ADbsorption system



Relation of the absorption to the vapor-compression cy
» Vapor-compression cycle operate with the compressor
condenser, expansion valve and evaporator.

» The vapor-compression system uses a compressor to
delivered the vapor  from low-pressure section
(evaporator) to high-pressure section (condenser).

» The absorption system replaced compressor by:
1. Absorb vapor in liquid while removing heat.
2. Elevate pressure of liquid with pump.

3. Release vapor by applying heat




Absorption cycle
1- Absorption cycle consist from four main part two in low pressure section (evaporato
and absorber) and two in high pressure section (generator and condenser).
2- Low-pressure vapor from the evaporator Is absorbed by the liquid solution in absori
3- The absorber is cooled by water or air to reject heat to the atmosphere.
4- The pump delivers the solution from the absorber to the generator.

5- In the generator, the vapor drives off High ressure vapor
from the solution by using a high- Solotion
temperature heat source and the liquid
solution returns to the absorber
through a throttling valve.
6- The vapor is condensed by cooling In
the condenser and throttling to the
evaporator by expansion valve.
/- Condensed liquid is evaporated In
the evaporator by adding heat

\/ Throttling Expansion
/ \ valve Low-pressure vapor

=
=]
-
=
o]
wl




Temperature-pressure-concentration properties

of LiBr-water solutions
1- Lithium bromide is a solid salt crystal.

2- It has a high ability to absorb the water vapor and become
a liquid solution.

3- The saturated solution temperature and pressure is a function
of the solution concentration.
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Water vapor Water vapor
p =138 kPa p="T7.38 kPa

Pure water LiBr-water solution
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Figure 17-5 Temperature-pressure-concentration diagram of saturated LiBr-water solutions, developed from data in Ref. 1.
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Calculation of mass flow rates Water vapor

In the absorption cycle
From a sketch p-x-t diagram. g <
Pcondenser™ pgenerator_ 7.38 kPa % f?

(from saturated temp. of condensor 40 °C) ——
pevaporator pabsorber_ 1.23 kPa @
(from saturated temp. of evaprator 10 °C) S

= 66.4 % (by Intersection the P 4 & T enerator)
X, = 90 % (by Intersection the P, & Toprmer)
w, +w,; =w, = 0.6 (mass flow balance)
W, . X; =W, . X, (LIBr balance)
0.6 X 0.5 =W, x 0.664 == W, =0.452 Kg/s

Leaving
absorber

—
[a]
Lad

Saturation temperature, °C
Vapor pressure, kPa

50 66.4

W3 — O 148 kg/S Concentration, % by mass



Enthalpy of LIBr solutions

1- The enthalpy of water in liquid or
vapor flows in and out of the
condenser and evaporator points
can be determined from a table of
water properties.

2- In the generator and absorber, LIBr
-water solutions the enthalpy Is a
function of both the temperature and
concentration by using figure 17-8
we can find the enthalpy data for

LiBr-water solutions.
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Thermal analysis of simple absorption system

Example 17-3 For the absorption system
of Example 17-2 shown In Fig. compute
Ug Ga » der Qe @nd the COP.

LiBr-water solution

» h,;=h at 30°C & x of 50% = -168 kJ/kg Promen o
» h,=h at 100°C & x of 66.4% = -52 kJ/kg 30°C lﬂ"c

» The enthalpies of water liquid and vapor
are found from Table A-1.:

N, = h of saturated vapor at 100°C = 2676.0 kJ/kg
n, = h of saturated liquid at 40°C = 167.5 kJ/kg
n: = h of saturated vapor at 10°C = 2520.0 kJ/kg




Qg = W3 hg + Woh;, - wih,
~ 0.148(2676) + 0.452(-52)- 0.6(-168)
= 476.6 kW
Ge = W3hs - Wyh,
=0.148(2676 - 167.5) = 371.2 KW
g, = Whs - w,h, = 0.148(2520-167.5)
= 348.2 kKW ——

Generator

Solution
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0, = W,h, + Wshg - wi h, ® ok
= 0.452(-52) + 0.148(2520) - 0.6(-168)
= 450.3 kW L0 ke
g, 3482
COPys = — = —— = 0.736

q, 4766




Absorption cycle with heat exchanger

» The solution at point 1 leaves the absorber at a temperature of 30°C and must be heated
to 100°C in the generator.

» Similarly the solution at point 2 leaves the generator at 100°C and must be cooled to
30°C in the absorber.

» One of the major operating costs of the
system is the heat added In the generator

Gg-

» Therefor by addition to the simple cycle
IS a heat exchanger as shown in Fig. 17-
9 to transfer heat between the two
streams of solutions.

Absorber
» This heat exchanger heats the solution 30°C 10°C

going to the generator and cools the
solution returning to the absorber.
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Absorption cycle with heat exchanger
The simple cycle shown In Fig. Is modified by the insertion of a heat
exchanger, such that. What are the rates of energy transfer at each of the
components and the COP,, . of cycle?

w,= W, = 0.6 kg/s

wy; =w , = 0.452 kg/s

W: = Wg = W, = 0.148 kg/s

Enthalpies that remain unchanged are:
N, = -168 kJ/kg, h: = 2676.0 kJ/kg

N, = -52 kJ/Kg, hg = 167.5 k/kg

N, = 2520.0 kJ/kg

The (g. & g,) remain unchanged

g. = 371.2 kW and g, = 348.2 KW
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h, = hat 52°C and x of 50% = -120 kJ/kg
The rate of heat absorbed by the solution in heat exchanger:
Onx = Wy (3 - hy)

= 0.6[-120 - (-168)] = 28.8 kW
Also: gy = W3 (h3—hy)
28.8 =0.452 (-52 - h,) — h,=-116 kJ/kg

= 444.5 kW
g, = wyh; + w,h, - wih,

-~/ Evaporator

- 0.148(2520) + 0.452(-116) - 0.6(-165) ” £

= 421.3 kW




The coefficient of performance of the system that incorporates the h

exchanger Is
qge. 3482

q, 4445
This COP iIs an improvement over the value of 0.736 applicable to the simple syste

COP,,, = =0.783

without a heat exchanger.
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Crystallization

» crystallization lines appear In the lower
right section on the two property charts for
LiBr-water solutions those lines indicates

a solidification of the LIBr.

» Dropping Into the crystallization region
lead to the formation of a slush, which can
block the flow In a pipe and cut on the

operation of the absorption unit.
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Example: In the system shown In Fig. 17-9, the ambient wet-bulb temperatur
decreases so that the temperature of cooling water drops, which also reduces t
condensing temperature to 34°C. All other temperatures specified on Fig. 17
remain unchanged. Is there a danger of crystallization?

Solution: The reduction in condensing temperature drops the high-side pressure
that the concentration of solution leaving the generator at point 3 Is 69%. The
mass rates of flow apply at points 3 and 5

> W3 . X3 =W, . X,

» w,; =0.6 x 0.50/0.69 = 0.435 kg/s
» W: =W, —wW; = 0.6 -—0.435=0.165 kg/s E-’ oxc
» h,=h at 30°C & x of 50% = -168 kJ/kg .

8 h,=h at 52°C & x 0f 50% = -120 ki/kg [E
~ h,=h at 100°C & x of 69% = -54 kJ/kg




An energy balance about the heat ¢ = 100°C
. (3) x=069
exchanger: w, = 0.435 kg/s

h,.w,+h,. w,=h;.w,+h;.w,
W, (hy - hg) =W, (hy —hy)

= hy +w, (hy —hy) F'w,

N, = -54 + 0.6 (-168 — (-120)) / 0.435
n, = -120 kJ/kg

From Fig. 17-8 the condition of solution at point 4, which is
h =-120 kl/kg, x = 0.69, Is found to be crystallized.



Capacity control ""capacity reduction™’

» The need for capacity control arises when the refrigeration load drops off
decreasing in the chilled-water temperature returning to the absorption un
(assuming a constant-rate flow of chilled water).

» With no capacity control the temperature of the chilled water leaving the
evaporator would decrease and the pressure on the low pressure side decrea
that lead to the refrigerant water would freeze.

