
173 22073 003267 006042
1121 23146 004711 093571
1437 23302 006008 005427
1728 23444 007188 005183
2249 236497 0092735 004770
2708 23016 011087 004456
2078 Mimn 0121 00293
3345 242 86 0.1352 09273
36.84 244 46 0.1481 00233
4295 24728 01 00222
4830 24072 01911 00197
3351 23188 02089 00177
hf=zat = 782 hgsat = 2351 sfzat = 0221 sgsat = 0518
62 23355 02399 00145
7133 236.07 02723 090117
TO 48 23019 02999 0.0097
36.78 261.85 03242 0908
9342 264.13 03439 0.9066
9956 266.18 03656 00054
10329 26797 03838 00043
11376 27099 04164 09023
12326 2734 0.4433 0.9003
13402 27333 04714 0.8982
14222 276.83 04954 0.8950
140 00 27704 03178 0.8934
168.12 27917 03687 0.8854
L 1853 ) ,.278.01 ) . 0.6156 | 0.8735

Following very useful Functions are written to find out enthalpy, entropy, sp. volume of

both the sat. liquid and sat. vapor conditions, as functions of sat. temp and sat. pressures.

Download free eBooks at bookboon.com
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Note that pressure is in bar in these Functions:

TSAT(F) = linterp{ psat.tsat.F) VGSATR(P) = linterp{ psat.vgsat.P)
PSAT(T) = linterp(tsat, psat, T) VGSATTI(T) = linterp(tsat. vgsat. T)
HESATP(P) = linterp{ psat, hfsat P} VESATP(P) = hnterp(psat.vfsat.P)
HFSATT(T) = linterp(tsat_ hfsat T} VESATTI(T} = linterp{tsat. vsat, T}

VEGSATP(P) = VGSATP(P) — VESATHP
HGSATH(P) = linterp{ psat hzsat | F) (2) ®) (2)

VFGSATI(T) = VGSATT(T) — VESATT
HGSATT(T) = linterp{tsat hgsat, T} @ @ @
5
UGSATP(P) = HGSATP(P) — P-107-VGSATP(P)
HFGSATFR(F) = HGSATP(F) — HFSATR(F) -
UFSATP(P) = HFSATP(P) — P-VFSATP(F)-10"

HFGSATT(T) = HGSATT(T) - HFSATT(T) UFGSATP(P) = UGSATP(P) - UFSATR(P)

- 7
SFSATP(P) = linterp(psat, sfsat,F) UGSATT(T) == HGSATT(T) — PSAT(T)-10"-VGSATT(T)
. a3
SFSATI(T) = linterp(tsat, sfsat, T) UFSATT(T) = HFSATI(T) - PSAT(T)-10"-VFSATT(T)
SGSATP(P) = linterp(psat, sgsat.F) UFGSATT(T) = UGSATT(T) - UFSATI(T)

SGSATI(T) = linterp{tsat_szsat, T)
SFGSATP(P) = SGSATR(P) — SFSATP(P)

SFGSATT(T) = SGSATT(T) — SFSATT(T)
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Further, following additional functions for finding out the quality in the two-phase region
are written. They are very useful in calculations related to vapour compression refrigeration

cycle, using R134a.

In the following program: psat = sat. pr.(bar), tsat = sat. temp (C), s = entropy (k]J/kg.C),
h = enthalpy (kJ/kg), x = quality:

quality_Ps{psat.s) = [return "psat should be between 0.6 bar and 30bar ! " if psat < 0.6 ~ psat > 30
sf «— SEFSATP|psat)
sfz «— SFGEATP| psat)

5 — =f
N

sfz

quality_Ts(tsat,s) = |return "tsat should be between -36.95 Cand 8622 C 1" if tsat < —36.93 ~ tsat > 86.22
sf « SESATT(tsat)
sfg «— SFGSATTtsat)

g — af
X —

sfz

quality _Thitsat.h) == |return "tsat should be between -36.95 Cand 8622 C!" if tsat « —36.93 ~ tsat > 8622
hf « HFSATT(tsat)
hfz « HFGSATT(tsat)
h — hf
hfg

A

quality Ph{psat.h) = |return "psat should be between 0.6 bar and 30 bar ! " if tsat < 0.8 ~ tsat > 30
hf « HESATP| psat)
hfz « HEGSATP{ psat)

h — hf

Prob.4.2.2. In an ideal vapour compression refrigeration system, R134a is the refrigerant.
Cold space is at -10 C. Condenser pressure is 9 bar. Find, for a flow rate of 1 kg/s:
(i) the compressor power in kW, (ii) refrigeration capacity in tons, and (iii) the coeff. of
performance (COP).
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(b) Plot COP and refrigeration capacity vs evaporator temp (T'1) as evaporator temp varies
from -30 C to -10 C:

_
2)

Congdenser

ail il |
Q:"r = ,' _ ] !
Expansion -
Valv OL i
alve { Lm h

< T
» Evaporator  — Compressor

|
@ @

Mathcad Solution:

Essentially, we have to find the enthalpies at various state points.

And, this is done very easily with the Mathcad Functions written above:

Data:
Tl=-10 C P2=9 bar Pi=PF2 Ti=T1
xl =1 ...quality at point 1 %3 =0 _..quality at point 3

Calculations:

Write the relevant quantities as functions of T1 since we have to plot the graphs later:

PI(T1) = PSAT(T1) i.e. PI(T1)=2008 bar
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Then  P4(T1) = PITI)
Enthalpies at various state points:

State point 1:

hi{T1} = enthalpy 2phase Tx{T1.xl)
e, hl(T1) = 244514 klikg
s1{T1) = entropy 2phase Tx{T1 x1)

e, sI(T1)=09825 kdlkg.C

State point 2:

s2(T1) = s1(T1) ..for isentropic compression

h2(T1) = enthalpy R134a Ps(P2.s2(T1))

e, h2(T1)=272373  kJikg

Brain power
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State point 3:
h3 = enthalpy 2phase Px(P3 x3)
le. h3i=92356 klkg
State point 4:
T4 =TIl

hi:=h3 ...since expansion in the expansion valve is isenthalpic

ie. ni=0056 kdikg

and:  x4({T1) = quality_Th{T1,hd)

le. x4(T1)=0302 ...quality of fluid at exit of expn. valve .... Ans.
Mow, make the other calculations:

Weomp(TH) = h2(T1) - hI(T1)

e Weomp(T1) = 27.861 kJWV...compressor power...Ans.

qp (T1) = h1(T1) - hd e qr(T1) = 144954 kJs... refrign. capacity

Now, 1 ton = 211 kJ/min.

qp (T1)-60
Therefore,  Refrign capacity({T1) = o
e Refrign_capacity(T1) = 41.21¢  tons of refrigeration ... Ans.
qr (T1) ,
COP(Tl) = ———— I.e. COP(T1) = 3203 coeff. of performance ... Ans.
“'cnmp[n}
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(b) Plot COP and refrigeration capacity vs evaporator temp (T1) as evaporator temp
varies from -30 C to -10 C:

T1:=-30,-28..-10 C...define a range variable

Tl = COP(T1) = Eefrizn capacity{T1)
-30 2.657 37709
-28 2792 38.066
-26 2.935 35.42
-24 3.088 BT7e
-22 3.255 39.13
-20 243 39481
-18 3715 39.832
-16 4227 40184
-14 4 562 40.53
-12 4.864 40.875
-10 5.203 41.219

COP wvs evaporator. temp (C)

A
(=)

Lh

COR(T1)
4

laa
(=)

\

b
A

-
=30 -28 -26 -4 -2 -20 -18 -16 -14 -12 -10
T1
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Befriz capacity (tons) vs evap. temp [C)

Refrign capacity(T1)

393
/_/-’"

39

383

|

38

373

3"—31} -28 -6 -4 -2 -2 -18 -16 -14 -12 -10
T1
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Prob.4.2.3. In prob. 4.2.2, if the isentropic efficiency of compressor is 80%, determine the

values for compressor work, refrigeration capacity, heat exchange in condenser and the COP.

(b) Plot compressor work, heat transfer in condenser and the COP as compressor efficiency
varies from 60% to 100%.

(c) Also, plot the variation of these quantities as condenser pressure varies from 4 bar to

13 bar, for compressor efficiencies of 0.8, 0.9 and 1, other parameters remaining constant.

Fig.Prob. 4.2.3 T-s diagram for actual vapour compression cycle

Mathcad Solution:

As in the previous case, we have to find the enthalpies at various state points.

And, this is done very easily with the Mathcad Functions written above.

Data:
Ti=-10 C P2=9 bar P3=P2 TE=TL Mgy =08
xl =1 ._quality at point 1 %3 =0 ._quality at point 3

Calculations:

Write the relevant quantities as functions of v since we have to plot the graphs later:
PY(T1) = PSAT(T1) i.e. PI(T1)=2008 bar . evaporator pressure

Then  P4TI1) = PITL)
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Enthalpies at various state points:
State point 1:
hi{T1) = enthalpy 2phase T=x(T1,x1)
e h(T1) = 244514 kikg
sI{T1} = entropy_2phase Tx(T1.xl)
ie. sI(T1)=0925 kJkg.C
State point 2:
£25(T1) = s1{T1) ...for isentropic compression 1-2s
h2s(T1,P2) = enthalpy Rl134a Ps(P2,s2(T1))
e, h2s(T1,P2)=272375  klikg... after isentropic compression

For actual compression 1-2:

his — hl

=——  _isentropic effcy of compressor
Mcomp hl — hl P Y P

I5 —
Then: hi=hl+ his - hl
"comp
. . h2s(T1,P2) — hi1(T1
e hTLP2n opy) = hI(TD + s(IL.F) - bl
' ' Ncomp
ie. h2|'1'1_.P2__nmmP:| = 270341 kJ/kg... after actual compression

State point 3:

Fi=F2
h3(P2) = enthalpy 2phase Pu(P2 x3)

I8 h3(P1) = 99.56 kJikg

Download free eBooks at bookboon.com
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State point 4:

T4{=TI
h4(P2) = h3(F2) ...5ince expansion in the expansion valve is isenthalpic
e h4(P2) = 99.56 kJikg

and:  x4(T1.P2) = quality Th(T1.h4(P2))

le. =4(T1.P2) = 0302 ...quality of fluid at exit of expn. valve .... Ans.

Mow, make the other calculations:

Weomp| T1-F2:M comp) = 12(TL.P2.M comp) — BTY)

e wmmp{:Tl,Pz,nmmP:} = 34827 kW...compressor power...Ans.

Download free eBooks at bookboon.com
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qp (T1.P2) = h1(T1) - hi(P2) ie g (T1.P2) = 144954 kJis... refrign. capacity

Mow, 1 ton = 211 kJ/min.

gy (T1,P2)-60

Therefore,  Refrign capacity(T1,P2) = 0
ie. Refrign capacity(T1,P2) = £1.21% tons of refrigeration ... Ans.
qEI.Il_.P_‘-_.T],:mnP: = h—_"{Tl-P:-'”-:nmp: — h3(P2)

e qE{Il__P_‘-_.nmmp: =172.781  kW..heat transferred in condenser
COP(TL.P ' L)
Weompl T1-F2: M comp)
ie. EDP{II,PE__nEmnp: = 4.162 coeff. of performance ... Ans.

Compare these results with those for the previous problem, where compressor efffcy.
was 100%.

(b) Plot compressor work, heat tr. in condenser, and the COP as compressor efficiency
varies from 60% to 100%.

Note that the Mathcad Functions defined in this problem for q;, q,, w__, COP etc are

comp

very versatile, and we can plot graphs for variation of any one or more of them together.

This is illustrated below:

"comp = 06,0651 ...define a range variahle

Neomp = Veompl Il-'P:-'T]n:mnp: £DPII1=P3=nc01:1p: qEII1=P2=ncniz1p:
06 46.436 3122 191.389
0.65 47 864 3.382 187.817
07 39.802 3642 184756
075 37.148 3.902 182102
0.a 34827 4162 179781
0.85 32778 4422 177732
0a 30.957 4 682 175.911
0.95 20.328 4943 174 282
1 27.861 5.203 172.815
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Compressor power vs compressor effoy.

50
43
=
=
= 40
g
2
E:, 33 \\
T30
“-u_\_\_\_\_\_\_\_\“
23 - - - -
06 065 07 075 08 083 09 095 1
Compressor isentropic effcy.
o COP vs compt. isentropic effcy.
]
3 /
43 /
[
4
33

06 065 07 075 08 085 09 095 1
Compressor isentropic effcy.

Heat tr. in condenser vs compr. effey

180

I

Heat transfer in condenser (kW)
=
[l
(]

175

1" 01}.6 065 07 075 08 085 09 093 1

Compressor issntropic effcy.
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(c) Also, plot the variation of these quantities as condenser pressure varies from 4 bar to

13 bar, for compressor efficiencies 0f 0.8, 0.9 and 1, other parameters remaining constant.

We have:
Data:
Ti=-10 C P2=¢% bar P3=P2 T4=Tl  Nggpy =08
xl =1 ..guality at point 1 %3 =0 ..guality at point 3
Now:
P2:=4,5.13 ..define a range variahle

And, vary n .. as 0.8, 0.9 and 1:
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We get:
Pl = Weomp(T1-P2.08) e omp(T1-P2.09) ¥eomp(T1-P2.1)
4 13.585 12.076 10.868
L 19.362 17.211 15.49
i} 24153 21.469 19.322
T 28.209 25075 22 867
g 3174 28.213 25,392
g 34827 30.957 27.861
10 7617 33437 30.093
11 39.935 35.498 31.948
12 42 387 AT.67T 33.909
13 44 379 39.448 35.503

C ompress0or power Vs condnser pressure

ompressor power (kW)

l:-l
(=]
L=

.
~

4 3 6 7 8 % 10 11 12 13 14
Condenser pressure, P2 (bar)

— eta_comp=108

""" eta_comp =092

—  eta comp=1
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Pl = COP(T1,P2.0.8) COP(T1,P2.0.9) COP(T1,P2.1)
4 13.435 15.114 16.793
5 5.045 10.063 11.181
§ 6.833 7.687 8.541
7 5.592 6.291 £.99
g 476 5.355 5.95
g 4162 4582 5.203
10 3.701 4164 4.626
11 3.355 3.775 4194
12 3.038 3.417 3.797
13 2794 3.144 3.493

COP vs condenser pressure

g

i
=
o

[,
“-.__:\_\_-\_,__L . |

4 3 6 7 &8 9 1 11 12 13 14
Condenser prassurs, P2 (bar)

eta_comp = 0.8

""" eta_comp =092

—  eta_comp=1
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P2 = qpg(T1,P2,08) qpg(T1,P2,09) qg(T1,P2,1) =
4 196.099 194589 193.382
5 192 546 190.394 188.673
6 189.187 186.503 184.356
7 185.943 182.808 180.301
8 182.834 179.307 176.486
g 179.781 175.911 172.815
10 176.84 172,661 169.317
11 173.923 160.486 165.937
12 171.14 166.431 162.663
13 168.382 163.451 158.507
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Condenser heat tr. vs condenser pressure

200

120 =

185 o
180 = 5

»

ondenser heat transfer (kW)

[
i
o
=

4 5 46 7 8% © 0 11 12 13 14
Condenser pressure, P2 (bar)

eta_comp = 0.8

""" eta_comp =092

—  eta_comp=1

Prob.4.2.4. Arefrigerator uses R134a as working fluid and operates on the ideal vapour
compression refrigeration cycle except for the compression process. The refrigerant enters
the evaporator at 129 kPa with a quality of 30% and leaves the compressor at 60 C. If
the compressor consumes 450 W of power, determine: (i) mass flow rate of refrigerant,
(ii) condenser pressure, and (iii) the COP. [Ref: 1]

Fig.Prob. 4.2.4 T-s diagram for actual vapour compression cycle
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Mathcad Solution:
Essentially, we have to find the enthalpies at various state points.
And, this is done very easily with the Mathcad Functions written above:

Data:

Pl=12 bar T2=60 C P4:=P1 xd:=03.._quality at point4, i.e_ entry to

evaporataor
xl =1 ...quality at point 1 Bo=10 Pmml:I = 0430  KW_._. compr. power
Calculations:
hd = enthalpy Iphase Pa{P4 zd) -3 hd = 84.834 kd/kg
Mow:  h3=ht .. forisenthalpic process 3-4 in expn. valve

To find P3: Use 'Solve block’ of Mathcad:

P3=4¢ bar..guessvalue

(iven

h3 = enthalpy 2phase Pa(P3,x3)
P3 = Find(P3)
P3=7.00%8 bar... pressure in condenser = compressor exit pressure... Ans.
And: P2 =PF3
sl = entropy_2phase PPl xl) i.e. sl =0.848

hl = enthalpy 2phase Px(P1.xl) e hi=23697 klkg

Then:  s2s:==s1 __forisentropic compression

hls = enthalpy R134a Ps(P2,s2s) i€  hls= 274066 kJ/kg....after isentr. comprn.
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Recollect:

etithalpy E134a({P,T) = |return "P should be between 0.6 bar and 16 bat” of P< 06w P = 16
returmn T should be between -37.07 Cand 200 C" f T < =37.07 w T = 200
tsat «+ TSAT(F)

h « h_md_s_SupecrheatRlEda{P,T}u_0 if T = tsat

{return "'State point in two phase region— use 2 phase Functions" ) othervise

Therefore: h2 = enthalpy R134a(P2,T2)

l.e.  hl= 296676 kJikg

Therefore: compressor isentropic efficiency:

his - hl . z
Neomp = e L8 Meomp = 0.621 ...compressor isentr. effcy.
Weomp = h2-hl  ie wo. =39706 kilkg

Our tools are designedto ~ Who are we?

experience pressures up to We are the world's leading provider of reservair
characterization, drilling, production, and processing
technologies to the oil and gas industry.

3 5 K pS I Who are we looking for?

We offer countless opportunities in the following domains:

That's 2,380 times
atmospheric pressure,
or 458 elephants

standing on a soccer ball. e -
We're looking for high-energy, self-motivated

graduates with vision and integrity to join our team.

careers.slb.com

Download free eBooks at bookboon.com

Click on the ad to read more

39



http://s.bookboon.com/Schlumberger

Therefore: mass flow rate of R134a:

Peomp .
mass = ——— kg's
Weomp
I8 mass=7537x10 -  kgls....Ans.

g =hl-hi ie qp = 150.136 kJ/kg.... refrig. effect

Therefore:
-
COP =
W eomp
=3 COP = 2313 LWCOP....Ans.

Prob.4.2.5. In a vapour compression cycle using R134a as refrigerant, evaporator pressure is
1.2 bar, condenser pressure is 8 bar,and compressor isentropic effcy. is 65%. If there is 5 C
superheating at entry to compressor and 5 C subcooling before entry to expansion valve,

calculate the values for refrig. effect (kJ/kg), compressor work (kJ/kg) and COP.

2

23')‘r

AT P

& bar

N 1.2 bar 1

Fig.Prob. 4.2.5 T-s diagram for actual vapour compression cycle,

with superheating and subcooling
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Mathcad Solution:
Finding out the enthalpies at various points is done very easily with the Mathcad Functions

written above:

Data:

Pl=12 bar P2=8§ bar P3=P2 P4=Pl  mgy, =06

x3 =0 ..since h3 is calculated as sat. lig. enthalpy at T3

To calculate enthalpies at various state points:

State point 1:

Tl =TSAT(P1) + 3 e Tl=-1732 C
hl = enthalpy R134a(P1,T1)  ie. hl=238002 klikg
sl = entropy_R134a(P1,T1) e, s1=0833 kd/kg.C

State point 2:

s2s = s1 ._forisentropic process 1-2s

h2s = enthalpy Rl34a Ps(P s) e, hls=2723%4 kJ/kg

Therefore:

h2s - hl .
Wo=hls— ie.  m2=200013 klkg

comp

State point 3:

[}
I
[
=]
e
Laa
o

T3=TSAT(P3) -5 Qe T

Therefore: h3 = HFSATT(T3) ie  h3=36226 klkg

State point 4:

hi =h3 ... far isenthalpic expn. in the expansion valve
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Then, we have:
Refrig. effect:

qp =hl-hd ie. qp = 151.776 kJ/kg....Ans.

Compressor work:

=hl-hl ie w 5291 kJikg....Ans.

W i =
. comp

comp -

Coeff. of Perfformance:

ie. COP=2860 ....COP...Ans.
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Prob.4.2.6. Write Mathcad Functions for reversed Brayton cycle refrigeration cycle (i.e. Air
cycle refrigeration or Bell — Coleman cycle) to find out COP etc:

Heat Exchanger @_)

_ et
ST —

I Turbine n'l i nmprcxv,:}l
“-ﬂ—_____T v # {;/E_‘(Jl.[?_;rnediun“ I__f__—~—~—

Heat Exchanger

T.K

s, kJ/kg.K

Fig.Prob. 4.2.6 Reversed Brayton cycle refirigeration cycle and its T-s diagram

Mathcad Solution:

We write Mathcad Function for air as working substance with constant sp. heats,

including the isentropic efficiencies of compressor and turbine:

The Mathcad Program is shown below:

In this program the LHS gives the name of the Function, and the inputs inside brackets; (here,

it is shown as the first line, and rest of the program is shown below it, to conserve space).
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Inputs are:

P1, P2...compressor inlet and exit pressures, in bar

T1, T4...compressor and turbine inlet temps, in K

Negmp? Mo - COMPressor and turbine isentropic efficiencies

Y, cp...ratio of sp. heats (cp/cv) and sp. heat at const. pressure (kJ/kg.K), for air

Eeversed Bravton Air II_PI P2 TL. T4 comp:Nturb: " t‘p_: =

2y 7
T2« T1-i — ¢
\P1)

(T2 - T1)

Ti«— T1+

Meomp
T3 -

(P2 7

71
T6 « T4 — Ny (T4 — T5)
Weomp © cp-{T3 - TI)
Wirh < cp-(T4 - T6)

et T Veamp T

« cp-(T1 - T6)

Fturb

Qin
Qout < P (T3 - T4)

N
COP « —2

Fhet

B« 0287
E-T1

spvoll « -
P2107

:'f"IS[K}" "THE)" "w_comp(kllg)" "w_twbkIkz)" g inkIkg)" "COP" "spvnl_l{m’-iL:g}"“-_

Furb

13 T6 “-l: omp
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Outputs are:

T3 (K) ... exit temp of compressor after actual compression
T6 (K) ... exit temp of turbine after actual expansion
w_comp ... compressor work in kJ/kg

w_turb ..., turbine work in kJ/kg

w_net ... net work requirement for refrigerator = (w_comp — w_turb), kJ/kg
q_in ... refrigeration effect, kJ/kg

COP ... coeff. of performance = (q_in / w_net)

spvoll ... specific volume of air at compressor inlet, m”3/kg. (This is given since many times,

while solving problems, volume of air handled by compressor is required to be calculated.)

Now, let us solve a problem to illustrate the use of this Function:
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Prob.4.2.7. Air enters the compressor of an ideal Brayton cycle refrigerator at 100 kPa, 270 K.
Compressor exit pressure is 300 kPa. Temp at turbine inlet is 310 K. Determine: (i) net

work input in kJ/kg (ii) refrigeration capacity in kJ/kg, and (iii) the COP

(b) Plot the above quantities as compressor exit pressure varies from 2 to 6.

T.K

s, kd/kg.K

Fig.Prob. 4.2.7 Brayton cycle refrigeration — T-s diagram

Mathcad Solution:

The problem is solved easily by using the Mathcad Function written above.

Data:
op = 1005 klkg K v =14 __ratio of sp. heats
Pl=1 bhar P2=23 har

Neomp = ! Nurb = 1

T1=270 K. compressarinlet temp

T4

310 K. turbine inlet temp
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Mow, use the Function written above:

RETEI‘SEd_BI‘a‘_‘..-‘tDﬂ__—"':it‘l-.Pl PLTLTAN gomp - Neurb-7-CP) =

("T3E)" "THE)" "w_comp(kikg)" "w_twb(klkg)" "q in(lkg)" "COP" "spvol l(m'3kg)" )
| _comp(kIkg)" "w_ )" "qin(ldke pvol_ 2"
2712 0.258 J

i‘ 3695339 226486 100.057 83.032 43,7532
Therefare:

Net work input = (w_comp - w_turh)

ie. Wpet = 100.057 — 83.932

e wp .= 16125 kJikg .... Ans.

Refrigeration capacity, q_in:

We see that: g, = 43732 klikg ... Ans.

Coeff. of performance, COP:

We see that: COP=2712 ...Ans.

To plot w o q, and COP against P2:

P2:=2.23.4 ...define arange varable

Also, define:

WyetlF2) = Re\'ersed_Bra}-‘ton_.—‘:.i.r[Pl _.P!_.l'l_.'l'-l-_.nmmp_.nmrb_.';_.u:p.}l._: - Reversed_Bra}-‘ton_A.i.r|'.Pl_.P2_.Tl_.]'-l-_.nmmp . nru.t’o-"f—":p._:'lﬁ

Q4 (F2) = E_e*.'ersed_Bra}-‘tnn__—"d.r|'P1 P2, T1. T4, comp-Mturb:-CP J1.4

COP(P2) = RE‘.'EI’SEd_Bra}-‘tDﬂ_.—'ﬁIl.Pl P2 T1. T4, 1 comp- Nturb:7 - P 1.5
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Then, we have:

P2 = Wy et(P2) = 94 (P2) = COP(P2) =

2 3455 15775 4 566
25 9.445 3156 3342

3 16.126 43732 2712
35 23.042 53539 2324

4 20,982 61692 2.058
45 36.844 68.63 1.863

5 43 577 74,642 1713
5.5 50.157 79.926 1504

6 56.574 84627 1.496

SMS from your computer

...oync'd with your Android phone & number

Go to

- - e BrowserTexting.com
m"(“mmr‘om"’;:%wumm'ut : S

L T Cotmonbes 06, 3342 154027
Oh_cocl T

and start texting from
your computer!

B

@ BrowserTexting

Download free eBooks at bookboon.com

Click on the ad to read more

48


http://www.browsertexting.com/

APPLIED THERMODYNAMICS:
SOFTWARE SOLUTIONS: PART-III REFRIGERATION CYCLES

Now, plot the results:

Wit (F2)

9;,,(F2)

60

30

20

10

Net work reqd. (kJ/kg) vs compressor exit pressure (bar)

Refrigln. [:ﬂpﬂ[l:il}‘ {k.l."kl]} VS cuﬁpressurlexit prelssure {I}Iar}

a0

10

/’

30

20

10
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. | | | | |

COP vs compressor exit pressure (bar)

taa

COP(PD) x

- . “"“-_______h
2 |
— ]
1
0 - - - - o
2 23 3 i3 4 43 3 33 &
P2

Prob.4.2.8. In Prob.4.2.7, if the compressor and turbine isentropic efficiencies are 80%

and 90% respectively, determine the new values for net work, refrigeration effect and COP.

(b) Plot the variation of these quantities for equal compressor and turbine efficiencies of
80%, 90% and 95%.

Mathcad Solution:

Data:
ep = 1005 klkgK v =14 __.ratio of sp. heats
Pil=1 bar PB2=3 har

Neomp = 0.3 Nty = 02

T1:=270 HK....compressorinlet temp

T4 =310 K.... turbine inlet temp

Now, use the Function written above:

Rex'ersed_Bra}-‘mn__—‘Li.r[P1 P2.T1,. T4, comp Mturb+" - .:p::, =

!n'-'IITE[.K}II IITﬁ[IC}II "“‘_I'.‘li.‘lmp[k.-rkg}” “"-T_tmb[kjkg}“ “q_i.ﬂ.':kjkg}“ “CDP“ ||5P1'_01_1(m_,\_3k }II‘-‘.I-
;xh 3044400 234837 123071 75338 35338 0.713 0238 j
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Therefore:

Net work input = (w_comp - w_turb)
e w ot = 123.071 - 75538

hal

e w,_ .. = 40333 kJ/kg .... Ans.

Refrigeration capacity, g_in:

We see that:

Laa

= 35338 kJikg .... Ans.

Qin

Coeff. of performance, COP:

We see that: COP=0713 ..Ans.

To plot w_, q. and COP against P2 for different values of compressor and turbine

efficiencies:

P2:=2.23.6 ...define arange varahle
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Also, define the above quantities as functions of P2, n__and m_,, so that we can easily

comp

generate the plots:

“’net[Pz-'ncomp-'ntu.tb? = Reversed_Bra}-‘ton_Aj.r[Pl_.P2_.Tl,T—l—,ncomp,nm,'la__cp“__: - Reversed_Bra}-‘ton__—\j.r[Pl__P2_.Tl,T—l-,r]comp__nm,'la__cp“__g

qm[_PE M ecomp: nturb__:' = Reversed Brayton Air |'_P1 P2, T1, T4, n comp-Tturb: 7 - '313'__:' 1.4

COP|{P2. Nturb) = Reversed Brayton_Air|P1.P2.T1,Td n I:Dmp-'nnnhr'f—-':?:'l_.j

Neomp:

Then, for net work, we get:

P2= wpet(P2.08.0.8)  w,(P2.00.09) wpee(P2,0.95,0.95)
29.507 15.656 9.381
25 44.098 25644 17.307
57.926 35.636 25.588
35 70.984 45.391 33.875
83.329 54.824 42.018
4.5 95.029 63.914 49.953
106.151 72.664 57.657
5.5 116.753 81.09 65.126
6 126.889 89.212 72.362

And:

Wet wotk reqd. vs. compt. exit pressure

140
120
= ]
£ 100
E w0
g L T
= 60 e
= b 1
E / - 2ot o T
R o
.-"-'f "F#
20 |t
—
0

2 23 3 33 4 43 5 5.3 &
Compressor exit pressurs (bar)

— eta_comp = eta_tuwb =038

""" eta_comp = eta_tub =02

—  eta_comp = eta_turb =093
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And, for refrigeration effect, we get:

P2 = q;,,(P2.0.8.0.8) q;,,(P2.0.5.09) q;,,(P2.0.95,0.95)
2 458 10177 12.976
25 17.208 24384 27.972
3 26.945 35.338 39.535
35 34.791 44 165 48.852
4 41.314 51.503 56.508
45 46,864 57.747 63.189
z 51.674 63.158 68.9
55 55.901 67.914 73.92
B 59,661 72144 78.385

Befrign. effect vs. compr. exit pressure

a0

10 ] o=

60 =1

RelTign. capacity (klkg)

A
L=

2 25 3 33 4 43 5 3.
Compressor exit pressure (bar)

— eta_comp = eta_tub =038

""" eta_comp = eta_tub =092

—  eta_comp = eta turb =033
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And, for COPD, we get:

Pl = COP(P2,08,08) COP(P2,08,09) COP(P2,085,095) COP(P2,1,1)
2 0.155 0.65 1383 4 566
25 0.39 0.951 1616 3342
3 0.465 0.992 1545 2712
35 0.49 0,972 1442 2324
4 0.496 0.939 1.347 2.058
45 0.493 0.904 1265 1862
0.487 0.86 1195 1713
55 0.479 0.828 1135 1504
0.47 0.809 1,083 1.496
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COP vs. comptessor exit pressure

ha

A
-1

s
=]

Laa

0P
[
[

!

L

b

215 3 i3 4 453 5 55 6
Compressor exit pressure (bar)

— eta_comp=eta_turb =08

""" eta_comp =eta_twb =09

— ' eta_comp=eta turb=003

— - eta comp=eta trth=1

Prob.4.2.9. A dense air refrigeration machine operating on Bell-Coleman cycle operates
between 3.4 bar and 17 bar. Temp. of air after the cooler is 15 C and after the refrigerator
is 6 C. For a refrigeration capacity of 6 Tons, find: (i) Temp after compression and
expansion, (ii) Air circulation requied per sec., (iii) Work of compression and expansion, and

(iv) COP ... [M.U/]

(b) Plot the variation of mass of air, compressor work and COP for a refrign. capacity of

6 tons, as compressor and turbine efliciencies vary together from 70% to 100%
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T, K

s, kd/kg.K

Fig.Prob. 4.2.9 T-s diagram of Reversed Brayton cycle refrigerator

Mathcad Solution:

Data:
cp = 1.005 klikg K v:=14 __ratio of sp. heats
Pl=34 bar  P2:=17har Ncomp = 1 Nt = 1
Ti=27% K. compressorinlet temp
T4 =288 K. turbine inlet temp

MNow, use the Function written above:

Reversed Bravton Air |'.P1 P2, T1, T4, n comp - turb 7 - .:p::, =

f"l’S[’K}" "THEY" "w_comp(klEz)" "w_twb(kIEz)" "g n(klkg)" "COP"  "spval 1{m"3 'kg}"w'l_
EK-I-I-I.SSIS- 131.339 163.7 106.692 97647 1.713 0.047 JJ
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Therefore:
T3 = 44138 K....temp after compresson .... Ans.

T6 = 181830 K....temp after expansion...Ans.
Q= 97.647 klJ/kg .... refrign. capacity...Ans.

