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ABSTRACT 

AMMONIA DISSOCIATION FOR SOLAR 

THERMOCHEMICAL ABSORBERS 

by 

0 M Williams and PO Carden 

Department of Engineering Physics 

Research School of Physical Sciences 

The Australian National University 

Canberra, A.C.T., AUSTRALIA. 

A prototype ammonia dissociator has been constructed and 

operated over a wide variety of conditions and its performance has 

been examined in relation to solar thermochemical absorber 

operation. High values of energy storage efficiency approaching 

unity are obtained for high values of reaction extent, 

cor~esponding to the use of high activity ammonia dissociati0~ 

catalysts. There is a need for further development of such 

catalysts designed specifically for solar absorber operating 

conditions. It is shown that in order to make optimum use of the 

available catalyst volume, the power density profile and specific 

absorber design should be matched to give an essentially 

isothermal temperature profile along the catalyst chamber length. 

There is potential for a solar thermochemical absorber based on 

ammonia dissociation to be constructed usi~g simple tube 

technology and thus within the severe cost constraints associated 

with solar absorber design. 
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1. INTRODUCTION 

Thermochemical energy transfer systems show considerable 

promise for transferring energy from a distributed solar collector 

array to a central plant. A number of reversible reactions have 

been proposed [1-5) as suitable for th0rmochemical energy transfer 

but to date there has been little experimental work supporting the 

proposals. In two previous papers [6,7), we have developed the 

fundamental thermodynamic theory underlying the operation of such 

systems and in this paper we describe experiments designed to test 

the high pressure ammonia dissociation reaction 

NH
3

? 
3 1 
2H2 + _2N2 

proposed by Carden [1] as the basis of solar thermochemical 

absorber operatio~. A prototype ammonia dissociator has been 

designed and operated over a wide variety of conditions and its 

performance has been correlated with that expected on the basis of 

known heat exchanger and catalyst chamber operation. Experiments 

performed with the 

characteristic features 

dissociator have 

of thermochemical 

identified 

energy 

several 

transfer 

processes and these are discussed in detail with particular 

reference to solar thermochemical absorber operation. It is found 

that in order to make optimum use of the available catalyst 

volume, the power density profile and the specific design of the 

absorber should be matched to give an essentially isothermal 

temperature distribution along the catalyst chamber length. High 

values of thermochemical energy storage efficiencies approaching 

unity are obtained for high values of reaction extent, 
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corresponding within the cost constraints associated with solar 

absorber design to the use of a high activity ammonia dissociation 

catalyst. There is a need ·for further development of such a 

catalyst, designed specificall~ for withstanding the thermal 

cycling and high pressure, high temperature conditions inherent in 

solar thermochemical absorber operation. 

2. DISSOCIATOR CONSTRUCTION 

Development of a large scale solar power plant is associated 

with severe cost constraints, particularly in relation to the 

energy collection and energy transport systems. Carden [1] has 

shown that in order to compete economically with an oil-fired 

thermal power plant with oil costed at 10 $/barrel, the combined 

installed costs of the energy collection and energy transport 

systems in a solar power plant can amount to no more than $50 per 

square metre of collector area, or no more than $50 per peak 

kilowatt of incident solar radiation (1976 US dollars). The cost 

of the solar absorber would not be expected to account for more 

than 10-15% of this allowance and therefore a successful design 

must be conceptually simple . Although the present dissociator has 

been designed primarily for testing the feasibility of 

thermochemical energy transfer systems, the experiments have been 

conducted with the additional motivation of showing that a solar 

thermochemical absorber based on the ammonia dissociation reaction 

has potential for meeting the cost constraints. 

The present dissociator has been designed following 

preliminary measurements from earlier prototypes and is shown in 

Figure 1. The dissociator consists essentially of a tubular 
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count erflow heat exc hanger welded to a cylindrical multichannel 

catalyst chamber, the latter being heated electr i cally. The heat 

exchanger consists of a thin wall 1.5 mm diameter hypodermic tube 

(304 stainless steel) inside the bore of a 16 SWG 1/4 inch tube 

(316 SS). Nickel spirals have been wound both inside and outside 

tha bore of the hypodermic tube in order to promote turbulent 

fluid flow and hence efficient heat transfer across the tube wall. 

The outside tube is lagged with calcium silicate thermal 

insulation. 