» The most control systems on absorption units attempt to regulate a constan
temperature of chilled water leaving the evaporator by reducing in the
refrigerant-water flow in the absorption units that can achieve by using thr
methods:

1. Reducing the flow rate delivered by the pump at position 1
2. Reducing the generator temperature

3. Increasing the condensing temperature



Method |

» Reducing the flow rate delivered by the pump at position 1 lead to
reduce In the rate of refrigerant flow through the condenser and
evaporator and then reduction in refrigerating capacity.

» In this method the proportion of mass flow rate reduction in all
component must be same to keep the concentrations of solution
remain unchanged.

» But, the concentrations remain unchanged only if the operating
temperatures in the components also remain fixed.

» Therefor to fixed the operation temperature in the components
achieve by Cooperation with method 2 or method 3 to fixed the
generator and condenser temperature.




Method 2

Reduction In the generator temperature will reduce the refrigerating
capacity and can be achieved by:

» Throttling the pressure of the steam entering the generator

» Reducing the flow rate of hot water.

Method 3

Increasing the condensing temperature with reducing the refrigerating
capacity can be achieved by:

» Increasing the temperature of cooling water supplied to the condenser.




Comparing between Agua-ammonia
system and LiBr-water system

1- The agua-ammonia absorption systems was used In

years before the LiBr-water combination.

2- The aqua-ammonia absorption systems used water as the absorb
and ammonia as the refrigerant.

3- The agua-ammonia system consists of generator, absorber,

condenser, evaporator, and solution heat exchanger-plus a rectif

and analyzer.




4- The need for a rectifier and analyzer to remove as much water
vapor as possible that cause rise in the evaporator temperature.
5- The aqua-ammonia system Is capable of achieving evaporating
temperatures below 0°C, but the LiBr-water system is limited In
no lower than about 3°C.
6- The LiBr-water system operates at pressures below atmospheric,
resulting in unavoidable leakage of air into the system, which m
be purged periodically while the agua-ammonia system operati
at pressures above atmospheric.




NH, vapor + water
3

Rectifier

Generator

Heat
exchanger

NH3 vapor + solution

Absorber q':’g Evaporator N3

Figure 17-17 Aqua-ammonia absorption system.




Simple Air Cooling
System




Description

» The main components of the simple air cooling system for
alrcrafts are:

Gas turbine Main comp.

Ram *— <*— Ambient

1. Main compressor driven
by a gas turbine.
Combustion

2. Heat exchanger. chamber
3. Cooling turbine.
4. Cooling air fan. Heat

exchanger
—= | air fan

To atmosphere




» The air required for refrigeration system is bled off from the mai
Compressor.

» A high pressure and high temperature air is cooled initially inith
heat exchanger where ram air is used for cooling.

» It Is further cooled In the BETED
cooling turbine by the process
of expansion.

Combustion

» The work of this turbine is used chamber
to drive the cooling fan which
draws cooling air through the
heat exchanger.

Ram <€*— “*+— Ambient

To atmosphere



Advantages

» The air Is easily available and there is no cost of the refrigerant.
» The air Is non-toxic and non-inflammable.
» The leakage of air in small amounts is acceptable.

» Since the main compressor Is employed for the compressed
source, therefore there is no problem of space for extra compress

» The chilled air Is directly used for cooling.

» Since the pressure In the whole system Is quite low, therefore
piping, ducting etc. are quite simple to design, fabricate
maintain.




Disadvantages

» It has low coefficient of performance.
» The rate of air circulation is relatively large.




A simple air cooling system processes

1. Ramming process:
» Let the pressure and temperature of ambient air is p1 and T1.

» The ambient air Is rammed
Isentropically from pressure p; and
temperature T; to the pressure p,
and temperature T, by the vertical
line 1-2

» Because of internal friction due to
irreversibility the actual ramming
process Is shown by the curve 1-2'
which adiabatic but not isentropic
due to friction.
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Energy equation during ramming

4 43
h, + > = = h, + >
V. = velocity of air relative to plane V, = 0 (stagnation state)
Ve
hz — hl + ?
T o =1, 4 Loge A
— — — — — - — =
iz T T 2= 179, T, 2¢,Ts
Cp = ]/Z—lR , a = /YRT; (local sonic velocity)
T Vi — 1)V7 —1
i i I 2)1:1+(V ) 2
Iy 5 ( 14 ) RT, 2a 2
y —1

M = Mach namber (air velocity/local sonic velocity




y—1

TZ [ P2 |4 : :
— = | — (Isentroplc COmpTeSSLOTl)
Iy P1
_ actual pressure rise _ D21—P1
TRam reversible adiabatic pressure rise P2—D1

Main comp. pressure

Ideal ram pressure
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Py Actual ram pressure

/y Pc Cabin pressure
; Py Ambient air pressure




2. Compression process:

» The Isentropic compression of air in the main compressor Is represented Dy
the line 2'-3.

» In actual practice, because of internal friction, due to irreversibility, actual
compression Is represented by the curve 2'- 3'. The work done during this
compression process Is given by: N

We = macp(T3’ — Tz’)

I3 =T,
ncomp — T3/ . 7’v2

Ideal ram pressure

2
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Py Actual ram pressure
Pc Cabin pressure
Py Ambient air pressure

Ts _(p3\ 7 , :
=|— (Isentropic compression)




3. Cooling process:

» The compressed air iIs cooled by the ram air In the heat exchanger. This
process Is shown by the curve 3' - 4.

» In actual practice, there Is a pressure drop in the heat exchanger which iIs not
shown In the figure.

» The temperature of air decreases
from T5r t0 Ty,

» The heat rejected In the heat
exchanger during the cooling process
IS given by

Qr = man(T3’ — T4)
» The heat exchanger effectiveness

T3’ - T4_
€heat exchanger — Tor — Tl
3 2

Main comp. pressure

Ideal ram pressure
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Py Actual ram pressure
Pc Cabin pressure
Py Ambient air pressure




4. Expansion process:

» The cooled air i1s now expanded isentropically in the cooling turbine shown
by the curve 4 - 5.

» In actual practice, because of internal friction due to irreversibility, the actual
expansion in the cooling turbine is shown by the curve 4 - 5' The work done
by the cooling turbine during this expansion process is given by

S Main comp. pressure
WT — Tnan(T4 i TSI) r
r]T - T4_ _ T5 § Ideal ram pressure
£
kS

Py

Py Actual ram pressure

y’ Pc Cabin pressure
; P; Ambient air pressure

y-1
T %
2= (&> (Isentropic compression)




5. Refrigeration process:

» The air from the cooling turbine is sent to cabin and cock pit where it gets

heated by the heat of equipment and occupancy.
» This process Is shown by the curve 5' — 6.

» The refrigerating effect produced or
heat absorbed Is given

R =mgc,(Tg — Ts,)
» The C.O.P. of the air cycle
Refrigerating effect
C.0.P =

Work of compressor
_ MaGy (T6 _ TSI)
man(TB’ —Tyr)
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Main comp. pressure

Ideal ram pressure

Py Actual ram pressure
Pc Cabin pressure
Py Ambient air pressure




Example 1:

A simple air cooled system is used for an airplane having a load of 10 tonnes.
The atmospheric pressure and temperature are 0.9 bar and 10°C respectively:
The pressure increases to 1.013 bar due to ramming. The temperature of the air
IS reduced by 50°C in the heat exchanger. The pressure in the cabin is 1.01 bar
and the temperature of air leaving the cabin Is 25°C. Assume that all the
expansions and compressions are isentropic. The pressure of the compressed ali
IS 3.5 bar. Determine:

» Power required to take the load of cooling In
the cabin.
» C.O.P. of the system

1.013 bar
1.01 bar

M

o

<6 0.9 bar

Temperature —»

e
. 1.4 -1

)

o -
AR

-"'|

' Ps J v (1.013

'_j.;_ ) 1 “
} = (1.125)"°° = 1.034

)

L Py . 09

T, x 1.034 = 283 x 1.034 = 2926 K

Entropy ——»



- {-3_45}1[,'_".'4#; - ]4:5

\ P2 J
TJ X 1425 = 2926 x 1.425 =417 K = 144°C

» Since the temperature of air iIs reduced by
50°C In the heat exchanger, therefore

temperature

144 — 50 =94°C = 367 K

P (. b3
[ Ps l f [ .01\ 14

= | — = (0.288)"%%6 = (.7
\ P4 ) L 33 )

T,x0.7=367x%x07=257K

Temperature —»

