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Abstract

| Teostage ammonia Systems, one with a flash intercooler only while the other with a precooler and
1 fash intercooler, are analysed with the objective function as COP. Correlations of main design
aramelers, inter-stage pressure and refrigerating efficiency, have been developed and presented for
pimum performance, The effect of precooling on system performance is described.

Iywords: Two-stage ammonia systems, refrigerating system, precooling.

L Introduction

The Perfﬂ}'mance of a multi-stage refrigeration system is affected by a suitable selection
ﬂfawﬂrk{ng fluid, inter-stage pressure, degree of subcooling of HP concensate and
“pericating of LP vapour inside the evaporator.

mﬁﬂt!momg is one of‘ ’fhe refrigerants fvhich are usually preferred in a multi-stage system
Miq their availability at comparatively cheaper rates and production of maximum
mm;:::]t of Perf:ormance. To reduce power consumption of sucl:: a systen}, .the
oy Tespz::?im‘e Is that COP should bq treated as an objective function and optimized
oo ; blnter-stage pressure. Simultaneously, degre'.? of subf:f:'mlmg an.d super-
With ine: ¢ selected up to that level only where they yield additional refrigerating

4 both the ﬂﬁ'lgfmﬁcant power ?nhance:_ment for compression. _Fur{her improvement
inmrpomedpf:r ormance and piston displacement may be realized if the flash tank,
thegg, A11:1 a multl-stﬁge system, is made to act as an intercooler as well as 2
* A system having such an arrangement, as shown in fig. 1, would require

219
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4

Precooler
(Water inter-cooler )

1

Fic. 1. Two-stage system with flash and water inter-coolers.

a water-cooled intercooler, since it is desirable to reject heat directly from the system
whenever possible, but would follow it with a flash intercooler. The relatively warm
liquid at point 6 from the high side of the system and the gas from the watex intercooler
at point 2” are cooled by the evaporation of a part of liquid in the flash intercooler unti
a condition of thermal equilibrium is established and the contents, liquid and vapour a
points 7 and 3, respectively, coming out of the flash intercooler are in a saturated statc.
When the saturated vapour is further compressed in the HP cylinder up to the
concenser pressure corresponding to point 4, lesser work is required. Observing this
advantageous effect, it would always be desirable to provide a water-cooled int?rfﬁﬂlﬂ
(hereinafter named as precooler) for cooling the LP-compressed vapour before it enters

the flash chamber, provided that the temperature of the LP vapour is considerably
higher than the ambient temperature. -

2. System analysis and optimization

: " res-
Referring to fig. 1, the temperature T, of ammonia vapour at the end of LP comp

sion, is evaluated from :

Tz = T3 -+ [(hg' — hf)/"],, + hl‘ i h3]/X3 al
if T, i:s greater than Ty ( = T, + 5°0), the enthalpy of the L P-compressed vapour
the exit of the precooler 1s calculated from : @

hyr = hy + X3 (T, — T3)
ut from the

()

wher? X3 is the specific heat at constant pressure (ps;) and is found. ©
functional relationship given in ref. [1] as :

X = 2°543 + 0-004643 (T — 283°15) + 0-05015 (T — 283°15)°
for 283-15< T 333:15K

(3a)
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y=2:14375 + 0-00396916 [(T — 228°15) + 0-0000600638 (T — 228" 15)°]

aﬂd: (3b)
2]3,15 ¢ T< 28315 K.
for : " ; iy s
cy?, n, is correlated within + 2°70,
The comprcSSOT sfficieney’s A . — 130 A as .
ne = 0-976695 — 0-0366432 r + 0:00133798 r* (4)

o 7 35 the compression ratio.
" .« correlated in terms of saturated temperature as :