Ammonia liquid is pumped through the inner tube where it 

comes into thermal contact with the hot reaction mixture flowing 

in the opposite direction within the space between the inner and 

outer tubes. The ammonia is thus preheated and conversely, the 

hot reaction mixture is cooled towards ambient temperatures. At 

the hot end of the heat exchanger, the amrr.onia passes to t he 

catalyst chamber. The chamber has been constructed by drilling 54 

parallel 3.1 mm diameter holes longitudinally around the 

circumference and through the 90 mm length of a 3 inch bore 

schedule 40 incoloy 800 tube. Incoloy 800 has high strength and 

high resistance to nitriding in an ammonia atmosphere at high 

temperatures. The parallel holes form catalyst channels and are 

connected by 1.5 mm diameter holes cut at an angle of 30° to the 

tube axis through the common wall of neighbouring channels. Each 

channel is packed with 2.2 mm x 2.2 mm x 4 . 0 mm pellets of ICI 

47-1 ammonia dissociation catalyst and is sealed at each end 

(except for the input and output ports) by incoloy 800 plugs which 

have been interference fitted and welded to the main body. 
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Interchannel connections have been cut so that the input 

ammonia passes along the length of the first channel and then 

divides into two streams which pass in opposite directions up and 

down successive chdnnels around the tube wall towards the output 

channel. The ammonia dissociates as it passes along the two 

counterflowing multichannel paths. The two streams are recombined 

at the final channel of the catalyst chamber and the reaction 

mixture then passes to the hot end of the heat exchanger and 

thence along the heat exchanger length to the connecting pipework. 

The reactor is heated electrically and uniformly by a coil 

of stainless steel sheathed Pyrotenex heating wire wound around 

the circumference of the incoloy tube. The tube and heater 

combination is lagged by 6 cm thickness of calcium silicate 

insulation. Catalyst chamber temperatures are measured by 

sheathed iron-constantan thermocouples inserted into the gas 

stream through selected end plugs. The heat exchanger 

thermocouples are spot-welded to the outer heat exchanger jacket. 

Input power levels to the dissociator are measured by precision 

voltmeter and ammeter. 

that 

The dimensions of the catalyst channels have· been chosen so 

the dissociator is capable of withstanding simultaneous high 

temperature and high pressure operation for a useful experimental 

life. Strength calculations based on 12000 psi design stress at 

700°C and 5000 psi operating pressure indicate a rupture life of 

5000 hours and 2% creP.p after 1000 hours of operation. These 

limits are quite adequate for an experimental device but would 

need to be upgraded for a working solar thermochemical absorber. 
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3. DISSOCIATOR EXPERIMENTS 

commercial grade anhydrous ammonia is compressed and pumped 

into the bott om of a high pressure hydraulic dccumulator prefilled 

with nitrogen at typically 150-200 atmospheres. At the same time 

ammonia is pumped into the bottom of a gravitational separation 

chamber. The nitrogen is compressed as the volume of ammonia 

increases and pumping is continued until the accumulator .and 

separator are both half-filled. The accumulator and separator are 

then isolated from the compressor and ammonia is circulated 

through a flow control valve to the dissociator. Volume flow 

rates are measured to within 1% accuracy by a miniature turbine 

flowmeter developed in this laboratory (Whelan [BJ) and are 

converted to mass flow rates through use of known aro.monia 

densities. System pressures are measured by Beardon gauges. 

The reaction mixture from the dissociation chamber separates 

s~~ntaneously into gas and liquid phases as the ammonia condenses 

within the heat exchanger and is passed to the gravitational 

separator. Liquid ammonia i s drawn from the bottom of the 

separator and is pumped back to the ·accumulator. The gas 

production is drawn through an output throttle valve which is set 

to maintain constant system pressure and passes at ambient 

pressure through a condenser operated at -60°C where residual 

ammonia vapour is_ removed. The flow rate of the gas stream is 

then measured by a Gilmont rotameter and is cor~ected to account 

for gas volume changes within the high pressure system arising 

from the finite ammonia consumption. 
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3.1 Thermal Analysis 

Dissociation experiments at pressures in the range 50-200 

atmospheres were conducted over a range of input power levels· up 

to 2.5 kW and a range of ammonia flow rates. A typical 

temperature profile is shown in Figure 2. Heat leaks through the 

thermal insulation were identified by similar experiments using 

high pressure nitrogen in place of ammonia. Detailed energy 

balance of the temperature profiles recorded for nitrogen using 

known specific heats identified the localities and magnitudes of 

heat leaks common to the ammonia dissociation and nitrogen 

experiments. Secondary corrections were applied to the magnitudes 
. . 