Pa
o -.|(-f-:I

)

o

AR

o |

3.5 bar

3.
1.013 bar
1.01 bar
2 .
)
1

g~ 0.9 bar

Entropy ——»




_ 3.516 X tonnes 3516 % 10

mg ¢, % (To — Ts) Mg = 73 (298 = 257) = 0.85kg/s

Power = myc, % (T3 — T3)

Power = 0.85 x 1 x (417 — 292.6) = 106 kW 3.5 bar
COP — 3.51;:‘/1;(:;1165 _ 3.512210 — 033

3.
1.013 bar
1.01 bar
_ ~ 0.9 bar
5 B
)
1

]
e
=
e
o)
L
=
@
—

——

Entropy —»




Example 2:

An aircraft refrigeration plant has to handle a cabin load of 30 tonnes. The
atmospheric temperature is 17°C. The atmospheric air Is compressed to: a
pressure of 0.95 bar and temperature of 30°C due to ram action. This air Is then
further compressed In a compressor to 4. 75 bar, cooled In a heat exchanger to
67°C, expanded In a turbine to 1 bar pressure and supplied to the cabin. The air
leaves the cabin at a temperature of 27°C. The isentropic efficiencies of bot
compressor arid turbine are 0.9. Calculate:

» The mass of air circulated per minute.
» C.O.P. of the system.

Temperature ——————»



for 1sentropic compression process 2-3, y 4.75 bar
A A3
=3 1.4-1 Ty
) Y : 4
i | . ﬂ o 510.286 _ | 5§84
- s =) e o @
F_" \ ﬂ. ]:’ ‘5 "\‘;} Q?:
g - 4 i
T, x 1.584 = 303 x 1.584 =480 K é ) '
. @
— T:. . 5
Isentropic efficiency of the compressor, T, k= 2 )
e . ' : Tg |2 L=
Isentropic increase in temperature Ty — T, 5

e = Actualincrease in temperature Iy -T,
480 -303 177

Iy =303 = Ty —303

= 177/0.9 = 196.7 or T,y =303 + 196.7 =499.7 K

iy =

1.4-1
£ ) Y 4.75
= . [ﬂ] 8 [—J = (4,757 = 1,561
5 Ps % 4
Iy = T,/1.561 =340/1.561 =217.8 K




4.75 bar

isentropic efficiency of the turbine,

Actual increase in temperature

5
2
e e o
Isentropic increase in temperature “Eci
w
F.".

340 — Ter 340 - Tor

340-2178 ~ 1222
340 - 0.9 x 122.2 = 230 K

3.516 X tonnes
m p—
: Cp X (T6 — TS’)

B 3.516 x 30
~ 1.005 % (300 — 230)

mg =15kg/s

3.516Xtonnes 3.516%30
= = 0.356
maxcp><(T3/—T2) 1.5%1.005%(499.7—303)

COP =




Example 3:

An aircraft moving with speed of 1000 km/h uses simple gas refrigeration cycle
for air-conditioning. The ambient pressure and temperature are 0.35 bar ana
-10°C respectively. The pressure ratio of compressor is 4.5. The heat exchanger
effectiveness Is 0.95. The isentropic efficiencies of compressor and expander
are 0.8. The cabin pressure and temperature are 1.06 bar and 25°C.

Determine:
» The temperatures and pressures at all points.

» The volume flow rate through compressor
Inlet and expander outlet for 100 TR

Temperatureg ————p

Entropy ————————————»



VI

(2778)
Ia = L+ = 263+ .
* 17 2000c, 2000 x 1.005 L ==
= 263 +384=3014 K Ans. .
2 o 1SR - [M el (1.146)%5 = 1.611 8 2 ﬂaﬁq
P I, 263 : T ;
p, = p, % 1611 = 0.35 x 1.611 = 0.564 bar Ans. 5 =1 i’ 7
2 | =
Since p,/ p, = 4.5 (Given), therefore E _ E |- i 2
P; = p,x45=0.564 x 4.5 = 2.54 bar Ans. Ts 5

We know that for isentropic compression process 2-3,
-1

T, Ed L4-1
e § [%] ™ (45]—'];— = (4.5)0%8¢ = 1,537
2

T, = T,x1337=3014x 1537 =463.3 K
We also know that isentropic efﬁclency of the compressor,

o3
il

Isentropic temperature rise " L-T,
Actual temperature rise Ty -
463.3-3014 161.9
= Ty-3014 T Ty-3014
Ty -301.4 = 161.9/0.8 = 202.4
301.4 + 202.4 = 503.8 K Ans.

Nc




Effectiveness of the heat exchanger (1), - P,
0o Ty-T, S038-T, _ 5038-T, ] T P
. Ty-T, - 503.8-3014 202.4
T, = 503.8-0.95x 2024 =311.5 K Ans. o
Py = P3= 2.54 bar Ans. -E 2 X
We know that for isentropic expansion process 4-5, % " _
" 1 141 1 o e P
= _ (ﬂ] 1 =(Lﬁ] 14 _ 04170286 _ g 7797 . , i i
T, P4 2.54 ) r ==
I, = T,x0.7787 = 311.5x0.7787 = 243 K

isentropic efficiency of the expander,

Actual temperature rise

|

lg =

Isentropic temperature rise 14 — 1

311.5-T. 311.5-T¢
1S5-U43 T Eis

311.5-0.B x 68.5 = 256.7 K Ans.




3.516 X tonnes
m p—
oy % (Te —Ts)

3.516 x 100

= — 84
1.005 x (298 — 256.7) _ o3 kg/s

mq

PV, = MyRT,

@
=
-
{E
@
=l
E
o
1—

0.564 x 10° x v, = 8.43 x 287 x 301.4
v, =12.93m3/s

psrvsl — maRTSI ——— Entropy
1.06 x 10° x vy = 8.43 x 287 x 256.7
ver = 5.86m3/s




Example 4.

The cock pit of a jet plane flying at a speed of 1200 km/h is to be cooled
simple air cooling system. The cock pit Is to be maintained at 25°C and
pressure in the cock pit is 1 bar. The ambient air pressure and temperature
0.85 bar and 30°C. The other data available is as follows :

Cock-pit cooling load = 10 TR; Main compressor pressure ratio = 4; Ra
efficiency = 90 %; The temperature of air leaving the hear exchanger a
entering the cooling turbine = 60°C; pressure drop In the heat exchanger =0
bar; Pressure loss between the cooler turbine and cock pit = 0.2 bar.

Assuming the isentropic efficiencies of main compressor and cooler turbin
80%. Find:

» The quantity of air passed through the cooling turbine
C.O.P. of the system.




v? (333.3) |
T, = Ty=T, . 034 q ?
= 303 + 55.5=3585K |
e - § il | i
B _ (5-)"* = (ﬁ = as3ps =18 g RO Ao
P I 303 ) ET;r- . | ? %.2' .?ﬁ;m
p, = p, % 1.8 =0.85 x 1.8 = 1.53 bar ) | i{ 7 qeso
ram efficiency, E | — i
Actual pressure rise Py — P 2 .
Me = Isentropic pressure rise  p, — Py
5 py —0.85 py — 0.85

1.53—0.85 ~ (.68
0.9 x 0.68 + 0.85 = 1.46 bar

isentropic process 2'- 3,

T. “rfi 14-1
;}j BT o (4)T& =@)"#=1486
2 py

T, = Ty x 1.486 = 358.5 x 1.486 = 532.7K




4 5.84 bar
isentropic efficiency of the compressor,

3
Isentropic temperature rise
Ne = Actual temperature rise e
532.? = 1535 174‘2 ; 1;:3'?3
Ty —3585 =~ Ty -358.5 , _ | ?/ g *?B*g"‘;;a=
\ } 0.
= 1782 .s55 =576K | ..
0.8 =
5
Entropy >

Since the pressure ratio of the main compressor (p,/ py) is 4, therefore pressure of air
caving the main compressor,
Py = py=4p,y,=4x 146 =5.84 bar
Pressure drop in the heat exchanger
= (0.5 bar
<. Pressure of air after passing through the heat exc hanger or at entrance to the cooling turbine,
Py = py-05=584-0.5=5.34 bar

Also there is a pressure loss of 0.2 bar between the cooling turbine and the cock pit.
Iherefore pressure of air leaving the cooling turbine,

