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ABSTRACT

It is a well-known fact that a lot of heat energy associated with the exhaust
gases from an engine is wasted. The work described in this thesis attempts to
use the energy from the motor car’s exhaust gases to power an air-
conditioning system. Thus the waste heat can be utilised and shaft power
conserved by replacing the traditional compression refrigeration system, used

for air-conditioning a motor car, with an absorption unit.

The thesis deals with some theoretical aspects of the absorption refrigeration

cycle as well as practical aspects of motor car air-conditioning.

A fair amouni of research on absorption refrigeration has concentrated on the
choice of the combinations absorbent and refrigerant. The need for the
combination to be suitable for this special application is self evident. The use
of aqua-ammonia, one of the oldest and most widely used combinations for
absorption refrigeration systems, to chill water which is used as a secondary
fluid, goes a long way in ensuring that ammonia does not get released in the
passenger space. An added bonus is that this choice of refrigerant does not

have potentially an adverse environmental influence (i.e. ozone layer etc.).
The practical work involved the following aspects:
i. Specially designed components were manufactured and assembled that

could fit into the NISSAN 1400 bakkie engine compartment, because no

standard parts were available.



ii. A bench test for the complete system was undertaken in the Department’s
laboratory. A gas burner was used to simulate the exhaust gas from an

engine while a blower was used to simulate the car’s movement.

iii. The system’s components have been fitted into the NISSAN 1400 bakkie
engine compartment. Road tests were performed at different car speeds

and road conditions.

Good results have been obtained from the bench and road tests.
Approximately 2 kW cooling capacity was achieved during the bench tests

and a decrease of up to 6°C of cabin temperature during the road tests.
The experimental work showed that using exhaust gas energy to power a

motor vehicle air-conditioning system is feasible once certain difficulties,

such as space limitations and short distance travelling, have been overcome.
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CHAPTER 1

INTRODUCTION
1.1 The Principle of Absorption Refrigeration
(An Historical Survey)

Absorption refrigeration systems differ from compression refrigeration systems in
that, they use thermal energy instead of mechanical energy to -establish the

conditions necessary in the refrigeration cycle.

As early as 1824, Michael Faraday accidentally discovered the principle of
absorption refrigeration [1] in an attempt to demonstrate that some gases which

were considered to be "ideal gases" could in fact be liquefied.

Faraday exposed silver chloride crystals, a white powder, to dry ammonia gas.
When the powder became saturated with the gas, he sealed the ammonia-silver
chloride compound in a test tube that was bent to form an inverted "V". He
proceeded to heat the end of the tube that contained the compound while at the
same time he was cooling the opposite end of the tube with cold water. The
ammonia was released from the compound and condensed into liquid by the cold
water. When this was accomplished Faraday removed the flame and cold water
from underneath the tube, thinking that the experiment of liquefaction of a gas was

OVeEr.

After a few moments, Faraday observed a most unusual occurrence. The liquid
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ammonia was boiling and changing back into vapour, taking the heat from its
immediate environment, which was the test tube itself and the surrounding air,
thus producing intense cold. The vapour was reabsorbed by the silver chloride

crystals releasing heat. (See Figure 1-1)

More than 30 years after Faraday’s discovery, the first absorption refrigeration

machine was produced in 1855 [1].

CHILLING

ABSORBER UNIT

COLD WATER

CONDENSER

Figure 1-1 Faraday’s Absorption Refrigeration Cycle[1]

In 1860, Ferdinand Carré developed an absorption refrigeration system in France,

and took out a patent in the United States [2]. Figure 1-2 shows diagrammatically
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the apparatus. The machine used ammonia as the refrigerant and water as the
absorbent. From 1867, these machines were manufactured commercially in

Britain by Reece and Stanley.

In the early years of the 20th century, absorption refrigeration gained considerable
prominence. However circa 1915, the electric-motor-driven fully enclosed
ammonia compressor was more actively promoted and received wider acceptance.
Development work in refrigeration therefore was concentrated on ‘compression
systems, and the absorption systems were practically forgotten until the late

1930’s.

NHa Jode cergml LLLLL

: >> EXPANSION VALVE

€155 LB)
11.5 kg

| GENERATOR

1 TEMPERATURE
IN REFRIGERATOR 4 t
40F)

ABSORBER

Figure 1-2 A Diagrammatic Sketch of Ferdinand Carré’s Absorption System[2].

In 1931, an improved version of Carré’s machine, pressurised with hydrogen gas,
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was manufactured by Electrolux in Sweden and by Servel Inc. in the USA. This

new version allowed for the mechanical circulating pump to be dispensed with, and

Heat
exchanger

Strong solution

—_—

High-pressure

Weak solution

Cooting
shel | water
out
| Condensger —_—
)
/1IN
Generator Steam valve
) ,//’/< regulated by
/ - chil led-water
temperature
Low-pressure
shel | Chitlled
water
to
ZUN ZHN 1IN \\ product
s \ o]
' B t—
Evaporator
i [me | - J
ZUN O ZIIN ZHIN AN I
Absorber
C A r———
Cool ing
water
in
Strong Absorbant Evaporator

solution circutating

pump pump

circulating

pump

Figure 1-3 Water Chilling Absorption Refrigeration Unit[3]

provided a truly heat-driven machine. Liquid circulation was achieved by means
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of the bubble pump.

Thereafter, in 1938 the Carrier Corporation and Servel Inc. initiated studies
making use of lithium bromide solutions and produced the first commercial
machines in 1945. A typical modern large scale absorption refrigeration water
chiller, for air-conditioning usage, is shown in Figure 1-3. It uses water as the

refrigerant and lithium bromide as the absorbent [3].

A typical absorption system using aqua-ammonia is illustrated in Figure 1-4.

*——— RECTIFI(ER o CONDENSER
: Y
e §
ANALYZER g
GENERATOR =
i
HEAT EXCHANGER PRE-COOLER
THROTTLE
VALVE
ABSORBER EVAPORATOR
SOLUTION PUMP EXPANSION VALVE

Figure 1-4 Practical Absorption Refrigeration System

Heat is applied to the generator, which contains a solution rich in ammonia,
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strong solution. The ammonia vapour is driven off from the strong solution
together with some water vapour. This vapour mixture is purified in the analyser
and rectifier, where the water content of vapour is removed and returned to the

generator in the form of a reflux solution.

The purified ammonia vapour condenses in the water or air cooled condenser. The
condensate is cooled further in the pre-cooler before entering the expansion valve.
After the expansion valve the liquid ammonia mixture enters the evaporator where

it vaporises at low pressure and temperature.

The ammonia vapour is fed into the absorber and combines with the weak solution
from the generator. In the absorber, as the weak solution absorbs the ammonia
vapour, considerable heat is liberated, which has to be removed to allow

absorption to continue.

The strong solution that was formed in the absorber is pumped back into the
generator by the solution pump. On its way, it receives heat from the weak
solution that flows from the generator on its way to the absorber. This is an
advantageous feature in the system, as it permits a substantial reduction in heat |

input requirements and saves appreciably on the cooling required by the absorber.

The absorption refrigeration machines have a low coefficient of performance (COP)
of about 0.5 to 0.7, in comparison to a COP of about 3 to 4 for a vapour

compression machine.

However they have become an attractive proposition, when low grade or waste

_heat can be utilized.
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Absorption refrigeration usages range from deep refrigeration temperatures that
easily reach minus 50°C to the region of comfort and air-conditioning. Applications
of absorption refrigeration systems for air-conditioning purposes are attracting
attention in both hot and cold climates. In cold climates the same machine can be

used as a heat pump.

Considerable amount of research and application work regarding the absorption
refrigeration system is focused on using low grade heat, especially solar energy

and exhaust gases.