of the heat leaks in o rder to account for the differences between 

the two temperature profiles, thus allowing the nett power input 

after subtracting the losses to be determined at each point along 

the dissociator length. For an experiment in which 1.5 kW is 

absorbed from the heater unner conditions of 0.5 g/s ammonia flow 

rate and 40% dissociation by weight, the energy distribution is 

typically 

Absorbed chemical energy 950 W 

Thermal energy in outlet fluid 250 W 

Heat leak through catalyst chamber insulation 150 W 

Heat leak through heat exchanger insulation 50 W 

Heat leak through thermocouple ports 100 W 

Considerable improvement in conduction losses would be effected 

for a working thermochemical solar absorber opti~ized for minimum 

cost. 
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4. ANALYSIS 

4.1 Ammonia/Hydrogen-Nitrogen Thermodynamics 

The fundamental thermodynamic processes underlying the 

operation of thermochemical energy transfer systems have been 

studied in two recent papers (6,7] from this laboratory and, in 

particular, the thermodynamic efficiencies for the ammonia/· 

hydrogen-nitrogen system have been calculated. It has been 

necessary as part of the calculational procedure to generate 

thermodynamic data not available within the chemical engineering 

literature. The data is available in detailed form elsewhere 

(Nilliams [9, 1 O]). 

The principal thermody!.lamic features of the ammonia/ 

hydrogen-nitrogen system are reproduced for convenience in the 

temperature-enthalpy diagram shown in Figure 3. The ammonia 

characteristic curve for each pressure exhibits strong curvature 

in the region where the latent heat of vaporization (or effective 

latent heat) is absorbed, whereas the hydroge n-nitrogen curve is 

characterised by essentially constant specific heat. The curves 

for intermediate mixtures follow the hyd~ogen-nitrogen curve 

within the single phase region above the dew line but on· the other 

hand, show pronounced curvature within the two-phase region where 

ammonia liquid c_ondenses from the fluid mixture. The lines for 

chemical equilibrium dr~wn in Figure 3 define the maximum extent 

to which the reaction can proceed at each value of tenperature and 

pressure. 
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4.2 Counterflow Heat Exchanger Operation. 

For energy balance at all points z along the length of the 

counterflow heat exchange r the therma l equilibrium cond i tions 

and 

dT
1 

mcp1 dz 

dT
2 

mcp2 dz 

= UL (T 2 - T 1) 

= UL(T2 - T1) + 
T - T 

s 
21TKCS_[2 

ln 1 + ;cs]"" 
cs 

( 1 ) 

(2) 

where the subscripts 1 and 2 r2fer to the feed and return channels 

respe ctiveJ.y, must be satisfied. uL·repre sents the coraposite heat 

transfer coefficient per unit length and is related to the 

individual coefficients according to 

1 
UL 

= _1_ + _1_ + 
hL1 hL2 

ln[ 1 + ::] 

2'1TK m 

(3) 

(see, for exarr.ple ~ Zeman sky [ 11] ) • The latter terms in ( 2) and 

(3) represent. the influence of conduction through the calcium 

silicate insulation and across the heat exchanger membrane 

respectively . Values for the film coefficients hL in circular· 

pipes are related [11] to the fluid conditions according to 

hL « cpPr-0.6µ0.2(!)0.8 (4) 

where dis the pipe inner diameter and mis the mass flow rate. 

The pr,::?ssure and temperature v ariations of the Prandtl nunber Pr 

and viscosity µ for the a~Jnonia/hydrogen-nitrogen system are 

calculated elsewhere [10]. 



] 

I 
I 
1 
J 

:i 

J 

I 
- I 

J 

J 
J 
J 

~ J 

Page 9 

The heat exchanger temperature profile rnay be explained 

readily by reference to the system thermodynamics shown in 

Figure 3 and to the energy balance equations (1) and (2) 

(neglecting to first order the conduction loss term in (2)). The 

counterflow heat exchanger oper~tes with ammonia flowing in the 

feed channeJ. and the reaction mixture from the catalyst chamber 

flowing in the return channel. It is clear from Figure 3 that the 

specific heat of any two-phase mixture exceeds that of amrnonia for 

temperatures below that of the dew temperature of the mixture. 