Ps = ps=p,+02=1+0.2=1.2bar




the 1sentropic process 4-5,

| 3' 5.84 bar
. y=1 14-1 i a7
L (p )Y (534)1s ) 7| |
E “lad "L = (4.45)02% = | 53
: Ps i i
T, = T,/1.53=333/1.53=217.6 K e 5 |
; = T,/1.53=333/153=217.6 K g G_at,:f € e
4 s Ay L k] &
isentropic efficiency of the cooling turbine, E | 2 A :';‘:*D""“
- T.ﬂ= TE' | 'Ir "2 A nﬁat
- _&ctuai temperature rise I, =Ty ,- | i;’/ 'E'B
h = [sentropic temperature rise =~ T, — T, ;ﬁ. | _ - ii.
. ,
n 3'..13 r :r:i’ ‘{13 — T’-.’ Tf_‘ " : =
2= IRNTE = 115.4

Ty = 333 -08 x 1154 = 240.7 K

3.516 % tonnes 3.516 x 10

m —— - —
@7 ¢, % (Tg — Ts1) Ma = 1% (298 — 240.7)

= 0.61 kg/s

COP = 3.516Xtonnes  _ 3.516%10
MaXCp>X(T3r=T,r) 0.61%x1%(576—358.5)

= 0.264



« Compound Vapour Compression System
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« Removing Of Flash Gas
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Reduction in super heating

work saved
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Types of intercoolers

There are three types of intercoolers as mentioned
below.

1-water Inter-cooler
2-Liguid Refrigerant Inter-cooler
3-Flash Gas Inter-cooler
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Compound compression
with water inter-cooler
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Example 1.

The following data apply to

100 ton compound ammonia compression system with
water inter-cooler,

condenser pressure 14 bar,

evaporator pressure 1.5 bar

and inter-cooler pressure 5 batr,

the ammonia is cooled to 32°C in the water inter-cooler
and sub-cooled to 30 °C in the sub-cooler,.

The temperature of suction gasis -18 °C;

find a- mass flow rate of refrigerant in the cycle b- power
consumption in each compressor c- heat rejection in
water inter-cooler d- displacement volume of in both
low and high stage and low stage compressor

® Dr. abdual Hadi Nema Khalifa o111



e!

P

th, and sub-cooled to 30°C in the sub-cooler tar_cooler

2 P, =5 bar

Jar

4
3

-

Low stage
compressor

=1.5 bar

P,=14bar

1

Water inter cooler

T1: '18

DTU, Dagertmans of Ensesy Enginsssing

B

P; =5 bar

P,_=1.5 bar

1L

15000 1 37 Somep i m

100.00 +
U

U.UU
o
50.00
30.00
000

30.00
23.00
20.00

15.00

[ Ky vin [m3im) Tin [iC)
S

Eehan 120109

oD
O

T6=30

10.00
¥y

7.00
6.00
3.00
4.00
3.00
2350
2.00

Low stage
COMpressor

ot Q006 vl 00 2080 o

| & = N
] | [ % T130=—% = & r2al
1 20 : T ol
120 . L oo
5 030

1.00

f =30
vy

Usy 440

7
-

(

T,= 32

P

30

Evaporator

===

[TRFHELIL

150 250

BT

330

IThe

1T

valve

Expansion

TR

PRLLT L | TR L,

850 950 1050 1150 1250 1350
Enthalpy [I]/kg]

T,=-18 UDH IJD

Condenser

®|:|—-

T6

® Dr. abdual Hadi Nema Khalifa

Sub-cooler

30

®12



Comp. power L.P.=0.307x(1600-1450)=45.86 kW

1450 1600 1540 1710 300
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e 2-Liquid Refrigerant Inter-cooler
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Heat balance of flash inter-cooler
* mghg = my,h o+ mghg
* Mg=My+ My
* Mg = Mg-My,
* mghg = myyh o+ (Mg-myg)hg
* Mg (hg-hg) = myy(hg-hy)

Flash inter cooler

M8 — m10(h10—h9)
h8—h9
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Heat balance of mixing process

e Heat balance 1 4
* myh,=m;h;+ mghg !
e mass balance

* My, =mMms+ Mg

* (mMz+ mg h, =m;h;+ mghy

~ m3h3+m9h9
m3+ m9

h4
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Example 2;

The following data apply to

100 ton compound ammonia compression system with
water inter-cooler

and liquid refrigerant inter-cooler,

condenser pressure 14 bar,

evaporator pressure 1.5 bar

and inter-cooler pressure 5 batr,

the ammonia is cooled to 32°C in the water inter-cooler
and sub-cooled to 30 °C in the sub-cooler,.

The temperature of suction gasis -18 °C;

find a- mass flow rate of refrigerant in the cycle b- power
consumption in each compressor c- heat rejection in
water inter-cooler d-COP
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» and sub-cooled to 30°C in the sub-cooler
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| Capacity =m.(h;-hy;)
. Capacity =100X 3.516 kW

=0.28128 = ml1l

mghg = mygh;y + mghg

m9 = m8 = mlO: 0.32 = 0.281 - 0.039 kg/S

o M10(h10—ho)

Heat balance of flash inter-cooler
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Water inter-cooler

L.P Compressor

M, =My;=M; =M, =My

Liquid Refriferant Inter-cooler Cond

—E=9®

Evaporator
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e 3-Flash Gas Inter-cooler
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Heat balance inter-cooler

Mg hg + M3 h; =m, h, + mg hy

My =My = My=M, =Mjy

m,=mg; = Mg=m, =mg

m,hg + mzh; =m,h, + m; hg

m, (hg-h, )= my(hy_hy)

9 Flash

4 — m3(h9 _ h3) inter cooler

h8-h4
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Example 3;

The following data apply to

100 ton compound ammonia compression system with
water inter-cooler

and Flash gas inter-cooler,

condenser pressure 14 bar,

evaporator pressure 1.5 bar

and inter-cooler pressure 5 bar,

the ammonia is cooled to 32°C in the water inter-cooler
and sub-cooled to 30 °C in the sub-cooler,

The temperature of suction gasis -18 °C,;

find a- mass flow rate of refrigerant in the cycle b-
power consumption in each compressor c- heat
rejection in water inter-cooler d-COP
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hHeath bala&nce hinter-cooler

h1 h2 h9
1450 1600 1540 1490 1610 360 200

Moho +M-Nh-=mM.,h, +m.h —
ol Mallg = My N Mallg ) 0.2818(200-1540) —0.33kg /s
360-1490

My =My = My=M, =Mjy

m,=mg; = Mg=m, =mg

m,hg + mzh; =m,h, + m; hg

m, (hg-h, )= my(hy_hy)

9 Flash
inter cooler

m, = 0.28128 kg/s

4 _ M3(h9—h3)
 h8—h4
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: i 50
:x COP — Capacity _ 100x 3.516 _ 4208 E%B
250 1 Wcompl+Wcomp2 42.192+39.6 o
0 i
150 | "
ﬁﬁf)f 0
o 1 )
060
0350 “L\\ //{ r

50 150 I 0 ljo p
h6=360
h10=200
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Multiple Evaporator Systems

* |In many refrigeration plants, it may be required to
have different temperature maintained at various
Zones or compartments.

 For example in a food market where different food
product stored in large quantities, it is imperative
that each food product should be stored at
different conditions of temperature and humidity.
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Type multi evaporator
Systems

« 1-All Evaporators Operating at The Same Temperature
e 2-Individual expansion valve and back pressure valves system
 3- Multiple expansion valves and back pressure valves system
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1-All Evaporators Operating at The Same Temperature

Condenser

Compressor Evap.1l 4

Evai. 1 4
0m RT17 2t 1000 xsmrti g a3, 1978

Evap. |

e
4 LR it A )
—
w0
o
W
0w
00
©

v A

00
= (080
T
Y
e
04
080

= M (hwit i

AR

w0 17
)
0
L TI#TIT]TTE
®n

0
4

=]

AT
0 350

A THITTTTT RS

3 0 U0 0 B M0 150 160 U
Enthelpy [kz]
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Example 4.

A single compressor system using R-134a has
three evaporators of 10, 20 and 30 tons capacities.

All evaporators operating at the same temperature
of -10°C.

The condenser pressure is 10 bar
and the liquid is sub cooled in the condenser by 10°C.