W

comp = 1637 kdfkg ... compressor work

Wiy, = 106692 kl/kg ... turbine work
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Air circulation rate required:

Refrigeration capacity, g_in:

We see that:

1 Ton is equivalent to 211 kd/min.

Therefare, mass flow rate of air for 6 Tons capacity:

6-211

massajr =

kg's
I8 mass; = 0216 kgls ... Ans.

Compressor power:

T"VC = 'arl:m,ﬂp-massa_i_,f

le.  We=33373 kW ... actual compressor power ... Ans.

Turbine power:

‘.‘Vl— = “-tu.'r’r:l' mass ﬂ.‘l.f

le.  Wr=2305¢ kW...actual turbine power ... Ans.

Net work input = (w_comp - w_turbf*mass_air

e Woat = (163.7 — 106.692)-mass ;,

e, W_.=12312 kW ... network required..Ans.

Coeff. of performance, COP:

We see that: COP=1713 ....Ans.

REFRIGERATION CYCLES
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(b) Plot the variation of mass of air, compressor work and COP for a refrign. capacity of

6 tons, as compressor and turbine efficiencies vary together from 70% to 100%:

Mow, define:

qinl.ncmnp-'nturb: = RE\'ersed_Bra}-‘tnn__-".jr{Pl_.P_‘-_.1'1_.I-l__'r]mmp__nwb__-.:__.:p:'_r.‘

6-211

massa.i.-rl.ncomp-'nturb: = 0. | v
Qinl Meomp: Thark |

\E-Cl-ncmnp-'nturb: = Reversed_Bra}-‘tnn__—".j.r{Pl_.P_‘-_.I1_.'[-1__r|mmp__nmrb__-l_-__,:p: 1 __j'massajr{rlu:mn:_:u-'ntu.rb:

COP(n comp* Niurb) = Reversed Brayton Air|P1 P2 T1,T4.7m comp: Nturb:7 P 1.5

Meomp = 0.7.0.75..1 . define a range variabls

Nurb = Mcomp

Then:

Neomp = mass |1 comp: "l cmnp: Weln comp+ Tl cmnp: COP(n comp: "l n:mnp:

07 0.321 7h174 0412

0.75 0.297 G4.388 0.513

0. 0277 56.581 0.64

0.85 0.258 49773 0.801

0a 0.243 44 125 1.013

0.95 0.229 39.387 1.301

1 0.216 35.373 1.713
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Now, plot the graphs:

MMas flow of air vs eta_comp.eta_turb

034
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0.26 \
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Compressor power vs efa_comp.eta_turb

AN

ompressor power (kW)

4
e
A

C
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Izentr. effcy. of compressor and turbine
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[
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4.3 PROBLEMS SOLVED WITH DUPREX (FREE SOFTWARE FROM
DUPONT) [8]:

About the software:
‘DUPONT Refrigeration Expert’ or DUPREX is a free software supplied by M/s DUPONT.

(Ref: http://www2.dupont.com/Refrigerants/en US/products/ DUPREX/DUPREX registration.
html)

It is a very versatile software, extremely useful to solve many practical problems. It handles

a large number of refrigerants produced by DUPONT.

It has a choice of four cycles: (i) single stage vapour compression cycle (ii) single stage
vapour compression cycle with internal heat exchanger, (iii) Two stage compression cycle

with a cascade, and (iv) Single stage Heat pump cycle.

It can also give properties of refrigerants at a single point, and can also give in tabular
form for a given range and increment. You can copy and paste the results to MS Word or
EXCEL.

There is also a window giving detailed information on Ozone depletion potential, Global

warming potential, Safety classification etc of various refrigerants produced by DUPONT.
See the manual of the software for more information.

Following are the steps:

1. After installing DUPREX, as you click o the DuPont emblem, an opening welcome
screen appears, click OK, then a disclaimer appears, and click OK on it too, and

following screen appears for choice of cycles:

Choice of Cycles E@g|

Click on the desired cycle or choose by number

1 2 3

o B

4=
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In the above:

Cycle 1: Single stage compression cycle

Cycle 2: Single stage compression cycle, with internal heat exchanger
Cycle 3: Two stage compression cycle with a cascade, and

Cycle 4: Single stage Heat pump cycle.
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2. Click on Cycle 1. We get:

plbal Suva(TM) 134a DuPont

ol Refrigerants

E ISCEON(TM]) 39TCITH] (R-4 ~
T ISCEON([TH) MO49 [R-413A
ISCEON([TH) MO49Plus (R-4
ISCEON([TH]) MO59 [R-417A
ISCEON([TH) MO79 [R-4224
ISCEON(TH) MO89

ISCEDNITM' M099 |H-433A
‘SuvalTM] 134a b

50

a0
20

2 Condensation tc [C] 40.0 ﬂ
1 Mean Temperature [C]
2 i : i ; : Condenzation Pressure po [bar]
05
a 500 £00 700
hlklkal Evaporation to [C] -10.0 ﬂ

Pressure Loss dp [bar] Mean Temperature [C]
- P Line + Cond 00 Refr. Capacity Qo [KW] Evaporation Prezsure po [bar] 3%

- Evaporator .00 100.00

o Subcooling [K] 5.0
Sguctioning Cempressor Power [k'w/] Superheat [Evaporator] [K] 10.0

0
0
0.00
Compressor Superheat [Suction Line] [K] 10,0 P =
i . roperties
- lzentropic Efficiency [-] 0.70 Condenser Heat (e [kiw]
1.0

- Yolumetric Efficiency [-]

Mazs Flow [kgds] Line Sizing
COP[ Theoret. Displacement [m3/h] 258.32
Close
Wolumetric Capacity [k /m3] x
QUPORT

T ivacies of Science

- Pressure Ratio p2/p1 []
- Prezsure Difference p2-p1 [bar]

3. In the above screen, numbers shown bold are the ones which we can change,
depending on the data of our problem. Numbers shown in light are the results.
Refrigerant R134a is chosen by default (see the top right hand corner).

4. Here, by default, calculations are made for a refrigeration effect of 100 kW.
For the given condenser and evaporator temps, and given superheating,
subcooling, compressor isentropic and volumetric efficiencies, and pressure
drops in different components and lines,following quantities are calculated:
the mass flow rate (kg/s) and theoretical compressor displacement (m”3/h),
Volumetric capacity (kJ/m”3), Refrig. capacity (100 kW), compressor power
(kW), condenser heat (kW), COD, pressure ratio (P2/P1) and pressure difference
(P2 — P1, bar).

5. Clicking on ‘Properties’ on the right hand bottom corner, gives a table of properties

at salient points, a shown below:
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Cycle Properties

t =3 h =1 7 x
[C] [bar] [k k] [x2/Egk] [dm3/kg] [#]

1a 0.00 2.0060 401 .18 1.7651 104.4752

1 10.00 2.00860 403.71 1.7958 109.2043

2 B0.80 10.1659 463.00 1.8420 25.0109

3 35.00 10.1659 248.3939 1.1666 0.8558

4 -10.00 2.0060 248.399 1.1874 30.6475 30.2

1-2 53.29

1-2a 37.30

In the above, remember that reference values for enthalpy and entropy are as per IIR:

h = 200 kJ/kg and s

1 kJ/kg.C for sat. liquid at 0 C.

6. Clicking on ‘Line sizing’, gives another window a shown below:

Cycle 1: Line sizing EJ|E|E|
Standard: Suction line Liquid line ] Discharge line ]
EM 127351 = Suction line / Cu / EN 12735-1 /7 Equivalent length [~ inch dpl  bar
Material: Mext smaller pipe Mext larger pipe
E Ingide diameter [mm]
e 2 64.00 x 2.00 B7.57 76.00 x 2.00
[di = B0.00 mm] (di = 72.00 mm)
Suva(TM) 134a Veidalavi)
24 83 19.58 17.25
Process properties
Evaporation temperature C E quivalent length [K/m]
Mean zuction gasz temperature C 0.07 .04 0.03
Mean discharge temperature C
Condensation temperature C Pressure drop [Pa/m]
567.57 31657 231.97
Liquid subcooling K
Cooling capacity k'w Total pressure drop [K]
0.72 L=10.00 m dp=(0.40 F 0.29
38| X Close

Here, we can use the tube material and Standard on the left, top corner.

On the top horizontal line, there are tabs for Suction line, Liquid line and Discharge line

and we can change the required line parameters in the respective windows.
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Thus, it is a very useful software to make calculations for practical cycles, with a choice of

very large number of refrigerants.

Now, let us solve a few problems with DUPREX:

Prob. 4.3.1. Arefrigerator uses R134a as working fluid and operates on the ideal vapour
compression refrigeration cycle. Evaporator temp is 0 C and condenser temp is 30 C. For
a refrigerant flow rate of 0.08 kg/s, calculate: (i) compressor power in kW, (ii) refrigeration

capacity in tons, (iii) condenser heat transfer, and (iii) the COP.

Solution: Let us use DUPREX software.
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Following are the steps:

1. After installing DUPREX, as you click o the DuPont emblem, an opening welcome

screen appears, click OK, then a disclaimer appears, and click OK on it too, and

following screen appears for choice of cycles:

Choice of Cycles
Click on the desired cycle or choose by number
X !
[ . :

2. Click on Cycle 1. We get the screen with default values; change the numbers in

the bold to required ones for this problem:

Cycle 1: DUPREX 3.2
ebal  Suva(TM) 134a DuPont
; ; : - ; ‘ Refrigerants
50
a0 ISCEON(TM) 39TC(TM] (R-4 ~
ISCEON[TM] MO49 [R-413A
20 ISCEON(TM) MO49Plus [R-4
ISCEON[TM] MO5Y [R-417A
10 ISCEON([TM] MO79 [R-422A
ISCEON[TM] MOS89
5
3
2 Condenszation tc [C] 30.0 ﬂ
1 tean Temperature [C]
: : : : : ' Condensation Pressure pe [bar]
05
] 500 &00 700
h k] Evaporalion to [C] 0.0 ﬂ
Pressure Loss dp [bar] Mean Temperature [L]
- Pressure Line + Condenser 0.00 Refr. Capacity Qo [kw] Exanoiation Pressire polodll 38
- Evaporator 0.00 100.00 )
i . Subcooling [K] 0
- Suction Line 0.00 Compressor Power [kKiw] Superheat (E vaporator) [K] ’[I—
Compressor Superheat [Suction Line) [K] 0 rates
- Isentropic Efficiency [-] 1 Condenser Heat Oc [kw]
- Yolumetric Efficiency [-] 1.0 Mass Flow [kars] Line Sizing
- Pressure Ratio p2/p1 [ COR[] Theoret. Displacement [m3/h] 159.04 x =
ose
- Prezzure Difference p2-pl [bar] “Yolumetric Capacity [kJ/m3]
QUPOAT
The mirocies af scinnce

Download free eBooks at bookboon.com

67



3. Note in the above screen that: presuure loses are set to zero, compressor effcy =
100%, condenser temp = 30 C, evaporator temp = 0 C, subcooling and superheatings
are zero.

4. Results (shown in light font)are for a refrign. Capacity of 100 kW. We see that
the mass flow rate of refrigerant is 0.6374 kg/s. Therefore, the refrign. Capacity
for a mass flow rate of 1 kg/s can easily be calculated. To convert refrign. Capacity
to tons, remember that 1 ton = 211 kJ/min. Similarly for compressor power etc.

5. Then, final results for a refrigerant flow rate of 0.08 kg/s are:

With eta_comp =1

100
= -0.08 . =123551 klis
L7 e ie I
Eefrizgn capacity = 3T e Refrign_capacity = 3.36¢ tons ... Ans.
12.78-0.08 .
“-I:nmp = m 1.e. “-I:Dmp = 14604 kKW
112.78-0.08 . cc
Teond =~y o3r % deond = 14133 KW

COoP =924 ...COP..Ans.

Prob.4.3.2. Now, if in the actual cycle, the compressor isentropic effcy is 80%, what will

be the new values of compressor work, condenser heat loss and the COP?
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Solution:

In the previous problem, on the same screen, change the compressor isentropic effcy

to 0.8, and hit Return. We get following results:

EE Cycle 1: DUPREX 3.2

el Suva(TM) 134a DuPont
. ‘ ‘ - : - - Refrigerants
a0 ISCEON(TH] 39TC(TH] (R-4 ~
ISCEON[TM]) MO 49 [R-413A
20 ISCEON(TM) MO49Plus (R-4
ISCEON[TH] MO59 [R-417A
10 ISCEON[TM]) MO79 [R-4224
ISCEON(TH) MO83
5 ISCEON[TH R-43
3
2 Condensation tc [C] 30.0 ﬂ
" Mean Temperature [C]
05 ' ' ! ! ! ! Condenzation Pressure po [bar]
| 100 200 300 400 500 =] o0
h k] Evaporation to [C] 0.0 ﬂ
Presszure Logs dp [bar] Mean Temperature [C]
- Pressure Line + Condenser 0.00 Refi. Capacity Qo [k'W] Evaporation Fressure po [bar] 28
CE b 0.00 100.00
Sva:’_o'alf' lu s | Subcooling [K] 0 —
- Suction Line i
- Compreszor Power [khw] Superheat [Evaporator) [K] ’07 Calculation
Compressor Superheat [Suction Line) [K] ‘0 Properties
- Isentropic EHiciency [-] 0.8 Condenser Heat O [kiw]
- Volumetric Efficiency [-] |l.l] | tass Flow [ko/s] Line Sizing
- Pressure Ratio p2/p1 [] COP[ Theoret. Displacement [m3/h] 159.04 X o
ose
- Pressure Difference p2-pl [bar] Yolumetric Capacity [k)/m3]
allpoi
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APPLIED THERMODYNAMICS
SOFTWARE SOLUTIONS: PART-III REFRIGERATION CYCLES

Note that now refrigerator mass flow rate remains the same, but compressor power, condenser

heat and COP change.

Again, for a refrigerant mass flow rate of 0.08 kg/s, we have:

With eta_comp = 0.8

100
- _ . s
i 0.6374 0.08 e 9L 12551 klis
qL-ﬁﬂ .

Fefrign capacity = e IE. Refrign_capacity = 3.56¢  tons ... Ans.

15.98-0.08
“-':Clﬂ"l.p = m “-':l.'!lmp = 2006 kW

115.98-0.08 .
Qeond = oo~ Ycond = 14377 kW

0.6374

CoP =626 ....COP....Ans.

Clicking on ‘Properties’ in the above screen gives properties at various state points:

Cycle Properties

t =] h a2 w x
[C] [bar] [E]/kg] [EJ/EgK] [dm3/kg] [%]
1la 0.00 2.9280 338 .60 By e 63.3087
1 0.00 2_9280 338 .60 kg Pl 639 .3087
2 38.47 7.7020 423 .67 1.7433 28.0577
3 20.00 7.7020 241 .72 1.1435 0.8421
4 0.00 2.9280 241 .72 15 TRICT 15.1704 21.0
1-2 25.07
1-Z2s 20.06
X back |

Prob.4.3.3.A vapour compression refrigerator of 10 tons capacity using Freon-12 as
refrigerant has an evaporator temp of -10 C and a condenser temp of 30 C. Assuming simple
refrigeration cycle, determine: (i) mass flow rate of refrigerant, (ii) Power input, (iii) COP.
[VTU-ATD-Jan./Feb. 2006 & Dec. 2009—Jan. 2010]

Download free eBooks at bookboon.com

70



APPLIED THERMODYNAMICS:
SOFTWARE SOLUTIONS: PART-III REFRIGERATION CYCLES

Solution with DUPREX:
Following are the steps:

1. After installing DUPREX, as you click o the DuPont emblem, an opening welcome
screen appears, click OK, then a disclaimer appears, and click OK on it too, and

following screen appears for choice of cycles:

Choice of Cycles

Click on the desired cycle or choose by number

1

el

2. Click on Cycle 1. We get the screen with default values; change the Refrigerant to

R-12, and the numbers in the bold to required ones for this problem. Note that we

have changed the Refrign. Capacity QO to 35.17 since 10 tons of refrigeration =
10 * 211 / 60 = 35.167 kJ/s (=kW). We get:

Cycle 1: DUPREX 3.2 (=3

plhal R-12 DuPont
: - ; 1 Refrigerants

X Suva[TH] MP33 [R-401A) A
B Suva[TH] MPG6 [R-401B)
Suva[TH] HP80 [R-4024)
Suva[TH] HP81 [R-402B)

Condensation tc [C]

Mean Temperature [C]

Condengzation Pressure po [bar]

h [kl /kg]

Evaporation to [C]

“Presiie Ling & Condenser o0 Refr. Capacity Qo [kW] Evaporation Prezzure po [bar]

- Evaporator .00 p5.17 Subcooling [K]
oIl ubcooling
- Suction Line o0 Compressor Pawer [kiw] Superheat [Evaporator] [K]

Superheat [Suction Line] [K] 0 Properties
Condenser Heat Qe [Kiw]
’— Mazs Flow [kats] Line Sizing
COP[] Theoret. Displacement [m3/h] ’W x i
’— olurnetric Capacity [k /m3] Q_ - ose
@ipoA

Th micles of science

30.0

10.0
Pressure Loss dp [bar] Mean Temperature [C]

0

0

Compressor

- lzentropic Efficiency [-]

- Yolumetric Efficiency [-]

- Prezzure Ratio p2/p1 [-]

- Prezsure Difference p2-p1 [bar]

AT 4
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Thus, we get:

Refrigerant flow rate = 0.2949 kg/s = 1.7694 kg/min. ... Ans.
Power input to compressor = 6.39 kW ... Ans.

COP =5.5 ... Ans.

Condenser heat transfer = 41.56 kW ... Ans.
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Clicking on ‘Properties’ gives following screen:

Cycle Properties

t j=] h 2 w x
[C] [bar] [kd/ kgl [kJ/kgK] [dm3/Eg] [%]
la -10.00 2.1878 348.29 1.5644 77.3701
al -1l0.00 2.1878 348.29 1.5644 77.3701
2 36.53 T7.4365 369.96 1.5644 24 . 6375
3 30.00 7.48365 229.04 1.0997 0.7736
4 -10.00 2.1878 225.04 1-3333 13.32476 24 .3
Al 21 .68
1-2=s 21.68

Prob.4.3.4.What will be the changes in the above quantities if the liquid leaving the
condenser is subcooled by 5 deg. C? [VI'U-ATD-Jan.—Feb. 2000]

Solution:

In the above calculation screen, just make this change to show subcooling by 5 C, and click

‘Calculations’ (or, hit Enter). We get:

B2 cycle 1: DUPREX 3.2 A=)
phbal R-12 DuPont

- : - : ; Refrigerants

an Suva[TWM] MP39 [R-401A)]

20

10

5

3

2 Condensation tc [C]

; Mean Temperature [C]

: : : : : Condenszation Pressure pe [bar]
05
o 100 200 300 400 500 E00
hkl/kg] Evaporation to [C] -10.0 ﬂ
Pressure Loge dp [bar] Mean Temperature [C]
- Pressure Line + Condenser 0.00 Refr. Capacity Qo [k'w] Evapoiation Rreseliono lba X
- Evaporator 0.00 35.17 i ,—5
- Suction Line 0.00 Sibcaning 1K) i
- Compressaor Power [khw] Superheat [Evaporator] [K] ,07 Calculation
Compressor Superheat [Suction Line] [K] 0 i;l:)pe e
- Isentropic Efficiency [-] 1 Condenser Heat Qe kW] F—
- Yolumetric Efficiency [-] 1.0 Mass Flow [kgds] Line Sizing
- Prezsure Ratio p2/p1 [] COP[] Theoret. Displacement [m3/h] 78.86 x =
ose
- Pressure Difference p2-p1 [bar] Wolumetric Capacity [kJ/m3]
A

Th mivscles of seience
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We note that:

Refrigerant flow rate = 0.2831 kg/s = 1.6986 kg/min. ... Ans.
Power input to compressor = 6.14 kW ... Ans.

COP = 5.73 ... Ans.

Condenser heat transfer = 41.31 kW ... Ans.

t =3 h =2 w x
[C] [kar] [EJ/Eg] [EJ/EgH] [dm3/kg] [%]
1z —10.-0D 2.1878 348 .23 1.5644 77.3701
1 -10.00 2.1878 348 .23 1.5644 77.3701
2 36.53 7.4365 369.36 1.5644 24 . 6375
3 25.00 7.4365 224.07 1.0832 0.7T624
4 —10.-0D 2.1878 224.07 1.0524 16.9272 31.2
1-2 21.68
1-2s 21.68
x back

Prob.4.3.5. A vapour compression refrigerator of 5 tons capacity using Freon-12 as
refrigerant has an evaporator temp of -10 C and a condenser temp of 40 C. Assuming
simple refrigeration cycle, determine: (i) mass flow rate of refrigerant in kg/s, (ii) volume
flow rate handled by the compressor, in m”3/s, (iii) compressor discharge temp., (iv) the
pressure ratio, (v) heat rejected to the condenser in kW, (vi) COP, and (vii) Power inputto
compressor. [VTU-ATD-July2007]
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Solution with DUPREX:

Following are the steps:

1. After installing DUPREX, as you click o the DuPont emblem, an opening welcome

screen appears, click OK, then a disclaimer appears, and click OK on it too, and

following screen appears for choice of cycles:

Choice of Cycles |:| |§| E|

Click on the desired cycle or choose by number

1 2 3 4
I\-._/I T T

bookboorn.com

Corporate eLibrary

See our Business Solutions for employee learning

Click here

Management Time Management

Problem solving I Self-Confidence I Effectiveness

Project Management I Goal setting I Coaching

Download free eBooks at bookboon.com Click on the ad to read more
75



http://s.bookboon.com/bbg-elibrary-2015

APPLIED THERMODYNAMICS:
SOFTWARE SOLUTIONS: PART-III

REFRIGERATION CYCLES

2. Click on Cycle 1. We get the screen with default values; change the Refrigerant to

R-12, and the numbers in the bold to required ones for this problem. Note that

we have changed the Refrign. Capacity QO to 17.583 since 5 tons of refrigeration
=5*211/ 60 = 17.583 kJ/s (=kW). We get:

BB Cycle 1: DUPREX 3.2

plhal R-12

g — TS T T . .

30 T

20

10

5

3

2 Condensation tc [C]

y Mean Temperature [C]

: : : Condengzation Pressure po [bar]
05
a 300 400 500 £00
hk/kal Evaporation to [C]
Pressure Loss dp [bar] Mean Temperature [C]
- Prezsure Line + Condenser ’W Refr. Capacity Qo [kw] ExgRofslich Pressurcipalleal
- Evaporator 0.00 17.58 i
Calpad e ’W Subcooling [K]
- Suction E
Earmpressar Power [kiw] Superheat [Evaporator] [K]

Compressor Superheat [Suction Line] [K]
- lzentropic Efficiency [-] 1 Condenser Heat O [kiw]
- Yolumetric Efficiency [-] 1.0 Mazs Flow [kgss]
- Pressure Ratio p2/p1 [1] CaPH Theoret. Displacement [m3/h]
- Prezzure Difference p2-p1 [bar] Wolumetric Capacity [k /m3]

DuPont
Refrigerants

Suva[TH] MP33 [R-401A)  ~
Suva[TH) MPG6 [R-401B)
Suva[TH] HP80 [R-4024)
Suva[TH] HP81 [R-402B)

B Properties
’I Line Sizing
’— X Close

@UPID

Th iccles of science

Thus:

N

NN VAW

volume flow rate handled by the
... Ans.

. mass flow rate of refrigerant in kg/s = 0.1612 kg/s ... Ans.

compressor = 44.9 m*3/h = 0.0125 m*3/s

compressor discharge temp.= T2 = 47.58 C (from Properties tab) ... Ans.
the pressure ratio = P2/P1 = 4.383... Ans.
heat rejected to the condenser in kW = 21.83 kW ... Ans.

COP = 4.14 ...Ans.

Power input to compressor = 4.25 kW ... Ans.
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Clicking on Properties tab gives:

REFRIGERATION CYCLES

Cycle Properties

=10
17
40
-10

O e W R

[C]

.00
.00
.58
.00
.00

[bar]

-1878
.1878
L0882
.B@82

| S Y= I Vs R O T 5 ]

-1878

h

[EJ/&g] [kJ/kgK]

348.23
348 .23
374.64
239._22

I N

239.22
26.35
26.35

o644
.hG644
o644
_1322
.1433

w

[dm3/kqg]

77.3701
77.3701
15.2169

0.7973
24.2333

30.8

Prob.4.3.6. A A food storage chamber requires a refrign. System of 10 T capacity with

evaporator temp of -10 C and condenser temp of 30 C. The refrigerant F-12 is subcooled by

5 C before entering the throttle valve and the vapour is superheated by 6 C before entering

the compressor. Determine: (i) refrig. capacity per kg (ii) mass of refrigerant circulated in

kg/s, and (iii) COP. [VTU-ATD-Jan.—Feb. 2003]

Solution with DUPREX:

Following are the steps:

1. After installing DUPREX, as you click o the DuPont emblem, an opening welcome

screen appears, click OK, then a disclaimer appears, and click OK on it too, and

following screen appears for choice of cycles:

E Choice of Cycles

1

a A
i
oy
S

Click on the desired cycle or choose by number

B ER 3
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2. Click on Cycle 1. We get the screen with default values; change the Refrigerant to
R-12, and the numbers in the bold to required ones for this problem. Note that we
have changed the Refrign. capacity QO to 35.167 since 10 tons of refrigeration =
10 * 211 / 60 = 35.167 kJ/s (=kW). We get:

EB Cycle 1: DUPREX 3.2

phal R-12 DuPont
. ; ; ; ; - Refrigerants
a0 SuvalTH] MP39 (R-401A) ~
20
10
5
5 b
2 Condensation tc [C] 30.0 ﬂ
; Mean Temperature [C]
e ! ! ! ! ! Condensation Pressure pc [bar]
o 100 200 300 400 500 600
bl ] Ewvaporation to [C] -10.0 J
Pressure Loss dp [bar] Mean Temperature [C]
- Pressure Line + Condenser 0.00 Refr. Capacity Qo [KW] Evaporation Pressure po [bar] & 3¢

- Evaporator |U.UU |B5,17

ki Subcooling [K] 5
sauchon.tine Ll Compressor Pawer K] Superheat [Evaporator] [K] o
Compressor Superheat [Suction Line] [K] 6 Properties

1 Condenser Heat O [Kw]

- Isentropic Efficiency [-]

- Wolumetric Efficiency [-] |1_l] | Mass Flow [ka/s] Line Sizing |
- Pressure Aatio p27p1 [-] CoP(] Theoret. Displacement [m3/h] |EI],I]B X =
ose
- Preszure Difference p2-p1 [bar] ’— Wolumetic Capacity [k /m3]
arm
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APPLIED THERMODYNAMICS:
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Thus:

1. mass flow rate of refrigerant in kg/s = 0.2831 kg/s ... Ans.

2. Refrign. capacity per kg = 35.17/0.2831= 124.232 kJ/kg ... Ans.
3. COP = 5.57 ...Ans.

4. Power input to compressor = 6.32 kW ... Ans.

Clicking on Properties tab gives:

Cycle Properties g |
t j=] h a w x
[ED [bar] [kd/kg]  [kJ/egK]  [dm3/kg] [2]
1a -10.00 2.1878 348.29 1.5644 77.3701
£ -4.00 2.1878 351.23 1.5781 79 _5517
2 42 61 7.4365 374.25 1.5781 25_4145
3 25.00 7.4365 224.07 1.0832 0.7624
4 -10.00 2.1878 224.07 1.0924 16.9272 21.2
1-2 22.32
1-2s 22.32
X back

4.4 PROBLEMS SOLVED WITH EES:

Prob.4.4.1 Write an EES Procedure to calculate COP etc of an actual vapour compression
refrigeration cyclei.e. including the subcooling before entry to expansion valve and superheating

before entry to compressor and the isentropic efficiency of the compressor.

EES Solution:

We shall write an EES Procedure which can be used for any refrigerant for which

properties are available as built-in functions in EES.
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AT

1

-

5

Fig.Prob. 4.4.1. T-s diagram for actual vapour compression refrig. cycle

$UnitSystem bar C kJ

PROCEDURE Vap_Comp_Refrign_cycle_actual( Fluid$, T[1],T[4],eta_comp,DELTAT subcool,
DELTAT _superheat : w_comp_isentr,w_comp_act,q_L,q_cond,P[1],P[2].x[5],T[3].COP)

{Vap_Comp_Refrign_cycle_actual ... finds COP etc for an actual, vap. comprn. refrign. cycle.
Pressures in bar, Temps in C, Work in kJ/kg

Inputs: T[1] ... evaporator temp (C), T[4] ... condenser temp (C), eta_comp ... isentr.
effcy of compressor, ,DELTAT_subcool (C),DELTAT_superheat (C)

Outputs: w_comp_isentr,w_comp_act, q_L, q_cond, P[1], P[2], x[5], COP

w_comp_isentr ... compressor isentropic work, kJ/kg

w_comp_act ... compressor actual work, kJ/kg
q_L , q_cond.... refrign. effect and heat tr in condenser, k]/kg

P[1], P[2]] ... evaporator pressure, and condenser pressure, bar
x[5] ... quality after expn in expansion valve
T[3] ...temp at exit of compressor after actual compression, C

COP...coefft. of performance = q_L / w_comp_act
}
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x[1] = 1 “..quality at entry to compressor”
x[4]:=0 “...quality at entry to expn. valve”
P[1] :=P_sat(Fluid$,T=T[1]) “...sat.pressure in evaporator”

P[4]:=P_sat(Fluid$,T=T[4]) “...sat.pressure in condenser”

IF (DELTAT _superheat > 0) THEN
s[1]:= Entropy(Fluid$,T=T[1] + DELTAT_superheat,P=P[1])
h[1]:= Enthalpy(Fluid$,P=P[1],s=s[1])
s[2]:=s[1]

h[2]:=Enthalpy(Fluid$,P=P[2],s=s[2])

(]
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ELSE
s[1]:=Entropy(Fluid$,T=T[1],x =x[1]) “...entropy at entry to compressor”
h[1]:= Enthalpy(Fluid$,T=T[1],x =x[1])“...enthalpy at entry to compressor”
s[2]:= s[1] “...for isentropic compression”
h[2]:=Enthalpy(Fluid$,P=P[2],s=s[2])“...enthalpy after isentropic comprn.”

ENDIF

h[3]:= h[1] + (h[2] — h[1])/eta_comp®...enthalpy after actual comprn.”

T[2] := Temperature(Fluid$,P=P[2],s=s[2])“...temp after isentropic comprn.”

T[3]:= Temperature(Fluid$,P=P[3],h=h[3]) “...temp after actual comprn.”

IF (DELTAT _subcool > 0) THEN
h[4]:=Enthalpy(Fluid$,x=x[4], T=T[4] — DELTAT_subcool)
ELSE
h[4]:=Enthalpy(Fluid$,P=P[4] x=x[4])

ENDIF

x[5]=Quality(Fluid$,T=T[5],h=h[5])“...quality after expn. in expansion valve”
w_comp_isentr := h[2] — h[1] “k]J/kg ... isentr. compressor work”

w_comp_act := h[3] — h[1] “k]J/kg ... actual compressor work”
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q_L := h[1] — h[5] “kJ/kg ... refrig. effect”
g_cond := h[3] — h[4]“k]/kg ....condenser heat transfer”

COP = q_L / w_comp_act “...coeff. of performance”

END

Now, use the above EES Procedure to solve the following problem:

Prob.4.4.2. A 10 ton Ammonia Ice plant operates between an evaporator temp of -15 C
and a condenser temp of 35 C. Ammonia enters the compressor as dry saturated liquid.
Assuming isentropic compression, determine: (i) mass flow rate of ammonia, (ii) COP, and
(iii) compressor power input in kW. [VIU — ATD — July 2006]

Fig.Prob. 4.4.2 T-s diagram for ideal vap. compression cycle

EES Solution:

We will first write the data required as inputs for the above EES Procedure, and then
call that Procedure:

Data:

Fluid$ = ‘Ammonia’
T[1] = -15 “C.... evap. Temp.”

T[4] = 35 “C ... condenser temp.”
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DELTAT _subcool = 0“C ... subcooling”
DELTAT _superheat = 0 “C ... superheat”

eta_comp = 1“...isentr. Effcy. of compressor”

CALL Vap_Comp_Refrign_cycle_actual(Fluid$,T[1],T[4],eta_comp, DELTAT _
subcool, DELTAT _superheat: w_comp_isentr,w_comp_act,q_L,q_cond,P[1],P[2],x[5],T[3],COP)

“Now, 1 ton is equivalent to 211 kJ/min. of refrigeration.

Therefore, 10 tons of refrigeration is equiv. to (10 * 211 / 60) kJ/s. And q_L i the refrig.
effect for a flow rate of 1 kg/s.

