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ABSTRACT

Tubular catalytic reactors were tested in a vertical receiver in the

Schaeffer Solar Furnace. The reactors were used for heating CXX̂  and for the

endothennal reforming reaction. 3.8 KW were absorbed by the COJ2 The

maximum energy absorbed by the reforming reaction was 6.9 KW, with methane

conversion of 38%. Conversion of 84% was obtained with low reactant flow

rates.

The heat transfer correlation for the reactors was calculated from the

experimental data.

Reformer operating conditions in which the product gas can be fed

directly to a methanator, were found.

The complete report is hereby submitted.
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1. Summary

1.1 Three types of catalytic reactors in a new vertical receiver were tested

in the Shaeffer Solar Furnace:

Reactor IV - 60 cm length, 20 mm ID.

Reactor 2V - U shaped, 115 cm length, 20 mm ID.

Reactor UV - U shaped, 93 cm length, 12.7 mm ID

The vertical receiver was expected to be much more efficient In using the

energy supplied by the solar furnace, ccropared with the horizontal tubular

receiver previously used. This should be achieved by better energy

distribution inside the receiver and by smaller heat loss.

Heat was absorbed by heating OO2 and by the endothermic reforming

reaction (CH4+CD2)

The flow of OO2 was in the range of 800 to 8400 I/hour (Re=300 to 1800),

and the maximal energy input to the gas was 3.8 KW.

The flow of the reaction mixture (CH4+OO2) was in the range of 1000 to

11000 I/hour (Re=200-1600) and tiie maximum energy absorbed was 6.9 Kit, in

the Reactor 2V, with methane conversion of 38%. Maximum methane conversion

of 84% was obtained with low Re numbers. Heat flux reached 110 Kw/m2. The

operation of the reformers was limited by two restrictions:

(a) The reactor wall temperature can not exceed 950* (safe limit for the

Inconel 600).



(b) The flow of reactants is limited by the size of the flow controllers

used at that time.

The heat transfer correlation was obtained from 328 runs in the three

reactors, including both reforming and OO2 heating. The equation is

Nu = 0.534 Re0'5 Pr0'7

1.2 Preliminary calculation were made for the design of a Reformer of 50-100

Kw, to be constructed and operated in the Solar Tower.



2. Introduction

The principle of the chemical heat pipe was previously described (1,2)

(see Figure 1).

The work presented in this report was aimed at two main points:

a) Evaluation of the performance of directly heated solar

reformers/receivers.

b) Obtaining data for the chemical reaction and heat transfer in different

reactors in a vertical receiver.

Results obtained in this work will be used for the design of a 80 Kw

Reformer planned to be operated in the Solar Tower.

The reaction system was similar to the one previously described for the

Sodium Receiver (2). The mode of data flow (acquisition, storage and

transformation) is shown in Figure E.



3. The Vertical receiver and reactors

Figures A and B show the reactors 2V and UV in the vertical receiver.

The reactor IV is made of the same tube as 2V, but is only 60 cm long and

the exit of the product gas is at the lower end of the receiver.

All the reactors are made of Inconel 600; the dimensions are given below:

Reactor

IV

2V

UV

OD, mm

24

24

16

ID, mm

20

20

12.7

Catalyst bed
length, cm

60

115

93

The temperatures of the reactor wall are measured by Thermocouples

inserted into wells, made of 3 mm inconel tubing and welded to the reactor

wall. Measurements are taken on the front and back walls, at points 15 cm

apart.

The gas temperatures are measured at intervals of 15 cm, by a multipoint

thermocouple and additional single thermocouples.

The catalyst is 0.5% Rh on 1/8" Alumina pellets (same as previously

used).



The receiver is an aluminum box, with all the walls insulated by a 5 cm

thick Fiberfrax Durablanket alumina blanket. The inside dimensions are: 30

x 30 x 60 cm. The opening on the front wall, facing the concentrator, is of

10 cm diameter.

The first experiments in the Solar Furnace were done with a horizontal

receiver reformer (3), the reactor being a U tube with gas inlet and outlet

at the back of the receiver. In this configuration very ununiform heating

of the reactor was obtained; overheating was observed at the front of the

receiver, were the middle of the reactor was directly irradiated, and toward

the exit of the reactor the gas cooled down, leading to a back reaction. As

the wall temperature must be limitted at 950-970*, parts of the reactor wall

could not be heated enough to allow the necessary heat transfer to the

reacting gas, thus limiting the total energy input possible.

