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SYNOPSIS

The design of systems that operate on low-grade energy is receiving increased attention.
This is motivated by global rapid energy consumption, its increasing cost and depletion
of energy resources such as petroleum fuels [10]. Since its development in the middle of
the twentieth century, there has been growing amount of research into optimising its

energy utilisation.

This thesis investigates the three-fluid absorption refrigeration system operating on low-
grade (heat) energy. In particular the temperature-time response of the various
components of a domestic size absorption unit were investigated with respect to the
pressure of hydrogen in the system under varying power input. Design modifications of
the boiler, lift tube, vapour-liquid separator and heat exchanger were made while

maintaining the same principle of operation.

Data collected in the form of temperatures, hydrogen pressure and power input revealed

that the time-temperature response of the unit improved from six hours (according to
manufacturer’s recommendations) to just over one hour. This data was recorded for a
range of hydrogen pressures between 7.5 bar and 27.5 bar and for power supplies of
261W,315W and 370W.

Despite the much faster time response, the performance of the unit was poor. The
refrigeration capacity was measured to be 11W at lowest evaporator temperature, which
was obtained at 12.5 bar hydrogen pressure. With a generator power input of 370W the
Coefficient of Performance (COP) was insignificant. Since the load on the evaporator

could not be measured the COP and various component loads could not be determined.
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CHAPTER 1

INTRODUCTION
1.1 HISTORICAL NOTE

The principle of refrigeration has been known since the ancient civilisations. The
earliest recorded patent for a gas compression refrigeration machine was in Britain in

1790 by Thomas Harris and John Long.

While vapour compression refrigeration advanced by various inventions, to become
commercialised by the turn of the century, the principle of absorption refrigeration
was discovered by Michael Faraday in 1824 while working for the Royal Institute of
London. He succeeded in condensing ammonia gas to a liquid, which until then was
believed only to exist as a vapour (in fact classified by chemists as a “fixed” gas).

Faraday’s experiment pioneered absorption refrigeration of the intermittent type [1].

The first continuous type absorption machine was inverted by a French researcher,
Ferdinand Carre’ in 1859 [10]. This machine used sulphuric acid to absorb water' and

a later machine used water to absorb ammonia (Carre’), Figure 1.1.

Condenser
|

AmMmonic. —— 180°C (—W

|

A i — A L___._}W/
mmonie =N Water 30°C| |

Generator ‘JH/EXCM. ; O ExpVelve

\«f@t@r‘ -15°C

a T
Pump Absorber Evaporactor

Figure 1.1 Schematic diagram of the simple two-fluid absorption machine

! Carre, Leslie and Winchausen (1878)



Chapter 1 Introduction 2

By the turn of the 19™ century absorption machines were discarded because of their
low coefficient of performance and bulky design. Vapour compression machines took
up the market share. However in the 1930’s continuous absorption machines were
revived by the development of two Swedish researchers, Balzer Von Platen and Carl
Munters, at the Royal Institute of Technology. The three-fluid absorption refrigerator
was developed with ammonia as refrigerant, water as absorbent and hydrogen as
pressure equaliser to compensate for the pressure difference between the
absorber/evaporator and the generator/condenser. Therefore the use of a liquid pump,

necessary for the two-fluid systems, was avoided.
1.2 WHY AQUA-AMMONIA ABSORPTION REFRIGERATION?

The most important advantage of the three-fluid absorption refrigeration machine is
that it does not require “high grade” energy to operate. Energy, which could otherwise
be put to waste such as hot combustion gases and low-pressure steam, can be used.
This means that the machine can be used in areas where there is no electricity. Since
there are no moving parts the machine is also silent. For this reason it regained
popularity as a domestic refrigerator during the time of the Second World War.

Maintenance costs are also reduced as a result of the lack of moving parts [16].

Absorption machines also have the advantage of high reliability, long service life,
easy capacity control and meeting the variable load easily and efficiently as given by
Ibrahim and Sadik [8].

They however, suffer from the disadvantage of having low coefficient of performance
compared to vapour compression machines and are usually bulky, hence high
production cost. Tyagi and Shankar [20] however, argue that this comparison with
vapour compression machines is not fair on the basis of COP. This is because the
energy input to the absorption machines is in form of low-grade heat in contrast to

mechanical or electrical energy input for vapour compression machines.

Large absorption plants are restricted to industrial applications for both refrigeration
and air conditioning purposes where low-grade energy is readily available. These
plants are of the two-fluid type and because they require a solution pump, electricity

must be available. Depending on the availability of heat, plants with capacities of
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25 MW have been built. Domestic units, which are limited at present to small
capacities, are of the three-fluid systems, also known as the diffusion type absorption

machines.
1.3 OBJECTIVES OF THIS WORK

Vapour compression machines are designed on the basis of refrigeration effect and
required evaporator temperature. But, for absorption machines the methodology is not
that straight forward. A literature survey shows that there are not many methods for
the analysis. Vicatos’ [21] graphical method and computer simulation is accurate for
the design, optimisation and sizing of a two-fluid absorption plant. However, it
contains empirical polynomial equations produced by curve-fitting experimental data
and Fourier equations to curve-fit data obtained by tracing the enthalpy-concentration

(h-x) diagram, published by Ziegler and Trepp [24].

Because of the availability of low-grade heat, the performance of absorption units was
not an important issue for an engineering design. Hence many units exist in the
market not only having a low COP but also hardly meeting refrigeration demands.

Some units are also problematic, without the manufacturers being able to rectify them.

The design of absorption refrigeration machines requires knowledge of chemical
thermodynamics and property of mixtures. This fact alone not only complicates the
proper design and optimisation of the machines, but in case of malfunction, there are

not that many responsible companies that can restore them into a working order.

This thesis investigates some of the design parameters with regard to the working
pressure, temperature, and the level of charge, for a fixed concentration according to
the manufacturer’s advice. An existing unit that had “no ice” conditions is used.

Hence the objectives of the thesis are to:
e make design modifications to the unit in order to make it work

e collect sufficient data for an individual component and overall refrigerator’s

performance
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e 1o produce a computerised model based on the thermodynamic equations by
Ziegler and Trepp [24] and to implement it as a subroutine in the overall

simulation by Vicatos [21].
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CHAPTER 2

THE THREE-FLUID ABSORPTION REFRIGERATION MACHINE
- LITERATURE REVIEW

2.1 PRINCIPLE OF OPERATION

The principal components of the system are the generator, condenser, evaporator and
absorber and the heat exchanger. There are three working circuits; namely the

ammonia circuit, solution circuit and hydrogen circuit. This is shown in Figure 2.1.

The cycle operates on the principle of Dalton’s law of partial pressures, which states
that the total pressure of any mixture of gases and vapours is the sum of the partial

pressures exerted by each of the gases and vapours in the mixture.

The total pressure exerted everywhere in the system is the same. With reference to
Figures 2.1, heat supplied to the boiler causes the ammonia to boil off the solution.
The vapour is a gaseous mixture of ammonia and water vapours. The bubbles formed
due to boiling, carry slugs of liquid (weak solution) up the lift-tube to the vapour-
liquid separator. The hot-weak solution will flow by gravity down the tube (8), will
enter the heat exchanger and then to the absorber (9). The vapour will follow the
inverted “U” tube (11), and then it will be forced through a liquid path to the analyser
(12). Because the analyser contains hot liquid, the ammonia vapour will not be
absorbed, but any traces of water vapour will condense into the bulk of the solution.
This “stripping off” the less volatile water vapour from the vapour mixture, liberates
almost pure ammonia vapour, which then ascends through the rectifier tube to the
condenser (1). After condensation (2), the liquid ammonia cools further in a tube

exposed to the environment (2 to 3) and even further in the pre-coolers. Then it enters
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Condenser

L 1

; Vapour-liquid separator
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Heat Exchanger to Boiler

43 10

Figure 2.1 Principle of operation of the Three-fluid experimental unit [23]

the low temperature evaporator (15). Evaporation takes place in the tube from (15),
through (5 and 6), to (16) in an environment full of high-pressure hydrogen. The
mixture of ammonia and hydrogen descends through the tube (19) and enters the
absorber’s reservoir, where it flows over the surface of the strong solution and enters
the absorber’s ascending coiled tube. There the mixture of ammonia and hydrogen
comes into contact with the descending weak solution and absorption takes place
within the absorber’s coils, thus entrapping the ammonia vapour and liberating the

hydrogen which is free to return to the evaporator coils through the tube (17).
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The strong solution formed is collected in the absorber’s reservoir (7) from where it

flows through the heat exchanger (13) to enter the boiler (10).

2.2 THE WORKING FLUIDS
2.2.1 Ammonia-water

Ammonia offers an advantage as a refrigerant in that it has a very high latent heat of
Vaporisatiori (1313.3 kJ/kg at 15 °C: this figure is nine times greater than that of R-
12 or R-22) as given by ASHRAE [2]. [t does not react with ozone (Os) hence does
not deplete the ozone layer in contrast to most chloro-fluorocarbons (CFCs). Vast
quantities of ammonia can easily be dissolved in water and both fluids are
inexpensive. In addition, a detailed data bank exists for thermodynamic properties of
ammonia, water and their mixtures making it easy to predict the performance for

refrigeration applications [17].

Ammonia is however toxic. At a concentration of 150,000 parts per million it is
inflammable under room temperature conditions; at high temperatures (170 degrees
centigrade and above) it produces inert gases, which have to be removed from the
system according to Yaron ef a/ [23]. Ammonia is corrosive in presence of water to
non-ferrous metals in particular copper and its alloys, this means that mild steel has to

be used for construction.

The ammonia-water pair has the disadvantage that the volatility differential between
the refrigerant and absorbent is not sufficient to avoid the need for rectification of the

refrigerant vapour [11].
2.2.2 Hydrogen

To maintain circulation between the evaporator and absorber of the refrigeration
machine it is important that the inert gas used is as light as possible. This is because
the refrigeration capacity is dependent upon the rate of diffusion. It has been proved
by various researchers that the diffusion coefficient is indirectly proportional to the

molar mass of the diffusing gas [4]. The weight of a gas is proportional to its molar
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mass, and since the molar masses of ammonia and hydrogen are 17 and 2
respectively, this difference is sufficient to initiate and maintain circulation between
the evaporator and absorber. It is also preferred because it has low specific heat; it is

non-corrosive and insoluble in water.

2.3 THEORETICAL ANALYSIS OF AN IDEAL CYCLE

Condenser

| r 2
—{_PN )—
. Low—temp Low - temp High-temp
Pressure Evaperator 4  Precooler 18 Precooler
Gauge my p. -~ . 3
— o) ( .
4 X - lligh temp =
¢ Evaporator g —
~ ! S
Reflux Hydrogen 3 :
Condenser Relief Line o N
Valve - 4 P =
T <3
e O
o )
: -
5 ¥ - =
o — =
2 .
= Gas - Liquid 19 4
= Separator b =
o 5 ] 3 w
§~ o 8 Absorber ¥ %
g = —
3 \ >
1 Solution Solution
Analyser Heal Exchanger Reservoir
‘ 9

P [
{ Laquid [ 1 v (_F'\')—?
B e A J . -
a Charge
10 b Valve

Figure 2.2 Schematic line diagram of the experimental three-fluid absorption

machine
2.3.1 First Law analysis
The state points refer to Figure 2.2
First Law analysis entails analysing the system with regards to mass and energy
balances and equilibrium relationships. Under steady-state conditions, the rate

equation from the First Law for the whole system, assuming no heat losses or gains, is

given by:
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| Qat Qe=Qg+ Qe L 2.0

where Q = heat rate and subscripts g, ¢, g and e represent the absorber, condenser,

generator and evaporator respectively

A number of basic assumptions are needed in order to study the thermodynamic

performance of the cycle. The major assumptions [11] are:

1) The high pressure in the system is the equilibrium pressure corresponding to
the temperature and concentration in the condenser. The pressures in the
generator and rectifier are equal to the condenser pressure.

(i)  The low pressure in the system is the equilibrium pressure corresponding to
the evaporator temperature and concentration entering the evaporator. It is also
equal to the pressure in the absorber.

(u11)  The hydrogen equalises the two pressures in (i) and (ii) above.

(iv)  The purge liquid leaving the evaporator is at a constant pressure and has a
temperature higher than the evaporator temperature. This is in accordance
with the theory of binary mixtures and the “glide” in temperatures when the
mixture is not at its azeotropic concentration’ [21].

(v) The mass flow and concentration of the refrigerant in the vapour prior to the

condenser are assumed constant.
The following basic system equations are obtained:
For m; = mass flow rate of refrigerant

y1 = concentration of ammonia in vapour

Mass balance

Generator: myp = mg + my;
Reflux condenser: my; = myp +1my
Condenser: my = m;

L.T Pre-cooler: M4 = Myg. Mg = M
H.T Pre-cooler: Mg = M3, My7 = Mys
L.T Evaporator: ms = 1y |

H.T Evaporator: My = Mg
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Absorber: my =mgt+ myg

Solution H/Exchanger: mjg = M3, Mg = Mg .. (2.2)

Ammonia balance

Generator: mioX 1o = MgXgt My1X11

Reflux condenser: mp Xy = mpy;+ miX

Condenser: mpX; = My,

L.T Pre-cooler: My X4 = MigX 13, MeXg = MsXs

H.T Pre-cooler: migX |3 = M3X3; M7X17 = MX16

L.T Evaporator: MsXs = MyX4

H.T Evaporator: MmieXi6 = MeXe

Absorber: msX7 = MoXet+ Mj9X19

Solution H/Exchanger: mi3X3 =mjoX)o . (2.3)

Other

Condenser, Refrigerant concentration: Xz =Yy

L.T Pre-cooler, heat exchange: Qrcr = my(hig— hy) = mu(hs — hg)
Effectiveness: el = g = P . (2.4

hy—h,

H.T Pre-cooler, heat exchange: Qpcu = m3(hsz—hyg) = myethis— hi7)

Effectiveness: Spcy = LTt} .. (2.9)
h18 - hn
Solution H/Exchanger, Heat Exchange: Qugx = mys(hio — hi3) = mg(hg — ho)
Effectiveness: SHEX = M_o_ .. (2.6)
h9 - th
Also,
COP = O . 2.7
G

2.3.2 Second Law analysis

Energy balance

Generator:
Reflux condenser:

Condenser;

mjohyo + Qg = mghg + my1hyy
mzhi; =mihy + Qr

m1h1 = mzhz + QC
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L.T Pre-cooler: m;ghig + mshy = mshs + mghg

H.T Pre-cooler: mshs + myghg = myghyg + my7hys

L.T Evaporator: mshs = mghs + Qgrp

H.T Evaporator: myshis = m6h6 + Qgpp

Absorber: m7hy = mghg + Qa

Solution H/Exchanger: mjohyg - mishi3 = mghg - mghg ... (2.8)

The state of the working fluid throughout the system is determined by the equations of
heat balance, conservation of mass as governed by the First Law outlined in section
2.2.1. However, it is argued by Dalichaouch [7] that this conventional First Law
method of evaluating losses and efficiency is not a true representation of the
effectiveness i.e. it gives a poor indication of how well the system utilises a given

energy.

The Second Law of Thermodynamics provides a means of assigning a quality index
to energy. Real processes are irreversible, and the transfer of heat and work from one
form to another always results in some loss of available work. Each time the working
- fluid in the system goes through a process, some of the initially available work in the
fluid is lost. For efficient conservation of energy, the Second Law gives a right
measure of the losses in the system processes, through an evaluation of the lost

available work, the entropy production or the irreversibility.

The entropy generation of the overall cycle is the sum of the entropy generated by all
of the cycle’s components. If the source of entropy generation in an individual
component is studied, insight may be gained on how to reconfigure that component to

reduce the generated entropy as argued by Kaushik and Bhardwaj [11].

For a closed system performing a thermodynamic cycle and in thermal contact with »

heat reservoirs reference [7] gives (assuming steady state operation):

By the First Law: W = ZQH .. (2.9)

i=|

By the SCCOHd LaWZ AS sygtem + AS heat reservoirs 2 O

Where W= work; S = entropy
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The Second Law efficiency is defined as the ratio of the required minimum energy
input for an ideal system to the actual input of a real system. A general definition has

been formulated as:

- —0;(1-7,/Ty)
Qe =T5/Ty)+ Qc(1 =T,/ Toe ) + @, (1 =T/ Terry)

7 .. (2.10)

where 77 = efficiency
Tr = temperature of refrigerated fluid
Ter = temperature of cooling fluid

Ty = highest temperature in cycle

If the temperatures Tcri, Tcrr Of the cooling media are equal to the ambient

temperature Ty, the efficiency expression reduces to:

_-2:(0-T/T) L 211
QG(I‘YE)/TH)

2.3.3 Vapour-Liquid Equilibrium

The equilibrium in vapour-liquid systems is restricted by the phase rule:

F=C-P+2 . (2.12)

where P is the number of phases at equilibrium, C is the total number of components
and F is the number of degrees of freedom of the system [5]. Hence, for the ammonia-

water-hydrogen system, F=3-2+2 = 3,

There are 3 degrees of freedom. This implies that if the total temperature and pressure
are set, only one other variable can be arbitrarily set. If the mole fraction composition,
Xa, of ammonia in the liquid phase is set, the mole fraction composition, ya, or
pressure p, in the gas phase is automatically determined. Three variants are needed to

define the state point of a three degrees-of-freedom system.
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The absorption of gas or vapour is governed by Raoult’s law, which states that at a
given temperature the ratio of partial pressure of a volatile component in a solution to

the vapour pressure of the pure component is equal to its mole fraction in the solution

[5].

Pa =XaPa <. (2.13)
where pa = partial pressure of component of component A
in the vapour
P4 = vapour pressure of pure component A

xa = mole fraction of A in the liquid

Raoults law holds only for ideal solutions. Many systems that are real such as the

ammonia-water system follow Henry’s law in dilute solutions.

pa =Hxa .. (2.14)

where H = Henry’s law constant (atmospheres per mole fraction)

The conditions for phase equilibrium for liquid and gaseous phases have been
quantified by Schulz [18]:

T'=T¢

P'=p¢

W=

ol = .. (2.15)

where T, P and u represent temperature, pressure and chemical potential respectively
superscripts / and g represent the liquid and gaseous phases

subscripts 1 and 2 represent the number of components

These functions give these expressions for the phases:
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Liquid phase:

g =(-x)gh +xa+ RT[(l —x)In(l - x)+ xinx}+ g. ... (2.16)
where g, R, T and x represent Gibbs free energy, gas constant, temperature and

ammonia concentration in liquid phase respectively

subscripts w, a and e represent water, ammonia and excess (Gibbs) energy

Similarly for the gas phase:

g% =(1-y)g%w+ 2% + RT[(1- y)In(1- y)+ ylny] .. (2.17)

The Gibbs free energy of a phase is the sum of the contributions of the pure
components, the ideal free energy of mixing and the free excess energy. It is noted
that the excess energy (g.) term falls away for the gaseous phase since it is assumed

an ideal mixture of real components.

Using the equations (2.15), (2.16) and (2.17), Schulz has derived expressions for the

molar volume, molar enthalpy, molar entropy and chemical potential.
2.3.4 Cycle Optimisation

The COP of a reversible absdrption refrigeration machine operating between four

temperature levels is given by Jincan Chen [6]:

.. (2.18)

where Ta, Tg, T, T, are temperatures of the absorber, generator, condenser and
evaporator respectively; and

_ &
-

n

Q. and Q, are, respectively, the rates of heat transfer from the absorber and

condenser to two heat reservoirs at temperatures T, and T,
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When T, = T, = T; (sink temperature), equation (2.18) may be written as:

copz(Tg %) 1, . (2.19)

Tg (Ts - Te)

Equation (2.19) is independent of n and is mostly quoted in literature as the Carnot

COP of areversible absorption refrigerator operating between three temperature limits

Ty Ty and 7.

The reversible COP is important in theory, but it is an impractical measure of the COP
of a real absorption refrigerator. Real absorption refrigerators usually suffer from a
series of irreversibilities. For example, there exist not only the irreversibility of the
finite rate heat transfer, but also the internal irreversibilities resulting from friction,

eddies, mixing, distillation, absorption and disorption.

It is shown in references [6] and [12] that the irreversibility factor is represented by

the equation:

(0,/7,)+(0,./T,)
=1 .. {2.20
0, 77,)+(0,1T,)" (220

When the cycle of the working substance is internally reversible [ = 1, when internally

irreversible 1> 1.

Hence the COP of an internally irreversible four-temperature level absorption

refrigeration machine is obtained as:

- 0/ 17,)- (/7 )+ mltr 17, )~ (1 7, ) o

W/ 7)-( i )+l 7, )- (7T, )]

Thus the COP is thus maximised when the irreversibility factor I = 1.
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CHAPTER 3
THE ENTHALPY-CONCENTRATION DIAGRAM

3.1 THEORY AND DERIVATION

Many researchers have published the relations between the thermodynamic properties
of binary mixtures. The relation between pressure, temperature and concentration of
the refrigerant (P-T-x) plays a key role in the determination of equilibrium properties.
This relation has been derived by some researchers for the ammonia-water mixture
[21], [9], [3] and [4]. In this work a more accurate equation for the relation has been
derived from the data published by Scatchard e ol [17]. This has in turn been used to
evaluate the Gibbs free energy and hence the enthalpy in both the liquid and gaseous
mixture phases as determined from the equations given by Ziegler and Trepp [24].
The integration was evaluated in Mathsoft’s Mathcad (version 6.0) and then
implemented in Microsoft Excel for finding the x, y coordinates which were

introduced into AutoCAD for the final plot.

(1) Determination of pressure P at constant temperature with varying

concentration':

1000 * U
logP = [ +VJ/14.696 .. (3.1)
T

where,

P = pressure (bar); T = temperature (K); x = mass concentration of

liquid ammonia in solution; Coefficients u; and v; are given in Table 3.1

' Equation 3.1 originally derived by Bulgan [4], has been modified by the author to predict the
pressure/temperature/concentration relationship of the ammonia-water mixtures. The predicted
ternperatures diviate from those published by Scatchard ef a/ [17] by 0.86%
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(i) ~ Determination of Gibbs free energy G for pure components:

T T P
G=h,~Ts,+ [ CpdT -T [ (Cp/T)dT + [v.dP ..(32)
TO To PO

where 4, s,, T, and P, are the specific enthalpy, specific entropy,
temperature and pressure, respectively of the reference state (subscript o
represents reference state); C, is the specific heat capacity at constant

pressure.

The ‘reduced’ form of equation (3.2) is given by:

T T P
r r r

G,=h, -T.5,,+ | Cp,dT.-T [ (Cp,/T.)dT, + [v,.dP, ... (3.2b)
TI’O T)‘O P)"O

where r represents the reduced property as given by:

T, = T/Ty; P, = P/Py; G» = G/RTy; S, = S/R; Tp = 100 [K]; P, = 10[bar]

Cpr = Cp/R: v, = V/R; R = 8.314 [kJ/kmol.K]

Liquid phase: v, =4, + 4, p+ A,.T+4,T° .. (3.3)
C, =B +B.T+B.1T

Gas phase: v =RT/p+C,+C,/T’+C,/T" +C, p*/T" .. (3.4)
C, =D +D,T+D,T*

(Constants 4, B;, C;, and D; for the reduced state are given in Table 3.2)
Evaluating the integral in equation 3.2b gives:

Liquid phase:
GrL = hro[ - TSroL + Bl(Tr - 7;‘0) + (BZ /2)(]:'2 - Troz) + (83 /3)(2:'3 —2—;‘03)

¥

—B,T.In(T, /T, )-B,T. (T, -T,)~(By /DT, (T,* -T,%)

+ (4 + 4T + A, TP - P )+ (4, /1 D(P* -P?) .. (3.5)
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Gas phase:
Grg = hrog - 7-;‘Srog + ‘DI (I:" - Y:*o) * (DZ ’/2)(‘?:'2 - 2’;02) + (D3 /3)(]13 - ]:‘03)

-D\T.nT, /T, )-D,T.(T, T, )~ (D /DT, (T,> -T,*%)
+T,.In(P /P _)+C/(P. ~P )+C,(P./T>-4P /T >+3P T /T *)

11 11 12 3 i1
+Cy(P /TN -12P /T M +11P T, /T '2)+(C, /3P IT,

3 11 3 12
~12P /T, M +11P 3T, /T, %) ... (3.6)

The Gibbs excess free energy is given as:
G,, =[E, +E,P.(E, + E,P)T, + E, /T, + Eg/T.> +[E; + EgP, +(E,
+E P, +E /T +E, /T2 2x~)+(E +E P +E/T,

+E T2 (2x - 1) (1 - x) NN

Constants E;...E ;4 are given in Table 3.3.

(iif)  Determination of the molar enthalpies 4 for pure components:

The molar specific enthalpy as function of the Gibbs free energy is given as:

G
h=-RT.T? 016 ... (3.8)
b r
or.\ T

r

Substituting equations (3.5), (3.6) and (3.7) into equation (3.8) gives for each

phase the following expressions for molar enthalpies:

Liquid phase:
h'=h t-BT —(B,/2)(T,*+T *)~(B,/3)QL.>+T *)+BT

r

+B,T 2+ BT +(4 - A4,T NP ~P ) +(4,/2)P> =P} ..(39)
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Gas phase:
hrg = hrog - DlTro - (D}Z f'Z)(TrZ + Traz)- (D3 /3)(2Tr3 + Tr03) + DITr

+D,I.> + D, T2+ C(P, ~P )+ Cy(P. /T, =4P /T >)+Cy(P /T,

-12P_/T "y+(C 13)P> /T -12P /T M) .. (3.10)

Excess enthalpy (liquid phase):

h,, =[E +2E /T, +3E, /T, +(E, + EgP, +2E, /T, +3E, /T.*)(2x~1)
+(Eyy + Eyy B, +2E,5/T, +3E¢ /Tr?')(z.x—l)z]x(l-x) . (3.11)

(iv)  Mixture enthalpies:
hrE = (1= x)hrk + xhrE + hre
hE = RTo.hrk /[17x +18(1 - x)] ... (3.12)
hrs = (1= y)hrl + yhr?

hE = RTs.hrf 117y +18(1= »)] .. (3.13)

where subscripts m, w and a represent mixture, water and ammonia respectively
r = reduced property
v = weight fraction of ammonia in the gaseous phase (as given in

(v))
17, 18 = the relative molecular masses of ammonia and

water respectively.