So, we have, for mass flow rate of refrigerant required:”
mass_flow = (10 * 211/60)/q_L “kg/s”

Power_input = mass_flow * w_comp_act “kW”
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Results:

b ain l Yap_Comp_Refiign_cycle_actual |

Unit Settings: 51 C bar kJ mass deqg

COF =42 ATsubcool =0 [C] —ﬂ—superheat =0 [C]

Tcomp = 1 Fluid$ = '"Ammania’ Massfqy = 003263 [kg,"s]|
|P':'WE"in|:uut = 0373 [k Oeoond = 1335 [kdiko] gL=1078 [k.J,."kg]|
W eornp,act = 2866 [kJ/ka] Weompisentr = 2666 [kJiko]

Thus:

Mass flow rate of Ammonia = 0.03263 kg/s ... Ans.
Compressor power = 8.373 kW ... Ans.
COP = 4.2 ... Ans.

Other results of Procedure:

Main  Wap_Comp_Refrign_cycle_actual l

Local variables in Procedure Yap_Comp_Refrign_cycle_actual {1 call. 0.88 sec)

COP=4.2 ATsubcoal=0 [C] ATzuperheat =0 [C]
Tcomp=]1 Fluid$="Ammania’ hy=1444 [kJfg]
hz=1701 [kdfko] hz=1701 [kJfk] hg=366 [kJ/kg]
hg=366 [kJfkg] Fq=2.362 [har] F2=1351 [bar]
F+=1351 [bar] F4=13.51 [bar] Fe=2.362 [bar]
Qoond =1335 [kdflg] qu=1078 [kJflg] 51=0.827 [kJflg-C]
g2=h.827 [klfkg-C] Ti=-15 [C] T=111.1 []
T+111.1 [C] T#=35 [C] Te-15 [C]
Woomp,act =296.6 [kik] Woompisent=2 26,6 [kdfkg] %1 =1

xg=0 x5=0.1788
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(b) Plot the variation of compressor work (kJ/kg), condenser heat transfer (kJ/kg)

and COP as the isentropic effcy. of compressor varies from 0.6 to 1:

First, compute the Parametric Table:

i ™= ™3 ] 4 [ ™
[>, Ncomp Fluid3 Qcond Weomp,act cop
I8 [kd/kg] [kJikg]
Run 1 0.6 Ammonia 1606 4277 2462
Run 2 0.65 Ammonia 1473 3948 273
Run 3 0.7 Ammonia 1444 366.6 294
Run 4 0.75 Armmonia 1420 3422 315
Run 5 0.8 Ammonia 13949 3208 3.36
Run 6 0.85 Ammonia 1380 3019 387
Run 7 0.9 Armmaonia 1363 2852 3.78
Run 8 0.95 Ammonia 1348 2701 3.99
TRins | Ammona [ TEE| 2366

Now, plot the results:

450

Compressor work vs compressor i1sentropic effcy

400

Weomp,act [KJ/kg]
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[
=
=
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Tcomp
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APPLIED THERMODYNAMICS:

SOFTWARE SOLUTIONS: PART-III REFRIGERATION CYCLES
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45 —————
I COP vs compressor isentropic effcy

COP

06 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
Tlcomp

Prob. 4.4.3.A food storage chamber requires a refrigeration system of 10 T capacity with an
evaporator temp. of -10 C and condenser temp. of 30 C. The refrigerant R-12 is subcooled
by 5 deg. C before entering the throttle valve and the vapour is superheated by 6 deg.
C before entering the compressor. The specific heats of liquid and vapour are 1.235 and
0.7327 kJ/kg.K respectively. Determine: (i) The refrigerating capacity per kg (ii) Mass of
refrigerant circulated per minute, and (iii) COP. [VTU-ATD-Jan. 2003]

) /A

AT

1

>
5

Fig.Prob. 4.4.3 T-s diagram for actual vap. compression cycle,

with subcooling and superheat

Download free eBooks at bookboon.com



EES Solution:
“Data:”

Fluid$ = ‘R12’

T[1] = -10 “C”

T[4] = 30 “C”

DELTAT _subcool = 5 “C”
DELTAT _superheat = 6 “C”
eta_comp = 1

“Calculations:”

CALL Vap_Comp_Refrign_cycle_actual(
Fluid$,T[1],T[4],eta_comp,DELTAT _subcool, DELTAT _superheat:
w_comp_isentr,w_comp_act,q_L,q_cond,P[1],P[2],x[5],T[3],COP)

mass_flow = (10 * 211/60)/q_L “kg/s”
Power_input = mass_flow * w_comp_act “kW”

Results:
GET] l ‘Yap_Comp_Refrign_cycle_actual ]

Unit Settings: 51 C bar kJ mass deg

COP=5733 ATeubeonl =5 [C] lTsuperheat =B [C]

Momp = 1 Fluid$ ="R12" Massfgy = 0.2764 [kg,.“s]|
‘inerinput = 6134 [kW]| Goond = 149.4 [klfkg] qL=127.2 [kJ,f'kg]|
Weomp,act = 22.19 [kldrkg] Weamp,icent = 2219 [kd/ka]
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bMain  “ap_Comp_Refrign_cycle_actual

Local variables in Procedure Vap_Comp_Refrign_cycle_actual {1 call. 0.03 sec)

COP=5.733

T'||:|:|m|:|=-I
ha=2091 [kdfka]

ATsubeonl=5 [
Fluid$="R12'
ha=208.1 [kdfkg]

ﬁTsuperheat =b [C]
h1=186.9 [kd/kg]
h4=59.69 [kJ/kg]

[
hg=59.69 [kJfka] F1=2.189 [bar] Fo=7.443 [bar]
F=7.443 [bar] F4=7.443 [bar] FPeei. 189 [bar]
Aeond =1499.4 [kJika) quL=127.2 [kdfka] 51=0.716 [kJfkg-C]
52=0.716 [kJfkg-C] T=-10 [C] T=42.9[C]
Tx42.9[C] T4=30 [C] Te=-10 [C]
Woompact =22.19 [kfl] Woompisent=2 219 [kadfkg] x1 =1
x4 =0 x5=0.21

Thus:

Mass flow rate of R-12 = 0.2764 kg/s ... Ans.

Refrig. capacity = 127.2 kJ/kg ... Ans.
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Compressor power = 6.134 kW .. Ans.

COP =5.733 ... Ans.

(b) Plot the variation of compressor work (kJ/kg), condenser heat transfer (kJ/kg)

and COP as the isentropic effcy. of compressor varies from 0.6 to 1:

First, compute the Parametric Table:

1 b bl 4 (B

[>’ MNcomp Weomp,act Ycond coP

e [klrkg] [kJikg]
Run 1 0.6 36.99 164 .2 344
Run 2 0.65 3414 161.4 3.726
Run 3 0.7 3171 1589 4.013
Run 4 0.75 29 54 1568 4299
Run 5 03 2774 155 4 586
Run 6 0.85 2611 1533 4873
Run 7 0.9 24 66 151.9 5158
Run & 0.95 23.36 1506 5446
Run 9 1 2218 1494 5733

Now, plot the results:

40

Compressor work vs compressor isentropic effcy

Wt:ump,ant [kJ"kg]

71 I O S

06 0.65 07 0.75 08 0.85 09 0.95 1
Tcomp
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“Prob.4.4.4. A food storage chamber requires a refrigeration system of 5 kW capacity
with an evaporator temp. of -15 C and condenser temp. of 20 C. The refrigerant used is
R-12. Determine: (i) The refrigerating capacity per kg (ii) Mass of refrigerant circulated per
minute, and (iii) COP. [Ref:2]”

EES Solution:

The EES Procedure written above is quite versatile and powerful and useful, since we
can analyse an actual vapour compression cycle by varying various parameters such
as compressor efficiency, subcooling and superheat, and evaporator and condenser

temperatures, and the refrigerant.
In this problem, let us use the EES facility to input the variables from the Diagram Window:

First, write the EES program as usual, but later, after making entries in the Diagram window,
comment out the inlet parameters in the equation window, since we are going to input

them from the Diagram window. See below:
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“Data:”

{
T[1] = -15 [C]
T[4] = 20 [C]

DELTAT subcool = 0“C”
DELTAT _superheat = 0“C”

eta_comp = 1

“Calculations:”

CALL Vap_Comp_Refrign_cycle_actual
(Fluid$,T[1],T[4],eta_comp,DELTAT _subcool, DELTAT _superheat:
w_comp_isentr,w_comp_act,q_L,q_cond,P[1],P[2],x[5],T[3],COP)
mass_flow = 5/q_L “kg/s ... Mass flow rate for a refrign. capacity of 5 kW”

Power_input = mass_flow * w_comp_act “kW”

The procedure of having the input and calculations done from the diagram window

was explained in detail in Prob. 3.3.3.

In the diagram window, the the refrigerant desired (Fluid$) can also be changed with a
‘drop down’ menu. We have given the following options of refrigerants: Ammonia, R134a,
R12, R22, R13, R502, since they are commonly used. However, we can easily add more
from the list of refrigerants handled by EES, if required.

For the above case, after entering the inputs and clicking on ‘Calculate’ button, the results are:
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Actual vapour compression cycle with subcocling and superheat

AT

INPUTS: OUTPUTS:

T, 18] [c] Fluids=[R12 -] P, =1.824 [bar]

T4 = [C] P, = 5.668 [bar]

Meomp =] q, = 126.1 [klikg]

ATgupcool =[0] [C] Ugong = 145.9 [k/ka]

ATeupermeat =0] C] Weomp.act = 1977 [kl/kg]
% = 0.2051

See the OUTPUTS above for results.
Also, from Results tab:

M ain l Wap_Comp_Refrign_cycls_actual |

Unit Settings: SI1 C bar kJ mass deq

COF=E378 ATsbenol =0 [C] ATsperheat =0 [C]

Tcomp = 1 Fluid$ ="R12' Massfa, = 0.03965 [kgfs]‘
Powerinn = 0.7839 [R‘W]‘ Boond = 1459 [kdfla] gL="1E26.1 [kdfla]
Weomp,act = 1377 [kd/fkg] Weomp,isentr = 19.77 [kd/ka]
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And:

Main  “ap_Comp_Refrign_cycle_actual

Local variables in Procedure Yap_Comp_Refrign_cycle_actual (1 call. 0.02 sec)

COP=6.378 AT sbeonl=0 [C] ﬂTsuperheat =0 [C] ncomp=1
hi=181 [kJ/kg] ho=200.7 [kJ/kg] ha=200.7 [kdfkg] hg=54.56 [kJ/kg]
P1=1.824 [bar] P55 68 [bar] P55 668 [har] P4=5.568 [har]
Hloord =145.9 [kdike] quL=126.1 [kd/kg] 51=0.7057 [kd/kg-C] 59=0.7057 [kafkg-C]
T=27.03 [C] m T20 [C] Te=-15
Woomp isent=19.77 [KJfka] x1=1 x4=0 x5=0.2051

Thus:

Refrig. capacity per kg = 126.1 kJ/kg ... Ans.
Mass flow rate of refrigerant = 0.03965 kg/s ... Ans.

COP = 6.378 ... Ans.
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(b) Plot the variation of compressor work, condenser heat transfer, COP and temp(T3)

at the exit of compressor after actual compression, as the compressor effcy. varies from

0.6 to 1:

First, compute the Parametric Table:

el [ ] 4 e [ >
1[::; MNeomp Weomp,act Yeond CoP Ty
[kd/kg] [kd/kg] [C]
Fun 1 0.6 3295 1691 3.827 4593
Run 2 0.65 3042 156.5 4146 42 28
Fun 3 0.7 28.24 154 .4 4 465 39.16
Fun 4 0.75 26.36 1625 4 784 36.45
Fun & IR 2471 160.8 5103 34.09
Run 6 0.85 2326 1494 5422 32.01
Run 7 0.9 21.97 1481 5741 30.16
Fun 8 0.95 2081 1469 6.06 28.51
Fun 9 1 189.77 1459 6.378 27.03
Now, plot the results:
35 T
Compressor work vs compressor isentropic effcy.

Weomp,act [KJFKd]
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50

[ Temp at exit of compressor vs compressor isentropic effcy.

T3] [C]
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Reversed Brayton cycle refrigerator:

“Prob.4.4.5. Air enters the compressor of a Brayton cycle refrigerator at 7 C and 35 kPa, and
the turbine at 37 C and 160 kPa.Determine, per kg of air, (i) refrign. effect, (ii) net work
input, and (iii) the COP. Take the efficiencies of compressor and turbine as 80% and 85%.

(b) Plot these quantities as the both the efficiencies vary together from 70% to 100%.”

T. K

5, KJ/kg.K

Fig.Prob. 4.4.5 T-s diagram for Brayton cycle refrigeration

EES Solution:

“Refer to the schematic diagram in diagram window:”

“Data:”

gamma = 1.4

cp = 1.005 “kJ/kg-C”

P1 = 35 “kPa”
T1 =7+ 273 “k”
P2 = 160 “kPa”
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T4 =37 + 273 “K”
eta_comp = 0.8“...compressor isentropic effcy.”

eta_turb = 0.85%..turbine isentropic effcy.”

P3 = P2
P4 = P2
P6 = P1
P5 = P1
“Calculations:”

“Find temperatures at various State points:”

“State 2:”

T2/T1 = (P2 / P1)M ((gamma — 1) / gamma)” ....finds T2 (K)”
“State 3:”

T3 =T1 + (T2 —T1) / eta_comp®...finds T3 (K)”

“State 5:”

T4/T5 = (P4 / P5)M((gamma — 1) / gamma)” ....finds T5 (K)”
“State 6:”

T6 =T4 — (T4 —T5) * eta_turb®...finds T6 (K)”

“Isentropic compressor work:”

w_comp_id = cp * (T2 - T1) “kJ/kg”

“Actual compressor work:”

w_comp_act = cp * (T3 —T1) “kJ/kg”

“Isentropic turbine work:”

w_turb_id = cp * (T4 — T5) “kJ/kg”
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“Actual turbine work:”

w_turb_act = cp * (T4 — T6) “kJ/kg”

“Net work required:”

w_net = w_comp_act — w_turb_act “kJ/kg”
“Refrign. effect:”

q_in = cp * (T1 - T6) “kJ/kg”

“Coeff. of Performance:”

COP = g_in / w_net
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Results:

Unit Settings: 51 K kPa kJ mass deg

COF = 06442 cp=1.005 [kdfkg-K] Mcomp = 0.6
Nty = 0.85 v=14 F1 =35 [kFa]
Fz =160 [kFa] F3 =160 [kFa] F4 =160 [kFa)
Fh =35 [kFa] F& =35 [kFa] Qi = 6313 [kedflg]
T1 =280 [K] Tz =4323 [K] T3 =470.3 [K]
T4 =310 [K] TS =200.8 [K] TE =217.2 [K]
weompact = 191.3 [kdfki] weompid = 153 [kdfkg] winet =98 [kdfkg]
Wiyb,act = 93.28 [kfk] wyh,id = 109.7 [kdfkg]

Thus:

Net work input = w_net = 98 kJ/kg ... Ans.
Refrig. effect = q_in = 63.13 kJ/kg ... Ans.

COP = 0.6442 ...Ans.

(b) Plot these quantities as the both the efficiencies vary together from 70% to 100%:

First, compute the parametric Table:

- (o [ (hd (hd (hd

P Ncomp MNturk Hin Wet cop

1T [kJikg] [kJikg]
Fun 1 0.7 0.7 4667 141.8 0.3292
Run 2 0.75 0.75 5216 121.7 0.4285
Fun 3 0.8 0.8 57.64 103.5 0557
Fun 4 0.85 0.85 63.13 86.74 0.7273
Fun & 0.9 0.9 63.62 71.26 0963
Fun 6 0.95 0.95 741 h6.82 1.304
Run 7 1 1 79.55 4324 1.839
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Now, plot the results:

Qin [kJ/kg]

Whet [kJ/kg]
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COP vs compressor and turbine effcy.

COoP
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4.5 PROBLEMS SOLVED WITH TEST:

Prob.4.5.1 Refrigeration capacity of a R-12 vapour compression system is 300 kJ/min. The
refrigerant enters the compressor as sat. vapour at 140 kPa and is compressed to 800 kPa.
Enthalpy of vapour after compression is 215 kJ/kg. Show the cycle on T-s and P-h diagrams.
Determine: (i) quality of refrigerant after throttling, (ii) COD, and (iii) power input to
compressor. [VTU-ATD-Feb.2004]

Congenser @
OfF ) |
WARM mediu
Expansion
Valve COLD medium ———
1 s
1
J » Evaporator — Compressor

Fig.Prob. 4.5.1. Vapour compression refrigeration system

T. K

i
F=

Note: Actual T-s and P-h diagrams are shown later in the solution.
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APPLIED THERMODYNAMICS:
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TEST Solution:

Note: We shall assume the mass flow rate of refrigerant as 1 kg/s to start with, and calculate

refrig. effect, compressor work etc. Then, for a refrig. effect of 300 kJ/min, the flow rate

REFRIGERATION CYCLES

required can easily be calculated. Then, find out the compressor work for that flow rate.

Following are the steps:

1. Go to www.thermofluids.net, enter your e-mail ID and pass word, and get the

opening welcome screen. (It is assumed that you have already done the free
registration at this site). Click on the TESTcalc tab at the bottom of the window
to get the “TESTcalc Map’, shown below:

|:TEST<:a|c Map: A Clickable Map of Java Based Thermodynamic Cap’cu;’ators]

thermofluids.net - TESTcalcs (Java Applets)

TESTcalcs

Basic Tools

DeskCal

Tables

Closed

System Analysis

ng—l

Open

Unsteady Closed Processes

|
Specific

Generic

O

Steady Cycles,

States

- System States |

Flow States ‘

Generic

Open-Steady Systems

o

Specific

Open Processes

[Uniform Systems ‘ [Non-Uniform Non-Mixing} [

t Reciprocating Cycles ‘

=4

Psychrometry

} [Combustion and Chemical Equilibrium }

[ : —
Non-Uniform Semi-Mixing } Non-Uniform Mixing‘

[Singie-F]ow S\,rstems] [Non-Mixing Multi-Flow Systems ]

|
[Mixing Multi-Flow Systems]

Vapor Power and
Gas Power Cycles

J |

Vapor Compression and
Gas Refrigeration Cycles

Combustion and
Chemical Equilibrium

)

D

Gas Dynamics

| Psychrometry {
|
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Hovering the mouse pointer on ‘Vapor Compression and Gas Refrigeration Cycles’ gives

the following explanatory pop-up:

Vapor and Gas Refrigeration Cycles

Analyze ideal, actual, and modified vapor compression (reversed-Rankine) and gas
(reversed-Brayton) refrigeration cycles as applied to refrigeration systems and heat pumps.
Select a matenal model (PG, IG, or PC) to launch the TESTcalc.

Compressor
G

Chapter 10 covers refrigeration.
Cold Region

Oc, T.
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SOFTWARE SOLUTIONS: PART-III REFRIGERATION CYCLES

2. Click on ‘Vapor Compression and Gas Refrigeration Cycles’, choose PC model for

‘material model’ as shown below:

{Open Refrigeration-Cycle TESTcalcs: Select a Material Modef]

thermofluids.net - TESTcalcs (Java Applets) - Systems - Open - Steady State - Spedfic - Vapor/Gas Refrigeration Cycles

Select a material model to launch the refrigeration ¢ TESTcalc.

Open Refrigeration-Cycle TESTcalcs
|

Vapor Compression Cycles Gas Compression Cycles Combined Cycles
Model Specific Help

The PC Open Refrigeration-Cycle TESTcalc 1 gg
Perform mass, energy, entropy, and cycle analysis of an open refrigeration {or heat pump) cycle running on vapor compression or gas
compression. Open refrigeration cycles are discussed in Chapters 10.

Navigation PC+1G Model

| map

The PC (Phase Change) Model: The phase-change {PC) model can be used to determine sub-cooled {compressed liquid), saturated mixture (of
saturated liquid and saturated vapor phases), super-heated vapor, and even supercritical states. The saturation and super-heated tables, and the
compressed-liquid sub-model are usually used for most state evaluations. For super-critical states, TEST employs a special algorithm while
compressed liquid tables are used by species marked with an asterisk (H20* as opposed to H20).

Working fluids such as H20, R-12, NH3, R-134a, N2, CO2, etc., should be treated as PC fluids if there is any possibility of a phase transition. The PC
model is discussed in Chapter 3.

3. Choose R-12 as working substance and fill up the known parameters for State 1,
i.e. P1, x1 and mdotl = 1 kg/s. Hit Enter. We get:

p1=140.0 kPa [Absolute pressure]

& Mixed ¢ S| " English < ﬂ ¥ Help Messages On Super—neratel Super-Calculate M m

State Panel | Device Panel Cycle Panel | "D Panel

H I culate Saturated Mixture
o " =] .

+ xi | vl
(00 RO e O e GO i A EETR
+

s1 _I z1
[ [
) | maott

CTAE  [CTEE

Note that all parameters such as h1, T1, sl etc are calculated.
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4. State 2: Enter P2, h2, and mdot2 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.

¥ Mixed { SI { English < > ¥ Help Messages On Super-lterate

State Panel |

Super-Calculate M Super-nitialize

IO Panel |

Device Panel |

oState-2 v | caicuiate No-Plots v Initialize

Cycle Panel

Here again, T2, s2 etc are calculated.

5. For State 3: Enter p3 = p2, x3 = 0, mdot3 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision

# Mixed ¢ Sl  English < ﬂ ¥ Help Messages On Super—lteratel

State Panel |

Super-Calculate Super-nitialize

IO Panel |

Device Panel

H I Calculate Initiz
| s
B2

Cycle Panel

Saturated Mixture

73 7| s | s |
D T e
Jus

v.
s3 ol o z3

Note that h3, s3 etc are calculated.
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6. For State 4: Enter p4 = pl, h4 = h3, mdot4 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision

“ Mixed ¢ SI ¢ English < > ¥ Help Messages On Super—lteratel Super-Calculate M m

State Panel | Device Panel | Cycle Panel 1O Panel |

e-4 v I Calculate Initialize Saturated Mixture
| | | o | e |
[ S RN S e

J ud o J 54 o LI z4
RS e | e | P ek - GOM - -

Note that h4, T4, s4, and x4 etc are calculated. Note that x4 = 0.317

TURN TO THE EXPERTS FOR
SUBSCRIPTION CONSULTANCY

Subscrybe is one of the leading companies in Europe when it comes to innovation
and business development within subscription businesses.

We innovate new subscription business models or improve existing ones. We do
business reviews of existing subscription businesses and we develope acquisition and

retention strategies.

Learn more at linkedin.com/company/subscrybe or contact
Managing Director Morten Suhr Hansen at mha@subscrybe.dk

SUBSCRYBE - fofle fifur

Download free eBooks at bookboon.com

Click on the ad to read more

m



http://s.bookboon.com/Subscrybe

APPLIED THERMODYNAMICS:

SOFTWARE SOLUTIONS: PART-III REFRIGERATION CYCLES

7. Now, go to Device panel. For Device A, fill up State 1 and State 2 for il state
and el state respectively. For i2 state and e2 states, fill up Null State as there is no
second stream of flow. And, Qdot = 0. Hit Enter. We get:

Move mouse over a variable to dis s value with more precision

* Mixed ¢ SI  English < > ¥ Help Messages On Super—lteratel Super-Calculate m m

State Panel | Device Panel | Cycle Panel

0 Panel |

< | Device-A[1-21 v ﬂ " Non-Mixing i Mixing Device
1 State-1 v PRI EIT State-Mull |v el-State:  RieiCRe v PSS State-Mull [w

ﬂ Qdot | Wdot_ext Y| 1B J Sdot_gen
O v Eeen e ESE T T

Jdot_net Sdot_net

Steady Multi-Flow Mixing Device - A

Mass, Energy, and Entropy Equations: IL :_‘g._ 7 State-Null:

| It indicates that
0= (s + rity )= [riny + i) : i ! a port is closed.

0= (¥ Jy + My i )= (Pt oy + 0,0 o )+ Q= T, J—
( 191 2 2);( 1/ el 2 2)- 1) 3 . ’ W|nH|p

st

. : i 5 (G = s Work in negative
0= (mn ;1+m=25“='2)—(m31531+mezgezj+g+sgn e Heat in positive

Fan

8. For Device B:fill up State 2 and State 3 for il state and el state respectively. For
i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,

Wdot_ext = 0, since there is no external work in process 2-3. Hit Enter. We get:

Wdot_ext=-37.13109 kW [External work transfer rate]

& Mixed ¢ Sl ¢ English < = ¥ Help Messages On Super—lteratel Super-Calculate Super-nitialize

State Panel | Device Panel | Cycle Panel | 110 Panel |

< | Device-8 [2-3] v ﬂ Calculate  Non-Mixing + Mixing Device
istate: Bl L state-Null v cistate Bl L state-Null v

Wdot_ext

Jdot_net Sdot_net

SO | P e ]

Download free eBooks at bookboon.com

12



APPLIED THERMODYNAMICS:
SOFTWARE SOLUTIONS: PART-III REFRIGERATION CYCLES

9. For Device C: fill up State 3 and State 4 for il state and el state respectively. For
i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,

Qdot = 0, since there is no heat transfer in process 3-4. Hit Enter. We get:

Maove mous avariable to dis value with more precision

@ Mixed ¢ SI  English < > ¥ Help Messages On Super-lterate Super-Calculate m Supernitialize

State Panel | Device Panel | Cycle Panel | 'O Panel |

< | Device-C [3-4] w ﬂ Calculate " Non-Mixing & Mixing Device

(RS S State-Null w0 i N State-4 v Lo State-Null v

10.For Device D: fill up State 4 and State 1 for il state and el state respectively. For
i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,
Wdot_ext = 0, since there is no work transfer in process 4-1. Hit Enter. And click

on SuperCalculate.We get:

Move mouse over a variable to display its value with more precision

* Mixed ¢ 81 ¢ English < |@Case-0 v| = ¥ Help Messages On Super-lterate Super-Calculate
g

State Panel | Device Panel | Cycle Panel 110 Panel |

< | Device-D [4-1] vﬂ Calculate
i1-State: [SiEiGe:S w
| adot

Jdot_net Sdot_net

S TR e (S

11.Now go to Cycle panel. All important cycle parameters are available here:

Move mouse over a variable to display its value with more precision

& Mixed  SI  English < > ¥ Help Messages On Superflteratel Super-Calculate m Super-nitialize

State Panel | Device Panel | Cycle Panel | 110 Panel I

- nitia . | Iﬁmﬁ ; ﬂ
T_max T_min Qdot_in Qdot_out Wdot _in
[o53ases T < v|pSiemas (< v|[FiosestITwv  v|[iAveeraa e v pEAsme ke v
Wdot_out Qdot_net Wdot_net Sdot_gen, int COP R
0 TR - NS =2 o TR > (TR . S

COP_HP

o

[ Overall Cycle Equations (n Devices): i WinHip:
i n A ; n " Tl - Work in negative
O = *Z min(Q 0):. O, = Zmﬂ(Q,‘C‘) g - Heat in positive
=1 = : ; :
e e
and W are all

positive with subscripts

W= Z max (W,,J ,(J): W, = —zﬂ: min {WKJ_I,O)
et =l

= Qin 3 = Qa.u: . ¥ 2
COBg; =% COBp = 222 W, =0,

net et indicating dircction.
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Thus:
Refrign. effect = Qdot_in = h1-h4 = 110.566 k]/kg, for a refrigerant mass flow rate of 1 kg/s

And, compressor power = Wdot_in = h2- h1 = 37.13 kW, for a refrigerant mass flow rate
of 1 kg/s

Therefore, mass flow rate of R-12 required for a refrign. effect of 300 kJ/min is:
Mass flow rate = (300/60)/(h1-h4) = 0.04522 kg/s ... Ans.

And, compressor power = 0.04522*(h2-h1) = 1.679 kW.. Ans.

COP of refrigerator = COP_R = 2.98 ... Ans.

Note that quality of refrigerant after throttling, x4 = 0.317 ... Ans.
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12.From the Plots widget, first get the T-s plot, and then get h-s plot:

T.K
423 66 p=c
p=c
2
3
-
! 1
136.65
-0.39 s, kd/kg.K 1.01
p. kKPa (log Scale)
9482.7
3 2
k| 1
2826
-47 61 h, kd/kg 236.5
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13.The I/O panel gives the TEST code etc:

TEST-code: To save the solution, copy the codes generated below into a text file. To reproduce
the solution at a later time, launch the daemon (TESTcalc) (see path name below), paste

the saved TEST-code at the bottom of this I/O panel, and click the Load button.

# Daemon (TESTcalc) Path: Systems>Open>SteadyState>Specific>RefrigCycle>
PC-Model; v-10.cd03

# Start of TEST-code

States {
State-1: R-12;

Given: { pl= 140.0 kPa; x1= 1.0 fraction; Vell= 0.0 m/s; z1= 0.0 m; mdotl=
1.0 kg/s; }

State-2: R-12;

Given: { p2= 800.0 kPa; h2= 215.0 kJ/kg; Vel2= 0.0 m/s; z2= 0.0 m; mdot2=
“mdotl” kg/s; }

State-3: R-12;

Given: { p3= “p2” kPa; x3= 0.0 fraction; Vel3= 0.0 m/s; z3= 0.0 m; mdot3= “mdotl”
kg/s; }

State-4: R-12;

Given: { p4= “p1” kPa; h4= “h3” kJ/kg; Vel4= 0.0 m/s; z4= 0.0 m; mdot4= “mdotl”
kg/s; }
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Analysis {

Device-A: i-State = State-1; e-State = State-2; Mixing: true;
Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }

Device-B: i-State = State-2; e-State = State-3; Mixing: true;
Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }
Device-C: i-State = State-3; e-State = State-4; Mixing: true;
Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }

Device-D: i-State = State-4; e-State = State-1; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }

# End of TEST-code
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SR Property spreadsheet starts:

# State p(kPa) T(K) p'e v(m3/kg) u(kJ/kg) h(k]J/kg) sk]/kg.K)
# 01 140.0 251.2 1.0 0.117 161.52 177.87 0.71

# 02 800.0 325.3 0.0243 195.55 215.0 0.73

# 03 800.0 305.9 0.0 8.0E-4 66.68 67.3 0.249

# 04 140.0 251.2 0.3 0.0375 62.06 67.3 0.27

# Cycle Analysis Results:
# Calculated: T_max= 325.34625 K; T_min= 251.22281 K; Qdot_in= 110.56614 kW;

# Qdot_out= 147.69724 kW; Wdot_in= 37.13109 kW; Wdot_out= 0.0 kW;
# Qdot_net=-37.13109 kW; Wdot_net=-37.13109 kW; Sdot_gen,int= 0.12454 kW/K;
# COP_R= 2.97772 fraction; COP_HP= 3.97772 fraction; BWR= Infinity %;

#reexCALCULATE VARIABLES: Type in an expression starting with an ‘=’ sign
(‘= mdot1*(h2-h1)’, ‘= sqrt(4*A1/PI)’, etc.) and press the Enter key)** =

##Refrign. effect:

h1-h4 = 110.5661392211914 kJ/kg
#mass flow rate for a refrign. capacity of 300 kJ/min:
(300/60)/(h1-h4) = 0.045221801495639875 kg/s
#compressor power:

0.04522*(h2-h1) = 1.6790678109741215 kW

Prob.4.5.2. An ammonia vapour compression refrigeration plant operates between evaporator
pressure of 1.907 bar and condenser pressure of 15.57 bar. The vapour has a dryness
fraction of 0.8642 at entry to the compressor. Determine (i) COP, and (ii) refrigeration
effect produced for a work input of 1 kW. [VTU-ATD-July—Aug.2005]
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_ Condenser | @
of ) '
v W medi
Expansion

}i Valve COLD medium -
n =

Y <7 b
| » Evaporator »— Compressor

1

© @

Fig.Prob. 4.5.2. Vapour compression refrigeration system

TEST Solution:

Note: We shall assume the mass flow rate of refrigerant as 1 kg/s to start with, and calculate
refrig. effect, compressor work etc. Then, for a compressor work of 1 kW, the flow rate

required can easily be calculated. Then, find out the refrigeration effect for that flow rate.

Following are the steps:

Steps 1 and 2 are the same as for previous problem. But, now the working fluid is Ammonia

(NH3).

3. Choose NH3 as working substance and fill up the known parameters for State 1,
i.e. P1, x1 and mdotl = 1 kg/s. Hit Enter. We get:

Use the 1/0 Panel as a scientific calculator that recognizes state properties (e.q. 3.1479.52, h2-h1, p1*(Vol1/Vol2)*1.3, efc.)

* Mixed Sl © English ,i] ¥ Help Messages On Super-terate ] WSfLr{pg[:CEIEL{I;]g-J! m ,,Sl‘,‘?f",r',‘f“,ﬁfa,],',f:f’,,!
State Panel J Device Panel ] Cycle Panel ] 110 Panel |
H | Calculate | \nitialir_e_! ‘Saturated Mixture -Ammgma(NHg} v .
_"j p1 _J It _i] xt _J yt __] vl
T S oc S e~ RS o~ G
|t | | st | vent |
[11359296 | v 12376282 ke v [480i97 Il et e
| et n phit e | maott
S v~ [ e~ | o] e~ ¥

| voldatt | ar M1
[0.53787 s v 153766‘.‘65. w2 M [ kgskmal v

Note that all parameters such as h1, T1, sl etc are calculated.
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4. State 2: Enter P2, s2 = s1, and mdot2 = mdotl. Hit Enter. We get:

Move mouse over avariable to display its value with more precision.

