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AESTRACT

New data on the thermal conductivity of FeTi hydride at pressure of

hydrogen were obtained. They were found to be inverse related to

absolute temperature. Comparing with the previous results, their

dependence on hydrogen pressure is considered more reliable and should

be used in modeling study to predict the behavior of the hydride beds.

The experimental results show that before a nractical reaction is

obtained, activation (conditioning) of the FeTi hydride is

necessary. Since even at the pressure of 5C0 psig hydrogen, there is no

indication of reaction between h7/'drogen and FeTi hydride not previously

activated.

According to the mathematical model study, the addition of aluminum

in the form of reticulated open—cell does benefit the reaction in the

hydride bed. The heat transfer improvement is a strong function of the

form of the aluminum. The smaller the cell size, the faster the

hydrogen charging/discharging rate.

The aluminum content and the cell size in the Al—enhanced hydride

bed are determined by at least two factors: (1) the expected rate, and

(2) the amount of hydrogen to be charged/ discharged. For more detailed

design purpose, the model developed in the report can be used to assess

the bed performance.

For the Al-enhanced FeTi hydride bed with very small cells, the

heat transfer resistance may not be the controlling step. In these

case, an accurate knowledre of kinetics is needed for predictions.
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CHAPTER 1

BACKGROU®

A major problem of distributed electrical energy is that the demand

varies throughout the day and week, and there is no universal and cost

effective method of storing large amount of excess energy for later

use. A new and promising load leveling concept now under development is

based on the storage of energy as hydrogen in the form of deccmiposable

metal hydrides. This could also prove to be an attractive way to store

energy for use in remote and mobile locations. Ifydride may comoete with

batteries for energy for transportation (automobiles, etc) when

hydrocarbon fuels are unavailable.

hydrogen is hi^y recommended as a possible fuel substitute for

fossil fuels in the not too distant future when they are no longer

available at economic price. The present methods of storing hydrogen

are suitable and safe for the present industrial uses of hydrogen, but

they are not suitable for moving vehicles or for special applications

where compactness is required. For example, hydrogen stored as a

compressed gas calls for large and heavy vessels; while liquid storage

consumes significant energy in the process of liquefaction and in

refrigeration to canpensate for heat losses. Morever, liquid hydrogen

could present serious safety problem if it were to be considered as a

comnon fuel for use in a motor use. Metal hydrides, in contrast, store

hydrogen compactly and safely at ambient temperature and moderate

pressures.



The \ise of hydrogen ae a fuel for automobiles, trucks and buses has

attracted considerable interest for years. The main incentive is that

hydrogen and oxygen combine to form water with energy liberation, and

this eliminates many of the pollutant problems associated with

hydrocarbon fuels. Since certain hydrides, e.g., iron titanium hydride,

can sustain thousands of storing cycles using the high purity hydrogen,

the substitution of hydride reservoir for gas tanks in future vehicle

has become an interesting topic in the energy community.

The use of hydrides in chemical heat pump is also promising

(1-2). In principle, the heat pump effect can be achieved by

decomposing a metal hydride bed at a given temperature, transferring the

evolved hydrogen to a second bed and reacting it there at a hii^er

temperature, with a metal that forms a more stable hydride (stable at a

higher temperature). The decomposition requires heat, which can be of

low grade; it can be obtained from the surroundings, from a solar

collector or from a waste source. The reaction of hydrogen with the

metal in the second bed gives off higher grade heat (at a higher

temperature). Depending on the selection of h7'3rides, the difference

between low grade and high grade heat can be from 50 to 100 centigrade.

The hydride can be formed by reaction of various metal or

intermetallic compounds with hydrogen. Qydrogen is readily delivered or

recovered by heating the hydride to an elevated temperature and

maintaining the hydrogen pressure below the equilibrium dissociation

pressure. The hydride will dissociate until the equilibrium pressure is

restored.



The factors involved in the selection of hjrdride as the energy

storage media are as follow:

1. Hi^ hydrogen pressure at reasonable temperature (low absolute

stability).

2. Low or moderate exothermic heat of formation.

3. High hydrogen capacity per unit volume.

4. Hi^ l^drogen capacity per unit mass.

5« Low cost.

6. Ease of fabrication.

7. Rapid kinetics of formation and dissociation.

8. Resistance to extensive particulation.

Although numerous decomposable hydrides have been discovered, only

a few are practical for energy storage. Many hydrides are unsuitable

because of their hi^ unit cost(cost per lb. of available hydrogen),

unsuitable stability, or scarcity of components (3-8). Iron titanim

hydride, PeTiHy (y<2), has received the most attention and shown the

most potential for many applications thus far.

1.1 IRON TITANIUM HYDRIDE BEHAVIOR

The reaction between PeTi and Hj is exothermic during hydriding (or

charging), and endothermic during del:vsr<irating (or discharging). The

hydride forms(or decomposes) readily and has a pressure depending upon

the composition and temperature. This behavior is illustrated in Pigure

1  for charging and discharging Hj at 40 *0 under equilibrium

conditions. The abscissa is the hydrogen loading expressed in terms of

atom ratio, H/(Pe+Ti)or H/M, in the hydride (9). The lower curve in

Pigure 1 is the dissociation pressure for dehydrating, and the higher
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curve is the pressure observed during hydriding. The difference between

these curves, a phenomenon called hystersis, has been noticed over a

period of about 68 years, and was first recognized in 1913 by Holt, et

al. (10). They attributed the differential pressure to an adsorbed

condensed surface film of hydrogen formed during hydriding which

disappeared on desorption. There have been several other explanations

for the hystersis proposed since then; the latest one was given by C.

E. lundin, et al. (11). Their proposal was based on a model of

induced lattice strains occurring during hydrogen absorption and the

relief of the strains on desoirption. This strain and its reversal cause

a hystersis in the interstitial hole size during cyclic hydrogen

occupancy.

The steep initial rise in pressure is the region of solid solution

of hydrogen in the metal lattice, designated as the a-phase of the

FeTi^ system. The equlibrium pressure remains constant and forms a

plateau as the hydrogen content is increased further. The composition

at vdiich the plateau begins marks the point at which a new phase appears

and also marks the maximum solubility of l^ydrogen in the fl-phase. At

room temperature, the composition corresponds to FeTiHo,

(H/M=0.05). The new phase called as the /9-phase is the

monohydride. Both the d- and jj-phases coexist until the solid

composition corresponds to FsTiHi.o4 'rfhere the isotherms begin a steep

ascent. At this point the o-phase had disappeared. Beyond this,

formation of the y- or dihydride phase begins. The exact point of

inception is temperature dependent and is somewhat difficult to

determine since the breaks in the isotherms occurs gradually. As shown



in Figure 2 (9), the 55 *C isotherm shows only a vestigial plateau

structure, and this temperat\ire appears quite similar to a critical

temperature. Ahove this two discrete solid hydride phases do not

coexist, and the monohydride is transformed continuously into the

dehydride phase.

As indicated in Figures 2 and 3 (12), the effect of increasing

temperature is to increase the eq\iili'brium pressure. Thus for a fixed

charging pressure, the driving force for the reaction is increased hy

operating at a lower temperature.

The dip occurring at the beginning of the y-phase in the lower

temperature desorption isotherms at H/M=0.5 does not occur in the

absorption isotherm. And as shown in Figure 2, the dip is less

pronounced at higher temperatures and finally disappears altogether in

the 70'C isotherm. Wicke and Otto (13) have suggested that the dip

jAienomenon is due to the supersaturation of hydrogen vacancies in the

hydride phase and the fact that the dip is encountered only in

desorption isotherms lends support to this explanation.

The reaction taking place in the lower plateau region, H/M from

0.05 to 0.52, may be written as

2.13FeTiHo.i + 2.13FeTiHi. „4 (D

vdiich is followed by

2.20FeTiH, 04 + E2^^==^ 2.20FeTiHi.95 (2)

The kinetic and thermodynamic properties relevant to this study are

described in the following sections.
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1.2 KINETICS

The ultimate success of this study depends on knowledge of the

hydride formation and decomposition. Earlier work has shown that the

rate of decomposition is adequate for many practical purposes; that is,

local compositions and pressures will be approximately in

equilibrium. The rate will often be limited only by the rate at which

the heat of reaction can be sunolied.

On the other hand, the rate of hydriding is generally quite slow

and limited by heat transfer as well as other factors. These factors

include specific surface area of the solid, impurities in the gas,

presence of catalyst, etc.

(a). Hydriding

The most reliable kinetic data available are believed to be those

shown in Figure 4 (9). The experiments from v^ich the data were taken

attempted to hold the system at constant temperature. To keep the

system isothermal, large amount of 1/8-in. diameter steel balls was

mixed with small FeTi alloy particles, v^ere the steel balls served to

increase the thermal inertia of the system. The heat generated during

the reaction could then be conducted into the large mass of steel balls

and thus cause less (perhaps negligible) rise of the system temperature.

No conclusions about reaction kinetics have been reached fran these

data although attempts have been made to analyze them. In the

temperature and pressure range examined, the rate of hydriding seems to

be more sensitive to temperatiire than to pressure.
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Another set of kinetic results obtained by P. D. (Joodell, et al.

(14) is thought to be inadequate (15) probably because they used the

dynamic pressure instead of static one. This could not help much the

modeling study.

(B). D^ydriding

The dehydriding data shown in Figure 5 (9) were taken from

experiments in which the particles were sufficiently small, that

internal particle mass transfer resistance was negligible. The iron

titanium hydride was decomposed isothermally under vacuum. As in the

hydriding case, large masses of steel balls were used.

It was found that the kinetics of the isothermal decomposition

reaction appeared to be first order; this is demonstrated by the long

linear sections of the curves in Figure 5, >diich graphs the

decomposition data for three temperatures. The divergences from

linearity at short times may be due to a difference in behavior between

the higher and lower i^drides of FeTi. The linear parts correspond to

compositions below FeTiH, g.

For the hydride FeTiH, where y < 1.6, the decomposition rate in

Ibs/hr-ft® was found (16) to be

Rate = [(P - P,)/P]exp(l8.9 - 6700/T), (3)

where

P = equilibrium decomposition hydrogen pressure at T and given

composition of hydrogen in the hydride;

Ps = system pressure;

T in 'R.
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D. L. Lindner (17) postulated that at any time each hydrogen atom

in the hydride has a probability of being lost to the vacuum eaual to

that of any other hydrogen atom. The decanposition is completed by a

series of reactions

H (interstitial) ^ g (surface), (4)

2H (surface) ^ (adsorbed),

Hj (adsorbed) >H2 (gas).

The diffusion process in the first step is fast enough to average

out the topocheoical features which normally dominate the kinetics of

deccmpostion reaction of the type

A (solid) >B (solid) + C (gas). (6)

In practice, the two reactions expressed by Eauation (5) would be

difficult to separate, and the diffusion of hydrogen out of the hydride

is believed to be the rate determining step.

For a sufficiently long time, an apparent first-order kinetics

results

1 - « = (8/7r^exp(-^ht/S*), (7)

where «. is the fractional extent of reaction. It is equal to zero

for no reaction and one for complete reaction. Dh is the diffusion

constant, and S is the characteristic dimensions of hydride

fragnents. These are on the order of 2-10A(m (18).
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1.3 THERMCDYNAMICS

(A). Mathematical Expressions For Equilibrium Isotherms

In order to use the thermodynamic relations among temperature,

pressure and ccmposition in computer modeling of hydride beds for

hydrogen storage, the equilibrium isotherms for hydriding as well as

dehydriding have been segmented into several portions, and each portion

is fit with an appropriate mathematical expressions.

(1). IJydriding (absorption) isotherms

The hydriding isotherm at 30'C (545.4*R) (Figure 3, page 8) is

expressed by the following equations by fitting with the least-equare

program (19). Let P represents for the equilibrium absorption pressure

in psia, and C = H/M. Then, for the region C < 0.0178,

P = 1268.2565C. (8)

For 0.0178 4 C 4- 0.13351,

P » -6388.30902 + 2192.3650 - 14.42506. (9)

For the plateau region 0.13351 < 0 s< 0.63894,

P = 44.754090 + 158.4295. (10)

For 0.63894 < C 4 0.86163,

P = 3156.90502 - 3652.1960 + 1231.771. (11)

For 0 > 0.86163,

P = 6111.7930 - 4837.469. (12)

(2). D^ydriding (dissociation) isotherms

Similarly the dissociation isotherm at 40*0 (563.4'R) shown in

Figure 6 (19) is also fit with the least-square program, resulting in

the following equations. For the region 0 < 0.08385904,
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P = g[0.U5 - Jo.16101242^ - (C + 0.(77)^]. (13)

ibr 0.063859034 4 0 < 0.148282324,

P = g[O.Crn + J0.0692283695' - (C - 0.15)' ]. (14)

For 0.148282324 4 C < 0.51231435,

P = g[0.025C + 0.1425]. (15)

For 0.51231435 4 0 < 0.72921968,

P = g[0.23028443 -J 0.075' - (C - 0.51043994)']. (16)

For 0.72921968 ̂  C < 0.905,

P = g[0.6 - v|0.25552989' - (C - 0.65)']. (17)

g = 735.

The equilibrium pressure at other temperatures can be estimated by

the van't Hoff equation (3)

Pj = P,exp[Ao(l/Tj - l/T,)] (18)

with T, = 30'C for hydriding, T^ = 40*C for dehydriding and P, the

equilibrium pressure corresponding to , >diere Aq dianges sli^tly with

the composition. An example of the extrapolation to other temperatures

is shown in Figure 6. If T in 'K, its values are tabulated in Table 1.

Table 1. van't Hoff constant, Ao, for various compositions.

Composition An, -K

FeTiHo, -FiTiHv.04 -3333
FeTiHiJjo -3728
FeTiH, 40 ^20
FeTiHi.eo -4057
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(B). Heat Of Reaction

The heat of reaction,AH, determined by Reilly and Wiswall (3) were

in agreement with those obtained by Pick and Wenzl (20). In Pick and

Wenzl's method, the heat of reaction was determined by measuring the

temperature change of the sample as small increments of hydrogen were

added or withdrawn from the sample.

It has been found that the heat of reaction changes with the atom

ratio in the hydride. Again, let C = H/M, then for 0.05 n< C 0.52,

AH = 6058.90 Btu/lb Hj.

For 0.52 < C ̂  0.6,

AH = 6669.95 Btu/lb Hj.

For 0.6 < C 4 0.7,

AH = 7164.82 Btu/lb H^.

For C > 0.7,

AH = 7250.88 Btu/lb Hj.

The heats of reaction given here are absolute values. Their

signs depend upon the reaction involved. Hydriding is exothermic; thus

the heat of reaction is negative according to the convention. The heat

of reaction is positive for dehydriding.

(C). Heat Capacity

(1). Iron titanium hydride

The heat capacity of FeTiHy, where y < 1.46, was reported to be

approximately constant (16);

Cph =0.14 Btu/lb FeTiHy.
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^2;. hydrogen

Hiydrogen is assumed to behave as an ideal gas, and its heat

capacity is a function of temperature only (21).

= 6.52 + 7.2x10-<T + 1.2x10*T-2, (ig)

where T is in 'K and is in Btu/lb nole-*R or cal/gjnole-*K.

In fact, the heat capacity of hydrogen remains approximately

constant over a rather wide range of temperature, i.e., 77-140*P. For

two siaiificant digits

CpHj =5.4 Btu/lb-'R.

(3). hydride packing

The heat capacity of the hydride packing and hydrogen gaa can be

calculated (22) by the following equation.

^^"^bulk ~ (20)
where

Pt, = hydride density

= 405.5 - 67.5C, lb/ft', (21)

C = H/M

= 7/2;

e = void fraction of the packing;

Mh^= molecular weight of hydrogen, 2.016 lb/lb mole;

R = gas constant, 10.73 peia-ft /lb mole-'R;

Cp is in Btu/lb-T?, P in psia and T in 'R.
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(D). Thermal Conductivity

The change of the thermal conductivity of the PeTi hydride packing

with pressure have heen determined twice, as indicated h7 Line (A) (9)

and Line (B) (16) in Figure 7. The discrepanqy between the two curves

causes difficulty for investigators when accurate thermal conductivity

data are needed.

Since thermal conductivity is prabahly the most critical property
in Uie modeling study of the hydride bed, it is desirable to obtain more

reliable results. We have measured the new values-, the experimental

procedure and results will be described in the later chapters.
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CHAPTER 2

HTDRIDE BED DESIGNS

A hydride reservoir consists primarily of a pressure vessel filled

with granular hydride and provided with a harrier to hold the particles

in place, ̂  connection(s), and a means for handling the thermal load

encountered during hydriding and dehydriding. Various designs of

hydride reservoir have heen tested or modeled mathematically. Special

care must he provided for transporting heat to and from the

hydride. The heat of reaction necessary to liberate hydrogen could he

supplied hy circulating hot hydrogen throu^ a charged hydride hed (16).

The hot hydrogen would he heated externally. With hot hydrogen entering

one end of the hed, the reaction would travel from the hot end to the

cool end. Whether this reaction zone is hroad and covers the entire hed

or is a narrow hand moving from one end to another depends on the

relative rates of heat and mass transfer and chemical kinetics within

the hed.

The hydride hed itself could he a series of slabs cooled/heated h7

finned heat transfer surface between the slabs of hydride (23), as shown

in Figure 8. During the discharging cycle, a possible heat source is

the e^diaust heat from a fuel cell or a combustion engine. During the

recharging cycle, a coolant would pass through the exchanger to ranove

the heat of reaction, hydrogen gets in/out from the top of the hed. In

this design, the reaction zones started from both sides of each slab of

hydride hed, and then moved toward the center of the slab.
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HYDRIDE

%

PIMED PIATES

EmUST GASES

Figure 8. Plate-to-plate heat exchanger for storing hydride.
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Another design would use heat exchanger tubes immersed in the bed

of hydride (24), as indicated in Figure 9. This is the sectional view

of the hydride bed. The porous metal tubes (PMT) throu^ vrfiich the

gas is distributed to the bed are located near the center of pach group

of four water cooling/heating tubes.

The heat exchanger could also be in the form of water Jacket, as

desigied by Brockhaven National Laboratory (ML) (25). The hydride bed

they designed was a cylindrical vessel with water Jacket and a PMT on

its longitudinal axis for hydrogen inlet/outlet. P. W. Fisher and

J. S. Watson have made modeling studies to simulate the BNL

experimental results (12) (26-27). Their results indicated that thermal

conductivity was the only property which had a significant- impact on the

results, a better data on thermal conductivity, therefore, were needed

for more accurate predictions.

Generally hydride beds can be classified as convection and

conduction types respectively, and each type, especially the conduction

type, rely cn the thermal conductivity in the hydride itself to supply
and remcve the heat of reaction. Since the reaction rate, as indicated

previously, is always limited by the rate at vdiich the heat of reaction

can be supplied or ranoved, methods for increasing the heat transfer

become some of the most interesting topics in the application of

hydrides as energy storage media.

The hydride reservoir we will study is basically similar to that

constructed at BNL (25), as shown in Figure 10, except different packing

material is used. Between the vessel wall and PMT is the Al-FeTi

hydride mesh which is produced by pouring the hydride powder into a
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POROUS METAL TUBE

WATER TUBES

Figure 9« ^7'irlde bed with iamersed heat exchanger.
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Plgure 10. ^Tdride reservoir used in modeling studies.
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porous Al-foam, as illustrated schematically in Figure 11. The channels

for hydrogen flow merge to connect to the PMT.

because of its hi^ thermal conductivity, aluminum is used here to

enhance the heat transfer. Al-foam, like sponge, is a reticulated

open-cell structure (brand named Duocel, produced by Thergy Research and

Generation Inc., Oakland, California). This structure provides in-situ

heat transfer between the poorly conducting hydride powder and the heat

transfer fluid. The mean cell size and volume fraction of aluminum can

be varied over a wide range of values during the manufacturing.

This research has been focused on two objectives;

1. Obtaining more reliable experimental data on the most critical

parameter needed to evaluate these systems, "Uie thermal

conductivity of PeTi hydride powder and the PeTi hydride in

A1 substrates.

2. Development of a mathematical model for the new system,

including the effect of the aluminum content, the effect of

the size of the aluminum cell, and comparison of the

calculation with models and data from studies without heat

enhancement "by aluminm.
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Figure 11. Schematic of the matrix formed by
aluminm and PeTi hydride.
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CHAPTER 3

EXPERL'ffiTWS

The mathematical model developed in this study will require several

Tdiysical parameters. Earlier values had "been measured at ENL. Their

program is continuing, but it has been reduced in scale recently. This

study has cooperated with the ENL effort and in some ways supnlemented

their work. Since the effective thermal conductivities are perhaps the

most critical physical property of hydride beds, we concentrated our

exnerimental effort on measurements of this pamameter. Thermal

conductivity measurements were made of FeTi hydride powder and FeTi

hydride powder in an aluminum substrate. The experiments were performed

at the Oak Ridge National Laboratory (OPUL).