(v)  Determination of weight fraction y of ammonia in the gas phase:
The condition for phase equilibrium in terms of the chemical potential «is

given by Ziegler [24] as:
ﬂL , water = ,Ug , water

}!L »ammonia = /lg , ammonia ... (3.14)

The chemical potential for water is related to Gibbs free energy by:
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ut =Gt gL (Gh)

Ox

us :Gg~y[i(Gg)] ... (3.15)
o

Equating the right hand side of these two equations and solving for y yields:
y=1-exp[(G,* -G, & + T, .In(l-x)+[E, + E,P (E; + E,P)T, + ES /T,

+E /T x? +[E, + EgP, +(Ey + EyP)T, + E, I T, + Ep, /T2 (-3x°

+43°)+ (B + EL P +E /T +E /T.H)(12x* ~16x> +5x*))/T.] ... (3.16)
(Note: G,/*and G,#in this equation are for water, the values of which are calculated by

equations 3.5 and 3.6)

Alternatively y is expressed in terms of the volatility factor ¢as [17] and [15]:
ox
= .. (3.17
Y o1k G.17)

(Note: equations 3.14 and 3.15 give identical y for given x and corresponding o)

The volatility factor is determined from empirical relations as follows:
log() = P> + Ot + R

where ¢ = temperature [°C]

6
P= 3 plxz
i=0
§ i
Q=2 q;x
i=0
6
R= 3 rz-xI
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2]

Coefficients p;, g;and r;are given in Table 3.1

Table 3.1 Coefficients for polynomial equations (3.1) and (3.17)

i=0 i=1 i=2 i=3 i=4 i= i=6
” -2.9128 55525 |-23.122 |59.828 |-81.736 |54.662  -14.212
Vi 7.0262 [ -9.0153 |42.752 |-102.09 |122.54 | -69.896 | 14.937
i 8x10° 10 0.002 | -0.0082 |0.0167 |-0.0161 0.0058
g -5.5x107 [ 4.5x10° | -0.221 | 0.739 |[-1.3412 |1.22 -0.4248
7 1.6172 [ 12249 |4.2909 |1.82 -12.005 | 6.5404 | 0.0907

Table 3.2 Coefficients for the equations for pure components [24]

Coefficient Ammonia Water

Al 3.971423x10™ 2.748796x107
A2 -1.790557x10” -1.016665x10”
A3 -1.308905x10 -4.452025x107
A4 3.752836x10" 8.389246x10™
BI 16.34519 12.14557

B2 -6.508119 -1.898065

B3 1.448937 0.2911966

Cl -1.049377x107 2.136131x10~
C2 -8.288224 -31.69291

C3 -664.7257 -46346.11

C4 -3045.352 0

DI 3.673647 4.019170

D2 9.989629x10™ -5.17555x10
D3 3.167622x10™ 1.959939x10™
hor* 4.878573 21.821141
hor 26.468879 60.965058
sor* 1.644773 5.733498

sort 8.339026 13.453430
Tor 3.2252 5.0705

Por 2.0000 3.0000
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Table 3.3 Coefficients for the Gibbs excess free energy function [24]

El -46.26129 E9 -1.475383

E2 2.060225x10 EIO -5.038107x107
E3 7.292369 Ell -96.40398

E4 -1.032613x10™ EI2 122.6973

ES 80.74824 EI3 -7.582637

E6 -84.61214 El4 6.012445x10™
E7 24.52882 EILS 54.87018

ES8 9.598767x10~ EI6 -76.67596

3.2 GRAPHICAL MODEL

The above equations were plotted to formulate the enthalpy-concentration (h-x),

plotted in figure 3.1. These equations were used to create a computer program that

gives the properties of ammonia, water and their mixture in both liquid and vapour

states. This program was then converted into subroutines to serve as a more precise

calculation tool of the properties of the mixture, in the simulation program of

absorption refrigeration machines by Vicatos [21].

The enthalpy-concentration diagram produced in this work, figure 3.1, agrees entirely

with that of the publication of Ziegler and Trepp [24] shown in appendix 5. But in

addition to this, for the first time known to the author, a computer program that

evaluates these properties has been made public.

The reference state for the plot is zero enthalpy at zero degrees centigrade for both

pure ammonia and pure water.
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Figure 3.1 Enthalpy-concentration diagram for ammonia-water mixtures
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3.3 FLOWCHART

(Program AMOWAT )

Evaluate for const
PorT?

Enter defauit Enter default

P values? A min, T <-60>7 !
Enter P values Enter min. T
Enter default Enter default -
X-step<0.02>7 max. T <220>7?
Enter X-step ers T Enter max. T
|
Call T-Px | T Enter defauit
T-step <10>7
Temperature T Yes %7 Enter T-step
Cail HL-T-x L———-—
Enter default
X-st .02>7
Liquid enthalpy HL step<0.0
Yes iR Enter X-step
Call Y-T=x
Vapour conc. y —— Call P-T-x
Call HG-T-x +——~ Pressure P
Gas enthalpy HG | Call HL-T-x
Liquid enthaipy HL
Evaluate for M Evaluate for const.
T also? P also?
I
| No
A ¥

|

([ END

=

Figure 3.2 Flowchart for h-x program (program listed in appendix 3)
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CHAPTER 4

DESIGN MODIFICATIONS AND EXPERIMENTAL METHOD

4.1 DESIGN MODIFICATIONS

4.1.1 Lift tube and Boiler pump

Volume flow rate {cm3/s}

4.0
3.5 A
3.0+
~{F6.00mm
2.5 4 —2—8.00mm
2.0 —<-=10.00mm
—0—14.00mm
1.5 4
1.0 -
0.5 -
0.0 ; . . : . . ' .
0 200 400 600 800 1000 1200 1400 1600

Power input [W]

Figure 4.1 Lift tube performance for various internal tube diameters
{2-phase flow)

The lift-tube has received attention from a number of researchers, the most recent
being the publication by M.v.B. Smith [19]. However, its importance has been
overestimated as far as the choice of its diameter is concerned.

G.D.S. Lister [13] investigated the performance of the lift-tube by using water at its
boiling state, Figure 4.1. Volume rates were recorded using tubes of internal

diameters 6mm, 8mm, 10mm and 14mm for varying power inputs.

It was observed that power input and flow rate had a linear relationship. It was further
found that, with the exception of the 6mm tube and only for powers above 800W, the
performance of the lift-tube pump has a small dependency on tube diameter. This

work is in agreement with that of Nicklin [14] who experimented with airlift pumps.
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Absorber
’ Lift-tube
Solution
reservoir
260W electric
element

Steel sleeve

Solution Heat
exchanger

Figure 4.2 The original lift-tube and solution heat exchanger arrangement

The percolator pump could be powered using gas or an electric element. Figure 4.2
shows the original lift-tube-pump. Heat is transferred from a steel sleeve heated by a
260W electric element, to the lower section of the lift-tube, through three lcm long
butt welds. The heat transfer was minimal in this arrangement, as most of the heat was
lost to the surroundings. Figures 2.1 and 4.3 show the new arrangement of the boiler
and a 8mm lift-tube where heat was supplied from an electric element directly to the

solution in the boiler.
The heights of the lift-tube and the position of the liquid-vapour separator was

designed to allow fluid flow to the absorber by gravity.

4.1.2 Liquid-vapour separator

The liquid-vapour was designed form of a t-piece as shown in Figure 4.4. The hot
ammonia vapour is released into the vertical tube (towards the bend) whereas the

weak solution is released into the horizontal tube.
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Liquid-vapour
ol separator

Strong solution

outlet
Lift-tube

Weak solution
inlet

Boiler

Discharge Weak solution
valves outlet
Strong solution

intlet

NS e

8

Figure 4.3 The modified lift-tube/boiler, incorporating the immersed heating

element, and the heat exchanger [22].

Solution —vapour
separator

Figure 4.4 The modified liquid-vapour separator
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4.1.3 Charge Level Indicator (Sight glass)

The correct amount of charge is also important in performance, though there is no
correlation between the amount of charge and refrigeration effect. This charge
depends mainly on the volume capacity of the machine. The charge level in the
solution reservoir is critical since a small or large amount will lead to either heater
element burnout or cut-off in hydrogen gas ascension respectively. A by-pass line was
installed between inlet to absorber and exit from reservoir to monitor the solution

level (Figure 4.5).

Solution level
indicator

Solution heat
exchanger

Figure 4.5 The solution level indicator

4.1.4 Solution Heat Exchanger

The original solution heat exchanger is shown in Figure 4.2 where the cold solution
flows through the inner tube and the hot weak solution flows through the annular
space. The modified and installed heat exchanger is shown in Figure 4.3 and 4.5
where the flows have been reversed i.e. the hot stream in the inside tube. This new
design has increased the effectiveness of the heat exchanger, as it will be indicated

with the results in paragraph 5.5.
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4.2 EXPERIMENTAL METHOD

4.2.1 Charging

4.2.1.1 Introduction

Charging refers to the filling of the refrigeration machine with refrigerant-absorbent

solution and applying inert gas pressure to the system. Charging requires three

important parameters: Concentration of ammonia-water solution, quantity of

ammonia-water solution and the overall pressure of the system. The influence of these

parameters on the system is discussed below:

L

II

111

The Concentration of ammonia-water solution (measured in kg of ammonia per
kg of solution): The right solution concentration is required as a low
concentration leads to a low flow rate of ammonia to the evaporator and hence
low refrigeration effect. A high solution concentration leads to a high partial
pressure of ammonia, which will affect the boiling temperature in the
evaporator. Typical charge concentrations range from 28% for a deep freezer to
35% for a domestic refrigerator’. The tests in this work were done with a

manufacturer’s recommended concentration of 34%.

The Quantity of ammonia-water solution: Too little solution may cause the
element to burnout since the element is designed to work under full immersion
(Figure 4.5). It is also clear that too much solution may seal the outlet tube of
the absorber hence cutting off the flow of hydrogen to the evaporator. For a
domestic size refrigerator, the charge capacity ranges from 0.45 to 2.25 litres of
solution. Due to the component modifications the quantity of charge in this work

was 0.998 litres, which was established by trial and error.

The overall Pressure of the system: This is made up of two partial pressures, the
pressure exerted by ammonia-water mixture and pressure exerted by the

hydrogen gas. Since the pressure is the same throughout the system, a too low

! Reference: Privately owned notes from various South African manufacturers
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overall pressure, means a relatively high ammonia saturation pressure in the
evaporator and hence a reduced cooling effect. A too high overall pressure on
the other hand, necessitates a high boiler temperature to release the ammonia
vapour. This means that the absorber receives a relatively large amount of heat
from the boiler beyond its design capability. This will reflect to a high ammonia
partial pressure and temperature in the evaporator, which will reduce both
refrigeration capacity and coefficient of performance. The charged hydrogen
pressure typically varies between 14 and 25 bar. In this work several tests were

done with hydrogen pressures ranging from 7.5 to 27.5 bar.

4.2.1.2 Charging Procedure

The set-up for the charging procedure is shown in Figure 4.6.

A pre-determined amount of
sodium dichromate
(NapCry07.2H;0)  crystals
(about 1.5% the weight of
water) were dissolved in
water. Sodium dichromate
acts as rust inhibitor but

because it is acidic 1t is

neutralised by  sodium
hydroxide (NaOH), which is
alkaline. The amount of the

sodium hydroxide pellets

was about half the mass of

the sodium  dichromate

Figure 4.6 Charging of ammonia and hydrogen crystals.
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The rig was evacuated and the solution (distilled water, sodium dichromate and

sodium hydroxide) was charged into the rig.

The ammonia was charged into the rig until the desired amount by mass as

determined by the difference in mass of the cylinder before and after the charge.
The actual amounts charged were:

* 698cc of boiling distilled water
¢ 360g of anhydrous ammonia (from ammonia cylinder)
e 10.4g of sodium dichromate

e 3.5g of sodium hydroxide

4.2.2 Temperature Measurement

The temperatures were measured by copper-constantan (type “T”) thermocouples that
were silver-soldered onto the tubes. The voltage signal produced at the junction was
converted into a temperature reading by two analogue-to-digital instruments. The

time-temperature data were recorded on a printout.

4.2.3 Test Procedure and Data Collection

The boiler was switched on and the solution was allowed to circulate for about an
hour before any tests were done'. Then the boiler was turned off and the unit was
allowed to cool to the ambient temperature of approximately 20°C. The pressure
gauge indication of 0.0 bar confirmed the saturation pressure of 0.34 solution
concentration at 20°C. To this basic pressure, hydrogen was added in steps of 2.5 bar
starting from 7.5 bar. The experimental set-up with the instruments for capturing data

is shown in Figure 4.7,

! This was necessary in order to make the solution in the boiler and the absorber of uniform
concentration,
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Data were collected as temperature-time variations taken from the components of the
unit. These readings were grouped in sets of power input (i.e. 260W, 315W and
370W) within each hydrogen pressure setting, starting from 7.5 bar up to 27.5 bar.
There were nine hydrogen pressure settings, thus producing altogether 27 power
input-hydrogen pressure sets each of which contained temperature-time data for every

component of the unit (Appendix 1).

The tests involved applying a pressure of hydrogen, setting the power input and
letting the rig run for an average of 4.5 - 6 hours to allow for steady-state conditions.
Between experiments the unit was allowed to cool to ambient temperature for about 5
hours. The recording intervals varied during experimentation. At the beginning of
each experiment where the response of the unit was rapid, the readings were taken

every 3 - 5 minute intervals; thereafter data were obtained at intervals of 10 minutes.

The line diagrams of Figures 2.1 and 2.2 show the measuring positions for the

thermocouple joints. Table 4.1 below correlates these positions to the components.

Table 4.1 Thermocouple measuring points

COMPONENT THERMOCOUPLE POINTS
Boiler Tg, T10, T11, T12
Condenser Ty, Ty, T3
Reflux condenser T2, Ty
Low-temp pre-cooler Tig, T4, Ts, T
High-temp pre-cooler T3, Tlg, T1s, T19
Low-temp evaporator Ty, Tis, Ts
High-temp evaporator Ts, Tis
Absorber T7, Tg, T19
Solution heat exchanger T3, T10, Ts, To
Hydrogen heat exchanger | T|7, Ti6, T19
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Figure 4.7 Front and back views of the experimental unit, with temperature recording

instruments [22]
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CHAPTER §

RESULTS AND DISCUSSION

5.0 TEMPERATURE PROFILES

All the recorded temperatures are tabulated in Appendix 1 in groups of power input

and hydrogen pressure.

5.1 BOILER

The temperature of the strong solution in the boiler rises sharply for the first 15 to 20
minutes. It then reaches steady state conditions (figures 5.1-5.5). From figures 5.4 and
5.5 it can be seen that there is an increase in the time to attain steady state conditions.
These steady state temperatures increase with the increase in power input and also

with the increase of hydrogen pressure, figures 5.1 to 5.5.
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Figure 5.1 Boiler's time response at 7.5 bar hydrogen
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Figure 5.5 Boiler's time response at 27.5 bar hydrogen
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5.2 CONDENSER

The condenser’s time response is shown in figures 5.6 to 5.10. It is observed that the
condenser reaches steady state conditions in 40 to 45 minutes. In all experiments it is
observed that the higher the power input the higher the condenser temperature. For the

higher hydrogen pressures the curves produce two temperature “regimes” as shown in
figures 5.8 to 5.10. These are the inlet temperature T; and the outlet temperatures T,
and Ts. It is quite clear that the higher the hydrogen pressure the larger the separation

of these temperatures. In addition the condensate temperature T, is almost constant

regardless of the experimental condition. This behaviour can be explained as follows:

In the condenser there is a phase change of the ammonia-water vapour mixture from
gas to liquid and because there is no hydrogen in the condenser, the total pressure is

equal to the ammonia-water vapour partial pressure.

Since there is no distillation column, it can be assumed that the ammonia-water
vapour has a concentration of 0.9. Referring to figure 5.11, this vapour at 22 bar
pressure condenses at 60°C. From figure 5.9, which shows a similar working pressure
of 22.5bar, it is evident that the incoming vapour is slightly superheated (67°C) and
hence it reaches saturation within a small distance from the inlet to condenser. The
latent heat of condensation is given up at about 60°C and the remaining drop of
temperature is due to the sub-cooling of the condensate to about 30°C, which is close

to ambient temperature.
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Figure 5.7 Condenser's time response at 12.5 bar hydrogen
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Figure 5.10 Condenser's time response at 25.0 bar hydrogen
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5.3 EVAPORATORS

Low temperature
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Figure 5.12 The two evaporators as they appear
in the experimental rig [21].

The temperature-time response for the low and high temperature evaporators are

shown in Figures 5.13-5.17 and Figures 5.18-5.22 respectively.

5.3.1 Low temperature evaporator

The general trend shows a sharp reduction in temperature within the first 40 to 45
minutes after which steady state conditions are attained. It can be noted that at 7.5 bar
hydrogen pressure (Figure 5.13) the inlet temperature T;s is much lower than the
outlet evaporator temperature Ts that remains ambient. But the temperature Ts is

observed to reduce significantly as the hydrogen pressure is increased. This can be

explained as follows:

When the pressure of hydrogen is increased, the contribution of the partial pressure of
ammonia to the total pressure in the evaporator decreases. This increases the rate of

ammonia boiling in the evaporator coil.
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At 12.5 bar hydrogen, Ts is at its lowest value for all power inputs and pressures.

This is indicated in Figure 5.18, which summarises the steady-state temperature Ts.

At this stage it is appropriate to state that the lowest temperature attained 1.e. —8.2°C
at 12.5 bar of hydrogen contradicts the manufacturer’s recommendation of 22 bar of
hydrogen pressure. However it is felt that —8.2°C in the freezer space of the unit is
insufficient. The reason for this behaviour will be explained together with the

absorber’s behaviour in paragraph 5.6 and in the comments that follow.

5.3.2 High temperature evaporator

Both inlet and exit of high temperature evaporator (Fig.5.19-5.23) also show a gradual
decrease in temperature. These temperatures reach steady-state conditions after an
hour. For the hydrogen pressure of 7.5 bar (Figure 5.19) the inlet and exit
temperatures indicate no refrigeration. The explanation for this is similar to that of the
low temperature evaporator. It can also be observed that the separation between inlet

T¢ and outlet T4 temperatures is more evident as the pressure of hydrogen increases,

with Tg consistently lower than T .
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Figure 5.13 Low temperature evaporator's time response at 7.5 bar hydrogen



Temperature [°C]

Temperature [C]

Chapter 5 Results and Discussion 43
20
251 by T4-261
-4 - T4-315
——T4-370
-0 T5-261
--C=-T5-315
—O—T5-370
<3 T15-
-3~ T15-
——T15-
PP/ A ...... -A
5 A s P
BN asa R
~0-0-0-0-0
O—O—0—0O0—0O.. Q- =03-68--0O
<:0=0-0-07575-0
0 10 20 30 40 50 60 70 &0 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230
Time [min]
Figure 5.14 Low temp. evaporator's time response at 12.5 bar hydrogen
30 -
o --A---T4-261
Q 0 -4 - T4-315
‘\& _\ ——T4-370
: Q-+ T5-261
; --0-- T5-315
A ~O—T5-370
R OR DAL -0 T15-261
Y A‘A‘h&”""‘ A A £3- T15:315
L AN e Y e At - AP A A AP - 4%~ T15-
Bl e A e
\.D~‘D. P A = — ~{3—T15-370
R NN RN S e RS e BN e R
S
O o R A LA ~
- g A
U= U= 0000 OO0
"5 T T H H T T H T H T T T H H Al H 1
10 20 30 40 SO 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230
-10 7

Time [min]
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Figure 5.19 High temp. evaporator's time response at 7.5 bar hydrogen
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Figure 5.21 High temp. evaporator's time response at 17.5 bar hydrogen
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5.4 PRE-COOLERS

The temperature-time response for the low and high temperature pre-coolers is shown

in figures 5.24-5.28 and figures 5.29-5.33 respectively.

5.4.1 Low temperature pre-cooler

The cold stream temperatures Ts and Tg have been observed with the low and high

temperature evaporators respectively and are hence not included in the Figures shown.

The Low temperature pre-cooler shows a decline of the hot stream temperatures Tg
and T4 with the increase in hydrogen pressure. At a hydrogen pressure of 7.5 bar, the
temperature T;g is ambient. With reference to the line diagram of Figure 2.2, this is as
expected because at low hydrogen pressures, T4 also be at ambient.

The response time to reach steady state is observed to increase with increase in

hydrogen pressure.

5.4.2 High temperature pre-cooler

The temperatures T3 and T;g have been observed with the condenser and low

temperature pre-cooler respectively and are hence not included in the Figures shown.

The temperature profile of the high temperature pre-cooler shows a gradual decrease
to steady state conditions. It can be observed that there is a time when both
temperatures start changing. This response depends on the time response of the

evaporators, and as expected it increases with the increase in hydrogen pressure.



Chapter 5 Results and Discussion

Temperature{°C)

Temperature [°C)

49
30 4
Q-+ T4-261
-0~ T4-315
—~O—T4-370
A T18-
- - T18-
—A—T18-
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230
Time [min]
Figure 5.24 Low temp. pre-cooler's time response at 7.5 bar hydrogen
30+
254
LFRTER R
AN O-- T4-261
*QeQ 0 TANR A -l D i
\ DR AC AN
i T TE- T A A‘*‘* A
Lo AR RS -0~ T4-315
154 v ¢
i N
i H
VoL —0—T4-370
10 ot
(2
- L0 A .
F o O A---T18
5 L Ol
U A 0. -4v- T18-
~O AL A A AD OO
R O~ 0=00=-0-0-0-0-8-538 ©
—A—T18-
-5
-10 - T T y y y : . T

0 10 20 30 40 S0 60 70

Time {min]

Figure 5.25 Low temp. pre-cooler's time response at 12.5 bar hydrogen

80 60 100 110 120 130 140 150 160 170 180 180 200 210 220 230




Chapter 5 Results and Discussion 50
30
Q-+ T4-261
25+ -0~ T4-315
;ﬁ"\ﬁ‘;' DA A A A A
20 % §~ﬁ-./_\,@~g_§,ﬁ-ﬁ_ﬁ_ﬁwg_g‘~ﬁ--ﬂ —0—T4-370
- T18-
15 -
o -4~ T18-
[
S 10_
2 —A—T18-
@
£
2 5 -0
0-
-5 ¥ T Y T T T T T T T T T i T i) T T T 1
D) 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230
-10- Time [minj
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Figure 5.27 Low temp. pre-cooler's time response at 22.5 bar hydrogen
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Figure 5.32 High temp. pre-cooler's time response at 22.5 bar hydrogen
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5.4.3 Performance of the pre-coolers

Figure 5.34 shows the effectiveness of the low temperature pre-cooler. The values
have been calculated according to equation (2.4) and are tabulated in appendix 2. It is
observed that the effectiveness of the low temperature pre-cooler rises sharply with
pressure until the pressure of 10 bar. Then it remains almost constant with the

effectiveness ranging between 0.6 and 0.8. This value is as expected for a gas-to-

liquid heat exchanger.

The effectiveness profile for the high temperature pre-cooler shows a non-conclusive

pattern, and hence it is not shown in this work.
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Figure 5.34 Low temp. pre-cooler effectiveness as a function of hydrogen pressure
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5.5 SOLUTION HEAT EXCHANGER

The temperature-time profile of the solution heat exchanger is shown in figures 5.35-
5.39. It is observed that the “cold side” (T3 and T;q) temperatures rise steadily with
increase in hydrogen pressure to steady state conditions. This reaction time is around
10-15 minutes and 15-20 minutes for the lower and higher hydrogen pressures

respectively. The time response of the “hot-side” stream (temperature Tg) has been

observed in the boiler, while temperature Ty will be observed in the absorber in

paragraph 5.6; hence these two temperatures have not been included in the figures.

From figure 5.38, which represents a pressure of 22.5 bars, the steady state
temperature Tjj is in the region of 180°C. These two conditions in the enthalpy-
concentration diagram of figure 5.40, give a concentration value of the solution in the
region of 0.13. This means that having assumed an original concentration of 0.34 at
point 13, the solution approaching the boiler after having passed through the heat
exchanger is at much lower concentration. This is because the heat received from the
weak solution (hot stream) is sufficient to boil the strong solution and to release
ammonia vapour prior to its exit from the heat exchanger tube [22]. The ammonia that

has been liberated rises directly to the inlet of the rectifier (point 12).
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Figure 5.35 Heat exchanger's time response at 7.5 bar hydrogen
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Figure 5.40 Conditions at heat exchanger
5.6 ABSORBER

The temperature-time response for the absorber is shown in figures 5.41-5.45. The
temperature rise from initial state is gradual and it takes 50-60 minutes to reach steady

state conditions.

In the absorber the refrigerant has to diffuse from the hydrogen-refrigerant mixture
into the absorbent. This diffusion process occurs between two pressure regimes, i.e.
the total pressure of the unit and the saturation pressure of the strong solution (formed
in the absorber) at the absorber’s temperature. The later pressure is the same as the

partial pressure in the evaporator [21].

It can also be observed that the temperature T7, in all power inputs and all hydrogen

pressures, 1s exceptionally high ie. in the region between 50°C and 60°C. This

reflects to a high saturation pressure of the strong solution in the absorber. Since this



Temperature [°C]

Temperature [°C}]

Chapter 5 Results and Discussion 59

pressure is the same as the partial pressure of the refrigerant, it affects its boiling

temperature in the evaporator.
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Figure 5.41 Absorber's time response at 7.5 bar hydrogen
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Figure 5.45 Absorber's time response at 27.5 bar hydrogen
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Despite the unit’s much faster time response, its performance 1s not satisfactory. This

is evident from Table 5.1 in which the lowest and the average temperatures in the

evaporator for the entire experiment are tabulated. This low refrigeration performance

could be explained by the possibility that the ammonia partial pressure in the

evaporator 1s high, which is affected by the saturation pressure of the strong solution

in the solution reservoir.