Conversely, above the dew temperature, the specific heat of 

ammonia exceeds that of the return mixture. Towards the cold end 

of the exchanger, therefore, the teTiperature of the ammonia feed 

must according to (1) and (2) rise more steeply with distance than 

the temperature of the return fluid in order to retain local 

energy balance. For a heat exchanger of sufficient length, this 

rise continues until the two temperatures are almost equal at the 

dew ten1pcrature, as se2n in Figure 2. Moreover, since the thermal 

capacity of the return fluid exceeds that of the ammonia feed 

throu,Jhout the low temperature region, the ammonia feed cannot 

accept all the available heat from the return fluid. The return 

fluid temperature does not therefore fall to the ar:unonia feed 

temperature at the heat exchanger outlet and finite heat is 

neccessarily carried from the excha.nger in the form of sensible 

heat. In a distributed collec~or solar power plant, this heat 

would not be used and would instead be wastec. to the surroundings. 

Thus the sensible heat carried from the exchanger represents a 

real inefficiency, the magnitude of which is discussed below in 

Section 5. 1 . 
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Above the dew temperature the sper:::ific heat of the . ammonia 

feed exceeds that of the return fluid, as seen from Figure 3. The 

curvature of the temperature profile is therefore reversed with 

the r e turn fluid now having insuffi cient heat capacity to supply 

the heat requirements of the input ammonia streaIT'.. The 

temperature of the ammonia feed does not therefore reach the 

return fluid temperature at the hot end of the heat exchanger, as 

seen in Figure 2. 

4.2 Catalyst Chamber Operation 

Heat is applied uniformly throughout the length of the 

catalyst chamber with minor d eviations from uniformity caused by 

finite conduction around the cylindrical wall. Circumferential 

conduction occurs as a direct result of the non-uniform 

temperature distribution around the tube t.vall and its effect has 

bP'"·m included in the present analysis. 

Specific heats within the catalyst chamber operating range 

are essentially constant (see Figure 3) so that in the absence of 

heat leaks and finite dissociation it would be expected that the 

temperature would rise linearly along the catalyst chamber length. 

Whe n dissociation occurs, heat is drawn from the supply to provide 

the endothermic heat of reactioi, leaving insufficient heat 

available to maintain a linear rise. The temperature profile 

across the catalyst chamber therefore assumes a characteristic 

curved profile as seen in Figure 2. 
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The variation of reaction extent with distance may be 

deduced from the observed temperature profile and from the 

differential pmver input dQ/dz obtained from the kno·wn power input 

after allowing for circumfe rential conduction and for thermal 

losses through the insulation. The relation 

dQ 
dz = m c ( 1 - o > c + 6 c ,. 1 dT + mMI do 

p p dz ~ dz 
(5) 

must be satisfied for local energy balance, allowing the weight 

fraction o(z) of product gas mixture to be determined by 

successive integration along the catalyst chamber length, starting 

from o = 0 at the reactor inlet. Tht.=! forr.1 of o(z) as derived from 

(5) is shown in Figure 2. 

The spatial variation of o(z) is related to the ammonia 

dissociation reaction rate wnich is given most cormnonly by the 

Tem}dn-Pyzhev relation (Vancini [ 12]) 

dfNH 
3 

dt = -k(T) 

2 
f NH 

3 

~ 
H2 

1-a, 

- KffN2 

f3 
H2 

2 
f NH 

3 

a, 

(6) 

in terms of the partial fugacities f of the components and the 

equilibrium constant Kf for the reaction 

2NH
3 
~ 3H2 + N2 

The exponent a. assumes a value close to 0.5 for most catalysts. 

Equation (16) is not strongly pressure dependent (varying as p-0.5 

far from equilihrium) but is strongly tempera ture dependent 

through the Arrhenius relationship for catalyst activity 
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k (T) = k 0 exp[- :*] (7) 

where the intrinsic activity k
0 

is proportional to the catalyst 

volume and where EA is the activation energy. By the equation of 

continuity, the reaction rate given by (6) must also satisfy the 

relation 

m d(fNH
3
/p(z)) 

A dz 

dfNH 
3 

= ~ (8) 

where ,'.'\ is the catalyst tube area and where p (z) is the fluid 

density. Within the dissociation region above 750°K, both ammonia 

and the hydrogen-nitrogen :mixture may be treated to fi:cst order as 

approximate ideal fluids, in which case fNH may be approximated 
3 

by the partial pressure 

PNH 
3 

= 

and the fluid density by 

p(z) = 

1 - 0 
1 + 0 p (9) 

MP 
RT(1 + 6) ( 10) 

where Mis the molecular weight of ammonia and P is the - system 

pressure. 

result that 

Substitutiori of (9) and (10) into (8) leads to the 

( 1 - 0 ) dT 
dz 

Tdo 
dz = AM 

Rm 
( 11) 

Given the observe d spatial variation of temperature and the 

spatial variation of o calculated from (5), as illustrated in 

Figure 2, the catalyst activity k(T) may be comput,ed from (6) and 
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(11) over the complete range of dissociation temperatures. The 

temperature dependence for · k(T) as derived from a number of 

separate experiments is shown in the Arrhenius plot, Figure 4. 