3.1 FUNDAMENTAL CONSIDERATIONS

Measurement of the thermal conductivity of a particulate medium is

not straigh'fcfor'ward. Any porous material with an internal tanperature

gradient transfers heat by conduction in the particles and their contact

surface, by conduction and convection in the gas, and even by radiation

in the void space. If conduction, convection, and radiation effects are

grouped into a simple entity, Fourier's law can be used to calculate

heat fluxes, as long as it is recognized that the effective conductivity

so defined is only a canposite property rather than a basic property of

the solid material.

The method we have used for measuring the effective thermal

conductivity of porous material is based on transient heat conduction

requiring the meaureraent of only time intervals and changes in
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teinperature at one or more selected points in the sample(28-30). The

experiment employs a cylinder initially in thermal equilibrium at

temperature T^ and well insulated at both ends. The cylinder is then

suddenly moved to a different environment so the new surface temiDerature

is To. The differential equation for this unsteady-state heat

conduction is

3t r gr gr (22)

Subject to the conditions

(a). T = Ti 0 < r < a, t = 0 (23)

(b). T = Tq r = a, t = t (24)

The solution of Equation (22) is given by (30)

T - Ti . o g exT)(-Aa/gt)
To - T,- Z„Ji(Z„) (25)

Where

t = time;

T = temperature on the center line of the cylinder at t = t;

Zn = a(/v„ roots of Bessel function of ̂ ero order, i.e.,

Jo(Zn) = 0;

a = radius of cylinder;

A = thermal diffusivity of the porous material in the cylinder;

Ji(Zn) = Bessel function of. order one.

The derivation of Equation (25) is based on the assumptions that as

far as the effective thermal diffusivity is concerned, the material is

homogenous (X is independent of position), isotropic (A is indenendent

of direction), and independent of temperature over the range involved in

the experiment (T, to Tg).



30
The tested powder was randomly packed, and the effects of position

and direction could be neglected. The thermal diffiisivity of most

materials, however, is a definite function of temperature. In

principle, it is possible to approximate the assumption of constant

thermal diffusivity by limiting the individual meaurement to small

temperature ranges.

To solve for the thermal diffusivity, there are three common

approaches:

(A). The first approach would be the simplest. Let c(fl) = (T - Ti)/(To

- T,), and 9= At/a^. The values of c{0) for given values of have

been tabulated (31). That table gives as 0.201 for c(fl) = 0.500. If

the time at which c(0) = 0.500 is designated as , the thermal

diffusivity. At can be calculated by

A= fla'/tvj

= 0.201 a^/tvs • (26)

This approach have been used at BNL. It is very convenient and

qiiick. But the determination of A is based upon one data point (i.e.,

)f 3J^d it is likely to be less accurate than other apuroaches.

(B). The second approach (32) involves rearranging Equation (25)

1 _ 1-=JL.^2 f g?3(-AU^)
To - -Tm ZnJiUn)

to give
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For large t, all terms except the first one on the rl^t-side of

Equation (27) can be neglected. Then, if one takes the logarithm of

both sides of Equation (27),

^ S - V ^ZiJ/Zi) (28)
Or

lnVi(Zi)

(29)

Where

r = ln[Z,J,(Z,)/2]

« constant

= -0.48065. (30)

The plot of ln[(TQ - T^)/(To - T)] versus t should be a straight

line with slope, b, as indicated in Figure 12.

(31)

Therefore,

A = K/PCp

'  (32)

fere K is the effective thermal conductivity of the material

tested; P is the bulk density of the material tested; and Cp is the

average specific heat of the material tested.

This approach can combine the results of several data points.

However, those data must be the points for longer time.

(C). An ever accurate approach would involve substituting directly a
series of values of T and the corresponding t in (25), A would then be

found by an appropriate optimal searching technique. The A obtained by
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ORNL-DWG 81-367

In
VTi

Tq-T

Figure 12. The relation between ln[(To - T, )/(To - T)]
and time for longer times.
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this "curve fitting" method should be more reliable and representative,

but it is determined in a more complicated and time consuming way. This

approach was adopted in this investigation.

The first few values of Z„ and J, (Z„) in Equation (25) can be found

from "Mathematical Handbook For Scientists And Engineers," by Korn and

Kom, second edition, 1968, P.1038 - 1042. Since Z„ = aJ//„, each (//„ is

thus obtained for a given cylinder radius, a. Values for Z„, Ji(Z„)

and «//„ corresponding to a = 0.6875 inch as used in this study are

tabulated in Table 2. The experimental apparatus and procedure will be

described in detailed later.

Table 2. Numerical values of Z„, Ji (Z„) and (//„

n Zn,dimensionless (Z„), dimensionless (//„, in

1  2.4048 0.5143 3.4979
2  5.5201 -0.3403 8.0292
3  8.6537 0.2715 12.5872
4- 11.7915 -0.2325 17.1513
5  14.9309 0.2066 21.7177
6  18.0711 0.0195 26.2852
7  24.2116 -0.0146 35.2169

With the values of Z„, J, (Z„) and <//„, Equation (25) becomes

-2-=^^ = 1 - 1.6l709exp(-12.2352At) + 1.06468exp(-64.4686At)

- 0.85125exp(-158.437At) + 0.72952exp(-294.166At)

+ 0.64836exp(-471.657At) + * • • (33)

Here t is in minute, and A is in inch^/minute
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Due to the increasing negative order of the exponential teras,

these tenns on the right-size of Equation (33) decrease abruptly in

absolute value. The error caused by neglecting all the teras after the

fifth one is justifiably small.

Once A is known, the thermal conductivity is then calculated with

the following equations

K = A(CpP)

- A[Cp,,Ph(1 -e) + Cp^FMggge/RT] (34)
V^ith Al-enhancement, the equation becomes

= ̂ iCpP^ [1 - (c + V.)] + V.Cp.p.

•+ Cp^PMgase/R T] (55)

Where

P = pressure of gas

Mgas = molecular weight of ̂

Opgas - specific heat of ggg

Cp and p are the average specific heat and bulk density of the bed

respectively. They are composite values made up of the contributions

from the hydride and the gas for nonenhancement cases and from the

hydride, gas and aluminum for enhancement cases.

3.2 EXPERIMENTAL APPARATDS AND PROCEDURE

(A). Apparatus

The test vessel was a cylindrical steel tube (1.375" I.D x 0.0675"

wall X 16" long) (3-493 cm x 0.1715 cm x 40.64 cm), rated at 5800 psig,

and flanged at both ends (with Rotatable Del-Seal Ranges produced by

MDC Manufacture Inc. Model No. P275150R). Both ends of the tube were
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filled with three inches of asbestos (Marinite Board) which served as an

insulating material. Three shielded Chromel Alumel thermocouples with

diameter of 0.021" (0.5334 mn) were passed throu^ a gman axial hole of

the bottom Insulation. These were positioned at the center line with

longitudinal displacement of 3-5 inches (8.89 cm) between hot

junctions. The middle one was at the point midway between the ends of

the cylinder; the another two extremes were provided only to insure

that end effects were minimal and heat flow was radial.

Two temperature controlled baths were used to provide the constant

temperature environment at the outside wall of the test cylinder. The

licjuid medium in both baths, water, was pumped to circulate to maintance

a  uniform temperature. The two baths were set at different

temperatures. No matter vdiich direction heat flowed, either heating the

bed from a low temperature to a new hi^er temperature or cooling the

bed down, either of the baths could be used to provide a uniform initial

temperature of the tested material. The heat capacity of the water was

sufficient that the change of the water tenperature caused by the sudden

inmersion of the test cylinder from another bath was never greater than

0.5'C.

Assembly of the test cylinder was started hy pafV-t ng one end with

six cylindrical pieces of asbestos (1.375" diameter x 0.5" thick) (3.493

cm X 1.27 cm). This end was flanged ti^tly after the thermocouples

were inserted through the small axile hole. Then, the tested material

was filled in from the other end. Upon con^jletion of the filling step,

the unflanged end was packed with another six pieces of asbestos of the

same size, and the second flange was sealed. The cylinder was then
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placed on a shaker (Portable Sieve Shaker, Model RX - 24, U. S. Tyler

Industrial Products) which vibrated the cylinder up and down a distance

of 0.5" (1.27 cm) at the rate of 4 times per second for JO minutes.

Then the cylinder was unfLanged, and the material level in the cylinder

was examined. If the level dropped, the cylinder was refilled with

additional materials, and the shaking was repeated. This procedure was

continued until there was no further variation in the bed's void

fraction, i.e., the material level was unchanged. The test cylinder was

connected to a gas cylinder through a pressure control valve and gaure

(0 - 500 psig, Robinair Mfg. Corp. or vacuum gauge, 0 - 30"Hg,

Dura^ge Ashcroft), and the pressure of the test cylinder was adjusted.

The gas (i.g., air) previously occupied the void space of the test

cylinder was evacuated to 29" Hg vacuum before connecting to the gas

cylinder.

The schematic diagrams of the equipment are shown in Figures 13 and

14.

(B). Procediire

The pressure of the cylinder was set at the desired value. The

test cylinder was then immersed into one of the baths, and allowed to

equlibrate until the three thermocouples in the apparatus approached the

bath temperature, T^ , to within 0.2*0. The test cylinder was then

removed and imnediately immersed in the another bath with temperature

Tg, and the change of temperature with time was recorded. The rate at

which the data were taken depended upon the material tested. For the

materials with higher thermal diffusivities a minimum of fifteen data

points was provided for each run. For the materials with lower thermal
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Wgure 13. Experimental test cylinder.
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diffusivities, ttie data points could be more than thirty. Generally

eadi sample was tested in a temperature range to Tq with both heating

and cooling runs repeated, the results were reproducible.

3.3 nESCRIPECON OP THE MATERIAL

Two configurations were used ; (1) packed bed of deactivated PeTi

hydride; and (2) the same bed with 9«2 ̂  volume of aluminum in the form

of reticulated foam. The configurations were tested under pressures

ranging frcm -29" Hg to 500 psig with gases of hydroaen, helium,

nitrogen and argon.

The size distribution of deactivated PeTi hydride particles was

measured, and the results are presented in the Table 3. Most of the

material, 95.6 wt.^, was between 12 and 50 mesh.

Table 3. Size distribution of deactivated PeTi hydride (T-82878).

Mesh Wei^t Wei^t Percent
U. S. standard gos wt.^

-8 + 12 5.05 1.30
-12 + 16 81.70 20.96
-16 + 20 74.50 19.12
-20 + 35 124.50 31.95
-35 + 50 91.91 23.58
-50 + 70 8.40 2.16
- 70 3.65 0.94

389.7 100.01

3.4 DATA PRDCESSIN'G AND PRECISION OP RESULTS

The experimental procedure involved two important assumptions :

(1) the tanperature of the water remained constant, and (2) the surface

temperature of the test cylinder changed essentially instantaneously

with emersion. Such conditions are, of course, impossible to attain
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al5solutel7 "because there was a sli^t change in the hath temperature

vdien the test cylinder was suddenly moved to the hath. Althou^ the

change was usually less than 0.5 *C, it could he a source of error in

those calculations hased on the small temperature difference the

smallest of which was chosen 10*0. This effect was reduced or

eliminated "by (a) omitting those reading vAiose temperature ratio (T —

) was less than 0.1 and (h) taking as many data points as

possible at longer time for fitting to Equation (33). The thermal

diffusivily, X, was then found hy the Nelder and Mead searching

technique. The upper limit of 0.95 for the temperature ratio was

iisually reached "before data collection was stopped.

The second assumption was approximated "by the facts that the major

thermal resistance between the outside surface and the center line of

the cylinder comes from the poor thermal conductivity of the testing

sample, and that the circulation rate of water was hi^.

Since the thermal diffusivity was assumed to he constant in the

temperature range within vdiich an individual set of measurements was

made, an equal number of heating and cooling runs were collected for

value averaging. The reported temperature is the mean value of the

initial tanperature of the sample and the temperature of the water

"bath. The mean temperature for the heating run sometimes differed very

sli^tly from that for the cooling one, hut these sman differences are

negli^hle.

The calculation search was terminated for \ = 0.00001, ;Aere I will

he defined in Eqmtion (44) (next chapter) as the searching criteria in

Uelder and Mead techniqioe. The calculation precision of measuranent may
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vary for sample of greatly varying magnitudes of diffusivity due to

variations in the error involved in the measurement of time. Por

example, the time interval are much smaller for the samples under

hydrogen than those for sample xmder argon; therefore, the relative

accuracy of the time measurement is less for the samples under

hydrogen. In general, the longer the time interval, the more data

points Mihidh. could he used for curve fitting and thus the more precise

the mesurement result obtained.



CHAPTER 4

DISCUSSION OP EXPERIMENTAL RESULTS

In the following paragraphs, several respects of the current

experimaital data on thermal conductivity will be presented, (1)

temperature dependence, (2) pressure dependence, (3) evidence for no

reaction during the experiments, (4) comparisons with the BNL results,

(5) implications of the new values in the modeling study and (6)

mathematical expressions describing the results..

4.1 DEPMDENCE OP THE THERMAL CONDUCTIVITT ON TIMPIEATURE

The change of the thermal conductivity of PeTi hydride, Kh, with

temperature have been determined at several pressures, 1 atm, 75 psig,

200 psig, 550 psig and 500 psig of hydrogen. The results are shown in

Table 4. It is obviously that in the temperature range of 30 - 50 *0,

the variation of Kh with temperature is negligibly small.

Por a fixed pressure, Kj, is found to be inverse related to the

temperature and has the form Kh = A/T + B, as indicated in the Pigure

15. If Kh is in Btu/hr-ft—*P and T is in *R, the parameters A and B

found for those pressures have been summarized in Table 5. Note that

because of the slopes of the lines in Pigure 15, expressed by the

negative values of A in Table 5, Kh actually increases with the increase

of temperature.

As mentioned previously, Kh is actually a composite value which

takes into account the effects of conduction, convection and even

radiation in the porous PeTi hydride bed. It would be difficult to tie

the results to any one theory. It is thou^t best to let them stand

expressed empirically as other investigators have done (33).
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Table 5. Parameters A and B in = A/T + B for the thermal
conductivity of deactivated FeTi hydride powder
filled with hydrogen.

Pressure A B

1 atm

75 psig
200 psig
350 psig
500 psig

-999.90426
-599.93709
-559.97715
-535.96565
-459.99784

2.9066941
2.2654154
2.2230294
2.2069665
2.0938527

Like hydrogen, helium has a comparatively high value of thermal

conductivity among some common gases. As with hydrogen, the thermal

conductivity of FeTi hydride with various pressures of helium, Ku , has

also been found to be inverse related to the tenperature. This is

shown in Figure 16. Since helium is inert to the hydride, the

similarity between Figure 15 and Figure 16 suggests that no reaction

takes place during measurement of even at the hi^est pressure. The

FeTi hydride particles had not been previously activated, so this is not

surprising. This is vrtiy we made the measuranents with helium and

determined, the dependence of with temperature. Since significant

reaction between FeTi hydride and hydrogen had occured, the reaction

heat should complicate the temperature measurement during experiment.

4.2 DEFS'IDENCS OP THE THERTiAL CONDUCTIVITY ON PRESSURE

The thermal conductivities. Kg, of the FeTi hydride at different

pressures of several gases (H2, H«, N2, A,) have been measured by

setting T, and To either 30 or 50*0, depending upon heating or cooling

run was performed. Over the small temperature range of 30-50*0, Kg was
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assumed independent of temperature. The thermal conductivities of K,

for g = II2 and A, are shown in Figure 17. They increase with pressure

first rapidly at the region near absolute vacuum, and then change more

gradually. As seen in Figure 17, is always greater than ; their

difference must come from the gases thenselves rather than the porous

hydride particles.

To eliminate the gas effect, extrapolating back to zero pressure

results in a common point of approximately Kq =0.1145 Bt\i/hr-ft-*F.

can be considered as the conductivity of the porous solid; v^ile the

difference Kjj = K, - is the contribution of gas to the overall heat

transport occuring in the hydride packing. Although K90 is not simply

the conductivity of the pure gas, it should be a function of gag

pressure, thermal properties of the gas, the pore-size distribution,

etc. In the range of very low pressure, the mean-free path of the gas

is large enough for free-molecule conduction. But when the pressure of

the gas in the void space is increased, the mean-free path becomes

substantially less than the pore size, and the gas diffusion changes

basically from Knudsen to bulk mode. The effect of pore size on heat

diffusion may no longer appear. This could explain why there is a

sharp rise in the range of very low pressure, and why Kg changes

remarKably little when the pressure is increased still further. This is

shown in Figure 18 where data at still higher pressures are presented;

additional curves are shown for ̂ es Hj and H« as well as Nj and Ar.

The result of small variation of Kg with pressure for high or even

moderate pressures is consistent \d.th the statement of Lenoir, Junk and

Comings (34), the effect of pressure on the conductivities of Hj, H«, Ng

and Ar is small because the conditions are far from the critical point.
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Figure 18 also shows that Kg for Hg and are much greater than

those for Nj and A,, and this leads one believe that the greatest

contribution to the thermal transixDrt in the presence of Hg and is

made by the gas in the PeTi hydride. The FeTi hydride particles, on the

other hand, contribute less to the heat transfer, principally due to the

high thermal resistance at the points through >diich the particles

contact each other. On the other hand. Kg for Ng and A, are only

slightly more than twice the value of Kg. In these cases, the solid

conductivity probably is still an important component of the overall

conductivity.

One more interesting observation from Figure 18 is the existence of

very similar trends in all curves, especially at the region of higher

presure. Since H», N, and A, do not react with FeTi hydride, their

curves correspond to no reaction cases. Therefore, the observation also

lends support the assumption that no conversion took place in the

measurement of Kh. As mentioned before, the occurrence of reaction

during the experiments could not only comnlicate the measurement of K...
n'

b-ut the results could even be meaningless.

The dependence of the thermal conductivity, K|,, on pressure is

shown in the Figure 19. For purpose of the modeling studies, these

empirical data are approximated by several mathematical equations which

apply to different regions of pressure. If K^ is in Btu/hr-ft-*F and P

in psia, then for P ̂  1.25,

Kh = 0.48040608P + 0.11472394. (36)

For 1.25 < P < 3.0,
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Kh = -7.2502671 x10"^P^ + 0.41915179P + 0.3028238. {JJ)

Por 3.0 < P s< 11.87,

Kh = 1.8966791 x10-2p + 0.86335858. (38)

For 11.87 < P < 59.7,

Kh = -8.3475306x10"'P + 7.2483123x10~'P + 1.033451. (39)

For P 59.7,

Kh = 1.8380527x10"* P + 1.178764. (40)

These eqiiations have been obtained using a least-square program.

Generally

(Kh) =(1+n)(Kh) . (41)
predicted observed

the value of Q was less than 0.01 for all equations except

Equation (37) for that case n was less than 0.05. Por the predicted

Kh, the first three figures after the decimal point are the significant

figures.

4.3 COMPARISON WITH PREVIOUS WORK

Figure 20 shows the comparison of the current result with previous

work from BNL. Curve (A) (16) and Curve (C) (9) are the.BNL results

obtained by line—source technique (35—36), and their results were

adopted by W. S. Yu et al. (16) and P. W. Fisher and J. S. Watson

(26) respectively in their modeling studies. The difference between

Curve (A) and (C) coiild be caused by many factors involved in the

experimental measxirements, (a) error in the heat supply rate, (b) poor

insulation of the heater wire, (c) error in long time data (37), and (d)

wall effects (38).



1.
5

(
B
)

(
C
)

i
 1
.
0

o u §

e
.
5

(
a
)
:
 B
N
L
 r
es
ul
t

(
B
)
:
 c
u
r
r
e
n
t
 r
es
ul
t

(
C
)
:
 B
N
L
 r
e
s
u
l
t

I
 '
 * '
 '
 I '
 '
 '
 '
 I '
 '
 '
 '
 I '
 '
 '
 '
 I '
 '
 '
 '
 I '
 '
 '
 '

1
0
0
 

2
0
0
 

3
5
e
0

6
0
0

0
0
 

^
0
0

Ha
 
P
R
E
S
S
U
R
E
,
 p
s
i
a

Fi
gu
re
 2
0.
 
Co
mp
ar
is
on
 o
f 
th
e 
re

su
lt

s 
of
 t
he

 t
he

rm
al

 c
on

du
ct

iv
it

y 
of

 t
he

de
ac
iv
at
ed
 P
eT

i 
hy
dr
id
e 
a
s
 a
 f
un
ct
io
n 
o
f
 h
yd

ro
ge

n 
pr
es
su
re
.



54

The line-sovirce technique employed at BNL uses an experimental

method of long ideally thin line heat source imbedded in the tested

medi\jm of infinite extent, and the thermal conductivity is calculated by

the equation

' 47nT2°- T, )^tf (42)
Here q^ is the constant heat supply in the time interval, t - t ,

calculated by the power supplied to the wire. Minor error in the

recordings of the electrical current and voltage could cause appreciably

different result. Morever, the hi^^ electrical conductivity of the

deactivated PeTi hydride makes the well insulation assumption especially

difficult to achieve.