_ 4-46558 + O 166907 t + 24°-3664 (1/100)?
+ 161561 (¢/100)® + 3-42760 (¢/100)* -
dere s = T - 213 3.
The MaSS fow of refrigerant through HP side per unit mass flow through LP side is
pained BY :

my = (her — Ia)[(hs — hy?)- (6)
Coefficient of performance (COP) and refrigeration efficiency (7g) are found from :
COP = (mr — hy)/(hy — hs) + mg (hy — hy) (7)
e = COP (T, — T])/Tl (8)

siace COP depends upon temperature limits (T, T;), inter-stage temperature (7))’

aees of subcooling and superheating (AT, and AT,), and desired degree of
wooling (AT,), it may mathematically be expressed as:

COP = F(T, ; Ty Ty ATy 0Ty AT,) 9)

To have maximum COP one would need to satisfy :

0F
(a‘r‘ =1 (10)

E;der the given values of the constraints Ty Ty, ATy AT, o1 AT, as the case may

Obm_i"e function ‘F’ has been optimized numerically satisfying eqn. (10) over
miensing temperature range of 283°15 to 333:15K and evaporating temperature
25:;;233'15 to 283- 15K, each with 5K interval. But, the overall temperature
B eog denettween T, and T,- has been kept =>35K. The degree of subcoohng.of
m § 1 ia”e(and superheating of LP vapour inside the evaporator has been varied
% of on ha“d 0 to 20K, respectively. The effect of precooling has been taken
%tur;\: en thtE LP ?a.pour is warm enough, i.e., T, > (T, + 5) K. _Intcr—st'agc
Mlining g 2(1 .refngeratu?n efﬁcicncies have been computed at the optimal points
Mhared only 1:?“? practical situations of interest. Tables I and I1 bave been
% relations feplct_ the effect of precooling on the design parameters (T, and_ )
I £y of optimum inter-stage pressure and optimum refrigeration efficiency
v Tv AT, AT, have been developed by a regression analysis,
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Table I
QOptimunt refrigeration efficiencies for two-stage ammonia Systems

/_—_—_‘
N\ T—

£,°C With precooler and With flash intercooler |

\ flash intercooler B only Per coy

firnC \ 20'0 40'0 60-0 20'0 40'0 m_o mcreau

—35'0 79-33 73:53 67-75 76-80 7035  63-98 —

—15:0 g6-13 8110  75-88 84-04 7814 T2-11 ?;g 10
5-0 86-40 81-80 84:01 7837

___h
Table II '
Optimum inter-stage pressures for two-stage ammonia systems

With precooler and flash With flash intercooler Per cent
intercooler only decrease
t,,°C \ 20-0 40:0 60-0 20-0 40-0 60-0
—35-0 3-02 4-27 5-85 3-0% 4-21 5-85
0-0
—15:0 4-61 q-41 864 4-80 G- 59 877 to
3%
5-0 9-17 12-19 9:52 12-63

___—-—-—"-—-—

s ——

3. Results and discussion
It is observed from Tebles I and II that due to precooling py, decreases over;o;#e;ezzﬁz
- 4}

of (T, — T;). However, reduction In p OVer large values of (Ta s
rather negligible. Lower p; would improve volumetric efficiency of LP comP

and its capacity.

Feasible operating ranges of the two-stage ammonia Systems vt ished
Iso establs”

precooler have been determined and displayed graphically?'. It was e
there that the power consumption at the optimum performance of the $¥°

a precooler turns out to be more over smaller (Tx — T%) values than the
values. Since COP is directly linked with pe and power consumption:
almost uniformly over all values of (T — Ty)- On the other hand
m, is not noticed to be that much pronounced over lower (T —
over large values of (T, — Ty). Size of HP compressor
becomes smaller without affecting cooling capacity of the system.



Es.rm,mON OF MAIN PARAMETERS FOR TWO-STAGE AMMONIA SYSTEMS 223

o it refrigeration efficiency with (T, — T)) is also seen similat to py,

rhe <h3 I, It increases in the ra.nge.2'5' to 6°0% in the presence of a pre.
(rableslﬂropcrating ranges considered. It implies that inclu.ion of a precooler in an
ové

it OV em would bring about (i) smaller p,, and (ii) better refrigeration
gmon3 :ﬂ 4 hence better COP. The extra cost of a precooler would be compensated
cﬁclfznt‘);:r «ze HP compressor.

tions which have been searched out for main design parameters of

Thﬁ wnela are giVCI‘l bﬁlOW.