Table 5.1 Lowest and average evaporator temperatures

EVAPORATOR’S TEMPERATURES
Hydrogen | Power input
LreSSUre 361 W 315W 30W

Lowest  Average | Lowest | Average | Lowest  Average
7.5 -2.7 -1.18 -0.3 0.6 0.4 1.8
10.0 1.9 2.6 -3.2 -1.1 -3.3 -0.7
12.5 -7.6 -6.7 -8.2 -7.8 -7.3 -6.3
15.0 -4.3 -3.3 -4.2 -2.9 -4.2 -4.0
17.5 -3.3 -2.0 -2.9 -2.5 -3.3 -2.4
20.0 -2.3 -1.1 -3.1 -2.4 -3.5 -3.2
22.5 -0.3 1.0 -1.6 -0.9 -3.6 -2.8
25.0 0.5 2.1 0.0 0.6 -4.3 -2.9
27.5 3.8 4.6 -0.7 0.3 -0.7 -0.6




Chapter 5 Results and Discussion 62

With reference to the absorber’s response (figures 5.41-5.45) and in particular to the
curves for T, the steady state conditions reveal that the temperatures of the strong

solution are relatively high. This can be looked at in two different ways:

A. Assume that the absorber could maintain a constant concentration of 34%
aqua-ammonia solution in the reservoir. According to the enthalpy-
concentration diagram for ammonia-water solutions, figure 5.46, a solution at
50°C' and 34% ammonia concentration is saturated at approximately 3bars
absolute pressure. This pressure in the evaporator should sustain a temperature
of —10°C. During the experiment the average steady-state temperature was —
7.8°C, while the lowest recorded was —8.2°C as it is shown in table 5.1. A
worse discrepancy is observed at 22.5bars hydrogen pressure and 315W power
input. In a similar diagram as that of Figure 5.46, the saturated pressure of a
34% ammonia solution at 47.5°C is approximately 2.8bars. This pressure in
the evaporator should sustain a temperature of —12°C. During this experiment,
the average steady state temperature was —0.9°C with a lowest recorded
temperature of —1.6°C, as it is shown in Table 5.1.
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Figure 5.46 Conditions at the absorber

' 50°C was the absorber’s steady state temperature T at 12.Sbars of hydrogen and 315W power input, see
figure 5.42
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B. Assume that the partial pressure of ammonia in the evaporator is the difference

kJ/kg SOLUTION

SPECIFIC ENTHALPY

between the total pressure and the hydrogen pressure, Table 5.2. For the same

Table 5.2 Ammonia partial and total

pressures
ydrogenPower|Absolute pressureﬂ
Pressure Bars
Bars W otal Partial J
261 [11.50 00 |
7.5 315 |11.50 4.00
370 {12.00 4.50
261 |15.75 3.25
12.5 315 |16.00 |3.50
370 [16.25 3.75
261 6.75 4.25
22.5 315 |26.75 |4.25
370 27.25 4.75
261 3150  [4.00
27.5 315 [32.00 4.50
70 2.00 .50

conditions
12.5bars and
315W power), the 3.5bars

as above (ie.

hydrogen
partial pressure and the
50°C temperature in the
absorber, sustain a 36%
concentration of ammonia
in the solution. While the
4.25bars partial pressure
and 47.5°C temperature in
the absorber sustain a 42%
concentration of ammonia

in the solution.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

The modifications made to the unit’s components successfully established a working
unit. The pressure at which refrigeration occurred was reduced significantly to 7.5 bar
of hydrogen, whereas the lowest evaporator temperature was obtained at hydrogen

pressure of 12.5 bar despite the manufacturer’s claim of 21.5 bar.

The time response to attain refrigeration was also signiﬁcantly reduced from 6-hour
recommended by manufacturers to 20-30 minutes (boiler and solution heat
exchanger); 40-45 minutes (condenser and low temperature evaporator) and 50-60
minutes (absorber). This reduction in time is attributed to the modified boiler and
solution heat exchanger design. The new boiler received heat directly from the
element whereas the new heat exchanger had the weak solution in the inner tube and
strong solution in the annular space, hence exchanging heat with very little loss to the

surroundings.

Despite the much faster time response, the refrigeration capacity was measured to be
only 11W at an average temperature of —7.8°C, which was obtained at 12.5 bar
hydrogen pressure and 315W power input. This gives an insignificant Coefficient of
Performance. Because of this, refrigerant mass rates could not be established and thus

component loads could not be determined.

Since there were no changes made to the condenser, it is appropriate to say that the
design was sufficient for both the original and the present experimental unit.
Therefore the “no working” condition of the original unit and the low performance of

the modified unit are not due to the condenser’s design.

The temperature of the strong solution in the absorber was observed to be high

throughout the experimental ranges of hydrogen pressure and power input.

From the discussions A and B in paragraph 5.6, it is evident that whichever case is
considered to explain the reason behind the high temperatures, the absorber coils do
not dissipate the heat of reaction fast enough and hence are not capable of maintaining
the 34% ammonia solution as charged. This causes an undesirably high ammonia

partial pressure and temperature in the evaporator.
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Therefore, although the modifications made to the unit showed a marked
improvement to the refrigeration performance and time response, it is felt that the

absorber is the main cause of low refrigeration.

For example, if the absorber were to maintain the 34% ammonia solution as charged,
and at the same time were able to dissipate the heat of reaction keeping the strong
solution at 30°C, then the partial pressure of ammonia would have been
approximately 1.5 bar absolute. At this pressure, the ammonia in the evaporator
would boil at approximately —25°C, as it would have been expected inside the

“freezer” space.

In section 4.2.1.1, paragraph III on charging with hydrogen, the effects of hydrogen
pressure on the boiler and absorber were discussed. Therefore, it is up to the system-
designer to perform an energy balance on the absorber, such that, for given hydrogen

ressure' the absorber will maintain the same concentration of the charge.
p

! The hydrogen pressure acts as a “lid” to the boiler, affecting the boiling rate and hence the mass flow of ammonia to
the condenser. This in turn affects the solution rates form the boiler to the absorber and vice versa
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APPENDIX 1: EXPERIMENTAL RESULTS
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POWER 261 Watts HYDROGEN PRESSURE 7.5 Bars STEADY-STATE PRESSURE 10.5 Bars

Time[m]| O | 10 | 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100 { 110| 120| 130 140{ 150 160 170| 180 190| 200{ 210| 220 S/S
™ 20.8(27.2129.6131.9/31.9|325(32.9{34.1[33.3]33.1|33.3| 34 |34.1134.1|34.2| 34 {346|34.8/34.3135.3|134.2/33.6{33.9{ 34.26
T2 20.8| 21 |27.7|27.4|27.3|28.2130.1|29.729.3|29.8(29.7|29.8129.930.3| 30 [30.3| 30 |30.2|29.7|30.2{30.2|30.1| 30 30.04
T3 21.11211|22.4| 23 |23.7|23.4|23.7|24.6|24.8]1256.1(24.9(25.7| 26 {25.8/26.1|25.9| 26 | 26 |26.2|26.1|26.3{26.3|25.9] 26.16
T4 21 121.3]|22.41228(225|1941176195 | 8 7 |66{58|56565{56{57|64|56[62| 5 [55]58|53]6.1 5.54
TS5 20.8121.1121.4(21.7{21.3|21.3(22.6]22.1|22.6|22.6(22.7|22.5|22.8|22.8| 23 |22.5|22.7|225|21.9|22.1]|22.2122.1|221 22,08
T6 20.8121.2(21.4121.5|21.1121.3122.9|21.2120.7|21.1]20.7|20.2{20.720.9|20.9{20.7 | 20.7 [ 20.8{20.3{20.8|20.7{20.7|20.7| 20.64
T7 21 121.7] 30 |40.4139.6138.7|39.6{52.752.8| 53 {53.2|{53.9/54.3|53.8{53.8154.3{64.4{54.7} 55 [54.4|54.9|54.5/54.8], 5472
T8 2141107 | 123 | 123 | 126 | 130 | 136 | 136 | 135|136 | 138 | 138 | 137 | 138 | 132|138 | 137 | 138 | 135 | 138 {139 | 138 | 138 | 137.58
T9 20.7123.9128.1139.7145.7|48.1| 49 |50.11562.4]52.4{53.1153.4] 54 [54.5{56.4| 54 |559| 55 |55.6156.3|54.2| 54 | 54 54.82
T10 2111976108 | 111|112 | 117 | 114 ] 122 | 121 | 120 { 118 | 120 | 123 | 123 | 124 | 127 | 118 | 121 | 120 | 116 { 119 [ 119 | 123 | 119.32
T14 21.31107 | 123 | 123 | 126 | 131 | 135|136 | 135 136 | 138 | 137 | 137 | 138 | 131 | 138 ] 137 | 137 | 134 | 136 | 139 | 138 | 138 | 136.96
T12 21318661999 102 1051108 | 113 | M3 | 113 (114 | 114 | 114 | 114 | 115 | 113 | 115 114 | 114 | 114 | 113 | 115 | 116 | 115 114.4
T13 22.41229126.9|41.4|46.2147.9|47.6{50.5| 53 153.1|53.5|53.9|54.4/54.5|54.9]53.9!155.1|54.7{565.1|55.2|54.5|54.4|54.2] 54.68
T5 2261226(23.1123.3|23.4| 18 {1411 35| 1 |02 |-04] 1 |-1.7{-19}|-27|-22|-28]-23|-26]| -2 |-1.7]| -2 |-2.2 2.1
T16 22.6122.6|22.8|226|22.31221|22.2|22.2{22.6(22.1(21.9]21.8|21.8]21.8{121.7|21.7[21.7]|21.8(21.6{21.8{21.8|21.7|21.8 217
T17 22.61226|22.9|23.1(22.7122.6{23.1(23.7123.2123.3{22.9|228| 23 |22.8(22.9]22.9] 23 |23.1|229| 23 | 23 |22.8|22.9| 2292
T18 22.6(22.5122.8|23.91 23 |23.8| 24 |23.9{23.3(23.4]23.1]22.9(|23.2{22.9(22.9| 23 | 23 {23.2| 23 |23.3]23.2| 23 |23.1 23.12
T19 22.6122.5123.9|123.9(24.3{24.5(24.3(29.9130.9131.1|31.6|31.8/31.8|31.8|/31.9{31.8|31.9| 32 |32.3|32.4|32.3|32.3|31.9] 32.24




Appendices

72

POWER 315 Watts HYDROGEN PRESSURE 7.5 Bars STEADY-STATE PRESSURE 10.5 Bars

Time[m]| © 10 20 30 40 50 60 70 80 90 | 100 110{ 120| 130{ 140{ 150 160 170 180 S/S
™ 205|268 1299336348365 {367 | 36 | 365|373 ] 37 | 364 |37.5|374|375|37.5|368 374|357 36.98
T2 204 1239|281 2911301305303 ]306|31.1]308; 3 31 31 130931.2}309]3091307{ 3 30.94
T3 207 | 21 | 217 (235|248 | 26 26 | 263 |26.7 266268 | 27 27 1274 [ 274} 27 | 26.7 | 264 | 26.7 26.78
T4 184118971 | 65 | 66 | 63 | 65 | 74 | 7.7 | 67 | 76 | 7.3 8 6.2 8 75 (74 | 65 | 75 7.38
TS5 20.7 | 2051211 | 213 | 213 | 21.7 | 222 {227 | 227 | 227 | 227 | 218 | 218 | 22 | 219|222 | 22 | 222|223 22.12
T6 207 {211 20.7 { 208 | 209 | 20.7 | 206 | 20.7 | 21.1 | 20.8 | 20.9 | 20.7 | 20.6 | 20.8 | 20.6 | 20.7 | 206 | 20.7 | 21 20.72
T7 232|256 411|463 1498 |532|549| 55 | 556|563 562|563 |574|568| 57 |569 563|564 | 554 56.4
T8 427 |121.8|130.7{132.1|136.7{135.5|137.5[138.6|138.3| 136 |135.5|138.8{140.1[{136.3| 138 | 135 [136.8]134.3|136.4 136.1
T9 206 | 26.2 | 38.2 | 474 | 521|542 | 562|566 | 568|583 |584 |578|574 603|592 61 |57.8]59.6 | 59.1 59.34

T10 28 | 109 |114.3|119.6|116.8|118.1|118.8|121.6[120.81120.2]{119.5[122.4|118.9|119.5|116.8|114.5|122.21120.9| 117.5 118.38
Ti1 455 |121.5|130.2|131.8|135.7(133.8| 137 |138.2|138.3|135.2|135.2|138.2|139.2{135.5| 137 | 134 |135.7|133.4|135.9 135.2
T12 24.9 | 88.7 |107.5/109.5{112.6{112.8]{114.2{114.8|115.4| 114 {114.3/115.6[115.8|113.8|114.9]/113.4|114.8]112.9]114.6 114.12
T13 2291253 1365|453 (491 | 521|545 |536 555 |5711572| 56 |569|584 573|579 |566]|574 | 56 57.04
T15 206120804 | 08| 0605|0507 (13 |05/|08}| 11104 |-03]08)]05)]08)02]06 0.58
T16 223 122312251223 (1222 22 | 21912191221 1218 2182191216 215216216 |21.8| 22 22 21.8
T17 2221219 (226|227 |228 228|229 23 | 233232224 |229(226|227|228|27.8|229|23.1]|232 23.96
T48 2221222 1226|227 228 | 23 | 231232 |234|234)|232|2311228]227] 23 23 | 231233233 2314
T19 224 12231246 2783051317322 |239] 33 |328 335341336335 34 |338341|337 34 33.92




Appendices

73

POWER 370 Watts HYDROGEN PRESSURE 7.5 Bars STEADY-STATE PRESSURE 10.5 Bars

Time[m]| © 10 | 20 | 30 | 40 | 50 | 60 | 70 | 80 | S0 | 100 110] 120 130f 140| 150; 160{ 170| 180f 190 200 S/S
T4 19.8 | 27 348|395 43 14531436 | 46 [43.3 (429427427 4434274331441 (435|464 435|434 455 44 .46
T2 1981248 20 [304)307 313314313316 (318{31.7|318|31.3/315(3141312|314(31.831.6]31.1]31.8 31.54
T3 2021203 (2131238 (251|263 126.8|26.7 266|268 27 272|265 267 27 269 |26.7|269|26.9)266)272 26.86
T4 1771154 65 | 83 |76 | 78|78 }177 83|88 8384 |88 |85|84)|78)|81|83]j85|75]89 8.26
TS5 201 1196 | 20.7 | 214 | 213 1221|222 (222|223 (222225227 226225226226 |227| 23 228|227 227 22.78
T6 20.1119.8 1203|206 |202|20.7|2071208|207 209 21 21 1207207205208 21 {213]209]208|208 20.96
T7 245|277 {143.9 509567 603599614 (61.2,604|606|608|60.7|595| 60 [613| 61 614614611617 61.32
T8 46.5| 122 { 133 | 137 { 139 | 140 | 141 | 144 | 143 | 141 | 142 { 140 | 140 | 140 | 140 | 141 { 141 | 141 | 142 | 138 | 142 140.7
T9 2033121464 |535(589|625|63.2|63.7| 64 |64.8|63.7|655|64.2|643|615|636|644 (653|643 655|645 64.8

T10 2051104 | 113§ 116 | 120 | 117 { 121 | 122 | 119 | 119 | 123 | 122 [ 117 | 117 | 122 | 119 | 118 | 117 | 120 | 117 | 120 118.48
T1 50.2 | 122 { 133 | 138 | 140 | 140 | 142 | 143 | 143 | 140 | 142 | 139 | 139 | 139 | 141 | 141 | 141 | 140 | 142 | 138 | 140 139.94
T12 25719331110 | 113 {116 | 116 | 116 | 147 [ 117 | 116 | 117 | 116 | 116 | 116 | 118 | 117 | 117 | 116 | 117 | 116 | 117 116.46
T3 2281 27 |418| 50 |562|609| 61 [624]623|625|621|62.1|62.1]61.8|605]623|625|63.3|628|63.5]|625 62.92
T15 1991158 | 04 | 1.3 | 14 | 17 2 22 123 (23 (27 |17 {16 |18 |16 |12 |13 |13 |14 | 14 | 16 1.4
T16 2181218 12192181215 |12151214 (215|214 1214|217 1215|214 2152111213 2171216214214 |214 215
T17 21812171223 |12251226 232 23 {232]23.1|231236|234(233|23.1[229]23.1]236]237]23.2|232]231 23.36
T18 217 | 217 122412281229 |235|234|23.7|236|234|238|234(235|234| 23 [232]235|238|234}235|234 23.52
M9 21912191263 (299|3221343| 35 | 35 [355|3591358|354(353(359|355| 35 |351|351(355|355/|356 35.36




Appendices 74
POWER 261 Watts HYDROGEN PRESSURE 10.0 Bars STEADY-STATE PRESSURE 11.25 Bars
Time[m]| O 10 20 30 | 40 50 | 60 70 80 90 | 100 110] 120] 130] 140 150] 160] 170] 180| 190] 200 SIS
T 20512314 32 34 1343 35 {354 }352|3541351,353|348|354}3541351|355|355|36.1| 36 36 | 35.6 35.84
T2 20412131308 33 327331 |334|334(336| 33 {333 33 {334(333}332]334|335/|338336]|336]|336 33.62
T3 20612021207 122812441254 1261|258|263(257,262259|264 262259264267 266264264265 26.52
T4 179|177 82 | 81 |85 83|91 |104] 92 | 85|95 {88 |88 |91 |88 92 |83)|92] 95|95 87 9.04
TS 204 {195| 20 [202]19.8|20.1[207 ] 192|204 | 20 [205|203|20520.1]203]204]20.2](20.6|207]20.7|206 20.56
T6 206118611991 195]189 188|192 | 185191185188 |18.7| 187 | 186 1881891871191 19.1 | 19.1 | 189 18.98
T7 258 1291|327 416|444 | 4711488494499 | 50 |50.3|50.1{507 509|507 51 |{514{515 514|514 ]|513 514
T8 51 | 114 | 139 | 144 | 145 | 147 | 142 | 148 | 149 | 148 | 148 | 148 | 149 | 148 | 149 | 150 | 150 | 149 | 149 | 149 | 149 148.92
T9 206|267 (333 | 38 | 411445461 |46.7 {472 477 | 48 | 479|482 483|484 |48.1|48.6|49.1 493493489 49.04
T10 3171984 | 123 | 130 | 130 | 132 | 135 | 132 | 134 | 133 | 137 | 135 | 135 | 132 | 136 | 137 | 133 | 132 | 132 | 132 | 134 132.44
T 555 | 114 | 139 | 144 | 146 | 147 | 149 | 148 | 148 | 148 | 148 | 148 | 149 | 148 | 149 | 150 | 149 | 149 | 149 | 149 | 149 148.82
T12 2731894 114 | 119 1 121 | 122 | 124 | 124 § 124 | 123 | 124 | 124 | 125 | 124 | 125 | 125 | 125 | 125 | 125 | 125 | 124 124.56
Ti3 228 127513113681 414 1444 | 465|472 482|485 |48.6|488 488 | 49 14921493498 50 | 499|499 | 50.2 49.96
T15 19.7 1185 2 22 119 | 22 | 27 4 27 | 26 | 2.8 3 27 127 | 28|25 | 2312212421241 2.22
T16 218 12181226 | 2282252211 22 | 225222221222 2251222 224}228|226]225|224|225|225|226 225
T17 217 | 215225 | 231|238 | 233|233 237 (235|236 |23.7 (241242237 |244|243| 24 [244|242|239 238 24.06
T18 216 | 216 | 225 23.2 | 23.7 | 234 | 236238236236 |23.7| 24 2382391242241 ]239| 24 24 | 2391|239 23.94
T19 | 218 216|244 |266|2841298 307 31 |312(319| 32 | 32 | 32 [323]324(323|326(323|322327|326 32.48




Appendices 75

POWER 315 Watts HYDROGEN PRESSURE 10.0 Bars STEADY-STATE PRESSURE 12.0 Bars

Time[m]| O 10 | 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 { 100 | 110 120{ 130 140{ 150{ 160 170 180 190 S/S
T1 20.7 | 29.7 | 32.7 | 35.1 {36.8 | 384 | 36.7 | 38 |38.2|39.8|38.1(39.1]|39.7|395|39.1|383|393}399]40.1 | 39.1 39.34
T2 20.7 1 23 | 307 {317 |321 321|326 |321(329| 33 332|332 33 |[3383| 33 {331 33 | 33 |333|332 33.12
T3 209|208 | 21 | 2331251 256|262 262|264 273|274 (274273276274 |274|274]|274|275|275 27.44
T4 1891165 | 7 8 79 | 68 | 72 | 53 |75 |65 |65 |76 |67 |73 7 78 | 69 | 67 | 75 | 74 7.26
T5 2081204 1207203206 |20520.1 194 81 | 167194 | 34 | 63 | 36 | 72 |25 | 25| 41| 23 | 43 3.14
T6 20.8 1202|204 | 196 195|193 |19.1 | 192|195} 183|178 | 173 | 17 | 17 | 168 | 16.7 | 16,5 | 16.7 | 16.7 | 16.7 16.66
T7 243 {267 | 378 | 456.2 | 495 | 521 | 52.3 | 534 | 534 | 55.2 | 546 | 55.3 | 55.3 | 56.2 | 55.7 | 565.3 | 55.5 | 55.8 | 55.5 | 55.4 55.5
T8 43.9 [131.8]138.6| 143 |145.2(142.6|147.3{145.8| 148 | 147 [148.1)148.4{144.4|148.7 | 146.7| 147 |147.3|144.8/147.4|146.9 146.68
T9 209 | 2569|349 421 | 47 | 518 | 51 | 536 |53.1|551|553| 54 |56.8|555|569]|656.1|56.1|575]|565]| 57 56.64
T10 | 28.8 (116.6]120.2|128.3{124.9|121.5({133.4{133.2/130.4{125.5(132.3]|128.4{128.2]| 130 |129.2/133.5]|131.9| 129 [123.9|131.1 129.88
™1 47.4 | 132 |138.3|143.3{145.8| 141 |147.6|146.1|148.4|145.7|148.1|148.7| 143 [148.7|146.9|146.8|146.8|144.4|144.9{147 1 146
Ti2 26 | 99.8 [114.21117.9] 120 [118.8[122.7[121.1]123.31121.3|122.6(123.5]121.6|124.5]122.6(123.1|122.9| 122 |121.6]|122.7 122.46
T3 | 229|264 | 343 (418|474 509|511 |534|536|544|546|545|556|555| 56 |554 556|557 |559| 56 55.72
T15 | 204 (161} 09 | 14 {13 |09 |05 }|-25|01|-26|-32{-16|-17|-16]|-18|-13|-15]|-15]|-14]-14 -1.42
T16 | 2211219 (227 (227 | 22 |219 2172191222 |188 | 168|169 | 152 | 151|151 | 15 | 149 | 151|149 | 15 14.98
T17 22 | 21.912291236(231]231 | 23 [233 237231221 218|216 [214 216|214 214|217 214|214 21.46
T18 22 1219|228 234|233 |23.1}1232|232|235(233[224| 22 (218217 (218216215217 |217 216 21.62
T19 [ 221219 24 | 27.7| 30 | 317 | 328 |33.1| 329|332 334 |33.7|336 (338343 |344|34.1]347 343|347 34.44




Appendices 76
POWER 370 Watts HYDROGEN PRESSURE 10.0 Bars STEADY-STATE PRESSURE 12.0 Bars
Time[m]| O 10 | 20 | 30 | 40 | 60 | 60 | 70 | 80 | 90 | 100 | 110f 120[ 130 140{ 150{ 160{ 170f 180{ 190{ 200| 210|S/S
T 206 129.9|36.9 433|445 47 |44.7 1464485469 |1465|482149.2|459|47.6|455|46.5|485|46.5|50.8|48649.2| 487
T2 2051221314324 33.2|33.4|336|336[339|336(33.9| 34 |33.7/33.8|338| 34 [33.6]|33.7|339|342|336|336| 338
T3 20.6 {207 | 22 1251|264 (273|274 |27.7(281|278(279| 28 |27.9| 28 |282|284(282|28.1|282|28.6|285|282| 283
T4 1891179149 |48 71|65 |77 81 |85| 8 | 84|77 75|83 |77 |75|66)|76|72|74]|68)75 7.3
T5 20.11192|204{201|201{209{181] 03 |03 |17 |15} -1 |23 [13]|05},-09{-04} O [ 0401} 19]35]| 1.18
T6 2021186 |19.7 187183183 178|169 168 | 16.7 | 16.7 | 16.7 | 164 | 16.8 | 16.6 | 16.7 | 156.9| 16.1 | 16.1 | 16.4 | 16.3 | 16.4| 16.3
T7 2262641401495 |53.7 {553 |558| 58 {59.2| 59 |58.3|595|60.7|59.2|59.3|585|583|60.3|586|614]59.2| 61 | 60.1
T8 32 | 128 | 135 | 144 | 148 | 143 | 149 | 147 | 148 | 150 | 149 | 153 | 151 | 149 | 146 | 1561 | 148 | 148 | 150 | 152 | 147 | 150 | 149|
T9 20412771454 (499546623 | 60 |616|63.4|61.8|64.1]61.8,623(63.2| 65 |61.5|625|628|64.3|62.6|63.3|63.6| 63.3
T10 [23.7] 109 | 116 | 119 | 122 | 120 | 127 | 126 | 123 | 129 | 125 | 126 | 127 | 127 | 124 | 135 | 133 | 131 | 125 | 125 | 132 | 130 | 129
T11 | 335|129 | 134 [ 143 | 149 | 141 | 149 | 148 | 147 | 151 | 150 | 151 | 151 | 150 | 146 | 151 | 148 | 149 | 148 | 150 | 146 | 151 | 149
T12 [225(929 | 112 | 118 | 121 | 120 | 123 | 123 | 124 | 125 | 123 | 126 | 125 | 125 | 123 | 126 | 125 | 124 | 124 | 125 | 123 | 124 | 124
T13 [|225|2562[37.5|47.1529157.11566.7| 58 |59.6|69.2|603|59.3|609|60.1{605|583|60.1|60.7|60.2|60.7|617|61.2] 609
T15 |211} 21 |-33|-33}-22|-23| -1 |05 |-02}|-0t{ O {01]|-07]|-01|[-04]03|-04|-04]-04|-04|-02]|-07]-042
T16 |222;218(219] 21 |199[181[168| 16 | 1562 | 15 | 149|151 146|148 147 | 15 [ 148|147 | 15 [ 152|151 | 15 15
T17 | 222 22 |228|224 232 23 [226]221|21.9] 22 |21.9| 22 [215[219|219| 22 | 22 |221|219|21.9|222(219 22
T18 |221] 22 |225|224 1233|232 23 [224|221|223 221223219222 22 |223 (221|222 22 | 22 |222|221] 221
T19 |223| 22 |258|29.8|324|345|355(365|366,369|37.2|374(36.6|37.2|37.7|379(374|371|37.837.1|374([37.3] 373