The discharge from the evaporator is dry saturated
vapour

and the compression is assumed to be isentropic.
Determine

1-the refrigeration effect 2- rate of flow of the refrigerant
In kg/s and 3-the theoretical horse power required.
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All evaporators at the same temperature of -10°C

The condenser pressure is 10 bar

and the liquid is sub cooled in the condenser by 10°C.

hl h2 h3
The discharge from the evaporator is dry saturated vapour
J P y P 391 425 240
10.00 Rl_:Ma Rof. DP\'\'ﬂm&RjibL.-."...m’.ET:un:jom 1988, Vol 94 part 2 e i
E S T,=39.5-10=29.5 °C -

e —

A

a 2o

N

10.00 — 3 s d gﬂ%z’
200 i N e —

ey >

= 500 ] = A

= 3.00 - ’,”” ____;,‘
g:gg: l 7/ ’ / J-r"‘l' jﬁ - 030
b . "# / — - ‘ ‘r o
o e e L VAT C e

| 0.70 c.sc|

300
Enthalpy [ll/kz]

h,=240 ki/kg
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Total capacity of the cycle=10+20+30=60ton=60x3.516=210.84 kW
Refrigeration effect =391-240= 151 kJ/kg
Capacity =mx (reff. Effect)

210.8 = = 1.39 kg/ hi h2 hs3
SUOEIS CEX, [ WS TE) Gl 391 425 240
20, Compressor work =425-391=34 kJ/kg e T = R
= Compressor Power = 1.39 x34= 47.26 kW = 1.34 x 47.26=63.3 HP ‘;' 5—-,;{‘
15 oopg! ' ' T frs W e SR B 5 f , 1-1 "
Mass flow rate at each evaporator : : L’,”IE/
- S e e e e st ey o
10 % 3.516 === ,%,,,”ﬂ 4 A‘ﬁi |
- My — = 023 kg/S / g ,.5.:;._-::11 ﬂ’l \ ‘ = L
e e At
20 x 3.516 // P ﬂ ,’ ’ /‘y‘ S AT
=M A RSV T T ﬁ =Y iﬁ;;':i;f ‘iﬁ \ "-“r
«  30x3516 e - VA ﬁg Wi
W — 151 = 0.69 kg/s .’”’A,-"A !"V‘ -

t
o

HWE e srer s oees sing
? 2 o | 0

0.30 pao’ 030 | c.'sc| 0.90 [ 0 2
160

=
140 172 " h4:240 kJ/kg ' 300

Enthalpy [ll/kz]
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Individual expansion valve and back pressure valves

system

Condenser
Compress%r Evap. Il

6 ol
Baqk pressur
1 valje 9 - 8

X &

4
=
Evai. 1 7

11  Evap.l 10

|

TR

N R

s

@

=
W
)
‘w:‘ﬁ
0
<0
ol

o %
= (080

“

0

=040
1

T

T

R E

» — @

L7

E\\\F%’@@r

%g (‘/ % — ‘ | [IRES ﬁ’%\‘)
TR TR [T TR AT L | TTTTIAT TR TR TR T

5 FEON I | E I I | B0 %0 W00 U0 D0 B M0 1% 60 1
Enthelpy [kz]
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Pressure [Bar]

10.00
2.00 -
3.00
700
6.00

5.00

4.00 4

3.00

an

™

1.00 <
0.90 -
0.80 -

0.70 -
0.60 -

n

an

kY

i
\
\
s

10

= I

030 H
x=0.10 0.20
s=1.00

170 198

0.30 040 0.5
1.20

k3
o
(=)
L
P
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Heat balance of suction line

m,. hy =my,. hg+m . hg+ m. hy

mt=mlll+mIl + ml

myhe + myphg + myhyy

myy + my+ my

hy =

® Dr. abdual Hadi Nema Khalifa

[mt EvapIII
6 g5
m
Evap 11
9 8
I
Evap Il
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Example 5

* A refrigeration installation using R-134a
* Ccomprises one compressor,
e oOne condenser

 and three evaporators of capacities of 10, 20 and 30tons
respectively.

« The temperature to be maintained in the evaporatorsis 10, 5
and -10°C respectively.

« Each evaporator is fitted with an expansion valve.

« The condenser pressure is to be 10 bar.

 The exit condition from evaporator is dry saturated vapour
 and liquid is sub cooled by 10°C in the condenser.

« Determine

1-the refrigeration effect

2- rate of flow of the refrigerant in kg/s and

3-the theoretical horse power required
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The exit condition from evaporator is dry
saturated vapour

Pressure [Bar]

50.00 R13 43 Raf -DP.Wiken & RS Eavs, ATHRAF Tramszctiom 1958, Vol 04 panl

DTU, Departmsnt of Eosrgy Enginssring

) 3ia [ K] vis [ 5] Tia [C]
40.00 ~ LT Skovrap & HIH Keaduen, 12-01-15

3000 4

25.00 T3:395 —10=2950°C.

ek - I o
= 22
= o o
PR

by
=
=

e W
[
= o
. .

o]

=

=]
L

=006

L

1]
]
o=

-
n
=]

1.00
0.90 -
0.80 -

0.70 4
060 =

0.50

300
Enthalpy [k]kg]

320

1.60 ‘
340




%
Heat balance of suction line

4 m;=1.3221
Evap II1
— h3= 402
m. hy =my,. hg+m . hg+m,. hy My 0,651 (e —80toA——
_ myjhg + myphg + mphy,y o= 400 PEE—
hl - m =0430 o 20 ton
Evap II
myy + my+ m
0.651 x 402 + 0.439 x 400 + 0.323 x 391 398 k] /k my=0232 <=2 iR
1= =
- 1413 g
-
50,00 R134a serorwisa s hl h2 h3 h4 h5 h6 h7 h8 h9 th hll {“_ LwE
J,u.uu et st by ? ? 240 240 402 402 240 400 400 240 391 shil
- ML Stovrap & HIH Koudwen,. 1ot T = =
3000 4 = S L-
25.00 e o h11:391 _3; : ;3?
20.00 - = it -
15.00 4 = = - [l
= o LRY - Le )20
13.33-_ 3 < e 40
50 _..v g »
E 533 R . _,_.;:,:I;.';-: ﬁ;”iﬂ”l 5 20 y\‘l.ﬁ' - F_-,l',':"r_'
£ _ L EVAPY / - — & - 000
3.00 e ’ o N oo
2301 2 o -‘ -"’#”” I
200 =00, ! : = ; & -
150 | 8 0t & ) I
1.00 | = /| B
0.90 - 018 VIS
0.80 | -0 2
0.70 - ; |
060 4 = &
030 ‘ x=0.10 | POS S PN P also ‘c.'ec ' | 0.70 030 ‘ 0.90 h8=h9= 400 h5:h6: 402 :_5'3:
—_ —_ —_ — 1.40 1.60 ' . ' 1 |
140 160 180 h3_h4_h7_h10_ 240 ) 280 300 320 340 360 380 400 420 440 49 460

Enthalpy [k]kg]



comp. Power=m(h2-h1)= 1.322x(430 - 398)= 42.3 4kW=42.3 x1.34=56.6 HP

Pressure [Bar]

50.00
40.00

30.00
23.00
20,00

10.00

G.00 -

3.00

T00 -

6.00

3.00 -

400

300

200 4

130 -

1.00

0.90 -

0.80

0.70 -

0.60
0.50

I

N

i

N

h1 h, hs ha hs he hy hg ho hio h11
R1342 st oo 398 430 240 240 402 402 240 400 400 240 391
==
_ il ]
iz
[ ]
] e
] ’ .
!
' VAR, o =/ VAN = o S VR
‘ 0.80 l.t’:l:‘ 0.50 - - - f: 4* 80
140 260 280 300 320 340 3 h1_398 420 440 50

Enthalpy [k]kg]




 Multiple expansion valves and back pressure
valves system
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<

R1342 7o 0 Wisen 5 7.5 5erm, ASHRAF Tramectons 1985, Vel 84 gant?