On the contrary, the method used in our study permits direct

measurement of thermal diffusivity without the difficulties involved in

measurement of the quantity of heat transferred. By ultilizing

transient heat conditions it is necessary to measure only the change in

temperature with time. These measurements can be made with greater

precision. In addition, multiple data points are picked up for curve

fitting, instead of only the two points used in the line-source

technique.

As mentioned early in Chapter 2, better data were needed in Fisher

and WatTOn's simulation model for the hydride bed even without

Al-enhancemait. As shown in Figure 21, for instance, the temperature

peak by their code, indicated by the dashed lines, appear at a delayed

time. If the current result of pressure dependence of K are xxsed in

the model, an improvement in the prediction results.
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4.4 THERMAL CONDUCTIVITY OP THE DEACTIVATED FeTi HYDRIDE PILLED D- '

Al-POAM UNDER HYDROGEN

The change of the thennal conductivity of the deactivated PeTi

hydride filled in Al-foam with V, of 9.2 5^ and a of 1/20", , have

been measured with different hydrogen pressures. V, is the volume

fraction of aluminum, and r^, is the radius of the spherical

cell. Again, Kah was assumed to be independent of temperature in the

ran.ge of 30 - 50*0. The results are shown in Figure 22. The thermal

conductivities are 1.38 to 1.45 times those of the packing without

Al-enhancement (under the basis of the same pressure) over most of the

pressure range covered by the measurement, except 1.6 times in the

vacuum. Since the void fractions involved in the two kinds of packing

differ very little from each other (e = 0.40396 with enhancement, e =

0.4191 nonhancsnent), the increase in the thermal conductivity must come

from the addition of 9.2 % volume aluminum. According to the

measurements, the statement made in BNL report (22) that "the addition

of 5.6 Al-foam enhances the effective thermal conductivity of a

hydride bed at 200 psia by a factor of 2.6" is questionable.

On the other hand, the simple increase in thermal conductivity with

the addition of aluminum may mean little. In fact, has never been

used in the modeling calcultion in which K. is used for aluminum part

and Kh for the part of PeTi hydride plus hydrogen. We will show later

by modeling results that the addition of aluminum in the form of

reticulated open-cell structure does enhance the hydrogen

loading/unloading rate considerably if the cells are made small enough

(i.g., r,„ = 1/20"). In other words, the heat transfer improvement is



i o E
^

.
0

g
 
0
.
5
-

1
 I 

1 
I 

I 
• 

i 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

1 
I 

I 
I 

1 
I 

I 
1 

I 
I 

I
1
0
0
 

2
0
0
 

3
0
0
 

^4
00
 

5
0
0
 

6
0
0

H
a
 
P
R
E
S
S
U
R
E
,
 p
a
l
a

Fi
gu

re
 2
2.

 
Th

er
ma

l 
co

nd
uc

ti
vi

ty
 o
f 
th

e 
de
ac
ti
va
te
d 

Ft
eT
i 
hy

dr
id

e
in
 A
l-
fo
am
 (
rp
, 
=
 1
/2

0"
, 

Va
 =
 9
»
2
 

a
s
 a
 f
un
ct
io
n 
o
f

h
y
d
r
o
g
e
n
 p
r
e
s
s
u
r
e
.

K
J
}



58

achieved by the form of the enhancement material as well as by the

increased overall thermal conductivity.
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CHAPTER 5

MATHEMATICAL MODELING

Several simplifying assumptions are needed to develop useful models

for the systems of interests.

1. The holes in the Al-foam (regions of PeTi hydride powder) are

assumed to he spherical, regularly packed, uniform in size.

They are assumed to be independent of each other, but, of

course, hpdrogen must communicate between.

2. The surface temperature of each spherical region is uniform,

but the temperature could vary with position in the matrix

and with time.

3» There are two kinds of tanperature gradients:

a. within aluminum matrix, variation with cylindrical radial

direction.

b. within the PeTi hydride region, variation in the snherical

radial direction.

4. The reaction rate is controlled by heat transfer rates,

hydrogen diffuses throi;igh the PeTi hydride fast enough that

uniform pressure exists within each PeTi hydride cell and along

the vessel radial direction.

5. Eydrogen is always in local equilibrium with the metal hydride.

6. Heat transfer occurs only in the radial direction of the

spherical PeTi hydride cells and in the radial direction of

the cylindrical vessel.
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5.1 MATHEMATICAL MODELING

The mathematical description of the Al-enhanced hydride bed as

defined in Figure 10, page 25 is quite complex. The processes occurring

involve unsteady state conduction and reaction in the sjAierical cell,

and conduction in the aluminum part of the bed. For the assumptions

stated previously, the governing differential equations are, for the

hydride in each single spherical cell

.e)|='=po,g («)
and for the A1 part in the cylindrical bed

= PaCpaAe ̂  (44)
Equations (43) and (44) are solved simultaneously subject to the

following boundary conditions

■jp = 0 at r a 0 (45)

T = D at r = r„ (46)

~  at R = R »s

= 1 at r a r„ (48)

and

Nq = Q' (49)
The initial conditions depend upon the reaction (loading or

unloading). And

Kh ~ effective thermal conductivity of the hydride packing,
Btu/hr-ft-*F;

K, a thermal conductivity of aluminum, Btu/hr-ft-*F;

K,, a thermal conductivity of wall material, Btu/hr-ft-*F;
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h = heat transfer coefficient, Btu/hr-ft -*F;

r = radial coordinate on sphere, ft;

R = radial coordinate in cylinder, ft;

r„ = radius of sphere, ft;

R,, = radius of the outside wall of the bed, ft;

AH = heat of reaction, Btu/lb Hj;

e = void fraction in the hydride packim?;

p = bulk density of the hydride packing, lb/ft';

Cp = average specific heat of the hydride packing, Btu/lb-*R;

P, = density of aluminxim, lb/ft';

Cpa = heat capacity of aluminum, Btu/lb-"R;

Ah = surface of sphere, ft2;

Ac = "effective" surface for conduction via A1

= BTTLRVa, ft2;

L = length of the hydride bed, ft;

V, = volume fraction of aluminum;

C's hydrogen composition in hydride packing, lb/ft';

T = hydride temperature, 'R;

D = altminum temperature, *R;

= average temperature of water, 'R;

T, = wall temperature, 'R;

Tea = outside wall temperature, *R;

N = number of sjdieres per unit length of cylindrical radius, ff*;

t = time, hr.
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The solutions for temperatures and compositions from these

equations are sought by the method of finite difference with the aid of

the DECsystem-10 computer, UTCC. For this complicated problen, the

calculation is very time consuming, even when the space interval is

taken reasonably large. The detailed derivation of the difference

equations will be found in Appendix A. The resulting equations are

listed in the following section for computer implementation.

5.2 COriPUTER IMPLIMENTATION OF THE MODEL

(A). Equations Involved In Spherical System With Node Number = m On

Sphere Radius

The following equations are resvilted from the approximation of the

Equation (43) by "finite difference" approach. In other words, they are

from the mass and energy balances for each spherical shell bounded by

the appropriate boundaries. The subsript "i" refers to the cylindrical

subvolume in which the sphere is located, and "j" the j-th node in the

sphere, counting outwards from the sphere center which is assigned as

the first node.
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No. of equationsEquations

(a). 2 ̂  j ̂  m - 3

t3(r^ m r. 6S[H + (Ar/2)2 1>|m
^31)^ + (Ar/2)2 ̂ 1. ^fTlS72)^} '. I

•,,+«•,, , = 0

T... -■'1,2 = 0
(c). - C,^ 2 = 0
(d). j = m - 2

J(rj - [ 1 + + nAr + 7(Ar/2)'TT^r,2'+ (A?/2?-'. I>i P ^ * ' 3f T(Ar/2)2 I
4(n + Ar/2)^

*■ + (Ar/2)^^i. j + T,'^ ^ ^ = o i
(e). j s - 1

l&Arli;a-^/2 T. ^ r., 4UrC4ril - + (jj'/2)M-iT ^

- ni -'(^''- ̂ /2)' - ■ -1 ̂  i;,. ^ »c;, 0 ,

m - 4

1

1

m

where & and <p are defined in Appendix A

For convenience of coding the computer, all unknowns are

represented by the dimensional variables X(k), i.e.,

1

> 2

^ I m -2
T|, m-1

X(1)
X(2)

X(m-2)
X(m-1)

0+^.

'I, 2

c''^1, m-l

jcM.

X(m)
X(llH-1)

X(2m-3)
X(2in-2)

Total.number of unknowns = 2m - 2
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Since there are (m - 2) additional equations which correspond to

the equilibrium relationships existing at the second node through to the

(m - 1)th node according to the basic assumptions, the total number of

equations is thus equal to the number of unknowns. The spherical system

is then mathematically consistent.

(B). Equations Involved In The Whole Cylindrical System With Node

Number = p On Cylinder Radius

Similarly, the "finite difference" approach to Equation (44)

results in the following equations (a)-(c) for the whole cylindrical

system, vrtaile the equation (d) comes from the boundary condition at

vessel wall. The nodes are counted outwards too, with the first node on

the outside radius of R'lT.

Equations No. of equations

(a). n^q^At - K,277(Rj +AR/2)LV,(D, - D;)At/AR
-TTARCR, + AR/4)LVaP,Cp.(D, - D,*) = 0 1

(b). 2 < i < p - 1

n.qjAfc + K.277(R. - -4R/2)V.Lp, - D;)At/AR
-'Ki277(R +AR/^)V.L(D, - D? '■)kt7AR'
- 277R ARLVa/0,Cp.(D, - D;) = 0

(c). npqpAt + K.277(Rp - AR/2)LV.(Dp - D;)At/AR
- 277hR„L(T„ - Tw)Ab
-ITARCRp - AR/4)LV,P,Cp.(Dp - D p ) = 0

f  m — K.. Dp + T„hR,,1n(R../Ro)K„ + hR,MR„/!iy - 0

p - 2

+1_L_
p + 1
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As is the spherical case, the unknowns are listed in terms of the

dimensional variables Y(L)

D, D2 . Dp.i Dp T..

Y(L) Yd) Y(2)--•I(p-1) Y(p) Y(pfl)

It is obviously that the number of unknowns is the same as the

number of equations; the cylindrical system is also mathematical

consistent.

(C). Solution Algorithm

All the equations involved in the model are linear except the

equilibrium relationships. Their nonlinearity makes the solution of the

simultaneous equations difficult and complex. The Nelder and Meed

searching technique (39), originally devised by Spendley, Hext and

Himsworth (40) in connection with the statistical design of experiments,
has been used in the current mathanatical system.

The algorithm of this so-called "sequential Simplex method" can be

briefly described as follows (41). For a search process involving two

variables, "Hiree points are selected fairly close together in such a

manner that they form the vertices of an equilateral triangle as in the

Figure 23.

let these be points 1, 2, and 3. Following this, three further

points (4, 4' and 4") are selected such that each one forms an

equilateral triange with any two of the first three points. If the

response surface is locally a plane or nearly so, one of the possible



66

807

4^

60

SO

Figure 23. The sequential simplex method of optimization.
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new points will give a higher (lower if searching for mininum) result

than the other two, and furthermore the point 4 will be a "mirror image"

to the lowest point in the first triangle. Hence, after the first three

trials the point giving the lowest result is neglected and replaced by

the mirror image point forming the second triangle, as shown in Figure

24. This construction process is repeated until the summit is

reached. Thus as long as the surface is sloping and approximate plane

over the area of a particular triangle, each step in the construction

leads to a more favourable region, and the path taken from the starting

will zig-zag about the line of steepest assent.

For a system containing more than two variables, the procedure will

be similar except that (n + 1) trial points will be made, where n is the

number of variables. The most favourable of these points is retained to

replace the appropriate member of the original set, thus completing a

move towards the optimum. The (n + 1) points correspond to the vertices

of a regular simplex in n dimensions. In a modification of the

procedure by Nedler and Mead, the simplex is permitted to alter the

shape and no longer stays a regular simplex. It is thus called

"flexible polyhedron searching technique."

The present mathematical equations can be written in a more

condensed form,

F(X) = (f,(X), fj(X),--. f„(X))

= ° (50)
vrtiere X = (x,, Xj,- • - x„), are the unknowns
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Figure 24. Reg^r simplex for two variables. The arrow points
in the direction of greatest improvement.
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The search is terminated when

Ittt r<i^)]T < 5 (5t)
^re I is an arbitrary small number (say 0.005), and P(Z„^.2) is

the value of the objective function P(X) at the centroid X«^2 (42).
The number of equations, n, depends on how the space interval is

diosen. The smaller the space interval selected, the more equations
will be produced and thus the more accurate the computation

result. However, more equations mean more variables, and, needless to

say, the amount of the ccmputer resources (execution time, data transfer

time, and memoiy storage space) used in a single step will be increased.

(D). Calculation PLowsheet

The simplified flow diagram for "tiie con^ter program used to

evaluate model prediction is shown in Figure 25. The detailed computer
programs are attached in the Appendix E.

5-3 CAICnLATICaT ki-!KUi.T9

the mathematical model has been described in the first section of

this chapter, and details are given in Appendix A. The model is

desigied to facilitate solution of the dynamic problem formulated in

terms of differeirtial equations. It en^jloys a numerical method with

"backward difference" approximation, each variable at time level t + At

is solved frcm the known values at time t. Since the solution technique

involves a large number of events (temperatures and compositions at each

node) during the simulated time, fixed time step mode has been used

(43), ̂ ere simulation time is advanced by a fixed increment At. T must
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Print D and sum (Sfl

yes
setsum value Stop

no

Iset CJ. = c.. 1'. = T,. D, = p-J

Figure 25. Flowsheet for program used to calculate model prediction.
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be selected properly; it nrust be sufficiently larse to save computing

time and cost, but not too large to cause the appearance of instabiltity

or unacceptable error. The maximum usable time increment is stronaly

related to Ar, the space interval chosen for the spherical system. For

small sized open-cells in the Al-foam, the code could take hours even

for calculation of prediction for the early stage of reaction.

As mentioned previouly, the proposed hydride bed is basically

similar to that constructed at BNl. The bed dimension, wall material,

the circiilation rate of water in jacket, etc. can be found from the KtL

report (25).

In the following pages some calculation results will be

presented. These serve to illustrate use of the model without requirina

excessive computer time. For detailed designed purposes, longer

computer run time would be accentable.

(A). Sample Calculations

A sample calculation for a certain reaction is demonstrated

here. It is a desorption reaction, the operating conditions are:

Initial Conditions:

C, = (H/M)

= 0.8

T, = 582*R

P| = 422.5 psia

The average temperature of the water flowing in the jacket is

Tw = 582*R

The constant operating pressure is

=19 psia
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The radius of sphere ( spherical cell) is

= 1/3"

Figure 26 and Figure 27 show the temperature and comTwstion

histories of three outer nodes in the spheres. These soheres are

located in the inner, central and outer cylinder regions respectively,

and each node is (l/4)Ar away from the surface of the sphere. The

complicated shane of the temperature curve can be explained by comparing

it with the compostion curve. At the very beginning of the reaction,

the temperature everywhere drops instantaneously from 582*R to 463"R

because the entire bed is releasing hydrogen, and heat is absorbed

relatively uniform throughout the bed to supply heat needed for

desorption reaction. Then the temperature of the node in the sphere

located in the outer cylindrical region (adjacent to the wall),

indicated by line (A) in Figure 26, begins to ascend to a point where

the corresponding compostion is C = 0.5. Beyond this point, the

temperature of that node remains actually constant for a period of tine

while the node crosses the plateau region of the equilibrium P-T-C

relationship. After passing through the whole plateau region, the

temperature of the node ascends again.

As seen in Figure 26, for the first period of 2000 seconds the heat

conducted from the wall is nearly consumed in the outer cylindrical

region. After that, the node in the sphere which is in the outer

cylindrical region approaches complete unloading; and the heat transfer

zone, together with the reaction zone, starts to move inwards. This is

indicated by the Line (B) in Figure 26 and Figure 27.
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Figure 23 are also the composition - time curves of two nodes, but

these nodes are located in a sphere in the outer cylindrical

region. Line (A) represents for the composition change of the center

node of the sphere, vrtiile Line (B) is for the outer node of that sphere

(Ar/4 away from the surface of the sphere). Corresponding to Figure 28,

the temperature histories of those two nodess are shown in Figure 29.

-he Figure 28 shows that since the outer node receives more heat

xrom the surrounding aluminum, it experiences a more rapid change of

composition. At the moment indicated by the Line p-p the composition

potential between the outer node and the central node drives the heat

inwards. As a consequence, the desorption rate of the outer node starts

to slow. In contrast, that of the center node accelerates.

Since both nodes cross the plateau regions of different isotherms,

small temperature differences exist between them until the reactions in

both nodes come to the end. Both temperatures then come together as

indicated in Figure 29.

However, if the sphere size is much small, i.e., r^ = 1/20", both

lines in Figure 28 and 29 are acti:ially very close to each other. In

this case, the temperature and composition in a sphere become uniform.

Figure 30 are the temperature histories of four other points. All

lines present the changes of the temperature of aluminum in different

cylindrical regions, except Line (A) which is for the point on the

outside wall. It is easy to understand that Line (B), (C) and (D) are

merely the same as those presented in Figure 26, because in the same

cylindrical region, the aluminum temperature is same as the temperature

on the spherical surface. Since there is little heat transfer
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resistance through the vessel wall, the Line (A) and (B) are

similar. Heat of reaction and finite heat transfer resistance between

the two points, however, result in the minor variation of their

difference with time.

(B). Effect Of The Content Of Aluminum On Reaction

Figure 31 shows the absorptions for sphere of radius 1/10" and the

content of aluminum, V., of (A) 5.6 H and (B) 9-2 During the

constant pressure process, the rate of hydrogen absorption is highest at

the beginning of the reaction due to the initial "cool" bed. In other

words, the initial period is affected more by the heat capacity of the

bed than by thermal conductivity. After that, the temperature

everywhere in the bed is increased because the reaction heat envolved

can not be conducted outwards efficiently. According to the princinle

of Le Chatlier, the reaction everywhere starts to slow except at the

region adjacent to the wall. This is why there is a period of smaller

changes after the initial large raise in the Curve (A) in Figure

31 • The curve begins to ascend again when the reaction zone starts to

move inwards.

Before the time indicated by Line nnm, both beds basically

experience a heat capacity-dominated hydrogen absorption process, and

the hydrogen absorbed in bed (B) is certainly less than that in bed (A)

because the interstitial volume contained in hydride available for

loading with hydrogen is less. After that time, hawever, the aluminum

conduction starts to effect the loading rate. The greater aluminum

content in bed (B) makes the loading occur with a higher rate than that

in bed (A). Until the moment indicated by Line n-n, the hvdrogen
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1  I 1 I 1 1 j 1 1 1 I I I r
S  18 IS

TITIE, seconds

IT

23

31. The effect of the content of aluminuni
on the absorption for r™ = 1/10".



81

absorbed in bed (B) is even more than in bed (B). After still lon^r

time, the curves become even more complicated. Figure 31 shows the

curves crossing again after approximately 16 seconds. This is believed

to be an artifact created by the large space size used in the finite

difference calculations. For longer periods of time, the hiriier

conductivity of the 9 >2 ^ A1 bed should give hi^er hydrogen loading

rate, until the beds are near saturation.

(C). Effect Of The Sphere Size On Reaction

Figure 32 shows the predicted absorption reactions for the content

of 9.2 volume ^ aluminum. The radius of sphere is 1/10" in Curve (A)

and 1/3" in Curve (B). Since the thermal conductivity of aluminum is

very high (K, = 137.02 Btu/hr—ft— F at 27 *C), the importance of sphere

size is to be expected. As indicated in Figure 32, it is apparently

that the smaller the sphere size, the faster the hydrogen loading/or

unloading rate expected. In fact, the increase in rate caused by

reducing the sphere size is so hi^di, one may believe that for the heat

enhanced bed of small spherical cells, the heat transfer resistance may

no longer be the controlling factor.

(D). The Performance Comparison

Figure 33 shows the desorptions in two kinds of bed. Curve (A) is

the prediction by using the new measured Kh in Fisher and Watson's code,

for the bed without Al-foam and the initial bed loading m, = 1.698 lb.

Hj. Curve (B) is for the bed with Al-foara, V, = 9.2 r„, = 1/3" and m|

= 1.429 Ib.Hj, simulated by the current model. They are for the same

initial and operating conditions. As expected, the bed (A) which has
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more initial loading (i.e., less aluminira and more hydride) also

releases more hydro^n at the early step of reaction. The reason has

been discussed before. But after that short Tseriod of time, the

desorption rate, expressed by the slope of the curve, of the bed (B) is

always slightly hi^er than that of the bed (A), even the bed (B)

carries less hydride.