& Mixed ¢ SI ¢ English < j ¥ Help Messages On Super—lteratel Super-Calculate m m

State Panel | Device Panel |

| Calculate | Initialize Superheated Vapor
| 2 | X2 |y
- - S | ]
J u2 h2 ﬂ 52 ﬂ Vel2
S~ e - e~ I
J 2 phi2

Cycle Panel | 10 Panel |

AmmonialNH3)

m

e RO ]
I

~ ~-
“|  mdot2

T o | RG]

psi2

Here again, T2, h2 etc are calculated.
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5. For State 3: Enter p3 = p2, x3 = 0, mdot3 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.

* Mixe nglis < ase-0 v | = v p Messages On uper-lterate uper-Calculate oac
* Mixed ¢ SI { English ©Case-0 [ Help M [o] Super-terat 5 Iculat Load

State Panel | Device Panel | Cycle Panel | /0 Panel |

| < |estate3 v | | caicuiate No-Flots v Initialize Saturated Mixiure

AmmonialNH3}

]

p3 J 3 LI x3 J ¥3 J v3
| J J _I vei _I
—m —m —m [ [T __

phi3 psi3 e | mdot3

] e R -

Note that h3, s3 etc are calculated.

6. For State 4: Enter p4 = pl, h4 = h3, mdot4 = mdotl. Hit Enter. We get:

Move mouse over a variable to disp value with more precision

< ﬂ v Help Messages On

State Panel | Device Panel |

Calculate Ir alize Saturated Mixture -Ammnma(NHEJ v.
| | _| x4 J v J vé
J ud ﬂ hd

& Mixed ¢ sl

¢ English

Super-terate Super.Calculate | super.nitiaiize |

Gycle Panal | 0 Panel

Note that h4, T4, s4, and x4 etc are calculated. Note that x4 = 0.2125
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7. Now, go to Device panel. For Device A, fill up State 1 and State 2 for il state
and el state respectively. For i2 state and e2 states, fill up Null State as there is no
second stream of flow. And, Qdot = 0. Hit Enter. We get:

Maove mouse over a variable to display its value with more precision.

@ Mixed ¢ Sl ¢ English < L‘ ¥ Help Messages On Super—llera{el Super-Calculate Super-nitialize

State Panel | Device Panel I Cycle Panel | /0 Panel |

< | Device-A[1-2] vﬂ Calculate " Hon-Mixing i+ Mixing Device

(L5 A State-1 L PR G State-Null (v B E G State-2 R e2 State:  ESEICEUITNET
Waot_ext 7| 78 | sdot gen

C o el Coeeeolwaa

Jdot_net

Steady Multi-Flow Mixing Device - A
Mass, Energy, and Entropy Equations:

State-Null:
f It indicates that
0= (i + g )~ my + ) P : a port is closed.

0= (mn.le +m12.}i12)7 (msljsl +1, 5 e )+ Q=W
- i ] WinHip:

; - = . (I : Work in negative

0=[m!15=1‘*’m;zgaz)—(mslsel‘*’m,zgsz)"'f—ﬁ‘*'sgn faoe Heat in positive

Sm

8. For Device B: fill up State 2 and State 3 for il state and el state respectively. For
i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,

Wdot_ext = 0, since there is no external work in process 2-3. Hit Enter. We get:

Wdot_ext = -245.34277 KW [External work transfer rate]

& Mixed ¢ Sl ¢ English < > ¥ Help Messages On Super—lteralel Super-Calculate Super-nitialize

State Panel | Device Panel I Cycle Panel I 110 Panel |
< | Device-B [2-3] w ﬂ Calculate " Non-Mixing & Mixing Device

it-state: BRI RV state-Null (v etstate: BRI R state-Null v
J Qdot Y|  Wdat ext dl | T8 J Sdot_gen

Jdot_net Sdot_nef

[Sos T e | [EEeseE T e T

9. For Device C: fill up State 3 and State 4 for il state and el state respectively. For
i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,

Qdot = 0, since there is no heat transfer in process 3-4. Hit Enter. We get:

Wdot_ext=0.0 kW [External work transfer rate]

@ Mixed ¢ SI ¢ English < j ¥ Help Messages On Super-terate Super-Caiculate m Supernitialize

State Panel | Device Panel | Cycle Panel 1/ Panel |

< | Device-C [3-4] v j Calculate
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10.For Device D: fill up State 4 and State 1 for il state and el state respectively. For

i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,

Wdot_ext = 0, since there is no work transfer in process 4-1. Hit Enter. And click
on SuperCalculate. We get:

Move mouse over a variable to display its value with more precision.

* Mixed ¢ SI  English j@Case—U vj v Help Messages On Super-lterate Super-Calculate Super-nitialize

| Device Panel | | |
jDevice-D [4-11 vﬂ Calculate " Non-Mixing ' Mixing Device
State4 v | | State-hull v | State-1 v | State-ull |
| o 7| waot ext 7| 18 | sdot gen
esgsies v GO | O e v s
Jdot_net Sdot_net
-865.96185 [y v| 24201 I |
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11.Now go to Cycle panel. All important cycle parameters are available here:

Move mouse over a variable to display its value with more precision.

# Mixed ¢ S| ¢ English < | ©Case-0 T_lj [v Help Messages On Super-lterate Super-Calculate Super-hnitialize

| | Cycle Panel | OP

T_max T_min Qdot_in Qdot_out Wdot _in
[316.99756 & ~ | [253.20674 IS v [B65.96185 KW v 11113047 [ v | [pa534277
Wdot_out Qdot_net Wdot_net Sdot_gen,int COP R
|o_o o v| |-245_342T{ [war = |-245_342?7 | kw | ‘o_szzas KINK ] |35295 | fraction w|

|4,5296 fraction v

[ Overall Cycle Equations (n Devices): T | winHip:

- L 5 " n . . Work in negative
2= _z min(Q,.0). O, = Zmax(Qi 0) ; 3 Heat in positive
i1 j=1

0,

and W, arcall

B O

W, = imax(}ff’r,__,_{)); W, = —imin(l'ff},_l,(}]
= =

cioR o, R Gy : 4 positive with subscripts
iy =Zeat . F el i X )
e W = - W Q“‘ indicating direction.

Thus:
Refrign. effect = Qdot_in = h1-h4 = 865.96 kJ/kg, for a refrigerant mass flow rate of 1 kg/s

And, compressor power = Wdot_in = h2- h1 = 245.34 kW, for a refrigerant mass flow rate
of 1 kg/s

Therefore, mass flow rate of NH3 required for a compressor power of 1 kW is:
Mass flow rate = 1/245.34277 = 0.0040759 kg/s... Ans.

And, actual refrig. effect for this flow rate = 0.0040759*(h1-h4)= 3.53 kW.. Ans.
COP of refrigerator = COP_R = 3.53 ... Ans.

Note that quality of refrigerant after throttling, x4 = 0.2125 ... Ans.
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12.From the Plots widget, first get the T-s plot, and then get h-s plot:

T. K [-0.514, 495564
4450
14596
-1.72 s, kd'kg.K a.38
p’ kPa [Iog Scale) [-180.77, 22610242 )
28826.2
6.7209

-58.73 h, KJ/Kg 1631.27
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13.The I/O panel gives the TEST code etc:

#rorrrrrrrrreee e ~~~OQUTPUT OF SUPER-CALCULATE

# Daemon (TESTcalc) Path: Systems>Open>SteadyState>Specific>RefrigCycle>
PC-Model; v-10.cd03

# Start of TEST-code
States {
State-1: Ammonia(NH3);

Given: { pl= 190.7 kPa; x1= 0.8642 fraction; Vell= 0.0 m/s; z1= 0.0 m; mdotl=
1.0 kg/s; }

State-2: Ammonia(NH3);
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Given: { p2= 1557.0 kPa; s2= “s1” kJ/kg.K; Vel2= 0.0 m/s; z2= 0.0 m; mdot2=
“mdotl” kg/s; }

State-3: Ammonia(NH3);

Given: { p3= “p2” kPa; x3= 0.0 fraction; Vel3= 0.0 m/s; z3= 0.0 m; mdot3= “mdotl”

kg/s; }
State-4: Ammonia(NH3);
Given: { p4= “p1” kPa; h4= “h3” kJ/kg; Vel4= 0.0 m/s; z4= 0.0 m; mdot4= “mdotl”
kg/s; }
}
Analysis {
Device-A: i-State = State-1; e-State = State-2; Mixing: true;
Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }
Device-B: i-State = State-2; e-State = State-3; Mixing: true;
Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }
Device-C: i-State = State-3; e-State = State-4; Mixing: true;
Given: { Qdot= 0.0 kW: T_B= 25.0 deg-C; }
Device-D: i-State = State-4; e-State = State-1; Mixing: true;
Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }
}
# End of TEST-code
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SR Property spreadsheet starts:

# State p(kPa) T(K) p'e v(m3/kg) u(kJ/’kg) h(kJ/kg) s(k]J/kg.K)
# 01 190.7 253.2 0.9 0.5377 1135.12 1237.63 4.902
# 02 1557.0 317.0 0.0849 1350.85 1482.97 4.902
# 03 1557.0 313.2 0.0 0.0017 368.98 371.67 1.358
# 04 190.7 253.2 0.2 0.1333 346.24 371.67 1.482

# Cycle Analysis Results:

# Calculated: T_max= 316.99756 K; T_min= 253.20674 K; Qdot_in=
865.96185 kW;

# Qdot_out= 1111.3047 kW; Wdot_in= 245.34277 kW; Wdot_out= 0.0 kW;

# Qdot_net= -245.34277 kW; Wdot_net= -245.34277 kW; Sdot_gen,int=
0.82288 kW/K;

# COP_R= 3.5296 fraction; COP_HP= 4.5296 fraction; BWR= Infinity %;

#rxCALCULATE VARIABLES: Type in an expression starting with an ‘=’ sign
(‘= mdot1*(h2-h1)’, ‘= sqrt(4*A1/PI)’, etc.) and press the Enter key)***ttoe*

#Refrign per kg flow of NH3:
~h1-h4 = 865.9618835449219 k]/kg
#compr. work per kg flow of NH3:
—h2-h1 = 245.3427734375 k]/kg
#Mass flow for 1 kW compr. power:

=1/245.34277 = 0.0040759301771965805 kg/s
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#Then, refrig. effect for this flow rate:

= 0.0040759301771965805*(h1-h4) = 3.5296001734427382 kW

Prob.4.5.3. An ammonia vapour compression refrigeration plant operates between an
evaporator pressure of 1.2 bar and condenser pressure of 12 bar. The refrigerant leaves the
evaporator at -20 C and leaves the condenser at 20 C. Determine the COP of the system
and the power required per ton of refrigeration. Determine also the bore and stroke of the
compressor cylinder if the speed is 200 rpm, volumetric efficiency is 0.8 and stroke is 1.5
times the bore. [VIU-ATD-June—July 2008]
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< Corﬁenscr < @FJ
@ WARhi’;:edi

REFRIGERATION CYCLES

Expansion

Valve COLD medium —

=

© @

Fig.Prob. 4.5.3. Vapour compression refrigeration system

TEST Solution:

! » Evaporator — Compressor

Note: We shall assume the mass flow rate of refrigerant as 1 kg/s to start with, and calculate

refrig. effect, compressor work etc. Knowing the refrgn. effect and compressor power, refrign.
effect per ton of refrigeration is found out. Also, for a refrigeration of 1 ton (= 211 kJ/min),
the flow rate required can easily be calculated. Then, find out the volume of refrigerant

at the inlet to compressor, and knowing the volumetric effcy and the stroke to bore ratio,

bore dia is calculated, and the the stroke is calculated.

Following are the steps:

Steps 1 and 2 are the same as for Prob.4.5.1. And, the working fluid is Ammonia (NH3).

1. Choose NH3 as working substance and fill up the known parameters for State 1,

i.e. P1, T1 and mdotl = 1 kg/s. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.

# Mixed © S|  English < > W Help Messages On Super-lterate M m M‘

State Panel | Device Panel I

Cycle Panel 1 i3 Panel ]

| Initialize i |Su|:|erheated"u"apor -,Ammgma(pJHg}

| ut | n | st M EH

[1305.9905 kikg | [1226.4575 Kikg | [5:8681 Kifkg.K Y- Y v
| e m phit psit | mdott

|1305_9905 kikg v |1426_4575 kifkg v | kdikg v | Ktk v _
| veldert | ar MM

[1.00389 3l | |100389.23 me2 v | 17021 kghkmol v

Note that all parameters such as h1, T1, sl etc are calculated.
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2. State 2: Enter P2, s2 = s1, and mdot2 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision

& Mixed ¢ SI ¢ English < ﬂ ¥ Help Messages On Super-terate Super_Calculate Super-nitialize

State Panel Device Panel |

Cycle Panel | 110 Panel |

@State-2 v iculate No-Plots |+ Initialize Superheated Vapar -Ammnnia(NHS) v.

y2 n
- s < 5
J u2 ﬂ 52 LI Vel2 LI e
o~ s < I I Y
| e | r phi2 psiz | mdot2
C | [ o) e [T
| voldorz | A

M2
[ CE ) - ] e

Here again, T2, h2 etc are calculated.

3. For State 3: Enter p3 = p2, T3 = 20 C, mdot3 = mdotl. Hit Enter. We get:

Move mouse over a variable to display alue with more precision.

* Mixed © 81 © English < ﬂ ¥ Help Messages On Super-lterate Super-Calculate m Super-nitialize

State Panel | Device Panel | Cycle Panel | 10 Panel |

©State-3 v iculate MNo-Plots + Initialize Subcooled Liguid -Ammoma[NHSJ w .

J A3 MM3
[ TR - ] e

Note that h3, s3 etc are calculated.

4. For State 4: Enter p4 = pl, h4 = h3, mdot4 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.

@ Mixed ¢ SI © English < = ¥ Help Messages On Super—lteratel Super-Calculate m Super-nitialize

State Panel | Device Panel | Cycle Panel /0 Panel |

L':-alc ate Initialize Saturated Mixture

M _I e J J J

AmmonialMH3)

7 N [ * —
_m _m [i43368 T e | O s ] _—
phit psit | meota

g ] lng v | GO <>~
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Note that h4, T4, s4, and x4 etc are calculated. Note that x4 = 0.169

5. Now, go to Device panel. For Device A, fill up State 1 and State 2 for il state
and el state respectively. For i2 state and e2 states, fill up Null State as there is no
second stream of flow. And, Qdot = 0. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.

& Mixed Sl  English < = W Help Messages On Super-iterate Super-Calculate | @I Super-nitialize

Siate Panel j Device Panel ] Cycle Panel J {0 Panel I

] [Cacuaie o © Mg o

7| adet Waot_ext “| 18 | sdot gen

[ — 2 — C—
Jdot _net Sdot_net

|-364.989 K v||oa KINIK v

Steady Multi-Flow Mixing Device - A

State-MNull:
It indicates that
a port is closed.

Mass, Energy, and Entropy Equations:

0= (mn + }?'11.2)— (mel i mgz)

0= (1 o + 150 ) = (Mg + 1,500 )+ Q= Wiy e
- - WinHip:

Waork in negative

Heat in positive

I

at

0= [m’ls’l i m!?g!z) i (melssl +m42392 ) + Tg+ S:gn
B

'S’m
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6. For Device B: fill up State 2 and State 3 for il state and el state respectively. For
i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,

Wdot_ext = 0, since there is no external work in process 2-3. Hit Enter. We get:

Move mouse ow able to display its value with more precision.

 Mixed ¢ Sl  English < ﬂ V¥ Help Messages On Super-lterate Super-Calculate m Super-Initialize

State Panel | Device Panel | Cycle Panel | /0 Panel |

[ooioszs vl |  von g

S5 G State-2 LA State-Null |(w B G State-3 A4 e2-State:  EEICEVTIIES

7. For Device C: fill up State 3 and State 4 for il state and el state respectively. For
i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,
Qdot = 0, since there is no heat transfer in process 3-4. Hit Enter. We get:

Move mouse over avariable to display its value with more precision.

* Mixed © Sl ¢ English < = I+ Help Messages On Super—\teratel Super-Calculate m m

State Panel | Device Panel | Cycle Panel | 110 Panel |

< | Device-C [2-4 v j © Non-Mixing  Mixing Device
(LB I State-3 hd A ETE State-Null (v (S B\ State-4 w P2 ELEA State-Null |(»

8. For Device D: fill up State 4 and State 1 for il state and el state respectively. For
i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,
Wdot_ext = 0, since there is no work transfer in process 4-1. Hit Enter. And click
on SuperCalculate. We get:

Use the /O Panel as a scienti Iculator that recognize - 2rties ( 3 2, h2-h1,

* Mixed ¢ SI ( English < j V¥ Help Messages On Super—lteratel Super-Calculate w

State Fanel | Device Panel Cycle Panel | 10 Panel |

< | Device D [41] - _>J -  Non-Mixing

if-State:  RIeiE] v s State-Mull (v
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9. Now go to Cycle panel. All important cycle parameters are available here:

‘Wdot_ext = 0.0 kW [External work transfer rate]

# Mixed ¢ SI ¢ English < l@Ca_seil]j [v Help Messages On Super-lterate Super-Calculate Super-nitialize

State Panel | Device Panel | Cycle Panel | OP |

T_max T_min Qdot_in Qdot_out Wdot_in

426.84015 [x v| 24323192 i | [1151.5968 [ v [1516.5656 [ v |a64.269 [k

Wdot_out Qdot_net Wdot_net Sdot_gen, int COP R
0o I v | -364.969 I | |[-364.989 i ~ 122411 [k ~ | [a:15533 [ fraction

GOP_HP
‘4.15533 ‘fradion VJ’

WinHip:
Work in negative
Heat in positive

[ Overall Cycle Equations (n Devices):

Q. = —i min(Q ,0): O, = Z max(0),,0)
= j=1

W, _imax(;i/”___n); W, _—imin(w;, .0
il i=l :

_ e _ @ : :
COBgs =2 copm—WL;, W.,=0.

nel
et

O O, W

\\\\\\

and W arcall

positive with subscripts

indicating dircction.

Thus:
#Power reqd./ton of refrign:
# 1 ton = 211 kJ/min

#Power = Wdot_in/(Qdot_in/1400)

=364.969/(1151.5966*60/211)= 1.1145 kW/ton of refrigeration. ... Ans.

# Let Mass flow rate of NH3 per ton of refrign. = w kg/s

# Then, w = 1/(1151.5966*60/211)=0.003054 kg/s

# volume of flow: w * vl where v1 is the sp. vol. in State 1

#Note from State 1 that vl = 1.00389 m*3/kg

# Now, w * vl = (pi/4)* D22 * L *(N /60) * eta_vol where eta_vol = vol. effcy = 0.8, by data
# Then, we have:w * vl = (pi/4) * DA2 * 1.5 * D * (N/60) * 0.8

# Therefore: D = ((w * v1) / ((pi/4) * 1.5 * (N/60) * 0.8))" (1/3) m
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#i.e D = ((0.00305373 * v1) / ((pi/4) * 1.5 * (200/60) * 0.8))" (1/3)
# or, D = 0.099187 m ... dia of cylinder ... Ans.

#And: L = 1.5 * D, by data

# Therefore, D =1.5 * 0.099187= 0.14878 m ... length of cyl.....Ans.

#And, COP_R = COP of refrigerator = 3.15533... Ans.

Iil
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10.From the Plots widget, first get the T-s plot, and then get h-s plot:

T.K (-1.806, 522 969 )
469 .52
G2
3
-
oy !
14596
-1.72 s, kJ/kg.K 838
p: kPa (log Scale) (-452.057, 20545 247 )
288262
o D2
C'\‘ 1 1
6.7209
-99.73 h, kd/kg 1970.587

11.The I/O panel gives the TEST code etc:

#roerrrrrrreeee e ~~~~-OUTPUT OF SUPER-CALCULATE

# Daemon (TESTcalc) Path: Systems>Open>SteadyState>Specific>RefrigCycle>
PC-Model; v-10.cd03
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# Start of TEST-code

States {
State-1: Ammonia(NH3);

Given: { pl= 120.0 kPa; T1= -20.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; mdotl=
1.0 kg/s; }

State-2: Ammonia(NH3);

Given: { p2= 1200.0 kPa; s2= “s1” kJ/kg.K; Vel2= 0.0 m/s; z2= 0.0 m; mdot2=
“mdotl” kg/s; }

State-3: Ammonia(NH3);

Given: { p3= “p2” kPa; T3= 20.0 deg-C; Vel3= 0.0 m/s; z3= 0.0 m; mdot3=
“mdotl” kg/s; }

State-4: Ammonia(NH3);

Given: { p4= “p1” kPa; h4= “h3” kJ/kg; Vel4= 0.0 m/s; z4= 0.0 m; mdot4= “mdotl”
kg/s; }

Analysis {
Device-A: i-State = State-1; e-State = State-2; Mixing: true;
Given: { Qdot= 0.0 kW; T_B= 298.15 K; }
Device-B: i-State = State-2; e-State = State-3; Mixing: true;
Given: { Wdot_ext= 0.0 kW; T_B= 298.15 K; }
Device-C: i-State = State-3; e-State = State-4; Mixing: true;

Given: { Qdot= 0.0 kW; T_B= 298.15 K; }
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Device-D: i-State = State-4; e-State = State-1; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 298.15 K; }

}

# End of TEST-code

R Property spreadsheet starts:

# State  p(kPa) T(K) b'e v(m3/kg) u(k]J/kg) h(kJ/kg) s(k]/kg.K)
#01 120.0 253.2 1.0039 1305.99 1426.46 5.866

# 02 1200.0 426.8 0.1679 1589.95 1791.43 5.866

# 03 1200.0 293.2 0.0016 272.9 274.86 1.041

# 04 120.0 243.2 0.2 0.1638 255.21 274.86 1.134

(]
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# Cycle Analysis Results:

# Calculated: T_max= 426.84015 K; T_min= 243.23192 K; Qdot_in= 1151.5966 kW;

# Qdot_out= 1516.5656 kW; Wdot_in= 364.969 kW; Wdot_out= 0.0 kW;

# Qdot_net= -364.969 kW; Wdot_net= -364.969 kW; Sdot_gen,int= 1.22411 kW/K;

# COP_R= 3.15533 fraction; COP_HP= 4.15533 fraction; BWR= Infinity %;

#reexCALCULATE VARIABLES: Type in an expression starting with an
(‘= mdotl1*(h2-h1)’, ‘= sqrt(4*A1/PI)’, etc.) and press the Enter key)**#xtorsxx

#Power reqd./ton of refrign:

# 1 ton = 211 kJ/min

#Power = Wdot_in/(Qdot_in*60/211)
=364.969/(1151.5966*60/211)

= 1.1145172855378929 kW/ton of refrigeration. ... Ans.
#Mass flow rate of NH3 per ton of refrign. = w
=1/(1151.5966*60/211)

= 0.0030537313731793464 kg/s

# volume of flow: w * v1

#w * vl = (pi/4)* D22 * L *(N /60) * eta_vol
#w*vl = (pi/4) * DA2 *1.5* D * (N/60) * 0.8

# Therefore: D = ((w * v1) / ((pi/4) * 1.5 * (N/60) * 0.8))" (1/3)
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= ((0.00305373 * v1) / ((pi/4) * 1.5 * (200/60) * 0.8))" (1/3)
= 0.09918727579026226 m ... dia of cylinder ... Ans.
#And: L = 1.5 * D

=1.5 * 0.099187

= 0.14878050000000004 m ... length of cyl.....Ans.

Prob.4.5.4. A food storage chamber requires a refrigeration system of 10 T capacity with an
evaporator temp. of -10 C and condenser temp. of 30 C. The refrigerant R-12 is subcooled
by 5 deg. C before entering the throttle valve and the vapour is superheated by 6 deg.
C before entering the compressor. The specific heats of liquid and vapour are 1.235 and
0.7327 kJ/kg.K respectively. Determine: (i) The refrigerating capacity per kg (ii) Mass of
refrigerant circulated per minute, and (iii) COP. [VTU-ATD-Jan. 2003]

P A TA

=V

Fig. Vap. Comprn. Refrig. Cycle with subcooling and superheating

TEST Solution:

Note: We shall assume the mass flow rate of refrigerant as 1 kg/s to start with, and calculate
refrig. effect, compressor work etc. Then for refrig. capacity of 10 tons, (1 ton = 211 kJ/min),

the flow rate required can easily be calculated.
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Following are the steps:

Steps 1 and 2 are the same as for Prob.4.5.1. But, now the working fluid is R-12.

1. Choose R-12as working substance and fill up the known parameters for State 1,
i.e. P1= P5, T1 = (-10+ 6)= -4 C and mdotl = 1 kg/s. Hit Enter. We get:

Move mouse over avariable to display its value with more precision.

& Mixed (" Sl ( English < .i] ¥ Help Messages On Super-lterate Super-Calculate | m Super-Initialize |

State Panel i Device Panel 1 Cycle Panel 110 Panel

| Calculate_| __Irnt\:al\r-_e__: Superheated Vapor |

- - ]| frction v | Focton v [0.07889 kg v
| ot | n | s | vent EH

169.62971 caneg v [1gataar g - 51157‘1 kg - _ _
.‘_‘] ef J it phit psit .i] mdot1

698287 [re | [ABBSBITN [ ]| g V|| e | s v
__J Voldot1 M1

J Al
}Ei':'oms w3 - fiééf&m w2 - ;120.93 | kgrkmol v

Note that all parameters such as h1, T1, s1 etc are calculated, az the end after SuperCalculation.
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2. State 2: Enter P2, s2 = s1, and mdot2 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision

@ Mixed ¢ 8| ( English < ﬂ ¥ Help Messages On Super-terate Super_Calculate m Supernitialize

State Panel | Device Panel | Cycle Panel | 10 Panel |

HH L"alculate Initialize Superheated Vapor -R-12 v.
| | _| | I
_—_I_II acton v | M_m
J u? J J il Vel2 _I
J e2 J phi2 psi2 _I
L T ]| i
J Voldoi2 J A2 M2

[ T R ) SR

Here again, T2, h2 etc are calculated later, afer SuperCalculate.

3. For State 3: Enter x3 = 0, T3 = 30 C, mdot3 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.

“ Mixed ¢ Sl ¢ English < > ¥ Help Messages On Super—\teratel Super-Calculate m

State Panel | Device Panel | Cycle Panel | 110 Panel

@State3 v | caicuiate No-Plots Initialize Saturated Mixture -R_12 v.
| s _| 3 J J J
_| w

Note that p3, h3, s3 etc are calculated.

4. For State 4: Enter p4 = p3, T4 = 25 C, mdot4 = mdotl. Hit Enter. We get:

Move mouse over a variable to display alue with more precision

« Mixed ¢ 51 { English < = ¥ Help Messages On Super-lterate SuperCalculate Super-nitialire

State Panel | Device Panel | Cycle Panel | 110 Panel

©5tate-4 v I lculate Mo-Flots  + I Initialize Subcoaled Liguid - R-12

Note that h4, T4, s4 etc are calculated.
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5. For State 5: Enter p5 = p6, h5 = h4, mdot5 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision

* Mixed ¢ SI ¢ English _‘W ¥ Help Messages On Super-lterate | Super-Calculate Super-nitialize

State Panel Device Panel |

Cycle Panel | 110 Panel

©State5 v Calculate MNo-Plots + I Initialize Saturated Mixure - R-12 v .

< _| | e s |
_—_—_fmn

] . Jhs J

6. For State 6: Enter T6 = -10 C, x6= 1, mdot6 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision

* Mixe nglis = age-0 ¥ = v p Messages On uper-lterate uper-Calculate
& Mixed ¢ 51 ¢ English ©Case-0 ¥ Helpm o K Iterat 3 Iculat

State Panel | Device Panel | Cycle Panel | 110 Panel |

Ssfate-b v > | Calculate No-Flots [ initaiize Saturated Mixture

1o _| 76 J J J

| w J 16 J _| Vel _|

J ef J phif psif _I
M < | .
| volots | a6 MG

[ EEN - e T S T

7. Now, go to Device panel. For Device A, fill up State 1 and State 2 for il state
and el state respectively. For i2 state and e2 states, fill up Null State as there is no
second stream of flow. And, Qdot = 0. Hit Enter. We get:

Move mous o1 a variable to display its value with more precision

& Mixed ¢ SI { English ﬂ ¥ Help Messages On Super—lteratel M
State Panel | Device Panel | Cycle Panel | IO Panel |

< [omientia 3] o
i2-State: e1-State: 2-State:

Steady Multi-Flow Mixing Device - A h
Mass, Energy, and Entropy Equations: — B State-Null:

f It indicates that
= (mzl"'mze)_(mﬂ +mgz) _ & : a port is closed.

0= (m1J=1+m2J=2) (mljsl_'_m 2J32)+Q

WinHip:
: : = : e e Work in negative
0= (m='15='1 + m!’Zgﬂj (melsel R 0 )+ FB‘* Sgﬂ Heat in positive

i

S
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8. For Device B: fill up State 2 and State 4 for il state and el state respectively. For
i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,

Wdot_ext = 0, since there is no external work in process 1-2. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.

* Mixed © Sl  English < ﬂ ¥ Help Messages On Super—lteratel Super-Calculate m m

State Panel | Device Panel | Cycle Panel | 110 Panel |

< | Device-B [2-4] vﬂ Calculate " Non-Mixing i+ Mixing Device

[rai I State-Null |[» el-State:  RaEIGEY b LFECEIEE State-Null (v

Jdot_net
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9. For Device C: fill up State 4 and State 5 for il state and el state respectively. For
i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,
Qdot = 0. Hit Enter. We get:

~ Mixed 81 English < ﬂ ¥ Help Messages On Super-lterate Super-Calculate m Super-nitialize

State Panel | Device Panel | Cycle Panel | 110 Panel |

< | Device-C [4-5] vﬂ Calculate " Non-Mixing * Mixing Device

(FRSE Y State-Null [ L BE =L State-5 b Crsis Y State-Mull (v

10.For Device D: fill up State 5 and State 1 for il state and el state respectively. Fori2 state
and e2 states, fill up Null State as there is no second stream of flow. Also, Wdot_ext = 0.
Hit Enter. And click on SuperCalculate. We get:

Mowve mouse over avariable to display its value with more precision.

* Mixed ¢ Sl { English < L‘ ¥ Help Messages On Super—lteratel Super-Calculate M m

State Panel | Device Panel | Cycle Panel | 1i0 Panel |

< | Device-D [5-1] v ﬂ  Non-Mixing % Mixing Device
(26 N State-Mull |» s ) State-Mull (v

Wdot_ext

11.Now go to Cycle panel. All important cycle parameters are available here:

Move mouse over a variable to display its value with more precision.

* Mixed ¢ SI ¢ English < » ¥ Help Messages On Super—lteratel Super-Calculate m

State Panel | Device Panel | Cycle Panel | 1/0 Panel |
T_max T_min Qdot_in Qdot_out Wdot_in
Bieoore T« v|psRasTTx vI[Emie e v|[Eessie v v p2dsssTTT e v
Wdot_out Qdot_net Wdot_net Sdot_gen,int COP R
EE v e v e~ B0 | B e V]

COP_HP

T e ]

[ Overall Cycle Equations (n Devices): ; WinHip:
. = . . " . m . Work in negative
Q,, =—> min(Q,.0: O, = > max(Q,.0) : - Heat in positive
il =

W =3 max (1.0 W, 3 min(#,, .0) - | Ous- O Vo,
anl —j"‘max A in = i-lmln 0. BN e

positive with subscripts

= Q i _Q 1 . ;. :
CORy = 22 COBp = =, W. =0,

et et prt indicating dircction.
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Thus:
Refrign. capacity per kg = (h1 — h5) = Qdot_in = 127.143 kJ/kg

#Then, mass flow rate for a refrign. capacity of 10 Tons:
=10*211/((h1-h5) *60)= 0.2766 kg/s

#And, COP_R = COP of refrigerator = 5.742... Ans.