For example absorption units, using solar energy as a source of heat, can be used
to cool buildings [4]. In some installations, where steam is used in winter for
heating, the steam can also become the source of heat for absorption cooling in the

summer.

Exell et al. from Thailand [5], reported their work on the mathematical
modelling of an intermittent ammonia water absorption refrigerator powered by flat
solar collectors. The results show that the average daily production is 3.2 kg ice

per m? of collector.

- Professor 1. Borde of Israel [6] used waste heat and solar energy to provide
refrigeration in the range of 0°C to -3°C with their absorption refrigerator using
hydrogenated chlorofluorocarbons and Dimethyl Formamide (DMF) or

Tetraethylene Glycol Dimethyl Ether (TEG.DME) combinations.

Alvares and Trepp [7] from the University of Brazil reported on a mathematical

model of a solar driven aqua-ammonia absorption refrigeration system. The
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different absorption cycles were studied in search of optimum coefficient of

performance.

A recent application of absorption chillers for the central heating, ventilating and
air-conditioning of larger buildings can be found in a hospital in United States of
America [8]. The system used depends on two centrifugal chillers and two steam-
fed absorption chillers. The electric chillers operate during utility off-peak hours.
Absorption chillers come online during utility peak hours and when the boilers are

lightly loaded.
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1.2 Motor Car Air-Conditioning

Using the Absorption Refrigerating Cycle

In the early 1950’s, automobiles in the USA were first sold with an air-
conditioning system as a non-standard optional extra [2]. More recently, there has
been a rapid increase in the use of air-conditioning in motor vehicles as a standard

and not an optional item [9].

Up to now, almost all motor vehicle air-conditioners use the vapour compression

system with refrigerant R-12.

For reasonsv of possible environmental impact of CFCs, R-12 is being replaced
by R-134a in a step wise fashion. Asa short-term solution, R-134a’s usage
in car air-conditioners may become a necessity, in order to cope with the phasing
out of CFCs. In a long-term perspective, however, alternatives with lower

GWP(GlobalWarming Potential) than R-134a will be desirable.

Some new systems are being developed in order to revitalize the use of ecologically
safe refrigerants. For example, a system for car air-conditioning using CO, as the
refrigerant has been developed by Lorentzen and Pettersen [10]. The testing of a
laboratory prototype has shown that CO, is an acceptable refrigerant for car air-

conditioners.

Our proposed study, which comprises a car air-conditioner using the ammonia
absorption refrigeration system is, of course, free of any adverse environmental

impact in addition to utilizing energy which is contained in the exhaust gas.
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circulate in the system. The less the amount of absorbent used, the smaller the
amount of heat input will be required for a given refrigeration effect. But the
refrigerant absorbent combination should also have a low solubility value at
conditions in the generator. As with the refrigerants for compression systems,
there is no single combination = it excels in all the desirable properties. The

choice depends upon the application and economics involved.

Three refrigerant absorbent com! iations have been more commonly used with the

absorption refrigeration cycle. They are:

1. Aqua-ammonia;

2. Lithium bromide and water;

3. Dimethyl ether-tetra eth' :ne glycol (DTE-TEG) and Freon 22.

Ammonia, water and Freon 22 are the refrigerants, and water, lithium bromide

and DTE-TEG are the absorber . respectively.

The above three combinations were under consideration for use in the present
application. The reasons why aqua-ammonia was chosen, will be given in the

following discussion.

Considering our application, t :combination of lithium bromide and water would
not be suitable. Usually, this combination serves large scale water-chilling units
for central plant air-conditioning systems ( capacity from 100 kW to 3500 kW ).

The system is normally n ‘e complex and requires additional auxiliary

12












HAPTER 2

SYS 'EM DESIGN

2.1 __ Mogtor Car A~ Condi“" 11

In car air-conditioning, during winter, heating is usually provided by circulating
warm coolant from the engine th ugh a fan coil. Other than the power consumed
by the fan there is no additional « ergy input requirement. For cooling in summer

however, a complete refrigeration system is required.

Having obtained a NISSAN 1400 bakkie, this project’s brief was to design an air-
conditioning system, based on e absorption refrigeration cycle powered by the
bakkie’s engine exhaust gases, which could maintain an interior or cabin
temperature of 24°C and relative humidity of 50% when the outside conditions were

35°C temperature and a humidity of 60%.

For an average car the cooling load generally is of the order of 3 - 4 kW [18].
This cooling load consists of he: transmission through ti  car body, windows and
roof, solar heat radiation throi h windows and heat generated by the driver and

passegers.

APPENDIX A.1 gives the detail calculations of the refrigeration load for the
NISSAN 1400 bakkie cabin.  he total heat load is 1.13 kW, made up of the
transmission heat gain through the car body, windows and roof (0.19 kW), the
solar heat gain through windows (0.44 kW) and the internal heat gain from two

people (0.50 kW).

17
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HAPTER 3

THE EXHAUST GAS \ND ENGINE PERFORMANCE

3.1 I gine Performance

The Word performance when referring to an engine, has several meanings. "In
some cases it is used to designate the relationship between power, speed, and fuel
consumption. In other instances, it may refer to the relationship between power,
speed, and smoothness, or noi lessness of operation [20]". Since a generator
will be installed in line with the exhaust system, its influence upon the engine’s

power becomes important.

Theoretical analyses of the cycles of four-stroke engines assume that the exhaust

and intake pressures are equal to the atmospheric pressure.

In reality with internal combust 1 engines the exhaust pressure is higher and the
suction pressure is lower than atmospheric pressure on account of resistances in the
exhaust and intake pipes, ports, silencer and valves. In most engines the back

pressure during exhaust ranges between 3.4 kPa and 6.8 kPa[20].

The increase of back pressure during the exhaust will decrease the engine power.
The effect of back pressure on the engine power is related to the engine mean
indicated pressure and residual gases. If the average mean indicated pressure of
an engine is 680 kPa, then a 6.8 kPa back pressure means a decrease of 1 per cent

of the mean pressure and power of the engine.

29






CHAPTER 3

3.2 Exhat t Heat Available

The fuel consumed in the engine is converted into shaft work and heat. Figure
2-2 illustrates what happens to the energy released by the combustion of the fuel.
It can be seen that energy contained in the exhaust gases is on average 40% of the

total energy contained in the fuel.

The heat contained in the exhaust gas can be evaluated from:

Q,=C, xM,x(T,-T) (3-1)

Here: C,. = Specific heat of exhaust gas kJ/kg°C
M, = Mass flow 1 e of exhaust gas kg/s
= Temperature of exhaust gas °C

T
T; = Temperature of environment °C

The specific heat C, is a function of fuel composition, air/fuel ratio and exhaust
temperature. For a petrol engine or a compression ignition engine with fuel pump
rack in the fully open position, Greene [11] suggested that the specific heat of the

exhaust gases be evaluated using e following temperature dependent equation:

C,,=0.988+0.230x10"T,+0.050x10°T, kilkg°C (3-2)

The mass flow rate of the exhaust gases is equal to the flow rate of charge entering

the engine

M =M (3-3)

31
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THE EXHAUST GAS AND ENGINE PERFORMANCE

NISS‘=AN 1400
Car Speed 100 km/h 140 km/h
Engine Speed 3000 rpm 3500 rpm
Exhaust Temperature 536 °C 604 °C
Exhaust Pressure 70 mBar 90 mBar

.
Table 3-1 Preliminary Test s

be kept to a temperature above 150°C. When the NISSAN 1400 bakkie engine

operates at 3000 r.p.m. the ava 1ible heat in the exhaust gas is:

Q,= 1577 kW

(see calculations in APPENDIX A.S5).

In CHAPTER 2.3, it was shown that the heat requirement of the generator was
5.87 kW, which means that there is enough heat available to power the absorption

refrigeration system.
In the process of extracting 5.87 kW of heat from the exhaust gases (as the required

input to the generator) the tem rature of the exhaust gases will be reduced to

392°C which is still well above the minimal safe temperature of 150°C.

