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Abstract. Presented work is devoted to the modeling of aluminum-fuelled power plant based
on aluminum-water reactor, steam-hydrogen turbine, condenser and air-hydrogen fuel cell
battery. Parameters of aluminum-water reactor were the following: pressure — 15 MPa,
temperature — 600 K, steam to hydrogen mass ratio — 40. It was shown that without gas turbine
the plant’s electrical and total efficiencies are 12 % and 72 % respectively. If gas turbine with
internal efficiency of 80 % is used the electrical efficiency of plant increases up to 25 =30 %.
Total efficiency of power plant in this case can reach 80 %.

1. Introduction

Aluminum has been proposed for the role of perspective non-organic energy storage mater by a
number Of researchers [1]-[5]. Potentially high level of aluminum integration in future energy
economy is bounded with high content of aluminum in the earth's crust, safety and moderate cost of
aluminum storage and transportation [6], as well as possible regeneration of such energy carrier.

One of promising ways to convert the chemical energy of aluminum into useful forms of energy is
aluminum oxidation in water or water steam with heat and hydrogen production [7]. When aluminum
reacts with water, 15-16 MJ of heat, 0.111 kg of H, and more than 1.9 kg of aluminum oxide are
produced per a kg of aluminum. Oxidation products (aluminum oxide or hydroxide) can be returned to
the cycle of aluminum production or used for the production of adsorbents, catalysts, insulators, high-
purity aluminas and other [8]-[10].

Aluminum oxidation in water under standard conditions is impossible due to formation on its surface
of an oxide film. The search of ways of aluminum surface activation or oxide film destruction for fast
and complete aluminum oxidation is an actual tusk today [7]. A number of methods of aluminum
activation have been already proposed. These methods include the mechanochemical preparation of
highly reactive aluminum powder alloyed with gallams of various compositions including Ga, In, Sn,
Zn and other additions [11]-[12]. Enhanced aluminum oxidation in water is observed after aluminum
co-milling with graphite [13] and silicon [14]. Aluminum particle surface is activated by milling with
different metal oxides such as Al,O;, TiO,, C0;04, Cr,0;, Fe,0; Mn,0;, NiO, CuO, ZnO, MoO;,
Bi,0; and other [15]-[17]. Milling with salts was also proposed as perspective way of aluminum
activation [18]-[20]; new aluminum surface created by milling is covered by salt during the storage of
aluminum preventing its oxidation, such surface is revealed by salt dissolution in aqueous medium.
Aluminum oxidation can be accelerated in alkaline aqueous solutions [21]. There is also incalculable
quantity of methods which assume the use of additional chemicals that help to realize fast and
complete aluminum oxidation in aqueous media.

Recently developed method of aluminum micron powder oxidation in high-temperature steam [22]-
[24] allowed applying pure (without alkali and any other chemical activators) water as oxidant.
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Kinetics of aluminum micron powders oxidation in high-temperature boiling water was studied in [25-
26]. It was established that aluminum powders with average particle size from 4 to 70 pm, which are
produced in industrial scale, were intensively oxidized within the special reactor under about 300 °C
and 10 MPa water steam; the reaction time was several tens of seconds.

Further development of power plant based on “aluminum-water” reactor as high-pressure steam-
hydrogen generator was based on the results of kinetic experiments and a number of designing
investigations. One of such calculations was presented in [23]. It was devoted for thermodynamics of
nonstop reactor operation. Reactor’s thermo- and gas-dynamic parameters estimation and optimization
was carried out in that work, an optimum parameter field (composed of reactor temperature, pressure,
volume and others) in the view of thermodynamic effectiveness was determined.