All experiments were performed after the catalyst had been fully 

reduced. 

It is clear from Figure 4 that the ammonia dissociation 

experiments are described well by the Temkin-Pyzhev rate equation, 

the standard Arrhenius form for temperature 9-ependence being 

followed even at low values of fractional dissociation where the 

rate equation (6) must eventually fail. The activation energy 

obtain.:.d for the nickel catalyst from the slope of Figure 4 is 

84 Kcal/mole which is rather larger than t~e value of 38 Kcal/mole 

typical o:E promoted iron synthesis catalysts (ICI Catalyst 

Handbook [13]}. This result suggests that considerable 

improvement could be achieved by development of more active 

catalysts designed specifically for hig·h pressure anuno:nia 

dissociation -Dder the conditions likely to be encountered by 

solar thermochemical absorbers. 

4.4 Dissociator Simulation 

Given that values for the heat transfer coefficient UL and 

the catalyst activity k(T) have been deduced from the ammonia 

dissociation experiments described above, it is possible to 

reverse the analysis and simulate the dissociator operation for a 

given ammonia flow rate and given power input by numerical 

integration of the two pairs of coupled differential equations (1) 

and (2), and (5) and (11). Constant reaction rates are assumed 
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for o < 0.03 since in this range reaction rates tending towards 

infinity are predicted by the Ternkin-Pyzhev equation (6) as o 

tends towards zero. The full curves in Figure 2 have been 

obtained by computer simulation of the dissociator operation with 

the constant of proportionality in (4) used us a fitting parameter 

in the heat exchanger region, and the full curve in Figure 4 used 

to describe catalyst activi ty. The heat exchange r fitting 

-1 -1 
constant corresponds to values of ·uL of typically 0.24 W cm K 

for an ammonia flow rate of 1 g/s. 

Excellent agreement has been obtained betwean the observed 

and calculated temperature profiles shown in F.:Lgure 2 thus 

allowing the computer sL1mlation to be used with some confidence 

for a detailed parametric examination of the dissociator 

operation. The results of this examination are described below. 

5. DISCUSSION 

It is evident from the preceding description that a 

substantial fraction of the input power to a high pressure ammonia 

dissociator can be transformed into chemical form provided that 

ca.re is taken to minirr.ize conduction losses. The fundamental 

processes occurring in the dissociator have been identified 

successfully and in the following sections are used to explain the 

characteristic features of solar thermochemical absorber 

operation. Losses due to heat 

increasing insulation thickness and 

leaks which may be reduced by 

quality are not considered 

here. Thi:i magnitu:le of such losses is dependent on the absorber 

size and specific design and will be studied in later work. 
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5.1 Heat Exchanger Thermal Loss 

We have shown above in Section 4.2 that a finite amount of 

energy is carried from the dissociator in the .form of residual 

sensible heat in the output fluid mixture. Such low grade heat 

could not be tapped successfully in a solar power plant based on a 

distributed array of solar collectors and tharefore a real loss is 

introduced into the system. The origins of the heat loss are 

shown elsewhere [6,7) to be related to the therraodynami c 

requirement that the work required to separate ammonia liquid from 

the output fluid mixture must be developed internally within the 

systam. The magnitude of the loss is determined in t,:?rms of the 

energy storage efficiency nsT which is defined in [6] as 

nST = 
Chemical ene rgy transferred to storage 

Nett thermal energy absorbe d from source 

Values of nsT calculated in [7] for the ammonia/hydrogen-nitrog~n 

syste:n are reproduced in Figure 5 . It is seen that, apart from in 

the region of low o, nST i~cre ase s steadily with increasing o 

and approache s unity as the dissociation reaction approaches 

completion. Energy storage efficiency may therefore be maximised 

by ensuring that a solar thermochemical absorber operates such 

that the dissociation reaction proceeds as far as practical 

towards completion. The magnitude of the loss is related closely 

to the heat exchanger outlet temperature and in our previous study 

[7] we h~ve shown good agreement between the thermodynamic 

predictions of outlet temperature and the measurements from the 

present dissociator. 
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5.2 The Dissociation Catalyst 