Therefore, the addition of Al-foam does benefit the reaction, but

not much for this case, r„ = 1/3". In fact, if the sphere size is

reduced from r„ = 1/3" to r„ = 1/20", as the sample used in the

measurement of the thermal conductivity, K,^, a much greater imnrovement

is expected in the hy<irogen loading/or unloading rates.
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CHAPTER 6

CONCnJSIONS AND RECOMMENDATIONS

The thermal conducrtivity of the hydride at the operating pressure

of hydrogen is one of the most critical properties for a hydride bed

used for hydrogen storage. Earlier data on thermal conductivity of

PeTi hydride has been qxiestioned by several investigators. The

current experimental results are considered to be more reliable and

should be used in model predictions.

Additional experimental studies by using other gases, i.e., helium,

nitrogen and argon have not only eliminated the possibility of reaction

between hydrogen and PeTi hydride which is not activated in advance;

but they also demonstrated that no significant hydriding or dehydriding

reaction took place during the experiments. The greatest contribution

to the thermal transport is made by the hydrogen gas.

According to the calculation results, the addition of aluminum in

the form of reticulated open-cell does benefit the reaction in the

hydride bed. The measured thermal conductivity of Al-foam plus PeTi

hydride is no more than 1.6 times that of PeTi hydride under same

pressure of hydrogen. However the model calculations suggest that the

forms of the enhancement material, as well as the increase in the

overall thermal conductivity, are important factors. The apparent value

of the thermal conductivity of Al-foam plus PeTi hydride under hydrogen

gas could actually mean little without also knowing the geometry of the

foam-hydride matrix. According to the model study, the smaller the

hydride cell size, the faster the hydrogen charging/or discharging rate
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expected. However, the amount of the aluminum content will deioend unon

at least two factors: (1) the expected rate, and (2) the amount of

hydrogen to he charged/or discharged. It is reconmended that a further

study investigate the relation among the above factors and other

factors, such as economic considerations for the special application of

the hydride.

Our model works and can be used to assess qualitatively the

performance of the Al-enhanced hydride bed. In order to predict

quantitatively, smaller space interval and thus smaller tine step should

be used. Of course, that would only involve increasing the overall

compiting tine. The ultimate success of the modeling work now depends

upon -tile accuracy of the knowledge of the kinetics of hydride fomaton

and decomposition. Since for the Al-enhanced system of small cells, the

heat transfer resistance may no longer be the controlling step, the

kinetics may need to be considered also.
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APPENDIX A

DEEDTATION OP THE DiPPEEENCE EQUATIONS

To avoid iindesirable restrictions on the size of the time

Increment, "Tjadcward difference" approximation were used In spherical as

well as cylindrical systems. Sudi approximation leads to the so-called

"Implicit formulation," each variable Is evaluated at the advanced point

of time t + At Instead of at t.

1. ENERGfT AND MASS BALANCES POR A SINGLE SPHERICAL PeTl HIDRIDE REGION

As shown In Plgure 34, tiie radius of a sln^e sjAierlcal PeTl

hydride region Is equally divided Into (m - 2) parts of length Ar. Let

node 1 be the center point, node 2 be the first point a distance Ar away
from the center, and so on till node (m - 2). The next node Is (m - 1)

with (3/4)Ar from node (m - 2). The point on the surface Is node m

whldi Is a distance (l/4)Ar from node (m - 1). If r, Is the distance
of j-th node from the center, then

1*1 = 0,

r, = (J - Dat, 2 4 i 4 m - 2, 1 (52)
-1 ® "" (l/4)Ar. J

Here r^ la the radius of the sphere.

Material within each spherical shell extending (l/2)Ar Is assumed

to be uniform In temperature and composition and homogeneous (having

physical properties that are volume-weight averages of the properties

for the metal hydride and the hydrogen gas).
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For a tLme interval At, the energy balance can be expressed

sematically as

grease in internal energy of material associated
with node j during the last time interval, At

_ Net heat flw from all nei^boring Energy generation
nodes towards node j at time t + At due to reaction

(A). For Node 1;

Figure 35 shows the node 1 and 2 in the spherical system. For node

1,

"^1,1 - ̂1, 2 = (53)

1 - C,, 2= 0. (54)
due to synmetry.

T = temperature.

C s conpjsition.

I  (Ci, ,) = property at time t + At, "i" refers to the i-th

cylindrical shell in vdiich the sphere is located, "j"

"the j-th node in sphere.

The spherical volume bounded by r = 0 and r = Ar/2 is

= (4/3)7r(Ar/2)^ (55)
The change in mass within during the time interval. At, is

-^1 =-^1 (C,,, - C.;^ ,), (5g)
idiere the superscript refers to the property at the original

time level, t.

The energy diange within 4®", during At is

4h, =^iPCp(T,,,-T,-,,). (5.7)
Here PCp is the bulk Heat capacity of the hydride packing, defined

by Equation (20).
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(B). Por Any Internal Node j (2 ̂  j ̂  m - 2):

For any internal spherical volume bounded by r^ + Ar/2, as
indicated in Figure 36, the energy accumulation is

Accumulation = ̂ |PCp (T,^ j - T *^ j), (53)

the energy input is

Iipit = Kh477(r, -Ar/2)^(T,^ 1-1 " T,, ,)At/Ar, (59)
the energy output is

Output = Kh437(r, + Ar/2)^(T,^ , - T,^ j jAtAr, (60)
and the heat generation is

Generation = - AH'AV, (C,, j - C,*, , (61)

where

AVj = the spherical volume bounded by (rj- Ar/2) and (r^ + Ar/2)

= U/3M(r, +Ar/2)3 - (r, - Ar/2)']

= (4/3)7mr[3r,2+ (Ar/2)']; (62)

= effective thermal conductivity of the hydride packing;

AH ' = heat of reaction multiplied by volume fraction of hydride.

Conventional use of sign, i.e., positive for endothermic,

negative for exothermic, is applied here.

The law of energsr conservation requires that

Accrmiulation = Input - Output + Generation

This relation leads to the expression

J - V. ,
.. Mr - Ar/2)' (T.. . - T., ^)At
VUr 5r,2 + (Ar/2)2 ' Ar^ '

Kh 3(r +Ar/2)' (T,. , - T, ...)At
PCp 3rfnrW^ • ' Ari^ '

- AH (C,^ j - C*^ ,)/pCp. (63)
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Let

t _ ^
" PCp (64)

0 = AH7PCp. (g5)

Rearranging Equation (63), we have

" 'ir^' * . Ift - «C|, I + T,"^ I + I X 0 (66)
The mass change within during At is

Am, = AVj(C,^ , -c;, ,). (67)

The energ7 change within AST, during At is

Ah, = A5r,pCp(T,, , -t;,,). (68)

(C). Eor Node m - 2:

Similarly, the energy balance results in

.jAJpClj ̂ m-j- Tj^

-  - Ar/2)=(T,, T,, „.i^/4r

- K||4jr(Pfli-2 + ̂/2) (T| ̂ m-a ~ Ti, in-2)^/(3^/4)

- ah ATm-jCCi, „.2- C*^ m-a)* (69)
Here

Arn,.2 = the spherical volume bounded by (r„,_2-Ar/2) and

(r„.2 + Ar/2)

= 472ar[3r2.2 + (Ar/2)^]/3. (70)
Rearranging and grouping Equation (69), we have

^ ̂3r|~2^+''"(^/2)^ i»«-2= 0 (71)
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The mass change within . j during At is

^m-2~ tn-2~ ̂ 1, in-2)« (72)
The energy- change within AV^.j during At is

^m-2= ̂m-2^Cp(T, , m.j - T*, (-y^)

(D). Ibr Node m - 1:

The energ7 balance for the volume hounded h7 - r/2 and r„, as
indicated in Figure 37, requires that

- T,-.

=■ K»417(r„ - Ar/2) (T,, - T,^ „.,)itt/(3ar/4)
-  - T, ^ jAt/UiM) . (0,, - o;, ). (74)

vAiere

^m-1 ~ spherical volume hounded h7 r„ - Ar/2 r^
= 4.77Cr3 - (r„-Ar/2)']/3. (75)

It is assumed that the hydride is so intimately contacted with the
surrounding aluminum that the temperature at r = r„ is same as that of
aluminum. Or

T|,m® Di» "the temperature of A1 surrounding the PeTi hydride region
Rearranging (74), we get
8.^(r,n - Ar/2)' T, ' ^ ^y4Ar[4rj - r^ + C^/2)'l
r„ - - Ar/2) I - (r„ - Ar/2)3 in, m.i

^  Ar/2)3 - *^1 , m-i + T| , m-i + = 0
The mass change within AVq,-i during At is

® -^"1-1(01^ - C,*^ m.^). (-TY)
The energy change within during At is

^•"-1 ~ ^ T, (Yb)
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Figure 37. The (m - 1)th node in the spherical system.
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The total rate of mass change in a single sphere is obtained by

adding Equation(56), (67), (72) and (77)

P, = (Ami + +Amm.i)/At

• 45r{(Ar/2)'(0,,, - o;,,) +'^^Ar[3r«+ CAr/2)'](0,, , - c;, ,)

+ W -(r„ - Ar/2)'](C,, - or, m.01/3At. (79)
The total change of internal energsr in a sphere during At is

obtained similarly by adding Equation (57) (68) (73) and (78)

m-2El =Ahi +^^Ahj +Ahm,,

= (4/3)77pCp{(Ar/2)'(T,^ 1 - Tr.i)

* "?a (Ar/2)'](T,, T,* ,)

+ W - (r, - r/2) ' ](T,, (ao)

2. MASS AND EtJEEXxT BALANCES PGR THE CHiINDRICAL SYSTIM

As with the sphere, the radius of the q7lindrical vessel is

subdivided into (p - 1) parts of the AR. The first node point is

assigied on the outer radius of IW, tiie second point is AR away from

the first one, and so on. Control volume for each internal node

includes all the material in the annular region extending radially

AR/2, as indicated by the dotted lines in Pigure 38, and the length of
the bed, L. Both of the control volumes for the first and the last node

have radius interval of AR/2 instead.
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Figure 38. Dividing the cylindrical system.
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(A). Number Of Spherical Cells In Each Control Volume

Let n, be the number of spherical cells in the i-th cylindrical
subvolume, and V, is the volume fraction of aluminum in the whole

penlrfng bed. If s is the number of cells in unit volume

® " (4/3^1
Then, the number of cells in the first subvolume is

.R«]}

(81)

(82)

, 3 AR(R, +AR/A)Lfl - V.I

4  ̂
Here is the outer radius of the PMT.

Similarly, for the i-th subvolume \diere 2 4 i 4 (p-1)

R.^d - V.I

■ 2 ^ (83)
For the j^th (last) subvolume

-d - TjfTTjRi -
(4/3 jTrCm

_ 3 AR(Rb - AR/4)L(1 - v.)

^  rj? (84)
Here Rp is the inner radius of the cylindrical vessel.

(B). Total Rate Of Ifass Flow

The changes of the composition and temperature are considered the

3ame for all cells contained in the same cylindrical subvolume. The

total flow rate of hydrogen is thus the sunmation of the reaction rates

occuring in all hydride cells. Or

p-1+,I^n,I'| +n,P,. (gj)
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(C). Bierg7 Balance For Each Cylindrical Subvolume

The mass and energy balances for each single hydride cell have

already been made. It is assumed that the heat transfer between

subvolumes is throu^ the conduction of aluminum, only the energy change
in the aluminum part of each cylindrical subvolume will be considered

this time.

For each cylindrical subvolume

Accumulation of energy = Energy in — Energy out

Where

Qiergy in = conduction throu^ the most outer shell of the

spherical hydride cells plus conduction throu^

the boundary between two cylindrical subvolumes

via aluminum.

Energy out = conduction throu^ the boundary between two

cylindrical subvolumes via aluminum.

(l). For the first subvolume

The energy balance for the first cylindrical volume, as indicated

in Figure 39, is as foUows.

Accmulation

= 77[(R, + AR/2)' - Ri^IV,PaCp.(Di - D*,)

= 7rAR(R, +AR/4)LVaACp.(Di - D*i), (86)

\diere

Pa = density of aluminum;

Cpa = heat cajjacity of aluminum.
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Note that aluminum temperature is considered uniform everywhere in

the subvolume.

Output

= K,AjDt - D2)Ab/AR

~ Ka277(R, + AR/2)LV, (D^ - D2)At/AR. (sy)
Here

Kh a thermal condictivity of aluminum;

Ac = 27>(R, + aR/2)LV«, the "effective" surface throu^ which the

the heat is conducted.

The heat losses through the wall of the PMC are negligihle, ;diile

the heat conducted throu^ the most outer shell of each spherical cell

in the cylindrical subvolume is q,At. If At is chosen small enough, q,
can be approximated "ly Fourier's law,

qi a - Kh4m'2(dT/dr). (33^
Integrating between the points at r a r„ . and at r a r

/-Till

~  J KhdT
^•n-1 ^m-1

]  L =_JE. \ ■
■T.

K,dT

'T,

=  r^r^.1 ^ f
"  \ (89)

If the dependence of Kh on the temperature is negligibly smaTi

,30,
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The energy balance for the cylindrical subvolume results in

n,qiAb - KaSntR^ +AR/2)LVa(Di - D<)At/AR

= 7rAR(R, + AR/4)lV.P,Cp.(Di - d;). )

(2). Ibr the i-th subvolume (2 ̂  i < p - 1)

The energy balance for any internal cylindrical subvolume bounded

by R, ± AR/2, as shovm in Figure 40, is as follows.

Acctnnulation

= 77((R, +AR/2)' - (R| --AR/2)']l7aP,Cp,(D, - Dj)

~ SlRi^RLVaPjCpa (D I — D*). (92)
Iipit

= n,q,^ + K 277(R, -^/2)I7,(D,., - (95)
where q, is like q,, calculated by Equation (88).

Output

= Ka277(R, +^/2)LVa(D, - D,,,)^/^.
Then, the energy balance leads to

n,q,At + Ka277(R, --AR/2)E7a (D, - D,)-A^R

- Ka277(R, + AR/2)E7a (D,' - D, )^AR

~ 2Wij^RLVaPfppa(DI — D|). (95)

(3). For the last subvolume

The last cylindrical subvolume and the boundary conditions at the
vessel wall are indicated in Figure 41.

Accumulation

= TTCrJ - (Rp - ̂/2)']lVaP,Cpa(Dp - Dj)
= ^(Rp - ̂/4)LVaPaCpa(Dp — Dp). ^gg^
Input

= UpqpiJst + Xa27j(Rp - ̂/2)E7a (Dp., - Dp)Ab/AR. (97)
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Figure 40. Iirtemal nodes in the qylindrical system
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The boundary condition at R = R,,, the outer radius of the vessel

is,

Rm~-Vp° (96)
where

Km = thermal conductivity of the wall material;

h = heat transfer coefficient of the water flowing in the jacket;

Tp = inside wall temperature;

Tj, s outside wall temperature;

T,» s water temperature;

R„ = outer radius of the vessel;

A»« = 277R,,I;

5" = log-mean surface through which the heat is conducted

~ ̂  InStl/RS) dO})
It is assumed that aluminum is so intimately contacted with vessel

wall that

(101)

Rearranging Equation (96) and combining Equations (99) (100) and
(101), we have

T„ = -Ksi^e_±_TJiR*^l^XEaju^ol
Km + hR„ln(RM/Rp) 002)

Then, tiie heat output frcm the subvolume is

Output a

- 277hR, jL(T,, — T*,)Ab, (103)

vdiere

~ convection heat through the water layer.
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The law of energ7 conaervation requires that

UpqpA + K,277(Rp - AR/2)lV.(Dp.i - DpUt/AR

- aihR,,I(l^, - TjAfc

= 7riiR(Rp-ARA)LV,p,Cp.(Dp- D'p). (IO4)
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APPMDIX B

LISTINGS OP COMPUTER PRXRAMS

The listing of the ccmpiter programs are given on the following
pages. When possible, the variables names used in the programs

duplicate those employed in the report text. Appropriate commemts are

given.

Some figures in this report are drawn by the DSCsystem-10 Tektronix

4015-1. The subrountines needed for drawing, such as GRAPH, BINITT,
etc. are in the IBM storage package.
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C  THIS PROGRATI IIUST BE RUIJ WITH FOUR SUBR0UTI!1ES—
n  sur??,Airo four fumctio^^s——c  HEATjTHCON.DEITS and capac to predict absorption/

DESORPTION OCCTJRRING HT THE AL-Et^HAJTCED BED.c***** OPTdiizaTION method of ?IELDER A^ID '•gad (SI'^PIEX) *****
NS = NODE NO DI A SINGIE SPHERE IffilUS ONE,START

COUNTING PROT CENTER
NC = NODE NO DJ Cn.IITOER,THE FIRST NODE IS ON THE

OUTSIDE RADIUS OP POROUS TUBE
IjX = NO. OP INDEPMDENT VARIABLE POR SPHERE
NY = NO OP INDEPHiDErfT VARIABLE POR CYLINDER
NW = NO. OP TIME STEPS
STEP s INITIAL STEP SIZE POR SPHERE

C  STEPC = INITIAL STEP SIZE POR CYLINDER
X(I) = BUTIAL GUESSES POR SPHERE
Y(I) = INITIAL GUESSES POR CYLINDER
AM = 1.0 POR ADSORPTION, -1.0 POR DESORPTION
CPA = HEAT CAPACITY OP ALUMDIUM,BTU/LB-R
DA = DENSITY OP ALUMirTOM,LB/PE**3
EK = THERMAL CONDUCTIVITY OP ALUMINUM,BTU/HR-PT-R
V = VOID IRACTION OP HYDRIDE PACKING IN SPHERE
VA s VOLUME FRACTION OP ALUMHTOM
RM = RADIUS OP SPHERE,PT
R1 = CUTS? RADIUS OP METAL POROUS TUBE,PT
RC s n^NER RADIUS OP VESSEL,PT
RSS = OUTS? RADIUS OP VESSEL,PT
SSK = THERMAL CONDUCTIVITY OF VESSEL MATERIAL.

BTU/HR-FT-R
AL = LEIIGTH OP VESSEL,PT
H = HEAT TRANSFER COEPPICIENT PGR THE WATS? LAYER.

BTU/HR-Pr**2-R
TW a WATER TnGERATURE,R
HK a EFFECTIVE THERMAL CONDUCTIVITY OP HYDRIDE

PACKING IN SPHERE,BTU/HR-FT-R
ERS a RADIAL INTERVAL IN SPHERE,PT
DRC a radial interval IN CYLI1'IDS?,PP
DDCENSION A(6).G(6),S?(6),YN(6),TMASS(500),XD1 (10,20)
S2II2! X(30).X1(30,30),NX.STEP,K1,SUM(30),INCCW1QN /TWO/ :^,XD(30),NS,DRS.r(8),NP,NN,RM
TOMON /THREE/ Y(30),Y1 (30,30) ,NY,STEPC,M1 ,SUMy(30),

1  IM
COW-ICN /POUR/ T\f,YO(8),NC,DRC,RO(8),IJM,ACC(6)
COMMON /FIVE/ P(12),AM
NAMELIST /CYLIN4/CPA,DA,VA,R1 ,H,V
NAMELIST /CYLIN/SSK,DELT,T'rf,EK,RC,Ari
NAMELIST /CYLIN2/H-!,AL,DRS,rRC,HK
AMa-1.0
NSa3
NCa3

NP:^IS+1
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MsNT^-I
NIJ1=NC-1
1CC=NEWJS

ny=m:+i

w=300

CPA0.215
DA=168.4696
VA=0.092
H-M.1666E-3
RIsO.0260833
H=107.37
V^.4191

SSK=9.4
RC=0.26575
RSS=0.27733
AIi=2.1258

HC=137.6531
DRS=RrVFLOAT(M)
DRC=(RC-R1 )/FL0AT(NT4)
DELT=5./36000000.
TW=582.
HMASS=0.
IX=1

CAICDLATE THE RADII FOR THE NODE POINTS IN SPHERE.
DO 80 1=1,NN

80 R(I)=PI0AT(I-1)»DRS
R(NS)=RM-DRS/4.
HUD THE SUr-IFIATIQN OF AH, RADII IN SPHERE.
T0TAR=O.
DO 83 Is1,NS
T0TAR=T0TAR+R(I)
WRITE(3,601) (R(I),I=1,NS),T0TAR
FORMATdX, 'R(I)=» ,3(P10.6,5X) ,/lX, 'TOTAR=' ,F10.6)
CALCULATE THE RADII FOR THE NODE POINTS IN CHINDER.
DO 106 1=1 ,n:
R0(I)=R1+FD0AT(I-1 )*DRC
PDIDTHE NUIffilR OF SPHERES IN EACH CYLINDRICAL

XN(1)=3.*DRC»(R1+DRC/4.)»AL*(1.-VA)/(4.»RM**3)
DO 88 1=2,NM
^(I)»3.*R0(I)*rRC*AL*(1.-VA)/(2.*RM*»3)
YN(NC)=3.*DRC»(RC-DRC/4.)*AL*(1.-VA)/(4.*Rr4**3)
WRITE(3,674) (YN(I),I=1,NC)
lORMATdX, 'YN(I)=' ,3(F15.4,6X))
CALCULATE THE COSFFIHNTS OF THE VARIAELES IN THE
RENTING EQUATIONS,Pd),P(2)...Pd2).
P(3)=19.
P(4)=SSK/( SSK4H»RSS*AL0G(RSS/RC ))
P (5 )=T'y*H*RSS*ALOG ( RSS/RC ) / (SSK+H»RSS*ALOG( RSS/RC))
P(6)=2.*3.1416*EK»AL»VA*DELT/DRC

88

674
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P(7)=3.1416*DRC»AL*VA»DA*CPA
P(8)=R1+DRC/2.
P{9)=R1+DRC/4.
P(10)s2.*3.1416*H*RSS*AL*DRLT
P(ll)=RC-DRC/2.
P(l2)=RC-mC/4.
INITIAUZE THE REACTION CONDITIONS.
DO 100 jsi,nc
DO 100 Is1,NS

100 X01(J,I)=:582.
DO 120 J=1,NC
DO 120 I=NP,NX

120 X01(J,I)=0.8
DO 367 1=1,Ny

367 Y0(I)=582.
HK=THC0N(P(3))
TIME=0.

WRITE(3,444)
444 roRMAT(lX,'THIS PROGRATI IS TO PREDICT THE

1  TEMPERATURE AND COMPOSITION PROFILES FOR THE
1  SPHERE AND THE TET'IPIRATURE PROFILE FOR THE
1  CYLINDER')

WRITE(3,CYLIN4)
V/RITE(3,CYLIN)
WRITE(3,CYLIN2)
JQ=3
IB=1

625 roRMAT?/,1X,'pF^J=',Eli.5,5X,'P(4)=' ,E12.5,5X,
1  'PCs)®' ,E12.5,5X, •P(6)=' ,E12.5,5X, •P(7)=' ,S12.5,/
1  ,1X, •P(8)=' ,E12.5,5X, 'PCs)'' ,E12.5,5X, •P(10)=',
1  E12.5,4X,'P(11)s',E12.5,4X,'P(12)=',E12.5)

C  START THE CALCULATION FR0f4 THE FIRST TIME STEP.
C  SECON.D TIME STEP AND SO ON.