Appendices 77

POWER 261 Watts HYDROGEN PRESSURE 12.5 Bars STEADY-STATE PRESSURE 14.75 Bars

Time[m]| © 10 | 20 |{ 30 | 40 | 50 | 60 | 70 80 90 | 100 110 120 130{ 140| 150{ 160| 170 180; 190| 200|S/S
T 21 | 213 | 38 [39.7 403|408 409|411 414|416 |41.7 | 416 | 41.7 | 416 | 417 | 417 | 416 | 418 | 419 | 418 | 41.7 | 41.76
T2 209 1207 | 211 | 271 | 282 | 283 | 284 | 288 | 29.2 | 293 | 295|294 | 29.6 | 295|295 | 294|288 |29.7 {299 | 295|298 [ 29.54
T3 21 21 2111219239 | 25 | 252|255 |26.1|264|265|265|26.7 264|266 | 268|264 | 2066|268 |26.8 | 26.7 | 26.66
T4 1911194 [ 194 74 | 67 | 79 | 67 | 36 | 1.7 | 11 1 0.8 1 1 0.7 1 14 |16 | 18 | 15 | 15| 156
TS5 206 20 | 197|201 |185}| 26 | 4 | 58| 68| -7 |-73|-73|-74|-75|-76|-76 |63 | -61|-61]-65|-65| -63
T6 205 (207|188 | 194 | 17 | 163|116 | 74 | 42 | 07 0 0 |-02|-03|-05|-04]12 |17 18] 21| 19| 174
T7 2421238 26 | 324|384 |427 458|476 |49.7 | 505|512 512|516 |515|518|516]51.5]|51.7|518|51.7|51.6|51.66
T8 35.3 | 344 | 143 |152.3| 155 |158.4| 160 [161.9|161.6|162.2|161.6]162.4]162.2|162.5{161.6;161.7|161.4|162,1|161.9| 162 |161.7| 161.8
T9 20.9 |1 208 | 249 | 315 | 37 | 407 | 438 | 455 | 47.7 | 485|494 | 495|499 | 498 | 498 | 50 | 498 | 49.7 | 49.8 | 49.7 | 49.7 | 49.74
T10 255 | 60.2 |133.4]142.1]1139.7{147.6|147.9| 147 |148.7|248.81152.2|150.9|147.6{144.8|146.31148.4|147.5| 146 |149.9| 147 |145.3| 147.1
T1 37.3 | 76.7 {142.91151.4|154.1|157.6|158.8|160.8| 160.6| 161 |160.3|161.3|160.9|/161.6|160.5|160.6|160.4|160.8{160.7|161.1|160.7| 160.7
T12 239 | 25.3 |101.2} 126 |130.3{133.1|135.1| 137 |136.6|137.2| 137 |137.4|137.7|137.2{136.9|136.5[136.8|137.4|137.3/136.8|136.7| 137
T13 234 12331264 | 308|355 |393 426|446 | 465|476 |482 485|489 1488|489 489 |48.7|488|48.8 |488 | 49 |48.82
T15 216215121502 |05 04 {06 )|-15|-22|-26|-26|-27|-27|-25|-26|-27]-14]-13]-13]|-13]|-14]|-134
T16 228 | 23 | 221226214 {184 | 157 | 141|122 109 | 98 | 92 | 88 | 86 | 84 | 84 | 92 | 106 | 11 11 11 ] 10.56
T17 228 | 23 | 225233234226 215]205|196 194|187 (185|183 181|181 | 184|185 195|195 |19.6 | 19.6 |19.34
T8 227 | 227 12241233 (234|227 216202192188 (182 | 18 [ 178 18 (179|179 181 | 19 | 189 | 19.1 | 189 | 188
T19 231 23 | 227 | 252|278 (296|311 |318|326|33.1 335|337 |34.1 3411343 {343 (342|343|344 342|339 342




Appendices 78
POWER 315 Watts HYDROGEN PRESSURE 12.5 Bars STEADY-STATE PRESSURE 15.0 Bars
Time[m]| O© 10 20 30 40 50 60 70 80 80 100 110{ 120 130{ 140} 150{ 160] 170, 180{ S/S
T 216 | 39.1 | 404 | 42 438 | 43 44 | 442 | 443 | 444 | 446 | 452 | 452 | 448 | 45 | 449 | 444 | 451 | 454 | 44.96
T2 215 | 217 | 348 | 359 | 372 | 358 | 375 | 365 | 36.1 | 366 | 36.8 | 37.5 | 374 | 375 | 379 38 371§ 375 | 377 | 37.64
T3 216 | 216 | 22 265 | 271 | 272 | 273 | 278 | 278 | 276 28 1282|283 278 | 282 | 281 | 282 28 284 | 28.18
T4 194 | 185 | 7.9 7.7 6.9 2.8 1.8 1.5 19 1.5 1.7 1.2 1.3 0.8 09 0.8 0.4 0.3 0.5 0.58
T5 207 | 195 | 202 [ 184 | 48 | 67 | ‘T4 { -77 | -7T6 | -76 | -76 | 7.7 | -78 | ;79 | -79 | -79 | -79 | 82 | -8.1 -8
T6 206 | 194 | 188 | 161 | 134 | 7.7 t7 | 01 { 04| 04| 05| 06 | -06 |07} -081| -09 ] -11 | -13 | -0.9 -1
T7 249 | 266 | 342 | 399 | 4561 | 47.7 | 49.7 | 504 51 514 52 | 822 | 521 52 52.3 | 521 52 | 523 | 524 | 5222
T8 40.1 | 142.5 | 156.6 | 160.7 | 163.1 | 165 | 166.3 | 166.5 | 166.7 | 166.8 | 167.1 | 167.1 | 167.2 | 167.2 | 166.9 | 167.2 | 167.1 | 167.2 | 167.4 | 167.2
T9 213 | 222 | 309 | 37.1 | 41.2 | 439 { 461 | 475 | 479 | 486 | 488 | 49.1 | 49.2 | 49.1 | 401 49 | 494 | 492 | 496 | 49.26
T10 258 | 137.1|143.1| 1429 | 148.8 | 145.6 | 1494 | 149.6 | 1525 | 1514 | 1484 | 149.8 | 153.4 | 148.3 | 153.8 | 148.8 | 150.8 | 152.2 | 148.2 | 150.8
™1 429 {1525 157.5|161.3 | 163.1 | 1654 | 166.3 | 165.9 | 166.6 | 166.6 | 166.9 | 166.6 | 167.1 | 166.5 | 166.3 | 167 | 167.3 | 167 | 167.3 167
T12 239 | 62.2 | 129.2 | 1344 [ 136.2 | 137.9 | 139.1 | 139.4 | 130.7 | 139.7 | 139.4 | 139.7 | 139.9 | 140 | 139.9[139.8| 140 | 140 | 140.3 140
T13 237 | 253 | 318 | 371 | 408 | 444 | 467 | 479 | 485 | 489 | 49.2 | 495 | 493 | 49 | 493 | 49.2 | 495 | 49.6 | 49.8 | 49.48
T15 216 | 218 | 05 0.1 09 | 04 |11} 09 |11 | 11|11} 13 | 12|13 | 13| 12| 13 | -14 | -14 | -1.32
T16 23 | 226 | 229 {212 { 17.7 | 157 | 13.9 | 121 | 107 | 99 9.3 8.9 8.8 8.7 8.8 8.9 8.8 8.4 8.3 8.64
T17 231 | 229 | 236 | 233 22 212 1205 | 197 | 189 | 183 | 181 | 177 | 174 | 173 | 176 | 176 | 177 | 174 | 173 17.56
T18 227 | 228 | 235|233 | 217 { 207 | 193 | 188 | 181 | 174 | 17.2 17 166 | 163 | 166 | 165 | 16.7 | 164 | 166 | 16.56
T19 235 | 231 | 2562 | 284 | 306 | 32.3 | 334 34 342 | 343 | 347 | 347 | 347 | 346 | 348 | 349 35 34.9 35 34.92




Appendices 79

POWER 370 Watts HYDROGEN PRESSURE 12.5 Bars STEADY-STATE PRESSURE 15.25 Bars

Time[m]| © 10 | 20 | 30 | 40 50 | 60 | 70 | 80 | 90 | 100 110{ 120{ 130 140| 150{ 160 170{ 180| 190|S/S
T 222 1395 44 | 488|505 |524 |528|534 542|543 538|524 528525533529 ]|52.1]|528]| 5325325284
T2 2221265393 | 40 | 399|404 | 403|404 | 406|404 | 405|404 404|406 405|404 404|404 405|405 |4044
T3 222 1223262303306 |313|313|315|316{317{316{318 316318317 316|316 31.8|31.8|31.8]31.72
T4 199 | 151 7 9 4 23 118 | 13 | 15 | 1.2 | 09 1 08 |08 |06 |07 | 06|04} 06| 06| 058
T5 215120820412} 45| 56| 6 |-61)]-6.1]-62|-62|62|-62|63|62|-63|-73}|-67]|-65]|-68]|-6.72
T6 2092081781153 94 | 1.2 | 05 | 01 | 01 | -0.1 | -0.1 0 |01]|]-04}|-01]|-02|-04]-06|-03]-04]-038
T7 249 1292|399 |485|521|551 563|575 |578 579|578 57.7 578 658 |{57.7|5657.7 579|583 |57.8|583 58
T8 36 [147.4|158.4|164.1/165.8|167.2|167.8|168.7|169.1| 169 |168.9{168.5]168.7[169.1{168.9|169.2| 169.6|168.7 | 169.1|168.8] 169.1
T9 2211313394 |456| 50 53 [ 544 | 563|567 | 57 {566 | 57 |56.9|56.9 567|565 | 566|568 |568|569|56.72
T10 | 26.3 |127.1]136.7|142.3|148.4|149.8|143.4|148.6 | 149.2|148.41148.7]151.3|146.6 | 146.5| 149.4 | 150.6 | 146.9|147.3 | 147.6 { 150.7 | 148.6
T11 37.8 |147.9]| 159 |164.6|166.2|167.5/168.3|169.1(169.5{169.31169.4|168.6{168.9(169.6/169.1|169.9|170.5/169.4{169.5{169.1] 169.7
Ti2 246 [118.8|131.5|136.6(138.4| 139 [141.1|141.4[{141.3|141.21141.8{141.4]141.8| 142 |141.6|141.5|142.5| 142 |141.3|142.1| 141.9
T13 244 1288|374 | 441|487 | 52 | 536|552 (558|561 56 | 56 | 56 | 558|559 | 558|557 (559|559 |559|5584
T™M5 |223} 96 |-03|23 |02 |-07|-08-06|-06|04|-05(-04|-05|-06{-06|-08|-07]|-08]-09]-08] -08
T16 233 |2341223 201177 (149|121 | 92 (87 | 84 | 81 | 79 | 76 7 69 | 72 | 62 | 66 | 6.9 7 6.78
T17 234 123512411242 1234228212192 191|189 (189|182 | 18.1 177 |17.3 (181 | 17 | 171|176 | 17.5 | 17.46
T8 228 12311236238 |229 217 (207|186 | 184 | 183 | 179|178 | 17.7 [ 174 | 168 | 175|171 {167 | 17.2 | 17 17.1
T19 24 | 244 29 | 331352369 38 |387|389| 39 | 39 |393]39.3|39.1|388|388|393387|389]| 39 |3894




Appendices

&0

POWER 261 Watts HYDROGEN PRESSURE 15.0 Bars STEADY-STATE PRESSURE 17.25 Bars

Time[m]| O 10 20 30 40 50 60 70 80 80 | 100 110} 120f 130 140, 150 160] 170{ 180f 190 200|S/S
™ 2221 22.8] 44.8] 456 46.3] 46.7] 46.8 47 47 47 47) A47.3| 472 474 472 47.2] 472| 471} 47.1| 47.2] 47.2|47.16
T2 222] 2221 247 266 26.9 271 274} 27.2| 27.3] 27.3| 27.3] 27.8| 27.6] 27.6y 27.7| 2771 27.5| 274 27.5] 274| 274|27.44
T3 221 222 222\ 239 251 255 259] 26.3] 26.5] 26.6; 26.5| 26.8] 26.7| 26.9| 26.8/ 26.9] 26.8] 26.7| 26.8f 26.9| 26.8) 26.8
T4 201 202 9.8/ 63 735 79 64 5 4.8/ 43 41 351 3.1 4 28, 27 3| 3.5 3.8 31 38| 344
TS5 217 214 21y 19.5| 186, 14| -11| -16] -21] -3.2| -34| -3.6| -3.8 -39 -4 -43] -41 -3.8 -42 -4 -4| -4.02
T6 20,70 20.7y 19.71 17.3] 152} 142 128] 11.2| 101 94| 93| 84, 85 87, 83 8 84 89 89 91 92/ 89
T7 249] 245 304 36| 41.2) 442 46) 47.4 48| 48.5] 48.7| 49.1 48] 492 48.2] 494| 49.1| 487 489 49; 48.8| 489
T8 36.41 77.4| 156.5] 161.5| 165| 167.5} 168.3| 169.3] 171 1711 171.7, 172.5| 172} 172.3| 172.7| 172.5| 171.7{ 171.7] 171.6| 170.9| 171.5] 171.6
T9 21.8] 21.8] 30.4| 36.1| 39.9| 42.6] 44.3] 453| 457 457 46] 46.5| 46.4| 464| 46.4| 46.5| 46.5| 46.1] 46.1] 46.2] 46.2| 46.22
T10 26.41 134.7| 139.5| 143.5| 150.3| 149.7| 149.8| 156.2| 164.2| 1563.9| 152.9| 163.9| 152.4| 156.1| 158; 158| 153.6| 1566.9| 156] 1566.5| 152.6| 155.1
Ti1 38.1} 143.3| 1566} 161.1| 164.9] 167.2| 168.6| 169.2] 171.1| 71 172{ 172.4| 1717, 171.9| 172.4| 172} 171.3] 171.7{ 171.5| 170.6] 171.2| 171.3
T12 2471 62.8] 127.7] 134.8| 138.5| 141] 142| 143| 144.5| 144.8| 145.6] 145.4| 145.2| 145.8| 145.8| 145.5]| 144.5] 144.9] 144.9| 144.5| 144.6| 144.7
T13 24.5] 2441 30| 34.1] 38.3| 41.2] 43.4] 44.3] 453 45.6] 46.1| 46.4] 46.5| 46.3] 46.5 46.6| 46.5) 46.4| 46.2] 46.3] 46.2| 46.32
T15 2270 227 3.8, -077 02 12, 08 05 01 6y -02| -04{ -05/ -05 -0.71 -09] -0.8| -0.8/ -0.8 -09f -0.8| -0.82
T16 23.4; 23.5| 23.5) 22.3| 19.9{ 18.1] 16.9] 16.3] 15.8| 154 152 151 15.1} 15.2f 151} 151 151 151] 153] 152 153} 15.2
T17 23.5] 23.6] 23.8] 24.2] 238 23| 22.5] 224] 224) 221 22; 21.9] 219 22 22 221 219 219 22| 223 22| 22.02
T18 22.7) 22.8] 23.1| 23.6 231 223 2177 21.7] 214] 211 21 20.9) 20.7| 208 211 211} 20.9| 20.8] 209 209 20.9|20.88
T19 241 24.2] 252 28.5| 30.8| 32.3] 33.1| 33.8 34 34 34| 34.2| 341 34.2] 3421 343 34.2| 34.1 34.1 34 34| 34.08




Appendices 81

POWER 315 Watts HYDROGEN PRESSURE 15.0 Bars STEADY-STATE PRESSURE 17.5 Bars

Time[m]| O 10 | 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100 110; 120{ 130{ 140/ 150{ 160 170| 180| 190|S/S
™ 234 | 237 | 454 | 465 47 | 4711469 | 47.7 | 482 | 483|484 | 482 482|476 | 48 | 483 | 486 | 486 | 486 | 48.6 | 48.54
T2 2331234273317 |303|305| 30 |30.4|306|303|306|30.2|303|30.1{3098]30.7]309)306]306]|304,)3064
T3 232|233 |231| 25 | 264|264 261276282 | 28 | 283|282 |282| 27 [279|283|286|289|289]|282|2858
T4 215|216 | 11 | 83 | 98 | 78 | 64 | 43 | 42 | 41 | 39 | 38 | 41 | 41 | 3.7 | 41 | 35| 31 | 35 | 32 | 348
T5 229 | 23 | 218} 20 (13 |-26|-33|-23|-21|-28|-22|-23|-28|42|-28|-24|-38|-34|-3.7|-38]-342
T6 226 {226 | 21 | 183163 | 135|113 | 84 | 81 | 75 8 78 | 78 | 84 8 79 | 7.7 | 65 5 48 | 6.38
T7 251|251 |31.1[378]434 459|469 | 498 | 509|509 |51.7 515|519 |502|512|51.8] 52 |525 525|516 |52.08
T8 37 |117.8{164.6|166.5/170.1|171.4]172.3|174.6|175.7|{175.6| 176 |176.9|176.6|175.7(176.4|176.3| 177 [177.4|177.2|176.8] 176.9|
T9 23 | 232|287 |363|4051434 {444 47 (479 | 48 | 486 | 485|488 |46.7 | 48 | 486 |49.1 | 494 | 493 | 48.7 | 49.02
T10 | 27.3 |131.9]|144.4|149.6| 154 |157.1|1562.2|168.5|156.2|1569.9|160.9|161.1| 159 |161.9|1566.8|157.2(160.4{158.7 |162.3|156.5| 159
T11 39 [142.1)|163.6|166.4{170.2|171.4|172.1|174.3|175.8|175.9{176.1|176.7|176.5|175.2|176.3|176.1|176.6|177.21176.7|176.3| 176.6
T12 26 | 62.3 |135.4| 139 | 143 |144.3]145.7|147.6|148.7|148.6|148.9|149.5|149.2|147.8|149.1|148.9{149.3| 150 {149.8|149.1| 149.4
T13 25 | 249|298 | 354|397 | 43 | 442|466 | 478 | 48.1 | 486 | 49 | 49 | 474 | 486 | 489 | 494 | 495 | 49.7 | 49.2 | 49.34
T15 | 234|236 4 1534|124 |14 107 |07 08| 06| 05| 05 1 03|04 |07 | 05| 08] 07| 062
T16 | 243|244 245|237 216|196 | 182 171|165 | 168 | 16 | 159|158 | 162|157 | 159 162|159 | 1568 | 1562 | 158
T17 | 244 | 246|246 | 256 | 247|238 |233|234 (236|232 |235]|235|234|228(232 234|229 (2262262322294
TI8 243 (24412461247 24 {228 1221{225{226 {217 |2251225|224 (2121219 |226[2141209)|209| 21 |21.36
T19 | 249 25 | 256|287 |314 324331346356 |351|359|359(359|34.7|351|359|36.1|365|368| 36 |36.26




Appendices

82

POWER 370 Watts HYDROGEN PRESSURE 15.0 Bars STEADY-STATE PRESSURE 18.25 Bars

Time[m]| O 10 20 30 40 50 60 70 80 90 | 100 110f 120{ 130 140] 150] 160, 170/ 180]S/S
T 23.2] 23.3] 482 55.7f 60.5| 614 62.6| 63.1] 63.5/ 63.3] 63.6] 63.9/ 639 63.7] 63.9] 64.3] 656] 652 63] 644
T2 23.2| 232] 36.7| 39.2| 40.6] 40.4| 40.1] 40.3| 40.1] 40.2| 40.3| 40.5] 40.4| 40.1] 40.7] 40.9| 41.2| 41.3] 40.2| 40.86
T3 232 232 247 30.3] 31.77 318 32| 32.2] 32.5| 32.3] 322| 32.2| 321 324| 326 325 325 32.7| 32.7| 326
T4 21.3] 213 10.9] 104 42| 36] 31 28 26/ 29 23} 26| 23 21 28 26/ 24| 26| 23 254
TS5 227) 214 213 0 -4 -3.6] -3.9] -38 -4 -4 -4f -4.1 -39 -4.1] -39 -4 -4 -4 -4.2} -4.02
T6 22.1| 21.8) 19.2 15 16 11 08} 04/ 034 09 03 0 01 0 014 01 02/ 02 02 0.16
T7 26.1] 26.5) 36.6; 45.6] 52.1f 556 57| 57.9; 58.6/ 58.7| 58.7; 58.9| 589 59.1; 589 59.1] 59.3] 59.1| 58.8| 59.04
T8 41.11 132.4| 168.4| 177.7| 180.4| 181.8] 183.6| 184.2] 184.3| 184.4| 184.6| 184.5| 184.2| 185.4| 184.4| 184.9| 184.6] 185.3| 184.5| 184.7
T9 23.1] 23.4] 355 42.9| 48.8| 52.8] 548 56 57 57.3| 57.2| 57.1 57.2| 57.2f 574, 57.2| 575 574 57| 57.3
T10 29.7] 125.6| 148.7| 1565.3| 161.1| 160.8{ 165.2| 160.1| 162.9| 163.9] 164.9| 163.3| 163.9| 164.2| 164.6] 166.6| 160.8| 165.5| 165.7| 164.6
T11 43.6 162.1| 170.4] 178.9| 181.1]| 182.5| 184.4] 185] 185| 185.1| 185.4| 185.1] 185/ 186.3| 185.3] 186.2| 185.4| 186| 185.5| 185.7
12 27.5| 52.8|139.8| 149.3| 151.9| 1563.4] 155.1| 156.2| 156] 155.9] 156.1| 156.4] 156.6| 157.2| 156.9| 156.4| 156.5| 156.5{ 156.3| 156.5
T13 254 26.1} 33.8] 41.5| 48.3| 52.4| 543 556 56.8] 56.7| 56.8| 56.9] 56.9 57 571 §7.2 57| 57.2| 57.2|57.12
T15 23.7] 2391 39 49 15 14 12 12 12| 095 08 09 08 09 08 07 07 09 11 0.82
T16 2447 245 244 22| 16.4| 11.7) 79| 6.9 65, 64| 62| 64 62| 63 6.2 6.1 62 65 6.3 626
T17 24.6| 24.3] 252y 25.2| 23.4| 208 186| 17.4| 16.3) 16.6| 156| 158 16.1| 15.7) 157 158 15.7| 15.8| 15.8| 15.76
T8 244| 244 25| 24.6| 226 19.9] 17.7| 16.2] 145 14.3| 13.8 14 14| 13.9] 13.6| 13.8] 13.7| 13.6] 13.5/13.64
TM9 25.1] 25.1) 28.1 32.9 36| 37.9 39| 39.7) 399 40/ 39.6 40.1| 40.1] 40.1| 40.1] 401 40| 40.3] 40.5| 40.2