34



3.3 ‘ xhaust Pressure

In the previous section, the m s flow rate of the exhaust gases and the heat
available in the exhaust gases were evaluated. The following describes the

procedure to establish the volun ric flow rate and pressure of the exhaust gases.

The exhaust gas can be thought as a mixture of the following gases: CO,, HO,,

CO, O, and N,. According to a stoichiometric analysis of the fuel combustion [11]:

CeHys + ¢(0, + 3.76 N,) —— aCO, + bHO, + cCO + dO, + eN,

Here a, b, ¢, d and e are mol fractions of each individual gas in the exhaust stream.

Considering an air/fuel mass ratio of 16, this will lead to values for the constants:

a=2_8
b=9
c=0
d =0.79
e = 49.97.

However, for an exhaust gasat 36°C, the density and viscosity of each individual

constituents can be found in reference [21]. See Table A-7.

Then we can find the density p. and the viscosity u, for the gas mixture.

The volumetric flow rate of the exhaust gas is:

35



THE EXHAUST GAS AND EN

10

v-M o001 m¥s
P

and the speed of exhaust gas is

V. 4
u=—2=: =614 m/s
A nd?

Applying fluid dynamical analysis, when the exhaust gas flows in the exhaust pipe,
the friction loss is equal to its pressure drop. Which relates with the Reynolds
number, a combination of d, u, p and p, the pipe roughness e and pipe

length L.

2- 'L'u2
f 24P 5 F-0 here: 2F=—f‘-’—-
1 p g.d

The exhaust system of the NISSAN bakkie can be considered as consisting of 3 m
of straight pipe, two 90° elbow  three 45° elbows and two silencers. Using the
table in reference [21], the equ ralent pipe length for the system can be found:

L=Lg, = 12m.

and the pressure drop in the exhaust pipe can be obtained.

AP=6506 Pa

For the detail calculations, see APPENDIX A.6.

36


















SYSTEM COMPONENTS MANUF ™~ 3

to the rectifier and the other two as the reflux and strong solution inlets. The flange
of the weak solution receiver is fitted with a drain/charge valve and a solution

outlet connection. The heat transfer calculations of the generator are given in

APPENDIX B.1.
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CHAPTER 4

Because of the difference in specific volumes between the vapour and the
condensate, the condenser is designed to accommodate larger volume of vapour at

its inlet. Thus the first two passes are double tubes which then merge into one tube

downstream.

The details thermal transfer calculations of the condenser can be find in

APPENDIX B.2.
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RI [AL STUDY

(i) The throttle valve setting vs cooling capacity, absorber pressure.
(iii) The expansion valve setting vs the amount of water through the evaporator.

The results of these tests are shown in tabular form in APPEl...IX C.1, and

discussed in CHAPTER 6 with the aid of source graphs period.
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From the second group of data, good results were obtained. The temperature of
chilled water was cooled down to as low as 2°C and the cabin air temperature was

decreased as much as 6°C.
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6.3 Recor 1~—-ations

On the basis of the experience gained from this work, the following

recommendations can be made:

1. The use of automatic control units for the setting and adjusting of the

various system parameters should be a priority in any further work. For example:

i). The expansion valve should be controlled by the generator’s temperature or
pressure at system start-up, and thereafter control should be effected by the

evaporator temperature.

ii). The throttle valve feeding the absorber with weak solution should be

controlled by the generatt pressure.

Usually the manual control units are suitable for bench tests. Although when using
manual control units, each single setting and adjustment can be made separately,
and its effect studied. When the vehicle is in motion it is very difficult to monitor

** the parameters and control all the valves.

2. Improved solution pump as far as sealing and efficient fluid transfer is a

very important aspect re« iring further attention.

The only moving part in the system - the solution pump - was found to be very
important for the system’s operation. It was modified several times to overcome
leakage or loss of efficiency. The main reason appeared to be the material used for

the piston and rod seals.
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2. Solar heat gain through windows.

xR = K KA

Here:
Qr = The solar radiative heat flow, kW,
K, = The over-all factors for solar heat gain through glass.
K, = The solar heat ga through ordinary glass, kW/m?.
A = The glass area, m?

The factor K, varies with latitude, time of year, time of day and the face direction
of glass. In the calculation, the peak heat gains at 30° latitude through the front

windscreen and one side door g s were used.

Qr = 1x0.7874 X (0.5 X 1.2 + 0.8 X 0.4)
= 0.44 kW

3. Internal heat gains.

Normally, internal heat gains are those that occur from people, product, or devices
located within the air-conditioned space. In the NISSAN bakkie cabin, only the
heat from people was considered. According to Figure 26-27 in reference [19], the

heat gain from two people is

QI = 2 X ( chtabolic+ !scnsible + Qlatent)
= 2 X (0.1318 + 0.0703 + 0.0469 ) = 0.50 kW

The total heat gain
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Qr + Qe + &
0.19 + 044 +0. ) = LI3kW
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By substitution,

WX ¥ _099-039
“x,x, ’ 039-033

and

W, =10+ 1 = 11kg/s

c

The pump work W

pump

d
W = £ xv xW,

here:

Ve = (1-%) Vgo + 85 X Vg,

1=10 kgls

kW

Using water and ammonia tables for the volumes

v, ~(1-0.39)x— +0.85x0.39, ' —=12084x10" mlkg
990

559.7

Assuming the pump efficiency to be 70%, the pump work

_2000-4
P 0,70

Therefore

W
hd=hc+ pumP:‘1+3O'4=l,Z§ kllkg

/4 11

c

84

x1.2084x1073x11=304 kW
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- 10.

11,

The strong solution acquires the heat from the weak solution in the heat

exchanger.

Q = (h,-hy) x W, =(280-176) x 11
= 30606 kI

So, for the weak solution at point i, the to‘tal enthalpy is:
H, = h, X W, -'Q = 380 X 10 - 3060.6 = 739.4 kJ
At the generator,v the mass flow »rate of solution is

W+ W, = We. + W,

and for ammonia

by substitution,

) W (x,-x g) +W,(x A -X;)

xf—x p

W

11(0.39-0.65)+10(0.65-0.33)
= =1.417 kg/s
0.89-0.65

W, =W+ W,-W,=1417 + 10- 11 = 0.417 _ kg/s
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Table A-3, A-4, A-5, A-6, A-7, A-8, A-9 and A-10 show the results of the
calculations when the generator temperature was assumed as 120 °C, 125 °C, 135

°C and 140 °C.

Pressure Tempera- Mass Concen- Specific Total
ture flow tration enthalpy enthalpy
Point ' rate kg HN,/
kPa °C kg/s kg solution kl/kg kW
P T W X . h H
a . 2000 50 1 0.99 240.0 240.0
b 400 0 1 0.99 1260.0 1260.0
c 400 50 21 0.39 -1.0 -21.0
d 2000 21 0.39 37.0
e 2000 110 21 0.39 220.0 4620.0
f 2000 130 1.26 0.89 1580.0 1990.8
g 2000 70 0.26 0.65 120.0 31.2
h 2000 120 20 0.36 320.0 6400.0
i 400 20 0.36 1818.0
j 2000 1 0.99 1300.0 1300.0

Table A-3 System Parameters when the Generator Temperature is Assumed
T, = 120°C.
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- Heat added Heat rejected
kW kW
Condenser Hi-H, 1060.0
Evaporator H,-H, 1020.0
Absorber H,+H,-H, _ 3098.0
Pump work 58.0
Generator H+H,-H, H, 3738.6
Rectifier HeH,-H; 659.6
Total heat 4816.6 4816.6

~ Table A-4 System Heat Balance when the Generator Temperature is Assumed
T, = 120 °C.