DO 1000 KAPPA=1 ,N</
TIME=TIME+DELT
STIMS=TIIffi»3.6Bf3
IE(IX-30) 271,271,281

271 NUM=IX/JQ
GO TO 286

281 JQ=10

IP(IX.GT.30.AND.n.LT.35) 13=1
NUM=(lX-30)/JQ

C  CALCULATE THE TEMPERATURE AND COMPOSITION IN SPHERE
C  IN EACH CYLINDRICAL SUESHELL FIRST. THE TEMPERATURE
C  OF THE sUkhOUNDING ALUMINUM IS KEPT CONS'^'ANT DURING
C  THE TIME INIER7AL.
286 DO 64 IW=1 ,NC

KAP=KAPPA-1
IF(KAP-I) 124,128,128



301
SI

233

116

124 TA=582.
GO TO 84

128 GO TO (111,201,301 ),ri'/
111 TA=YD(1)

GO TO 84
201 TA=YD(2)

GO TO 84
TA=TO(3)
DO 233 IL=1,12
X0(IL)=XD1 (IW,IL)
PBID THE MEAN VALUES OP HEAT OP REAC'ION AND HEAT
CAPACITY OP THE HYDRIDE PACKING IN SPHERE.
CPD^O.

RHEAT=0.
DO 85 1=1,NS
JD=I+NS

HDEN=DENS(XD(JU))
CPD=CPD+CAPAC(P(3) ,XD(I) ,V,HDErO»R(l)

85 RHEAT=RHEAT+HEAT(XD(JU),V)*R(I)
CPD=CPD/TOTAR
RHEAT=RHEAT/TOTAR
ALPHH=HK/CPD
P(1)=ALPHH*DELT/DRS**2
P(2)=RHEAT/CPD

C  GUESS NB; VAIUES POR THE VARIABLES IN THE SPHERICAL
C  SYSTH-l. TO PACILITATE THE SOLVING OP THE
C  NONLINEAR SIMULTANEOUS EQUATIONS,THE V^IABLES
C  REPRESENTDIG POR THE COMPOSITION ARE MULTIPLIED
C  BY 1000 TO MAKE ALL VARIABLES HAVE SAME ORDER OP
C  MAOTITUDE.

IP (KAPPA.EQ.I) GO TO 53
DO 52 1=1 ,NS

52 X(I)=XD(I)
DO 247 I=JIP,NX

247 X(I)=XD(I)*1.Bf3
GO TO 70

53 CONTINUE
X(1)=463.
X(2)=463.
X(3)«463.
X(4)=680.
X(5)=680.
X(6)=660.
START THE OPTIMIZATION STRATEGY
STEP=3.
IP (NX) 998,999,998
CONTINUE

ALPA = REFLECTION COEPPICIENT
BETA = CONTRACTION COEPPICIENT
GAMA = EXPaiSION COEFFICIENT

70

998



28

117
ALPA=1.0

BErA=0.5
GAr-lA=2.0
DIPER=0.0
XNX-NX
IN=1

IPsO

CALL SUr-1R
K1 = I1UMBER OP VPRTICES K2 = EIDEX OP CENTROID
K3 = INDEX OP REPLECTION
K4 = INDEX OP EXPMSION OR CONTRACTION
K1=NX+1
tC2=NX+2

K3=NX+3
K4«NX-+4
CALL START

25 DO 3 1=1 ,K1
DO 4 J=1 , NX

4  X(J)=X1(I,J)
IN=I

CALL SUMR

CONTINUE

SELECT LARGEST VALUE OP SUM(I) IN SIMPLEX.
SUMHsSUMd)
INDEX=1

DO 7 1=2,K1
IP (SUM(I).LE.SUMH) GO TO 7
SUMH=SUM(I)
INDEX=I

CONTINUE
SELECT MXNLIUM VALUE OP SUM(I) IN SIMPLEX.
SDML=SUM(1)
K0UNT=1
DO 8 Is2,K1
IP (SDML.LE.SUM(I)) GO TO 8
SUML=SUM(I)
IP (IP.EQ.O) GO TO 771
WRITE(3,101) SUT-!L,(X1 (K0UNT,J),J=1 ,NX),DIPER
CONTBIUE
KOUNT=I

CONTINUE
PIND CENTROID OP POINTS WITH I DiPPEREtrP THAN INDEX.
DO 9 J=1,NX
SUM2sO.O

DO 10 1=1 ,K1
10 SUM2=SUI-12+X1 (I,J)

X1 (K2,J)=1.0/xk*(SUM2-X1 (INDEX, J))
PIND REFLECTION OP HIGH POINT THROUGH CENTROID.
XI (K3,J)=(1 .OfALPA)*X1 (K2,J)-ALPA*X1 (nroEX,J)
X(J)=X1(K3,J)
IN=K3

771
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CALL SUMR
IP (SUM(lC3).I/r.SUML) GO TO 11
SELECT SECOND LARGiST VAIUE IN SBIPIEX.
IP (DIDEX.EQ.I) GO TO 38
SU?e=SUM(l)
GO TO 39

38 SUMS=SGr4(2)
39 DO 12 1=1,K1

IP ((iNpEX-l).BQ.O) GO TO 12
IP (SCJWTD.LE.SUrC) GO TO 12
SCJMS=SGr'!(l)

12 CONTINUE

IP (SUM(K3).GT.SaT'B) GO TO 13
GO TO U

IDRM EXPETSION OP NEW MINIMUM IP REFLECTION HAS
PRODUCED ONE MINH-IUM.

11 DO 15 J=1,NX

15 (K2,J)+GAJ4A*X1 (K3,J)
IN=K4
CAEL SUMR

IP (aJM(X4).IT.SDML) GO TO 16
GO TO 14
FORM CONTRACTION.

13 IP (SUM(K3).GT.SUMH) GO TO 17
DO 18 J=1,NX

18 XI(INDEX,J)=X1(K3,J)
17 D0 19J=1,NX

XI (W,J)=BETA»X1 (INDEX,J)+(1.0-BETA)*X1 (K2,J)
19 X(J)=X1(K4,J)

IN=K4
CALL SUMR
IP (SUMH.GT.SUM(K4)) GO TO 16

REDUCE SIMPLEX BY HALF IF REFLECTION HAPPENS TO
PRODUCE A LARGER VALUE THAN THE MAXII4DM.
DO 20 J=1,NX
DO 20 1=1,K1

20 X1(I,J)=0.5»(X1(I,J)+X1(KOUNT,J))
DO 29 1=1 ,K1
DO 30 J=1,NX

30 X(J)=X1(I,J)
IN=I

CALL SUMR
29 CONTINUE

GO TO 26
16 DO 21 J=1,NX

X1(INDEX,J)=X1(K4,J)
21 X(J)=X1(INDEX,J)

IN=INDEX
CALL SUMR
GO TO 26

14 DO 22 J=1,}1X



xi(niDEc,j)=.xito,j)
22 X(j)=X1(n]DEX,J)

HfeDlDEX
CALL SDT^R

26 DO 23 J=1 ,IDC
23 X(J)«X1(K2,J)

IN=K2
CALL SUMR
DIPER=0,0
K) 24 Is1,K1

24 DII®=DIFER+(SDM(I)-SDT!(K2))*»2
DIFERsI .0/XNX»SQRr(DIFER)
IP (DIPER.aE.0.01) GO TO 28

999 CONTINUE
IP(SUML.GT.50.) GO TO 273
IP(NUT4.NE.rB) 'GO TO 2001

.n. Sirai',DIPER,CPD,RHEAT,P(l),P(2)101 roRr'!AT(/,10X,6H SUr'IL=,E16.6,10X,7H DIFER=,E16.6 / IX
1  CH)s',E12.5,2X,'BTU/PP»»3.R',4X,'HEAT=' E14.4 2X' '

DO 55 IK=1 ,NS
55 XO(IK)=X(IK)

DO 58 J^,NX
58 XD(J)=X(J)»1 .E-3

:  FIND THE TOTAL FLOW RATE OF H2 HI THE SPHERE
:  PT*»3-H0M/HR

FL=0.
DO 171 1=2,NN

^^^^'^*^^**^(^^**2+(l^RS/2-)*^)»(X0(I-fNS)-X01 (B/,
^^.♦3.1416*(F[h-(DRS/2.)**3*(XD(JIP)-XD1(IW NP))

ro(B/)=AM»FL
TRANSFER RATE CONDUCTED THROUCT THE

27^? SHELL OF THE SPHERE IN THE TIME INTERVAL,BTU/HRG( B0=4. *3.141 6»HK*RC»R(NN)*(XD (nN)-TA )/DRS
r. "^OTAL AMOUNT OF HEAT CONDUCTED THROUQI TEE
n  ̂ SURRODNDBTG ALDI4INUM ININTERVAL FOR EACH CYLINDRICAL SUBSHELL,BTU

ACC(IV)=YN(IW)*G(IW)»DELT
DO 97 J=1,NX
X01(IW,J)=XD(J)
CONTINTO
™ THE TOTAL AMOUNT OF H2 REACTED,LB MOLE.IN THE
TIME INTERVAL. THE COT^IVERSION FACTOR,3.Q1123*(l .-V)
COMKFROT LB M^ FETI/103.75 LB)*(40i79 LB/PT

PETI/Fr**3 TOTAL VOLUIffi)*(LB
H)*(2*(M0LE PEH-IOLE TI)/M0LE PETI)

ZrlASS^O*

97
64
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DO 842 1=1,110
842 a>IASS«ZKASS+iT?(l)*IIl(l)

mASS=3.91123*( 1 .-V)*DELT*ZMASS
TMASS(KAPPA)=ZMASS
hmass=hmass+™ass(kappa)
IP(NUM.NE.IB) GO TO 3001
V/RITE(3,117) n

117 R)raiAT(/,25X,'TII4ES OP CAICDIATION ='.I4)
WRITS(3,47) STIME

47 K)RMAT(/,25X,'TIMES',F10.4,3X,'SECONDS')
VMTE(3,333) ((XD1(I,J),J=1,NX),I=1,NC)

,P10.4.6X, 'T(1,2)=' ,P10.4,6X,
'F10-5,6X, '0(1,2 ='

,P10.5,//.1X, 'T(2,1 )=' ,P10.4,
"^^2,3!=',P10.4,/,1X,

WRITE(3,666)
666 JDRMATC 1X,'.
'  ')

1 S'^'^1/'1^''9^^'=>^2.5,6X,'g(2)=',E12.5,6X,'G(3)=',
1  SS'l'S' ®P(®''/»1X»'^(1)='»E12.5,6X,'P(2)=',

COTTINUE
WRITE(3,762) ZMASS
roRMAT(/,10X. 'HYDROGEN REACTEDs' ,P12.8,5X,
LB rOjE H2')
CONTINUE
^RT THE CALCULATION FOR THE CYLINDRICAL SYSTET-I WITH

^ the SPHERICAL SYSTB!.

DO 257 1=1 M
257 Y(I)=YO(I)

GO TO 421
752 CONTINUE

Y(l)=550.
T(2 =552.
Y(3)=551.
Y(4)=555.
STEPC=5.
IF (NY) 888,889,888
CONTINUE
ALF=REFEECTION COSFPICIENT
BET=OONTRACTION COEFPICIENT
GAT^sEXPHISION COEPPICIEN'p

421

888
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AIP=1.0
HET:^.5
GAM=2.0
DIST:O.0
yuYsur
IMsl

lOsO

CALL COST
M1=NUMBER OP VERTICES M2=Iin3EX OP CENTHOID
M5 = INDEX OP REPLECTIOTI
M4 = INDEX OP EXTENSION OR CONTRACTION
M1 =^jy+i

r'12^+2
M5«Nr+3
M4=NY-f4
CALL VALUE

27 DO 5 I«1 ,M1
DO 6 Jsl,Nr

6  Y(J)=Y1(i,J)
GO TO 613

„ ^1^(3,43) (Y(JJ),JJ=i,nY)
43 H}RMAT(/,1X,3H P=,4P15.5)
613 CONTINUE

IK=I
CALL COST
CONTINUE

^^CT^ET value op SU?4Y(I) in SniPLEX.
INDEYsl
DO 133 1=2.Ml
IP (SUMY(l),LE.SUT-1Q) GO TO 133
SUMQ=SUMY(I)
INDEY=I
CONTINUE

MC1DNT=1
DO 81 1=2,Ml
IP (SUMP.LE.SUMY(I)) GO TO 81
SUMP=SUMY(I)
IP (lO.EQ.O) GO TO 772
WRITE(3,102) SUI.1P,DIST
CONTINUE
MODNT=I
CONTINUE
ran) CTJTROm OP POINTS TOR I DIPPERENT THAN INDEX.
IaJ jsi

SUM1=0.0
DO 103 1=1 ,M1

103 SDM1=SUM1+Y1 (I,J)

82

772

81
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Y1 (M2,J)=1.0/^lIY»(SUM1-Y1 (DIDEY.J))
C  EEND REFLECTION OP HI(H POINT THROUGH CENTROID.

Y1 (?^,J)=(1 .OfALP)*Y1 (M2,J)-ALF»Y1 (UTOEY.J)
91 Y(J)=Y1(M3,J) ^ /

IM=f^
CALL COST

IP (sawy(M3).i/p.saMP) go to 6i
C—!— SELECT SECOND LARGEST VALUE IN SE1PLE2C.

IP (INDEY.EQ.1) GO TO 48
SUWr=SUMY(l)

. GO TO 49
48 SUMr=SUMY(2)
49 DO 62 1=1,M1

IP ((iNDEy-I).EQ.O) GO TO 62
IP (SUr4Y(l).LE.SDTTr) GO TO 62
SUMT=SUMY(I)

62 CONTBIUE
IP (SUMY(M5).GT.SUT®) GO TO 63
GO TO 65

C  FORM EXPENSION OP NEW MINIMUN IP REFLECTION HAS
C  PRODUCED ONE MINEIUM.

61 DO 66 J»1,NY

IM=M4
CALL COST
IP (aJMy(H4).Lr.SUMP) go to 6?
GO TO 65

C  FORM CONTRACTION.
63 IP (aJMY(M3).GT.SDMQ) GO TO 68

DO 69 J=1,NY
69 Y1(INDEY,J)«Y1(M3,J)
68 DO 59 J=1,NY

59 Y(&f(Hfjr .0-BET)*Y1 (M2,J)
IMsW
CALL COST
IP (SDI4Q.GT.SUMY(M4)) GO TO 67

C—— REDUCE SIMPLEX BY HALF IP REFLECTION HAPPEITS TO
C  PRODUCE A LARGER VALUE THAN THE MAXIMUM,

DO 40 J=1,NY
DO 40 1=1,111

40 Y1 (I,J)=0.5»(Y1 (I,J)+Y1 (MOUNT ,J))
DO 79 1=1,Ml
DO 90 J=1,NY

90 Y(J)=Y1(I,J)
IM=I
CALL COST

79 CONTINUE
GO TO 76
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IP(n-11) 1CX50,815,1000

815 DELT=2./3600000.
1000 CONTINUE

WRI!IS(24,328) ((XDI (J,I),I=1 ,NX),J=:1 ,NC),(TO(K),
1  K=1,NY),HMASS,TIMS

328 K}RMAT(18P10.5,4P10.4,P13.8,P14.7)
273 STOP

IND
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SUBROUTINE VALUE
DimiSIGN A(30,30)

^  COrflQN /THREE/ Y(30) ,Y1 (30,30) ,NY,STEPC,M1 ,SUMY(30),
VN=NY

STSPC1=STEPC/(VN*SQRT(2.))*(SQRr(VIW .0)
ST^2=STEPC/(VII*SQRr(2.) )»(SQRT(VN+1. )-1.)
DO 1 J=1,NY

1  A(I,J)^.0
DO 3 I«2,M1
DO 2 J=1,Ny
A(I,J)=STEPC2
L=I-1

A(I,L)=STEPC1
2  CONTINUE

3  CONTINUE
DO 5 1=1,M1
DO 4 J=1,NY

4  Y1(I,J)=Y(J)+A(I,J)
5  CONTINUE

RETURN-
END

SUERCDTINE COST
DDffitTSION P(4)
COMOT /THREE/ Y(30) ,Y1 (30,30) ,NY,STEPC,M1 ,SUKY(30),

I  D!

COMMON /FOUR/ TW,TO(8) ,NC,DRC,R3(8) ,NM,ACC(6)
COMMON /FTVE/ P(l2),AM

DO 15 I«2,NM
15 i'(p=(R0(l)-DRC/2.)»P(6)*Y(l-1 )-2.»(P(6)+P(7))*R0

1 TO(lI+ACC(I)^^^'^^^^* )+2.»R0(I)*P(7>
P(F1C)=P(6)*P(11)*Y(NM)-(P(6)»P(11)+P(7)»P(12))*
S^j"jS^^)*(^^?^)T'^J+P(7)*P(12)»Y0(NC)+ACC(NC)
P(NY)=Y(NY)-P(4)*Y(NC)-P(5)
SUMY(IM)=0.
DO 200 J=1,NY

200 SUMY(IM)»SUI^(IM)+P(J)*»2
RETURN

END
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SUIROUTBffi START
DDtSNSION A(30,30)

/OIIE/ X(30),X1 (30,30),NX,STEP,K1 ,SUM(50),IJT
STiPl =STi:p/(vii*sQRr(2.))*(soRr(vTT+i. )+ra-i 0^
STEP2=STH'/(VN-SQRr(20)»(SQra mJ:
1=1 '

DO 1 J=1,IIX
T  A(I,J)=0.0

DO 5 1=2 ,K1
DO 2 J=1,1K
A(I,J)=STEP2
L»I-1

A(I,L)=STSP1
2  CONTINUE
3  CONTINUE

DO 5 1=1,K1
DO 4 J=1,IK

4  X1(I,J),X(J)+A(I,J)
5  CONTINUE

RETURN
El®

SUBROUTINE SUMR
DIMENSION P(8),B(8)

Si
RESULT PROM THE ENERGY"

BALANCE POR EACH CONTROL VOLUME.
DO 5 J«2,NN

5  B(J)=3.»R(J)**2+(drs/2.)**2
P(1)=X(1)-X(2)
ID«NS-2
DO 10 1=2,ID
II=I+NS

10 )*X(l-1 )*(3.*(R(i)«(])pg/2.) )»*2W-n<'Tl yTtW
1  (1 .■+6.*P(1 )*(R(l)»»2+(DRS/2.)^H^2)/B(i))+pfi

/^•"**2/B{I)-P(2).X(n)*1 .pi>(XD(I)i
P(NN)»P(1 )*X(NN-1 )*3.*(R(?IN)-DRS/2.)**2/B(NN)-X(NN1»
(1 .+P(1 )*(7.»R(NN)**2-«?(NN)»DRS+7 */drS/2
+P0)-X(NS)-4.-(R(V)+(DK/2^ii^/B^^^^X(NX-1 )*1 .E-3+(XD(NN)+P(2)*]©(NX-1 )) ^
RP=RM**3-(RM-DRS/2 . )**3P(NS)=4.*P(1 )*X(lIN)*DRS*(Rr'!-DRS/2. )**2/RP-XfN=l1*<'i d.
4.*P(l )*DRS*((Rr'^-DRS/2. )**2+3.*RM**2)/RP)+12' •*^A*pfl)™«2/RP-P(2).X{HX)., .Ei>to(B)^(2)-iDto)) '
P(NP)=X(NP)-X{iy)
DO 640 J=n",NX
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IV=J-^1S

DM's-eegs.
THE POUiO'.yiNG ARE THE BQUIIBRIUri RELATIONS AI10NG

C  TIMPIRATURE,COMPOSITION AND PRESSURE FOR ADSORPTION
C  IF Af-l=1., FOR DESORPTION IF A.M=-1.0 THEY ARE
C  OBTAINED BY COMBDTATION OF THE ISOTHERMAL RELATION,
C  PsFUI^CTION OF COMPOSITION, WITH THE VAN'T HOFF'S
C  BWATI0N,III(P)=A/T+B.