Based on the results of [22]-[26] and other designing investigations an experimental co-generation
aluminum-fuelled power plant was developed [27]. It consumes aluminum micron powder as primary
fuel and pure water as primary oxidant. Hydrogen, which is produced within aluminum-water reactor,
is used as secondary fuel for electrical energy generation via air-hydrogen fuel cell battery. Nominal
hydrogen generation rate of the plant is 10 m’/hour. Developed and created power plant outputs useful
electrical energy and heat, and also it can produce hydrogen as end product. From 1 kg of aluminum
the power plant produces 1 kWh of electrical energy and 5+7 kWh of heat. Plant’s electrical and total
efficiencies are 12 % and 72 % respectively.

Main reason of low electrical efficiency of created aluminum-fueled power plant is that only chemical
energy of hydrogen is converted into useful electrical energy and the heat of aluminum-water reaction
doesn’t used. At the same time the heat of aluminum-water reaction per a kg of Al is about 15-16 MJ
and it is comparable with the chemical energy of 0.111 g of hydrogen produced from a kg of Al. So it
is profitable to convert the heat of aluminum-water reaction into useful electrical energy as well.

One of possible way to convert the heat of aluminum-water reaction into useful electrical energy is the
use of gas turbine after aluminum-water reactor and before a fuel cell. In this case steam-hydrogen
mixture generated in aluminum-water reactor expands in steam-hydrogen turbine, then water is
condensed in a condenser and then hydrogen is consumed by air-hydrogen fuel cell battery (figure 1).
Presented work is devoted to the modeling of aluminum-fuelled power plant with gas turbine shown in
figure 1. Parameters of aluminum-water reactor are imported from our previous research [27]. The
main aims of presented work are the development of calculation method and calculation of
thermodynamic parameters of proposed plant.

2. Modeling methods

2.1. Input data for calculation

In this paper, we will consider the calculation of scheme of power plant based on the reactor of
hydrothermal oxidation of aluminum described in our previous research work [22-27]. To oxidize
micron fractions of aluminum powder with high rates and completeness of reaction in such reactor, a
high temperature of 570 to 630 K and a pressure of 10 to 20 MPa is created. Aluminum is fed to the
reactor in an aqueous suspension by means of a high-pressure pump. Aluminum hydroxide and
hydrogen formed within the reactor are withdrawn from the bottom and the top of reactor
correspondingly. During the continuous operation of reactor, the temperature and pressure are kept
constant in it.

The composition of the steam-hydrogen mixture at the outlet from the reactor depends on the water
excess ratio with respect to aluminum in the suspension entering the reactor [23]. The ratio of the mass
of steam to the mass of hydrogen can be from 30 to 40 [24]. In this case, the thermal energy of the
steam-hydrogen stream reaches 60 ~ 80 % of the thermal energy released in the reactor (15-16 MJ per
kg of Al), and taking into account the chemical energy of hydrogen, the steam-hydrogen mixture
contains from 80 to 90 % of the chemical energy of aluminum (30.97 MJ/kg).

In present work we will consider the following parameters of aluminum-water reactor: pressure — 15
MPa, temperature — 600 K, steam to hydrogen mass ratio — 40. We assume that hydrogen output rate is
1 g/s that corresponds to aluminum consumption rate of 9 g/s (in case of full oxidation of aluminum).
Taking into account the calorific value of aluminum (30.97 kJ/g), the input heat power is 278.7 kW.
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2.2. Modelling of steam-hydrogen turbine

The main for calculation element of the scheme shown in figure 1 is steam-hydrogen turbine (or
steam-gas turbine in common case). The process of expansion of the steam-hydrogen mixture in the
steam-hydrogen turbine includes both the expansion of both components and the process of heat
exchange between them. To calculate the process of steam-hydrogen expansion we will use two
databases: Industrial Formulation for the Thermodynamic properties of Water and Steam from
Inernational Association for the Properties of Water and Steam (IAPWS-1997) and IVTAN THERMO
[28] for other individual substances (like H,).