When the generator temperature T, = 120 °C, the system coefficient of

performance is:

_ Refrigeration Effect . 1020.0

6(0)4 =
Total Heat Input  3738.6+58
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Pressure Tempera- Mass  Concen- Specific Total
ture flow tration enthalpy enthalpy
Point rate kg HN,/
kPa °C kg/s kg solution kJ/kg kW
P T w X h H
a 2000 50 1 0.99 24Q.0 240.0
b : 400 0 1 0.99 1260.0 1260.0
c 400 50 13 0.39 -1.0 -13.0
d 2000 13 0.39 22.9
e 2000 105 13 0.39 240.0 3120.0
f 2000 125 1.31 0.91 1610.0 2109.0
g 2000 70 0.31 0.65 120.0 37.2
h - 2000 125 12 0.34 350.0 4200.0
i 400 12 0.34 1102.9 .
j 2000 1 0.99 1300.0 1300.0

Table A-5 System Parameters when the Generator Temperature is Assumed

T, = 125 °C..
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Heat added Heat rejected
kW kW
Condenser Hi-H, 1060.0
Evaporator H,-H, 1020.0
Absorber H;+H,-H, 2375.9
Pump work 35.9
Generator H¢+H,-H,-H, 3151.9
Rectifier HeH,-H, 771.9
Total heat 4207.8 4207.8

Table A-6 System Heat Balance when the Generator Temperature is Assumed
T, = 125 °C.

When the generator temperature T, = 125 °C, the system coefficient of

performance is:

OP- Refrigeration Effect _ 1020.0 -0.32
Total Heat Input = 3151.9+35.9
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Pressure Tempera- Mass Concen-  Specific Total
ture flow tration enthalpy enthalpy
Point rate kg HN,/ '
kPa °C kg/s kg solution kl/kg kW
P T w X h H
a 2000 50 1 0.99 240.0 240.0
b . 400 0 1 0.99 1260.0 1260.0
C 400 50 7 0.39 -1.0 -7.0
d 2000 7 0.39 12.3 -
e 2000 115 7 0.39 300.0 2100.0
f 2000 135 1.7 0.85 1680.0 2856.0
g 2000 70 1.7 0.65 120.0 84.0
h 2000 135 6 0.29 420.0 2520.0
i 400 6 0.29 432.3
j 2000 1 0.99 1300.0 1300.0

Table A-7 System Parameters when the Generator Temperature is Assumed
T, = 135 °C.
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Heat added Heat rejected
kW kW
Condenser H-H, 1060.0
Evaporator H,-H, 1020.0
Absorber H;+H,-H, 1699.3
Pump work 19.3
Generator H¢+H,-H.-H, 3192.0
Rectifier HeH,-H; 1472.0
Total heat 4231.3 42313

Table A-8 System Heat Balance when the Generator Temperature is Assumed
' T, = 135 °C.

When the generator temperature T, = 135 °C, the system coefficient of

performance is:

Refrigeration Effect . 1020.0
Total Heat Inpur 3192+19.3

COP= =032
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Pressure Tempera- Mass Concen-  Specific Total
ture flow tration enthalpy enthalpy
Point rate kg HN,/
kPa °C kg/s kg solution  kJ/kg kW
P T w X h H
a 2000 50 1 0.99 240.0 240.0
b . 400 0 1 0.99 1260.0 1260.0
c 400 50 6 0.39 -1.0 -6.0
d 2000 6 0.39 10.6
e 2000 120 6 0.39 320.0 1920.0
f 2000 140 2 0.82 1720.0 3440.0
g 2000 70 1 0.65 120.0 120.0
h 2000 140 5 0.27 450.0 2250.0
i 400 5 0.27 340.6
j 2000 1 0.99 1300.0 1300.0

Table A-9 System Parameters when the Generator Temperature is Assumed
T, = 140 °C.
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Heat added ‘Heat rejected
kW kW

Condenser H;-H, 1060.0
Evaporator H,-H, 1020.0
Absorber H;,+H,-H, 1606.6

- Pump work . 16.6
Generator H¢+H,-H -H, 3650.0
Rectifier HH,-H; 2020.0
Total heat 4686.6 4686.6

Table A-10 System Heat Balance when the generator temperature is Assumed
T, = 140 °C.

When the generator temperature T, = 140 °C, the system coefficient of

performance is:

_ Refrigeration Effect . 10200 _
Total Heat Input  3650+16.6

cop
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A3 _System’s Flow Rates and Heat Rates

According to the results of CHAPTER 2-3, when the required cooling capacity

is 2 kW, the system’s flow rates were determined.

£

Refrigerant flow rate:

b. Strong solution flow rate:

c. Weak solution flow rate:

d. The Pump work:

e. Condenser heat rejected:

_ 1060x2 _

2.078 kW
1020

Q.
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f. Absorber heat rejected:

o Bl s s
g. Generator heat added:

0B s
h. Rectifier heat rejected:

L S

9%
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Ad Charge-Weight Law

An analysis of the breathing of a 4-stroke engine is termed the Charge-weight Law

and is derived as follows:

The analysis is based on the assumption that the volumetric efficiency is determined

by the effect of the residual gas only.

Engine particulars are:

Compression ratio r,
Swept Volume V,
Clearance Volume V.

hence total cylinder volume when piston is at bottom dead centre:

rV

V4V, =(—2),
s c (rv_l) S

At top dead centre at the end of the exhaust stroke:

Gas Pressure = P,
Volume =V, =V, /(r,-1)
Gas temperature =T,

hence the mass of residual gas per stroke is given by

Mate¥s
* RT(r,-1)
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Where R = Gas constant.

At bottom dead centre, at the end of the induction stroke:

Gas Pressure = P,

Gas Temperature = T, due to mixing with residual

rV

Volume =V _+V =( )V,
r-1

hence mass of gas in cylinder per stroke:

M — Pl .I/S.rv
“B RT Ar,-1)

Thus, mass of charge entering cylinder per stroke:

n-Nnr, V. P
i=___"__~5[pi__‘]

RAr,-1D)T, r,

If the engine speed is 27N revolutions per second, giving #N cycles per cylinder
per second and if the number of engine cylinders is n, the mass flow rate of charge

into the cylinder is:

. nNnrV P, P,
R(r,-1) T, rst

vV e

]

To eliminate T,,, assume that the enthalpy gained by the fresh charge equals the
loss in enthalpy of the residual gas, and that residual gas and fresh charge have the

same specific heat at constant pressure (Cp).' Thus,
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Enthalpy gained by fresh charge = Enthalpy lost by residual gas

rv.Vs Pi Pe PeVs
[ -—=1=C,IT,-T, ] ———
R(,-1)T, r,T, * RTr,-1)

vy e

C(T,-T)

where T, is the temperature of the new charge entering the cylinder, giving:

P P P
—i-—e1-Lip-T9
Tm r -Te T. r

\ 4

{ v
substituting this into the expression for the mass flow rate into the engine yields:

M- nN-n-rv-Vs

P—P‘
T

v

which is the formulation of the Charge-Weight Law.
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A.5 Available Exhaust Heat

On the basis of the Charge-Weight Law, for the NISSAN 1400 bakkie engine:

nxV, = 1,397
r, = 9.4
R = 290.6 m’ Pa/kg °K

“Assume: engine speed is 3000 r.p.m

3000
N = = 25 ”s
2x60
P, = 86.4 kPa (12.7 psi)
P, = 107 kPa (15.7 psi)
T, = 25°C =298 °K
25%1.397x9.4 107

i~ 86.4-—]=
! 290.6x(9.4—1)x298[ 9.4] 0.03386 Kels

According to test result, when engine speed is 3000 r.p.m.,

T. = 536°C = 809°K

Cpe=0.988+O.23x10‘3x809+O.05x10'6x8092=1.ZQZ kJlkg°C
To avoid condensation and corrosion in the exhaust pipe, the minimum safe
temperature of the exhaust gases is 150°C. Therefore, when the NISSAN 1400
bakkie engine runs 3000 r.p.m. (about 100 km/h), the available heat in the

exhaust gas is:
Qe=CpexMexAT=l.207 x0.03386x(536-150)=15.77 kW
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A.6 Exhaust Pressure

The following is the procedure to find the volumetric flow rate and the pressure of

the exhaust gas. .