8”)0
. of
22 g K)] vin (3] T[]
sxix [
15

Evap 11

Lo

Evap II
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Cycle analysis

2
Qevap | = m12 (h13-h12)
Heat balance 1 -_)
mg. hg = mg. hg +myq. hyy

mg = mg +mqq

(mg + mqq). hg = mg. hg + myy. hyy

/ b 4
he = (mé + mll)- h8 — Mq1. h11 6 5 Evap 111 ' ®
8 mg <€ < |e 4
Evap. Il _(%
Qevapll — mé (h9 — hé) 10 9 Evap II /3 8
(mé + m]_]_)- h8 - mll. h’ll € l‘( & 1
— 7718. ilg - ]ll
mg |
>

= mg. hg — (mé + myq). hg + mq4. hqq

evapll

H
D

Evap. | 2

Q — Mmg. (h9 — hg) — Mq1. (hg — hll)

evapll

+ myq. (hg — hy1) = mg. (hg — hg)

evapll
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+ myq.(hg — hqq)

, = evapll
mg —

A ]

LA o .

57 q

(h9 — h8) (hg - h8) o

Mmyq. (hg — hqyq) 1

Me = evapll (h9 - hll) :g

8 (hg — hg) (hg — h8) .

(ho =ha) -

+ __*8

ma f— evapll m "

o (h9 - hg) H (1 — x8) EE
mg — mg + mqq

Similarly
X4

m4 f— evaplll
(hs — hy)

m4:m4+m7

7 (1 —x4)

0.60 0.
1.
30 300
Enthalpy [k/kg]
Iulllll
1
b
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Example 6

A refrigeration plant using R-134a, the plant have
one compressor, one condenser and three
evaporators of 30, 20 and 10 ton capacities,
maintained at 10, 5 and -10°C respectively. The
system comprises multiple- expansion valves and
back pressure valves. The condenser pressure is 10
bar. The vapour leaving the evaporators are dry
saturated. Assume isentropic compression.

Determine;

1-the refrigeration effect

2- rate of flow of the refrigerant in kg/s

and 3-the theoretical horse power required.
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o
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10 bar

1
. . Condenser
3
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W
Compressor
1
back pressure - Eyap I11(30 ton)
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6 -5 . M 4
back pressu
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The condenser pressure is 10 bar.

Pressure [Bar]

R1343 Raf D P Wikon & B2 Baws, ASHRAF Tramactions 1985, Vol &4 pari

20,00

15.00

DT, Dagartmant of Ensrry Enginssring Z
in (kg KJ] vin [m"34g) Tin 1]
W T Sewwnn A H T H Komdumn 170307
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w
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W
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il

7

Lad) 00

L ol
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mg = 0.383kg/s

I
— 057124
S

mg = mg + my, = 0.383 + 0.188

evaplll

a (hs — h4) e (1 —x4)
30 x 3.516
+ 0571

403 — 255

x 0.22 = 0.712 + 0.161
1-022 '

o

h 3 5 7 9 11 13 2
kilkg | 255 |403 213 [400 [204 |391 ?
Evaporator |
Qevap 1 = My, (hy3-hyy)
10 x 3.516 = m, ( 391-204) W
10 x 3.516 e
A = 391 — 204 = 0.188 kg/S L.ck,..wm Evap TI1(30 ton) (09
X8: 0.04 bui_plﬁ'\fi Evap 11:2(:011] n @5
Xg 10,9 = s 181
meag — evapll +my———— Evap. 1(10 ton
8 (h9 h8) 1 (1 - x8) 13 m.,fﬁ : My 12@
_ 20 x 3.516 +0188 0.04
T (400-213) T (1-0.04) / X, = 0.22 \
= 0.376 + 0.0078 o
4
X4
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kd/kg | 255 403 213 400 204 391 ?

my = 0.873 kg/s

my, = my +m,; = 0873+ 0571
=144 kg/s

Heat balance of point 1

ho= my. hg +mg. hyg +myy. hyg
=

My
~ 0.873 x 403 + 0.383 x 400 + 0.188 + 391
B 1.44

h, = 401 kj/kg

Compressor

10 bar

Condenser

Qc

3

13

5°C

¢ Evap I1I(30 ton)
T0°C Mgy 4

Evap 11(20 ton)
X /
Mgy 8

Evap. I(10 ton)

10°C

mg
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h

3 5 7 9 11 13 1 2

k/kg

255 403 213 400 204 391 ? ?

Comp. Power = my(h, — hy)
=144 x (437 —401) =51.84 kW

Comp.HP = 51.84 x 1.34 = 69.5 HP

=
DTU. Deparimast of Ensrsy Eapuneens - " -
s in [khikg KJ] vin [m"34g]) Tin [1C] e
MJ. Skoveop & H 1 H Keadvsa 1240300 _ -
15.00 4 3 . B
2 S e
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9.00 - S
£.00 4 LSl
700 4
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=t L- B0
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VB 5‘ -
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i S S L 7 ; -
£ 500 B
I - |
& 2350 A il =
e
2001 e . .
- ' S i
1.50 4 i =
=V l'|. - it
1.00 — =
090 4 i - 03
0.50 - - o
0.70 4 A | pAl
060 4= &
40 2" - 03t
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® Dr. abdual Hadi Nema Khalifa



Heat Pipes
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»A heat pipe IS a simple device that can
quickly transfer heat from one point to
another. They are often referred to as the
“superconductors” of heat as It has an extra
heat transfer capacity. A heat pipe can
transfer up to 1000 times more thermal
energy than copper.




Heat pipe consist of three main components:

1. Container

2. Working fluid

3. Wick or
Capillary structure Nl

adiabatic sectionb ;avaporatiorl

vapor flow

y 11151 ';
P L «\ﬂ‘-_" \
==SSEET LIRLL ‘“1.1_.: !

== %
y ‘- | — - —
2

wick structure

container




1- Container:

1. Metal tubing, with high thermal conductivity, usually
copper or aluminum.

2.Shape of tubing can be bent or flattened.




2- Working fluid::

e Pure liquids such as helium, water.
e The type of liguid depends on the temperature range of the application.

Properties of working fluid

1. Good thermal conductivity.

2. Wettability of wick and wall material
3. Vapour pressure not too high or low over the operating temperature rang
4. High latent heat

5. Low liquid and vapor viscosities

6. High surface tension

7. Acceptable freezing point



3- Wicking structure

The purpose of the wick Is to generate capillary pressure to transport the
working fluid from the condenser to the evaporator
Purpose of the wick

*Transports working fluid from the
condenser to the evaporator.

*Provides liquid flow even against gravity.

How the wick works

e Liquid flows in a wick due to capillary action
e [ntermolecular forces between the wick and
the fluid are stronger than the forces within

the fluid. i

Increase the capillary force and reduce the Lo
gravitational effects.

b 1=
..1‘ ®




Working
A) Evaporator

e The working fluid is heated to its boiling point and converted into a vapor.

e Pressure and temperature differences forces pay the vapor to flow toward
the cooler regions of the heat pipe.

Evaporator Area

B) Condenser R Condenser
e \apor gives up its latent heat of I (M
vaporization A A AT AT AP L I
e \apor cools down and returns to s
ItS |IC]UId State ” .WD-rkmg Fluid Vapor flows through P;nter |

e Litf[ﬂi'li Return via Wick

Working fluid then flows back
toward the evaporator through
the wick.

Evaporator Area Condenser
HEAT IN HEAT OUT




D) Heat exchanger
e The purpose of the heat exchanger Is dissipates heat into environment
e |mprove the thermal performance of heat exchangers by:
1. Increase surface area with more fins.

2. Using fan.




Steam Refrigeration
System
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Introduction

» The steam jet refrigeration system is one of the oldest
methods of producing refrigerant effect.

»In this system, water IS used as the refrigerant,
therefore cannot be used for applications below 0°C.

» The steam jet refrigeration system is widely used In
food processing plants for precooling of vegetables etc.




» The basic components of this system are. an evaporator, &
compression device, a condenser, and refrigerant control device.

» This system employs a steam ejector (instead of mechanice
compressor) to compress the refrigerant to the required condenst
pressure Ievel' Nozzle Steam from boiler

Refrigerated Warm water T
space | L\ Cooling water
e ooX |

(,f

—— <« Make-up
water

| Sprayer /,;,.rf
— Va ourv ;...
I AR NN 2 | - !
J_[ Clt Chilled water rT Condenser
et > SR ._: / T i )Pump

Flash chamber
Chilled water g evaporator




Principle work of system

The boiling point of pure water at standard atmospheric
pressure of 76 cm of Hg (1.013 bar) is 100°C. It may be noted that
water bolils at 7°C if the pressure on the surface of water Is kept at
0.01 bar.