The input variable parameters in the modeling of steam-hydrogen turbine are total pressure P, and

temperature T, of steam-hydrogen mixture at the input of turbine, contents of steam and hydrogen in
steam-hydrogen mixture — TH20  and — 2 respectively, pressure of the mixture at the output
Mmy,o0+my, Mmy,o0+my,

of turbine — P, and the internal efficiency of turbine - #. The parameter # characterizes the degree of
irreversibility of the expansion process and depends mainly on the type of turbine and the flow
characteristics of the working media. Parameters that are determined during the calculation are the
initial and final partial pressures of steam and hydrogen, density of steam, final temperature, power of
turbine and other parameters.

The process of isentropic expansion of steam-hydrogen mixture ( = 1) is conveniently represented as

successive isentropic processes of expansion of its components from its initial partial pressures (Pf,zo
and P,?,Z) and temperature Ty, to final partial pressures (P, and Py,) and the process of heat exchange
between the components of the mixture without changing their pressures. The determination of the

parameters of steam-hydrogen mixture after the isentropic expansion is flown from the solving of the
following system of equations:

P = PH20 + PH2
V= my, 1 x RT
mHzO MH2 P_PHzo
v = U(PHZO'T)
tho = f(PHZO'T' v)
4 = 1)
s _ Py k
T, =T x (5)
hfzzo = l/J(PHzo)
th = CPHZ X T
M0 X (hu,0 — hipo) = my, X Cp,, X (T§ —T)
\'"*H,0 H,0 H,0 H, PH2 Hy

where v(Py,q, T) — the dependence of the specific volume on pressure and temperature (it is known
from IAPWS-1997); hy,o=f(Py,o, T, v) — the dependence of the specific enthalpy of steam on
pressure, temperature and specific volume (it is known from IAPWS-1997); hf,zo — the specific
enthalpy of steam after isentropic expansion of steam from P,?,ZO, To 10 Py,o; Tj,— hydrogen
temperature after isentropic expansion from sz, Ty to Py,; k — isoentropic index of hydrogen (the
dependence of k on T is not taken into account); hj,o = ¥(Py,o) — the dependence of the specific
enthalpy of steam on pressure and specific entropy, that in the case of known initial entropy is a
function of one variable parameter (it is known from IAPWS-1997); hy,, — final specific enthalpy of
steam; hy,, Cpy, — final specific enthalpy and heat capacity of hydrogen.
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Figure 1. Scheme of aluminum-fuelled power plant with gas turbine: / — aluminum-water reactor, 2 —
steam-hydrogen turbine, 3 — condenser, 4 — air-hydrogen fuel cell battery.

The initial partial pressures of steam P,f’,z oand hydrogen P,?,Z, as well as the specific volume of steam vy,
MmHy,0

are determined using known input calculation parameters: Py, T, and . Solving the system of

mp
equations (1), we determine the final temperature (7), the partial pressurezs of steam and hydrogen
(Py,0 and Py, ), the specific volume of steam (v), the specific enthalpies of steam (hy, ) and hydrogen
(hy,) after isentropic expansion of the steam-hydrogen mixture.
The performance of isentropic expansion of steam-hydrogen mixture is:

L = (my,o +my,) X (kg — h) (2)

where hy is the specific enthalpy of the steam-hydrogen mixture before expansion, and h is the specific
enthalpy of the steam-hydrogen mixture after expansion. The initial and final specific enthalpies of the
steam-hydrogen mixture are composed of the corresponding enthalpies of steam and hydrogen:

0 0
_ mHZ()XhH20+mH2XhH2

ho = 3

0 ———e—— 3)

h _ mHzoth20+mH2XhH2 (4)
Mmy,o+mu,

where hgzo, h?,z - specific enthalpies of steam and hydrogen before expansion, hy, ¢, hy, - after
expansion. By substituting the values of specific enthalpies found in equation (1) into equations (2)-(4)
we find the performance of steam-hydrogen mixture in isentropic expansion.