12.From the Plots widget, first get the T-s plot, and then get h-s plot:

T.K (-0.122, 485.034 )

423 66

138.65

-0.39 s, kd/kg.K 1.01
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p, kPa (log Scale) {10561, 43684 695 )

94827

2.526

-47.61 h, KJ/kg 234 .34
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13.The I/O panel gives the TEST code etc:

e et OUTPUT OF SUPER-CALCULATE :

# Daemon (TESTcalc) Path: Systems>Open>SteadyState>Specific>RefrigCycle>
PC-Model; v-10.cd03

# Start of TEST-code

States {
State-1: R-12;

Given: { pl= “p5” kPa; T1= -4.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; mdotl=
1.0 kg/s; }

State-2: R-12;

Given: { p2= “p3” kPa; s2= “s1” kJ/kg.K; Vel2= 0.0 m/s; z2= 0.0 m; mdot2=
“mdotl” kg/s; }

State-3: R-12;

Given: { T3= 30.0 deg-C; x3= 0.0 fraction; Vel3= 0.0 m/s; z3= 0.0 m; mdot3=
“mdotl” kg/s; }

State-4: R-12;

Given: { p4= “p3” kPa; T4= 25.0 deg-C; Vel4d= 0.0 m/s; z4= 0.0 m; mdot4=
“mdotl” kg/s; }

State-5: R-12;

Given: { p5= “p6” kPa; h5= “h4” kJ/kg; Vel5= 0.0 m/s; z5= 0.0 m; mdot5=
“mdotl” kg/s; }

State-6: R-12;

Given: { T6= -10.0 deg-C; x6= 1.0 fraction; Vel6= 0.0 m/s; z6= 0.0 m; mdot6=
“mdotl” kg/s; }

}
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Analysis {

Device-A: i-State = State-1; e-State = State-2; Mixing: true;
Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }

Device-B: i-State = State-2; e-State = State-4; Mixing: true;
Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }

Device-C: i-State = State-4; e-State = State-5; Mixing: true;
Given: { Qdot= 0.0 kW; Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }
Device-D: i-State = State-5; e-State = State-1; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }

}
# End of TEST-code
e Property spreadsheet starts: #
# State p(kPa) T(K) X v(im3/kg) u(k]J/kg) h(kJ/kg) sk]/kg.K)
# 01 219.1 269.2 0.0789 169.63 186.91 0.716
# 02 744.9 316.0 0.0252 190.26 209.06 0.716
# 03 744.9 303.2 0.0 8.0E-4 64.01 64.59 0.24
# 04 744.9 298.2 8.0E-4 59.2 59.77 0.224
# 05 219.1 263.1 0.2 0.0167 56.12 59.77 0.233
# 06 219.1 263.2 1.0 0.0767 166.4 183.19 0.702

# Cycle Analysis Results:

#

Calculated: T_max= 316.0078 K; T_min= 263.15 K; Qdot_in= 127.14272 kW,
Qdot_out= 149.28616 kW; Wdot_in= 22.14345 kW; Wdot_out= 0.0 kW;
Qdot_net=-22.14345 kW; Wdot_net=-22.14345 kW; Sdot_gen,int= 0.07427 kW/K;

COP_R= 5.74178 fraction; COP_HP= 6.74178 fraction; BWR= Infinity %;
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#rxCALCULATE VARIABLES: Type in an expression starting with an ‘=’ sign
(‘= mdot1*(h2-h1)’, ‘= sqrt(4*A1/PI)’, etc.) and press the Enter key)***xtor*

# Mass of refrig. circulated per min, to give 10 TR cooling capacity:

=10*211/((h1-h5) *60)= 0.27659205909515694 kg/s

Prob.4.5.5. A vapour compression refrigeration system with R134a as the refrigerant,
operates between an evaporator temp of -10 C and condenser temp of 20 C. The refrigerant
leaves the evaporator at -10 C as sat. vapour and the isentropic effcy of compressor is 80%.
Determine the refrigeration effect, compressor power required and the COP for a flow rate

of 1 kg/s of refrigerant.
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©J6)

— i
L 4
XExpansian
Valve CULDr}%nedium :"_
Y L7 3

» Evaporator Compressor

L 4

P
L

5

Fig.Prob. 4.5.5. Vapour compression refrigeration
system and (b) T-s diagram

TEST Solution:
Following are the steps:

Steps 1 and 2 are the same as for Prob.4.5.1. But, now the working fluid is R-134a.

1. Choose R-134a as working substance and fill up the known parameters for State 1, i.e.
T1 =-10 C, x1 = 1, and mdotl = 1 kg/s. Hit Enter. We get:

Move mouse over avariable to display i

5 value with more precision

% Mixed  SI  English > |+ Help Messages On Super-lterate Super-Calculate m Super-nitialize

State Panel | Device Panel | Cycle Panel | /0 Panel |

©State-1 v Caiculate No-Plots + Inm:allze Saturated Vapor

| et j Tt j xt J ¥ J vt
| J J L! it _|

J J phit psit J mdot1
——_ TR R o e
| Vldott

Pogeat s v _— _ o

Note that all parameters such as h1, T1, sl etc are calculated.
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2. State 2: Enter p2= p4, s2 = sl, and mdot2 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision

# Mixed ¢ SI ¢ English > ¥ Help Messages On Super-lterate Super-Calculate Super-nitialize

State Panel | Device Panel | Cycle Panel | I'0 Panel |

Calculate I Initialize Unknown Phase
N o e
|:p4 kPa v | deg-C v | fraction v | fraction v | mhikg v
7] s | ver | =
| kg | e TS e [

_|es n phi2 psi2 | mdot2

| ki ] ki | [eimg ]| [ing | EdCHI =~
J Voldot2 J A2 M2
| mas vl lwz  ~| 020 [rokmol v

Later, after entering properties for State 4, and ‘calculate’ and ‘SuperCalculate’ we get:

p2 =p4 = 572.7999 kPa [Absolute pressure]

* Mixed ¢ SI ¢ English < ﬂ ¥ Help Messages On Super—lteratel Super-Calculate m Super-nitialize

State Panel | Device Panel | Cycle Panel | 10 Panel |

I Calculate I Initialize Superheated Vapor
| m _I= _In | v
R ] ] e | RO =55~ ¥
J u2 _I h2 ﬂ 52 LI Vel2 LI z2
TR T TR Ce D

2 phi2 psi2 - | mdot2

g ] e G )

Here again, p2, T2, h2 etc are calculated.

3. For State 3: Enter p3 = p4, h3 = h1 + (h2-h1)/0.8 where 0.8 is the isentropic effcy
of compressor, and mdot3 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.

@ Mixed ¢ Sl  English ﬂ v Help Messages On Super—neratel Super Calculate m Super-initialize

State Panel | Device Panel | Cycle Panel | 1i0 Panel |

| caicuate [ iniaiize Unknown Phase
7| 3 S n s |

|=p4 kPa v | deg-C v | fraction v | fraction | kg v
| s 7| hs | s | v | 2

| D r—) e e D
_|Nes n ohi3 psi3 | maots

| ) ) | o
| Voldets | s W3

| | e
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Later, after entering properties for State 4, and ‘calculate’ and ‘SuperCalculate’ we get:

Move mouse ov riable to display alue with more precision.
~ Mixed ¢ S| ¢ English > ¥ Help Messages On Super-iterate Super-Calculate
State Panel | Device Panel | Gycle Panel | 1i0 Panel |
H Im W Superheated Vapor -R—13da v.
LI p3 J T3 J x3 J

¥3 J v3
B | B | i <
| ows | s | s3 | veis | 23
v R s e T - -
| es | i phi3 e | mdots
TR e e ¢

J M3
[ TR | e

Note that p3, T3, h3, s3 etc are calculated.
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4. For State 4: Enter T4 = 20 C, x4 = 0, mdot4 = mdotl. Hit Enter. We get:

mdotd = ka/s [Mass flow rate]

@ Mixed 81 ( English ﬂ ¥ Help Messages On Super-lterate Super-Calculate Super-nitialize
State Panel | Device Panel | Cydle Panel 10 Panel |
ostate-4 v > | c.alculate No-Plols Initi

| e ﬂ J J

Saturated Liguid

Note that p4, h4, s4 etc are calculated.

5. For State 5: Enter p5 = pl, h5 = h4, mdot5 = mdotl. Hit Enter. We get:

Move mouse over avariable to display its value with more precision

* Mixed ¢ S| ¢ English ﬂ ¥ Help Messages On Super—lteratel Super-Calculate m

State Panel | Device Panel | Cycle Panel | /0 Panel |

| < [ostates v > | Calculate No-Plots + Initialize Sat. Mixture: Lig.+Vap.
i S I S R

N J J il Vel5 _|
J el J phis psis ﬂ mdot5
[ o V] _I_II g | (o | -~

J Voldot5 J
loozozs s ) _— —m

Note that T5, x5 etc are calculated.
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6. Now, go to Device panel. For Device A, fill up State 1 and State 3 for il state
and el state respectively. For i2 state and e2 states, fill up Null State as there is no
second stream of flow. And, Qdot = 0. Hit Enter. We get:

Qdot = 164.79 kKW [Met heat transfer rate]

@ Mixed ¢ SI ¢ English < > [ Help Messages On Super-lterate Super-Calculate m Super-Initialize

State Panel | Device Panel | Cycle Panel | 0 Panel |

< | Device-a [1-3) v _>J © Non-Mixing & Wixing Device
o Statet v L Statenull v o staes o« . statetun v

ﬂ Qdot _I Wedot_ext LI B J Sdot_gen
T TR RO —

Jdot_net Sdot_net

E — T— T —

Steady Multi-Flow Mixing Device - A

State-Null:
' It indicates that
0= (rigg + 1 )= g + ) e 4 " ? a port is closed.

Mass, Energy, and Entropy Equations:

0= (mzlj;'l +mz‘2ji2)_ (msljsl +H,0 ke )+ Q_ W;xl
7 i

0= (malsz'l + mrzgaz) = (mslssl + M50 ] i % o ng
B

WinHip:
Work in negative
Heat in positive

Sm

7. For Device B: fill up State 3 and State 4 for il state and el state respectively. For
i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,

Wdot_ext = 0, since there is no external work in process 1-2. Hit Enter. We get:

Wdot_ext =-27. W [External work transfer rate]

@ Mixed ¢ SI ¢ English <ﬁ ¥ Help Messages On Super—lteratel Super-Calculate m

State Panel | Device Panel | Gycle Panel | 10 Panel |

< | Device B [3-4] v ﬂ Calculate © Non-Mixing & Mixing Device
[BEI N State-3 b FEAE CE State-Null | w oo State-4 v CeRuC O State-Null |w

_/l Wdot_ext _I r J Sdot_gen

8. For Device C: fill up State 4 and State 5 for il state and el state respectively. For
i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,
Qdot = 0. Hit Enter. We get:

Move mouse over a variable to display its value with more precision

# Mixed ¢ §1 ( English < > ¥ Help Messages On Super-terate | Super-Calculate w

State Panel | Device Panel | Cycle Panel | 10 Panel |
m < | Device-C [4-5] v ﬂ Calculate  Non-Mixing  Mixing Device

LB State-4  |w Fat ] State-Null (v S State-5 v e ] State-Null [ w

ﬂ Qdot | Waot_ext o J

[ v - <
Jdot_net Sdot_net

o T [T

Sdot_gen
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9. For Device D: fill up State 5 and State 1 for il state and el state respectively. For

i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,
Wdot_ext = 0. Hit Enter. And click on SuperCalculate.We get:

Wdot_ext=0.0 kW [External work transfer rate]

 Mixed ¢ SI { English < |®Case-0 vﬁj W Help Messages On Super-lterate Super-Calculate Super-nitialize

| Device Panel | cdepan 5 |

<|peviceniEn v 2 ©* Non-Mixing  Mixing Device

|States v | State-Null | State-1 v | state-ull |
J Qdot ¥ | Wt ext ~ | J Sdot_gen
[1ea79 | v v/ v eorsss (S |
Jdot_net Sdot_net
[-16479 [k | [062s26 [ 2

Note: Now, you can go back to State 2 and State 3 and verify that all calculations
are updated.
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10.Now go to Cycle panel. All important cycle parameters are available here:

Maove mouse over a variable to display its value with more precision

“ Mixed ¢ SI ¢ English < > W Help Messages On Super-lterate Super-Calculate Super-nitialize

State Pane ‘ Device Pane ‘ Cycle Panel ‘ lioP ‘
T_max T_min Qdot_in Qdot_out Wdot_in
3027887 I v|[26315 I v| 16479 [ v |[19181278 it | [27 0228 K |
Wdot _out Qdot_net Wdot_net Sdot_gen,int COP R
o b | o B | WSO v | GOSN e v
COP_HP
|7.09818 i fraction v_|

Thus:
Refrign. capacity per kg = (h1 — h5) = Qdot_in = 164.79kW

Compressor power = h3-h1l = Wdot_in = 27.0228 kW ... Ans.
Condenser heat transfer = h3 — h4 = Qsot_out = 191.81279 kW ... Ans.
COP_R = COP of refrigerator = 6.098... Ans.

Quality at exit of expn. valve = x5 = 0.19834 (from State 5) ... Ans.

11.From the Plots widget, first get the T-s plot, and then get h-s plot:

T.K [ 0.087, 460 505 )

411.78

153477

-0.39 s, kdikg.K 1.3
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p. kPa (log Scale) {148,403, 21754568 )

83293

1.585086

-34.42 h, kKd/kg 308.52

12.The I/O panel gives the TEST code etc:
B OUTPUT OF SUPER-CALCULATE (

# Daemon (TESTcalc) Path: Systems>Open>SteadyState>Specific>RefrigCycle>
PC-Model; v-10.cd03

# Start of TEST-code

States {
State-1: R-134a;

Given: { T1= -10.0 deg-C; x1= 1.0 fraction; Vell= 0.0 m/s; z1= 0.0 m; mdotl=
1.0 kg/s; }

State-2: R-134a;

Given: { p2= “p4” kPa; s2= “s1” kJ/kg.K; Vel2= 0.0 m/s; z2= 0.0 m; mdot2=
“mdotl” kg/s; }

State-3: R-134a;
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Given: { p3= “p4” kPa; h3= “h1+(h2-h1)/0.8” kJ/kg; Vel3= 0.0 m/s; z3= 0.0 m;
mdot3= “mdotl” kg/s; }

State-4: R-134a;

Given: { T4= 20.0 deg-C; x4= 0.0 fraction; Vel4= 0.0 m/s; z4= 0.0 m; mdot4=
“mdotl” kg/s; }

State-5: R-134a;

Given: { p5= “pl1” kPa; h5= “h4” kJ/kg; Vel5= 0.0 m/s; z5= 0.0 m; mdot5=
“mdotl” kg/s; }

Analysis {
Device-A: i-State = State-1; e-State = State-3; Mixing: true;

Given: { Qdot= 0.0 kW; T_B= 298.15 K; }
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Device-B: i-State = State-3; e-State = State-4; Mixing: true;
Given: { Wdot_ext= 0.0 kW; T_B= 298.15 K; }

Device-C: i-State = State-4; e-State = State-5; Mixing: true;
Given: { Qdot= 0.0 kW; T_B= 298.15 K; }

Device-D: i-State = State-5; e-State = State-1; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 298.15 K; }

# End of TEST-code

e Property spreadsheet starts:

# State p(kPa) T(K) X v(m3/kg) u(kJ/kg) h(kJ/kg) s(kJ/kg.K)
# 01 201.7 263.2 1.0 0.0992 223.29 243.3 0.933

# 02 572.8 297.3 0.0369 243.79 264.92  0.933

# 03 572.8 302.8 0.038 248.56 270.32  0.951

# 04 572.8 293.2 0.0 8.0E-4 78.04 78.51 0.297

# 05 201.7 263.1 0.2 0.0203 74.42 78.51 0.307

# Cycle Analysis Results:

#

Calculated: T_max= 302.7867 K; T_min= 263.15 K; Qdot_in= 164.79 kW;
Qdot_out= 191.81279 kW; Wdot_in= 27.0228 kW; Wdot_out= 0.0 kW;
Qdot_net=-27.0228 kW; Wdot_net=-27.0228 kW/; Sdot_gen,int= 0.09063 kW/K;

COP_R= 6.09818 fraction; COP_HP= 7.09818 fraction; BWR= Infinity %;
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(b) Plot refrign. effect, compressor work, heat transfer in condenser, COP, and

quality at exit of expn. valve as the condenser temp varies from 15 C to 35 C:

It is now very easy to get the desired parameters as condenser temp T4 is varied:
Following are the steps:

1. Go to State 4 panel, change T4 to the desired value, Hit Enter, and click on

SuperCCalculate to update all results.

2. Go to State 5 panel, read the value of quality, x5

3. Go to Cycle panel, read the values of Qdot_in, Wdot_in, Qdot_out and COP.
4. Repeat this procedure for all desired values of T4.

5. Tabulate as shown below.

6. Transfer this Table to EXCEL and plot the results.

15 171.79 22.84 194.63 7.52 0.164
20 164.79 27.02 191.81 6.098 0.19834
25 157.69 30.99 188.68 5.098 0.233
30 150.49 34.89 185.38 4.314 0.2679
35 143.18 38.58 181.76 3.71 0.303
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Now, plot the results in EXCEL:

Refrign. capacity vs Condenser
temp.
175
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E
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Compressor power vs Condenser
temp.
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Condenser heat transfer vs
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COP vs Condenser temp.
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Air cycle refrigeration: Reversed Brayton cycle or Bell Coleman cycle:

Prob.4.5.6. An air refrigeration system is to be designed according to the following

specifications:

Pressure of air at compressor inlet = 101 kPa, Pressure of air at compressor exit = 404 kPa,
Temperature ofair at compressor inlet = -6°C, Temperature of air at turbine inlet = 27°C,
Isentropic efficiency of compressor = 85%, Isentropic efficiency of turbine = 85%,
Determine i) C.O.P of the cycle. (ii) Power required for producing 1ton of refrigeration, and

(iii) Mass flow rate of air required for 1ton of refrigeration.[VITU-ATD-July—Aug. 2004]
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23
Heat [.Z;cfgiaaugcr_‘ <T>
(4) - ) !
~ /.tff_, WARM iedium — i
l Turbine n'l i ﬁiﬂj}lL‘\-‘:t}l
“_‘“——»T v =) ;‘ﬁr}ﬁmediu% L______—~—
Y o |
| = f |
- Heat Exchanger
— n
.\ﬁgj 1
T.K

5, KJ/kg.K

Fig.Prob. 4.5.6 Reversed Brayton cycle and its T-s diagram

TEST Solution:
Following are the steps:

Steps 1 and 2 are the same as for Prob.4.5.1. But, now choose for material model, the PG
model, and for working substance, Air.
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1. Choose Airas working substance and fill up the known parameters for State 1, i.e.
T1 = -6 C, P1 = 101 kPa, and mdotl = 1 kg/s. Hit Enter. We get:

Move mouse over avariable to dis wvalue with more precision.

¥ Mixed Sl  English < ﬂ ¥ Help Messages On Super—lteratel Super-Calculate Super-nitialize

State Panel Device Panel Cycle Panel /0 Panel

phit Ll mdot1 J Voldot! J
| IMI_ _— _—

Note that all parameters such as hl, sl etc are calculated.

2. State 2: Enter p2= 404 kPa, s2 = s1, and mdot2 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.

% Mixed ¢ SI  English < ﬂ ¥ Help Messages On Super-fterate Super-Calculate M Super-nitialize

State Panel | Device Panel | Cyele Panel 10 Panel |

Mo-Plots |» Irnn:ahze Formation Enthalpy: @ +

h

_ln | . ]
_— _— _m _m eI s v
| s2 ’ | = | e2 2
B R R SN R

phi2 psi2

| (|
M2 R2 ¢ _p2 c v2 k2
ST o | ERGBR o< RGOS o GGS (e ] A0S s ]

Note that h2, T2 etc are calculated.
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3. For State 3: Enter p3 = p2, h3 = hl + (h2-h1)/0.85 where 0.85 is the isentropic
effcy of compressor, and mdot3 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.

© Mixed ¢ SI ¢ English < ﬂ ¥ Help Messages On Super-lterate Super-Calculate m

State Panel | Device Panel | Cycle Panel | 110 Panel |

H ®State 3 v | caiculate No-Plots |+ Initialize

| s | = | s | w | m
2 - v |[00TesTN (< |28 vwake v [(RSESENINN e | RGNS o v
v 7| 2 | es n

| ]| CURNE| O e LR e
MAL3 R3 c p3 ¢ v3 k3

Note that T3, s3 etc are calculated.
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4. For State 4: Enter T4 = 27 C, p4 = p2, mdot4 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.

~ Mixed ¢ Sl ¢ English < ﬂ ¥ Help Messages On Super-iterate Super-Calculate Super-nitialize

State Panel Device Panel Cycle Panel 'O Panel

Note that h4, s4 etc are calculated.

5. For State 5: Enter p5 = pl, s5 = s4, mdot5 = mdotl. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.

% Mixed S  English < ﬂ [V Help Messages On Super-terate Super-Calculate m Super-nitialize

State Panel Device Panel | Cycle Panel 0 Panel |

MNo-Plots  » Ir' ize

Note that T5, h5 etc are calculated.
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6. For State 6: Enter p6 = p5, h6 = h4 — 0.85 * (h4 — h5) where 0.85 is the isentropic
effcy of the turbine, mdot5 = mdotl. Hit Enter. We get:

Move mouse over a variable to displa alue with more precision.

# Mixed { S| { English < ﬂ ¥ Help Messages On Super—lteratel Super-Calculate M Super-nitialize

State Panel | Device Panel | Cycle Panel | 10 Panel

[ catcuate|

MAG R6 c_pb c vb K6

Note that T6, s6 etc are calculated.

7. Now, go to Device panel. For Device A, fill up State 1 and State 3 for il state
and el state respectively. For i2 state and e2 states, fill up Null State as there is no
second stream of flow. And, Qdot = 0. Hit Enter. We get:

Move mouse over avariable to display its value with more precis

* Mixed © S|  English < > ¥ Help Messages On Super-lterate Super Calculate m Super Initialize

State Panel | Device Panel | Cycle Panel | 110 Panel |

< | Device-A[1-3] vﬂ Calculate " Hon-Mixing & Mixing Device
(F2E5 R State-Null [w ei-State:  |SElE) v Crasis i State-Null (v

Steady Multi-Flow Mixing Device - A
State-Null:

Mass, E d Entropy Equations:
ass, Energy, an ntropy eEquations F  indicates that
0= (7iny + g )= [y + 7)) 5 = a port is closed.

0= (mil Ja +m:2j{2)7 (mslfu +,3 0 )+ Q- W,

- ; WinHip:
: : ==t : (G < Work in negative
0= (mz'lsil + M8y ) _[mslssl +M 25 ) + i‘*’ S Heat in positive

5

‘nat
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8. For Device B: fill up State 3 and State 4 for il state and el state respectively. For
i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,

Wdot_ext = 0, since there is no external work in process 1-2. Hit Enter. We get:

Wdot_ext =-153.45625 kW [External work transfer rate]

* Mixed ¢ SI ¢ English < = [+ Help Messages On Super-lterate Super-Calculate Super-nitialize
State Panel | Device Panel | Cycle Panel ‘ 0 Panel ‘
e

< | Device-B [3-4] v ﬂ Calculate " Non-Mixing * Mixing Device
| State-3 v | | State-hull v | State-4 |~ | State-Null v
stte3 v stateul | L setee v statetlul v

| o 7| Wt ext - [ | sdot gen

R o o O e~ e T —

Jdot_net Sdof_net
[120.34005 1w ~v|[0:33732 [ v|
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APPLIED THERMODYNAMICS:
SOFTWARE SOLUTIONS: PART-III REFRIGERATION CYCLES

9. For Device C: fill up State 4 and State 6 for il state and el state respectively. For

i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,
Qdot = 0. Hit Enter. We get:

Qdot =-120.34095 kW [Net heat transfer rate]

* Mixed ¢ SI ¢ English < ﬂ ¥ Help Messages On super—lteratel Super-Calculate m

State Panel | Device Panel | Cycle Panel | /0 Panel |

< | Device-C [4-6] v d Calculate  Non-Mixing & Mixing Device
L State-4 v oA State-MNull (v S State-6 v —resn o State-Null (v

| vt ext Ed | sdot_gen
e~ e

Jdot_net

10.For Device D: fill up State 6 and State 1 for il state and el state respectively. For
i2 state and e2 states, fill up Null State as there is no second stream of flow. Also,
Wdot_ext = 0. Hit Enter. And click on SuperCalculate.We get:

Move mouse over a variable to dis ue with more pre
@ Mixed ¢ SI ¢ English < ﬂ ¥ Help Messages On Super-lterate | Super_Calculate m Super-Initialize
State Panel | Device Panel | Cycle Panel | /0 Panel |

< | Devica-D [5-1] v _>]

 Non_Mixing & Mixing Device
i1-State: i2-State: e1-State: e2-state:
J Qdot il Wdot_ext *| 1.B J Sdot_gen

Jdot_net Sdot_net

[soseoss v v fozwze ek v

11.Now go to Cycle panel. All important cycle parameters are available here:

Wdot_ext = 0.0 kW [External work transfer rate]

© Mixed ¢ SI ¢ English > ¥ Help Messages On Super-lterate m
State Panel Device Panel | Cycle Panel | /0 Panel ‘
T_max Qdot_in Qdot_out Wdot _in
Poorss [« v|[EaSsA[<  v|[BOEBOSSTIw  v|[Z03a08S [ v|[ESeSESI v v

Wdot_out Qdot_net Wdot_net Sdot_gen,int COP R

Ea7eselN [« ~|[EOSSORNN (v ~|[SSONNN[cv  v|[PESSSENNNN[ov< | DA vt ]

COP_HP

(T

[ overall Cycle Equations (n Devices): ; WinHip:

" i 5 . . " g Work in negative
= —Z min(Q,.0);. 0, = Zm&x(Qwﬂ) g : Heat in positive
= =)

O8O
and 1, areall

Wm" = E": max (Wm ,U): W, = —Z": min[Wﬂ_J.,{]]
j=l =l

_ B = Q,,,,, ) . . @ ! positive with subscripts
EEP = EEPTS= =0 1 —

et Woa i indicating dircction.
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Thus:
COP_R = COP of refrigerator = 0.72754... Ans.

#For 1 kg/s circulation---refrig. effect is Qdot_in = 50.681 kW

#1 Ton is equiv. to: 211 kJ/min

=211/60 = 3.5167 kW

#Therefore, mass circulation rate reqd. to produce 1 Ton of refrigeration.:
=3.517/50.681 = 0.069395 kg/s ... Ans.

#Power reqd. to produce 1 TR:

#Power reqd. with 1 kg/s circulation = Wdot_in = 153.456 kW. Therefore, power reqd.
with 0.069395 kg/s circulation (or, 1 TR):

=153.45625%0.069395 = 10.649kW...Ans.

12.From the Plots widget, get the T-s plot:

T.K

52917

178.72

5.64 s, kd/kg.K 772
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13.The I/O panel gives the TEST code etc:

Hormmm e OUTPUT OF SUPER-CALCULATE

# TESTcalc Path: Systems>Open>SteadyState>Specific>RefrigCycle>PG-Model;
v-10.ce02

# Start of TEST-code

States {
State-1: Air;

Given: { pl= 101.0 kPa; T1= -6.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; mdotl=
1.0 kg/s; }

State-2: Air;

Given: { p2= 404.0 kPa; s2= “s1” kJ/kg.K; Vel2= 0.0 m/s; z2= 0.0 m; mdot2=
“mdotl” kg/s; }

Struggling to get
interviews?

Professional CV consulting & writing assistance
from leading job experts in the UK.

X Take a short-cut to your next job!

=) Improve your interview success rate by 70%.

TheCVagency

Visit thecvagency.co.uk for more info.

Download free eBooks at bookboon.com

Click on the ad to read more

174


http://thecvagency.co.uk

State-3: Air;

Given: { p3= “p2” kPa; h3= “h1+(h2-h1)/0.85” kJ/kg; Vel3= 0.0 m/s; z3= 0.0 m;
mdot3= “mdotl” kg/s; }

State-4: Air;
Given: { p4= “p2” kPa; T4= 27.0 deg-C; Vel4= 0.0 m/s; z4= 0.0 m; mdot4= “mdotl” kg/s; }
State-5: Air;
Given: { p5= “p1” kPa; s5= “s4” kJ/kg.K; Vel5= 0.0 m/s; z5= 0.0 m; mdot5= “mdotl” kg/s; }
State-6: Air;

Given: { p6= “p5” kPa; h6= “h4-0.85*(h4-h5)” kJ/kg; Vel6= 0.0 m/s; z6= 0.0 m;
mdot6= “mdotl” kg/s; }

}

Analysis {
Device-A: i-State = State-1; e-State = State-3; Mixing: true;
Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }
Device-B: i-State = State-3; e-State = State-4; Mixing: true;
Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }
Device-C: i-State = State-4; e-State = State-6; Mixing: true;
Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }
Device-D: i-State = State-6; e-State = State-1; Mixing: true;
Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }

}

# End of TEST-code
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# State
#1
#2
#3
#4
#5
#6

p(kPa)

101.0
404.0
404.0
404.0
101.0
101.0

T(K)

267.2
397.1
420.1
300.2
201.9
216.6

Property spreadsheet ends

# Cycle Analysis Results:

#

#*CALCULATE VARIABLES: Type in an expression starting with an ¢

Property spreadsheet starts:

v(m~3/kg) u(k]/kg)
0.7591 -107.78
0.2821 -14.64
0.2984 1.79
0.2132 -84.13
0.5737  -154.52
0.6156  -143.96

h(k]/kg)
-31.11
99.33
122.35
2.01
-96.58
-81.79

s(kJ/kg.K)
6.774
6.774
6.83
6.493
6.493
6.563

Calculated: T_max= 420.07193 K; T_min= 216.64561 K; Qdot_in= 50.68085 kW;

Qdot_out= 120.34095 kW; Wdot_in= 153.45625 kW; Wdot_out= 83.79616 kW;

Qdot_net= -69.6601 kW; Wdot_net= -69.6601 kW; Sdot_gen,int= 0.23364 kW/K;

COP_R= 0.72754 fraction; COP_HP= 1.72754 fraction; BWR= 183.13042 %;

mdot1*(h2-h1)’, ‘= sqrt(4*A1/PI)’, etc.) and press the Enter key)****#xr*

#

#For 1 kg/s circulation---refrig. effect is Qdot_in = 50.681 kW

#1 Ton is equiv. to: 211 kJ/min

=211/60 = 3.5167 kW
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APPLIED THERMODYNAMICS:
SOFTWARE SOLUTIONS: PART-III REFRIGERATION CYCLES

#Therefore, mass circulation rate reqd. to produce 1 Ton of refrigeration.:
=3.517/50.681 = 0.069395 kg/s ... Ans.
#Power reqd. to produce 1 TR:

#Power reqd. with 1 kg/s circulation = Wdot_in = 153.456 kW. Therefore, power reqd.
with 0.069395 kg/s circulation (or, 1 TR):

=153.45625%0.069395 = 10.64901kW...Ans.
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5 AIR COMPRESSORS

Learning objectives:

1. In this chapter, ‘Air compressors’ are dealt with.

2. While solving problems, quantities of interest are: volumetric efficiency, work
required for actual compression without clearance volume and with clearance
volume, isothermal efficiency, minimum work required for two stage (or multistage)
compression with perfect intercooling, heat transferred to the intercooler, determining
the cylinder diameter and stroke etc.

3. Formulas to calculate the above quantities are summarized.

4. Problems from University question papers and standard Text books are solved with

Mathcad and EES.

5.1 DEFINITIONS, STATEMENTS AND FORMULAS USEDI[1-6]:
5.1.1 WORK DONE PER KG OF AIR COMPRESSED:

(a) Without clearance:

\%

4-1: suction of air at pressure P1
1-2: polytropic compression

2-3: discharge of air to the receiver at pressure P2.
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Area 4-1-2-3-4 in the P-V diagram represents the work done per cycle.

Work done per cycle:

n—1
B2 n I
W = 1 pivi (P2 _1 feycle
n-1 VP
n-1
. :f 2™ n I ) .
e W._= ——-mRTl B2} © ...J.II:'_-,fI:Ie. where m is the mass delivered per
n-1 \P1, cycle

Work done per kg of air delivered:

n—1

i

(P27
W.= —RTL| — 1| Jkg
n-1 \P1)
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(b) With clearance volume:
P A
5

Area 4-1-2-3-4 in the P-V diagram represents the work done per cycle, assuming that

compression and expansion follow the same law.

Work done per cycle:

n (P2 .
PLV_-[] = | -1 Jicycle
n-1 21\prt1)

h—1
- -~ 1
. n (P21 :
e, W.= my-B-T1 — | -1 Jicycle
T a1 | 3
Work done per kg of air delivered:
n—1
- - 11
(P2 .
W= ——RTL — -1 Jikg
n-1 \P1)

Note: clearance volume does not affect the work of compression per kg of air.
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5.1.2 VOLUMETRIC EFFICIENCY: SEE THE ABOVE FIG.