The exhaust gas can be thought as a mixture gas of CO,, H,0, CO, O, and N,. A

stoichiometric analysis of the fuel combustion leads to the following:

CiHis + ¢(0, + 3.76 N,)

aCO, + bH,0 + cCO + dO, + eN,

The a, :b, ¢, d and e are mol. fractions of each individual gas in the exhaust

gas.

Considering an air/fuel mass ratio of 16, the left side of the equation would give:

¢ X (32 +3.76 X 28) =16 X (8 x 12 + 18)

fromvwhich ¢ = 13.29
this leads to a=38
b=9
c =20
d =0.79
e = 49.97

However, for an exhaust gas at 536°C, the density and viscosity of each individual

constituents can be found in reference(21). See Table A-11
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P puX 108
GASES
kg/m? kg/ms
Co, 0.678 35.2
H,0 0.276 30.3
CO 0.429 35.4
0, 0.490 41.2
N, 0.429 34.9

Table A-11 Physical Properties of Gases (at 1 atm, 536°C)

For the gas mixture, the density p,:

e

o= ap o, *bPy*dpo tepy,
e

a+b+d+e

_ 8x0.678+9x0.276 +0.79x0.490+49.97 x0.429 _

0.439 kg!m3
8+9+0.79+49.97

and the viscosity u.:

"= Ao, thiy otdicoreny
e

a+b+d+e
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u _8x35.2+9x30.3+0.79x41.2+49.97x34.9 -34.4x10°5 kel
¢ 8+9+0.79+49.97
So, the volumetric flow rate of the exhaust gas:
M _0.03386 3
V=—= =0.0771 m’[s
‘ p 0439

Given an exhaust pipe of internal diameter d = 0.04 m, the speed of the exhaust

gas is

yole 4V _4x00771_

— 61.4 mfs
A nd® wx0.04>

The Reynolds number is:

_dup _0.04x61.4x0.439 _
M 34.4x107¢

Re 31343

Since the Re > 4000, the flow is turbulent. From the reference(21), we can find

the roughness of the pipe, e = 0.046 mm, then

_0.046x107%

€
— 0.00115
d 0.04

According to the chart for frictional loss of the fluid in a pipe, the friction factor,

fr can be found.

fe = 0.00655 when Re = 31343, e/d = 0.00115
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The energy balance for the exhaust gases flow in the pipe is given by:

f 24p 3 F-0
1 p
where
2f-Lu?
LF-= Te
8,
and
_kgm
8.~ s*N

The exhaust system of the NISSAN bakkie can be considered fo consist of 3 m
straight pipe, two 90° elbows, three 45° elbows and two silencers. Using the table

2.2 in reference(21); the equivalent pipe length for the system can be found.

L=L,,=3+2x12+3x0.6+2x2x1.2=12 m
and 'the pressure difference can be calculated:

AP

_2x0.00655x12x61.42_55Q5 P,
1x0.04
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B.1 | Generator Calculations

The generator is designed as a shell-tube heat exchanger. The weak solution enters the
top header and passes through 16 tubes to the bottom header. The exhaust gas enters
the shell and passes the outside of the tubes. The generator has the following

characteristics:

*  Generator’s load Q = 5869 W

* Temperature of the generator T, = 130°C

* Stfong solution.mass flow rate m, = 0.02157 kg/s
*  Temperature of exhaust gas in T.; = 536°C

*  Temperature of exhaust gas out T.., = 392°C

*  Inner tube diameter d = 9.6mm

*  Quter tube diameter d, = 12mm

*  Shell inner diameter D, = 74 mm

*  Tube thickness t, = 1.2 mm

*  Number of tubes N =16

APPENDIX A.S, A.6 give the specific heat C,, , density p, , viscosity u, and mass

pe »

flow rate m, for an exhaust gas mixture at a temperature of 536°C:

C,, = 1207 kI/kg°C

0, = 0.439 kg/m’

©, = 344 x10° kg/ms
m, = 0.03386kg/s
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For the exhaust gas in the generator, the Reynolds number is

4R G
R=—" "2 4766
K,
Here R, is the hydraulic radius, G, is the mass velocity of the exhaust gas
Grax=p . Xv=m/A.
A=1/4(7xD?-167d?)

At the exhaust gas-side, Colburn [22] gives the relationship of Nusselt number with
Reynolds number and Prandtl number for hot gas passing a bank of staggered tubes

when the Reynolds number ranger is from 2000 to 32000.

hd _g30[dG ] G BL.I
ks Fy k5

here h = Heat transfer coefficient
d = Outer tube diameter
k = Exhaust gas thermal conductivity, 45.9 X 10° W/ mK

The subscript f refers to properties of the gas at the film temperature estimated as

here T, is the bulk fluid temperature for an exhaust gas average temperature,
T, = (536+392)/2 = 464°C.

Ty 18 the outside wall temperature.

106



APPENDIX B

As a first approximation, assume T, , = 135°C, then

_ 464 + 135 _ 2995°C

For a temperature of 299.5°C the values of the following properties are obtained

C, = 1.144 kJ / kg °C

oy = 0.656 kg/m’

u = 20.1 X 10 kg/ms
ke = 455 x 10° W/ mK

h,d d,G_ P5iC uy1 |
- 0.30]=2 [-22] 5 - 3837 . h, = 145 Wim?K
k, u k-, °

For the heat transfer on the inside of tubes, McAdams [22] gives the following

equation;

[

hd
k

dG

— {B1.2}
I

]0.14

|

- 1.86 |

~la

| £

#w,i

At the generator temperature the properties are evaluated
C, = 4552 J/kg°C

204 X 10° kg/ms
0.642 W/ mK

®
il

here, the subscript w,i refers to the inside wall temperature.
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- Qg t“’
W,i w,0 k A

mw

where A, is the tube mean area, A, = 7#NL (d, - d) / In(d, / d)), L is the tube
length,
t, i1s the tube wall thickness, 1.2 mm

k, is the tube wall thermal conductivity, 40 W/m K.

A choice is made for the tube length L = 0.3 m, therefore T, ; = 133.9°C and

poi = 201 X 10° kg / ms. By substitution
—1=69 hi = 461 Wim*K

then the overall heat transfer coefficient can be evaluated

t

w

k,

+

iU ?:1_ . % 0.009259 U = 108 Wim?K

The Logarithmic Mean Temperature Difference for concurrent flow is given by:

_ ( Te,o_ Tjs,o )— ( Te,i—. rs,i)

AT =337 °C
ln TG,D - T:Y,O
Te,i_ Ts,i

Then the tube length is:

108



APPENDIX B

QE

L=——2%——_ =0334 m
21rri NUAT

For the inside and outside tube wall temperatures:

" These temperatures T,,; and T, , are iteratively calculated from equation {B.1} and

~ {B.2} until convergence. The end results are:

Wall temperature

Ty, = 378.1°C
Solution-side heat transfer coefficient h, = 4614W/m*K
Exhaust-side heat transfer coefficient h, = 165W/m’K
Overall heat transfer coefficient U = 121W/mK
Generator tube length . L =029m
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B.2 Condenser Calculations

The condenser is designed as an air cooled fin-tube heat exchanger:

*  Condenser’s load Q. = 20718 W

*  Temperature of the condensate T, = 50°C

*  Temperature of air environment T = 35°C

*  Ammonia vapour flow rate m, = 1.961g/s
*  Inner tube diameter d = 8mm

*  Quter tube diameter d, = 10mm

*  Fin‘thickness 6 = 0.2mm

*  Fin quantity n = 350 fins/m
* Cooling air velocity v = 16.7m/s
*  Number of tubes N =11

According to Colburn, [23] for two phase flow condensation inside tubes, the heat

transfer coefficient is given by:

G, =( ) G=vxp

here k,, C,, o, and g, apply to the condensate, while p,, f. and G, apply to the
vapour. G; and G, are vapour mass velocity at inlet and outlet. For complete

condensation,
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G, = 0.58G,.