IF(AM.LT.O.O) GO TO 20
IF(X(J).Lr.17.8) F(J)=(1268.2565*X(J)*1.E-3)*EXP(

1  DM»(1./X(IV)-1 ./545.4))-P(3)
IF(X(J).GE.17.8.AND.X(J).LE.133.51) F(J)=(-6388.3
09*(1 .B-3*X(J))»*2+2192.365»1 .E-3*X(J)-14.42506)*
EXP(DM»(1 ./X(IV)-1 ./545.4))-P(3)
IF(X(J).GT.133.51 .AND.X(J).EE.638.94) P(J)=(44.75j^^.^3*X(J)+158.4295)»EXP(DM»(l ./X(IV)-1 ./545.4
IF(X(J).LE.861.63.AND.X(J).GT.638.94) F(J)=(3156.9
05»(1.E-3*X(J))**2-3652.196*1.E-3*X(J)+1231.771)
*Ep(D^(l ./X(IV)-1 ./545.4))-P(3)
IF(X(J).GT.861.63) P(J)=(6l 11.793*1 .E-3*X(J)-4S37.
469)*EXP(DM*(1./X(IV)-1./545.4))-P(3)
GO TO 640

20 CONTINUE

IF(X(J).Iff.83.859034) P(J)=735.*(0.145-SQRT(0.161
01242**2-(1 .E-3*X(J)-KD.07)**2))*EXP(DM*(1 ./X(IV)
-1./563.4))-P(3)
IF(X(J) .GE.83.859034.AND.X(J) .Iff. 148.282324) F(J)=:
735.*(0.077+SQRT(0.0692283695**2-( 1 .B-3*X( J)-0.15)
**2))*EXP(DM*(1 ./X(IV)-1 ./563.4))-P(3)
IF(X(J) .CIE.148.282324.AND.X(J).Iff.512.31435) P(J)=
735.*(0.025*1 .E-3*X(J)-K).1425)*EXP(Dr^*(1 ./X(I7)-
1./563.4))-P(3)
IF(X(J).GE.512.31435.AND.X(J).Iff.582.04022) F(J)»
735.*(0.23028443-SQRT(0.075**2-(1.E-3*X(J)-0.5104
3994)**2))*EXP(DM*(1 ./X(IV)-1 ./563.4))-P(3)
IF(X(J).GE.582.04022.AND.xU).Iff.729.21968) P(J)=
735 .*(0.14+SQRT (0.22830893**2-{ 1 .E-3*XU )-0.8 ̂ 2
))*Ep(DM*(1 ./X(IV)-1 ./563.4))-P(3)
IF(X(J) .GE.729.21968.AND.X(J) .Iff.905.) F(J)=735.*
(0.6-SQRT(0.25552989**2-(1 .E-3*X( J)-0.65)**2))
*EXP(DM*(1./X(I7)-1./563.4))-P(3)

640 CONTINUE
SUM(IN)=0.
DO 200 J=1,NX

200 SUM(BI)=SUM(IN)+F(J)**2
RETURN
END
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JT3NCTI0N, HEAT(HC»I,V)
C  THIS IS A RJNCTION TO DETSMNE THE HEAT OP
C  REACTIOH OP PETIfflr AS A RJNCTION OP THE HYDROGEH
C  TO METAL RATIO.

C  THE VALUES POR HOM RANGIHG PROM 0.05 TO 0.8 ARE
C  GIVIN IN "PHTSICAL METALLDRGT OP PETI-HXDRIDE AND
C  ITS BEHAVIOR IN A HTDROGEN STORAGE CONTAINER'' BT
C  M. A. PICK AND H. WENZL IN 1ST WORLD HYDROGEN
C  MERGY CONPERINCE,VCIL. 2,PG.S&-29. THEY DERIVED
C  USING THE VAN'T HOPE'S EQUATION IN(P)=(A/T)+B.
C  THE HEAT OP REACTION POR THE PORMATICN OP PETIHY,
C  Ia1.10,IS TAKEN ERCM THE AVERAGE VALUE OP 50 +0R-
C  1.5 KJ/MQLE H2 GIVEN ON PG .80-50. NO TEMPERATURE
C  DEPENDENCE IS GIVEN POR Wkis;!.! VALUES.

C  DENSITY OP PETI = 405.79 LB/ET*»5
C  TO CONVERT THE DIMENSION OP THE HEAT OP REACTIOI
C  PROM BTU/LB H2 TO BTU/HDM»ET*»5
c  he:at»heat»(i .-v)*den op metal*i .lb/lb mole h»
C  lb MOLE/105.75 lb METAL*2*(1 .LB MOLE PErt-l .LB
C  MOLE TI)/LB MOLE PETI=HEAT»(1 .-V)»7.82

C  VARIABLE NAMES AND UNITS:
C  HEAT a HEAT OP REACTIC2I IN BTU/Ha4*ET5
C  HCM a HYDROGEN TO METAL RATIO. POR PETIHI EOMaY/2

IP(BOM.LE.0.52) GO TO 10
IP(HDM.IE.0.6.AND.H0M.GT.0.52) GO TO 20
IP<HDM.LE.0.7.AND.H)M.GT.0.6) GO TO 50
IP(H)M.GT.0.7) GO TO 40

10 HEAT=-6058.g0
GO TO 60

20 HEATa-6669.95
GO TO 60

50 HEATa-7164.82
GO TO 60

40 HEATa-7250.88
60 HEAIaHEAT*(1 .-V)«7.82

RETURN
END
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Fuiic^ricii iEcai(p)
C  !IIiIS R1ICTICK CAICUIATES 2£E THERMAL COIffiUCTIVITY DI
C  BTU/ER-FT-F FCR THE PACKIl^G EED CF FKIH.

C  TEE TEEta-lAI CONDUCTIVITY IS EXPRESSED AS A
C  FUNCTION OF TEE HYDROGEN PRESSURE.

C  THE FUNCTION IS A REPRESENTATION OF CUR
C  ESPERIKniTAL RESUTLTS.

C  VARIABIE NA^SS:
C  P=PRESSURE IN PSIA E2
C  TECCNsTEERMAL CONDUCTIVITY IN BTU/HR-FT-F

IF(P.GT.1.25.AI®.P.IE.?.G) GO TO 3
IF(P.GT.3.AND.P.IE.11.57) GO TO 5
IF(P.GT.11.57.AIG).P.LI.59.7) GO TO 10
IF(P.GE.59-7)G0 to 15

1  THCCN=0.4£C4C6CS*P40.114723^4
GO TO 20

3  TEC0N=-7.2502671 E-2»P*»240. 4191517S*P-K). 30252360
GO TO 20

5  IECa^=1 .8966791E-2*P40.56335653
GO TO 20

10 TECCN=-8.3479036E-5*P**2+7.2474839E-3*P+1•0334596
GO TO 20

15 TECQi;=1.83£0527E-4*P+1.1787640
20 RETURJj

Elfl)
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FII^CTICU DEIS(HCM)
C  !:EI2 FDKCTICN CAICIjlA32 TEE EZKSITY CP PETIhT Ii;
C  EB/FT**3

C  VAIIjES FCE tee EEKSITY A2 a ETJliCTIGN CP TEE EECRCGEIi
C  TO METAL RATIC \VERE PCUl® Ili REPORTS ("PCH-IATICl," AI.1)
C  PROPERrnS CP IROtj TITAIOT EYLRILE" EY J.J.REILLY
0  AND R.H. WISWAILtJR.). 2iESE VALUES V-EFE GRAPHED AND
C  TAKER AS A LINEAR PtDiCTION:
C  DniS=4C5.79-67.5*KCM

C  TEE HYDROGEN TO KETAL RAIO PGR PETIHY IS Y/2.

C  VARIAELE liAMES AND duTS:
C  DEN'S = DHISITY CP PETIHY Hi LE/PT**3
C  ECM = HYDRCGn; TO METAL RATIO

DEN'S = 405-79 - 67.5*Ea4
EETDRi;

n®
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FmiCTICK CAPAC(P,T,Z,DEJS)
C  THIS HJKCTICN CAIjCULAxES TEE PZAI CAPACIT CP TEE
C  HYDRIDE BED.

C  rmES AID GRAPES SHCVH^ TEE SPECIFIC EEAT FCR IRGi;
C  TITAimJK HYDRIDE VEH. FCUID AS FUKCTIOIIS OF
C  TH-IPERATLFE.

C  TWC GRAPES SEEK TC CAIICEL EACH CTHER GIVIIJG A
C  CCIiSTAUT CLOSE TC 0.14 BTU/LB-R FEKRTED AS Alt
C  APPROXII'IATIOK Hi "KCDEIIIiG STLDIES OF pnED-EED
C  IiETAI-EYDRIDE STORAGE SYSTH-IS" Qj PG.624

C  TEE EEAT CAPACITY OF HYDROGEN IS A FUI^CTIGN CP
C  PRESSURE AID TE«iPERATURE,ASSUMIi:G TEAT IT EEEAI.'ES
C  LIKE Ai; IDEAL GAS, IN TEE TE4PERATURE RAIIGE CCNCEHIiED
C  IT IS ESIII»JITED TC BE 3.4 BTU/LB-R.

C  THE EEAT CAPACITY OF TEE BED IS FCUID IN TEE
C  ECUATICIt:
C  CPS*DENS*(1-S)+ CPG*(P*M/R*T)*E
C  WEERE

C  R= 10.73 PSIA-FT**3/I3 KOIE-R, mJIVEESAL GAS
C  CCNSTAI7Z
C  CPSs 0.14 ETU/LE.^, SPECIFIC EEAT OF SOLID
C  CPG= 3.4 ETU/LB-R, SPECIFIC EEAT OF EYDRCXJEIT GAS
C  M = 2.016 LB/LB KQLE.IiOLEaDAR WEIGHT OF HYDROGEN
C  DEiSsDEt'SITY OF BED Hi IE/FT**3
C  E = VOID FRACTION OF BED
C  P = PRESSURE CP HYDROGEN HI PSIA
C  T = TEMPERATURE IN DEGREE R

CAPAC=0.14*(1.-E)*DENS + 0.634*P»E/T
RETURN
END
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M

STEP

Id)
T1

TO

TEES PRC(3?AM IS HDN WITH 'SCJERCUTINE BEGIN' AND
•SUBROUTINE TOTAL' TO FIND THE THERMAL DIPPUSIVITy.
OPTIMIZATION METHOD OP NELDER AND MEAD (SIMPLEX)

NO. OP INDEPIMDINT VARIABLE
» INITIAL STEP SIZE
« INITIAL GUESSES
INITIAL TEMFHEIATDRE OP THE TESTED MATERIAL
TEMPIEATURE on THE OUTSIDE WALL OP THE CYLINDER

DIMENSION T(50)
COMION /ONE/ X(30)^1(30,30) ,NX,STEP,K1,SUM(30),

1  IN,Y(50) . .
OOmON /TWO/ N,TIM(50)
NZs2

X(l)a0.006
X(2) >0.0000001
X(2) IS A DUMMY PARAMETER.
11=30.25
T0=50.
N=30
WRITE(5,444)

444 PQRMAI (IX, "HE POLLOWING DATA ARE FOR THE COOLING
1  RUN UNDER 420 PSIG ARGON IROM 30.25 TO 50.C' )

WiITE(5,777)
777 P0RMAT(/,7X,'TIME®,SEC',6X,'TEMPERATURES, C',/)

DO 100 1=1 ,N
READ(23,*) TIM(I),T(I)
ViRITE(5,888) TIM(I),T(I)

388 PORMAT (1X,P15.4,5X,P12.4)
100 Y(I).(T(I)-T1)/(I0-T1)

STEP=0.01

IP (NX) 998,999,998
CONTINUE
ALIA = REFLECTION COEPPICIENT
BETA = CONTRACTION COEPPICIENT
GAMA = EXPENSION COEPPICIENT
ALPAsI .0

BETA«0.5
GAMA=2.0

DIPERaO.O
XNX=NZ
IN»1

IP-0
CALL TOTAL

K1 = NUMBER CP VERTICES K2 = INDEX OP CENTROID
K3 = INDEX OP REFLECTION
K4 = INDEX OP EXPENSION OR CONTRACTION
K1=KX+1

K2=NX-f2

K3=NX+3
K4=NX+4
CALL BEGIN

25 DO 3 >1 ,K1
DO 4 J=1,HX
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2B

4  X(J)=X1(I,J)
VIRITE(5,41) (X(JK),JK=1 ,IK)

41 FORMAT (1X,3H P=,4F7.3)
IN=I
CALL TOTAL
cciiino

SELECT LARGEST VALUE CP SOM(I) IN SIMELEX.
S0MHeSUM(1)
IKDEXsl
DO 7 I*2,K1
IP (SDM(I).LE.SUMH) GO TO 7
SUMH«SUM(I)
INDEX=I
CONTINUE

SELECT MINIMUM VALUE OP SUM(I) IN SIMPLEX.
SUML=SUM(1)
KDUNTal
DO 8 I=2,K1
IP (SOML.LE.SUM(I)) GO TO 8
SUML»SUM(I)
IP (LP.EQ.O) GO TO 771

KOONT=I
8  CONTINUE

P^ CENraop OP POINTS WITH I DiPPERENT THAN INDEC.
DO 9 Ja1,NX
SUM2^.0
DO 10 I«1,K1

10 SUM2=S0M2+X1(I,J)
XI (K2,J)»1.0/Xm»(SUM2-X1 (INDEX,J))

lUro REFACTION OP EC® POINT THROU® CMEROID.

9  X( (K3^ j^ALPA)»X1 (K2 , J)-ALPA»X1 (INDEX, J)
IN=K3
CALL TOTAL
IP (SUM(K3).IT.SUML) GO TO 11

SELECT SECOND LARGEST VAL® IN SIMPLEX.
IP (INDEX.EQ.1) ® TO 38
S0MS«SUM(1)
GO TO 39

38 SUie=SUM(2)
39 DO 12 1-1 ,K1

IP ((INDEX-I).EQ.O) GO TO 12
IP (SUM(I).LE.SUMS) GO TO 12
SUMSaSDM(I)

12 CONTINUE

IP (SUM(IS).GT.SUMS) GO TO 13
GO TO 14
FORM EXPEHSI® OF NEW MINIMUM IP REPLECTI® HAS
PRODUCED ONE MINIMDM.
DO 15 J=1,NX11
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X1(W,J)=(1.0-GAMA)»X1 (K2,J)+GAMA*X1 (K3,J)
15 X(J)=X1(K4,J)

IN»{C4
CALL TOTAL

IP (S0M(K4).LP.S0I!1L) GO TO 16
GO TO 14

3  R31M COHTRACTION.
13 IP (SUM(K5) .GT.SDMH) GO TO 17

DO 18 J«1 ,IIX
18 X1(Iin)iX,J)«X1(K3,J)
17 DO 19 J»1,11X

XI (W,J)=BETA»X1(INDEX, J)+{1.0-BETA)*X1 (K2.J)
19 X(J)»X1(K4,J)

IN«K4
CALL TOTAL

IP (SaMH.GT.SUM(K4)) GO TO 16
:  REDUCE SIMPLEX BY HALP IP REPLBCTION HAPPENS TO
!  PRODUCE A LARGER VALUE THAN THE MAXIMDM.

DO 20 J«1,NX
DO 20 1.1 ,K1

20 X1(I,J)=:0.5»(X1(I,J)+X1(KODNT,J))
DO 29 1=1 ,K1
DO 30 J«1,NX

30 X(J).X1(I,J)
IN.I
CALL TOTAL

29 CONTINUE
GO TO 26

16 DO 21 J«1,NX
X1( INDEX, J)=X1(K4,J)

21 X(J).X1( INDEX, J)
IN«INDEX
CALL TOTAL
GO TO 26

14 DO 22 J.I,NX
X1(INDEX,J)=X1(K3,J)

22 X(J).X1 (INDEX, J)
I^INDEX
CALL TOTAL

26 DO 23 J«1 ,NX
23 X(J)=X1(K2,J)

IN.K2
CALL TOTAL

DIPEEH3.0
DO 24 1=1 ,K1

24 DIPER=DIPER+( SUM( I )-SUM(K2) )**2
DIPER.1.0/XNX»SQRT(DIPER)
IP (DIPER.GE.0.00001) GO TO 28
ViRITE(5,101) SUML,(XKKOUNT,J) ,J=1 ,NX) ,DIPER

101 roRMAT (1X,6H SUML»,E16.6,/1X,6H X(I).,2E16.6,
1  /1X,7H DIPER=,E15.6)
CHANGE THE DIMENSION OP X(l) IROM IN**2/MIN
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TO FT»*2/HR.
X(1 ).0.4166666»X(1)
WRITE(5,333) X(1)

333 PORMAT(/ ,1X, •X(1 jsEPPBCTIVE THERMAL DIPFUSIVITY'
1  ,/5X,'«M8.6,2X,'IT^h^2/hR')

999 CXDNTINDE
STOP
PUD



v
o
t
o

•
k

sH
 

5^

zoo

114i *C
M
 C
M

m?P

s
S
S
m
 '"'

isi^r

S
o
S
S
l

M
l

^
Q
 CM<t- O

T
 

r
a
c
a
c
t
i
^
*
-

w
ii

H
ii

ii 
w
B
B
i
r
i
r

i
m
8
'
<
8
8
^
3
^
8
8
8
S

C
M
 t
o

I
T
*

8
^
'

■R
U^X-
K8
^"

W

S
I

§ato
--^

8
8M

 
8

!l§«
I

g
•k

is:

§
|p

i
^
 fo

vo
 +

-8
4

.'
J.iiifi

s

r+
 '

> 
^
 

(r> jB CM

I M
 

JL 
• 

• 
• 

•
11'^

I ggSgBe§'i^'« *i?*i?
iS

8
5

8
i8

g
5

ffig
sif

o



137

C  1E£ FCLLCWEiG ERCQIAI^I IS TO FHID TEE EFFECTIVE

C  TEIK^IAL DIFFUSIVITY ̂ riTH FATIEuN SEARCH TECCTICUi:.