Vi-V4  ‘a  actual volume

Mool =

Vi-V3 V.  stroke_volume
Also:
o B
Ny =1+ C—-C0 — | .... where C = clearance ratio = Vc/V's
vol L PL)

Volumetric efficiency referred to ambient conditions:

M, = volume of air sucked referred to ambient conditions divided by swept volume

We get:

_ PLTO (V1-V4)
v poT1 vV,

=

. P1-TD N A
l.e. e = —— 1—{'_,—{'_,-:—:
PO-T1 Pl

Note: To find out the cylinder dimensions, use the volumetric effcy. at suction

conditions only.
5.1.3 ISOTHERMAL EFFICIENCY:

PA A

AV
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SOFTWARE SOLUTIONS: PART-III

AIR COMPRESSORS

Isothermal effcy. is defined as the ratio of isothermal work to actual work:

And, we have for Isothermal work:

P2
1;""150 =F-Tlln — |
\P1)

And, actual work:

Jlkg

....|sathermal effcy.
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5.1.4 TWO STAGE COMPRESSION WITH '‘PERFECT INTERCOOLING’
(WITH NO CLEARANCE):

P

v

1-2: polytropic compression in first stage compressor from P1 to P2
2-4: ‘perfect intercooling’ in intercooler (i.e. T4 = T1)

4-3: polytropic compression in second stage compressor from P2 to P3
1-4: isothermal compression from P1 to P2 (....for reference)

4-5: isothermal compression from P2 to P3 (....for reference)

With ‘perfect intercooling’, condition for minimum work required per kg of air

delivered is:

P2 _P3

= . for two stage compressor
| 33 R

i.e. pressure ratio in each stage is same.

For N stage compressor:

P1/P2 = P3/P2 = ...... =P /P, =k, say
Then:

k = (P /PVA(I/N)
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Then, work done in each stage is same.

So, total work for two stages is:

-1
Veor=2 (nf T % S T
For M stages, total work is:
2
Wrot =% (nf T % " kg

Remember again that above two equations are valid for the conditions:

1. perfect intercooling, and

2. index of compression and expansion are same.

5.1.5 TO FIND THE CYLINDER DIMENSIONS:

Use the condition that mass of air passing through each cylinder per stroke must be the

same in steady flow.

Va1 P = VarPy= Va3 p3= const . for 3 stage compressor

Pl P2 B3

——— = ]

. =% -
allp11” 2 rm ¥RTS

e v

But, with perfect intercooling, T1=T2=T3

Then: *.'al-Pl = *.'a_w_.-P_"-' = *.'as-PS

--P3

e Va1 My Pl= vy PR= vagmes
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(3]

. . D
And, stroke volume in each case is calculated as: +_ = - — L

=TT

If stroke and vol. effcy. are same for each stage, then, we have:

7 .l 7

Generally, L/D ratio is given.

Thus, both D and L are calculated.

360°
thinking.

Deloitte.
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5.1.6 HEAT TRANSFERRED IN INTERCOOLER:

P

vV

= mycp(T2 - T4 = myep(T2 - T1) W .. since T4 = T1 for perfect _
intercooling, mg;, = mass flow rate of air,
kg/'s

Qi:ateru:u::nc:ulner

5.2 PROBLEMS SOLVED WITH MATHCAD:

Prob.5.2.1 Plot the effects of pressure ratio, discharge pressure and polytropic index, n on
Vol. effcy:

Mathcad Solution:

Let:

. clearanice volume ) )
C = clearance ratio = = = "4% to 10 %, generally.'
Stroke wvolume

Pl = inlet_pressure P2 = discharge pressure

n= index _of compression

Then:

Volumetric effcy. = actual volume at suction conditions { swept volume

o o . (P2
MNwollC.PL.P2 n) =1+ C - LLE

j=]

....vol. effcy. defined as a Mathcad Function

Ex: n=13 Pl==1 P2=4 bar C=00M

Mvol(C.PL.P2.n) = 0924 __vol. efficy.

Download free eBooks at bookboon.com



APPLIED THERMODYNAMICS:
SOFTWARE SOLUTIONS: PART-III AIR COMPRESSORS

1. Now, plot the effect of clearance volume for different pressure ratios:

:

n(C.Pr_ratio,n) = 1 + € — C-(Pr_ratia) " ..define the Mathcad Function again.
Pr ratio =225 46 ..define arange variable

Pr_ratio M+ 0.02,Pr_ratio n) Mol 0.04,Pr_ratio . n) 7+ 0.06.Pr_ratio n) 1+ 0.08,Pr_ratio n)

2 0.985 0.972 0.958 0.944
25 0.938 0.959 0.939 0.918
3 0.973 0.947 0.92 0.894
35 0.968 0.935 0.903 0.87
4 0.982 0.924 0.888 0.848
4.5 0.956 0913 0.869 0.826
5 0.951 0.902 0.853 0.804
55 0.948 0.892 0.837 0733
] 0.941 0.281 0.822 0.783
! | | |
| Vol. effcy. vs Pressure ratio for
q—_““*—ﬂ-______h various clearance ratios
05| =
R -1 ""*-,.,__L_ D
ﬂkﬂ H‘“‘m - R
~ . el
5 09 .
Z 1~ T -] RN R
= .y -
o - [
z - ]
= 0.83 = =
- . .
- -
L T
H-\ -
s
0.3 -
h -
e
e
073 2 23 3 33 4 43 3 33 ]

Prezaure ratio

Download free eBooks at bookboon.com

188



APPLIED THERMODYNAMICS:
SOFTWARE SOLUTIONS: PART-III AIR COMPRESSORS

2. Now, plot the effect of discharge pressure P2 on vol. effcy.:

P2:=135,2.8 ...define arange variable

C=004 n=13

P = NwollC.P1.P2, 1)
1.5 0.985
0.972
258 0.959
3 0.947
3.5 0.935
0.924
4.5 0.913
0.902
55 0.892
B 0.881
6.5 0.871
0.861
7.5 0.852
3 0.842

bookboon.com
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M CPLELD

0.93

Vol. effcy. vs Discharge pressure (bar)

AIR COMPRESSORS

N

N

.

(5 )
e
A

3. And, plot the effect of polytropic index, n on vol. effcy.:

Pl:=1 P2:=4 bar

0.04

n=1,105.14 ...define arage variable

Nvol{C.P1.F2.n)

1.05

088

1.1

0.89

115

0.899

1.2

0.906

1.25

0.913

1.3

0.919

1.35

0.924

14

0.923

0.932
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Vol effey. vs polyvtropic index. n

]

0.92

nv{:l(c .-P]-.-P:_.ﬂ} 0.0

0.38

0.36
1 1.1 12 13 14

Prob.5.2.2 Write Mathcad Functions for compressor work per stage.

Mathcad Solution:

1. When compression is ploytropic:

Raip-T1 | [ n
aRair T1 | (P2 i kJikg

Wil n.P1.P2. T1 Ry ) = | — |
polytr!, air, n-1 [P

where n= compm_index P1,P2=inlet and exit pressures in bar or kPa

Tl =inlet temp E

m= mass_kgpersec Raipr= 0287 klkgK

Ex: Pl=1 P2:=4 bar T1=300 K Ry =0287 klkgK
n=13
Wpotyte(n.P1,P2, T1,Ryir) = 140.662 kJ/kg
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2. When compression is isothermal:

(P27
= | kJikg ... Isothermal work

Wisoth| Rair . T1.P1,P2} = By Tlin —
" + I.“-P.I_J.I

where, T1(K) . P1. P2 (bar or kPa). B_air = 0.287 klikg.K

Ex Pl=1 P2:=4 bar  T1:=300 K Ry =0287 hklkgK

Wisoth| Bair . T1.P1.P2) = 11236 klikg

3. When compression is isentropic:

w—1

TRair T1 (P2 7

Wicentel 7.P1,P2,T1, Rypy ) = !
: / n-1 |\P1)

-1 klikg

o™
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where ;=14 forair F1.P2 = inlet and exit pressures in bar or kPa

T1=inlet_temp K Fair = 0287 klkgK

Ex Pl:==1 P2:=4 bar T1:=300 K Ry =0287 klkgK
=14
Wisente7.P1.P2, T1, Ryjr ) = 193273 kJikg

Note: Thus, we see that when the compression is isentropic, max. work input is required,
and when it is isothermal, min. work input is required; when the compression is polytropic,

the work requirement is in between that required for the other two cases.

Prob.5.2.3. A single cylinder, double acting air compressor is reqd. to compress 10 m”3
of free air per min. The free air conditions are 1 bar and 27 C. The delivery pressure is
16 bar. Determine the power of the motor required and the cylinder dimensions, if the

following data is given:

Speed of compressor = N = 350 rpm; Clearance vol. = 5% of stroke vol.; Stroke to bore
ratio = 1.3; Mech. effcy. = 80%; n = 1.3; The suction pressure = 0.95 bar; suction temp.
= 35 C; The compressor is single stage. [M.U.]

P A

5
6
-
-« v > \Y
o . - >

Fig.Prob. 5.2.3 Single stage air compressor with clearance
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Mathcad Solution:
Data:

Pl = 09510 Pa P2 = 16-10° Pa T1 -

I

[}
N]

[}
+
aa
A
=
v
A

I
[}
Lh
L=

rpm

n=13 R=287 klkgK C=005 . clearance ratio Nmech = 0.80

Ve=10 mM3iming Tr=27+273 K Pr=110" Pa
Calculations:

PV :
my : e my=0194 ko's

T RT;60
Let V, be the actual vol. of air inhaled at suction conditions; V_, the stroke vol_; v, the vol. effcy
Then, we have:

1

(py "t

Ny =1+C-0C o | Le.  my=0611 ....vol. effey. ref. to suction conditions
i‘.‘- _}II

To find swept volume, V_: Use the "Solve block’ of Mathcad:

V=01 m"3__ Trial value

Given
21 VePl N
my = S W factor 2..__for double acting compr.
E-T1 60
Find(V;) = 0.02526 m*3.__._ Swept vol
e, Vg:=002526 m"3._____. This is equal to stroke * area = (z*"D*2/4) * (1.3 D)
Therefare:
1
et}
D:=| | le. D=0291 m..Ans.
13w/

And: L=13D ie L=0370 m....Ans.
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Compressor power input:

-1
RTL| P2} " _3 :
We=m o 22— 1107 m, e W= 68122 kW
n-1 |\ Pl
Therefore:
We .
P= P = §3.133 kW.....Motor power required... Ans.
Nmech

(]
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Prob.5.2.4. A single acting reciprocating air compressor has cylinder bore 15 cm, stroke
25 cm, C = 0.05. N = 500 rpm. Air is taken in at 1 bar and 27 C and delivered at 11 bar.
Assume n = 1.25. Find: (i) vol. effcy (ii) Power reqd. to drive the compressor, if mech.

effcy = 0.8 [M.U.]

6
»
Vv
—» K -
e "!".‘ A
Fig.Prob. 5.2.4 Single stage air compressor with clearance
Mathcad Solution:
Data:
Pl = 1010° Pa P2=11100 Pa N =300 rpm
C=005 R =287 Jkgk n=125 MNmech = 0.8 T1=300 K
d=013m stroke =023 m
Calculations:
v o rd - -3 . .
Ve = -stroke e V,=4418x10 m*3,...Piston Displ.
: 1 :
My =1+C-0C — | Le. ny=071 ....vol. effcy....Ans.
\P1)
Vemy Pl . . .
my = W\ i.e. my= 182 kg/min....mass flow rate of air based on stroke vol.

filled at suction conditions
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Fower reqd.:

e, W= 10047 kW....Ans.

Prob.5.2.5. A single stage, double acting air compressor requires 62.5 kW indicated power
at 120 r.p.m. It takes air in at 1 bar and delivers at 10 bar. The compression and expansion
follow pV~1.35 = C. Taking the following data, find the dia and stroke of compressor:
Piston speed = 200 m/min. Vol. effcy. = 90%. Also find the clearance vol. as a percentage
of stroke volume. [M.U.]

YA

5
6
.
) v > \Y
o . - >

Fig.Prob. 5.2.5 Single stage air compressor with clearance

Mathcad Solution:

Data:
Pl = 1.0-10° Pa P2 = 100-10° Pa N=120 rpm W. = 625 kW
Ny =09 R =287 JkgK V=200 m/min n = 133
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Calculations:

2*°L*M = W..._piston speed

v .
L=— l.e. L =0833 m....stroke.....Ans.
M
C =005 - trial value
(ven
1
« il
P2
Me=1+C-C1— |
LPL)
Find(C) = 0.022
=3 C=0022 ..clearance ratio.....Ans.
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Given
n—1
Pl Ve | p2y B -3 ) .
W= s = -1}10 "2 X ....2_since double acting
n-1 |\ P1) 60
Find{Vg) = 0.03512
ie.  Vy:=003512 m*3..__stroke vol
Therefore. Ve =C-V, e, V,.=121264% 10 - m*3....clearance vol.

And: l.e. D=1029 m.....cyl.dia....Ans.

Prob.5.2.6. A single acting 12 cm * 10 cm reciprocating air compressor having 4% clearance

gives the following data from a performance test:

suction pressure = 0 bar gauge; suction temp. = 20 C; Barometer reading =76 cm; Discharge
pressure = 5 bar gauge; Disch. temp. = 180 C; Speed = 1200 rpm; Shaft power = 6.247 kW,
Mass of air delivered = 1.7 kg/min. Calculate: (i) actual vol. effcy.; (ii) Indicated power
(iii) Mech. effcy. (iv) Isothermal effcy. [M.U.]

P A

5
6
-
-« v \Y
o . - >

Fig.Prob. 5.2.6 Single stage air compressor with clearance
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Mathcad Solution:
Data:

By data, barometric pr. = 76 cm; this is equal to 1 atm. = 1.013 bar

P1 = 1.013-10" Pa P2 = 6013-10° Pa N = 1200 rpm P o= 6247 kKW

C=00 R =287 Jkgk Tl =203 K T2=180+273 K my == 1.7 kg/min
d=101 stroke =012 m

Calculations:

-

Ve = md -stroke 180 Vy=0425x 1IZI'_4 m*3,.. Pistan Displ.
TS'P]' . . . .
mg = N el mg= 1362 kg/min..._based on stroke vol. filled at suction conditions
E-T1
To find n:

n=12 Tral value
Given

sl

n [y "
T1 \P1)

Find(n) = 1.324 e n=134
Vol. effcy.:

1

(p ™ .
Ny=1+C-C 5 | e, 7y=0886 ..vol. effcy..... Ans.
\P1)

Indicated power:

n—-1
- n
E-T1 (/P2 3 m
W, = = == B BT
n-1 |\ P1)
e We = 5318 kW.....indicated power.... Ans.

Download free eBooks at bookboon.com

200



APPLIED THERMODYNAMICS:

SOFTWARE SOLUTIONS: PART-III AIR COMPRESSORS
And:
We .
Nmech = 3 8. Tmech = 0.831 ..mech. effcy.... Ans.

Isothermal power:

Wicp = R-Tl-m{g)-lﬂ_E-g 8. Wiy =4243 KW.... isothermal power ...Ans.
And:

Wiso
Tisg = > L. Tjsp= 0679 ..Isothermal effcy.....Ans.
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Prob.5.2.7. The LP cylinder of 2 stage, single acting air compressor running at 120 rpm
has 50 cm dia and 75 cm stroke. It draws in air at a pressure of 1 bar and temp 20 C and
compresses it polytropically with n=1.3 to 3 bar. The air is then delivered to the intercooler
and cooled at const. pressure to 35 C. The air is further compressed polytropically with
index = 1.3 to 10 bar in the HP cylinder. Determine the required power of motor if mech.

effcy. is 80%. Find also heat transfer in LP and HP compression. [M.U.]

P A

-

v

Fig.Prob. 5.2.7 Single stage air compressor without clearance

Mathcad Solution:
Data:

Pl=110" Pa P2:=310 Pa N=120 rpm fm = 0.8

n=13 R =287 Jkgk T1=203 K cp = 1005 Jkg K T2 =335+27%3 K
dip =030 m strokey, =075 m

Calculations:

-

PDyp = - 411: -strokelp (-3 PDyp, = 0.147 m#*3,...Piston Displ. of LP cyl

Wl = RTI ie. v1l=0841 m*Ikg...sp. vol. at inlet to LP stage
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FDyp . - . .
m:= n e, m=10173 kglcycle, for single acting
-
n—1
fpay o _ .
T2 = T1 o | le.  T2=377548 K.. temp at end of first stage compression
i"'.\_ J]

Heat rejected in intercooler:

kW....Ans.

N -3 .
Q= mﬁ-cp-(rz -T2)-10 ° e, Q=24481
Work done in First Stage:
n—1
R-T1|(P2) * 3 N
W= 2 b 110w
n—1 || P1)
e, W,y =36828 kW.... first stage work
Work done in Second 5Stage:
sl
R-T2|(P3) " 3 N
W= = e e T
n—1 |\ P2)
8. Woy= 42968 kW... second stage work
lMotor Power reqd.:
Wel + We2 .
P=——— e P=00748  KW...Ans.

Mm

Heat transferred during compression in First & Second stages:

Download free eBooks at bookboon.com
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Ql = m-%-cp-[l’l - T2)- 1[r_3 + Wi e Q1= 7068 kW...heat rej. in 1st stage...Ans.

Q2= m-%-.:p-(rz' - T3) 1077 + Wea l.e. Q2=38246 kW...heat rej. in 2nd stage....Ans.

And:

m.i..:p.[rz - T-10° 7 = 24481 kKW,...Heat tr. in Intercooler....Ans.
60

Prob.5.2.8. A single acting air compressor is required to deliver air at 70 bar from suction
pressure of 1 bar at the rate of 2.3 m”3/min. measured at free conditions 1.013 bar and
temp. 15 C. The temp. at the end of suction is 32 C. Calculate the indicated power if
compression is carried out in two stages with ideal intermediate pressure and complete

intercooling. The index of compression is 1.25. Also, find saving in power over single stage

compressor. Neglect clearance volume. [M.U.]
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A

Fig.Prob. 5.2.8 Single stage air compressor without clearance

Mathcad Solution:

Data:
5 3
Pl =110 Pa P3=70-10" Pa
P2 =-{P3P1 ie P2=834T=x 135 Pa....intermediate pressure
n=125 R =287 JkgK T1=273+32 K
V=2 m'ds e, V=10.038 m*3fs .. vol. flow rate at 1.013 bar, 15 C
60
Calculations:
1.013 1[Ij v
e e, m= 0047 kg/s.... mass flow rate
R-288
Power reqd. per stage:
f—1
fpy ® _3 :
We = nIR'Ill- P__l | - 110 "m l.e. W= 10883 kW..Power per stage
f1— P

Therefore, Power reqd. for 2 stages:

P=2W, P=21762 kW...total power required....Ans.
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Power for single stage compressor: (between P1 and P3)

n-R-T1 |/ P3)
n-1 [\ PL)

e, W.=27331 KW... .. for single stage compressor....

Therefore, saving in power required:

saving_in powrer = W, - P

ie. saimg_m_pmvrer = 5762 kW .... Ans.

Prob.5.2.9. A 2 stage reciprocating air compressor delivering air at 17.25 bar has its clearance
vol. 4% of its swept volume for the low pressure cylinder. At the start of compression,
pressure in L.P. cylinder is 0.98 bar. Atm. conditions are 1 bar and 25 C. Temp. at the
start of compression in each stage is 35 C and the intercooler pressure is 4 bar. Index of
compression and expansion in both the stages are 1.25. Determine: (i) vol. effcy. referred

to free air conditions (ii) work input per kg of air delivered if mech. effcy. is 0.75 (iii)

Ans.

Isothermal effcy. of the compressor. Take R = 287 J/kg.K. [M.U.]

P A

A

.

Fig.Prob. 5.2.9 Two stage air compressor with clearance
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Mathcad Solution:
Data:

P1 = 098-10° Pa P2= 4100 Pa P3=1725-10° Pa

T1 =273+ 33 ie. T3=T1 K

n=125 R=287 JkgK C=00 Nmech = 0.75
Te=25+273 K Py =110 Pa
Calculations:
1
P1-T¢ py B
Ne=—— 1+C-0C| — _..val. eficy.
T1-Ps P1

I8 1= 0869 Vol. effcy. ref. to ambient condition...... Ans.
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oy B oo @1 .
nRTLICEZY B 5l wkw
n-1 ||P1) P2

W, =

e, W.=223634 KW ... work required per kg of air

W
P= e,  P=3213512 KW..Motor Power required... Ans.
Nmech

Wi = BTU 2 1077 e Wi,—253521 kW per kg of air... Isothermal work

- \P1 :

1II.li'-1.5"" .

Tisp = 8. mMjsp = 0.648 = 64.8 %....Isothermal effcy.....Ans.

3 P 3

Prob.5.2.10. A single acting, 2 stage compressor with perfect intercooling delivers 5 kg/min.
of air at 15 bar pressure. The entry condition of air is at 1 bar, 288 K. Compression and
expansion follow the law pV~1.3 = C. Calculate the power required to run the compressor
at 420 rpm. Assume the clearance of LP and HP cylinders to be 5% and 6% of respective

cylinder swept volumes. Also, find out the clearance volume for each cylinder [M.U.]

P A

o
\%

Fig.Prob. 5.2.10 Two stage air compressor with clearance
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Mathcad Solution:
Data:

Pl=110" Pa P3=1510" Pa N =420 rpm

And:  P2=B3P1 P2=3373x 10" Pa.... intermediate pressure, perfect intercooling

n=13 B =237 Jkgk Til=123 K Cl=005 C2=006
5
m= — kg."lﬁ
a0
Calculations:
1
(et
Myl =1+Cl-Cl{ — | . My1 = 0808 ..vol. effcy. of LP stage
;~LP1_,.-' l.e.
1
(PN

a=1+ C2 - C2 i
v \p2)

l.e. my2=088 ..vol. effcy. of HP stage

Power reqd. per stage:

sl
RTL|(P2y ® _3 _
nR-T1 | P2 | - 1110 "m e, W= 10948 kKW... power per stage
n-1 || P1)

W, =

Therefore, Power reqd. for 2 stages:

Po=2W, P=218%  kW...power for two stages....Ans.

Isothermal effcy.:

:"-' 1 -3 .
Wigp = R-TlIn P10 m 8. Wi = 18653  kW....Isothermal work
\P1)
Wiso . )
Miso = 3 LB, Tizp = 0852 = 85.2 %....1sothermal effcy.....Ans.

Clearance vol. for each cyl.:

LP cylinder:

Vgy = 0.1 m"3___Trial value
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Given
N+1-Ve1-PL i
mn=s —-—
RT1 60
Find| V1) = 0.01083 m*3.____ Stroke vol

e, Vg =001083 mAd...... stroke vol. of LP cyl

And: V= ClVg

4

e Vop=3415x 10 m*3....clearance vol. of LP.....Ans.

HP cylinder:

Ve = 0.1 m"3.___Trial value

. Our tools are designedto ~ Who are we?
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c zation, drilling, p i
s to the oil and gas

d 135 (oS [re——
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(Aven .
Nv2- Va2 P2 N
R-T1

m=

60

Find(Vgy) = 285473 107~

....entry to HP is at T1, since perfect intercooling.

"3 Stroke vol

8. Vg = 000285 m*3........ stroke vol. of HP cyl
And: Vo= 020 2
e, Va=171x 10~ m#3....clearance vol. of HP...Ans.

Prob.5.2.11. A two stage, double acting Air compressor operating at 220 rpm takes in air
at 1 bar, 27 C. Size of LP cylinder is 360 mm * 400 mm. Stroke of HP cylinder is same
as that of LP cyl = 400 mm. Clearance in both cylinders is 4%. LP cylinder discharges at a
pressure of 4 bar. Air passes through the intercooler and enters HP cylinder at 3.8 bar, 27 C.
Finally, discharged from the compressor at 15.2 bar. Value of n in both cylinders is 1.3.
Take cp = 1.0035 kJ/kg.K and R=0.287 kJ/kg. Calculate:

1. heat rejected by air in intercooler

2. dia of HP cyl
3. power required to drive the HP cylinder. [M.U.]

P A

-

v

Fig.Prob. 5.2.11 Two stage air compressor with clearance
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Mathcad Solution:
Data:

Pl = 1-10°Pa P2=4.10" Pa N=1220 rmpm

38-10° Pa P3 = 152-10° Pa

g
+3
I

n=13 C:=004 clearance R =287 JkgK T1 =300 K ep = 10035 Jkg K

dyp = 0.36 m...dia of LP cylinder

strokeyp, = 0.4 m...stroke of LP cylinder

Calculations:
PDy, = :.dlp‘-stmke ie FDj, = 0.041  mA3,...Piston Displ. of LP cyl
p = Ip e p=10 - .
z
eyt
Mgl = 1+ C = C o | LB, Ty = 0824  vol. eficy. of LP stage
:-\.‘_ _;'l
R-T1 . .
vl= — ie. v1=0881 m*3kg...sp. vol. at inlet to LP stage
Pl
PDH 1w
m = M-z I.e. m= 0087 kglcycle, for double acting
vl
-1
fpay B
T2 =TI —¢ e, T2=413.103 K... temp after compression in first stage
Pl

Heat rejected in intercooler:

Q= m-%-cp-[]? - T1)- 1[r_3 l.e. Q=3636 kW..heat rejected in intercooler...Ans.
Dia of HP cyl:
!
I 31'1:1

Mwol2 =1+ C— C

- 8. My =0924 Vol effcy. of HP stage
|~.\- —J‘I
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. R-T1 . )
vI@= —— e v2=10227 m*3/kg .... sp.vol at entry to HP cyl
P

strokepy, = strokeqp, ...equal strokes for two cylinders

Diameter of HP cylinder:
Dpp =03 Trial value

Given

1
[B9)
|._.

I,u

=m ...double acting, so a multuplied by 2

-strokef T yol2- .

I,\J

dyp = Find| D)

ie. dpyp = 0.183 m,....dia of HP cyl....Ans.
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Power reqd. to drive the HP cyl:

e T3=413.103 K... temp at discharge of HP cylinder

-3 M
-110 "-m-— kW
&0

5.3 PROBLEMS SOLVED WITH EES:

“Prob.5.3.1. A single stage, single acting compressor delivers 15 m”3 of free air per min.
from 1 bar to 8 bar. Speed of compressor = 300 RPM. Assume that compression and
expansion follow the law PVA1.3 = const. and clearance is 1/16th of swept vol. Temp. and

pressure of air at suction are the same as atmospheric air.. Take L/D=1.5,and find the diam.
and stroke of the compressor.”

P A
5

v

Yy

—>v_ | . -

Fig.Prob. 5.3.1 Two stage air compressor with clearance
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EES Solution:

“Data:”

C=1/16“Clearance ratio=Vc/Vs”
P2=800 kPa”

P1=100 *kPa”

n=1.3

V_a =15“m3/min”

Speed=300 “RPM”

“Calculations:”

“Vol. effcy:”

eta_vol=1+C — C * (P2/P1)~(1/n)
“Free air:”

V_s * eta_vol * Speed = V_a “...finds Vs’
V_s=(pi/4) * (D*2) * L Stroke vol.”
L=15*D

“Indicated Power of Compressor:”

IP=(n/(n-1)) * P1 * (V_a/60) * ((P2/P1)"A((n-1)/n)-1) kW~

Results:
Unit Settings: 51 K kPa kJ mass deg
C =0.0625 O =0.3834 [m] Mwol= 0.7531 IP = 6E.72 [ki]
L=05751 [rm] n=1.3 F1 =100 [kPa] P2 =800 [kPa]
Speed =300 [rpm] Wa=15 [m3min] W= 0.0664 [
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Thus:
Dia of cylinder = D = 0.3834 m ....Ans.

Stroke = L = 0.5751 m ... Ans.

Compressor power required = IP = 66.72 kW ... Ans.
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(b) Plot the vol. efficiency against Clearance ratio (C varying from 0.02 to 0.1):

First, compute the Parametric Table:

- ol f: b
1[>E C Nvol

Fun 1 0.02 0.921
Fun 2 0.03 0.8815
Fun 3 0.04 0.842
Run 4 0.05 0.8025
Fun & 0.06 0.7629
Fun 6 0.07 0.7234
Run 7 0.08 0.6839
Run @ 0.09 0.6444

s ] o1 [T

Now, plot the results:

0.95

i~

Yol efficiency vs clearance ratio, C

0.9]
0.85

03]

Tvol

0.75
07|

0.65 |

0.02 003 004 005 UgE 007 008 009 0.1
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(c) Plot the vol. efficiency and Compressor power against discharge pressure, P2,

other data remaining the same (C = 1/16):

First, compute the Parametric Table:

¥ hdE hd

b P2 Mol IP

1. [kPa] [KW]
Run 1 400 0.8809 40.84
Run 2 500 0.8469 48.73
Run 3 600 0.8145 55.47
Run 4 700 0.7833 61.41
Run & 800 0.7531 66.72
Run 6 900 0.7237 71.54
Run 7 1000 0.6951 75.97
Run 8 1100 0.5672 80.07
Run 9 1200 0.6398 83.89

Now, plot the results:

09 ——

0.85 |

Tvol

0.7

0.65 |

06L

Vol effcy. vs discharge pressure

4

400

500 600
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90

Compressor power vs discharge pressure

80|

50|

402 — - - - . . . 4
400 500 600 700 _ 800 agm 1000 1100 1200
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Prob.5.3.2. A single stage reciprocating air compressor has a cylinder of 15 ¢m bore and
15 cm stroke. The clearance is 5%. Air is sucked into the compressor at 1 bar, 27 C. The
discharge pressure is 5 bar. The polytropic exponent of compression and expansion is 1.3.
(i) Sketch the ideal indicator diagram and find the air handling capacity of the compressor in
m3/min. (measured at suction conditions), given that the speed of the compressor is 720 rpm.

(if) Find also the ideal vol. effcy. (iii) compressor power in kW [VTU-ATD-2004]”

P A

5
6
L
3 v > \Y%
o . - >

Fig.Prob. 5.3.2 Two stage air compressor with clearance

EES Solution:
“Data:”

D=0.15m]”
L=0.15Im]”
C=0.05

P1=100 “[kPa]”
T1=27+2731K]”
P2=500 “[kPa]”
n=1.3

Speed=720 “[RPM]”

“Calculations:”
eta_v=1+C — C * (P2/P1)*(1/n) “vol. effcy.”

V_s=pi * (D*2)/4) * L"stroke vol.”
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V_a=V_s * eta_v “actual vol. sucked”
Volumepermin=V_a * Speed “m3/min”
IP=(n/(n-1)) *P1*V_a* ((P2/P1)A((n-1)/n)-1) * Speed/60 “Indicated power of compressor, kW

Results:

Unit Settings: 51 K kPa kJ mass deg

C =005 O =015 [m] My = 0.8776

IF =5.441 [kiv] L=015 [m] n=1.3

F1 =100 [kFa] Fz =500 [kFa] Speed =720 [RFR]
T1 =300 [K] Yolurmepermin = 1.675 [m3fmin] Wo= 0.002326 [m7]

W = 0.002651 [

Thus:
Air handling capacity = 1.675 m/3/min..... Ans.

Vol. efficiency = 0.8776 ... Ans.

Compressor power = IP = 5.441 kW ... Ans.

(b) Plot compressor power for discharge pressures varying from 3 to 9 bar:

First, produce the Parametric Table:

i il [

b P2 IP

17 [kPal [KW]
Run 1 300 3.713
Run 2 400 4.702
Run 3 500 5.441
Run 4 600 6.011
Run & 700 6.458
Run 6 800 6.812
Run 7 900 7.091
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Now, plot the results:

8

Compressor power vs discharge pressure

IP [kW]

300 400 500 600 700 800 900
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“Prob.5.3.3. Air at 1 bar and 27 C is compressed to 7 bar by a single stage reciprocating
compressor according to the law: PVA1.3 = C. The free air delivered was 1 m”3/min. Speed
of compressor = 300 RPM. Stroke to bore ratio = 1.5. Mech. effcy = 85% and motor
transmission effcy = 90%. Determine: (i) Indicated power and isoth. effcy. (ii) cylinder

dimensions and power of the motor required to drive the compressor. [VITU-ATD-2005]”

-
v

Fig.Prob. 5.3.3 Two stage air compressor with clearance

EES Solution:
“Data:”

“Free air conditions:”
P _f=101.325%kPa”
T f=15+273k”

V_f=1.0/60 “m3/s”
P1=100“kPa”
T1=27+273k”
P2=700 “kPa”

n=1.3

R=0.287 *kJ/kg.K”
Speed = 300 “RPM”
eta_mech=0.85
eta_trans=0.9

LbyD=1.5
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“Calculations:”

“mass compressed:”

m=(P_f* V_f)/(R * T_f) “kg/s”

IP=(n/(n-1)) * m * R * T1* ((P2/P1)A((n-1)/n)-1) kW~

W_iso=m * R * T1* In(P2/P1) kW...Isothermal work reqd.”

eta_iso=W_iso/IP

MotorPower=IP/(eta_mech * eta_trans)

“Cylinder dimensions:”
Y

m=(P1* V1) * (Speed/60)/(R * T1)“...finds V1, vol. at suction conditions”

V1=(pi/4) * (DA2) * (LbyD * D)“.finds D

L=LbyD * D“.finds L”

Results:

Unit Settings: 51 K kPa kJ mass deg

D =0.144 [m]

Mirans = 0.4

LbyD =15

n=13

Fr=101.3 [kFa]
T1 =300 [K]

W= 001667 [m3/s]

Thus:

Nigo = 0.75922
[F =4327 [kW]
m =0.02043 [kg/s]
F1 =100 [kPa]

B =0.287 [kdikgk]
Ty =288 [K]

Wiog = 3423 [KW]

Indicated power = IP = 4.321 kW ... Ans.