In case of irreversible adiabatic expansion of steam-hydrogen mixture (#<1), the enthalpy of steam-
hydrogen mixture after the expansion (4') will be greater than the final enthalpy of the isentropic
process, and the performance of turbine will decrease in comparison with L by:

Q= (mHzo + mHz) X (h—h)= (mHZO + mHz) X (R°—h)x (1—mn) ®)
The performance of the process of irreversible expansion is equal to:
L' = (my,o +my,) X (R°—h) x7 (6)

Irreversible expansion of steam-hydrogen mixture can be represented in the form of two successive
processes: isentropic expansion of steam-hydrogen mixture and heat input (4Q) to the mixture. As the
temperature of the mixture increases as a result of the heat input, the ratio of the partial pressures of
steam and hydrogen generally changes. Heating of steam-hydrogen mixture at constant pressure is
described by the equation:

AQ = mHzo X (h}.lzo - h’HZO) + mHz X CPH2 X (T’ - T) = (mH20 + mHZ) X (hO - h) X (1 - 77) (7)

where hy, o is the specific enthalpy of steam, T' is the final temperature of the mixture after
irreversible expansion.
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The determination of the parameters of stem-hydrogen mixture after the irreversible adiabatic
expansion is realized through the following system of equations:

_ 12 12
( P =Py,0+ Py,
; _ Mp, 1 RT'

= X ———
Mmy,0 My, P—Pp,o

4 v' = v(Phyo,T") (8)
hfizo = f(Pf’IZO’T’rU’)
h;'lz = CPH2 X T,

\Mu,0 (M0 — hiyo) + My, Cpy, (T"-T) = (mHZO + mHz)(hO —h)(1-n)

From system of equations (8) we find the temperature of steam-hydrogen mixture after irreversible
expansion (T'), the final partial pressures of steam and hydrogen (Py,,, and Py,), the specific volume
of steam ("), the specific enthalpies of steam (hy;, o) and hydrogen (hy,). Thus, the modeling of stem-
hydrogen turbine is a successive solution of the systems of equations (1) and (8). It determines the
final temperature of steam-hydrogen mixture after adiabatic expansion, the partial pressures of steam
and hydrogen, the specific volume of steam and the specific enthalpies of steam and hydrogen.

v

3. Results and discussion

Table 1 and table 2 shows the power of steam-hydrogen turbine, the final temperature T, the final
partial pressures of steam and hydrogen (Py,, and Py,), and the dryness of steam (X) and the thermal
power of condenser (from steam condensation), depending on the final expansion pressure P of steam-
hydrogen mixture. In table 1 the internal efficiency was # = 1, i.e. isentropic expansion. In table 2 # =
0.8.

Increasing of final pressure leads to decrease of work of steam-hydrogen turbine. On the other hand,
the temperature of condenser increases with practically constant value of heat produced in the
condenser. From the comparison of table 1 and table 2 it follows that with an increase in the
irreversibility of the process of expanding, the performance of turbine decreases, the dryness of steam
(X) at the outlet from it increases and, accordingly, the heat of condensation increases.

The development of turbine for steam-hydrogen mixture should take into account the degree of
dryness of the steam, which affects the wear rate (erosion) of the working parts of turbine. When
steam-hydrogen mixture is expanded in turbine with » = 0.8, the dryness of steam at the outlet of
turbine changes from 0.75 to 0.8 for final pressures of 0.1 and 1 MPa respectively. It should be noted
that such dryness may not be acceptable for some standard turbines.

The efficiency of a fuel cell depends on the specific power per a surface unit of its electrodes. Usually,
with power increasing, the efficiency becomes less. So, if we use fuel cells with low power density,
we have high efficiency (it can be up to 70-80 %). In this case, it is necessary to use fuel cell batteries
with big total area of the active surface of electrodes. But, due to the relatively high cost of installed
capacity of fuel cell batteries (over $ 2000), this approach becomes economically inexpedient. The
operating mode of fuel cell is usually selected near the maximum power point. The efficiency of
modern air-hydrogen fuel cells in operating mode lies in the range of 35-55 %.