At condensation temperature

k = 0.521 W/mK w = 193 X 10% kg/ms
C, = 4798 J/kgK p, = 15.8 kg/m’
o, = 564 kg/m? p, = 16 X 10% kg/ms

Inside the tube, the Reynolds number, for ammonia vapour, is

vd, p 4m

[]

= = 19506
K T H, di

then, the f, can be found from the chart {21], f, = 0.0065. Using the equation,

h, = 1803 Wim’K

Kays and London [24] give the curves for Colburn modulus and friction factor as
functions of the Reynolds number. For the outside finned tube matrix, the Reynolds

number is

‘R G 5 0.(?(())322:75;0'(?11 Xx167x1.2
R - i x(0. +0.01) - 4476
7 1.88x107°

Here R, is the hydraulic radius, G is the air mass velocity G = p,, X v, u is the air

viscosity.

p, = 1.2kg /m? u = 185x%10° kg/ms
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From the curve of a similar surface, when the Reynolds number is 4476

h C
(—2y (e

GC, k

2
)%= 0.0052 f, =0.018

here £, is the outer heat transfer coefficient between fin and surrounding air, C, is the

specific heat of the air and k is the air’s thermal conductivity.

C, = 1006 J/kgK k = 00271 W/mK

|4

By substitution,

0.0052xGxC
h = . 0.0052x20.04x100§ _ 133 WimK
( #ch)g ( 1.88x10‘5x1006)§
k 0.0271

Gnielinski [25] gives a formula for fin efficiency

1 r
= [1+= 12l—f 1
flf[+3(m,_.) "o]

here

_ h
m= —_

k:y,

k, = Fin thermal conductivity, 40 W/ mK
Yo = 1/26 mm
[, = Fin height, 5 mm
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therefore

2h 12
= 1 Bk 6 = Q718

To obtain the total efficiency of outside surface with fins, the

Af
Mo =1--L(1-n)=0748

Finarea, A;= 2Ln(ab-Nxr?2), L is tube length
Inside tube area, 2 7 r, LN

Total outside area, A¢+A, = 27L [n/N « X (ab-Nzr,?) + r, (1 - nd)]
a,b are height and width of the fin,a = 0.12m, b = 0.04 m

Then the overall heat transfer coefficient

Mo

1;

1 At A
= + +

nh A k n, Ak,

oo mw w

1
U

Mean wall area of the tube, 27LN(r,-r,) / In(r/r)

Total efficiency of outer surface

Total efficiency of inner surface. For tube with fins on the outside only
the usual case in practice »; is unity.

Tube wall thickness, 1 mm

Tube thermal conductivity, 40 W/m K

Then the overall heat transfer coefficient is given by the relation:
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1 At
= +

1 A
— Lo 2 _ =0.01624 - U=61.6 Wim?K
U nh A Kk

oo mw "w n;4; n;

The Logarithmic Mean Temperature Difference is given by:

( Tair,a— TNH3,i ) - ( Tair,i~ TNH3,0 )

AT = {B2.1}
Toiro™ TNH3,i
n ———=
Tori™ TNH3,0
Here T,,; = Temperature of the air
Tao = Temperature of the air after the condenser, assumed 35°C

(first approximation)
Taus; = Temperature of the ammonia at inlet
Taus,, = Temperature of the ammonia at outlet

Then

AT 12.33°C.

" The heat flux is

€ = U AT = 61.6x12.33 = 759.5 wim?

>

The tube length is then:

= Qc
? 7595

A A,=2L[n(ab-Nnr ) +nNr (1-no)]
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L= Qc =
759.5x2[nx(ab-Nnr ?)+zNr (1-nd)]

The air flow pressure drop through the condenser can be found:

2f.Lu®
AP=EFp=f'—‘fiu—p=120 Pa

4

here L; is depth of condenser in air flow direction, L; = 0.04 m.

Therefore the temperature T, , is given by:

T Q. 2078

T airit T =35 ¢ =
© CGA 1006x20.04x(0.12-0.06) x0.89x(1-0.07)

airo

37.08°C

This temperature T, , is iteratively calculated from equation {B2.1} until convergence.

The end results are:

Temperature of the air after the condenser T, , = 37.1°C

Air flow Pressure drop | AP = 120 Pa
Ammonia-side heat transfer coefficient h, = 1803 W/m’K
Air-side heat transfer coefficient he =133 W/m’K
Overall heat transfer coefficient = 61.6 W/ m*K
Condenser length L = 08/m
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B.3 Evaporator Calculations

The evaporator is a shell-tube heat exchanger. The water enters the tubes through four
passes. The liquid ammonia enters the shell through a distributor. The evaporator has

the following characteristics:

*  Evaporator’s load Q. = 2000 W

*  Temperature of the evaporate T, = 0C |
* Liquid ammonia mass flow rate m, = 1.961g/s

* Temperature of the cooling water in  T,; = 10°C

* Temperature of the cooling water out T,, = 7°C

* Cooling water mass flow rate m, = 0.1593 kg/s
* Inner tube diameter d = 8§mm

*  Quter tube diameter d, = 10mm

*  Number of tubes N =30

At water-side, Kreith [26] gives:

2

h, -3
Lo=0023 (K2 p )}
C,G D,G

here, the subscript f refers to at the average film temperature of water, T, defined as:
T, = 05(T, +T,;)
T, = Bulk water temperature = 0.5 (10 + 7) = 8.5°C

T.; = Inside wall temperature, assume T, - 5.5°C (first approximation).
C, = Specific heat of water = 4197 J/ kg K

p, = Viscosity of water at film temperature = 1.4285 X 10° kg / m's
DH -

Hydraulic diameter = d;
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G = Mass velocity of water G = p X v =m, / A = 487 kg / m?

P.; = Prandtl number of water at film temperature = 10.52

Assuming an inside tube wall temperature T, , = 5.5°C (first approximation),

T, = 0.5 X (10 + 7) = 8.5°C, then T; = 7°C.

h.

1

= 202w/ mK

At the ammonia-side, [26] for nucleate boiling heat transfer coefficient:

h, - g/A
AT,
Rohsenow {27} gives the expression:
033
c,AT, ) [ g/A g0 ]
17 sf -
hy P, phe\ 8(p-p,)

here C, = Specific heat of saturated liquid = 4644 J / kg K
AT, = Excess temperature t = [T, - T

|
surface {

g¢/A = Heat flux

he, = Latent heat of vaporization = 2272.33 kI /kg K

g. = Conversion factor = 1 kg m / §* N

g = Gravitational acceleration = 9.8 m / s?

p, = Density of saturated liquid ammonia = 638 kg / m?
p, = Density of saturated vapour ammonia = 3.45 kg / m’

117



APPENDIX B

o = Surface tension of the liquid-to-vapour interface = 0.02573 N / m
C, = Prandtl number of liquid‘ ammonia = 2.06

= Viscosity of saturated liquid ammonia = 23.96 X 10° kg / m s
Ci = The constant which depends upon the nature of heating surface, [27]

listed some values of C for various liquid-surface combination.

In our application C; = 0.013.
Assuming a T . = 7°C (first approximation), then AT, = 7°C.