Appendices 83

POWER 261 Watts HYDROGEN PRESSURE 17.5 Bars STEADY-STATE PRESSURE 19.75 Bars

Time[m]| © 10 | 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100 | 110[ 120 130 140[ 150( 160{ 170| 180 190( 200| 210|S/S
T 23| 23.3| 49.8{ 50.8| 51.3| 51.7{ 51.9 562.1| 52.1| 52.2( 52.3| 52.4| 524 52.2| 52.3| 52.4| 52.4| 52.5| 52.6] 52.5| 52.5| 52.7| 52.6
T2 23| 23.1| 23.3] 26.7| 27.2| 27.4| 27.5| 27.8| 28| 28| 28| 28.2| 28.3] 28| 28.1| 28.2| 28.2| 28.2| 28.2| 28.3| 28.3| 28.5| 28.3
T3 229 22.9| 23| 23.8] 254 26.2| 26.6| 27| 26.9] 27.1| 27.4| 275 27.2| 27.3| 271| 27.2| 271\ 271| 26.5| 27.3| 27| 27.3| 27
T4 21| 21.1( 209 8.9 82| 83 8 73] 63 63 56| 57 5 438 5 48] 47| 49| 46| 46| 47| 47| 47
T5 22.5| 221| 21.3| 21.2| 19.2] 9.3| 0.5 -0.3| -1.4( -14| -1.7[ 1.7y 21| -22| -2| -2.4| -29| -2.8| -3.2] -3.1| -3.3| -2.9|-3.06
T6 21.3| 21.3] 20.6| 19.2| 16.5| 154 14.1| 13| 11.6| 11.1] 10.4| 10.3] 10| 9.6 9.9 97| 9.7 99| 103 96| 9.7 96| 9.82
T7 26.1| 25.5| 25| 33.7| 38.8| 42.7 45.8| 47.2| 47.9| 48.3] 48.8| 48.9 49.1| 49| 48.9| 49.1| 49.2| 49.1| 48.6] 49.4] 49.3| 49.6| 49.2
T8 32.7| 32.1] 171 170| 175 177| 179| 180 181| 182 183| 183| 183| 183| 183 183| 183| 183| 184 183| 184 183| 183
T9 23| 22.8| 24.3| 32.3| 37.4| 40.8 42.7| 44| 45.1| 45.3| 45.7| 45.9| 46.1| 459| 458 459| 459 46{ 459| 46| 46.1| 462 46
T10 27.8| 79.9| 150 151| 155 158| 162| 160 163| 162| 166| 168 162| 167, 167 163| 162| 163 164| 166/ 165 162| 164
T11 34.4| 94.8/ 173| 170| 174| 177| 179 180 181 182 182 183| 182| 183| 183| 183| 183| 183 184 183| 183| 183] 183
T12 25.7| 28.2| 115 141| 147| 150 152 153| 153| 154| 154 155| 154| 155| 155 155| 155/ 155/ 155 155/ 155| 155/ 155
T3 253| 25| 26.7| 32| 36.5| 39.9| 42.5| 44| 453| 458 46.4| 46.6] 47| 46.8) 46.9| 46.8| 46.8) 47| 46.8] 47| 471 47 47
T15 23.4| 233| 231 25{ 15[ 22| 26/ 23 2| 1.8 14] 13| 13| 1.1 15] 14| 15 14 16| 13| 14| 13 14
T16 23.7| 23.8] 23| 23.4| 21.7| 19.1| 17.9| 17.6] 17.3| 17.1] 16.7| 16.4| 16.6| 16.4| 16.7| 16.7| 16.8| 15.9] 17.1| 16.8| 16.8| 16.8/ 16.7
T17 24] 24| 23.5| 24.4| 24.4| 23.3| 23.1| 23.6| 22.9| 22.9| 22.8| 225 22.8| 22.6| 23| 22.7| 22.7| 229 23.2| 22.6| 22.8| 22.7{ 22.8
T18 23.6] 23.7| 23.5| 24.2| 239! 226| 22| 22| 21.6| 21.8| 21.6| 21.4| 21.4| 21.2[ 21.5] 21.5| 214} 21.2| 20.9| 20.7{ 20.4| 20.8| 20.8
T19 24.8| 24.9| 24.5| 26.9| 29.8] 31.7| 33| 33.8| 34.3[ 34.6] 34.6| 34.7| 34.9| 349| 34.7| 349| 349 35 35 349 35 351 35




Appendices 84
POWER 315 Watts HYDROGEN PRESSURE 17.5 Bars STEADY-STATE PRESSURE 20.0 Bars
Time[m]| O 10 ] 20 | 30 | 40 | 50 | 60 70 | 80 | 90 {100 110] 120{ 130| 140; 150; 160} 170{ 180| 190| 200|8/S
T4 22,51 22.6] 50.4| 51.3] b2.1} 521 52.3] 52.5| 52.8| 52.8] 52.8] 52.9] 53 |52.9| 52.8/ 52.8] 52.8| 52.8) 53| 52.9| 52.9] 52.9
T2 22.5] 22.5{ 25.3| 27.1| 27.6| 27.9| 27.8] 28.3] 28.5| 28.2 29| 28.9]29.1|29.1{ 287, 28.6/ 29.1 29] 29.6] 29.4| 29.6| 293
T3 22.5| 22.4| 22.6) 241 254 26.4| 269 27 274| 27.4] 27| 27.7127.8| 28 | 27.8| 27.4| 27.7| 27, 28] 27.9| 27.6| 276
T4 20.6) 206 11.4f 7.7) 87| 7.3 51 46| 42 48] 43 4] 36 | 4.2 4 44 4 4 4 4 3.6 3.92
TS 22! 2191 20.9] 19.2) 2.1} -0.7{ -1.7{ -21| -21| -23| -26| -26{-25|-26| -25 -24] -25/ -2.8 -2.6] -2.5 -2.9|-2.66
T6 21.3] 21.3] 20.2 171 151 129 99| 85 754 69 6.7 48 66| 6.3 6 7] 69 73] 69| 64, 66 682
T7 24.7) 24.5| 30.6f 36.7| 42.8| 458/ 48| 49| 50| 50.1| 50.3| 50.8/ 50.7 | 51 | 50.8] 50.7| 50.6| 49.8| 50.8| 50.8| 50.5| 50.5
T8 33.8] 69.91 171 175] 179 181] 183| 184 185 186, 185 185| 186 | 186 | 186/ 186, 185| 185 186] 186{ 185] 186
T9 22.3| 22.3] 28.5] 35.3| 39.8] 42.9] 44.7| 45.9] 47| 471 471 AT7.6|47.7 | 476 47.8) 47.5] 47.7| 47| 471.5] 47.6| 47.3] 474
T10 24.8; 137{ 154 162} 161 166] 167| 169| 165] 165 172] 168| 168 | 167 | 167/ 165| 165 169] 166] 168 168] 167
T11 35.6] 147 171| 1751 179 181{ 182| 184 185] 185| 185/ 185/ 186 | 186 | 185 185 185 185 186{ 185/ 185/ 185
T12 25.8] 59.3] 141 147} 151} 153| 155| 165; 166] 157 157 157| 157 | 167 | 157 157 157| 157| 157| 1571 157| 157
T13 24.5| 24.2{ 29.6| 344 39| 42.5| 44.8] 46.2] 47.1) 47.7) 47.9] 48| 48 | 48.2| 48.1] 48.2] 48.2] 47.8] 48.2| 48.1] 48.1] 481
T15 22.8] 228] 58 12| 29 22 14 089 07/ 05} 09 07 07| 08 05 06 08 1.1 08 08 06| 0.82
T16 23.7] 237} 237 224 20] 184 17| 15.9] 156.4| 14.7] 14.9] 14.71 146 | 14.7 | 144| 148, 152] 154 156.1] 15.2 15] 15.2
T17 23.7) 23.4] 23.8] 23.9| 23.3] 23| 22.3| 21.9] 21.9] 21.4]| 21.5] 215/ 216|218 21.6| 21.8| 221 22y 21.9] 21.9] 2221 22
T8 23.3| 23.4| 23.7) 23.6| 22.6] 22.2| 21.5| 20.9| 20.7} 20| 20| 20.5{20.1 |20.1] 199 20| 19.8] 19.5| 19.4] 19.5| 19.6] 19.6
T19 24.3] 24.3; 25| 27.9/ 30.7| 32.5) 33.5| 34| 34.7{ 34.7, 35/ 3541354 356 354] 35.3| 35.3] 35.5| 35.4| 35.2| 356| 354




Appendices 85
POWER 370 Watts HYDROGEN PRESSURE 17.5 Bars STEADY-STATE PRESSURE 20.5 Bars
Time[m]| O 10 | 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100 | 110{ 120 130f 140 150 160 170{ 180] 190| 200|S/S
T 2321 5021 52| 54.9] 56.8{ 57.4| 58.9| 59.6{ 60.1] 60.4| 61| 62.5 625 61.5 625 60.9| 60.6| 60.5 60.2| 60.8] 60.1] 60.4
T2 23.1] 23.3] 30.6| 31.9| 33.2] 33.6| 35.1] 33.8] 33.8| 34.2| 34.6| 34.8] 34.7| 34.6| 34.6{ 34| 33.8| 33.5| 33.3| 33.8| 33.2] 335
T3 23.1] 23.1| 24.3| 27.8] 28.8) 29.6/ 29.5| 30.4| 30.2) 30.7| 30.8| 31| 309 30.9; 31 31 30.6] 30.3] 30.2| 30.3] 29.6] 30.2
T4 21] 20.8] 11.3] 117 6.9 6.3| 6.3] 47| 48 49| 47| 46] 43| 46| 45 43| 44| 44| 43| 43| 34| 416
T5 22.6| 21.3] 21 2| -13] 16| -2.1] -23| -2.8 -2 -21| -21 -2.3] -2.3] -23] -22| -25] -26| -24| -24| -3.3|-2.64
T6 21.6{ 208/ 18.6; 154 4.1 32; 28 19 17 19/ 19 19 18 17 1.7/ 18 16 16{ 1.9 19 09| 158
T7 25.8| 26.3| 36.5| 44.3| 49.8) 52.3| 53.4| 54.9| 555/ 56.6| 56.8] 57.1| 57.5| 67.1| 57.3] 67.3| 57.3| 57.1| 57| 57| 56.7| 57
T8 36.5 171 177| 185] 187 189 189 190 191f 181| 191| 192] 192| 192| 192| 192 192 192| 192 191 191 191
T9 23] 23.5| 34.8| 40.3] 45.4| 48.7) 50.5| 51.7| 52.6] 53.7| 54.2| 54.3| 54.6] 54.3| 54.6| 54.7| 54.3| 54.5| 54.6] 54.7| 54.3| 54.5
T10 29.7\ 146 161| 166| 172 171 175 175] 168; 166| 171\ 171; 176[ 169 169 174 175 71| 170] 169] 171] 171
T11 38.8| 182 178| 185] 188/ 189 190 190| 192] 192| 192 193 192 192 192 193] 193 192| 192f 192| 191 192
T12 26.6| 94.8| 148| 156| 159| 161 161 162| 163] 163] 163| 163| 163 163| 163] 164| 163| 163| 163 164 163 163
T3 25.3] 26.3| 33.4| 39.2| 44.8] 48.3| 49.9| 50.9| 52.3| 53.3| 53.8| 54.3| 54.5/ 54.5| 54.5| 54.6| 54.5| 54.5] 54.1] 54| 54.2| 54.3
T15 23.1] 23.1 3] 45 13} 07 07| 04 11 11 1.2 11 14 15 13| 12| 14] 16/ 12 1.1 1.1] 1.28
T16 24.2| 23.6] 23.5| 21.1] 16.4{ 125 10.2| 9.6] 96 9| 87| 83| 81 84| 81 8| 8.1 85 84 82 81| 826
T17 24.2| 23.8| 24.5| 24.4| 22.5| 205 18.9| 18.9| 19.3| 189 18.8| 18.3| 184| 185 182| 18.2| 18.1| 18.4| 18.3| 18.5| 18.1] 18.3
T18 23.8] 23.7| 24.3| 23.7| 21.4| 191} 17.3| 17.6{ 18| 17.7| 17.5| 16.8] 16.7| 16.6| 16.3] 16.3| 16.2| 16.5| 16.4| 16.4{ 16.2| 16.3
T19 249 24.7) 27.8/ 31.3] 33.7| 35.1| 35.6] 37.1] 38.7| 39.1) 39.2] 39.6| 39.9| 39.7| 39.8| 39.9| 39.8] 40.5| 39.6| 39.7| 39.2{ 39.8




Appendices 86

POWER 261 Watts HYDROGEN PRESSURE 20.0 Bars STEADY-STATE PRESSURE 23.0 Bars

Time[m]| © 5 10 16| 20 25/ 30 135140 | 50 | 55|60 6570 80| 90] 100] 110} 120] 130| 140; 150{ 160 170{ 180|S/S
T 2251 22.5| 22.5] 39| 55.5| 55.7| 55.8| 56.1| 56.4| 56.5| 56.6| 56.8] 56.8] 56.9| 56.8] 566.9{ 57| 56.9| 57| 57.2| 57.1| 57.4| 56.9| 56.9] 57| 57.1
T2 22.3| 22.4] 22.4| 23.3| 24.1| 24.9] 25.6| 26.1| 26.3| 26.4| 26.4| 26.5| 26.6| 26.8| 26.5| 26.5| 26.4| 26.3| 26.4| 26.5| 26.4| 26.8| 26.3| 26.5| 26.6| 26.5
T3 22.2) 22.3| 22.4]| 22.5] 22.6] 22.6] 22.6| 23.2| 24.4| 24.6| 25| 25.2]{ 25.5| 25.8| 25.8] 25.6| 25.7]| 25.1] 25.7| 26| 26| 26.2| 25.6| 25.8| 26| 25.9
T4 20.3] 20.4| 20.5| 19.5| 18.4{ 13.4] 84| 75| 74| 74| 72| 82 79| 74| 67| 66| 63| 57 6/ 6.3 58 6.3] 57 56| 56/ 58
TS 21.8] 21.7] 21.7{ 21.7| 21.8| 21.3] 20.9] 19.5] 17.8] 17.5| 14.5| 3.3] 15| 06 0] -0.6| -0.8{ -1.5| -1.4] -1.2] -1.6] -1.4| -1.9] -2.1| -2.3] -1.9
T6 20.4| 20.4| 20.4| 20.6]| 20.7] 19.9] 19] 17.2] 15.3; 14.9] 14.8| 14.6| 14.1] 13.9| 13.4| 12.6} 12.5] 12.2]{ 11.5] 11.4] 11.4] 11.5/ 114} 11.7} 11.2] 114
T7 25.3| 26.41 25.5| 26.3| 27.1| 29.3] 31.4| 32.1| 37.2| 39.6] 41.2] 43.1] 44.1| 44.5| 44.9]| 45.3| 45.8] 45.8] 46| 46.5] 46.4| 46.8| 46.1] 46.9| 46.9| 46.6
T8 34.8| 39.1| 43.4| 108| 173| 174 175| 179 184 185| 186| 186 187| 187| 187| 188] 189| 189 189| 189| 189| 189| 189] 189 190| 189|
T9 22.2| 22.3| 22.3| 24.6| 26.8| 28.2| 29.6] 32.1| 35.8| 37.5| 39.2] 40.2| 41.3| 42.1| 42.7| 43.1| 43.8| 43.8| 43.9| 44.3| 44.3| 44.6| 44.1| 44.5| 44.4| 44 4
T10 |26.6] 79 131| 142| 152| 154| 156| 158| 162| 163| 166] 170| 169| 165| 168| 168| 171| 166{ 169| 167| 168| 169] 167| 168| 171| 168
Ti1 36.5| 88.2| 140| 156| 172 173] 175| 179| 184| 185| 186| 186| 187| 187 187| 188| 189 190| 189 189 189| 189| 189| 190 190 189
™2 25.1] 39.3] 53.5| 89.9| 126] 133]| 140] 146| 153] 155| 156] 157| 157| 157| 157| 158| 159] 158 159| 159 159 159| 159| 159| 160| 159
T13 22.5| 23.4| 24.2] 26.1| 28| 29.1] 30.1| 35.4] 37| 38.7| 40.1| 41.1| 42.1| 42.9| 43.4| 44| 44.2| 44.4| 44.6| 44.7| 44.7| 44.6] 45| 45.2|45.3| 45
T15 22.41 22.41 22.3| 19.3{ 16.3] 10.4] 3.9| 1.3] 1.5/ 1.8] 2.8| 2.5 25/ 22| 19 18 16| 1.5 13 11 1.1 1.3] 14) 14 1.5 134
T16 22.81 22.9] 22.9| 22.7| 22.4] 22.5| 22.6| 20.4| 19.1| 18.4] 17.9] 17.3| 16.9| 16.6] 16.3| 16.1| 16{ 15.9] 15.5| 15.3| 15.5| 15.6] 15.9] 15.9| 15.9| 15.8
T17 23| 23[22.9| 23| 23| 23.3] 23.5| 23.1| 22.6| 22.4| 22.4| 22.3] 22| 22.1|21.9| 21.9| 21.9| 21.8] 21.5| 21.5| 21.5| 21.8] 22| 22|22.1|21.9
T18 22.8| 22.8| 22.7| 22.8| 22.9| 23.2| 23.4| 21.9| 21.2| 21.1] 21.1] 20.9| 20.7| 20.8] 20.3| 20.2| 20.3| 20.1| 20| 19.8| 19.9| 20.1| 20.3| 20.3| 20.4| 20.2
™9 23.8| 23.9| 24| 23.9| 23.8{ 24.6] 25.4] 29| 29.7| 30.6] 31.3| 31.9] 32.1| 32.6| 32.8] 33.2| 33.2{ 33| 32.9| 32.8| 33.1] 33| 33.6/ 33.7| 33.8/ 33.4




Appendices 87

POWER 315 Watts HYDROGEN PRESSURE 20.0 Bars STEADY-STATE PRESSURE 23.0 Bars

Time[m]| O 5 |10 | 16120 | 25| 30 | 35 | 40 | 45 | 50 55 60f 70| 80| 90| 100 110{ 120| 130| 140 150 160 170|S/S
T 222 22.3| 22.4| 55.7| 55.7| 56.3| 55.8| 56.3] 57| 57.4] 57| 57.8| 57.2| 57.3| 57.2| 57.3| 57.4| 57.4| 57.6| 57.5| 57.8| 58.3| 57.4| 58.2| 57.8
T2 22.1) 22.2| 22.3| 22.7) 24.7| 25.8| 26.1| 26.2) 26.7| 27| 27| 26.5] 28.8| 26.5| 26.5| 26.7| 26.9| 26.9| 27.1| 27.1| 26.5{ 26.6| 25.7| 25.7| 26.3
T3 221| 22.2) 22.3| 22.2| 22.2| 22.6| 23.2] 24.8| 25.9| 25.8| 25.9| 25.8| 25.8| 25.4| 25.5| 25.7| 25.9| 26.2| 26.3| 26.3| 26.2| 25.8| 24.8| 24.3| 25.5
T4 20.4| 20.6] 20.7| 12.4| 19.4| 9.2| 7.8 85 43| 7.2 7] 6.1 43| 3.9 4| 38| 4.2 42| 43| 49| 53| 6.1 4.8 3.2 4.86
TS 21.3| 21.3| 21.4| 25.5| 20.5| 19.6] 186/ 18 3| 13| 06| -0.1 -24] -29] -2.8| -31| -29| -2.5] -2.6| -2.4] -1.7| -0.8] -2.5| -2.4] -2
T6 21.4| 21.4) 21.5| 20.6| 20.1| 18.3] 17.1) 16.1] 12) 12.9] 13.4] 9.9/ 99| 97| 9.2 93| 97| 10.1] 10.3] 10.4] 9.7| 10.3] 9.4| 8.3] 9.62
T7 24.5| 24.5| 24.5] 25.3] 28.9] 32| 34.8) 37.9] 43| 45.6] 45.5| 46.5] 48| 47.9| 48.8| 48.7| 48.9| 48.8| 48.9| 48| 48.8| 48.6| 48| 47.6| 484
T8 38| 37.8| 87.7| 176| 177| 180| 184| 187| 187| 188| 187| 188 189 192| 192} 192] 191 191 190| 190| 190] 192 192| 192 191
T9 22,11 22.2| 22.3| 28.9] 28.9] 31.6] 34.1| 36.9| 42.2| 42| 43.1| 44.4| 44.4| 44.1] 44.3| 45| 45.6] 45.8| 45.8] 46| 45.9| 45.4| 44.3] 43.7| 45.1
T10 28.2) 82.8| 147| 158| 159| 162} 165 167| 172| 169| 166| 169 171| 172| 174| 173| 174| 168| 172] 169{ 170| 174 170[ 169| 171
T11 40.1] 98.3| 156 175 176] 181| 185 186| 187{ 188| 188 187 191 191 192/ 191 191] 191| 190| 189] 191 192 192| 192 191
T12 26.2 26.9] 57.6] 138 138| 149| 153| 156| 158| 158| 158 158| 162| 162| 162| 161 161| 160| 160| 159| 159 162| 161| 161] 161
T13 24.4| 24.2| 26.5| 28.8| 30.8] 33.1| 35.5| 37.7| 39.3| 41.2| 42.8| 43.7| 44.5| 44.5| 44.4] 45.2| 45.3| 45.5| 45.6| 45.8| 45.5| 45.3| 44.4| 44.5| 451
T15 226| 22.6| 21.6| 64| 2.8 i 1.8 3.1 28 2l 11 07 0.6] 04 0.1 0] -0.1] 0.1 03] 04] 04 04 04 04| 04
T16 23.4] 23.4| 22.6] 23.4| 23.2] 22.4] 21.4) 204{ 19.1) 181 17} 16| 15| 14.6] 14.1] 14.1| 14.2| 14.5| 14.7| 14.9] 14.9]| 14.5| 14.5| 14.6| 14.7
T17 23.5} 23.5| 23.1| 23.9] 24| 24| 23.8| 23.6] 23.2| 22.7| 22.4| 21.9| 21.5| 21.1| 20.8] 20.8| 20.8| 20.9| 21.3| 21.4] 21.3] 20.5{ 21.1| 21.1] 21.1
T18 23.4| 23.3| 23.1| 23.7| 23.8] 23.7| 23.5| 22.8| 22.3| 21.5| 21.1| 20.5| 19.8| 19.3| 18.8] 18.8| 18.8] 19| 19.3| 19.4]| 19.5| 18.9] 19.1] 19.3| 19.2
T19 23.9| 23.9| 23.7] 24.9| 26.2) 27.8| 20.1] 30.2 30.9; 31.3| 31.8| 32.7| 33.2| 33.2| 32.9] 33.1| 33.3| 33.4| 33.7| 33.8| 33.4| 32.2| 32.6{ 32.7| 32.9




Appendices 88

POWER 370 Watts HYDROGEN PRESSURE 20.0 Bars STEADY-STATE PRESSURE 23.25 Bars

Time[m]| O | 5 [ 10 [ 15|20 | 25| 30 | 35|40 | 45| 50 | 55/ 60 70/ 80| 90| 100, 110/ 120 130| 140| 150| 160{ 170| 180| S/S
T1 221 22 |222{555{56.6{57.6{58.3|58.7{59.5|59.8| 59.8| 59.4| 569.9] 61| 60.7| 60.8] 61| 61.5| 61.31 61.4| 61.8] 61.6| 61.3| 61.3] 614|615
T2 22 | 22 |22.1] 23 | 26 [27.8|27.8|28.2|28.4|28.3| 28.6| 28.1| 28.5| 29.2| 28.7| 29.1| 29| 29.1| 29.2| 29.4| 29.3| 29.4| 29.2| 29.2( 29.4] 29.3
T3 21.9121.9| 22 | 22 |22.5(23.7|24.7|25.1|25.5|25.9| 26.3| 26.4| 26.5| 27.1] 27.1| 27| 27.2| 27| 27.1|27.2| 27.3| 27.4| 27.4| 27.4| 27.7| 27.4
T4 |20.3{20.3|20.3|17.5|11.8{11.3|11.3| 8.7 | 5.8 | 4.7 | 4.2| 44| 44 44 43| 43| 45 49| 48| 42| 42| 43| 42| 44| 44| 43
T5 21.3(21.3(20.2|120.5{20.1{19.4| 6.3 |-0.4 |-2.2| -3.1| -3.2| -3| -3.2] -2.9| -3.1] -3.2| -3.2{ -2.7| -2.8] -3.2| -3.4{ -3.4] -34{ -3.4| -3.5| -34
T6 21.3120.9(20.7|21.1|18.7| 17 |156| 13 | 7 | 24| 2.1 21 2| 25| 18] 1.9 19 22| 19| 22 19 19 21 18] 2/1.94
T7 243 24 |245(258|31.8|36.4]140.3|43.6|46.6| 47.9] 49.6| 50.5{ 51.2| 52.3] 62.9| 53.2| 53.7| 563.2| 53.5| 53.8| 54.1| 54.2| 54.3| 54.3| 54.5| 54.3
T8 37.9|37.8| 141|179 185|189 | 192|195 | 195 196| 196 197 197| 198| 198| 198| 198| 199| 198 199 199| 199| 199| 198 198| 199
T9 22 121.9{22.3|26.5{30.6{34.2137.7140.4143.3| 45.4| 47.4| 48.5{ 49.4| 50.9| 51.6{ 52| 52.4| 51.9) 52| 52.6|529| 53|53.2]563.1] 53] 53
T10 |27.8(95.1| 143 | 165|170 | 173 [ 172|174 | 177 | 172| 173| 181} 175 178| 186] 175 180| 182| 182| 175 178| 176] 182 177| 184| 179
T11 [39.9)111 178|180 | 186 | 189|192 | 194 | 195 | 195| 196] 197| 196| 197| 198] 198, 198| 198| 197| 198| 198| 199| 198| 198 198| 198
T12 [25.6(27.1(60.2| 144 | 156 | 160 | 164 | 165 | 167 | 167| 168 168 169 169| 170 170| 169| 171| 170| 170{ 170| 171] 170} 170{ 170| 170
T13 |24.1{23.8|24.4|27.1]129.6|32.9(36.6(39.3|42.6| 44.6| 46.6| 47.7| 48.7| 50| 50.7{ 51.1| 61.1| 561.1| 51.2| 51.5| 61.7| 51.9| 52.1| 52.1] 52{ 52
T15 [224(224|21.7|147| 5 |36 |45 4 {23 18] 1.7 18] 1.6/ 15 14| 15 15 13 1 1.2) 13| 14] 15[ 14| 14| 14
T46 [|23.2(23.2123.2]123.1|23.2{223| 21 {19.5|17.2| 1491 12.7) 11.6[ 10.7| 95| 9| 88| 84| 8| 78] 8 79| 7.7 76| 7.7 78|7.74
T17 |23.4[23.3|23.1|23.2|23.8]23.7|23.7{23.3|22.9| 22| 21.2| 20.6|/ 20.3| 19.8| 19.3| 19.3| 18.8| 18.1] 18| 18.6| 18.8] 18.5| 18.8| 18.7| 18.8| 18.7
T48 123.1123.1{23.2123.1123.6)23.6|23.2{22.4|21.6]|20.4| 19.6] 19| 184 17.7{17.3}17.4] 17| 16.4| 15.8) 16.6| 16.8] 16.7| 16.7| 16.6| 16.8] 16.7
T49 [23.7|23.7|23.7]|23.9|25.4|27.2] 29 |30.6|32.3| 33.2| 34.5| 35.2| 35.5| 36.4| 36.6| 36.9] 36.7| 36.1| 35.7| 36.6| 37| 37.2| 37.4| 37.3| 37.4| 37.3