The relationship between the maximum dissociator temperature 

and input power level for the present dissociator (catalyst volume 

= 30 cm3 ) is shm-m in Figure 6. Evidently, hi gh power levels of 

the order of 3 kWt can b= attained but only at temperatures of the 

order of 800°C at the catatyst chamber outlet. At such 

temperatures, the strength of incoloy 800 falls rapidly with 

increasing temperature and it would be preferable if the 

dissociator were operated at a lowar temperature of typically 

700-72:) 0
• Satisfr1i:::tory operation at lower temperatures would 

require either a larger catalyst volume or use of a more active 

catalyst. 

The ICI 47-1 nickel catalyst used in the present experiments 

has not been d e signed for operati6n in high pressure 

thermochemical energy transfer systems. The catalyst is in fact 

used coIT1.Jt1Grcially at ambient pressure for complete dissociation of 

ammonia. to provide a convenient source of industrial hydrogen, and 

as such is th-~refore · unlikely to be the ideal choice for the 

present requirements. Curves of constant reaction rate calculated 

from (6) and (7) appropriate to the measured activation en9rgy of 

84 Kcal/mole are shown in Figure 7. Since materials are likely to 

limit the maximum operating temperature, it is clear from Figure 7 

that the maximum reaction extent for a given reaction rate curve 

is also lj_rni ted and therefore greater levels of dissociation can 

only be obtained for a given catalyst if the reaction rate is 

increased. This corrresponds either to greater catalyst volume or 

to increased intrinsic activity. Alternatively, higher reaction 
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rates at tha reqaired temperatures may be obtained by using a 

catalyst characterised by higher activation energy, such as one of 

the promoted iron catalysts used in ammonia synthesis. Since it 

is important to acr1ieve high reaction rates and hence high 

reaction extents i n order to attain high efficiency operation, as 

shown in Figure 6, there is a need to study such catalysts from 

the point of view of examining their capability of withstanding 

the high temperature operation and the thermal cycling inherent in 

solar therrnoc.:hemical absorber operation. 

5. 3 Solar 'rhermochemical Absorber Operation 

This far, we have considered that heat is applied uniformly 

along the length of the catalyst volume as in the present 

experiments. However, as shown for example in Figure 8, the power 

density profile estimated for one possible system design, the 

cavity absorber-paraboloidal concentrator combination, is far from 

uniform, high power levels occurring at the mouth of the cavity 

an<l decreasing levels occurring as the distance from the cavity 

mouth increases. Similar non-uniform profiles are likely to be 

encountered for most absorber-collector combinations since large 

amounts of energy are collected at large angles from the outer 

areas of the paraboloid compared to the energy collected at small 

angles. 

In the case of the cavity absorber-paraboloidal concentrator 

combination, particular advantage may be taken of the non-uniform 

energy density profile when the catalyst chamber is constructed in 

the form of a single cylindrical coil filled with catalyst, rather 
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than in the multichannel longitudinal design of the present 

dissociator. When the coil is wouncl within the cavity as shown in 

Figure 8 such that the preheated ammonia is passed from the heat 

exc hanger to the cavity mouth, the n the higher power levels 

encountered there would lead to a steeper temperature gradient 

along the the initial part of the catalyst bed. Higher reacti on 

rates are therefore attained within a shorter distance and greater 

use is made of the available catalyst volume. Ideally, the 

cylindrical windings would be spaced within the c avity so that an 

isothermal temperature distribution occurred along the catalyst 

bed. The same design criterion would need to be applied to 

alternative absorber designs such as the hemispherical assembly 

proposed by Carden [1]. 

Although the present treatment is rather simplistic (with 

unity a:Osorbtance assumed for the catalyst tube wall and no 

account taken of heat. transfer limitations through the wall to the 

catalyst), a reaGonable guide to the temperature and reaction 

extent profiles corresponding to the power density profile of 

Figure 8 may be gained by computer simulation, as shown in 

Figure 9. It is seen that an approximately isothermal temperature 

profile has been obtained over much of the catalyst chamber length 

and comparison with Figure 2 shows that for the same overall power 

input the maximum operating temperature has fallen from 750°c to 

725°C. This fall represents an increase in rupture life by a 

factor of 3.5 and therefore a significant decrease in the 

anticipated installed cost of the dissociator. It is clear that 

considerable advantage may be gained if the power density profile 

and catalyst chamber design are matched so that the dissociator 
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operates isothermally. Further study of solar absorber aperation 

is required for a detailed assessment of performance including the 

limitations of specific designs, heat transfer rates and heat 

losses. 