Isothermal effcy. = eta_iso = 0.7922 = 79.22% ... Ans.

Download free eBooks at bookboon.com

Nmech = .85

L=0.216 [m]

botarFower = 5648 [k

P2 =700 [kPg]
Speed = 300 [RPM]
W1 =0.003518 [m3/fs]




APPLIED THERMODYNAMICS:
SOFTWARE SOLUTIONS: PART-III AIR COMPRESSORS

Motor power required = 5.648 kW ... Ans.
Cylinder dia = D = 0.144 m ... Ans.

Cylinder stroke = L = 0.216 m ... Ans.

“Prob.5.3.4. A multistage compressor has a suction pressure of 1 bar and final discharge
pressure is 130 bar, such that stage pressure ratio should not exceed 4.2. Assuming perfect
intercooling, determine: (i) no. of stages (ii) exact pressure ratio (iii) intermediate pressures,
(iv) min. power required to compress 17 m3/min of free air. Take n = 1.32 [VTU-ATD-2005]”

EES Solution:

“Data:”
P1=1“bar”

{k=4.2 “pressure ratio per stage = P2/P1 = P3/P2=....etc.”
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Ph=130%bar”

“Calculations:”

“Let x be the no. of stages; Then:”

Ph/P1=k"x

“Then, we get : x =3.392; No. of stages should be an integer figure. So, we take x=4"
x=4

“Then, intermediate pressures:”

P2=k*P1“bar”

P3=k*P2 “bar”

P4=k*P3 “bar”

P5=k * P4“..."This P5 should be equal to Ph”

“min. Power reqd. to compress 17 m3/min of free air:”

n=1.32“Index of compression”

P =4*(n/(n-1)) * P1 * 100*(17/60) * (P2/P1)A((n-1)/n)-1)“kW....Note that there are 4 stages.”

Results:

Unit Settings: S K bar kJ mass deqg
ko= 3377 n=132 F o= 1604 [khv] F1 =1 [bar] F2 = 3377 [bar]
F3 =114 [bar] Fd =385 [bar] FA =130 [bar] Fh =130 [bar] w =4
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Thus:
No. of stages = x = 4 ...Ans.

Exact pressure ratio for each stage = k = 3.377 ... Ans.
Intermediate pressures: P2 = 3.377 bar, P3 = 11.4 bar, P4 = 38.5 bar ....Ans.

Compressor power = P = 160.4 kW ... Ans.

“Prob.5.3.5. Following data refer to a two stage, single acting reciprocating compressor:
Air compressed and delivered = 4 kg/min., Pressure rise from 100 kPa to 2.5 MPa, LP
cylinder dia = 15 cm, HP cylinder dia = 7.5 cm, stroke length in each stage = 20 cm, Index
of compression and expansion in each stage = 1.2, Temp of air at inlet = 25 C, clearance
volume = 4% of stroke vol. in each cylinder, intercooling is perfect but, condition for
minimum work input is not satisfied. Determine: (i) intermediate pressure, P2 (ii) power
required to drive LP and HP pistons if the mech. effcy. is 75% (iii) speed of crankshaft

driving the compressor in RPM, and (iv) energy rejected in the intercooler in kJ/min.

[VIU-ATD-2006]”

-
vV

Fig.Prob. 5.3.5 Two stage air compressor with clearance
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EES Solution:

“Data:”

P1=100“kPa”

T1=25+273“k”

P3=2500“kPa”

n=1.2

cp=1.003“k]/kg.K”

R=0.287“k]/kg.K”

“mass compressed:”

m=4/60%kg/s”

D1=0.15m...dia of LP cyl.”

D2=0.075“m...dia of HP cyl.”

L=0.2m...stroke for each stage”
C=0.04"..clearance ratio for each stage”
eta_mech=0.75%...mechanical effcy of each stage”
“Intercooling is perfect (i.e. T2=T1), but condition for min. work is not satisfied...i.e.

pressure ratio in each stage is NOT the same”

« 2
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“Calculations:”

eta_vl=1+C — C * (P2/P1)A(1/n)“...vol. effcy of first stage”

eta_v2=1+C — C * (P3/P2)A(1/n)“...vol. effcy of second stage”

V_sl=(pi * D1/2/4) * L“m3...swept vol. of LP cylinder”

V_s2=(pi * D2/2/4) * L“m3...swept vol. of HP cylinder”

V_al=V_s1* eta_v1“m3...actual vol. sucked in LP cyl”

V_a2=V_s2 * eta_v2“m3...actual vol. sucked in HP cyl”

T2=T1%..perfect intercooling”

“Apply the condition that mass flow rate through both the stages is the same:”
P1* V_al/(R * T1)=P2 * V_a2/(R * T2)“...finds P2...kPa”

m=P1* V_al* (RPM/60)/(R * T1)“...finds RPM”

“Work reqd.: is calculated for each stage:”

W_cl=(n/(n-1)) * m * R * T1* ((P2/P1)*((n-1)/n)-1)/eta_mech“kW...for 1st stage”
W_c2=(n/(n-1)) * m * R * T2 * ((P3/P2)*((n-1)/n)-1)/eta_mech“kW...for 2nd stage”
W_total=W_c1+W_c2“kW...Total motor power reqd.”

“Heat carried away by the Intercooler:”

T2a/T1=(P2/P1)A((n-1)/n)“k...actual temp. at the end of first stage polytr. comprn.”

_intercooler=m * cp * (T2a-T1)“kW”
P

Download free eBooks at bookboon.com



Results:

Unit Settings: 51 K kPa kJ mass deg

C =0.04 cp=1.003 [JfkgK] D1 =015 [m]
D2 =0.075 [r] Nmech = 0.75 M1 = 0.9076
M2 = 06633 L=0.2 [m] m = 0.06BE7 [kg/s]
=12 P1 =100 [kPa] P2 = 4205 [kPa]
P3 = 2500 [kPa] Oiterconler = 5389 [KW] R = 0.287 [kl/kgK]
RPM = 1066 [rprm] T1 =298 [K] T2 =298 [K]
T2a = 378.6 [K] Y1 = 0.003208 [ Y= 0.0007628 [m]
Wep = 0003534 [m3] Yo = 0.0008B36 [mI] Wieq = 12.34 [KW]
Wieo = 15.78 [KW] Wigt = 28.12 [KW]
Thus:

Intermediate pressure, P2 = 420.5 kPa ... Ans.

Power required for LP stage = Wcl = 12.34 kW ... Ans.
Power required for HP stage = Wc2 = 15.78 kW ... Ans.
Speed = RPM = 1066 rpm ... Ans.

Heat rejected in intercooler = Q_intercooler = 5.389 kW ... Ans.

“Prob.5.3.6. A two stage air compressor with perfect intercooling takes in air at 1 bar,
27 C. The law of compression in both stages is PVA1.3 = constant. The compressed air
is delivered at 9 bar. Calculate for unit mass flow rate of air, the min. work done and the
heat rejected in the intercooler. Compare the values if the compression is carried out in a

single stage compressor with aftercooler. [VIU-ATD-2007]”
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"'IIT
Fig.Prob. 5.3.6 Two stage air compressor with clearance
EES Solution:

“Data:”

P1=100“kPa”
T1=27+273“k”
P2=300“kPa, since P2/P1 = P3/P2 for min. work
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P3=900“kPa”

n=1.3

cp=1.003k] /kg.K”

R=0.287k]/kg K>

m=1%kg/s”

“Calculations:”

“Work reqd.: is the same for each stage, for perfect intercooling”
W_c_2stage = 2 * (n/(n-1)) * m * R * T1* ((P2/P1)*((n-1)/n)-1)“kW...for 2 stages”
“Heat carried away by the Intercooler:”

Q_intercooler=m *cp * (T2a-T1)“kW”

T2a/T1=(P2/P1)M((n-1)/n)“...gives T2a, temp. at the end of polytr. comprn.”
“If comprn. is carried out in Single stage:”

W_c_singlestage=(n/(n-1)) * m*R*T1* (P3/P1)A((n-1)/n)-1)“kW...for single stage comprn.”

T2b/T1=(P3/P1)A((n-1)/n)“...gives T2b, temp. at the end of polytr. comprn. in a single

stage compressor, compressing from P1 to P3”

b

“Heat carried away by the aftercooler:’
Q_aftercooler =m *cp * (T2b-T1)“kW”

Results:

Unit Settings: 51 C kPa kJ mass deqg

cp=1.003 [kflgK] m =1 [ko/s] n=1.73

F1 =100 [kFa] FZ =300 [kFa] F3 =900 [kFa]

QD aftercooler = 198.7 [kit] Clintercooler = 86.83 [kit] Fo=0.287 [klfkgK]
T1 =300 [K] TZa =386.6 [K] T2b =4498.1 [K]
WC,Estage = 2153 [kiw] Wu:,singlestage = 24B.4 [ki]
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Thus:

For two stage compressor:

Min. work done for two stage compressor = 215.3 kW ... Ans.
Heat rejected in intercooler = 86.83 kW ... Ans.

For single stage compressor:

Work done for single stage compressor = 246.4 kW ... Ans.

Heat rejected in aftercooler = 198.7 kW ... Ans.

“Prob.5.3.7. A multistage air compressor compresses air from 1 bar to 40 bar. The max.
temp. of air is not to exceed 400 K in any stage. If the law of compression is PVA1.3 =
constant, find the number of stages for minimum power input. Also, find the actual
intermediate pressures and temperatures. What will be the min. power input (kW) required
to compress and deliver 10 kg/min of air and the rate of heat rejection in each intercooler?

»

Assume ambient temp = 27 C and perfect intercooling in between stages. [VTU-ATD-2006]

EES Solution:

“Data:”

P_f=4000“kPa....final pressure”
T_max=400“k....max. temp in any stage”
P1=100“kPa”

T1=27+273“k”

n=1.3

cp=1.003“k]/kg.K”

R=0.287“k]/kg.K”

“mass compressed:”

m=10/60“kg/s”

<« »
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“Calculations:”

{
T_max/T1=(P2/P1)A((n-1)/n)“....finds P2”

P3/P2=P2/P1“. .finds P3”
P4/P3=P3/P2“...finds P4

“From the above eqns. we get: P1 = 100 kPa, P2 = 347.9 kPa, P3 = 1210 kPa, P4 =
4209 kPa > Pf”

“Therefore, 3 stages are required.”

}

“Then, pr.ratio for each stage:”

k=(P_f/P1)~(1/3)“....pressure ratio in each stage”
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P2/P1=k"“...finds P2”
P3/P2=k“...finds P3”

P4/P3=k"“...finds P4”
T2/T1=k*((n-1)/n)“..finds T2”

T3=T2
T4=T3

“Work reqd.: is the same for each stage, for perfect intercooling and same pressure

ratio in each stage”

W_c=3 * (n/(n-1)) * m * R * T1* ((P2/P1)A((n-1)/n)-1)“kW...for 3 stages”
“Heat carried away by each Intercooler:”

Q_intercooler=m * cp * (T2-T1)“kW”

Results:

Unit Settings: 51 C kPa kJ mass deqg

cp=1.003 [kfkoK] k=342 m = 01667 [kofs]
n=13 Pl =100 [kPa] P2 =342 [kPa]
P3 = 1170 [KPa] P4 = 4000 [kPa] Py = 4000 [kPa]
Oirterconlr = 1645 [KW] R =0.287 [kJ/kgK] T1 =300 [K]

T2 =3984 [K] T3 -398.4 ] T4 =3984 [K]
T = 400 [K] Wo = B1.21 [KW]

Thus:

No. of stages required = 3 ... Ans.
Intermediate pressures and temps: P2 = 342 kPa, P3 = 1170 kPa, T2 = T3 = 398.4 K ... Ans.
Min. power input to compress 10 kg/min = Wc = 61.21 kW ... Ans.

Heat rejected in each intercooler = Q_intercooler = 16.45 kW ... Ans.
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“Prob.5.3.8. A two stage air compressor delivers 1.5 m”3 of free air per min. The delivery
pressure is 14 bar. The suction pressure and temp. are 1 bar and 20 C. The index of
compression is 1.25 for both the stages. The intermediate pressure is optimum and intercooling
is complete. Calculate the power required to drive the compressor and the heat carried

away by the intercooler. For air, cp = 1003 J/kg.K and R= 287 J/kg.K. [VTU-ATD-2004]”

P

\Y

Fig.Prob. 5.3.8 Two stage air compressor without clearance

EES Solution:

“Data:”
“Free air conditions:”

P_f=101.325“kPa”
T_f=15+273“k”
V_f=1.5/60“m3/s”

P1=100“kPa”
T1=20+273“k”
P3=1400“kPa”
n=1.25
cp=1.003k]/kg.K”
R=0.287k]/kg.K”
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“Calculations:”

“mass compressed:”

m=P_f* V_£)/(R * T_f)“kg/s”

P2=(P1 * P3)70.5“Optimum intermediate pressure”

“Work reqd.: is the same for each stage, for perfect intercooling”

W_c=2 * (n/(n-1)) * m * R * T1 * ((P2/P1)*((n-1)/n)-1)“kW...for 2 stages”
“Heat carried away by the Intercooler:”

Q_intercooler=m * cp * (T2a-T1)“kW”

T2a/T1=(P2/P1)M((n-1)/n)“...gives T2a, temp. at the end of polytr. comprn.”
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Results:

Unit Settings: 51 K kPa kJ mass deq

cp=1.003 [kJkg K] m = 0.03065 [ko/s] h=125
P1 =100 [kPe] P2 =374.2 [kPa] P3 =1400 [kPs]
Pf =101.3 [kPa] Ointarconler = 2.72 [KW] R = 0.287 [klfkgK]
T1 =283 [K] Toa =3815 [K] T =288 [K]
Vi = 0,025 [m3s] Vo = 7783 [KW]
Thus:

Optimum intermediate pressure = P2 = 374.2 kPa ... Ans.
Compressor power required = Wc = 7.783 kW ... Ans.

Heat transferred in intercooler = 2.72 kW ... Ans.

“Prob.5.3.9. Following data refer to a single stage air compressor. Atmospheric conditions:
1 bar and 25 C. Receiver pressure is 10 bar, cylinder dia = 12 cm, stroke to bore ratio is
unity. Clearance volume is 1/25 th of stroke vol. Index for both compression and expansion
= 1.25. Mech. effcy = 80%. If the receiver capacity is 600 litres and it takes 8 min to fill
the receiver till its pressure is 10 bar starting from 1 bar, determine: (i) actual vol. effcy.

(if) Mass of air compressed per second (iii) Speed of the compressor (iv) Power input.

Assume the receiver temp. to remain at 25 C throughout the filling process. [VITU-ATD-2004]”
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Fig.Prob. 5.3.9 Single stage air compressor with clearance

EES Solution:

“Data:”

“mass flow rate:”
Vol=0.6“m3...Receiver capacity”
P_i=100“kPa...initial pressure”
P_f=1000“kPa...final pressure”

time=8 * 60%....time to fill the receiver”
T_r=25+273“k...Receiver temp.”
R=0.287k] /kg.K”

n=1.25

“Calculations:”

m=(Vol * (P_f — P_i)/(R * T_r))/time“kg/s....mass flow rate”
C=1/25“Clearance ratio”

D=0.12"m”

L=D
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eta_mech=0.8

P1=100“kPa”

T1=25+273“k”

eta_vol=1+C — C * (P_f/P1)~(1/n"“vol. effcy.”

V_s=(pi/4) * (D”2) * L“Stroke vol.”

m=(RPM/60) * (eta_vol * V_s) * P1/(R * T1)“..finds the speed, RPM”
IP=(n/(n-1)) * m * R * T1 * (P_{/P1)((n-1)/n)-1)“kW...Indicated Power”

Power=IP/eta_mech“kW...Power input”
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Results:

Unit Settings: 51 K kPa kJ mass deg

C =0.04 D =012 [rr] Nmech = 0.8 Pyl = 0.7876
IP = 3.29 [kiW] L=0.12 [m] m =0.01315 [ko/s] h=1.25

F1 =100 [kPa] Power = 4113 [Kw]|  Pf=1000 [kPa] P, =100 [kPa]
R = 0.287 [kdfkgK] FPM =E315 T1 =238 [K] time = 480 [s]
T, =298 [K] Yol = 0.6 [ Yo = 0.001357 [m7]

Thus:

Mass flow rate = m = 0.01315 kg/s ... Ans.
Vol. efficiency = eta_vol = 0.7876 ... Ans.
Speed of compressor = 631.5 RPM ... Ans.

Compressor power required = Power = 4.113 kW ... Ans.

5.4 REFERENCES:

1. Yunus A. Cengel ¢&& Michael A. Boles, Thermodynamics, An Engineering Approach,
70 Ed. McGraw Hill, 2011.
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5. RK. Rajput, A Text Book of Engineering Thermodynamics, Laxmi Publications,
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Delhi, 2000
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6 THERMODYNAMIC RELATIONS

Learning objectives:

6.1
6.1.1

1.
2.

In this chapter, “Thermodynamic relations’ are dealt with.

Here, relations are developed to calculate “Thermodynamic properties’ which are
impossible or difficult to measure (such as: entropy, internal energy, enthalpy,
Helmholtz function and Gibbs function), in terms of measurable quantities such
as pressure, volume and temperature.

We deal with Maxwell’s equations, TdS equations, heat capacity relations, energy
equations, Joule — Kelvin effect, Clausius — Clapeyron equation etc. which are

practically important.

. These relations are extremely useful to solve problems involving the immeasurable

quantities and in constructing ‘Property tables’ from the experimental data.

. Summary of important Thermodynamic relations is given at the beginning of this

chapter.

Problems from University question papers and standard Text books are solved with

Mathcad, EES and TEST.

SUMMARY OF THERMODYNAMIC RELATIONS [1-6]:
IMPORTANT MATHEMATICAL RELATIONS:

(1) Exactness criteria:

If F = F(x,y), then:

dF = Mdz + Ndy

And, exactness criterion is:

aM\ _ (8N
(ﬂy )z_ (ﬂr)y
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(2) Cyclic relation:

If a relation exists among the variables x, y and z, then:
3;1.') ( dy ( dz ) ’
dy/.\9z ), \dz/, o

This will be applied to variables P, V and T later.

(3) Also, we have:

(5),~ (5), ),
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6.1.2 MAXWELL'S RELATIONS:

These are derived from the relations for changes in internal energy (dU), enthalpy (dH),
Helmholtz free energy (dF) and Gibb’s Function (dG), using the exactness criteria

mentioned above.

We have:

From I Law:

dU = dQ - PdV

But, from II Law:

dQ = TdS

Therefore, combining them, we get Gibb’s equation:
dU = TdS- PdV ....... (a)

Now, by definition: Enthalpy is: H = U + RV
Differentiating;

dH = dU + PdV + VdP

But, dU+PdV = dQ = TdS ... from combined I Law and II Law
Therefore:

dH = TdS + VdP .......... (b)

Now, Helmholtz Function is:

F=U-TS

Differentiating:

dF = dU - TdS - SdT

i.e. dF = -PdV — S8dT ....... (c)
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And, Gibbs Function is:
G=H-TS

Differentiating;

dG = dH - TdS - SdT

ie. dG = VdP- SdT ....... (d)

Now, apply the ‘Exactness criteria’ to the equations (a), (b), (c) and (d) given above, and

we get the four important Maxwell’s equations:

oV : CF v
oT (év

) CP 5 ) os P
cP os

°or ), \ov
ov cs

T ), CP );

Above equations relating entropy (S), (which is not measurable quantity) are particularly useful.

6.1.3 MNEMONIC 'THERMODYNAMIC SQUARE’' TO REMEMBER
MAXWELL'S RELATIONS:

Since the Maxwell’s equations are very useful, several mnemonic diagrams have been devised

to remember them.

One such “Thermodynamic diagram’ known as ‘Guggenheim scheme’ or ‘Born square’ is

given below: [Ref: 7]
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It is very useful to:

1. get differentials of the thermodynamic potentials U, F, G and H, and

2. get Maxwell’s equations

-S|U |V
H F
PG| T

In the above, thermodynamic square, thepotentials highlighted in red.

Following description is quoted from the Ref.[7], viz. Wikipedia.
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“Itisa mnemonic diagram attributed to Max Born and used to help determine thermodynamic

relations. The corners represent common conjugate variables while the sides represent

thermodynamic potentials. The placement and relation among the variables serves as a key to

recall the relations they constitute.A mnemonic used by students to remember the Maxwell
relations is “Good Physicists Have Studied Under Very Fine Teachers”, which helps them

remember the order of the variables in the square, in clockwise direction.

How to use?

The Thermodynamic square is mostly used to compute the derivative of any thermodynamic

potential of interest.

Suppose for example one desires to compute the derivative of the Internal energy U. The

following procedure should be considered:

1. Place yourself in the thermodynamic potential of interest, namely (G, H,U, F). In
our example, that would be U.

2. The two opposite corners of the potential of interest represent the coefhicients of the
overall result. If the coefficient lies on the left hand side of the square, a negative
sign should be added.

In our example, an intermediate result would be:
dU = —p[Differential] + T'[Differential.
3. In the opposite corner of each coefficient, you will find the associated differential.

In our example, the opposite corner to P would be V (Volume) and the opposite

corner for 7 would be S (Entropy). In our example, an interim result would be:

dU = —pdV + TdS.
Notice that the sign convention will affect only the coefficients and NOT the differentials.
The Thermodynamic square can also be used to find the Maxwell Relations:

Looking at the four corners of the square and making a LI shape, one can find

(#), (),
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By rotating the U shape (randomly, for example by 90 degrees counterclockwise into a =

shape) other relations such as:

(@) _ (3_5)
or), ~\av ),

can be found.

Finally, the potential at the center of each side is a natural function of the variables at

the corner of that side.

So, G is a natural function of p and T, and U is a natural function of S and V”.

6.1.4 TDS RELATIONS:

We have the following definitions for Cv, Cp, Volume expansivity, 3, and isothermal

compressibility,K :
au o
(o), =
(HH) -
arls
8= 1 (BV)
v \ar/p
1 (HV)
N = -—— [
V \8P /)y

1. First TdS equation, obtained by considering S as a function of T and V,
i.e. S = S(T,V):

Cv oF
dS = —dT + dV
v

T aT
For a Van der Waal’s gas:
Cvy
dS = —dT - dV
T V—b
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2. Second TdS equation, obtained by considering S as a function of T and P, i.e.

S = S(T,P):
i av
dS=_—dT - (—) dP
7 aT

6.1.5 RELATIONS FOR SPECIFIC HEATS:

Equating the First and Second TdS equations, and simplifying, and using the cyclic relation
among P, V and T, we get:

aP av

o L iy G i
ol e s
apP av

o == aapl - i

i L )

o™
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Sp. heat difference:
g e O avy?
r-ov=-"(57), (57).

Note from the above that:

1. (Cp-Cv) is always positive, i.e. Cp > Cv
2. As T tends to zero (i.e. T goes to Absolute zero temp), cp tends to Cv
3. For an Ideal gas, i.e. PV = RT, it can easily be shown that (Cp-Cv) = R

Also:
V32

K

5P S St

Sp. heat ratio: (Cp/Cv = vy)
Cp (8P/8V)s
Cyv (8P/8V)r

In the above, since y > 1, numerator on RHS > denominator; therefore, we have:
Slope of an isentrope is greater than that of an isotherm on the P-V digram.

And, variations of sp. heats:

JCp - a2V
(BP)T B (aTﬂ)p
(ove) = mloe)
T arz ).,

6.1.6 RELATIONS FOR ENERGY:

(i) For Internal energy, we have:

dU = TdS - PdV
Substituting in the first TdS equation:

s

P
dU = CvdT + [T (—) — P} dv
T /<
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Writing U as a function of T and V, and comparing the coefficients of dT and dV, we get:
arr P

() (),
av ) r oT /v

This is known as Energy equation.

For an Ideal gas (i.e. PV = RT), and we get:
oP
(). -
aT /

Thus, dU = Cv. dT for an Ideal gas.

For a van der Waal’s gas, we get:

[r )

(ii) Similarly, for Enthalpy, we have:
dH = TdS + V dP

Substituting in the second TdS equation:

dH = CpdT + |V =T i dP
- v (3

J’J‘

Writing H as a function of T and B, and comparing the coefficients of dT and dP, we get:

(BH) (HV)
b ol R i L i
aP ) ;. i
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6.1.7 JOULE-THOMSON (J-T) EFFECT:

Restriction

This refers to a Throttling process (i.e. an isenthalpic process), where AH = 0

Important practical applications are in refrigerating systems and gas liquefaction systems.

J — T coefficient is defined as:

. (BT)
Hr = P ) 4

i.e. J-T coefl. is the change in temperature with pressure at constant enthalpy.
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From dH = TdS + VdP, and the second TdS equation, we get:

o POT _T@v/jaT)p -V

Ho= (E)H - Cr
Thus, for an Ideal gas (i.e. PV = RT), we get:
i, = 0 i.e. for an ideal gas, there is no temperature change during throttling.
Note that:
If u; <0 ... Temp increases when pressure decreases
If w> 0 ... Temp decreases when pressure decreases
If u;= 0 ... No change in temp when pressure decreases

Inversion line:

Inversion line is the line that passes through all the points with w ;= 0 in P-T diagram, as
shown below (Ref: Cengel):

Maximum inversion
[ temperature
b et

g :
. . \
\ ~—

1‘\. “ﬂ-._\_\_\_... i,
b = 0y gipp = 0 e,
[ -
T ——__h=const. T
L~ I e it
I e,
| :
f g
ot
r‘“\-,_l i . Il
f nversion line
i —
r e
/ -
’ -

Max. Inversion temp is the temp where the inversion line cuts the Temp axis.
No cooling can occur if the temp before throttling is above the max. inversion temp.

To the left of the inversion line, we have the cooling zone, and to the right of the inversion

line, heating will occur on throttling from a high pressure to a low pressure.
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6.1.8 CLAPEYRON EQUATION (REF: CENGEL):

It is applicable for any phase change process which occurs at constant temperature and pressure.

It gives the enthalpy of vaporization if the slope of the vaporization line in the P-T diagram

and the sp. volumes of sat. liquid and sat. vapor are known.

/

\ Ligun
SOLID .
')—""'-' i]_lu.

4 | = comst.

/ T!
VAPOR
- APOR

]
|
]
]
]
]
|
~ :
T

B e

)

s

-
a1 I'ng

6.1.9 CLAUSIUS-CLAPEYRON EQUATION (REF: CENGEL):

Following approximations can be made for the solid-vapor and liquid-vapor phase changes:

1. Vg>> V,
2. Treat the vapor as an ideal gas. i.e. V = RT/P

3. For small temp changes, treat hfg as a constant

Then, Clapeyron equation becomes:

(@Y _ Phy
Ty o2

i.e.

(@Y _ Bpg (a7
VP, .. R | _2
= I / zat

Integrating this equation, between two states 1 and 2:

n E .':= E-; —1 - —1 .': _..under sat. conditions
\P1) R |TL T2)

Download free eBooks at bookboon.com



APPLIED THERMODYNAMICS:
SOFTWARE SOLUTIONS: PART-III THERMODYNAMIC RELATIONS

This is the Clausius-Clapeyron equation.
It is used to determine the variation of saturation pressure with temp.

This eqn.can also be used in the solid-vapor region by replacing the enthalpy of vaporization

with the enthalpy of sublimation.

6.1.10 CLAUSIUS-CLAPEYRON EQUATION IN CONJUNCTION WITH TROUTON'S
RULE (REF: 4):

Trouton’s rule states that

E =38 klkg mol K
T

E

where h_is the latent heat of vaporization in kJ/kg mol and T} is the boiling point at
g
1.013 bar.
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Substituting this in Clausius Clapeyron eqn:

dr 88-T
-P

< g

dT

Integrating from 1.01325 bar to desired pressure P, temp. T:

dpP 88Ty | ° 41
e Ry T
101.32 Jrq
' _SS'I_' '
e jrasl P = B.-_l__l-
L1325/ R, |T Tg]

i T

: 88 | E |
(=3 P=10132%exp) —- 1 - — |
R, L T)

Above equation gives vapor pressure P in kPa at any temperature T.

(Note: R is Universal Gas Const = 8.3143 kJ/kg mol K.)

6.2 PROBLEMS SOLVED WITH MATHCAD:
Prob.6.2.1 Verify the 4™ Maxwell relation for steam at 300 C and 4 bar.

Mathcad Solution:
4™ Maxwell equation is:

ov cs

T ), CP );

We will replace the differential quantities in this equation by corresponding differences,
obtained from Stem Tables. In our case, instead of Steam Tables, we shall use the free

software ‘SteamTab’ from Chemicalogic:
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To find the term in the LHS of above eqn:
At T1 = 300 C, P1 = 4 bar:

Chemicalogic SteamTab Companion

About ] Saturated  Superheated/Subcooled ] Constarts
Input: Units: T
| Temperature ~| [300 (* Meric/SI
ol * Egen
Property Value | Unit | i
Temperature 0 C
Pressurs 4 bar
Steam quality Superheated %
Vaolume 0654852 mka
Density 1.52657 kag/m*
Compressibility factor 0550313 dimensionless
Enthalpy IET.08 klig
Entropy THETRS llAlg.C) =
Helmoltz free energy -1632.3 kli/kg
Intemal enengy 280512 kdika
Gibbs free energy 127034 klikg
Heat capacity at constant volume 1.564585 lkJAkg."C)
Heat capacity at constant pressure 205293 kJAkg.C)
Speed of sound 583325 m/s
Coefficient of thermal expansion 0.00181173 1/°C b
Chemicalogic Corporation, 59 South Bedford St. Ste 207, Budington, MA 01203 Tel:
T81-4256738
Copyright © 1553-2003 Chemicalogic Comporation. All rights reserved.

We get:vl = 0.654892 m3/kg

At T2 = 320 C, 4 bar:

Chemicalogic SteamTab Companion

About ] Saturated Superheated/Subcooled ] Constants
Input: Units: Close
|Ternpe|ature j |32D + Metric/Sl
ol " e
Property Value | Unit | Lo
Temperature 320 T
Pressure 4 bar
Steam quality Superheated %
Volume 0678576 mikg
Density 147367 kg/m?
Compressibility factor 0551528 dimensionless
Enthalpy 3108.18 kdika
Entropy THRIBT klika.C) et
Helmaoltz free enengy -1693.83 kdka
Intemal enengy 283675 kl/kg
Gibbs free energy -1422.4 kg
Heat capacity at constant volume 157284 kJ/ka.'C)
Heat capacity at constant pressure 205724 kJ/kg.C)
Speed of sound 553.282 m/s
Coefficient of thermal expansion D.00174202 1/C hdt
Chemicalogic Corporation, 59 South Bedford St. Ste 207, Budington, MA 01203 Tel:
7814256738
Copyright & 1553-2003 Chemicalogic Corporation. All rights reserved.

Download free eBooks at bookboon.com

257



APPLIED THERMODYNAMICS:
SOFTWARE SOLUTIONS: PART-III THERMODYNAMIC RELATIONS

We get: v2 = 0.678576 m3/kg
Then:

(v2 —vl) / (T2 —=T1) at 4 bar =

0678576 — 0.654392
320 - 300

- LA84x 107" m*3/kg. K

Now, to find the term in the RHS of Maxwell’s 4" eqn:
At T1 = 300 C, P1 = 4 bar: sl = 7.56769 kJ/kg.C

At T1 = 300 C, P2 = 4.1 bar: s2 = 7.55596 k]J/kg.C ... See below:
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Then:

Chemical ogic SteamTab Companion

About ]Satumted Superheated/Subcooled II:gngtan‘ts

THERMODYNAMIC RELATIONS

Input : Units: Close

| Temperature ~| [300 & Metric/Sl

- | —
Property Value | Uit | ~
Temperature job C

Pressure 41 bar

Steam quality Superheated %

Valume 063876 m¥kg

Density 1.5658583 ka/m?
Compressibility factor 0.550067 dimensionless
Erthalpy 3066.83 ki

Ertropy 7.58886  kl/kg.C)

Helmaoltz free enengy -1525.77 klfa

Imtemal energy 280453 kg

Gibbs free energy -1263.87 klikag

Heat capacity at constant volume 156565 klikg "C)

Heat capacity at constant pressure 2.05433 kd/fkg.C)

Speed of sound h83.247 m/s=

Coefficient of thermal expansion 0.00181347 1/°C w

Chemicalogic Corporation, 99 South Bedford 5t. Ste 207, Budington, MA 01803 Tel:

7814256738
Copyright © 15392003 ChemicalLogic Corporation. All ights reserved.

-(s2 —s1) / (P2 = P1) at 300 C =

1.333%6 — 7.36769 —3

=1173x 10 °  m*3kg K
410 — 400

Note that pressure should be entered in kPa since kJ = kPa.m”3, and temp differences are

the same in Kelvin or deg.C.