Appendices 89

POWER 261 Watts HYDROGEN PRESSURE 22.5 Bars STEADY-STATE PRESSURE 25.75 Bars

Time[m]| O 5 |10 |15 20| 25 (30 | 35| 40 | 45 | 50 55| 60| 70[ 80| 90| 100{ 110| 120| 130 140| 150 160| 170| 180{ S/S
T1 2241 21.9(21.8 22| 61/60.9]|61.5/61.8] 62| 62.5|62.562.7 63|63.2| 63.2| 63.3| 63.4| 63.4| 63.2| 63.2]| 63.2| 63.2| 63.2| 63.2| 63.2| 63.2
T2 21.6( 21.6| 21.7| 21.7| 22.2| 24.4] 26.3| 26.9| 27.2| 27.4| 27.5| 27.5| 27.6| 27.4| 27.7| 27.8| 27.9( 27.9| 27.8| 27.7| 27.5| 27.6| 27.5| 27.6| 27.5| 27.5
T3 21.5| 21.5| 21.6| 21.5| 21.6| 21.5| 22| 22.7| 23.4| 24| 24.3| 24.5 24.7) 25.1| 26.1| 25| 25.3| 25.3| 25.2| 25.2| 25.2| 25.7| 25.8| 25.6| 25.6| 25.6
T4 20.8| 20.8| 20.8| 20.8| 21} 18.7)10.3| 84| 7.2| 72| 82 7.3| 82| 84| 84| 81| 7.7| 74| 71| 78] 7.1 7.3 7 7 7] 7.08
T5 20.5( 21.1} 21.2| 21.3{ 20.7| 21.1] 20.7| 19.4{ 18.7 18| 17.8| 17.7 10| 3.6/ 2.3 19| 16/ 1.1] 0.8] 0.6 o[ 0.2 -0.3| -0.2| -0.2| -0.1
T6 20.9| 20.9{ 20.8| 20.7{ 20.4| 20.9| 19.4| 17.6| 16.6| 15.6| 14.8| 14.6| 14.7| 14.3| 13.6| 13.4| 13| 12.6] 12.5| 12.7| 12,5/ 12.5| 12.3] 12| 12| 12.3
T7 23| 22.4( 22.4| 22.4]| 22.6| 24.4| 28.6| 30.8( 33.3| 35.4| 38.1| 39.3| 40.3| 43.3| 44.3| 44.7| 45.4| 45.4| 45.4| 45.5| 45.7| 46.2| 46.6| 46.4| 46.7| 46.3
T8 24.8| 25| 32.4| 142| 190 184| 185| 188 191| 193| 195| 196| 197 198| 198| 198| 198| 198| 198| 198| 198| 199| 198| 199 199| 198
T9 21.41 21.4] 21.4 21.5| 23| 25.9| 28.2| 30.7| 32.5| 34.2| 35.7| 37|38.2| 39.6| 40.4| 41[41.6| 41.9|41.7| 42| 42.3| 42.7( 42.9] 43| 43.1|42.8
T10 |22.5|71.6] 120| 150 150, 150| 1583| 156| 1569| 161 163| 164| 165 166| 166| 166| 166| 167 166 166/ 166| 166| 167| 167| 167 166
T11 24.9| 87.8 131 169| 189| 184| 185| 189 191 194| 195 196 197| 198| 198| 199 199 199| 199| 198| 199| 199 199{ 199 199| 199
T12 |23.1]23.3| 35.4| 64.6| 87.6 102| 118 130| 140{ 150 155| 158{ 161| 162| 163| 163| 163| 164| 163 163| 163| 164| 164 164| 164| 164
T13 | 23.5] 23.4| 23.5] 23.5| 24.1| 26.2| 27.8| 30.2| 32.1| 34.1| 35.8( 37.4| 38.6| 39.7| 41| 41.8( 42.2| 42.4| 42.6| 42.6| 43| 42.9( 43.1| 43.4| 43.6] 43.2
T15 |22.9(22.8]22.8|22.8| 22.8{ 18.2| 6.1| 29| 1.3| 1.5 1.8 1.5 23| 27| 21| 19 1.8] 17| 17| 1.7( 1.8 1.7| 1.7 1.7[ 1.7]1.72
T16 |23.2| 23]|22.9] 23|225|22.6|22.8(22.6|21.6 20.8( 19.7{ 18.9] 18.3| 16.9| 16.2| 16| 15.8] 15.6| 15.6| 15.5| 15.4| 15.3| 15.4| 15.2{ 15.2| 156.3
T17 | 23.3[23.21 23.1] 23.2| 23| 23.1] 23.6] 23.7| 23.5| 23.2| 22.8| 22.4] 22.2| 21.8| 21.4( 21.3| 21.3| 21.2| 21.2| 21.1{ 21.1| 21.1| 21.1] 21.1| 21.1] 21.1
T48 | 23.1] 23.1| 23.1| 23.1] 22.9| 23.1| 23.4| 23.4| 23.1| 22.5] 22| 21.5( 21.2| 20.1| 19.7| 19.6| 19.5| 19.4| 19.3[ 19.3| 19.3] 19.3| 19.5| 19.2| 19.2 19.3
T19 | 23.4]23.3| 23.4| 23.4| 23.3| 23.4| 24.9| 26.2| 27.1| 27.9] 28.6( 29.2| 29.6] 30| 30.5| 30.7( 30.9| 31.1| 31| 31.1| 31.2| 31.4| 31.7| 31.4| 31.7| 31.5




Appendices 90

POWER 315 Watts HYDROGEN PRESSURE 22.5 Bars STEADY-STATE PRESSURE 25.75 Bars

Time[m]| O | 5 10|15} 20 | 256 | 30 | 35 | 40 | 45 | 60 | 55| 60| 70{ 80| 90| 100{ 110| 120{ 130 140| 150| 160 170| 180| S/S
T1 21 21) 21} 21| 61| 61.2| 61.6] 61.8; 62.1| 62.5| 62.9] 63| 63.1| 63.1| 63.2| 63.3] 63.2{ 63.4| 63.2| 63.4] 63.5| 63.4| 63.2| 63.4| 63.2] 63.3
T2 20.9] 20.9| 20.9{ 20.9] 21.3| 23.2| 25| 25.6] 26| 27.1| 27.3| 27.5| 27.6| 27.5| 27.7| 27.6] 27.7| 27.7| 27.4| 27.7| 27.7| 27.7| 27.8] 27.9| 27.7| 27.8
T3 20.9{ 20.9| 20.9] 20.9{ 21.1} 21.1} 21.4| 21.9| 22.6| 23.4| 23.6| 24.1| 24.4]| 24.3| 24.5| 24.5| 24.6| 24.6| 24.8]| 25| 25| 25| 24.6|24.8| 24,5248
T4 19.5{ 19.5| 19.4| 19.41 19.7| 17.4] 97| 88| 7.3| 8.8] 8.7 8.8 85| 75| 6.3] 62| 57, 54| 52| 49 49 49 48 53| 47492
T5 20.3] 20.3| 20.4| 20.3| 19.4] 20.1| 19.5| 185 17.7| 17.5| 9.8/ 2.8| 1.6| 0.7| -0.3| -0.3| -0.4| -0.7| -1.4] -1.1] -1.3| -1.4| -1.6] -1.3| -1.6] -14
T6 20.3| 20.3| 20.4{ 20.3| 19.5| 20.7| 18.7| 16.8| 15.9| 14.9| 14.8| 14.1] 13.1] 11.9; 10.4{ 95| 9| 8.9 9 8| 8.3| 83| 84| 88| 8.2 84
T7 22.3| 22.3| 22.3| 22.2| 22.7| 23.9{ 28.4| 31.2| 33.8| 36.8| 38.6| 41.6| 42.9| 43.8] 45.3| 46.1| 46.1| 46.5] 47.1| 47.2] 47.4| 47.1| 47| 47.1| 46.8| 471
T8 31.6| 31.6| 31.7| 56.5{ 175 179| 186| 190| 193] 196| 197| 199| 199 199 200| 200{ 200{ 200 201 201| 200{ 200{ 200| 200| 200| 200
T9 20.7| 20.7| 20.8] 20.8| 23.5| 26.4| 29.1] 31| 33.7| 35.6| 36.9{ 37.3| 38.2] 39.2| 41.2| 42.1| 42.4| 42.8| 43.3| 43.8] 44| 43.8| 43.8| 43.7| 43.5| 43.8
T10 |24.824.8|82.7| 143| 136| 156, 163] 167| 166] 163| 165] 166 167| 167| 168] 168| 168/ 168 169| 169| 169 168 168| 168| 168| 168
Ti1 33| 33{97.6] 152 175] 179 187| 191| 193] 197| 199| 200 201| 200| 201} 202| 201| 201| 201| 201 202| 201} 201{ 201| 201| 201
T42 |23.2]23.2|24.5| 47.6| 69.4| 78.5{ 135] 153| 159| 161} 163| 165 165 165, 166| 167| 166| 166| 167| 167| 167| 167| 167, 167| 166| 167
T13 | 23.1]23.1] 23| 22.9] 24| 25.8]{ 27.6| 29.6{ 32| 34.4| 36.4| 36.3] 37.9] 39.4| 41.1| 42.4| 42.9| 43.1] 43.5] 44| 44.2| 44.1| 44]|43.9|43.7| 44
T15 22| 2212271218/ 21.9|/15.7| 44| 28| 16| 1.8 25 28| 23/ 19 15 12| 09| 08 0.8 0.7f 05 03| 03] 03 0.3]0.34
T16 |22.7(22.722.6| 227 22|221]224] 22|21.2{20.1] 19.2| 18.3] 17.4| 16.6] 15.4] 14.5| 14.1] 13.9] 13.7| 13.4| 13.3] 13.1| 13.3] 13.3| 13.5] 13.3
T47 | 22.6]22.6] 22.7) 22.7| 22.2| 22.1| 22.8] 22.8| 22.8{ 22.4] 22.3] 22.1| 21.7| 21.3| 20.9| 20.4| 20.1 20.1| 20| 19.9| 20| 19.8] 19.9] 20| 19.8] 19.9
T18 | 2212212211223 22| 28] 225|225|22.2| 21.8| 21.3] 20.8| 20.2| 19.7| 19.1| 18.4| 18.2| 18.1{ 17.8| 17.8] 17.8{ 17.5| 17.7{ 17.7{ 17.7| 17.7
T19 | 22.9]22.9|22.9| 22.9] 22.8| 22.9| 24.61 25.9] 27| 28.1| 28.9| 29.4| 29.6| 29.9| 30.7| 31.1| 31.4} 31.5; 31.7| 32| 31.9{ 31.6| 31.8| 31.6| 31.8| 31.7
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POWER 370 Watts HYDROGEN PRESSURE 22.5 Bars STEADY-STATE PRESSURE 26.25 Bars

Time[m]| O | 5 |10 15120 | 25|30 |35|40|45| 50| 55 60| 70| 80| 90| 100| 110| 120| 130| 140} 150| 160| 170} 180| 190 200| 210| 220(s/S
T
T4 22| 22| 59| 62| 63| 63| 64| 65| 65/ 65| 65| 66/ 66/ 66| 66| 66| 66| 66] 66| 66| 66| 66| 66| 67, 68| 68 69| 68 67| 68
T2 22| 22| 22| 24| 25| 28| 28| 28| 28| 28| 28| 28| 28| 28| 27| 27| 27| 27| 27| 27| 28] 28| 28] 29 29| 29| 29{ 29| 28| 29
T3 21) 21] 21] 21| 22| 23| 25| 25| 25| 25| 26| 26| 25| 26| 25| 25| 24| 24| 24| 25| 24| 24| 24| 26| 26| 27| 27| 26| 26| 26
T4 20| 20| 20| 18] 19| 13| 12| 8.4]| 6.6| 6.1| 55| 5.2| 4.7| 4.9 4.6 4.7{ 3.9| 4.1] 4.2] 49| 4.3| 3.8 4} 4.2{ 45/ 46| 44| 45| 45/ 45
T5 21| 21| 20| 21} 20| 19| 4.4| 0.3 -1 -2| -2} -2 -2 -2| -2| -3| -4 -3} -3| -3 -3| -4 -4 -2 -2| -2| -2| -2| -2| -2
T6 20| 20{ 19| 19| 20| 17| 15| 11| 4.9 2.6| 2.2| 2.6 2.2{ 3.3| 1.7] 1.7] 1.2 2.2] 1.2 1.4] 1.3 0.9] 1.9] 1.6] 1.6] 1.8] 1.7| 1.5| 1.9 1.7
T7 24] 24| 25! 24| 26| 35| 40| 43| 45| 47| 49| 49| 50| 51| 51| 51| 50| 51| 51| 50| 51| 50{ 50| 51| 52| 52| 52| 52| 52| 52
T8 38| 39| 170| 185| 196| 201| 203| 204| 205| 207| 208| 208| 209| 208| 208] 209| 209| 209| 209| 210| 209| 208| 209| 209| 210{ 210| 210| 210} 210| 210
T9 21 21| 23| 27| 29| 32| 36| 39| 42| 44| 46| 48] 48| 49| 49| 50| 49] 50| 49| 49| 49| 49| 49| 50, 50| 51| 51| 51| 50| 50}
T10 28| 107] 146 170{ 174| 184] 182| 184| 189| 184| 187| 188 185| 192| 195| 193] 190{ 185] 195| 188| 188| 189] 185( 191| 192| 192| 191| 190 193| 191
T 40| 120] 175| 187] 196| 200{ 203| 204| 205| 207| 208| 208| 208| 208| 208| 208| 209| 209| 209| 210| 208| 208] 208| 209| 210| 210 210| 209| 209| 210
T12 25| 28| 69|137(165| 172 174| 175|176(177| 178| 178| 180| 180| 181| 180} 181{ 180} 181} 180| 180| 180{ 180| 181| 181| 181/ 181| 181} 180| 181
T13 23| 23| 24| 26| 27| 31| 34| 39| 41| 43| 45| 47| 47| 48| 49| 49| 49| 49| 49| 48| 49| 49| 49| 49; 50| 50| 50| 50{ 49| 50
T15 221 22| 22| 16} 18] 7.4| 58| 3.7) 2.7) 1.7} 1.7 1.4] 1.8] 1.9] 22| 22| 2.6] 2.5 2.6( 2.2 2.3| 26 28] 1.7{ 1.2 1, 08] 09 1 1
T16 23] 23] 23] 22{ 23] 22y 20| 18| 16| 13} 12{ 9.8/ 9.1| 7.8/ 7.1} 6.6] 6.9 6.9 6.6/ 6.1| 6.5/ 6.7) 6.8) 58] 52| 4.8/ 46| 4.9| 52| 4.9
T17 23] 23{ 22| 22| 23| 23] 23| 22 21| 20{ 19 18] 18| 17| 16] 16] 17| 171 17} 16| 16 17 17| 16| 16{ 16/ 15 15/ 15| 15
T18 221 22{ 22| 22| 23] 23] 22} 20| 19| 18] 171 15 15] 15| 14] 13| 13} 13| 13| 12| 12| 13| 13] 12| 11| 11 1] 11} 11| 11
T19 23] 23| 23| 23| 25; 27| 29| 30f 31| 32| 33| 33| 34| 35 35| 35| 35| 35| 35| 35| 35 35| 35| 35| 34| 35| 34| 35| 35| 34
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POWER 261 Watts HYDROGEN PRESSURE 25.0 Bars STEADY-STATE PRESSURE 28.0 Bars

Time[m]| O | 5 | 10| 15|20 |25|30|35]40 | 45|50 | 55| 60| 65| 70| 75 80| 85 95|105| 115|125} 135| 145|155 165| 175| 185| 195/S/S

T

T 211 21] 21} 21} 21| 65| 65| 65| 66| 66| 66{ 66| 66{ 66| 66| 67| 66| 66| 67| 67| 67, 67| 67| 67| 67| 67| 67| 67 67| 67
T2 20| 20| 21] 21] 21| 22| 25| 26| 26| 26| 26| 26| 26| 26| 27| 26| 26| 26| 27| 27| 27| 27| 27| 27| 26| 26| 27} 27| 27} 27
T3 20| 20| 20| 20{ 21| 21| 21| 21| 22| 22| 23| 23] 23| 23| 24| 24| 24| 24| 24| 25| 25| 25| 24| 25| 25| 25| 25| 25| 25| 25
T4 19| 19| 19} 19| 19| 20| 16{ 17| 15| 81 7.1 7| 72| 73| 771 791 7.1 7| 6.4| 6.3 6.5| 6| 59| 6.6/ 6.6 6.6 6.1| 6.2/ 6.3| 6.4
T5 20| 19| 20| 20{ 19| 19| 19| 20| 19| 19| 17| 17| 14| 6.6| 4.8 3.9 2.8/ 2.5{ 1.9; 1.5 1.7 1| 0.5| 0.6] 0.8 1.9| 0.9 0.9} 1.7] 1.2
T6 19| 19| 19 19| 19| 19] 19| 19| 18] 15| 14] 13| 13| 13| 13} 13| 12| 12{ 12| 11| 11| 11} 11} 11 11| 1] 14 1] 1] 11
T7 22| 23| 22 221 22| 25| 24] 26| 33| 35| 37| 38| 39 40| 41| 42 42 43| 44, 44| 44| 44| 44| 45] 45| 45| 45| 45| 45| 45
T8 35| 35{ 36| 52|191|188|191] 196| 197 199| 200{ 201| 202| 203] 204| 204| 204| 204| 205| 205| 204| 204| 204| 204| 204| 204| 204| 204| 204/ 204
T9 20| 20] 20| 20} 21| 25{ 27| 28| 29| 30| 33| 35| 36{ 37| 37| 38{ 38) 39| 40| 40| 40| 40| 40{ 41] 41) 42| 41] 41} 41| 41
T10 26| 39| 101 151 152 153| 158} 163| 164| 166] 167{ 168| 169] 170} 171 181 171 171 172[ 1721 172) 17TY AT 17 1711711720 171 171 171
T11 37| 56| 113| 159| 193] 188| 191| 197| 198| 200| 201| 201| 203} 203| 205| 204| 205| 205{ 206| 205} 205| 205| 204| 205| 206| 205{ 205| 205| 205] 205
T12 24| 24) 30| 63| 73] 84| 95| 99|127]139| 147| 151| 153| 156| 158| 162} 165| 166{ 168| 168 166| 165| 166] 167| 168} 168| 168| 167} 167| 168
T3 23] 23| 23] 23] 24| 26] 26] 26| 28| 30| 34f 36 36] 37| 38| 38| 39| 40| 411 41| 42| 42] 42| 42} 42} 42| 42| 42) 42| 42
T15 22| 22| 22| 221 22| 22| 15| 20f 11| 2.7{ 0.7| 0.4] 0.5} 1.7| 2| 1.9; 1.6/ 1.5 1.2 1] 1] 0.7} 0.7} 0.4] 0.9{ 0.9] 0.9 0.5 0.5| 0.7
T16 22| 22| 22| 22| 22| 22| 22{ 22| 21| 20| 19| 18] 17| 16| 16| 16] 15| 15| 15| 15| 15/ 14| 14| 14| 14| 15 15| 15| 14| 14
T17 221 22| 22| 221 22| 22| 22| 22| 23| 22| 22{ 21| 21| 20{ 20; 20|] 20{ 20{ 20; 20} 20; 20{ 19| 20| 20] 20{ 20; 20| 20} 20
T18 22) 22} 22| 22| 22} 22} 22| 22} 22} 21} 21} 20} 19] 18] 18] 18} 18} 18| 18} 17y 17| 17y 17} 17} 17} 18] 18] 18] 18] 18
T19 23| 23] 23| 23] 23| 23] 23| 24| 26| 26] 27| 27| 28| 29| 29| 29 29| 29| 30| 30| 30] 30} 30{ 30j 31 31| 31] 31} 31} 31
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POWER 315 Watts HYDROGEN PRESSURE 25.0 Bars STEADY-STATE PRESSURE 28.25 Bars

Time[m]| O 5| 10| 15 20| 25/ 30| 35| 40| 45| 50| 55| 60| 65| 70| 75| 80| 85| 95| 105] 115| 125( 135| 145] 155| 165) 175| 185| 195|S/S

T

T 21 21| 21} 65| 65/ 65| 66| 66] 66| 66| 67| 66| 66] 67| 67, 67| 67| 67, 67 67| 67, 67| 67| 67| 67} 67| 67| 67, 67} 67
T2 21 21 21| 21] 23] 25] 26| 26| 26] 26| 26| 26| 26| 27| 27| 27| 27| 27{ 27\ 27{ 27| 27y 27y 27| 27| 27| 27| 27| 27| 27
T3 211 21 21 21 21 21} 22| 23| 23} 24 24| 24| 24| 25| 25| 25{ 25| 25| 25| 25| 25| 25| 25| 25| 25| 25; 25| 25| 25| 25
T4 19 19| 19) 20{ 18] 17, 16| 11 8.1 8.8} 8.2{ 7.7| 6.8/ 6.7| 6.5/ 6.5| 6.2] 59| 5.6/ 57| 5.9 51| 56| 55 59} 5.9/ 591 6] 6 5.9
TS 20} 20 20; 19| 19| 19| 19 19| 18| 4.6/ 2.4] 1.9] 1.4] 1.2] 1.3] 1.2| 1] 0.8] 0.8] 0.7 1.1} 0.1} 0| 0.3] 0.4] 0.8 0.2] 0.3 0.1 04
T6 20 20 20| 19 19| 20| 19| 16| 14| 14| 13| 12| 10| 9.8 9.6/ 9.3 9.2| 9| 8.8 8.8 9.2 8.4| 8.3] 86| 9| 94| 9| 9| 8.9 91
T7 23| 23| 23| 25| 24| 24| 32| 36| 38| 41| 43| 44| 45| 46| 46| 47| 47| 47| 48| 48| 48| 48| 48| 48| 48| 48] 47| 47| 47| 47
T8 36| 36| 57| 177|187| 192| 199{ 202| 203| 205| 206| 207| 207} 207| 207| 207| 207| 207| 208| 207| 208| 208| 208| 207| 207| 207| 206| 207| 206] 206
T9 21 21 21| 25| 28| 29| 30| 31| 34| 36| 37| 39| 40| 41| 42| 43| 43| 44| 44| 44| 45| 44| 45| 44| 44| 44| 44| 44| 44| 44
T10 26 79 146] 140] 152| 169 166| 169] 170} 172| 173| 174] 174| 174| 174} 175| 175{ 175] 175 175[ 175| 175| 175, 175\ 174]{ 174 174| 174{ 174|174
T11 38| 96| 156| 178| 188| 194| 201} 202| 205 206| 208| 208| 208| 208| 208| 208| 208| 208| 209| 208| 209| 208| 200| 208| 208| 208{ 207| 208| 207| 208
T12 24| 25| 49| 73| 102 134| 155|165 169] 171| 172{ 173\ 173| 173{ 173 173| 173 173| 174| 174| 174 174 174{ 173 173] 173|172 173] 172} 172
T13 23| 23| 23| 25| 26| 26| 27| 29| 33| 35| 37| 39| 40| 42| 42| 43| 43| 44| 44| 45| 45| 45| 45| 45| 45| 44| 45| 44| 44| 44
T15 22| 22| 22| 22| 18] 16| 14| 4.5 1.8] 3.1| 2.6] 1.9] 1.6 1.2] 1.2 1.2| 1.2 1.2| 1] 1.1 1.2| 0.7] 0.5 0.9] 0.9] 1.1| 0.9 0.9] 0.7{ 0.9
T16 221 227 221 22| 22y 22{ 22| 21| 19] 18] 17| 16{ 16| 15| 15| 15| 14] 14] 14| 14| 14| 14| 13] 13] 14| 14| 14] 14] 14| 14
T17 22} 22| 22| 22| 22| 22 24| 23| 22| 22| 21| 21| 21| 21| 20| 20| 20| 20§ 20{ 20| 20{ 20| 20| 19| 20{ 20| 20{ 20| 20| 20
T18 22| 22| 22| 22| 22| 22| 23| 22| 21| 20| 20| 19| 19| 18| 18| 18] 18| 18] 18| 18| 18] 17| 17| 17| 17| 18| 17| 17| 17| 17
T19 23| 23| 23| 23| 23| 23| 26{ 27| 27| 28| 29] 30| 30| 31| 31| 32| 32| 32| 32| 32| 33| 32| 32| 32| 32| 33| 32| 32f 32| 32
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POWER 370 Watts HYDROGEN PRESSURE 25.0 Bars STEADY-STATE PRESSURE 28.5 Bars