5.4 Absorber Thermal Response 

In this section attention is drawn to one final feature of 

interest which is evident from the operational characteristics 

shown in Figure 7; namely, .the thermal response of an ammonia 

dissociator to changes in in.t:'ut power level. Such changes will 

occur regularly in a solar power plant as clouds obscure the sun. 

For the present dissocia.tor operated with an anunonia flow rate of 

1 g/s, a fall in input power from 3 kWt to 1 kWt leads to a fall 

in maximum temperature from 820°c to 665°C, with the energy 

storage efficiency falling from 95% to 70%. Tnus, the power input 

at lower insolation levels is stil: absorbed effectively even 

though the fluid flow rate is unchanged. Under similar 

conditions, the same power change for a water/superheated steam 

system operated normally at 550°C would cause the operating 

temperature to fall to 250°c. Such a fall could not be tolerated 

at the input of a steam turbi ne and it would therefore be 

necessary to provide individual flow regulators at each collector, 

servoeu to the level of incident power. Regulators are not· only 

potentially unreliable but also would increase significantly the 

capital cost of the energy transport system. In contrast, · a 

thermochemical energy transfer system does not require 

temperature-controlled regulators since the reaction rate and 
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output temperature adjust automatically to match the input power 

level. Thermal tin1e lags are also reduced since (provided heat 

leaks and radiation losses are small) the absorber will assume a 

high quiescent temperature for relatively long periods when clouds 

obscure the sun. '.rhese features relate directly to the rapid 

temperature change of catalyst activity and together represent a 

significant advantage for solar thermochemical absorbers over 

absorbers based 011 steam generation. 

6. SU,t,JivlARY 

In this paper we have described experiments designed to test 

the feasibility of using the ammonia dissociation reaction as the 

basis for a solar thermochemical energy transfer system. '.I'he 

conversion from thermal to chemical energy has been demonstrated 

for a prototype high pressure ammonia dissociator and operational 

k r. Jwledge has lead to a thorough understanding of the desjnn 

requiements for practical solar thermochemical absorbers. It has 

been demonstrated that in order to make optimum use of the 

available catalyst volume, t he power density profile to a solar 

thermochemical absorber should be tailored to give an essentially 

isothermal temperature profile along the catalyst chamber length. 

High energy storage efficiencies approaching unity are obtained 

for high values of reaction extent and these are obtained when 

catalysts of hic;,Jh activity are used for solar thermochemical 

ausorber operatio11. There is a need for improvement in the 

ammonia dissociation cdtalysts available for this purpose. 
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The design of solar thermochemical absorbers is subject to 

severe cost constraints and it is therefore necessary that a 

suitable design be neither complicated nor large. rt has been 

shown in this paper that an ammonia dissociator operated within an 

absorber cavity could be constructed in the form of a single coil 

of high pressure tubing filled with catalyst together with a 

tubular counterflow heat exchanger. The specific design details 

including the effects of scdling in absorber. size compared to 

collector size need to be examined in more detail for this and 

alternative absorber assemblies. It is apparent, however, that 

the strengths of tr1e design rest on the inherent simplicity of 

tube technology and lend some confidence that the cost constraints 

can be met, particularly if the absorbGr were operated with an 

improved high activity catalyst. Such a cataly~t would be 

required to withstand the high temperature, high pressure 

operation and the conditions of irregular thermal cycling inherent 

in the operation of solar Li1ermochemical absorbers. 
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NOMENCLA-rURE 

A Catalyst tube cross-sectional area 

c Specific heat of ammonia 
p 

c~ Specific h~at of hydrogen-nitrogen 

cp1 ,cp2 Specific heat of heat exchanger input and output fluids 

d Heat exchanger inner diameter 

EA Activ~tion energy 

f. Partial fugacity of component i 
. l. 

hL 

li.H . 
k(T) 

k 
0 

Kf 

K cs 

K 
m 

m 

M 

p 

Convective heat transfer coefficient per unit length 

Reaction heat 

Rate constant for ammonia dissociation 

Intrinsic activity 

Equilibrium constant 

'l'hermal conJ.uctivity of insulation 

Thermal conductivity of heat exchanger i-nernbrane 

Mass flow rate 

Molecular weight of amrnonia 

System pressure 

Pr Prandtl number 
. 
Q Input power 

r Insulation radius 
cs 

rm Heat exchanger membrane radius 

R Gas constant 

t T~ 

t cs Insulation thickness 

tm Heat exchanger membrane thickness 

T Absolute temperature 

TS Ambient temperature 
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T 1 'T2 