We built the vertical receiver in order to overcome these difficulties,

mainly planning to get uniform heating of the reactor walls. The vertical

receiver/reformer should also serve as a model for the larger scale reactor

to be used in the Solar Tower, where a vertical secondary concentrator will

probably be added to the receiver.

The receiver was placed with the opening in the focal plane, and the

reactor was fit into the receiver at a distance of 18 cm from the opening.

In this position, the whole length of the reactor is "illuminated", but the

central part of the reactor, facing the^ opening, gets more concentrated

radiation. Therefore, we get 2 "peaks" on the -temperature profiles of the



front reactor wall (see Figures P1-P4), at about 30 and 100 cm of the

reactor length. At these points, especially at 30 cm, we got the highest

temperature difference between the front and back reactor wall (about 100*,

compared to 20-30* at the other points).

As in the horizontal receiver, the peak wall temperatures limited the

possibility of heating the whole reactor to a high enough temperature. In

order to prevent this overheating of the front wall, we put in the receiver

twa vertical ceramic tubes of 15.5 mm CD, located between the opening and

the reactor in order to protect the reactor wall from direct radiation. Ofte

tubes were at 80 mm distance from the opening and 110 mm from the reactor.

With this configuration, the temperature differences between front and

back reactor wall decreased to 0-30* but the hot peaks did not totally

disappear.

In the heat transfer calculations, the wall temperatures (TWa) were

taken as average between front and back wall temperatures.



4. Heating CO? (Figures d-C7)

4.1 Purpose

By heating CO2 9as a t various flow rates and energy inputs we obtained

useful information about the thermal performance of the receiver and the

various reactors used. Temperature profiles are presented, heat fluxes

along the reactor are calculated, and energy input data are combined with

data from the reformer for the construction of the heat transfer

correlation.

Part of the data are presented in Tables I-OO2 to S-CE^- All the other

data are available on computer disks.

4.2 Temperature profiles

In Figure Cl the wall and gas temperatures along the reactor are shown.

3 runs where chosen, in which the wall temperatures at the end of the

reactor - 100 and 115 cm - were similar and high: ~900*, and the Re numbers

were different, as shown. (The wall temperatures depicted are the averages

between front and back wall). At 15 cm reactor length, the wall temperature

was already 730, and rised monotoneously to 900 at 115 cm.

The gas temperature profiles for the 3 runs are very similar in trend.

The gas always reached the wall temperature, and, as expected, this

temperature was reached earliest at the lowest Re (line 1, at 70 cm). In

the last part of the reactor, the temperature differences between wall and



gas is only 40-60", and practically no heat transfer occurs. Even at the

highest Re (line 3), nost of the heat is absorbed in about 75% of the

reactor length.

The total amount of heat absorbed was limited by the gas flow rate, which

reached the maximum allowed by the Flow Controllers used.

The wall temperature profile for reactor IV (60 cm) is shown for

comparison. The trend in the temperature rise is very similar. The reactor

IV is somewhat hotter than reactor 2V, possibly because of its position in

the middle of the receiver. Figure C2 shows, for reactor UV, temperature

behaviour very similar to that described for reactor 2V.

4.3 Energy input

Figures C3 and C4 show the energy input along the reactor, for the three

reactors used. The expected dependency of heat transfer on Re is clearly

observed, for all the reactors.

In Figure C4, the effect of the wall temperature on energy input is

observed by comparing line 1 (wall temperature = 911) to lines 2-4.

Line 1 also shows that in the first half of the reactor 1.9 Rw were

absorbed, whereas in the rest of the reactor - only 0.7 Kw. in the case of

low Re - line 4 - at half of the reactor the C0^ practically reached the

wall temperature and no more energy input occurs.



4.4 Heat flux

Figures C5 and C6 show the heat fluxes along the reactor, again comparing

the three reactors used.

Each point on the graph is the average heat flux on the relevant segment,

and is located at the point on the "reactor length" axis which is the middle

of the segment.

The division into segments for the 3 reactors is as follows:

Segment No. cm

1

2

3

4

IV

0-15

15-30

30-45

45-60

2V

0-60

60-85

85-100

100-115

UV

0-23

23-57

57-79

79-93

The highest fluxes are always observed at 30-40 cm reactor length; this

is the region where the wall temperature increases sharply whereas the gas

temperature is still low. The trend is similar for all the reactors and

different Be numbers. Fluxes are markedly increased as Re increase, the

limit being, as previously mentioned, the maximal flow possible in our flow

control system. The highest heat fluxes we obtained in our system, for



heating, were 60-70 Kw/nr (Fig. C5). This maximum, obtained at wall

temperature of 911*, can be increased by heating the wall to 950-960 or by

increasing gas flow rate. Figure C7 shows the dependence of the heat flux

on Re for reactor UV, at four points along the reactor. The relation is

linear in the range of temperatures and Re measured. Fluxes are very low at

Re under 800, and drop to <10 Kw/m2 in the last part of the reactor.