Time[m]{ O] 5| 10| 15 20} 25| 30 35| 40| 45| 50| 55| 60| 65| 70{ 75( 80| 85 95|105| 115] 125| 135| 145] 155| 165 175 185| 195|S/S
™ 21| 21] 21| 64| 65| 66| 66] 66| 67| 67| 67| 67| 68| 68] 68 68| 68] 67| 67| 67| 67| 67| 67| 67| 67, 68| 68/ 68| 68| 68
T2 210 21| 21| 21 23y 25| 27| 26| 27| 26| 27| 27| 27| 27| 27| 27| 27| 27| 27| 27| 27| 27| 28| 27| 27| 27| 27| 27| 27| 27
T3 21 21] 21 21 21| 20| 21| 22| 23| 23| 23| 24| 25| 25| 25| 24; 23| 22| 22| 22| 22| 22| 22| 22| 23| 25| 25| 24| 25| 25
T4 19] 19 19| 20{ 17| 18] 13| 12| 95| 7.3| 54| 52| 4.9] 49| 5| 5.1] 4.3] 3.5| 34| 2.7{ 42| 43| 3.7| 3.8/ 3| 3.5/ 29| 3.2} 3.2{ 33
T5 20 20| 20{ 20{ 20| 20| 19y 6 11| -0f -1 -1 -1 -t} -1 -2{ -3| -4 -4 -4| -4 -4 -4 -3} -3} -2| -3] -3] -2| -2
T6 19] 201 19) 19| 19 19 16| 15 11] 8.5; 64| 2.3| 2| 2| 1.9 1.8] 0.9 0 0] -1} 4.6/ 5.2] 2.4] 5| 0.4] 1.2] 0.8/ 1.3] 0.8 1.1
T7 23| 23| 23| 25| 23| 25| 33| 37| 40| 42| 44| 46| 48| 49| 49| 49| 47| 46| 46| 45| 46| 45| 45| 44| 48] 50| 51| 51| 52| 51
T8 37| 36| 67|179] 191| 199| 204| 207| 208) 209| 210} 211| 212| 213[ 213} 213| 212 211| 211| 211| 211] 211| 210| 211]| 212| 214| 215| 215| 216 215
T9 21| 21| 21| 25{ 28] 29 31| 33| 35| 37| 40| 42| 44| 45| 45| 46| 45| 43| 43| 43| 42| 42| 42| 41| 44| 46| 47| 48| 48| 48
T10 27| 74|148)156) 171| 179 183| 190] 190| 190} 192| 192| 190| 188| 189} 189| 191| 194} 190| 188} 193| 187} 191{ 192| 188} 195 190| 192| 199| 193
T11 38| 95| 162|182} 192{ 200 205| 208| 208| 209| 211} 211} 213} 214| 213| 213} 212} 211| 211{ 211] 210} 211] 210| 211| 213] 214| 215| 215} 216{ 216
T12 24| 24| 48| 69| 111]165|174| 178|178 180| 181 182| 183| 184| 184 184| 183| 182| 181| 182| 181| 181] 181| 182| 183| 185| 186| 186| 187| 186
T13 23| 23| 22| 24| 25| 25| 28| 30| 32| 35| 39| 40| 42| 44| 44| 44] 43| 42| 41| 41| 42] 42| 42| 41| 43| 45| 46| 48] 48| 47
T15 21 21} 21} 21| 14} 17| 7.8] 6.1 4| 2.6/ 1.1] 0.8] 0.3} 0.2} 0.5| 0.7| 0.8/ 0.9| 0.6] 0.2| 0.8/ 0.9| 0.5/ 0.7| -0{ 0.2| 0.4| 0.9] 1.1| 0.8
T16 22| 22) 22| 21| 21 22 21} 20| 18} 17| 15| 13| 11} 9.7/ 94| 9| 9| 9|85 79|85 92| 9 9 875 7275 74 74
T17 22| 22| 22| 21| 21| 22| 23| 22| 22| 21| 20| 19{ 19| 18| 18| 17| 17| 18; 17| 17 17| 17| 17| 17| 16| 17 17| 17| 18| 17
T8 22| 22] 221 21| 21| 22| 22| 21| 20{ 19| 18] 17| 16| 15| 15| 15| 15| 15| 14| 14| 15| 15| 14| 15| 13| 13| 13| 13| 13| 13
T19 22| 23| 22| 22| 22| 24| 26| 27| 28| 28| 29| 30| 31| 32| 32| 32| 32| 32| 32{ 31| 30] 29| 29| 27; 31| 33| 34| 35| 35| 34
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POWER 261 Watts HYDROGEN PRESSURE 27.5 Bars STEADY-STATE PRESSURE 30.5 Bars

Time[m] 0] 5/ 10| 15| 20| 25 30| 35 40| 45 50{ 55/ 60| 70| 80| 90| 100| 110| 120| 130| 140| 150 160| 170| 180|S/S
T 21.3] 21.6| 21.2| 21.3| 21.8| 68.8| 69.4] 69.5; 70| 69.4| 69.7| 69.9| 70.1| 70.3| 70.6| 70.5| 70.5| 70.7| 70.8| 70.6| 70.6| 70.7| 70.5| 70.6| 70.6| 70.6
T2 21.3} 21.2| 21 21.1) 21.5] 22.7] 25| 25.7{ 26.1| 25.8] 26.2| 26.4| 26.6| 26.6| 26.9| 26.8| 26.7| 26.9| 26.8| 26.8| 26.7| 26.6] 26.5| 26.6{ 26.5| 26.6
T3 21.3] 21.2] 21.1| 21.1] 21.3] 21.1] 21.3| 21.2] 21.7] 22.1] 22.6| 22.5] 23| 23.9| 24.1| 23.6] 24.1| 24.5| 24.6| 24.5| 24.3| 24.5| 24.2| 24.4| 24.3]| 24.3
T4 19.9{ 19.9{ 19.7| 19.9] 20.3| 20.3| 16.6{ 17.4/ 1563 74| 58] 7| 63| 68 74| 73| 7.1 71 72| 7| 68| 66/ 72| 7.1| 7.2/6.98
T5 20.8{ 20.8] 20.6| 20.7| 20 20| 20.7{ 20.4| 20.2} 18.8| 17.5| 16.7] 16.7| 16.9| 6.9 53| 4.8] 4.2 4.3| 4.2| 3.8 43| 43| 43| 4.1/4.16
T6 20| 20| 19.6] 19.4| 19.3] 19.4{ 20| 19.6| 18.2] 15.6| 14.4| 13.6] 13.3| 12.8] 12.9| 12.9| 12.4] 12.3| 12.4| 12.2| 12.2| 12.3] 12.5] 12.5| 12.5{ 12.4
T7 23.5/ 23.6| 23] 22.8| 22.9] 25| 24.5| 25.8| 31.9| 33.9]| 34.9| 36.1| 37.6| 39.9| 41.4| 41.7] 42.7] 43.2| 43.3| 43.2| 43| 43| 42.8| 43.1| 42.8| 42.9]
TS 39.2| 38.6] 40.5| 59.6{ 194| 193| 195| 199| 202 204| 205| 206| 207| 209{ 210| 211| 211| 211 211| 211| 210| 210{ 210{ 210{ 210/ 210
' ) 21.3] 21.2] 20.9| 21.1| 22.4| 25.5| 27.1| 27.6] 28.2| 28.9| 31.8] 33.4| 34.5| 35.9] 37| 37.8| 38.7| 39.3| 39.4| 39.4| 39.3| 39.4| 39.3| 39.3] 39.3| 39.3
T10 |27.8{53.6| 111| 160| 151| 157| 160| 164| 168| 170| 171| 172 174| 176| 177| 177 177 178| 178 177} 177 177 176| 177| 177 177
T11 | 41.6|71.6| 123] 168 197| 194] 196 199| 203| 205| 206| 207| 208| 210| 211 211 211] 211 211} 211] 211 211} 211 211| 211| 211
T12 | 24.7/24.9|32.5| 67.9| 75.7| 81.4| 87.2| 90.6| 90.7| 96.2| 113| 106| 120{ 135 141] 140| 152 156| 153| 151| 152| 142| 141| 139| 146] 144
T13 | 23.3] 23.3] 23.2| 23.1] 24.4| 26.5| 26.7| 26.6| 27.5| 28.3| 33.5| 34.3| 35.3| 36.1| 37.9| 38.9| 39.7| 40.1| 40.3| 40.6| 40.5| 40.4| 40.5| 40.3| 40.3| 40.4
T15 22[ 219 21.8] 21.9] 22[ 222 15[ 17[12.1] 1.8 -0.4] 06 0| -04] 1.1] 15[ 14} 12| A1 1 08 0.9 1.1 12| 1.3 1.08
T16 | 22.4]22.3]22.3| 22.2| 21.9] 21.7} 21.8] 22.2| 22.3| 21.3| 20.4| 19.6| 18.7| 17.3{ 16.7| 16.3]| 16.2| 15.8| 15.6| 15.6| 15.6| 15.6| 15.9| 15.9| 15.9| 15.8
T17 | 22.4|22.4|22.4| 22.4] 22.2| 22.1| 22.2| 22.7] 23.5| 22.8| 22.6{ 22.3| 21.9] 21| 21.1| 20.6| 20.7| 20.4| 20.4{ 20.2| 20.4| 20.5| 20.5] 20.6| 20.8| 20.6
TA8 | 22.3]|22.3]|22.2| 222|221 22| 22.2|224|22.7|22.1|21.7{ 21.2] 20.5| 19.4| 19.1| 18.5| 18.6{ 18.3] 18.2| 18| 18.2| 18.2| 18.4] 18.3] 18.4| 18.3
T19 | 23.1| 231 23| 23] 23|23.2|23.4|24.7| 26| 264|26.7| 27.2| 27.9| 28.6| 29.1| 29.3| 30{ 30.2] 30.1{ 30.1{ 30.2] 30| 30.1] 30{29.9 301
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POWER 315 Watts HYDROGEN PRESSURE 27.5 Bars STEADY-STATE PRESSURE 31.0 B?rs

Time[m] 0 5( 10[ 15| 20 25 30{ 35 40 45| 50f 55| 60| 70| 80| 90| 100[ 110| 120| 130| 140| 150| 160| 170 180|S/S
™ '20.3] 20.4| 20.4( 20.6| 68.3| 68.4| 68.8| 69.2| 69.2( 69.4| 69.7| 69.9| 70| 70| 69.9|70.7| 70.8| 71.1| 71.1{ 71.4[ 71| 71.4| 71.2| 71| 70.6] 71
T2 20.2| 20.2] 20.2| 20.4| 20.7| 22.6| 24.6| 25.3( 25.5( 26.1| 26| 25.9| 26| 25.9| 25.8| 26.7| 26.7| 26.9| 26.8| 27| 26.9| 26.8| 26.7| 26.9| 26.4| 26.7
T3 20.3| 20.4| 20.4| 20.4] 20.4] 20.1| 20.1| 20.7( 21.4| 22.4| 22.8| 23.1| 23.2| 23.5| 23.6| 24.3| 24.5| 24.8| 24.6| 24.3]| 24.3| 24.2| 24.1) 24.5{ 23.7| 24.2
T4 18.7| 18.8| 18.9| 19| 19.4| 18.1| 16.6/ 18.1| 93| 7.8 7.3| 7.8 75| 6.9 6.3| 63| 54| 4.8 54| 49| 45| 49 43| 42| 47452
T5 19.51 19.8| 19.7{ 19.2| 19| 19.2| 19.4| 19.4| 18.7| 17.5] 16.7| 4.2 2.7 18| 1.4| 1.3| 0.8 04| 05 0.2 0.1 0 -0.3] -0.2f -0.7| -0.2
T6 19.3| 19.5| 19.5] 19.4{ 18.6| 18.7| 19.3| 20.9| 15.4| 13.7| 12.9( 12.9| 12.2| 11.1{ 10.1| 9.6/ 86| 7.9{ 8.1| 82 79| 81| 76| 7.5 7.6/ 7.74
T7 22.2|22.3| 22.2| 22.5| 24| 22.5| 22.5| 25.5] 34| 36.5| 38| 40.2| 41.7| 43.2| 44.2( 45.4| 46.2| 46.9| 46.9| 46.5| 46.6( 46.6| 46.5| 46.8| 46.3| 46.6
T8 33.2| 33.1| 35.9 138| 183| 193| 198| 203| 207 208| 210{ 212| 212| 212| 212| 214 215| 215| 215| 215| 215 215| 215| 215] 215| 215
T9 20.2| 20.3| 20.3| 20.6| 24.3| 26.2| 26.9| 27.8| 28.8| 31.2| 34.8| 36.5| 37.4| 39.3| 40.7| 42.1| 42.8| 43.4| 43.8| 43.6| 43.8( 43.7| 43.5| 43.8| 43.5| 43.7
T10 |27.2146.2| 114 146| 146| 157| 163| 169| 174| 175| 177{ 179| 179| 179| 180| 181 102| 182| 182| 182| 182 182 182 182| 182| 182
T11 36.3| 67.9 126| 172| 185| 195 200| 205 209{ 210| 211| 213| 213| 213| 214| 216( 216| 216| 217| 216| 217| 217| 216| 216| 215| 216
T12 |23.7{23.6] 33|73.4|756|90.3| 113 128 147| 165 171| 174{ 176| 177 177 180| 180| 181| 181| 181 181| 181 181| 181| 181| 181
T13 | 22.4]| 22.4| 22.4| 22.5| 24.1) 24.9| 24.7| 25.7] 27.1] 32.4| 35.2| 35.9| 37.5| 39.4| 41.1| 42.3| 42.8| 43.4]| 43.7| 43.6| 43.8| 43.7| 43.7| 43.9| 43.7| 43.8
T15 21| 21.1] 21.1) 21.1 21.1| 18.4] 156.6| 17.7| 4.6/ 0.7 11 21| 16 13| 1.1 0.7 04| 02 0.2 02| 0.1] 02| 0.2 0.2 0.3 0.2
T16 |21.7(21.8]21.8| 21.8| 21.1| 21| 21.7(22.2] 21| 19.9| 18.9| 18| 17.2| 16.2| 15.6| 15.1| 14.3| 13.7| 13.6| 13.5( 13.3| 13.2| 13.3| 12.9] 13.3| 13.2
T17 | 21.9] 21.8| 21.9| 21.6| 21.5| 21.5( 21.8] 23.1| 22.8]| 22.2] 21.9( 21.7| 21.2| 20.8] 20.7| 20.8| 20.3| 20.1| 19.7| 19.8| 19.5| 19.4| 19.6| 19.4| 19.6] 19.5
T18 | 21.9]21.8| 21.8| 21.8| 21.5{ 21.5| 21.6{ 22.3| 22.1| 21.3| 20.7| 20| 19.4| 18.7| 18.4| 18.3| 17.7| 17.3| 17| 17| 16.9] 16.7| 16.8| 16.6| 16.8| 16.8
T19 | 22.1]222|22.2|22.122.2 22.4| 23.1| 25.5| 26| 26.6| 27.6| 28.8{ 29.4| 30.1| 30.9| 31.2| 31.4| 31.5| 31.6( 31.8| 31.8| 31.6{ 31| 31.6|/ 31.9( 31.6
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POWER 370 Watts HYDROGEN PRESSURE 27.5 Bars STEADY-STATE PRESSURE 31.0 Bars

Time[m]| O] 5| 10| 15 207 25| 30| 35| 40| 45 50| 55/ 60| 70| 80| 90| 100| 110] 120{ 130{ 140 150| 160| 170| 180| 190|S/S
T1 20| 20{ 20{ 20| 68| 69| 69| 70{ 70| 7O| v 7 A} 7Y TN VN TV 72| T T2} 72| T2| 72| 72| 72| 72| 72
T2 20] 20| 20| 20| 20| 22| 25| 25| 26| 26| 26| 26| 26] 26| 26| 26| 27| 26| 26| 26| 26| 26] 26| 27| 26| 26| 26
T3 201 20y 20f 20| 20{ 20{ 20| 21| 22| 221 22| 22| 23| 23| 22| 24| 23| 24| 23| 23| 24| 24; 24| 24| 23| 23| 24
T4 19y 19] 19| 18] 19| 17| 17} 15| 9.9| 9| 83| 6.2| 53| 4.7] 46| 4.5 42| 43| 41| 45| 45 45| 45| 42] 42| 4.2 43
TS 19 20{ 20| 20 19{ 19| 19} 19| 17[ 3| 1.3| 0.4{ -0.1| -0.4| -0.6| -0.5| -0.8| -0.4| -0.7| -0.6| -0.7| -0.6| -0.4| -0.4| -1} -1 -0.7
T6 18| 19) 19| 19| 18| 19{ 19| 17| 14| 12| 11| 83| 4.8] 43| 26| 21| 2| 221 2| 1.9 19 19| 1.9 21 2/ 1.9 2
17 21| 21 21} 21} 23] 23| 23| 31| 35| 38] 40| 42| 44 45| 45| 47| 47| 47| 47| 48| 48] 48| 48| 48| 48| 48| 48
T8 28| 27] 27| 39| 183] 197| 204| 211] 214| 216| 217| 218] 219| 220| 219| 221| 221| 221| 222| 221| 222| 221| 222| 222| 222| 222| 222
TO 20| 20| 20 20y 23] 26| 27| 28| 30| 33| 35 37| 38| 40| 41| 43| 43| 43] 43| 43| 44] 44| 44| 44] 44| 44| 44
T10 23] 23| 67| 148] 163| 172| 185| 186| 194| 195| 199! 198| 200| 201| 199| 204| 203| 197| 200| 197| 199] 205| 204| 203] 198 196] 201
T11 29) 29| 87| 157 187| 198] 205| 212{ 216| 217| 218| 219| 220| 220} 220| 221| 222| 221| 222| 222| 222| 222| 222| 223| 222| 222| 222
T12 22| 22| 22| 39| 79| 89| 158| 177| 184 187| 188 190| 191 190| 191| 191} 191| 192 192| 192| 192| 193] 192| 193| 192| 192 192
T13 220 21| 22| 22| 23] 25| 25| 26| 29| 32| 35| 37| 39] 41| 42| 43| 44| 44| 44| 44| 44| 44| 44| 45| 45| 45 45
T15 211 21 21 21 21} 16} 17} 12| 4.6 4.3] 31| 23| 1.6] 1.5 1.3/ 1.7] 13| 1.2] 1.1 14 121 1.1 0.9] 1.1} 1.1 1.4 1.1
T16 210 21) 210 211 21} 21| 21} 22| 20] 19; 17| 16] 14| 121 11} 9.9 99| 91| 9.3| 9.3| 8.8 85| 8.5 85 84| 88| 8.6
T17 21 21| 22| 22{ 21 21} 22| 23| 22| 22| 21| 21| 20{ 19| 18] 18 18| 17| 17| 17 17| 17| A7) 17| 17| 7| 17
T18 211 211 21f 21) 21 21| 22| 22| 22| 21| 201 19| 17| 16{ 16| 15| 15| 14| 14| 14| 14| 13| 13| 13] 13} 14| 13
T19 22| 22| 22| 22| 22| 22| 23| 25| 26| 27{ 28| 28] 29| 30| 30| 30| 31| 30| 31} 31| 30| 31| 31 31 31| 31 31
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POWER 315 Watts HYDROGEN PRESSURE 0.0 Bars [No Hydrogen] STEADY-STATE PRESSURE 0.5 Bars

[No
Hydrogen]

Time[m] 0 10 20 30 40 50 60 70 80 90| 100| 110] 120[ 130 140f 150 160 170{ 180iS/S
T 19.5| 29.3] 53.9] 58.2| 855 76{ 827 746 746| 716| 776] 718 78.2| 69.2] 81.3| 84.1| 80.5| 71.5| 84.9
T2 19.4] 20.7] 262 25.8; 38.2] 409 37.3| 426] 346, 36.2/ 351 405 41| 379 37.2f 36.1] 33.7f 334 357
T3 19.4] 21.3] 229 24) 31.5| 28.7, 26.4] 26.8, 254| 248, 246] 271 251 269 249 25] 25.3] 255 247
T4 19.4] 20.1f 20.7) 20.8] 213 20.7}, 205 20.7{ 212 213] 219 22y 222) 221] 226 225 231 224] 225
T5 1941 19.8) 19.9] 20.1] 19.8| 19.5 19.3] 19.6f 205 21.9| 225| 231 221 227, 222 2286 231 232 227
T6 19.4f 19.6] 19.5] 194} 19.2 19 18.8] 19.2] 20.2] 20.7}, 212 22 21 22] 211 214] 216; 219} 215
T? 20.2) 282 31.8] 34.6| 31.2| 289 27.5 289 291 27.9| 271 274} 26.7| 274| 26.6] 26.3] 27.7| 27.3] 265
T8 26.4| 92.3] 108.5] 11591 117.9] 1154| 113.7| 115.1] 113.5] 112.9 112.3] 111.6] 110.5] 111.7| 111.3] 110.5{ 110.7] 111.2] 1104
T9 19.4f 213 23] 26.2| 259] 253] 24.5| 249 251 245| 23.6] 23.3] 226 232 227 227 228| 235 228

T10 22.9] 71.6{ 78.97 91.3] 102.1] 99.7| 103.7] 98.4| 101.3| 98.5| 101.8] 94.2| 100.8] 95.8| 104.3| 100.1{ 101.6 97| 100.8

T114 26.9) 97.1] 109.7) 118 120 116.3| 115.7| 114.7] 114.8] 114| 113.5] 112.8] 111.9] 113] 112.2] 111] 1124} 1122 111

Ti2 21.5 65; 675 774 857, 982 97] 76.9) 894 76.8 893 77.7] 86.1} 83.9] 928 90.6f 878 79.6] 958

T3 21.3 241 27.6] 311 30.6| 29.5] 287 291} 29.7] 282 27| 26.8] 26.9] 26.7] 266 26.2| 27.3] 273| 266

T15 211 2137 21.6] 21.8] 224 228] 229 237! 248 256 26] 261 261 26.1f 26.4| 26.2| 26.5| 265 26.2

T16 21.3] 214 21.2] 211 21.2| 21.5] 218 21.8] 219 222; 221 225 21.8 223 22 22 221 221 22

T17 212 21.6] 216 214 21.7] 219 22| 223 227 222| 222| 224 225 223| 222{ 223] 224| 225 226

T18 211 215] 217 219 221 225 229 233| 232 225 226| 228 229 228| 228 227 229 229| 229

T19 2121 227 241 26] 265 26.6| 26.4| 26.8] 26.9] 253 25) 24.8] 24.9] 249 249, 246 249 25 247
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APPENDIX 2: SELECTED COMPUTED RESULTS
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Heat exchanger effectivenesses at various hydrogen pressures and power

P1: Low pressure
P2: High pressure

inputs

POWER| P1 | P2 |Ehex| Epcl | Epch
W] |[bar]|[bar] | [-] | [-] | [
261 7.5 [3.835]0.998]0.059|0.682
315 | 7.5 | 4.14 |0.971[0.065|0.731
370 | 7.5 |4.365]0.976(0.048|0.623
261 10 [4.329(0.999(0.227|0.642
315 10 [3.943]| 0.99 |0.7770.467
370 10 14.096(0.973|0.7070.467
261 [12.5[/3.955)|0.992|0.687[0.488
315 112.5]3.958(0.999|0.651|0.595
370 [12.5]4.037[0.992)|0.694 |0.586
261 15 [4.034(0.999| 0.7 | 0.51
315 15 14.03410.999|0.722/0.565
370 15 14.259/0.999/0.629| 0.72
261 [17.5]4.291]0.999/0.675]0.602
261 [17.5]4.291]0.999|0.675|0.602
370 [17.5]4.034[0.999/0.642]0.632
261 20 14.365/0.999/0.653|0.563
315 20 14.375/0.993/0.678|0.578
370 20 [4.224/0.999]0.617]0.544
261 [22.514.385]/0.999| 0.63 [0.611
315 [22.5]4.438[0.997]0.667(0.618
370 [22.5]4.214]0.999)|0.503|0.713
261 25 [4.317]0.999|0.685|0.702
315 25 14.278/0.996|0.672]0.683
370 25 [4.304/0.999)0.637|0.667
261 |27.5/4.285(0.999/0.801|0.706
315 |27.5]4.333]/0.999|0.721|0.675
370 27.5[4.192)|0.999|0.642|0.688

Legend

Ehex: effectiveness of solution heat exchanger
Elpc: effectiveness of low pressure pre-cooler
Ehpc: effectiveness of high pressure pre-cooler
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APPENDIX 3: QUICKBASIC PROGRAMMME LISTING
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' PROGRAMME "AMOWAT"

' Thermodynamic Properties of Ammonia-Water mixtures

1 —

DIM C1(50), C2(50), C3(50), P(50), T(50), X(50), Y(50)
'DIM HL(50), HG(50), ALPHA(50), LOGALPHA(50)

¥

' CONSTANTS [for use in subroutines]

1

' Coefficients for the equations for the pure components

A1A =3.971423E-02: A2A =-1.790557E-05: A3A =-1.308905E-02: A4A =
3.752836E-03 'Specific volume constants for ammonia (liquid)

AIW =2.748796E-02: A2W = -1.016665E-05: A3W = -4.452025E-03: AdW =
8.389246E-04 'Specific volume constants for water (liquid)

B1A =16.34519: B2A =-6.508119: B3A = 1.448937  'Specific heat constants for
ammonia (liquid)

B1W =12.14557: B2W = -1.898065: B3W = .2911966# 'Specific heat constants
for water (liquid)

Cl1A =-1.049377E-02: C2A = -8.288224: C3A = -664.7257: C4A = -3045.352
'Specific volume constants for ammonia (gas)

ClW =2.136131E-02: C2W =-31.69291: C3W = -46346.11: C4W =0

'Specific volume constants for water (gas)

D1A =3.673647: D2A = 9.989629E-02: D3A =3.617622E-02 'Specific heat
constants for ammonia (gas) |
DIW =4.01917: D2W = -.0517555: D3W = 1.951939E-02 ‘Specific heat
constants for water (gas)

HORLA =4.878573: HORGA = 26.46888: SORLA = 1.644773: SORGA =
8.339026: TORA =3.2252: PORA =2  'Reduced initial ammonia préperties:
Liquid enthalpy, gas enthalpy, liquid entropy, gas entropy, temperature, pressure resp.
HORLW =21.821141#: HORGW = 60.965058#: SORLW = 5.733498: SORGW =
13.45343: TORW =5.0705: PORW =3 'Reduced initial water properties: Liquid

enthalpy, gas enthalpy, liquid entropy, gas entropy, temeperature, pressure resp.
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" Coefficients for the Gibbs excess energy function