UL 

z 

0 

nST 

µ 

p 

Heat exchanger input and output fluid temperatures 

Overall heat transfer coefficient per unit length 

Distance alo11g heat exchanger or catalyst chamber 

Weight fraction of hydrogen-nitrogen in mixture 

~nergy storage efficiency 

Viscosity 

Fluid density 
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FIGURE CAP'l'IONS 

Figure 1 Schematic diagram of the ammonia dissociator. 

Figure 2 

Fi:iure 3 

Figure 4 

The catalyst chamber consists of 54 parallel 

channels drilled longitudinally in the wall of 

a 9 cm length of incoloy 800 tube. Only the 

inlet and outlet channels are shown in the 

diagram. 

Characteristic temperature profil~ and reaction 

extent profile of the ammonia dissociator 

operated under conditions of uniform power 

density applied along the catalyst chamb?r 

length. 1'he full curves represent the best 

computer simulation of the experiment al points. 

in= 0.46 g/s, P = 150 atmospheres. 

Absorbed power (excluding heat leaks)= 1000 W. 

Catalyst volume= 30 cm3 • 

Temperature-enthalpy characteristics for the 

system ammoni.:i./3: ·1 hydrogen-nitrogen. 

Arrhenius plot of catalyst activity derived 

accoJ:"ding to the Temkin-Pyzhev equation for ICI 

47-1 ammonia dissociation catalyst. The full line 

represents the best fit through the experimental 

points. Activation energy= 84 Kcal/mole. 

X 

0 

., + 

60 atrn 

100 atrn 

150 atm 



l 
I 
.I 

I 
J 
1 
1 

J 
I 

I 

J 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

Figure 9 
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Energy storage efficiencies for the system 

arnmonia/3:1 hydrogen-nitrogen (T 8 = 295°K). 

Thermal capacity and efficiency for the ammonia 

dissociator of Figure 1 operatinq at 300 

atmospheres with uniform power density. 

Catalyst volume= 30 cm
3

• 

Maximum dissociator temperature 

------ Energy storage efficiency. 

Curves of constant reaction rate in decade steps 

for ammonia dissociation using ICI 47-1 catalyst. 

Activation Energy= 84 Kcal/mole. 

(a) Schematic diagram of a cavity absorber 

associated with a 65° rim angle paraboloidal 

concentrator, showing the cylindrically wound 

tubular catalyst chamber suitable for 

isothermal ammonia dissociation. 

(b) Diffei~ntial power input to the cavity wall 

{assuming nnity absorbtance on the catalyst 

t-ube wall). 

Temperature profile and reaction extent profile 

appropriate to ·the differential power input shown 

in Figure 8 (b) • 

m = 0.46 g/s , P = 150 atmospheres 

Absorbed power= 1000 W 

Catalyst volume= 30 cm3 • 
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FIGURE 1: Schematic diagram of the ammonia di£sociator. 

The catalyst chamber consists of 54 parallel 

channels drilled longitudinally in the wall 
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FIGURE 2: Characteristic temperature profile and 
reaction extent profile of the ammonia 
dissociator operated under conditions 
of uniform power density applied along 
the catalyst chamber length. The full 
curves represent the best computer 
simulation of the experimental points. 
m = 0.46 g/s, P = 150 atmospheres . 
Absorbed power (excluding heat leaks) 
= 1000 W. Catalyst volume= 30 cm3 . 
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derived according to the Temkin-Pyshev 
equation for ICI 47-1 ammonia dissociation 
catalyst . The full line represents the 
best fit through the experimental points. 
Activation energy= 84 Kcal/mole. 
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Schematic diagram of a cavity absorber 
associated with a 65° rim angle para
boloidal concentrator, showing the 
cylindrically wo.und tubular catalyst 
chamber suitable for isothermal ammonia 
dissociation. 

Differential power input to the cavity 
wall (assuming unity absorbtance on the 
catalyst tube wall). 
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FIGURE 9: Temperature profile and reaction extent 
profile appropriate to the differential 
power input shown in Figure 8(b). 
m = 0.46 g/s, P = 150 atmospheres 
Absorbed power= 1000 W 
Catalyst volume= 30 cm3 