If hydrogen output rate is 1 g/s and efficiency of fuel cell is about 50 %, we get about 50 kW of
electricity and 50 kW of heat from fuel cell. Total power of considered plant is composed from power
of steam-hydrogen turbine (that is in the range of 20-30 kW) and power of fuel cell (50 kW). The
efficiency of plant represents the ratio, where the numerator is the sum of turbine power and fuel cell
power, and the denominator is the input heat power of aluminum (with aluminum consumption rate of
9 g/s) — 278.7 kW. Neglecting mechanical and electrical losses in turbine, the overall electrical
efficiency of the plant is about 25 + 30 %. Therefore, the use of only gas turbine after aluminum-water
reactor can potentially increase the efficiency of aluminum-fuelled power plant more than twice (from
12 % [27]). Total efficiency of power plant in this case reaches 70 + 80 %.
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Table 1. Power of steam-hydrogen turbine and heat power of condenser depending on final pressure

of steam-hydrogen mixture (after expansion). #=1.

P, Turbine power, T.K Puoo, Puo, X Condenser
MPa kW ’ MPa MPa heat power, kW
0.1 36.920 364.79 0.075 0.025 0.67 61.252
0.2 33.039 384.52 0.150 0.050 0.69 61.519
0.3 30.667 397.23 0.226 0.074 0.70 61.550
0.4 28.928 406.84 0.301 0.099 0.71 61.510
0.5 27.487 414.67 0.377 0.123 0.72 61.496
0.6 26.301 421.32 0.453 0.147 0.72 61.441
0.7 25.219 427.14 0.529 0.171 0.73 61.435
0.8 24.317 432.32 0.605 0.195 0.74 61.363
0.9 23.548 437 0.681 0.219 0.74 61.251

1 22.800 441.29 0.757 0.243 0.74 61.188

Table 2. Power of steam-hydrogen turbine and heat power of condenser depending on final pressure

of steam-hydrogen mixture (after expansion). #=0.8.

P, Turbine power, T K Puoo, Pua, x Condenser
MPa kW ’ MPa MPa heat power, kW

0.1 29.536 365.52  0.077 0.023 0.75 68.525
0.2 26.431 385.25 0.154 0.046 0.76 68.029
0.3 24.533 39796  0.231 0.069 0.77 67.611
0.4 23.142 407.56  0.308 0.092 0.78 67.170
0.5 21.989 415.39 0.385 0.115 0.78 66.925
0.6 21.041 422.03 0.462 0.138 0.79 66.600
0.7 20.175 427.84  0.539 0.161 0.79 66.368
0.8 19.454 433.02 0.616 0.184 0.79 66.162
0.9 18.838 437.69 0.693 0.207 0.80 65.856

1 18.240 44197  0.770 0.230 0.80 65.622

4. Conclusion
Presented work is devoted to the modeling of aluminum-fuelled power plant based on aluminum-water
reactor, steam-hydrogen turbine, condenser and air-hydrogen fuel cell battery. Parameters of
aluminum-water reactor were the following: pressure — 15 MPa, temperature — 600 K, steam to
hydrogen mass ratio — 40. It was shown that without gas turbine the plant’s electrical and total
efficiencies are 12 % and 72 % respectively. The results of the study confirmed that the efficiency of
aluminum-fuelled power plant can be increased by using the gas turbine for steam-hydrogen mixture
generated in aluminum-water reactor. It was shown that turbine with internal efficiency of 80 % allow
increasing the overall electrical efficiency of the plant up to 25 + 30 %. At the same time the scheme
of plant considered in presented work is a simple and non-optimized example, and it is certainly can
be improved by such standard operations like regeneration of heat or heat transfer to secondary
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contour. So this work may be continued and the model developed for calculation of the parameters of
steam-hydrogen turbine can be used for that.
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