By substitution

C AT .3 uh -
Ao Bl |EPTR) gesy oA 70wk
h, P, CPy g AT,

The overall heat transfer coefficient is calculated

t .
1ol 0001304
U kK, £k, h
where
t, = Tube wall thickness, 1 mm
k, = Tube thermal conductivity, 40 W/m K

the overall heat transfer coefficient U =766 W /m* K .

The Logarithmic Mean Temperature Difference is given by:
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( Tw,o_ TNH,,:’ )= ( Tw,i_ TNH,,a )

AT =
In Tw,o_ TNH3,i
Tw,i_ TNH3,0
Here T,; =Temperature of cooling water inlet
Ty, =Temperature of cooling water outlet

Taxus; =Temperature of ammonia inlet

Taus,, =Temperature of ammonia outlet
Then

AT  =8.4°C.

The hez;t flux is
Q, 2

The tube length is then:

4, =2

o = Nxmxd xL
6434 °

Q,

L= =032 m
6434x30x0.008x T

The wall temperature T, ; is given by:

And the temperature T, , is given by:
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These temperatures T, ; and T, , are iteratively calculated until convergence. The end

results are;

Inside wall temperature T, = 7.1°C

Outside wall temperature T,. = 6.9°C
Temperature of air after the condenser Tuo = 37.1°C
Ammonia-side heat transfer coefficient h, = 1429 W/ m?*K
Water-side heat transfer coefficient h, = 2020 W/ m*K
O‘;erall heat transfer coefficient U =817 W/m*K
Evaporator tube length L =03m
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B4 Absorber Calculations

The absorber is designed as air cooled fin-tube heat exchanger with the following

characteristics:

Absorber’s load Q. 3942 W
Temperature of the absorber Te 50°C
Temperature of air environment Taici 35°C
Ammonia vapour mass flow rate m,, 1.961 g/s
Weak solution mass flow rate m,, 19.61 g/s
Inner tube diameter d; 8 mm
Outer tube diameter d, 10 mm
. Fin thickness 0 0.2 mm
Fin quantity n 350 fins/m
Cooling air velocity \% 16.7 m/s
Number of tubes N 26

Inside the tube, the heat transfer coefficient h; is given by Colburn [23]:

k p,C f 1
h, = 0.065 ( keC, f )2 G,
24 p,
2 . 21
G, = G G;G2+ %y G=vxp = %’-

here k;, C,, p, and g, apply to the solution, while p,, f, and G, apply to the vapour,

G,, G, are vapour mass velocity at inlet and outlet. Assuming that the ammonia
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vapour is being complete by absorbed,
G, = 058¢G,.
At an absorber temperature of 50°C,

k, = 05934 W/mK . p, = 440 X 105 kg/ms

C, = 4486 J/kgK o, = 345 kg/m’
p, = 849 kg / m? p, = 93 %X 10° kg/ms

Inside the tube, the Reynolds number, for the weak solution, is

dp 4
TAP T e 7003
H 4y d;

e

then, the f, can be found from the chart [21], f = 0.0085. Using the equation,

h, = 3700 W/ m’K

Kays and London [24] give the curves for Colburn modulus and friction factor as
functions of the Reynolds number. For the outside finned tube matrix, the Reynolds

number

ry0 ST 712
R-—t7. 20 +0.01) - 4476
B 1.88x107°

Here R, is the hydraulic radius, G is the air mass velocity G = p,, X v, u is the air

viscosity..
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Py = 1.2kg/m’ 2

185 X 10° kg/ms

From the curve for a similar surface, when Reynolds number is 4476, we obtain

h C
oy e

GC, k

(

2
)? = 0.0052 £, = 0018

here h, is outer heat transfer coefficient between fin and surrounding air, C, is the air

specific heat and k is the air’s thermal conductivity.

C, = 1006 J/kgK 'k = 00271 W/mK

By substitution,

0.0052xGxC

h,= X >: » 0.0052x20.04x100§ =133 Wim’K
PGy (188x10°x1006,3
& 0.0271

Gnielinski [25] gives a formula for the fin efficiency

1 re __
=[1+=(@m1)?* |L 1!
n,=1 3 (ml) , )

here

_ h
m= —
ke y,
k; = Fin thermal conductivity, 40 W / mK

il

Yo 1/2 6 mm
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l = Fin height, 5 mm

therefore

B 2hl2
i 3k6 r

To obtain the total efficiency of the outside surface with fins, the

A,
n, = ——(l—r]f) 0.747
here A, = Finarea, A;= 2Ln(ab-Nxr?)
A, = Inside tube area, 2 xr; NL
A, = Total outside area, A;+A, = 2L [n(ab- Nxr?) + Nar, (1 - nd)]

a, b are height and width of the fina = 0.285 m, b = 0.04 m

Then the overall heat transfer coefficient

1 1 Ai tw Ao
_ = + +
u r’o ho Amw kw r’i Ai hi
A, = Mean wall area of the tube, 2#«NL(r,1) / In(r,/r)
1, = Total efficiency of the outer surface
n; = Total efficiency of the inner surface. For a tube with fins on the outside

only the usual case in practice 7, is unity.
t, = Tube wall thickness, 1 mm

k, =~ = Tube thermal conductivity, 40 W/m K

124



APPENDIX B

Then the overall heat transfer coefficient is given by the relation:

1 At

1 i Ao 2
— = + + =0.013112 = U=76.3 Wim°K
U nh, A_k, nAoh

oo it

The Logarithmic Mean Temperature Difference is given by:

( Tair,o_ TNH,,;‘ )= ( Tair,i_ TNH,,o )

AT = : {B4.1}
In Toiro™ TNH,,i
Tair,i_ TNH3,0
Here T,.; = Temperature of the air
T.u.o. = Temperature of the air after the condenser, assumed 35°C

(first approximation)
Taus; = Temperature of the ammonia at inlet
Tas,, = Temperature of the ammonia at outlet
Then
AT = 12.33°C.

The heat flux is

| Q

€=U AT =763x12.33 = 940.8 wim?

o

S

The tube length is then:

A=—22 'A,=2L[n(ab-N=r 2 +xNr (1-n6)]
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L= o2 -
940.8x2[nx(ab-Nnrr })+Nx=r (1-nd)]

The air flow pressure drop through the condenser can be found:

2f L u?
AP=EFp=£—;u—p=120 Pa

[

here L, is depth of absorber in the air flow direction, L; = 0.04 m.

Therefore the temperature T, , is given by:

=T .+ + =
ano. - amt cGA4 1006x20.04 x(0.285/2)x0.57x(1-0.07)

Q, 3 3942 17.6°C

This temperature T, , is iteratively calculated from equation {B<4.1} until convergence.

The end results are:

Temperature of the air after the absorber Tai,:o = 37.8 °C

Air flow Pressure drop | AP = 120 Pa
Solution-side heat transfer coefficient h, = 3700 W/ m’K
Air-side heat transfer coefficient h, =133 W/m’K
Overall heat transfer coefficient U =763 W/m’K
Absorber tube length L =051m
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C.1 Results of the Bench Tests

The bench tests were undertaken in the Department’s laboratory. Plate C-1 shows the

experimental set-up and the following tables give the data that was collected.

T1

The temperature of the ammonia vapour leaving the generator;
T2 - The temperature of the weak solution leaving the generator;

T3 - :I.‘he temperature of the ammonia liquid leaving the condenser;
T4 - The temperature of the ammonia vapour leaving the evaporator;
T5 - The temperature of the strong solution leaving the absorber;

T6 - The temperature of the enviromhent;

P1 - The pressure of the generator;

P2 - The pressure of the evaporator;

V1 - The throttle valve opening”;

V2 - The expansion valve opening;

AT - The temperature difference of "chilled” water in and out of the evaporator.