CCMKCN TT(1CO),T1(10C),TC(1CC),Ii
DU'II^SIGli F(2),STEP(2)
P(1 )=0.12
P(2)=0.CCCC01
STZPd )=0.CC01
STEP(2)=0.1
N=56
IiP=2

RPA£S=4
10=2

READ(2C,»)(TT(I),T1(I),TG(I),I=1,K)
V-RITE (5,2C0)(TT(I),T1(I),TC(I),I=1 ,i:)

200 FORFiAT (1X,JF15.3)
CALL PAIERI«i (NP,P,STEP,liPASS,10,COST)
\.IuTE(5,3CC) P(1 ),P(2),00ST

300 FCEKAT (1X, 'THE EFFECTIVE TEER^'AI DIFFUSIVITY IS',
1  F8.6,5X,'DUMMY PARAMEZER=',F10.7,5X,'COST=',E20.6)

STOP
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r. aJBtOOTINE PATIBN(NP^,STEP,NRD,10,COST)
I  ™ s need omr be ajUAL to
c—S5S®rcii?' CO' 'SSCo' .TCO) .3(10)

L-1

IClC-2
HTBEW)
DO 5 I»1 ,IIP
B1(I)«P(I)
B2(I)«P(I)
T(I)»P(I)

5  S(I).STEP(I)»10.
C- INITIAL BOD®ARy CHECK AND COST EVALUATION

CALL BODNDS(P,IOUT)
IP(IODT.LE.O) GO TO 10

IP(IO.LE.O) GO TO 6
WRITE(5,1005)

6  RETOHH ®«5.1C0O)(J.P(J),J„,SP)
10 CALL HKKP.OI)

II^IO.LE.O) GO TO 11
WRITE(5,1001 )ITTER,C1

-  WRITE(5,10CO)(J,P(J) ,J=1 ,NP)C  BEGINNING OP PATTEEW SEARCH ST^TBGY
II DO 99 IIIRD»1,NRD

DO 12 Ia1,NP
12 S(I)»S{I)/10.0

IP(IO.LE.O) GO TO 20
WRITE(5,1003)
W?ITE(5,1000) (J,S(J) ,J=1 .NP)^IE(5,1000) (J,P(J ,J=1 OT

20 mn^.o
C  PRETDRBATION ABOUT T

DO 30 I»1,NP
IP (L.GT.3000) GO TO 888

ICaO
21 P(i)yr(i)+s(i)

IC-IC+1
CALL BODNDS(P,IOUT)
IP(IODT.GT.O) GO TO 23
CALL PR0C(P,C2)

L-Lfl

IP(I0.LT.3) GO TO 22
WRITE(5,1002)L,C2

32 IE(C1^)2,.^®=''000)(J,P(J)...1.bp)
23 IP(IC.(xB.2) GO TO 24

S(I)»-S(I)
GO TO 21

24 IPAIL«IPAIIh-1
P(I)«T(I)
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GO TO 50
25 T(I)«P(I)

C1«C2
30 OONTINDE

IP(IPAII.IT.NP) GO TO 35
IP(ICK.EQ.2) GO TO 90
miCK.EQ.l) GO TO 35
GAIL PR0C(T,C2)

L*Ih-1

IP(I0.I/r.2) GO TO 31
WRITE(5,1002)L,C2

32 ICK»1
DO 33 1=1,NP
B1(I)»B2(I)
P(I)«B2(I)

33 T(I)«B2(I)
GO TO 20

34 CQNTmOE
C1=C2

35 IBI^
DO 39 I»1,NP
B2{I)»T(I)
IP(ABS(B1 (I)-B2( I)) .IT. 1 .OB-20) IB1 =IB1+1

39 ODNTINUE
IP(rBI.EQ.aP) GO TO 90
ICSC=0

ittee?«itter+i
rP(I0.IT.2) GO TO 40
VIRIIE(5,1001)ITTER,C1
\ffiITE(5,1000)( J,T(J) ,J»1 ,»P)

C  ̂ ACCELERATION STEP
40 SJ«1.0

DO 45 n»i,ii
IP (n.EQ.11) SJxO.O

DO 42 1=1,HP
T(I)-B2(I)-f5J»(B2(I)-Bl (I))

42 P(I)-T{I)
SJ«SJ-.1
CALL BODHDS(T,IOUT)
IP(I0aT.LT.1) GO TO 46
IP(n.EQ.11 )ICK«1

45 OONTINDE
46 DO 47 1=1,NP
47 B1(I).B2(I)

GO TO 20
90 DO 91 1=1 ,NP
91 T(I)=B2(I)
99 OONTINDE

888 DO 100 I«1 ,NP
100 P(I)xT(I)
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C0ST«C1

IPdO.LE.OREIURN
WRI!I!E(5,1004)L,C1

WRITE(5,10C0)(P(J),J=:1 ,HP)
RETURN

1000 PCRMAT(6X,3(4H P(,I2,2H):,re.4)/)
1001 roRMAT(//1X14HITTH?ATI0N NO. ,I5/5X,5HCOST= .

1  E15.6,20X,10HPARAMEI1ES)
1002 PDRMAT(1023HN0.,I4, 8DC5aC0ST»,E15.6)
1003 PDRI1AT(/1X28HSTEP SIZE FOR EACH PARAMETIR )
1004 F0RMAT(1H113HANSWiES AFTER ,I6,2X,23HF0NCTI0NAL

^^v^^aiions // 5X5h:ost=,ei5.6,20x,i8K)ptimal parameters)
1005 fqrmat(ihi35hinitial parameters cut of bounds )

END
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SUEECUTIK2 ERCC(P,CC£T)

ca#:a- ra(ioo),Ti(ico),!:o(ico),i:
A=P(1)
B=P(2)
SUM=0.

DEI2^.2
TIME=-0.2
DO 10 1=1 ,i;
tH'IZsTih+del;
R1(I)=1.617*EXF(-3.85376*Ar:iMZ)
E2(I)=1.C6466»EXP(-20.3C5e»A*TIME)
R; (I) =0.85126*SCP (-49.902S2 * A*7 II'iI)
R4(I)=0.7294*EXP(-92.6541 ♦A*TII'UE)
R5 (I) =0.64836*EXP (-148.55953*A*T IME)
7Y(1)=1 .-(R1(I)-R2(I)+R3(I)-R4(I)+R5(I))
Y(I)=(7T(I)-T1 (I))/(TC(I)-T1 (D)

10 SDM=SLTri-(Y(I)-Yy(I))**2+E**2
COST=SUM
REZUEII
n,D
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SUERCUTIICE ECU!ILS(P,ICnT)
DII"in,'SICN F(2)
ICUT=O.C

Ii"(P(l).IT.C.C)ICI]T=1
RZTUEIi
005
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C  Tins PRCGEAM, TCGE2IER WITE TEI STJBRCUHTIIiiS LEAR
C  All PAR, IS USED TO CAICUIATE CHE LINEAR PARAI'iECERS
C  A Alii) B IN K=A/T+B, HERE K IS CHE CHEFIIAL CC1.BUCCIVICY
C  AliD C TEE CH'iFEF.ACURE.
C***** OPCIKIZACICK MECHOB CF NELDER AND MEAD (Sn-IPLEX) ****^
C  NX = NO. CP DIDEPEIIDENC VARIABLE
C  SCEP = nilClAL STEP SIZE
C- X(I) = mCIAL GUESSES

CC^iMCN /ONE/ X(50),X1 (30,30),IX,STEP,K1 ,S11I(30),IN
1  fY(50)

CCMKCN /TWO/ K,Cn'l(50),T(50)
NX=2
X(1 )s-460.
X(2)=2.0925
N=7

WRICE(3,444)
444 FCRMAC (1X,'CHE FOLLavHiG DATA ARE FOR CHE

1  RDIS UNDER 1 ATM H2 FRa-! 9 TO 75C')
WRICE(3 *^77)

777 FCEMAC(/ilX, •CCliDUCTIVITY,BTU/HR.FC.R' ,£X,
1  'CB1PERATURE=,R')

DO 100 1=1 ,i;
READ(23,*) CIM(I),C(I)
V/RICE(5,£8e) Tn-I(I),C(I)

888 FCRMAC (lX,F15.e,5X,P12.8)
100 coiicnraE

STEP=0«''
IF' (NX)^998,999,996

998 CCNCIKUE
C  AIF-A = REPEECCION C0EE7ICIENC
C  BETTA = COKCRACTIOH CCEFFICIENC
C  GAI'IA = EXPEliSION CCEFFICIEKT

AIFA=1.0

BETA=0.5
GAMA=2.0
DIFIE=0.0
XNX=NX
ni=i

IP=C

CALL PAR
C  K1 = NUMBER CF VERTICES X2 = INDEX CF CENTROID
C  K3 = INDEX OF REFECTION
C  K4 = IIOJEX OF EXPENSiai OR Ca»TRACCIClT

K1^IX+1

K2=NX+2

K3=NX+3
K4=NX-+4
CALL LEAL

25 DO 3 1=1 ,K1
DO 4 J=1,1X

4  X(J)=X1(I,J)
WRICE(3,41) (X(JK) ,JK=1 ,1X)

41 FORMAT (1X,3H P=,2F12.5)
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ni=i
CAIL FAR

COCTEIUE
SELECT LARGEST VALUE CP SUI-l(I) IK SBlFLEX

28 SUFEsSQ'id )
nUDBC=1

IF Isi3K?if!LE.SIjI-lE) GO TO 7
suiffi=sur-i(i)
IKDEX=I

7  001112.11:
SELECT KBiffiUK VALUE CP SUM(I) III SIMPLEX
SUML=SUr4(l )
K0UKT=1
DC e 1=2,?:i
IP' (SUML.LE.SUM(I)) GO TO 8
SUML=SUM(I)
IP (IP.EC.O) GO TO 771
\/RITE(3,1C1) SUItt,(X1 (XOUKT,J) ,J=1,12) .DIPER

771 COKTE.'DE
KCDKT=I

8  CCKTE.'UE
PE® CHITROID CP POIKTS WITH I DUEEREIT THAK n.TEX
D0 9J=1,13
SUI2=C.C
DO 10 1=1 ,K1

10 SIJM2=SDM2+X1(1,J)
XI (K2,J)=1.0/XKX*(SUM2-X1 (EDEX.J))

PIKD REETECTICN CP EIGH POai THROUGH CENTF.CID
XI (ip,J)=(1 .C+AIPA)*X1 (K2, J)-AIF'A*X1 (DIDEX, J)

9  X(J)=X1 (K5,J)
IN^
GAEL PAR

IP (SUM(K5).LT.SUMI) C-0 TO 11
SZEECT SBCOED LARGEST VALUE HI SIMPLEX
IP (IMDEX.EC.1) GO TO 38
SDMS=SUM(1)
GO TO 39

38 SUMS=SUK(2)
39 DO 12 1=1 ,K1

IP ((niDEX-D.EQ.O) GO TO 12
IP (SUK(I).IE.SUMS) GO TO 12
SUMS=SUM(I)

12 COKTUiUE

IP (SUM(K3).GT.SUMS) GO TO 13
GO TO 14

FORM ECPEKSION OP EEW MIKIMUK IF REFIECTIOK HAS
PRODUCED CKE MIK.

11 DO 15 J=1,11X

15 xcif^xflxr (K2,J)4GAKA*X1 (K3,J)
IN=K4
CAIL PAR
IF (SUK(K4).IT.SUML) GO TO 16
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GO TO 14
C  FORK COliTEACTiai

13 IF- (SUr4(K3).GT.SlFiH) GO TO 17
DO 16 J=1,10[

18 Xl(n®EX,J)=X1(K3,J)
17 D0l9J=i,is

XI (K4,J)=BETA*X1 (IlaDEX, J)+(l .C-BZTA)*X1 (X2, J)
15 X(J)=X1(K4,J)

IN=K4
CALL PAR
IF (SO'2i.GT.SUK(K4)) GO TO 16

C  REDtCE SBIPLEX BY HAIF IF RZPIECTIOiI HAPPENS
C  TO PRODUCE A LARGER VALUE TEAN TBE I'dOC.

DO 20 J=1 ,IiX
DO 20 1=1 ,K1

20 XI (I,J)=C.5*(X1 (I,J)+X1 (K0U1IT,J))
DO 29 1=1 ,K1
DO ;0 J=1 ,IOC

30 X(J)=X1(I,J)
IK=I

CALL PAR
29 CCNTniUE

GO TO 26
16 DO 21 J=1,12

XI (n®EX, J)=X1 (K4, J)
21 X(J)=X1(i:iBEX,J)

IK=n®EX
CALL PAR
GO TO 26

14 DO 22 J=1,12
XI (INDEX, J)=X1 (K3,J)

22 X(J)=X1(I1IDEX,J)
IK=IIIDEX
CALL PAR

26 DO 23 J=1,K2
23 X(J)=X1(K2,J)

ni=K2
CALL PAR

DIPERsO.C
DO 24 1=1 ,K1

24 DIFIR=DIFER+(SUM( I )-SDI4(K2) )**2
DIPER=1.0/XlJX«SQRT(DIPER)
IP (DIFER.GE.0.0CC0C01) GO TO 28

599 CCNTIKDE
WRITE(3;i01) SUKL,(X1 (KOUKT,J),J=1,12),DIFER

101 FORMAT (1X,6H SUMI^,E16.6,/1X,6E X(I)=,2E16.6,/1X,
1  Td DIFER=,E15.6)

^KCTE(3,333) X(1 ),X(2)
333 FCRMAT(/,2F-15.8)

STOP
El®
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SUBROUTINE LEAL
DIMENSION A(30,30)

VN«NI

^1»STEP/(VN*SQRT(2.))*(SQRT(V»f1.)+VN-1 01
g^2=STEP/(VN»SQRT(2.))»(SQRI(VNf1.)-1.)
DO 1 J»1,NX
A(I,J)»0.0
DO 3 1=2,K1
DO 2 Ja1,NX
A(I,J)aSTEE2
IpI-I

A(I,L)aSTEP1
CONTINUE
CONTINDE
DO 5 I»1 ,K1
DO 4 Ja1,NX
X1(I,J),X(j)+A(i,j)
CONTINUE
RETURN
END

SDffiOOTINE PAR
DIMiWSION ROO)

SDM(IN)=0.
DO 200 Ja1,N

^ W-X(1)/T(J)+X(2)

END
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'  THIS PROCatAM IS TO GENIRATE A SET OP DATA WITH
:  KNOWN THERMAL DIPRJSIVITy,AND THEN TO DRAW A PLOT.

DIM^ION Y(200),X(200),R1(200),R2(200),R3(200)
1  ,R4(200),R5(200),Z(200)

ALPHA » 0.00026444
:  ALPHA IS THE THERMAL DIPEUSIVITY IN IIf»*2/SEC.

T1-30.25
T0»50.
TIME a 0.0
N0BSa90
DO 100 I»1,N0BS
TIME « TIMB+10.
X(I).TIME
R1 (I)«1.617»EXP(-12.2352»ALPHA«TIME)
R2(I)a1 .06468*EXP(-64.4686*ALPHA»TIME)
R3( I)*0.85126*EXP(-158.437»ALPHA*TIME)
R4( I) aO .7294*EXP( -294.166*ALPHA*TIME)
R5(I)=0.64836*EXP(-471 .657'ALPHA^TIME)
Y(I)«1.-(R1(I)-R2(I)+R3(IM4(IM5(I))

too Z(I)aT1+I(I)»(T0-T1)
WRITE (20,200) (X(I),Z(I),1-1,NOBS)

200 FORMAT (1X,2P15.5)
CALL PLTR (X,Y,NOBS)
STOP

END
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ia=(x( I )-xi-:iii)»xiijc+i
i,T=(wx-Y(i) )*Ya;c+i

c  MX.GT.lOCL.CR.NX.aZ.I.CR.irr.GT.m.OR.LT.lT.I)
C  GO TO 50

IXY(l«,lIY)=IBlAiiK
50 CC11TIMIE

RETURli
END
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C  TEE DIP ̂ .mCE APPEAES CN TEE DESCETICK ISCTHEH-! HAS
C  EEH'I SMCCTHED CUT BY THE APPRCIRIATE EQUATIGK. THE
C  VERIPICAIIOi: IS CAERIEB GUT EY EXPEISSEiG TEAT
C  ECUATIGK IK DLAGRAT'l.

DUaKSIOK X(50),Y(5C)
\rfEITE(3,60)

60 FCRKAT(/,1CX,'X=MQX,'Y=')
K0ES=50
X(1 )=0.148282524
DO 10 1=1 ,IiOES
Y(I)=(0.C25*X(I)40.1425)*755./U.7

10 X(I+1 )=X(I)-K}.C12105
\iPITE(3,10C) X(I),Y(I)

1C0 FCHKAI(1X,2P15.5)
GAEL PLTR (X,Y,KCBS)
STOP

ZED
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C  !2iIS PROGRAM, OCGEIHER VtlCR OHE SUBECl]lITn.lS KF1
P  USID TO CAIOUIAOE OEE PAicAI'iETERS A,

c***** CKmiZATiOK ̂ mcD OF iHLER ai;d mbx (slmpizc)
C  lil = KG. CP IKDZPHiEniT VARIAEEE
c  scEP = niiiriAi sizEP sizi
c  X(I) = DiITIAl GUESSES

1  (30, JC) ,iiX,£IEF,K1 ,£U>:(3C) ,111
ccm\* /TWO/ ksth-Kso.kcq)
JIX=3
X(1 )=0.CC03
X(2)=G.3
X(3)=0.CC04
N=1S

WRIIE(5,444)
444 PCRt'iAT dx.'OHE Fciia/iKG da:::a are for gee

1  REGION P.GT.11.87.AI® IT.59.7 PSIA')
ViRI3(5,777)

777 F0RMAT(/,1X, 'CQ.'DUCTIVITY.ETU/ER.FT.R' ,6X, 'PRESSCRE
1  ,PSIA')

DC 100 1=1,K
READ(22,*) T(I),TIK(I)
KEin:(5,668) TII'I(I),7(I)

888 FOH^IAS (1X,F15.6,15X,F12.e)
100 CONTniUE

S!SP=0.CCC3
li" (NX) 998,999,958
CaJTIKUE
AIFA = REPEECTIGK COEFFICIENT
BETA = CaCTACTION COEFFICIEKT
GAMA = EXPEKSION COEFFICIEITT
AIFA=1.0

BETA=0.5
GAMA=2.0
DUERsO.O
XNX^

IN=1

IP=0
CALL KP1S

K1 = NUMBER OF VERTICES K2 = INDEX OF CENTROID
K3 = n®EX OF REFLECTION
K4 = n®EX OF ECPHTSION OR CaSRACTION
K1^+1

K2=NX+2
K3=NX+3
K4=i'JXH
CALL KP1

25 DO 3 1=1 ,E1
DO 4 J=1 ,IiX

4  X(J)=X1(I,J-)
VEITE(5,41) (X(JK),JK=1,12)

998
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*7

41 FCra'iAT (1Z,3H P=,5F-12.5)
m=i

CALL KP1S

CCK7ILUE
SELECT lARGZST VALUE OF SUPld) Hi SU'lELEX

28 SUMEsSUMd)
IKDEX=1
DC 7 1=2,K1
IF (SU^UI).LE.SO^^H) GO TO 7
SUKH=Sm(I)
IliEEX=I

7  CCNTHiUE
C  SELECT KLimUM VAILE OF" SUM(I) Hi SL^ULEX

Sn-EL=SUM(1)
K0DliT=1
DC S 1=2,K1
IF (SUMI.LE.SUM(I)) GO TO S
SUMI^md)
IF (IP.EQ.O) GO TO 771
WRIIE(5,101) SUT-iL, (XI (KCUliT, J) ,J=1 ,n.) ,DIEER

'  771 COKTHiUE
KOUNT=I

8  COKTHiUE
C  PHiD CHiTROID OF' POHiTS WITH I DIFFESEiT THAI; HiDEX

BO 9 J=1 ,KX
SUM2=0.0
DO 10 1=1 ,K1

10 SDI'12=SDI-I2+X1(I,J)
XI (K2,J)=1.0/XUX»(SDI-12-X1 (HiDEX,J))

C  PHID REFLECTION OF HICH POHIT THROUGH CEIiTROID
XI (X3,J)=(1 .0+-AIFA)«X1 (K2,J)-AIFA*X1 (INDEX, J)

S  X(J)=X1(K3,J)
IN=K3
CALL KP1S
IF (SUM(K3).I2.SDKL) GO TO 11

C  SELECT SECQiD LARGEST VALUE HI SHIPLEX
IP (HIDEX.EC. 1) GO TO 38
SUMS=SUM(1)
GO TO 39

38 SUKS=SUM(2)
39 DO 12 1=1 ,K1

IP ((INDEX-I).EQ.O) GO TO 12
IF (SUPKD.LE.SUT'IS) GO TO 12
SUMS=SUM(I)

12 CONTINUE

IP (SUM(K3).GT.SUKS) GO TO 13
GO TO 14

C  FORM EXPEKSION OP NHk' MHIIMUM IP REPLEETICN HAS
C  PRODUCED OiE MIN.

11 D0 15J=1,K!C
XI CK4, J)=(1.0-GAI'lA)*X1 (K2,J).K}AKA*X1 (K3, J)

15 X(J)=X1(K4,J)
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B=K4
CALL KP1S
IP (SIjM(K4).LI.Sa'L) GO TO 16
GO TO 14

C  FORM CaCRACTION
13 IP (SUt-'(K3).GT.SUrffi) C-0 TO 17

DO 16 J=1,KX
16 X1(nDEX,J)=X1(K3,J)
17 D0 19J=1,tX

XI (K4, J)=BETA*X1 (n®EX, J)+(1 .0-BITA)»X1 (K2,J)
15 X(J)=X1(K4,J)

II1=K4
CALL KP1S
IP (SI3-!K.GT.SCM{K4)) go TO 16

C  RZDDCE SIKEEEX BY EAIP IP HZPIECTIOL HAP^ETiS
C  TO ERCDUCE
C  A LARGER VALUE TEAi; TEE MAX.