Nozzle Steam from boiler

Therefore we can
reduction the boiling
point  temperature  Of [E—G_—.
water by reducing the vl

Warm water
——

-———-'- [,_' Vapourv\ ; —

pressure on Its surface. | AR

{‘-., Chilled water Con enser p
8 X Ay Ry oS ,/ —_::':_’\ ) Pump

./'J_.? 2722724
*‘4— Make-up

water
F!ash chamber

Chilled water  or evaporator




Working of Steam Jet Refrigeration System

The main components of the steam jet refrigeration system are:
Boliler, flash chamber or evaporator, steam nozzles, ejector and

condenser. The main principles working can be explain by the
following steps:

1. The warn water coming MO steamfrom boe
out from refrigerated
space Is sprayed Into the

efrioe Warm water
flash  water chamber Rfs;?ace’e??ﬁ
. prayer 774 FZ2 X /EB=="
where some of water is | \tf;;g;\iﬂ\—;\: vepodr B T 7
converted into vapor after 1 g g Y e
| I I"**"-t— Make-up

absorbing the latent heat.

water

_ Flash chamber
Chillec water  or evaporator




2- The high pressure steam from the boiler iIs passed through
the steam nozzles causing increase In its velocity.

3- The high velocity of steam In the nozzle exit reduce the
pressure that lead to entrain the water vapor from the flash
chamber.

- Nozzle :
4_ The m|Xture Of ; 0 Steamfrom?mler
steam and water vapor
passes through the el
- . Refrigerated bk s
venturi-tube of the ejector N ks
and gets compressed. | ’?w\“ﬂ

{‘-., Chilled water Con enser P
‘. W AR ,, —_:::_’\ }Pump

' 77_.? 2774
*‘4— Make-up
water

F!ash chamber
Chilled water  or evaporator




5- The temperature and pressure of the mixture rises and fed
to the water cooled condenser where It gets condensed.

6- The condensate water Is again feed to the boiler as feed water.

/- A make-up water Is
feed to the flash | NozZe  gteam from boiler
chamber to maintain | |
a constant water level
due to evaporation. Reffigoratod "5

space i

"_'_"_;_'[, Vapourv\ ;... .
ANNKNAR '
{‘-., Chilled water Con enser p
o g Ay st ,/ —_::':_’\ ) Pump

wa J_.n? A
*‘4— Make-up
water
F!ash chamber
Chillec water o evaporator




Steam ejector

The steam ejector Is one of the important components of ‘a
steam jet refrigeration system. It used the energy of fast moving
jet of steam to entrain the vapors from the flash chamber and then
compress It.

Diffuser
Nozzle throat /— Steam nozzle throat

Diffuser

< Suction flange
Nozzle plate
Suction chamber

Discharge flange



Steam ejector working:

1- The high pressure steam
from the boiler expands while
flowing through the
convergent divergent nozzle.
The expansion causes a very
low pressure and increases the
steam velocity.

2- The velocity range
between 1000 m/s to 1350 m/s
and the nozzle are designed for
lowest operating pressure ratio
of less than 200.

Nozzle

Mixing
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Figure (3)




Steam ejector working:

3- The water vapors from the
flash chamber are entrained by the
high velocity of steam and both are
mixed In the mixing section at
constant pressure.

4- The mean velocity of the
mixture will be supersonic .

5- The supersonic steam gets a
normal shock In the constant area of
the diffuser throat, that lead to rise
the pressure and reduce the velocity
to subsonic.
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. "
" "
" "

]
] "
" "
. "
" "
" ]
W
] "
]

Figure (3)



Analysis of system:

Saturation curve

1\

_______ [ Motive steam » .
» The  point A B \
represents the K S il el
initial condition of [l S frisz s
the motive steam KMEamTrrmrawrr : |
before passing [ E— e g ——
through the nozzle (@) T:s diagram. (8) h-s dingram.

> the point B Is the final condition of the steam after nozzl
assuming isentropic expansion.

» The point C represents the initial condition of the water vapor
the flash chamber or evaporator.



Saturation curve

» The condition of
motive steam just

[ Motive steam\ »

; \ g ]
\ rd 1 ~
A\ o v ~ g
o 1 - P4
1 1 —— — — e — — — — — — — — y
R 4 m ~ | L A
' - 4
£\ /i \ » | /
' .

PRSI
-

before mixing
with the water [ SEA Ny b bl
VapOr iS ShOWﬂ at | \Q-H 2?22:2:2;? : "‘B?I'E’/ c in | TR

point D. S e e

(a) T-s diagram. (b) h-s diagram.

Entropy —>»

» the point E Is the condition of the mixture of high velocity stea
from the nozzle and the entrained water vapor befor
compression.

» Assuming Isentropic compression, the final condition of
mixture discharged to the condenser is represented by point F



» The make-up water Is supplied at point G
whose temperature Is slightly lower than
the condenser temperature and is throttled
to point H In the flash chamber.

actual enthalpy drop _ ha—hpgs

1. Nozzle Eﬁ:ICIenCy' v = isentropic enthalpy drop B hap—hp

: . . ha—h
2. Entrainment efficiency: ng = —=——2
. ; isentropic enthalpy increase hgp—hg
3. Compression eff.: n, = : =
actual enthalpy increase hpr—hg

4. Steam velocity from nozzle:  V = 44.72\/h, — hp:

PR TN
L

Temperature

I
o
o
£
=
L

Condenser

\ '-\\ »
/ _ Flash chamber 1D\

H orevaporator B RB'E C M

Entropy ———»

(@) T-s diagram.

Entrocpy ——>

(b) h-s diagram.




5. Mass of mixture for compression= Mass of motive steam +
Mass of water vapor
m=m,+m,

6. Energy available for compression = mg(hy — hp)

7. Energy required for compression = m(hpr — hg)
= (ms +my)(hpr — hg)
According to law of conservation energy:
ms(hy — hp) = (mg +m,)(hpr — hg)
8. Net refrigerant effect: Ry = m,,(he — hysg)
9. The coefficient of performance of the system:

_ my(hc—hgg)
.0.P =
¢.0 mgs(ha—hgg)

PR TN
-

Condenser

Temperature

"_  Flash chamber DL\
H orevaporator B RB'E C M

Entropy ———»

(@) T-s diagram.

I
a8
(3]
£
=
L

Entrocpy ——>

(b) h-s diagram.



10. Mass of motive steam required per kg of
water vapor produced in the flash chamber:

PR TN
-

_ hrp—hg
my  NnNeNc(ha—hp)—(hp—hEg)

mg

2
.
-
E
@
(&
3
=

/ W Flashchamber | 1D/ \
H orevaporator B RB'E C M

Condenser

S
o)

— 1
|

(

Entropy ——:—P
(@) T-s diagram.

Saturation curve

Enthalpy ———»

Entrocpy ——>

(b) h-s diagram.



Example: A steam ejector refrigeration system Is
supplied with motive steam at 7 bar saturated with
the water In the flash chamber at 4.5°C. The make-
up water Is supplied to the cooling system at 18°C
and the condenser iIs operated at 0.058 bar. The
nozzle efficiency is 88%, the entrainment efficiency
IS 65% and the compression efficiency 80%. The
quality of steam and flash vapor at the beginning of
compression is 92%.

Determine: 1. Mass of motive steam required per kg
of flash vapor; 2. Quality of vapor flashed from the
flash chamber; 3. Refrigerant effect per kg of flash
vapor; and 4. Coefficient of performance of the
system.

PR TN
L

Temperature

I
o
o
£
=
L

Condenser

P GY/ )
( G/, 3 X
\Pe / \_ Flash chamber LDE N

H orevaporator B RB'E C M

Entropy ———»

(@) T-s diagram.

Entrocpy ——>

(b) h-s diagram.



Solution. Given : py =7 bar; r, =4.5°C ;t_ = 18°C ; p. = 0.058 bar ; 1 = 88% = 0.88 ;
Ng=65% =0.65;1.=80% = 0.8 ; x5y =92% = 0.92

The T-s and h-s diagrams for the steam ejector refrigeration system i1s shown in Fig. 15.4.