The difference in the values of LHS and RHS is:

] ]

—3 -2 —
1184 = 10 ~ = 1173 = 10 A0 = 0020 %

1184 % 10 °

This is within a difference of 1%:

Therefore, 4" Maxwell eqn is verified..... Ans.
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Prob.6.2.2 Use Clapeyron equation to find enthalpy of vaporization of R134a at 15 C and

compare it with the tabulated value.

Mathcad Solution:
We have, from Clapeyron eqn:

Using the Mathcad Functions written earlier for R134a (see Prob.4.2.1), we have:

Vgg = VEGSATT(13)

m"3’kg...at 156 C

e Vig = 0.041

And:
CAap _ Psatat20C ~ Fsatat1oc
\AT) 4 15¢ 20 - 10

(PSAT(20) — PSAT(10))-100

ie. LHS = 1o
ie. LHS = 15723 kPa/k
Therefore:

T=273+15 K

h'f'g = I-vf-g-I_ES

.... calculated from Clapeyron eqn.... Ans.

(=3 hg, = 186.487
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Compare with result from Tables:

From Tables: we get the h;; as: HFGSATT(15) = 135.697 kJ/kg

Therefore, difference =

186487 — 185.697
136487

100 = 0.424 % .... this is quite small.... verified.

Prob.6.2.3 Given that boiling point of Benzene at 1 atm is 353 K, estimate its vapor

pressure at 290 K.

Mathcad Solution:

We use Clausius Clapeyron eqn along with Trouton’s rule:

Data:

R, = 83143 kJikg mol. K I =333 K T=200 K
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We have:
P= 101.325-&3‘p|:ﬂ-?f1 - EW‘I:|
Y T
ie. P= 10166 kPa....Ans....\Vapor pressure of Benzene at 230 K

Prob.6.2.4 Vapor pressure of Mercury at 399 Kand 401 K is found to be 0.988 mm and 1.084 mm
of Hg respectively. Calculate the latent heat of vaporization of liquid Hg at 400 K. [4]

Mathcad Solution:

Data:

Pl =023 mm of Hyg T1=300 K P2 =108 mm of Hyg T2 =401 K

i.e. P=103 mmhg ... average pressure

T =400 K ... avg. temp.

Calculations:

_P2-P1

dPdT =
T2-T1

e, dPdT = 0.048  mm Hg/ K

Then, using Clausius Clapeyron egn:

E'u' T
= — . dPdT
by P
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Prob.6.2.5 In the vicinity of the triple point, vapor pressure of liquid ammonia (in atm.) is
represented by: In(P) = 15.16 — 3063/T. This is the eqn of the liquid-vapor boundary curve in
the P-T diagram. Similarly, the vapor pressure of solid ammonia is: In(P) = 18.70 — 3754/T.

1) what is the temp and pressure at the triple point?
2) what are the latent heats of sublimation and vaporization?

3) what is the latent heat of fusion at the triple point? [4]

Mathcad Solution:

Data:

R, =8314  klkgmol K
1::'\.—.5-3 =17 ~Maol wt. of NH3
Note that at the triple point, the sat. vapor line and the sublimation lines meet.

So, we solve the two equations for these lines simultaneously, using the ‘Solve block’ of
Mathcad:

Start with the guess values for T and P:

T=100 K P=100 atm _quess values
Given
1063
n(P) = 15.16 - ——
3754
In(P) = 18.7 - =
195198
Find(T.P)= |
i 0588 )

ie. T = 19518 HK...triple point temp.. Ans.

P = 0388 atm...triple point pressure....Ans.
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To find the latent heats:

We have, from Clausius - Clapeyron eqn:

h'fg= _— —.eqn. (A)

In the above, for the prsent case, find dP/dT from the eqn for vapor pressure:
For liquid NH3:

In(P) = 13.16 — 3063 ...eqn. for vapor pressure
T

Differentiating w.rt. T, we get:

1 30463
P
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Substituting this in egn. [A):

R
© 3063

z =
= Myms

ie hg, = 1498 x 1[||3 kJ/kg....latent heat of vaporization ....

Similarly, for solid NH3:

1 &P _ 3754
P dT -
) df  3734-P
l.e. — =
dT

Substituting this in eqn. (A):

E.u TE

3734

g~
= Mym

ie. hg, = 1.836 1|:||3 kJ/kg....latent heat of sublimation ....

And, latent heat of fusion:

Ans.

Ans.

THERMODYNAMIC RELATIONS

Latent heat of fusion = latent heat of sublimation - latent heat of vaporization

Therefore:

lusion = 1836 — 1488 kJikg

8. lgon = 338 kJ/kg....latent heat of fusion .... Ans.
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Prob.6.2.6. Pressure on a block of copper of 1 kg is increased from 20 bar to 800 bar at

a constant temp of 20 C. Determine the following;:

(i) work done on the copper block, (ii)change in entropy, (iii) heat transfer, (iv) change in

internal energy, and (v) (cp — cv) for this change of state
Given: f =5 * 10”° 1/K, K. =86" 10" m?*/N and v = 0.114 m’/kg

Mathcad Solution:

Data:
B = E-IEI_j 1K ... volume expansivity

wr=8610 = m'2/N _isothermal compressibility

Laa

wo= 0114-10° m*3kg ... sp. volume

pl=2010" Pa p2=380010° Pa T=20+273 K

Calculations:

(i) Work done in isothermal compression:

|"-‘

W= pdv

Mow, by definition, « is:

'\.
1

K= —- 5—1.'
T v :”,_:]: |
ie. dv= —k‘l—-[v- dpjj
Therefare: W=-| pxpvdP=-—vxr| pdp
=K A ]
ie. W= T p - plfl  Jikg
ie. W=-3135 Jikg....isothermal work done ....Ans.
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Note: Work is done on the copper block.._so, negative.

(ii) Change in entropy:

From Maxwell's relation:

=—- =

= -

d

Therefore: dsp=—v-p-dp;

Integrating the above, assuming v and (B to be constants, we get:

As = —v-B-(p2 - pl)

e, As=-0443 Jikg.K .... change in entropy ... Ans.
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(iii) Heat transfer, Q:

3 =T-As

ie.  Q=-13026%8  J/kg ... heat transfer .... Ans.

Note: negative sign indicates that heat flows owt of the copper block during isothermal
COmpression.

(iv) Change in internal energy, dU:
dU=0Q-W

i.e. dU=-127.132 J/kg ...change in internal energy.... Ans.

(iv) Find (cp-cv):

We have:

=071  JikgK..... Ans.

6.3 PROBLEMS SOLVED WITH EES:

“Prob.6.3.1 Refrigerant NH3 at 15 bar and 20 C is expanded in an expansion valve.. Find
out the temp drop and the J-T coeff. for a final pressure of 2 bar.

(b) Then plot these quantities as the final pressure varies from 2 bar to 8 bar, other conditions

remaining the same.”

EES Solution:

Fluid$ = ‘Ammonia’

P1 = 1500“kPa”

P2 = 200 “kPa”

T1 = 20“C”

DELTAP = P1 — P2“kPa”

h1l = Enthalpy(Fluid$,T=T1,P=P1)“k]/kg”
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T2 = Temperature(Fluid$,P=P2,h=h1) “C”
DELTAT =T1 -T2
mu_JT = DELTAT/DELTAP

Results:

Unit Settings: 51 C kPa kJ mass deqg

AP =1300 [kPa] AT =38.85 [C] Fluicl$ = 'Ammaonia!

h1=2941 [klfkg] wT = 0.02988 [CikPa] P1 =1500 [kPa]

P2 =200 [kPa] T1 =20.000 [C] T2 =-18.850 [C]
Thus:

Temp. drop = AT = 38.85 C ... Ans.

J-T coeff. = 0.02988 C/kPa.... Ans.

(b) Plot these quantities as the final pressure varies from 2 bar to 8 bar, other conditions

remaining the same:

First, compute the Parametric Table:

- *]: ! ]+ [

b P2 AT AP M

1T [kPa] [C] [kPa] [C/kPal]
Run 1 200 38.85 1300 0.02988
Run 2 300 29 23 1200 0.02436
Run 3 400 21.89 1100 0.0199
Run 4 500 15.87 1000 0.01587
Run & 600 10.73 900 0.01192
Run 6 700 6.209 500 0.007761
Run 7 500 2 163 700 0.003089
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Now, plot the results:

; Temp drop vs final pressure (P2) for Ammonia
39| P1=1500 kPa, T1 =20 C

oL .
200 300 400

500 600 700 800
P2 [kPa]
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003 —
[ J-T coeff. vs final pressure (P2) for Ammonia

P1="1500KPa T1=20C

0.025 |

0.02]

C/KPa]

0.015|

wr [
o
<

0.005 |

200 300 400

500 6500 700 800
P2 [kPa]

“Prob.6.3.2 Refrigerant R134a at 13 bar and 20 C is expanded in an expansion valve. Find
out the temp drop and the J-T coeff. for a final pressure of 1 bar. Then plot these quantities

as the final pressure varies from 1 bar to 5 bar, other conditions remaining the same.”

EES Solution:

The EES program is similar to the previous one written for NH3.

Fluid$ = ‘R134a

P1 = 1300“kPa”
P2 = 100 “kPa”
T1 = 20“C>

DELTAP = P1 — P2“kPa”
h1 = Enthalpy(Fluid$, T=T1,P=P1)“k]/kg”

T2 = Temperature(Fluid$,P=P2,h=h1) “C”

DELTAT =T1 -T2
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mu_]JT = DELTAT/DELTAP

Results:

Unit Settings: 51 C kPa kJ mass deqg

AP =1200 [kPa] AT = 46.37 [C] Fluid$ = 'R 34
h1 = 7941 [kJ/kg] LT = 0.03865 [C/kPal P1 =1300 [kPa]
P2 =100 [KPa] T1 =20 [C] T2 =-2637 [C]
Thus:

Temp drop = AT = 46.37 C ... Ans.

J-T coeff. = 0.03865 C/kPa ... Ans.

(b) Plot these quantities as the final pressure varies from 1 bar to 5 bar, other

conditions remaining the same:

First, compute the Parametric Table:

¥ ] ] ad
P2 AT AP T
11 [kPal [C] [kPal [C/kPa]
Run 1 100 46.37 1200 0.03865
Run 2 140 38.77 1160 0.03343
Run 3 180 32.73 1120 0.02922
Run 4 220 27 66 1080 0.02561
Run & 260 23.25 1040 0.02236
Run 6 300 19.35 1000 0.01935
Run 7 340 15.§2 960 0.01648
Run & 380 12.6 920 0.0137
Run 9 420 9.633 880 0.01095
Run 10 460 6.871 840 0.00818
Run 11 500 4.286 800 0.005357

Download free eBooks at bookboon.com



Now, plot the results:

' Temp drop vs final pressure (P2) for R134a

P1=1300kPa, T1=20C

40|

AT [C]

20 |

10|

100 150 200 250 300 380 400 450 500
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0.04
J-T coeffvs final pressure (P2) for R134a

0.035 P1=1200 kPa, T1 =20 C

0.03

=
= =]
= o
M3 (3]

wr [ClkPa]

0.015

0.0

0.005 S
100 150 200 250 300 350 400 450 500

P2 [kPa]

“Prob.6.3.3 It is found that a certain liquid boils at a temp of 95 C at the top of a hill,
and it boils at a temp of 105 C at the bottom of hill. The latent heat is 4187 kJ/kg.mol.
What is the approximate height of the hill? [4]”

EES Solution:

“Data:”

T1 = 105+273“k ... at the bottom of hill”

T2 = 95+273%k.... at the top of hill”

h_fg = 4187 “kJ/kg.mol”

R_u = 8.314 “kJ/kg.mol”
R_air = 287 “J/kg.K”

T_amb = 300 “k ... assumed”

“Applying the Clausius Clapeyron equation:”

In(P2byP1) = (h_fg/R_u)* (1/T1 — 1/T12)
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“Now: we need another relation linking the pressure to the height of the hill.
So, consider a small volume element of the atmosphere and make a force balance:

In the following analysis, an isothermal atmosphere is assumed. i.e. p.v = p
R  .Tamb”

amb °vamb =

P+dp

T
1

By making a force balance:
Afp+dp)+meg=FA
e Adp+dp)+ Adhpez=pA

. —z-dh-
e dp=—p-g-dh=¥

Pamb Vamb

Integrating:
rpd s
J & __| _gd

] P Pamb Vamb
E

. " p2" —z —z
ie. mwlB)= g-h g-h

VPLY PambVamb  Rair Tamb

“Add the following to the code:”

In(P2byP1) = -9.81 * h / (R_air * T_amb)
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Results:

Unit Settings: 51 C kPa kJ mass deqg

h=317.8 [m] hig = 4187 [kfkg-mole-K] P2hyP1 = 0.9544
Ry = 287 [JfkgK] R, =8.314 [kJ/kg-mole-k] T1 =378 [K]
T2 =368 [K] Top= 300 [K]

Thus:

Approx. height of the hill = h = 317.8 m ... Ans.

“Prob.6.3.4 A pressure cooker works at 2 bar. Given that water boils at 100 C at a pressure
of 1 bar, and the latent heat of vaporization of water is 2257 kJ/kg, estimate the boiling

point of water in the pressure cooker.”
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EES Solution:

“Data:”
P1 = 1 “bar”
P2 = 2 “bar”

T1 =100 + 273 “K”

h_fg = 2257 “kJ/kg”

M_H20 = 18 “....mol. wt. of water”
R_H20 = 8.314/M_H20

“Calculations:”

“From Clausius — Clapeyron equation:”
In(P2/P1) = (h_fg/R_H20) * (1/T1 — 1/T2)

Results:

Unit Settings: 51 C kPa kJ mass deq

hig = 2257 [kkg] Myog = 18 Pl =1 [kPa]
P2 =2 [kPa] Ryzg = 0.4619 [klfkgK] T1 =373 [K]
T2 -3938 [K]

Thus:

Boiling temp of water at 2 bar = T2 = 393.8 K = 120.8 C.... Ans.

“Prob.6.3.5 For mercury, following relation exists between sat. pressure and sat. temp:
log(p) = 7.0323 — 3276.6/T — 0.652 log(T)

Calculate the sp. volume v at 0.1 bar. Given: latent heat of vaporization at 0.1 bar =

294.54 kJ/kg,
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Neglect the sp. volume of sat. liquid. [5]

EES Solution:

“Data:”

h_fg = 294.54 “kJ/kg”

p = 0.1 “bar”

“We have: from Clausius — Clapeyron eqn:

dp/dT = h_fg /(v_fg . T) = h_fg / (v_g — v_f). T)
Neglecting v_f: dp/dT = h_fg / (v_g . T)”

“Differentiating the vap. pressure eqn:

(1/(2.302 * p))* dp/dT = 3276.6/T*2 — 0.652/(2.302 * T)”
“Therefore:”

dpdT = 2.302 * 3276.6 * p*100 / TA2 — 0.652 * p*100/T “..pressure converted to kPa
since h_fg is in kJ/kg”

dpdT =h_fg/ (v_g*T)

log10(p) = 7.0323 — 3276.6/T — 0.652* log10(T)

Results:
Unit Settings: 51 C kPa kJ mass deq
dpdT =0.26258 [kPa/k] hig =294.5 [klfkg] p=0.1 [har]
T =5235 [K] W = 2.141 [m3fkg]

Thus:

Sat. temp =T = 523.5 K ... Ans.

Sp. vol. of sat. mercury vapor = v_g = 2.141 m*3/kg ... Ans.
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6.4 PROBLEMS SOLVED WITH TEST [REF: 8]:
Prob.6.4.1 Verify the validity of 4® Maxwell eqn for steam at 300 C and 300 kPa.

TEST Solution:

4* Maxwell eqn is:

cv cs

or), \eP);

First, fix the State 1 with p1 = 300 kpa and T1 = 300 C.

Then, to calculate the RHS of above Maxwell eqn, keeping T1 same, give a perturbation
of 1% of pl on its either side, (i.e. p2 = pl — 0.01 * p1, and p3 = pl + 0.01 * pl) and
compute those States as State 2 and State 3. Then, RHS is calculated as RHS = — (s3 — s2)
I (p3 — p2).
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Similarly, to calculate the LHS of above Maxwell eqn, keeping p1 same, give a perturbation

of 1% of T1 on its either side, (i.e. T4 =T

1 +0.01 *T1, and T5 =T1 - 0.01 *T1) and

compute those States as State 4 and State 5. Then, LHS is calculated as LHS = (v4 — v5)

/ (T4 —T5).

Then, calculate their difference as a percentage of LHS.

Following are the steps:

1. From the daemon tree, choose ‘System States’:

TESTcales

[
Basic Tools
|
1
[;:. Quad Closed
i k‘l Blu
DeskCal Converter

Unsteady Closed Processes

Specific Generic

System Analysis

I—k—l

Open

|
Open-Steady Systems

L

Generic Specific

Open Processes

tUniform Systems } {Non-ijniform Non-Mixing } {

| A
Non-Uniform Semi-Mixing ‘ Non-Uniform Mixlng‘

{Combustion and Chemical Equilibrium ‘

Reciprocating Cycles ‘ [ ; |

Psychrometry

LS

Hovering the mouse pointer on ‘System States’ brings up the following explanatory window:

Node Specific Help

System State h¥
A system state is an extended set of properties that describe the equilibrium condition of a working sl |

o . -
substance inside a fixed control volume. Select a material model to launch a system state TESTcalc. ‘p ?\. i T
To calculate a state, select a working substance, enter the known properties, and click Calculate. 1 gr::m1 .‘i I :
Display the state on a thermodynamic plot for better insight. \\_U i
System states are the building block of most closed system daemons.
Chapters 1, 3, 11, and 14 deal with properties of working substances in equilibrium. /_//

000
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2. Clicking on ‘System States’ takes us to the material model selection:

Launch the system-state TESTcalc by selecting a model that best suits the working substance.

System-State TESTealcs
|

Gas Models {ﬁ(_
‘ PC Model

[
Pure Gas Models

|
Gas Mixture Models

T
¢, =const.
.

i

(EV':'R;F

16 Model

(E‘:J:
RG

Navigation Sl

Binary Mixture General Mixture

5 oa®
==
7

Model

Map

e pv=Rtf

e
¢, =ronst.
A .
PG+PG Model, I

. .* I A=B+C
ok ! s guid C=D-E
RG Mode n-PG Model n-1G Model n-1GE Model

G+1G Maodel

3. Click on PC Model, since we are dealing with H2O. Observe that H2O is selected by
default. Enter for State 1, p1 = 300 kPa, T1 = 300 C, and hit Enter We get:

Maove mouse over a variable to display its value with more precision
* Mixed  SI ¢ English

State Panel

ﬂ v Help Messages On

Super-lterate Super-Calculate m Super-nitialize

'O Panel

Initialize

pait

4. For State 2: Enter p2 = pl — 0.01*p1, T2 = T1, hit Enter. We get:

Move mouse over 3 variable to display its value with more precision
# Mixed ¢ S| ( English

State Panel

ﬂ ¥ Help Messages On

Super-Calculate

Super-lterate Super-nitialize
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| n
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5. For State 3: Enter p3 = pl + 0.01 * p1, T3 = T1, hit Enter. We get:

Move mouse over avariable to display its value with more precision.

* Mixed ¢ SI ¢ English ﬂ ¥ Help Messages On Super—lteratel Super-Calculate M Super-Initialize

State Panel 10 Panel

©5tate-3 v Calculate Mo-Plots v

Therefore:
_(As/Ap) at T = 300 C = — (s3-s2)/(p3-p2) = 0.0015710989634195964
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Now, to calculate the LHS, i.e. at const. p1:

6. For State 4: Enter p4 = pl, T4 =T1 + 0.01 * T1, hit Enter. We get:

Move mouse over avariable to display its value with more precision.

* Mixed ¢ Sl ¢ English < > ¥ Help Messages On Super-lterate | Super-Calculate m Super-Initialize

State Panel 110 Panel

I Calculate I Initialize Superheated Vapor
J yé J v
| o T s v
J h4 J s4 Ll Vel4 il z4
e - I
| e phid psid | ma

kdikg 4| kdikg | g v

7. For State 5: Enter p5 = p1, T5 =T1 — 0.01 * T1, hit Enter. We get:

Move mouse over avariable to display its value with more precision.

“ Mixed ¢ SI ¢ English < ﬂ ¥ Help Messages On Super—lteratel Super-Calculate Super-nitialize

State Panel 110 Panel

H ©State5 v I Calculate No-Plots + I Initialize Superheated Vapor

Therefore:
(Av/AT) at p = 300 kPa =(v4-v5)/(T4-T5) = 0.0015704333782196045

See how they match:
Difference = (LHS — RHS)* 100/LHS =

(0.0015704333782196045-0.0015710989634195964)*100/0.0015704333782196045=
-0.04238%

Thus, the LHS and RHS match very well.
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And, the 4" Maxwell eqn is verified.... Ans.
8. I/0O panel gives the TEST code etc:
R TEST-code:

H Daemon (TESTcalc) Path: States>System>PC-Model; v-10.cd03

# Start of TEST-code
States {
State-1: H20O;
Given: { pl= 300.0 kPa; T1= 300.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; }
State-2: H20O;
Given: { p2= “p1-0.01*p1” kPa; T2= “T'1” deg-C; Vel2= 0.0 m/s; z2= 0.0 m; }
State-3: H20O;
Given: { p3= “p1+0.01*p1” kPa; T3= “T1” deg-C; Vel3= 0.0 m/s; z3= 0.0 m; }
State-4: H20O;
Given: { p4d= “p1” kPa; T4= “T1+0.01*T1” deg-C; Vel4= 0.0 m/s; z4= 0.0 m; }
State-5: H20O;

Given: { p5= “p1” kPa; T5= “T1-0.01*T1” deg-C; Vel5= 0.0 m/s; z5= 0.0 m; }

# End of TEST-code
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#r>DETAILED OUTPUT:
# Evaluated States:

# State-1: H20 > Superheated Vapor;

# Given: pl= 300.0 kPa; T1= 300.0 deg-C; Vell= 0.0 m/s;

# z1= 0.0 m;

# Calculated: v1= 0.8753 m”3/kg; ul= 2806.6775 kJ/kg; h1= 3069.2598 kJ/
kg;

# s1=7.7022 kJ/kg.K; el= 2806.6775 kJ/kg; j1= 3069.2598 kJ/kg;

# MMI1= 18.015 kg/kmol;

# State-2: H2O > Superheated Vapor;
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Given: p2= “p1-0.01*p1” kPa; T2= “T'1” deg-C; Vel2= 0.0 m/s;
z2= 0.0 m;

Calculated: v2= 0.8842 m”3/kg; u2= 2806.7334 kJ/kg; h2= 3069.335 kJ/

s2= 7.7069 kJ/kg.K; e2= 2806.7334 kJ/kg; j2= 3069.335 kJ/kg;

MM2= 18.015 kg/kmol;

State-3: H2O > Superheated Vapor;
Given: p3= “p1+0.01*p1” kPa; T3= “T1” deg-C; Vel3= 0.0 m/s;
z3= 0.0 m;
Calculated: v3= 0.8665 m”3/kg; u3= 2806.6213 kJ/kg; h3= 3069.1836 kJ/ke;
s3= 7.6975 kJ/kg.K; e3= 2806.6213 kJ/kg; j3= 3069.1836 kJ/kg;
MM3= 18.015 kg/kmol;
State-4: H20 > Superheated Vapor;
Given: pd= “p1” kPa; T4= “T1+0.01*T1” deg-C; Vel4= 0.0 m/s;
z4= 0.0 m;
Calculated: v4= 0.88 m”"3/kg; ud= 2811.4421 kJ/kg; h4= 3075.4304 kJ/kg;
s4=7.7121 kJ/kg.K; e4= 2811.4421 kJ/kg; j4= 3075.4304 kJ/kg;
MM4= 18.015 kg/kmol;

State-5: H20 > Superheated Vapor;
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# Given: p5= “p1” kPa; T5= “T'1-0.01*T1” deg-C; Vel5= 0.0 m/s;

# z5= 0.0 m;

# Calculated: v5= 0.8705 m”"3/kg; ud= 2801.9968 kJ/kg; h5= 3063.1584 k]/kg;
# s5= 7.691 kJ/kg.K; e5= 2801.9968 kJ/kg; j5= 3063.1584 kJ/kg;

# MM5= 18.015 kg/kmol;

T Property spreadsheet starts:

# State p(kPa) T(K) X v(m3/kg) u(kJ/kg) hk]/kg)s (k]J/kg.K)
# 01 300.0 573.2 0.8753 2806.68 3069.26 7.702

# 02 297.0 573.2 0.8842 2806.73 3069.33 7.707

# 03 303.0 573.2 0.8665  2806.62 3069.18 7.697

# 04 300.0 576.2 0.88 2811.44 3075.43 7.712

# 05 300.0 570.2 0.8705 2802.0 3063.16 7.691

Prob.6.4.2 Sat. Refrigerant R22 vapor at 28 C is expanded in an expansion valve. Find out
the temp drop and the J-T coeff. for a final pressure of 3 bar. Then plot these quantities as

the final pressure varies from 1 bar to 5 bar, other conditions remaining the same.
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TEST Solution:
Following are the steps:

1. From the daemon tree, choose ‘Flow States’:

TESTcales
|
I [ |
Basic Tools System Analysis States
N |
| I _ [ — .
Closed Open System States | | Flow States |
[ .
Unsteady Clostlad Processes [ Open Steady Systems Open Processes
| | Steady Cycles
Specific Generic Generlc Speuflc

lUn'lfUrm Systemsl lNon-Uniform Non-Mix]ngl l Non-Uniform Semi-Mixing l Non-Uniform M'IX'Ingl

[ Reciprocating Cycles I [ é |

Psychrometry |

[Combustion and Chemical Equilibrium l
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Hovering the mouse pointer on ‘Flow States’ brings up the following explanatory window:

Mode Specific Help

Flow State

A flow state is an extended set of properties that describe the equilibrium condition of a
uniform flow at a given cross section of a pipe. Select a material model to launch a flow state
TESTcalc. To calculate a state, select 3 working substance, enter the known properties, and
click Calculate. Display the state on a thermodynamic plot for better insight.

Flow states are the building block of most open system daemons.

Chapters 1, 3, 11, and 14 deal with properties of working substances in equilibrium.
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Launch the system-state TESTcalc by selecting a model that best suits the working substance.

System-State TESTcalcs
|
Gas Models [ﬂ_
‘ PC Model
\ ]
Pure Gals Meodels Gas Mixture Models
[ I | |
iy % couet P =RT | |
Navigation S i Binary Mixture General Mixture
9 PG Model IG Model RG Model
Map ‘
[ ] [ I |
R ., 80 ety w2l reat ‘g at A=B-C
S cotet il :_R;E By ,7-; ?:Eons;t. eviRE" C=D+E
PG+PG Model 1G+IG Model \G+RG Mode] n-PG Model n-IG Model n-IGE Madel

3. Click on PC Model, since we are dealing with R22. Choose R22 as shown below.
Enter for State 1, T1 = 28 C, x1 = 1 for sat. vapor, and hit Enter We get:

Move mouse over a variable to display its value with more precision
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4. For State 2: Enter p2 = 300 kPa, h2 = h1 since expansion in a J-T valve is isenthalpic,
and hit Enter. We get:

Move mouse over a variable to display its value with more precision.

* Mixed  SI  English ﬂ ¥ Help Messages On Superf\teratel Super-Calculate m Super-nitialize
State Panel | Ii0 Panel
©5tate-2 v I Calculate No-Plots | Initialize Superheated Vapor

| » = | e e _ I
_—_I_II fscton v || M_m

kg v kg > kgls v

5. For State 3: State 3 is chosen to get dummy variables, wherein we can
insert the calculated values of temp. drop = AT = T1 — T2, and the J-T coeff.
Wy = (T1 =T2) / (pl — p2). We can choose any variable as the dummy variable.
Note that here we have chosen to put At under mdot3 and therein we enter (T'1 —
T2), and under Voldot3, we enter Wy as: (T1 -T2) / (pl — p2).

We get for AT =T1 - T2:

mdot3 =T1-T2 = 21.297674 kagls [Mass flow rate]

j ¥ Help Messages On

State Panel

& Mixed ¢ SI ¢ English

Super-terate | Super-Calculate m Super-nitialize

10 Panel

J v3
e R
J 53 Ll Vel3 _l
urg ] I—I____

phi3 e 7| mdots
g v g | re | EEENN s~
| Veldets

FEe o Do o

Hovering the mouse pointer over mdot3, we see on the top of window, the result as:

T1 -T2 = 21.297674 C.
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Similarly, see below the result for w,;, under Voldot3:

Voldot3 =(T1-T2)/(p1-p2) = 0.025646692 m*3/s [Volume Flow Rate]

& Mixed ¢ SI ¢ English < j ¥ Help Messages On Super-lterate Super-Calculate m Super-nitialize

State Panel /0 Panel

I Calculate I Initialize Unknown Phase
_I p3 J 3 J x3 J ¥3 J v3
| ks ]| g v frction v | recton v | (00O [r2ns ]
| s | ms | ss | ves 7| =
| kg ] lkimg  v]] nex v~ v/ -
_|&s W phi3 e | mdots
| o | R FENEl -
7| Voldot3 | a3

M3
Eoo = CESl =TGRl T

Hovering the mouse pointer over Voldot3, we see on the top of window, the result as:

iy, = (T1-T2) / (p1 - p2) = 0.025646692 C/kPa.
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6. Click on SuperCalculate, and the I/O panel gives the TEST code etc:
Homm e OUTPUT OF SUPER-CALCULATE
# Daemon (TESTcalc) Path: States>Flow>PC-Model; v-10.cd03

# Start of TEST-code

States {
State-1: R-22;
Given: { T1= 28.0 deg-C; x1= 1.0 fraction; Vell= 0.0 m/s; z1= 0.0 m; }
State-2: R-22;
Given: { p2= 300.0 kPa; h2= “h1” kJ/kg; Vel2= 0.0 m/s; z2= 0.0 m; }
State-3: R-22;

Given: { Vel3= 0.0 m/s; z3= 0.0 m; mdot3= “T1-T2” kg/s; Voldot3= “(T1-T2)/
(pl-p2)” m~3/s; }

# End of TEST-code

#re*DETAILED OUTPUT:

# FEvaluated States:

# State-1: R-22 > Saturated Mixture;

# Given: T1= 28.0 deg-C; x1= 1.0 fraction; Vell= 0.0 m/s;
# z1= 0.0 m;
# Calculated: pl= 1130.4258 kPa; y1= 1.0 fraction; vl= 0.0208 m”"3/kg;
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# ul=235.0604 kJ/kg; h1= 258.624 kJ/kg; s1= 0.8896 kJ/kg.K;
# el= 235.0604 kj/kg; j1= 258.624 k]/kg; MM1= 86.476 kg/kmol;

# State-2: R-22 > Superheated Vapor;

# Given: p2= 300.0 kPa; h2= “h1” k]/kg; Vel2= 0.0 m/s;

# 2= 0.0 m;

# Calculated: T2= 6.7023 deg-C; v2= 0.0846 m"3/kg; u2= 233.2422 kJ/kg;
# s2= 1.0031 kJ/kg.K; e2= 233.2422 k]/kg; j2= 258.624 k]/kg;

# MM2= 86.476 kg/kmol;

# State-3: R-22 > Unknown Phase;

# Given: Vel3= 0.0 m/s; z3= 0.0 m; mdot3= “T1-T2” kg/s;

# Voldot3= “(T1-T2)/(p1-p2)” m"3/s;

# Calculated: v3= 0.0012 m”3/kg; A3= 2564.6692 m"2; MM3= 86.476 kg/
kmol;

S Property spreadsheet starts:

# State p(kPa) T(K) b'e v(m3/kg) u(k]J/kg) h(k]J/kg) s(k]/kg.K)
# 01 1130.43 301.2 1.0 0.0208 235.06 258.62 0.89

# 02 300.0 279.9 0.0846 233.24 258.62 1.003

# 03
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(b) Plot AT and Myp as the final pressure varies from 1 bar to 5 bar, other conditions

remaining the same:

The procedure is quite simple:

1. Go to State 2 and change the pressure p2 to desired value, hit Enter

2. Click on SuperCalculate to update all calculations in other States too

3. Go to State 3 and note the values of AT and Wy and tabulate

4. Now, go to State 2, change the value of P2, hit Enter, and repeat steps 2 and 3

5. Prepare a Table as shown below:
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P2 (kPa) AT (deg.C) H,; (C/kPa)
100 26.95 0.0262
150 25.52 0.026
200 24.10 0.0259
250 22.7 0.0258
300 21.3 0.0257
350 19.91 0.0255
400 18.56 0.0254
450 17.2 0.0253
500 15.88 0.0252

Now, plot the results in EXCEL:

Temp drop vs exit pressure for J-T
expansionfor R22
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J-T coeff. vs exit pressure, P2 for R22

0.0264 -
0.0262
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