El1=-46.26129: E2 = 2.060225E-02: E3 = 7.292369: E4 = -1.032613E-02: ES =
80.74824

E6=-84.61214: E7 = 24.52882: E8 = 9.598767E-03: E9 = -1.475383: E10 =-
5.038107E-03

E11=-96.40398: E12 = 122.6973: E13 = -7.582637: E14 = 6.012445E-04: E15 =
54.87018: E16 = -76.67596

1

’ MAINPROGRAMME

1

5 INPUT "Enter T or P if Temperature or Pressure is conétant, respectively”; OK1$
IF OK1$ ="P" OR OK1$ ="p" THEN GOTO 10
IF OK13 ="T" OR OK1$ = "t" THEN GOTO 25
GOTO 5
10 INPUT "Press RETURN to enter default pressure values
<0.1,0.2,0.4,0.6,1,1.5,2,3,4,6,8,10,15,20,30,40-bars> or enter P to change them";
OK2$
[FOK28=""THEN : NPV =16:P(1)=.1: P(2)=.2: P3) = 4: P(4) = .6: P(5) = 1:
P(6)=15:P(7)=2:P(8)=3:P(9)=4:P(10)=6: P(11)=8: P(12) = 10: P(13) = 15:
P(14) = 20: P(15) = 30: P(16) =40: GOTO 15 'Default pressure values
INPUT "Number of Pressure values”; NPV 'Number of Pressure Values
FORI=1TONPV
INPUT "Pressure values in bars (enter separately)"; P(I)
NEXTI
15 INPUT "Press RETURN to enter default X-step <0.02> or enter X to change it";
OK3$
IF OK3% ="" THEN XSTEP = .02: GOTO 20 'Incrementin X
INPUT "X-step"; XSTEP
20FORI=1TONPV: X=0:Y=0
DO WHILE X <=1
P =P(I): GOSUB 110: GOSUB 130: GOSUB 140
FILENRS = "C:\gbasic\data\hxyp"
OPEN FILENRS$ FOR APPEND AS #1
PRINT #1, X, Y, P/ 14.696, HL, HG
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CLOSE #1
X =X+ XSTEP
LOOP
PRINT , "Pressure [bars]=", P(I)
NEXTI
INPUT "Enter T to evaluate constant Temp. also OR Press RETURN to end";
OK4$
IF OK4$ ="T" OR OK4S$ ="t" THEN GOTO 25
GOTO 55
25 INPUT "Press RETURN to enter default min. temp.<-60 deg.C> or enter [ to
change it"; OKS$
[F OKS$ =""THEN T =213.15: GOTO 30 'intial temperature
INPUT "Initial temperature in deg. C"; T: T=T + 273.15
30 INPUT "Press RETURN to enter default max. temp.<220 deg.C> or enter F to
change it"; OK6$
[F OK6$ ="" THEN TMAX =493.15: GOTO 35 ' final temperature
INPUT "Final temperature in deg. C"; TMAX: TMAX = TMAX + 273.15
35 INPUT "Press RETURN to enter default temp. step <10 deg.C> or enter T to
change it"; OK7$
IF OK78 ="" THEN TSTEP = 10: GOTO 40 'temperature increment
INPUT "Temperature increment in deg. C"; TSTEP

40 INPUT "Press RETURN to enter default X-step <0.02> or enter X to change it";

OK8$
[F OK8$ ="" THEN XSTEP =.02: GOTO 45 'incrementin X
INPUT "X-step"; XSTEP
45 DO WHILE T <=TMAX: X =0
DO WHILE X <= ]
GOSUB 100: GOSUB 130
FILENRS = "C:\gbasic\data\hxyt"
OPEN FILENRS FOR APPEND AS #2
PRINT #2, X, P, HL
CLOSE #2
X=X+ XSTEP
LOOP
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PRINT , "Temperature [deg.C]=", T - 273.15

T=T+TSTEP

LOOP
50 INPUT "Enter P to evaluate constant Pressure also OR Press RETURN to end";
OK9§%

IF OK9% = "P" OR OK9$ ="p" THEN GOTO 10

' SUBROUTINES

100 'Subroutine PTX - Determination of P at constant T, varying X

1

Cl=-14212*(X"6)+54.662 * (X" 5)-81.736 * (X"~ 4)+59.828 * (X" 3)-
23,122 % (X" 2)+5.5525* X -2.1928

C2=14937*(X"6)-69.896 * (X"5)+122.54* (X" 4)-102.09 * (X"3) +
42752 * (X"~ 2)-9.0153 * X +7.0262

C3=1000*(C1/T)+C2

P=10"C3

P=P/14.696 "Pressure conversion from psia to bars

RETURN

110 'Subroutine TPX - Determination of T at constant P, varying X

P=P * 14.696 '"Pressure conversion from bars to psia

Cl=-14212*(X"6)+54.662 * (X"5) - 81.736 * (X"~4)+59.828 * (X ~3) -
23122 % (X" 2)+5.5525* X -2.1928

C2=14937*(X"6)-69.896 * (X~5)+122.54 * (X "4)-102.09 * (X" 3) +
42.752 % (X~ 2)-9.0153 * X + 7.0262

DEF FNlogBaseTen (P) = LOG(P) / LOG(10) 'To convert from LN to Log base
10

C3 = FNlogBaseTen(P)

T=(1000*C1)/(C3-C2) '"To determine T given P and X

"T=T-273.15 'Conversion from Kelvin to deg.C
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RETURN

120 'Subroutine XPT - Determination of X given P and T

'

125 C1=-14.212 * (X~ 6) + 54.662 * (X~ 5) - 81.736 * (X * 4) + 59.828 * (X * 3) -
23.122 % (X 7 2) +5.5525 * X - 2.1928

C2=14.937 * (X " 6) - 69.896 * (X A 5) + 122.54 * (X " 4) - 102.09 * (X * 3) +
42.752 % (X~ 2) - 9.0153 * X + 7.0262

C3=1000* (C1/T)+C2

PR=10"C3

PR = PR/ 14.696

IF (ABS(PR - P) <= .065) GOTO 128

X=X +.001

IF (X >= 1) GOTO 127

GOTO 125
127 X =.999
128 RETURN

4

130 'Subroutine HLTX - Determination of HL at constant T, varying X

i

. R=8314.TB=100:PB=10: TR=T/TB: PR=P/PB 'Reduced props

HLRA = -(-HORLA + BIA * TORA + (B2A /2) * (TR ~ 2 + TORA ~ 2) + (B3A /
N*2*TR"3+TORAN3)-BIA*TR-B2A*TR"2-B3A*TR"3 +(-AlA+
A4A * TR~ 2)* (PR - PORA) - (A2A/2)*(PR"2-PORA *2))

HLRW = -(-HORLW + BIW * TORW + (B2W /2) * (TR ~2+ TORW * 2) +
(B3W/3)*(2*TR"3+TORW"3)-BIW*TR-B2W *TR"*2-B3W *TR"3
+ (-A1W + A4W * TR  2) * (PR - PORW) - (A2W /2) * (PR * 2 - PORW * 2))

HRE = (E1 +2 * (ES/TR) +3 * (E6 / (TR ~ 2)) + (E7 + E8 * PR -+ 2 * (E11/ TR)
+3*(ELR2/(TR*2)N*(2*X-1)+(E13+EI4*PR+2*(EI5/TR)+3 * (El16/
(TRA*2N*(2*X-D2)P*X*(1-X)

HLR =(1-X)* HLRW + X * HLRA + HRE

HL=R*TB*HLR/(17* X+ 18 *(1 - X))

RETURN
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140 'Subroutine HVTXY - Determination of HV at constant T, varying X and Y

1

R=8.314: TB=100: PB=10: TR=T/TB:PR=P/PB 'Reduced props

HGRA = -(-HORGA + D1A * TORA + (D2A /2) * (TR * 2+ TORA ~ 2) + (D3A
/3)*(2*TR"3+TORA~3)-DIA*TR-D2A*TR*2-D3A * TR~ 3-CIA *
(PR - PORA) - C2A * (PR / (TR » 3)) - 4 * (PORA / (TORA ~ 3))) - C3A * (PR /
(TR~ 11)) - 12 * (PORA / (TORA ~ 11))) - (C4A /3) * (PR~ 3 /(TR A 11)) - 12 *
(PORA ~ 3/ (TORA * 11))))

HGRW = -(-HORGW + DIW * TORW + (D2W /2) * (TR~ 2 + TORW ~ 2) +
(D3W/3)* (2* TR"3+ TORW~3)-DIW * TR - D2W * TR 2 - D3W * TR * 3
- C1W * (PR - PORW) - C2W * (PR / (TR " 3)) - 4 * (PORW / (TORW * 3))) -
C3W * (PR /(TR ~ 11)) - 12 * (PORW / (TORW ~ 11))) - (C4W / 3) * (PR A 3 /
(TR~ 11)) - 12 * (PORW ~ 3/ (TORW ~ 11))))

GOSUB 150

HGR = (1 - Y) * HGRW + Y * HGRA

HG=R*TB*HGR/(17*Y +18*(1-Y))

RETURN

'

150 'Subroutine YTX - Determination of Y at constant T, varying X

T=T-273.15 'Conversion from Kelvin to deg.C

Cl=.0058* (X" 6)-.0161 * (X"5)+.0167 * (X" 4)-.0082 * (X" 3)+.002 *
(X"2)-.0001 * X +.000008

C2=-4248* (X" 6) +1.22* (X" 5)-1.3412 * (X" 4) + . 739 * (X " 3) - 2217 *
(X"2)+.0045 * X -.0055

C3=.0907* (X"6)+6.5404 * (X "5)-12.005* (X"4)+1.82*(X"3)+
42909 * (X"2)+1.2249* X + 1.6172

LOGALPHA=CI *(T"2)+C2*T+C3

ALPHA =10~ LOGALPHA

Y = ALPHA * X/ (1 + (ALPHA - 1) * X)

T=T+273.15 'Conversion from deg.C to Kelvin

RETURN
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APPENDIX 4: GENERAL INFORMATION AND
SPECIFICATIONS FOR THE 6-CHANNEL AND 12-CHANNEL
DATA RECORDERS



2. GENERAL.

2-1. Description.

This manual describes the Model 4156 Recorder, a
member of the xR100 series*. This six-point six-color
dol-printing recorder provides analog type chart re-
cording as well as digital printout, and digital display as
well us analog (bargraph) display.

The R 100 series recorders support a wide range of
inputs: DC voltage, nine types of thermocouples and
RTD (resistance temperature detector), and converters
for pressure, differential pressure, flow rate, dewpoint,
humidity and ptl.

Full-scale range, chart speed and alarms can be
programmed via the side-panel keyboard. In addition
to analog data writing (or printout), the uR100 also
provides both digital and analog (bar graph) monitor-
ing displays, and digital moniloring printout. The re-
corder is easy-lo-use.

" * The uR100 scries also includes the one-, two- and three-

pen models, which are covered in a separate manual,

2-2. Features,

(1) Programmable input types and fuli-scale ranges
via side-panel keyboard.
Input types and full-scale ranges may be program-
med for each point using the side-panel keyboard.
(2) Compact size — case depth is 230 mm (9-1/8").

Beneral  2-1

(3) Versatile digital printout functions.

Periodical data, program listings and alarms can
be printed out.

(4) Internal illumination (standard).

An internal fluorescent lamp is provided for quick
chart reading even in low ambient light condi-
tions.

(5) A wide range of input types — 9 types of TC's
(types R, S, B, K, E, J, T, N, W), RTD (pt 100
ohms), or DC voltage inputs (span 5 mV to 50
V). These inputs may be selected and combined.

{6) Clear, distinct color traces.
Recording colors are

‘CHI1: purple CH2: red
CH3: green CH4: blue
CIHS: brown  CH6: black

The six-color ribbon cassette can be easily rep-
faced without touching the ribbon with your fin-
gers.

(7) Temperature difference (AT) recording, linear
scyling functions. ‘

(8) Versatile recorder with a wide range of standard
and optional {eatures. .
Other standard features include channel skip, bat-
tery-backup memory and bar graph analog display.

Figure 2-1. External View.

IM 402B4-01E

~ jo9~



~i10-

3-1

Names and Functions of Components

Model 3087

3.NAMES AND FUNCTIONS OF COMPONENTS.
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Figure 3-1, Names and Functions of Components (1).
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Figure 3-2. Names and Functions of Components (2).
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3-2 Names and Functions of Components

{- Chart

Z-fold chart (total width 210 mm, analog record-
ing width 150 mm, digital printing approx. 20mm
in the left margin of the chart, total chart length
16 m) 100 uniform divisions.
(2) Digital measurement data printout

Measurement data are also digitally printed in the
left margin of the chart. Such digital printing is
executed automatically at fixed time intervals e.g.
hourly (depends on the selected chart speed).

Relationships between Chart Speeds and Printouts.

L3
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Ye;r Mo‘nth Day Time
1985 March 14 10:40

(2) Data display

Date, Chart
speed, Alarm
Chart speed CH No. fMeasurement Setpoint
{mm/h) d
ata

1t08 printable unprintable printable

10 10 500 printable printable printable
501 10 1200 | unprintable unprintable unprintable

t
CcH2 +1130.7

(3) Engineering Unit Display

Digital Measurement Data Printing Interval

Chart speed Digital measurement data
{mm/h} printing interval {h)
10to 24 12
2510 49 4

| 501099 2

100 to 500 1

(3) LED indicators

(1) ALARM: When any of the preset alarm condi-
tions occurs, the red “"ALARM” LED indi-
cator lights, ‘

(2) FAIL: The red “FAIL” LED indicator lights
if the recorder function is abnormality.

{3) BATTERY: When the batteries for memory
back-up are exhausted, the red “BATTERY”
LED indicator flashes (batteries back up the
memory for approx. three months).,

{4y CHART: The red “CHART” LED indicator

lights when chart end is sensed. Recording
stops when the chart is fed 60 mm after
this indicator lights.
When the CHART FEED key is pressed after
this indicator lights, recording stops immedi-
ately. However, after the RENEW CHART
mark on the chart paper, the LED becomes
possible to operate occasionally ONJOFF,

(5) REMOTE: The green “REMOTE” LED indi-
cator lights when remote control is executed
via the GP-1B interface bus (optional).

(4) Displays

Year/month/day, time, measured data, chart
speeds and various settings are displayed (LED 13
digits).
Examples:
(1) Year/month/day and time display
10:40 AM. March 14, 1985

iM3087-01E

Any one of the following engineering units lights
according to the measuring range. However, when
time, chart speed or scanning interval is displayed,
engineering unit does not light.

mV v
o C o F
42 k&
: ™= Lights when *'scaling’
Ms : sat in performed.

Figure 3-3, Engineering Unit Display.

{6) Mode Selector Key (MODE)

(1) TREND:

When MODE key is pressed and “TREND”
LED indicator lights, the TREND mode is
sef.

When the TREND mode is set, analog printing
and analog/digital printing can be executed.

(2) LOGGING:

When MODE key is pressed and “LOGGING”
LED indicator lights, the LOGGING mode is
set. .

When the LOGGING mode is set, digital printing
can be executed at fixed intervals.

(7) Display Selector Key (DISPLAY)

Pressing DISPLAY key, you can select display any
of DATA (AUTO), DATA (MAN) and CLOCK.

(1) DATA (AUTO): Displays CH No. and measure-
ment data in order at 3 second intervals,

(2) DATA (MAN): Displays data only for the CH
currently designated by the CH key. Pressing
the CH key allows CH Nos, to be processively
incremented, and the desired CH is called.

(3) CLOCK: Displays the year, month, day and time.

(8) Scanning Interval Selector Key (SCAN)

By pressing SCAN key, either AUTO or FIX (58)
mode can be selected.

H
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Model 3087

(1) AUTO: In TREND mode, the scanning period
varies with the chart speed. Recording chart is
fed 0.25 mm each scan, In LOGGING mode,
input scanning is performed every scanning
interval, '

(2} FIX (58); Keeps the scanning period constant
(5 seconds) regardless of the chart speed
selected.

@ Data Set Selector Key (SET)

By pressing SET key, any of RANGE, ALARM
CLOCK, CHART SP/INTVL and PRINT TIME
setting can be selected.

(1) RANGE: Measuring input range can be selected.

{2} ALARM: Alarm setting can be performed.

(3) CLOCK: , Year, month, day and time may be

set,

{4) CHART SP/INTVL: In TREND mode, chart
speeds (at any point between 1 and 1200 mm/
h) can be selected.

In LOGGING mode, intervals to print out
measurement data (digital) on the chart can
be set (for 1 min to 24h: in min unit).

(5) PRINT TIME: In TREND mode, the digital
printout time can be set in minutes at any
time, The digital printout interval complies
with Item (2) above,

18 LIST Key (LIST)

The LIST key permits measuring range, alarm
setting of each channel, chart speed, date and time,
to be printed out on the chart paper.

il PRINT Key (PRINT)

The PRINT key permits, analog/digital or digital
printing. Printing operation (both in TREND and
LOGGING modes) is possible only when the LED
indicator lights. By pressing this key, input scanning
is performed once. -

12 MANPRINT Key (MAN PRINT)

Digitally prints mecasurement data of all channel
{except for SKIP CH.).

"@ CHART FEED Key (CHART FEED)

The CHART FEED key permits chart feeding,

{14 Data Set Keys

(1) SHIFT Key {SHIFT): When the LED above the
SHIFT key lights, the characters and mark
above the numeral keys are effective.

{2) Numeral Keys (0 to 9): Numeric characters {0 to
9) can be set. In addition, these keys allow
alphabetic characters A to F, H, L, and P
to be set with the SHIFT key pressed.

(3) Sign Key (+/—): Sign key to change sign + or —,

(4) Brightly Lit Position Shift Keys (4, »): When the
set data currently displayed are to be changed,
these keys are used to shift brightly lit posi-
tions so that characters or numerals to be
changed are brightly lit.

Aug, 1985
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(5) Entry Key (ENT): Enters RANGE, ALARM,
CLOCK, CHART SP/INTVL and PRINT
TIME settings when pressed at the end of
the entry.

{(6) OFF Key (OFF/(-)): Designates channel skip

(in RANGE setting) and alarm OFF.

{7) /4 Key: When the RANGE set data are dis-
played, this key is used to switch the LEFT
END value to the RIGHT END value or vice
versa. Pressing this key highlights the LEFT
END value mark () or RIGHT END value
mark () displayed and switching is com-
pleted by pressing SHIFT key and 0 (zero)
key sbusequently to display the other end
value,

G@ DMM Operation Keys

(1) DMM Operation Keys (DMM): Displays measu-
red data of DCV, ACV or OHM (£1) applied
to terminals I and L on the recorder front
panel.

(2) DCV, ACV and £ Keys (DC, AC, {2): When the
DMM key is turned on, these keys are opera-
ted to select the type of input to be measured,

(3) Terminals H and L: Input terminals on the front

¢t panel. (Use the measurement lead supplied
with the recorder),

Key Lock Switch: When this switch is slid to
KEY LOCK position, the keys other than
DISPLAY key will be disabled.

POWER Switch: Turns the instrument ON/OFF,

Ink Ribbon Cassette

A/D Card

MAIN CPU Card

SUB CPU Card

=
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Model 3087

4. FUNCTIONS.

4-1. Four Modes.

Monitoring

Functions 41

Recorder/
Logger

Four-mode
Functions

Recorder/
Logger &
DMM

MODE PRINT KEY DMM KEY FUNCTION
Monitoring s PRINT s DMM Monitor Function . . .. .. CH1 to 12 (rear panel}, CH13 {from
panel} measurement and display
Alarm Monitor . . ... ... Display, relay output
GP-18 interface {optional}
Recorder/Logger £+ PRINT *» DMM Recorder Funciion . . .. .. CH1 to 12 and CH13 measurement,
display, printout
{analog trend or analog trend + digital
printing)
Logger Function . . ... .. CH1 to 12 and CH13 measurement,
display, printout
{digital togging}
Alarm Monitor .. . ... .. Display, print, relay output
GP-iB interface {optional}
DMM e PRINT £ DMM DMM Function . . . ... .. CH13 {front panel) measurement,
display
GP-18B interface {optional}
Recorder/Logger T PRINT £ DMM RecorderfLogger + DMM function
& DMM CH13 is sampled in DMM mode except when the instrument is
scanning for CH1 to 12.
GP-18 interface {optional}
£ ....KEY ON. s ....KEY OFF.

¢
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4-2  Functions ‘ Model 3087

4-2. Specifications.
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Measuring range, number of display digits

Rear-panel inputs (CHI to CH12): g
(1) JIS, ANSI Model ;
Input typs ‘:g’&? Measuring rangse Esgg‘::: Number of digits Deascription
00 —20 to +20 mV v 00.00a
m .
01 ~200 to +200 mV noa.oo
02 ~2t0+2 V 0.00008
03 ~201t0+20 V v 00000
pev 04 ~50 to +60 V 0.0
05 1toH VvV
Scaling
08 0t 10mV Blank . Rafer to Note 1 ;
07 O0to 10V i
— ¥
0 to 1600°C °C (] [ i
0 | R s2w02012°F °F 0ooo :
0to 1600°C °G Oo0es .ol '
1 TypeS 3310 2912°F °F 0o0s
400 to 1700°C °C oo .ol
12 Type B 56910 3092°F °F nooo - - |
~200 to 1350°C °c (M 1
13 Type K _32810 2462°F °F Dono
~200 to 800°C °¢ ooo.o
Thermocouple 14 Type E 32810 1472°F °F oatn 0
-200 to 900° C °c [
15 Typed 37810 1652°F °F oooo.0
~200 to 400°C °c O0.0
16 Type T 32810 752°F °F 0000
—200 to 1300°C °c oooo.g
v Tvpe N 39810 2372°F °F oooo
0to 1600°C °c 00000
18 TypeW 9310 2012°F °F W[RE
~200'10 550°C °C ooo.o N
20 JPt 10041 39810 1022°F op CO0e 6 Measured current 1 mA
Resistance ~ o Q B 1 T T T
—-200 to 250°C C S0 el
;:nms;‘);rature 21 JPt 10040 378 10 482°F °oF oona.0 Measured current 2 mA
-200 to 550°C °c ooo.g T °
22 Pt 505 ~398 to 10220 F °F DDDDD Measured current 2 mA k
Notes 1. Range codes 05 to 67 are fixed ranges, which can be arbitrarily set on conditions that range is within ~2000.0 to +2000.0 .
and that the span is £ 2000.0.
2. Only negative signs are displayed in the table {positive signs are omitted).
Pt 100 : JIS C 1604-1989, JIS C 1606-1989
DIN [EC 751, IEC 751 v
JPt 100: JIS € 1604-1989, JIS € 1606-1989
Pt50 : JIS C 1604-1881, S C 1606-1986,

1M 3087-01E




22 General

2-3. Specifications. ( @« [,"[f\cimhd)
Model: 6-point 100mm **Micro Recorder.”

Input

Number of Inputs: 6

Scan Cycle Time (or Rate): 5s/6 points.

Input Signal Levels: DC V..5 mV span to 50V,
TC..more than 100°C span f{and 3 mV),
RTD...more than 50°C span (Pt 1000)).

Full-Scale Range Setting: Programmable via key-
board. (Using Range Code)

Measuring Range: ANSI, JIS (°C) model...

DIN (°C) model

input typs ’:;;:?: flange Measuring range Aemarks
10| e R py 0.0 to 1760.0°C
RIS 0.0 10 1760.0°C
12| R pienn  |4000 10 182007 | FERIEE
13 | vee ~2000 10 170.0°C :
o R 2000 0 800.0°C
LI L 2000 to 800.0°C | DIN 43710
18 (ngfc‘jw —200.0 to 400.0°C | DIN 43710
17 |Type N 0.0 10 1300.0°C NBS
B [Ty W 00 162316 6°C GMEGA
ATD 20 |rt100 —200.0 10 650.0°C | Memuled

Input typs ’?;?: Range Measuring range Remacks
00 -~ 20.00 to 20.00mV
0% —~200.0 10 200.0mV
eV 02 -~ 2.000 t0 2.000V
03 -~ 8.000 to 6.000V
04 - 20.00 to 2000V
05 —50.00 te 50.00V
10 Type R 0 to 1780°C
11 Type S 0 10 1760°C
12 Type B 400 to 1820°C
TC 13 Type K - 200 to 1370°C Former CA
(UIS ANSH 14 Type € ~200.0 10 800.0°C |Former CRC
15 Type J --200.0 to 1100°C Former IC
18 Type T -~ 200.0 10 400.0°C | Former CC
17 **Type N {0 10 1300°C NES
18 **Type W [0 10 2315°C OMEGA
JP100 - " Measuring
RTD 20 Pt 100 200.0 to 550.0°C currant 1mA
30 ~20.00 to 20.00mV
ocv 31 - 200.0 to 2000mV
llinear scaling} gg :gggg :g éggg\\;
TmA 34 ~2000 to 20.00V
35 ~§0.00 to 50.30V
40 ~20.00 to 20.00mV
oC 41 —200.0 to 200.0mVv
{square rooting) 2; :gggg :g g 0§
mA 44 - 20.000 10 20.00V
45 ~§0.00 to $0.00V

* uR100 can sccept a current input when 8 current shunt is used,
** Type N {Nicrosil-Nisill, Type W {W5%Re-W26%He} ..... not included in ANSI, DIN

and JIS.

ANSI, DIN (°F) model

Input type iz)’g}: Range Measuning range Remarks
10 Type R 32 to 3200°F
11 Type S 32 to 3200°F
12 Type B 752 to 3308°F
13 Type X ~ 328 to 2498°F

TC (ANSH 14 Type E ~328 1o 1472°F
15 Type J — 328 to 2012°F
16 Type T ~328 to 782°F
17 Type N 32 to 2372°F NBS
18 Type W 32 to 4200°F OMEGA

- a Measuring
. RTD 20 PL100 328 to 1022°F current 1mA

QOther ranges commespond to the ANSI, JIS {°C) model.

IM4D2B4-01E

Other ranges correspond to the ANSI, JIS {°C) model.
JPt 100 JiIS € 1604-1989, JIS C 1606-1988
P{10G : J$ C 1604.1989, JiS C 1606-1989
DIN IEC 751, IEC 751
Maximum Allewable Input Voltage (Continuous):
+ 10V DC for ranges of less than 2V DC (range
codes: 00, 01, 02, 30, 31, 32, 10 to 18 and 20).
+ 100V DC for ranges of 6 to 50V DC (range
codes: 03, 04, 05, 33, 34 and 35).

Recording

Wiring System: wire-dot printer {(using six-color rib-
bon cassette).

Recording Colors:
CILT {purple)
CH.3 (green) Cli1.4 (blue)
CH.5 (brown)  CH.6 (black)

Effective Recording Span: 100 mm {analog data).

Chart; Z-fold chart (16 m) with a calibrated width of
100 mm.

Chart Feed Speed: Arbitrarily settable within range of
1 to 1,500 mm/h in I mm/h steps.

Chart Feed Speed Setting: Set via keyboard (see para-
graph 5-4-5 Chart Feed Speed Setting).

CIL2 (red)
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APPENDIX 5: ENTHALPY-CONCENTRATION DIAGRAM FOR
AMMONIA-WATER MIXTURES

Ziegler B, Trepp Ch. [24]
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