From steam tables of dry saturated steam, corresponding to a pressure of 7 bar, we find that
h, =2762klkg ;s, =6.705 kl/’kg K ; ¢, = 165°C

and corresponding to a temperature of “4.5°C, we find that
hfiB = 18.9 kl/kg ; h.p = 2490.9 ki/kg ; 5.5 = 0.0685 kl/kg K = 8.9715 kl/kg K

First of all, let us find the dryness fraction of the steam at pmnt B (i.e. xz). We know that
for isentropic expansion AB,

I 2 Ry [ Motive steam| »

£
/ i\
@ | s ‘\.
§ / :‘ \
2 / Yi F’
GED ."f. r Iﬁl \\ ‘,
& |Pc _ GY Condenser i EX.
G/ ‘ n\,

Pe / \._ Flash chamber DI N\

i‘ ¥ 4 H orevaporator g B'E C

|

Entropy ——»



Entropy before expansion (s,)
= Entropy after expansion (sg)
6,705 = Spp + Xg X Spp = 0.0685 + x5 x 8.9715

6.705 — 0.0685

5= 8.9715
hys + xg X g = 18.9 + 0.74 x 2490.9 = 1862.16 kl/kg

= 0.74

and enthalpy at B, hy

Saturation curve
4

=

Enthalpy —»-
il

2
Condenser 4"'
Y Lk

Flash chamber LBEE O\
H orevaporator 8 B'E C

& o

L
1%

Enliopy —————

(a) I-s diagram.
Fig. 15.4

We know that nozzle efficiency (1),

}ZA = hB" _ 2?62' - hB!

hy —hg 2762 -1862.16

hgr = 2762 — 0.88 (2762 — 1862.16) = 1970.14 kJ/kg

0.88 =




h

5= hoyr=hop=h =189 kl/kg

— — — — Ps / Motive steam\
Elﬂd. hﬁﬂ — hngf — h‘mn — hfsﬂ L 2490-9 kjfk.g T Tt ERaaak ;f" .\A
. : ® | A\
We know that entrainment efficiency (1}; ), 2 / b\
8 / vio\ F’
& / A | \ 4
h, — 2762 —h ® Pc G/ Condenser B L
065= —= ke = . - 11 6L 17
hﬂ . hﬂ P 2762 —_ 197{]14 l \Pe ’ / \_ﬁ Flash chamber 1 DEGN

Entropy ————»

by = 2762 - 0.65 (2762 - 1970.14) = 22473 k/kg

(@) T-s diagram.

Enthalpy at point E, he = hep+ xp X hop = 189 +0.92 x 2490.9

= 2310.5 kl/kg ..o (v Ttis given that x; = 0.92)



We know that entropy at point E,
Sg = S+ Xg X Spp = 0.0685 + 0.92 x 89715

= 8.3223 kl/kg K oo (0 Spp=5pp and Spp=8;5)
From steam tables, corresponding to a condenser pressure of 0.058 bar, we find that
her = 148.86 kl/kg ; her=2417.5 kl/kg
Sep=0.512 kl/kg K ; Spr = 1.831 ki/kg K T
Since the compression of the mixture is isentropic, therefore :
Entropy before compression (s )

= Entropy after compression (s;)

8.3223 = SfF + IF b4 .‘i'ng =(0.512 + Xp % 7.831 Pe ?(\: Flash chamber

W H orevaporator g B'E C \

Temperature —>»

Pc G Condenser

3223 -0512
IF = 83 3 05 = 99‘7 Entropy ———»

7'831 (@) T-s diagram.

We know that enthalpy at point F,
hg = hep + X5 X hep = 148.86 + 0.997 x 2417.5 = 2559.1 kl/kg

We also know that compression efficiency (1),




he —hg  2559.1-2310.5

he—hg by -23105
2559.1 - 23105

he = v +2310.5 = 2621.2 kl/kg

1. Mass of motive steam required per kg of the flash vapour
GA
We know that mass of motive steam required per kg of the flash vapour, Pe / A, Flash chamber | D}/ )
¥ 4 H orevaporator g B E C \

/ Motive steam

0.8

Temperature ——>»

Pc G Condenser

m, hF — hE Entropy ———»

m, - (hA - hB)??NnE??C - (hF B hE) (@) T-s diagram.

2559.1 - 2310.5

(2762 — 1862.16)0.88 x 0.65 x 0.8 — (2559.1 — 2310.5)
248.6

T 41182486

2. Quality of vapour flashed from the flash chamber
Let Xc = Dryness fraction of the vapour flashed from the Sast

chamber.
First of all, let us find the enthalpy at point C. We know that

= 1.523 kg /kg of flash vapour Ans.




/ Motive steam

= (m, +m)hg

s X hy, ['”f Jhg A
??Iv mV Pc G Condenser '-, F /

he + 1.523 x 2247.3 = (1.523 + 1)2310.5 pe// N ok o \o .-\\
h. + 34226 = 5829.4 S G

9 he = 2406.8 kl/kg S

Temperature —>»

We also know that enthalpy at point C (A ), () Ts diagram.
2406.8 = heo + xo X By = 18.9 + xo x 2490.9
(v .ﬁﬂ._ = hfﬂ and hﬂﬁ: = h

58 )

2406.8 — 189

Xo = 54909 = (.96 Ans.

3. Refrigerating effect per kg of flash vapour
We know that refrigerating eitect per kg of flash vapour,
Ry = hc— h;; =2406.8 — 75.5 = 2331.3 kl/kg
. ( -+ From steam tables, h.; at 18°C = 75.5 kJ/kg )




Saturation curve
¥

i

; -
G’ Condenser \ F\/f

G Y A
Pe / % Flash chamber \ D]/
g H orevaporator B B'E C \

— Temperature —

Entropy ——

(a) T-s diagram.

4. Coefficient of performance of the system

From steam tables, corresponding to a condenser pressure of 0.058 bar, we find that
enthalpy of liquid at point G’,

h,or = 148.8 ki/kg

We know that coefficient of performance of the system,

1(2406.8 —75.5)

=586 Ans.




Vortex Tube
Refrigeration




» It Is one of the non-conventional type refrigerating systems.

» It consists of tangential nozzle, valve, Diaphragm, hot-air si
cold-air side in addition to a compressed air supply.

» Chamber is a portion that converted the air motion Into spir
form.

» Hot side Is cylindrical in cross section and is of different length
as per design.

» Arrangement valve to controls the quantity of hot air throu
vortex tube.

» Diaphragm is a cylindrical piece of small thickness and havin
small diameter at the center which the cold air iIs passed throu




Tangential Inlet

Nozzle
%‘-.
e
Cold Orifice
-n-r-—"'"jf
Socket
/ (with Teflon tape)
——
————_Hot side tube -

Vortex chamber

Arrangement




WO rk| ng : Compressed

1. Compressed air enter the
nozzle and expands to high
velocity

2. A vortex flow creates in the
chamber

3.Alr travels in spiral motion
along the periphery of the hot
side.

4. This flow controls by the valve.

Hot Air

Vortex Generator

5. Reversed axial flow through the core of the hot side starts from control ve
region to the back region.

/. During this process, heat transfer takes place between reversed stream
8. The cold stream Is escaped through the diaphragm hole into.the cold s



_ 2- Stationary generator 3- This outer vortex 4- Some hot exhaust air
1- Compressed Air In creates a vortex gains heat from energy is vented through
(approx. 1,000,000 rpm) lost in the inner vortex an adjustable valve

00000 QN EHAEI D Q)

>

8- Super-cooled air 7- The cooled air passes 6- This inner vortex 5- Remaining air flows
exits the vortex tube through the generator loses energy and is cooled  back toward the generator







Advantages

It uses air as refrigerant, so there is no leakage problem.
Vortex tube Is simple in design and it avoids control systems.

There are no moving parts in vortex tube.

It is light in weight and requires less space.

a B~ W N =

Initial cost Is low and its working cost are also less, where compressed ali
IS available.
. Temperature as low as —50 °C can be obtained without any difficulty, s

IS very much useful in industries for spot cooling of electronic compo

Maintenance is simple.



Disadvantages

1. It has low coefficient of performance COP.

2. It has limited capacity and only small portion of the
compressed air appearing as the cold air

3. Only used for spot cooling purpose.
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