'mlﬂﬂ nia systﬁms

| (System with a flash intercooler only)
(s

gptimut inter-stage pressure

t ratiﬂny
- 5 = [35:77023 — 3890097 (T,/100) + 1177831 (T3/100)?
W= B 387111 (Ty/100)%] [2°24883 — 2-28122 (T,/100)
1+ 0°59511 (T,/100)?] (11
i +2°96,
wthin 126 %
gheooling,
Do e = 1700 — 0°437433 (AT,/100) + 2-05689 (A T./100)2
= FP,
sibin £.353
~ 3657 * (12)
Ihperhcating,
D [P0 = 1:00 — 0°287878 (AT, /100) + 0-949318 (AT,/100)*
= FP, (13)

“thin +3-50%

Seooling and superheating

Piwes = Dio - FPe . FP, (14)
o 4353,
~ 596

[
‘IDI - . L)

Wum refrigerating efficiency
|hlu1'ali0n,

fao = [~ 302- 11 + 3-09750 T, — 0-824381 (T3/10)* + 7- 51613
(T,/100)] [2-37371 — 0-0378930 (T',/100)
iy ~ 0-254555 (T,/100)2 + 00410755 (T,/100%)] (15)

+1:47 , :
.__13] A- -t
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e in refrigeration _efﬁc:lency with (T — T) 1s also seen simila1 to p
e Ce 1. increases 10 the range 2°5 to 6°07; in the presence of a pr:
lﬁbles{a:operati g TADEES Fons;dered. _It implies that inclucion of a precooler in a.1;
wolff {-}vesystem WOUld bring about (l) smaller Pio» and (“) better Tefrigeration
M”“Ia 4 hence petter COP. The extra cost of a precooler would be compensated
‘ﬁﬂmjmr ize HP compressor- |

W ;
' e comlatlons

P
| (System vith a flash intercooler only)
(s

which have been searched out for main design parameters of
are given below.

i inter-stage pressuré

sﬂmratiom
i 2 [35:77023 — 3890097 (T,/100) + 11-77831 (T3/100)*
_ 0-387111 (T/100)°] [2-24883 — 228122 (T,/100) 4
1+ 0+ 59511 (7/100)%) - (11
. +2°96,
i 126 %
SHI}EOUliﬂg!
Puase [P0 = 1-00 — 0-437433 (AT,/100) + 205689 (A T,/100)?
= FP,
ribin +3°33
s . (12)
aprbeating,
Puu [P = 1:00 — 0-287878 (AT, /100) + 0-949318 (AT,/100)*
. — FP, (13)
“in 4 3:50%
Seooling and superheating
| pihll=P{o-FPg- FP. | (14)
Moo 4353,
~ 596 7

DHI . .
mim refrigerating efficiency
hmﬁon,

o = [~ 302-11 + 3-09750 T, — 0-824381 (T/10)* + 7- 51613
(T,/100)8] [2- 37371 — 0-0378930 (T»/100)
Wiy ~ 0-254555 (T,/100)® + 00410755 (T4/100%)] (15)
+1:47
-13] %
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Subcooling,
lrosclflro = 1'00 + 0-249787(AT./100) — 0°224193 (AT, /100y

= FE,

: (1
within + 151, )
— 139
Superheating,
Nro-s/Mao = 1'00 — 0°134049 (AT,/100) + 0-0553376 (AT, /100)2
= FE,
(17)
within + 164
— 131 7%
Subcooling + superheating,
Nroscs = Mro - EF. . EF;. (13)
within + 1-64 o,
— 154
Case IT (System with a precooler and flash intercooler)
Optimum inter-stage pressure
Saturation,
Dioro/P = 1°16085 — 0-095180 (T, T,/10000) + 0-0172437 ’
(T, T,/10000)? — 0-0009729501 (T, T;/10000)* (
within + 473, ;
0657
beooling,
Subcooling )
pli,cp/pin,a = FP,
within 4 473 %
- 3-037%
Superheating, )
pgﬂ,lp/p#,p = FP,
within + 473 o
— 2-807¢
Subcooling and superheating, )
Plﬁ,ulp s P;.,, . FP, " FP.
within + 533,