DO 20 J=1,1S
DO 20 1=1 ,K1

20 XI (I,J)=0.5*(X1 (I,J)+X1 (KOlEiT.J))
DO 29 1=1 ,K1
DO 30 J=1 ,iNX

30 X(J)=X1(I,J)
EI=I
CALL KP1S

29 CaiTIKUE
GO TO 26

16 DO 21 J=1 ,IOC

ni=IliDEX

CALL KP1S
GO TO 26

14 DO 22 J=1,10C
XI (IKDEX,J)=X1 (K3,J)

22 xCJi=xi (n®EX, J)
IK=IKDEX
CALL KP1S

26 DO 23 J=1 ,EL
23 X(J)=X1(K2,J)

I1I=IC2
CALL KP1S

DIPIRsO.O
DO 24 1=1 ,K1

24 DIFIE=DIPER+(Sa4(I)-SlFi(K2))*»2
DIPER=1.0/XtIX*SCRT(DIPE?)
IP (DLPER.GE.O.OCOCOOI) GO TO 28

999 CCKTEIUE
WITE(5,101) SGML, (XI (KCUIE!, J), J=1 ,IOC) ,DIPHv

101 FORMAT (IX,6E SUMI^,E16.6,/1X,6H X(I)=,3E16.6,/1X,
1  7H DIPER=,E15-6)

V-PJTE(5,533) X(1 ),X(2),X(3)
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333 FCPJ'IAI(/,3T20.£)
STCP

END
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SOBROOTIME KP1
DIMENSION A(30,30)

VlfoNX

STE!P1»SEEP/(VN«SQRP(2.)HSQRT(VN+1.)+VN-1 .0)
STEP2aSIH>/(VN*SQRI(2.) )*(SQRP(VIff1. )-1.)
I«1

DO 1 Ja1,NZ
1  A(I,J)=0.0

DO 3 I«2,K1
DO 2 Ja1,NX
A(I,J)=STEE2
LaI-1

A(I,L)aSTEP1
2  CONTINDE
3  CONTINUE

DO 5 1=1,K1
DO 4 J»1,NX

4  X1(I,J)«X(J)+A(I,J)
5  CONTINUE

RETDHN
END

SUBROUTINE KP1S
DIMENSION R(15)

22I22S ̂ 2*®^ ̂ (50),21(30,30),NX,STEP,K1,SDM(30),IN,Y(50)COM«ON/TWO/ N,TIM(50),T(50)
SDM(IN)aO.
DO 200 Ja1 ,N
R(J)»X(1)*T(J)»*2+X(2)*T(J)+X(3)

200 gJM(IN)a5UM(IN)->-(TIM(J)-R(J))»*2
RETURN
END
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c  THIS ERCGEAI'1 IS TO DEUH'inJE HOW GOOD THZ'
C  CAICLTiATED TEEE^■^AL DIFRjSIVITY FIT TO TEE
C  THECRETICAI ECUATIGIT.

.  y(^co),yy(ioo),Ei(icc),F2(ico),Fo(ix),

RiAE(2G,*)(T(l),T1(l),TC(l).:=1,N)
i^^(3,3GG)(T(I),T1(I),TG(I),I=1,lO

30G PCFMAI(1X,3F15.3)
SU^i=0.
A=0.126311
CEIC=0.2
TII'!E=-0.2
DG 1G 1=1 ,i:
TH-IEsTIM+DELT
R1 (I)=1.617*EZP(-3.65376*A»TBIE)
R2(I)=1 .C6468*EXP(-2G.3G56»A*TII'2:)
R3 (I) =0.65126*EXP (-49 • 9G292*A*TI>!E)
R4(I )=0.7294*EXP(-92.6541 *A*TII'2:)
R5(I )=0. 64836*E2P(-1 46.55955*A*T IS)
YY( p=1.-(R1( I)^2( I)+R3 (I )-R4 (I)+R5 (I))
Y(I)=(T(I)-T1(I))/(TG(I)-T1(I))
SGM=Snn+(Y(I)-YY(I))**2+B**2
WEITE(5,24C)I,Y(I) ,YY(I) ,SCr-1240 FCRMAI(2X,I2,5X,2(F12.5,ex),E2C.7)

10 CGIlTDRj"E
CGST=SGM
V^'RITE(3,4CC) COST

400 F0RMAT(15X, E20.7)
RETORH
Etro
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C. TEES PRDQIAM IS USED TO PLOT DATA GENIEATED ERCM
C. SMUiATIONS HEW EDITICN OP AGII BY JS#3

DIMENSION IDATA(5001) ,YDATA(5001)
lOGICAL IPILE(10),INAME(10),YNAME(10),POOP(40)
COMPLEX JPILE
REAL SY(6),DAI(2), NPILE(2), X1NAME(2), I1NAME(2)

C  REAL*8 DAT(U)
REAL DAT(U)
COMMDN/COTP/IPILE,XNAME,YNAME,POOP

0*

ViRITE(5,120)
120 PORMAT( 31,'NAME OF DATA PILE USED: •. $)

READ(5,130)JPrLE
NPILEd )sREAL(JPn:iE)
IIPrLE(2)aAIMAG(JPIIE)
CALL DATE(DAY)
CALL TIME(TIM,SECD)
SY(1 )«NPILE(1)
SY(2)^rPILE(2)
SY(3)»DAY(1)
SY(4)»DAY(2)
SY(5)«TIM
SY(6)»SECD

WRITE(5,1310)SY
1310 PQRMAT(3X,6A5)

WRITE(5,1305)
1305 PQRMAT( 3X,'TYPE IN YOUR TITLE FOR THESE FIGURES:

1  7/1CK,$)
CALL TINSTR{40,POOP)

ViRITE(5,125)
125 ̂  3X,'DAIA FILE IS P0RMATFREE(0)/EREEF0RMAT(1)

^(5,»)I0PT
130 PCRMAT( 2A5)

VIRITE(5,100)
100 FORMAT( 3X,* INPUT NUMBER OF PLOTS TO BE MADE ON

1  THIS FIGURE: • ,$)
READ(5,*)NPLT
WRITE(5,200)

200 FQRMAT( 3X, 'FIGURE: ELAIN(O) CR CROSS-HATCH(ND!M)—
1  *

R^(5,»)IPIG
C.

VfRITE(5,110)
110 FCiRMAT( 3X,'INPUT NUMBER OF DATA POINTS:'.

READ(5,»)NPTS
C  WRITE(5,115)
C 115 PCIRMAI( 3X,'DATA POINT SKIP ?: ' ,$)
C  READ(5,»)ISKIP
C  JSKIP=0
C.
C.
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C.

C.

C.

C.

c.

c.

c.

XDATA(1)=NPTS
niATA(l)=NPTS

HPTS=KPTS+1

WRITE(5,150)
150 FQRMAT( 33C,'TOTAL NUMBER OP VARIABLES; • $)

READ(5,*)NVARS
c*

0EEN(UNITa1 ,ACCESS«' SBQIN' ,PIIE«jPILE)
C*

4592 CONTINUE

WRITE(5,9001)
9001 P0RMAT( 3X, 'LABEL pgr X-AXIS: '$)

CALL TINSTR(10,XNAME)
WIIIE(5,9002)

9002 PORMAT( 5X, 'LABEL POR Y-AXIS: ',$)
CALL TINSTR(10,YNAME)

DO 10 K»1,NPLI
C.

C.

WI[IE(5,160)
160 PORMAT( 3X,'NAME VARIABLES TO BE PLOTTED: X VS Y —>

RE^(5,*,IN1M393)KX,KY
REWIND 1

DO 20 I=2,NPTS

30 CONTINUE
C  JSKIP=JSKIP+1

IP(I0PT.BQ.0)READ(1 )(DAT(J),Ja1 .NVARS)
miOPT.NE.O)READ(1,») (DAT(J) ,Ja1,NVARS)

C  IP(JSKIP.IiE.ISKrP)30T0 30
C  JSKIP=0

XDATA(I)=DAT(KX)
YDATA(I)=DAT(KI)

20 CONTINUE

LPLTaK

CALL (SiAPH(IPLT,XDATA,IDATA,IPIG)

10 CONTINUE
C.

C.

GOTO 4392
4393 STOP

Ein)

SUEROUTINE («?APH(I,XDATA,YDATA,IPIG)
C*

C. ROUTINE ORIGINALLY SUPPLIED BY RFP....
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C.

C.

C.

C.

C.

DIMENSION XDAIA( 1) ,YDATA( 1)
ICGICAL rPILE(10),XNAME(10),YNAME(10),POOP(40)
COr«ON/COTP/IITLE,XNAME,YNAME,POOP
DATA HT/.15/

IP(I.GT.1)G0T0 10

CALL INITT{120)
CALL BINITT
CALL pict.t.

CALL TINPDT(JHES)

10 OONTINDE
IP(I.GT.1)G0T0 20

CALL SLIMI(250,950)
CALL SLIMy(125,625)

rP(rEIG.llE.O)GOTO 40
CALL XIRM(2)
CALL YTRM(2)

40 OONTINDE
CALL CHECK(XDATA,YDATA)
CALL DSPLAr(XDATA,YDATA)

CALL ERAME
CALL M07ABS(900,20)

C  CALL SXMB0L(900,20,HT,2NAME,0.0,9)
CALL SLABEL(10,ZNAHB)
CALL MOVABS(20,700)

C  CALL SXMBOL(2O,70O,HT,TNAME,9O.O,9)
CALL VLABEL(10,INAME)
CALL N0TATE(10,10,40,POOP)

C  CALL SYMB0L(Hr,HT,Hr,Sy,0,0,27)
GOTO 30

C.

20 OONTINDE
CALL CPLOT(XDAIA,IDATA)

30 OONTINDE
C.

CALL T!TT.T.

CALL TIIJPDT(JHES)
c*

BETDRN
END
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£  "^2 FRCffiM, ̂ CGEIHIE VI2i THE SUBRCDUTIKES KP2C  Al® KP2S, IS USED TC ESTIMATE THE LIIilAR PAEAT-iETERS

r  Str?' K IS THE TEEBiAL Ca®UCTIVITYAi® P THE PRESSURE.
C***** OKIMIZATICi.' MEZHOE CF HEIEER Al® MEAD (SII'iPIEX) *****
C  hl = NO. CP ZHDEPEKDEiT VARIAEEE
C  oTEP = IKITIAL STEP SIZE
C  X(I) s lEITIAI GUESSES

1  (50,30),IS,STEP,XI ,SU«i(30) ,21
CCMMa /TV.'G/ i;,I2:(5C),T(50)
k:c=2
X(1)=-357.647
X(2)=0.879294
H=7

ViRITE(5,444)
444 FCPJ'IAT (IX,'THE F0ILCW2iG DATA ARE FCR TEE

1  AT 500 PSIG')
1»RITE(5,777)

777 FOT^(/,1X, •CQ®U'CTIVITY,ETU/ER.IT.R' ,ec, 'PRESSURE
1  ,rSIA')

DO 100 1=1 ,H
HEAD(23,*) T2i(I),T(l)
V.RITE(5,^) T21(I),T(I)

888 FCRMAT (1X,F15.e,15X,F12.6)
1C0 C0in:2.TjE

STEP=0.C3
IP (RX) 998,9-99,998
CQKTIMJE
AIFA = REPIECTION CCEPFICIENT
beta = CCNTFACTION CGEPFICIEKT
GAMA = EXPEHSIOE CCEPFiCrEIiT
AIFA=1.0
EETA=0.5
GAMA=2.C
DIFER=0.0
XHX:^'X
IN=1

IP=0
CALL KP2S

K1 = NUMEIE OF VERTICES X2 = 2®EX OF CEtilROID
K3 = IKDEX OF REPEECTIOK
K4 = 2®EX OF EXPEKSICK OR CCKTRACTIOK
K1=NX+1
K2=NX+2
K3=JS+3
K4=NX+4
GAIL KP2

25 DO 3 1=1 ,K1
DO 4 J=1,1S

4  X(J)=X1(I,J)
V<EITE(5,41) (X(JK),JK=1 ,1S)

41 FCRMAT (1X,3H P=,2F-12.5)
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7

ni=i

CALL KP2S

COKTIMji:

SZLEET LARGEST VALUE OF SUM(I) JM SffiFLEX
28 SIMH=SUM(1)

USDEXsl
DO 7 1=2,K1
IP (SUK(I).IE.SU'3i) GO TO 7
SUMHsSUMd)
n®EX=I

7  cojrrmnE
c  SELECT KLUI-TUM VALUE OP SUM(I) Hi SBIPLEX

SUKI^rSUMCl )
K0ULT=1

DC 8 1=2,K1

IP (SUML.LE.Stl'ld)) GO TO 8
SUMLrSUKd)
IP (IP.EC.O) GO TO 771
wigTE(5,ici) sui'iL, (XI (Kouirr,j),j=i ,iz) ,dipzr

771 CQHTKUE
KCUNT=I

8  cairmjE

c  PDiD CEMTROID OP lOnsTS WITH I' DIPFEFEIiT TEAli HffiEX
DO 9 J=1,1DC
SUMa^^.O
DO 10 1=1 ,K1

10 SDK2=SUI'i2+X1 (I,J)
XI (K2,J)=1.0/XIiX*(Sn'12-X1 (IEDEX,J))

C  PH® REPLBCTIOK op HICS POn;T through CBiTROlD
XI (K3,J)=(1.0+-ALPA)»X1 (K2, J)-AIPA*X1 (HiDEX, J)

9  X(J)=X1(K3,J)

CAHi KP2S

IP (SUM(K3).Lr.SUML) GO TO 11
C  SZEECT SBCa® LARGEST VALUE IN SIMPIEX

rP (DSDEX.EQ.I) GO TO 38
SUMS=SUM(1 )
GO TO 39

38 SDMS=SUK(2)
'Q DO 1? T-1 V1

IP (dNDEX-D.EC.O) GO TO 12
IF (SUMd).LE.£CMS) GO TO 12
SUKS=SUMd)

12 CONTINUE

IP (SDM(K3).GT.SUMS) GO TO 13
GO TO U

C  FORM EXPEI^IGN OP NEW mDiUT'i IP REFLECTION HAS
C  PRODUCED ONE MIN.

11 D0 15J=1,IiX
XI (K4,J)=(1 .0-GAr'iA)*X1 (K2,J)-K}AMA»X1 (K3,J)

15 X(J)=X1(K4,J)
IN=K4
CALL KP2S
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IP (SUM(K4).L!r.Sn€,) GC X 16
GO TO 14

C  FORK CCKTEACTIOIm
13 IP (SUM(K3).GT.StMi) GO TO 17

DC ie J=1 ,UX
IS X1(IM)EX,J)=X1(K5,J)
17 D0 1SJ=1,IGC

19 (dbh. J)+(1 .oee:a).x, (X2, J)
IK=K4
CALL KP2S
IP (SLr'IH.GT.SUt'l(K4)) GO TO 16

C—— RZDUCi SIMPLEX EY HAIP IP RZPIECTICL' HAPPENS
A _IAPGER VALUE THAI; THE MAX.

DO 20 1=11x1
(I»«I)+X1 (KCUKT,J))

DO 30 J=1 'iX
30 X(J)=X1(I,J)

nr=i

CALL KF2S
29 COKTn;UE

GO TO 26
16 DO 21 J=1 ,IOC

XI (INDEX, J)=X1(K4,J)
21 X(J)=X1(DJDEX,J)

INsn-DEX
CALL KP2S
GO TO 26

14 D0 22 J=1,IiX
Xl(IiroEX,J)=X1(K3,J)22 X(J)=X1(I11DEX,J)
bi=ikdex
CALL KP2S

26 DO 23 J=1 ,NX
23 X(J)=X1(K2,J)

IN=jC2
CALL KP2S
DEPERsO.O
DC 24 1=1,K1

24 Dffffi=DIPER+(SUM( I )-GUK(K2) )**2
DIFER=1 .0/XNX*SqRT(DIIIR)
F (I5IPEE-GE.C.000CCO1) GO TO 28

999 CONTIHUE

5101) Sm, (XI (KCUKT, J), J=1 ,IOC) ,DIHH
X(I)=,2E16.6,/1X,

^1^111(5,333) X(1 ),X(2)
333 PCEMAT(/,2E20.8)

STOP
EI33

101
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SUHWUTINE KP2
DIMENSIC2N A(30,30)
COMMON /ONE/ X(30) ,11 (30,30) ,NX,STEP,K1 ,S0M(30") ,IN,Y(50)
COMMON/TWO/ N,TIM(50) ^
VN«NX

STEP1=SEEP/(VN*SQRI(2.))*(SQRT(VN+1 .)+VN^1.0)
aPIS'2>SIEP/(VN«SQRr(2.) )»(SQRP(Vlh-1. )-1.)

DO 1 Ja1,NX
1  A(I,J)s0.0

DO 3 I»2,K1
DO 2 J»1,NX
A(I,J)»STEE2
L-I-1

A(I,1)»STEP1
2  CONTINUE

3  CONTINDE
DO 5 I«1 ,K1
DO 4 J»1,NX

4  X1(I,J)«X(J)+A(I,J)
5  CONTINUE

RETURN
END

SUBROUTINE KP2S
DIMENSION R(30)
COfMQN /ONE/ X(30),X1(30,30),NX,STEP,K1,SOM(30),IN,Y(50)
COMMON/TWO/N,TIM(50),T(50)
SOM(IN)>0.
DO 200 J»1,N
R(J)-X(1)*T(J)+X(2)

200 SDM(IN)»SDM( IN)+(TIM( J)-^( J) )**2
RETURN
END
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Appsroix c

SAMPLES OP THE EXPERIMENTAL RESULTS

During the experiments of measuring the thermal conductivity, the

temperature changes of the tested material with time have been

recorded. Attached in the following pages two sample results are

selected, as shown in Figures 42 and 44 in which the number are

temperature in 'C. The paper of the temperature recorder was moved with

a speed of 1 cm./minute. Temperature changes with time are read and

presented in those figures also.

Figures 43 and 45 show that the prediction created by Equation (33)

with the known thermal diffusivity matches very well with the

experimental data. As described in Chapter 3, the thermal diffusivity

is obtained by the curve-fitting procedure.
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Figure 42. Experimental record on the temperature change of the
deactivated PeTi hydride at pressure of 200"psig
hydrogen, cooling from 70.05 to 60*C.
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Figure 43. Temperature change of the deactivated FeTi hydride at
pressure of 200 psig hydrogen, cooling from 70.05 to
60*0. Points are the experimental data, and line is
the prediction from the known thermal diffusivity.
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Hgure 45. Temperature chaivge of the deactivated PeTi hydride
at pressure of 4^ psig argon, heating from 30.25
to 50*C. Points are the experimental data, and line
is the prediction from the known thermal diffusivity.
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LIST OP SYMBOLS

Ao van't Hoff constant.

A, B parameters in the relation betvreen the thermal conductivity

and temperature.

Ac "effective" surface for conduction via aluminum.

Ah surface of sphere,

a  radius of the test cylinder,

b  defined b7 Equation (31)

C, C hydrogen composition in hydride.

Cp average specific heat of the hydride packing.

Opa specific heat of aluminum.

Cph sjjecific heat of PeTi hydride

Cpg^ specific heat of hydrogen ̂ is.

D  aluminum temperature.

Dh diffusion constant defined by Equation (7).

g  defined by Equation (13) throu^ Equation (17).

AH, AH' heat of reaction,

h  heat transfer coefficient,

k, k' reaction rate constants defined by Equation (5).

Ka thermal conductivity of aluminum.

Kah thermal conductivity of Al-foam filled with PeTi hydride

at pressure of hydrogen.

Kg thermal conductivity of PeTi hydride plus gas.

thermal conductivity of PeTi hydride plus argon,

thermal conductivity of PeTi hydride plus helium.

Kjj^ -fcermal conductivity of PeTi hydride plus nitrogen.
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Kh thermal conductivity of FeTi hydrie plus hydroi5en.

Kq thermal conductivity of porous PeTi hydride particles.

K», thermal conductivity of vessel wall.

L  length of the hydride hed.

m, initial hydrogen loading in hydride "bed.

n  number of equations.

n, number of spherical cells in i-th cylindrical subvolume.

N  number of spheres in the differential cylindrical element,

defined "by Equation (49).

q  defined hy Equation (48)

q^ constant heat supply, defined by Equation (42).

q, conduction heat defined by Equation (88).

Q' defined by Equation (49).

r  radial coordinate in sphere,

r^ radius of sphere.

R  radial coordinate in cylinder.

Ri outside radius of PMT.

Rp inside radius of vessel.

Rst outside radius of vessel.

s  characteristic dimensions defined by Equation (7).

t  time.

tv4 defined in Chapter 3.

T  hydride tenperature.

Ts temperature of vessel wall.

Tp inside wall temperature.

Ti, outside wall temperature.
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Tw average temperature of water.

Va volume fraction of aluminum.

0  hydride phase.

^  hydride phase.

y  l^dride phase.

«  fractional extent of hydriding reaction.

P  bulk density of the hydride packing.

Pa aluminum density.

P^ hydride density.

1  defined b7 Equation (64).

<t> defined b7 Equation (65).

e  void fraction of the hydride packing.

A  "Biermal diffusivity.

exponential coefficient of Bessel function of order one.

9  defined as At/a^.

5  defined by Equation (51).

n  constant defined by Equation (41).

1  defined by Equation (50).

AM moles of hydrogen reacted in Ab.

At radial interval in spherical system.

AR radial interval in cylindrical system.

At time increment.
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