* The throttle valve turn 360° is defined 100% opening.
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Time | T1 T2 3 T4 T5 Té6 Pl P2 Vi V2 | AT
°C °C °C °C °C °C | bar | bar % % °c
1 16:15 61 ke 26 2 27 18 10.0 42 3 33 17
2 1620 63 77 28 i 28 18 100 42 13 3 19
3 1625 68 81 31 1 29 18 1S 4.6 13 33 19
4 1630 0 ) % 3 k 1 31 18 125 4.6 13 33 19
5 1632 56 92 E H 32 19 13.0 47 13 33 21
6 1635 56 95 35 11 k7] 1% 130 4.5 10 33 22
7 1638 58 97 36 1 3 19 130 48 10 33 L9
8 1642 62 100 36 11 32 19 130 50 10 41 20
b 1645 63 98 35 1t 35 19 125 48 10 50 . 20
10 16:50 60 9 35 12 k-] 18 125 54 10 58 16
u 16:55 mn 17 37 11 : 33 18 135 50 10 33 18
12 1700 n 110 37 it k-] 18 14.0 48 10 25 19
3 1705 i 114 3 10 35 18 140 46 10 17 21
14 1707 77 111 36 10 35 18 13.5 44 10 17 23
15 17:12 76 109 36 i0 36 8 135 4.5 10 8 23
16 17:15 76 109 36 10 35 - 18 135 4.5 10 8 23
17 17:18 75 109 36 10 32 18 13.5 33 10 8 22
18 1722, 76 1 35 10 k) 18 130 40 10 8 27
19 1725 76 1o 2 10 35 18 130 4.3 10 8 2.5
20 1730 74 106 33 10 37 18 130 42 8 8 2.6
21 1737 3 104 35 10 36 18 130 42 7 8 24
2 1740 70 102 32 10 33 18 12.5 335 13 8 2.8
pA] 17:42 68 P 33 9 ’ k-] 19 120 34 i3 8 2.6
2 1748 ke 100 35 L[] 30 18 12.5 4.5 13 8 2.6
25 1800 69 103 35 10 36 18 . 130 4.0 10 8 27

Table C-1 6/9/95 Test Data
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Tme | T1 T2 3 T4 TS Té P1 P2 V1 V2 | AT

°C °C °C °C °C °C | bar | bar % % °C

1 11:25 113 137 21 14 35 20 13.0 1.4 10 6 1.7
2 11:30 116 138 21 14 34 20 13.0 1.7 10 8 1.8
3 11:35 116 138 21 13 36 20 13.0 2.5 10 10 20
4 11:40 109 135 22 13 36 20 13.0 3.1 10 10 2.0
5 ¥ .11:45 104 134 2 14 37 20 13.0 4.0 10 13 2.1
6 11:50 94 1.34 23 14 37 20 13.0 43 10 13 23
7 11:55 91 130 | 23 15 38 20 12.8 4.6 10 15 2.3
8 12:00 90 127 23 15 38 20 128 4.7 10 15 24
9 12:05 88 130 24 15 37 ‘ 20 12.8 . 4.6 10 15 2.5
10 12:10 90 130 23 15 37 20 12.8 5.0 10 17 2.6
_11 12:15 89 130 23 15 38 20 12.8 50 10 17 2.6
12 12220 90 | 131 23 15 38 20 12.8 52 10 21 2.7
13 12:25 100 . 137 2 15 41 20 12.8 4.6 17 21 2.8
14 12:30 88 128 23 15 39 20 12.8 5.0 17 21 2.5

Table C-2 13/10/95 Test Data
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Tme | TI | 2 | B [T | 15| T6 | Pl | P2 vi | v2 | aT
oC oC °c |°Cc |°cC oC bar | bar % % | °C
1 1340 4 135 27 17 29 21 130 0.6 13 6 1.7
2 1345 R 130 26 17 30 21 130 02 13 6 1.8
3 13:50 93 136 n 16 30 21 2.5 02 13 8 1.8
4 13:55 102 » 141 2 16 30 . 21 2.5 0.6 . 13 10 18
5 1400 12 135 2 15 32 21 120 0.7 13 13 20
6 1405 92 131 2 14 R 21 120 0.8 13 15 2.0
7 14:10 89 129 2 14 33 21 120 12 13 117 2.1
8 14:15 101 132 2 14 33 21 125 1.6 13 . 17 2.1
9 1420 105 132 23 14 K’ 21 12.5 22 13 19 22
10 1425 . 104 131 23 15 K3 21 ) 12.5 24 13 19 22
u 14330 103 129 23 15 35 21 12.5 27 13 2% 23
12 1435 100 127 AU 15 36 21 130 30 13 21 23
13 1440 95 125 25 15 38 21 130 4.1 13 23 24
14 . 14:A5 105 127 25 16 38 21 130 42 13 23 24
15 14:50 97 127 AU 16 39 21 130 47 13 25 24
16 ] 14:55 107 133 n 15 4} 21 130 4.7 i3 2 23
17 1500 112 137 n 15 a9 21 125 43 13 2 23
18 1535 103 140 2 17 P’ 21 130 04 7 6 1.6
19 1540 129 151 n 16 2% 21 . 130 0.8 7 8 19
20 1545 13t 157 n 16 30 21 130 12 7 10 21
2 15:50 130 161 n 16 R 21 13.0 1.8 7 13 24
p] 15:55 127 160 23 16 K’ 21 130 23 7 15 2.6
b4} 1600 125 157 3 i6 35 b 130 29 7 17 2.7
2 1605 121 153 24 15 37 pe) 13.0 327 7 17 28
25 16:10 116 148 24 15 38 23 13.0 40 7 19 29
26 16:15 107 144 25 i5 39 23 130 4.6 7 21 27
p4) 1620 106 143 25 {5 39 23 13.0 44 7 23 2.5

Table C-3 16/10/95 Test Data
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C.2 Results of the Road Tests

Tables C-4, C-5 give the two groups of data of the road tests. -

P1 - The pressure of the generator;

P2 - The pressure of the evaporator;

T1 - The tempefature of the ammonia vapour leaving the generator;
T2 - The temperature of the evaporator;

V1 - The throttle valve opening"»;

V2 - The expansion valve opening;

Ty,o - The temperature of cooling water out of the evaporator;

T, - The temperature of the ambient

T. - The temperature of the air in the cabin.

* The throttle valve turn 360° is defined 100% opening.
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1 | 1296 | ~80 8 2 130 W » 0 38 ; ]
2 | 106 | -0 8 3 135 2 » a5 . .
3 | 2006 | -8 10 : | 38 38 0 3 . -
4 | 2206 | ~-% 10 3 13 0 38 66 16 . .
s | ome | ~% 9 I BT » 3 0 B - ;
6 | 2ues | ~%0 9 3 110 2 38 s 18 ; ;

Table C-4 Road Test Results (The Evaporator in the Engine Compartment)

Date | Speed| PL | P2 | T1 | T2 | VI | V2 | Tpo | T T,
kmh | bar | bar | °C | °C | % % | «c | «c | °C

1 25/4/96 ~80 8 1 80 14 30 0 13 27 27

2 25/4/96 ~80 8 2 80 -2 ) 42 3 28 22

3 5/5/96 ~60 6 1 100 15 k) 0 14 26 25

4 5/5/96 ~60 7 2 105 -2 0 3 2 2 -

5 15/5/96 ~60 : 6 . 1 50 - 14 100 0 13 26 27 |

6 15/5/96 ~60 8 2 70 -3 100 83 2 25 21

7 . 2077/96 ~80 8 1 70 15 100 0 14 23 26

8 2/7/96 ~80 8 2 80 -1 100 83 3 ‘23 20

Table C-3 Road Test Results (Thve Evaporator at the Load Box)
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