L e



wi[hiﬂ _173 o/ﬂ' (23)

(24)

fgo-selMRO'S = FE, (25)

fgo-csp = Mro:p * FE, * FE, (26)

ror the EPS system, the above equations may be used if the temperature (fz) In
threnheit is first converted into degree Kelvin by : 7 = tp/1'8 + 755-3722. How-

atr, the pressure thus calculated using temperature, T, would be multiplied by a factor
of 14-5085.

Tustration

Liwo-stage ammonia system incorporated with a precooler and a flash intercooler is
o operate between condensing and evaporator temperatures of 313 15K (40°C) and
1743"51{ (- 30° C), respectively. LP vapour gets superheated by 15 degree K before
teters the LP compressor and HP condensate is subcooled by 5K in the condenser.
Memine optimum inter-stage pressure and optimum refrigeration efficiency of the

em and compare them with the values obtained for the system which employs only
iash intercooler.

Uing eqns. (11) to (18), for T, = 313715 K, Ty = 243' 15K, AT, =5K and
Ui= 15K, we gel :

Pug = 4758 bar ; flpo,ca = 72°63%

Eﬂtawem with a precooler and a flash intercooler, eqns. (19) to (26) produce :
Pusy = 4784 bar ; flgo,cep = 7157547

b ' due to the presence of a precooler, the per cent increase in optimum refrige-

l,@/ﬁmmency and per cent increa;e in optimum inter-stage pressuie arc found to be
' 2d 0-63Y, respectively.
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4. Conclusions

1. The correlations developed .re quite simple and predict the

] Vail <
interest very near to the valucs as found by numerical lechnique ?gs 1l
performance of the system. T the optipy,

2. Inclusion of a precooler brings about per cent increase in 0

. : , tim T
efficiency in the range 2'5 to 6%, while the per cent decre:se il;nihf:fr;i?aung

inter-stage pressure comes out to be in the range 0°0 to 4%, over th
temperature limits considered. - | ¢ Operatipy

Nomenclature

COP = Coefficient of performance

h = Enthalpy, kJ/kg

p = Pressure, bar

ps = Inter-stage pressure, bar

Piw = Optimum inter-stage pressure for saturated case, bar

Pie = Optimum inter-stage pressure with subcooling, bar

D, = Optimum inter-stage pressure with superheating, bar

Dis = Optimum inter-stage pressure with subcooling and superheating, bar
Pw = Optimum inter-stage pressure with precooling, bar

Pweo = Optimum inter-stage pressure with subcooling and precooling, bar
P = Optimum inter-stage pressure with superheating and precooling, bar
P,y = Optimuminter-stage pressure with subcooling, superheating and precooliag,

bar.

2Ty = Condensing pressure (bar) and temperature (K), respectively
pi.T; = Evaporator pressure (bar) and temperature (K), respectively

r = Compression ratio (p,/p. or pi/pry)

! = Temperature, C

T = Tempearture, K

AT, = Degrees of subcooling, K

AT, Degrees of superheat, K
X Specific heat at constant pressure, kJ/kg-K

Ne = Compressor efficiency

N = Refrigerating efficiency

Nao = Opumum refrigerating efficiency

fleose = Optimum refrigerating efficiency with subcooling

pi. ; : _ _ _ . -
NMRoss Optimum refrigerating efficiency with superheating heating

Nkoses = Optimum refrigerating efficiency with subcooling and supe

Meore = Optimum refrigerating efficiency with precooling ling
flroce = Optimum refrigerating efficiency with subcooling and 13“"'00'::}&“g
Meossp = Optimum refrigerating efficiency with superheating and precoheati and.
Nmoscse = Optimum refrigerating efficiency with subcooling, supet

precooling.
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