5. Reforming (Figures F, G, P1-P4, 2-15)

The reforming reaction was conducted at various flow rates and energy

inputs into the receiver. We controlled the input by the size of the door

opening, limitations being, of course, the direct solar radiation and the

reflectivity of the Heliostat and the concentrator.

The obtained temperature profiles on the reactor wall and in the gas are

presented below. The methane conversions, average fluxes, energy inputs as

chemical enthalpy and sensible heat, as well as a general heat transfer

correlation were computed.

The range of the reaction parameters and results for the three reactors

tested is given below. Figures F and 6 show the conditions for one day of

Reforming: solar radiation, flow rates and temperatures.

Additional detailed results for Reactor IV will be summarized separately.

10



Reaction Parameters

Wall temperature, at the hottest point: 960*.

Reaction temperature (product gas temperature): 580-840*.

System pressure: 4 atm.

Feed flow: 1000-11000 I/hour.

Reynolds Number: 200-1600.

GHSV 8000-50000 hr"1.

Results (maximum values)

CH4 conversion: 84%

Reaction rate: 12.5 1 CH4/ml catalyst'hour

Total energy input: 6.8 Kw

Average heat flux: 100 Kw/m2.

Part of the data are presented in tables 1-2V to 5-2V and 1-UV to 4UV. All

the other data are available on computer disks.

As previously mentioned, the maximal energy input into the reactor was

limited by two factors:

(a) The reactor wall temperature could not exceed 950-960*C (material

constraint, the limit for Inconel 600 is 1050*).

(b) The throughput of our flow controllers was limited at 100 1/min.

In the range of flows available, we could still increase the Reynolds

number and thus increase total energy input; but at high flow rates the gas

11



temperature decreases, the pressure increases, causing a drop in the

equilibrium conversion; thus most of the energy absorbed will be converted

into sensible heat and not into chemical energy, making the high flow rates

no-practical in our system.

5.3 Temperature profiles

• Figures PI and P2 show the temperature profiles for two runs in reactor

2V. In spite of the inhanogeneous increase in the wall temperature

(discussed previously in section 3), we note a homogeneous increase in the

gas temperature, at high and low Re number as well.

The wall temperature profiles shown here are markedly different than

those in Figures Cl and C2, where no reaction takes place and 00^ is only

heated: two maxima are clearly seen in Figures PI and P2 at the position on

the reactor facing the opening in the receiver. In both Figures the

temperature difference between wall and gas at the reactor exit is quite

high (100-140*), indicating that the whole reactor surface is used

efficiently for heat transfer. Thus, the drop in wall temperature in the

range which is not directly heated (60 to 80 cm) cannot be compensated

entirely by reradiation from the receiver wall.

Another significant observation is the wall temperature at 15-20 cm

reactor length: even at the higher gas flow rates (Re-863, Figure PI), the

wall at 20 cm has already 700", which is only about 100* less than lie

hottest point on the wall. Thus, we have a quite uniform temperature on

12



most of the reactor wall, resembling the configuration of the indirect

heated receiver, e.g. through sodium. At the low flow rates (Figure P2),

the reactor wall temperature is almost uniform from 15 to 115 cm length.

Figure P3 shows that for reactor UV, the trend of gas and wall

temperatures is similar to that in reactor 2V. At about 20 an reactor

length, the wall already reaches almost its final tenperature, the

difference between TWa 92 and IWa 20 being only about 30*.

However, as expected, the temperature difference between wall and gas is

generally smaller in reactor UV than in the bigger reactor 2V.

Figure P4 shows two runs for which the gas temperature profiles are very

similar. As the gas flow rates are different, it is clearly seen that at

the high Re (line b), the wall temperature must be kept about 120* higher

than for the low Re (line a) in order to obtain similar gas temperatures in

both runs.

5.2 Product gas temperatures

In Figure 2 we present the product gas tenperature related to Re, for

various wall temperatures In reactor 2V.

For the whole range of Re, the product gas tenperature depends strongly

on the reactor wall tenperature (TW100 is the wall tenperature at the

hottest point of the reactor, i.e. at 100 cm length of catalyst bed). At

Re=800 the highest amount of energy was absorbed (6.8KW), when the wall

13



temperature was 940-960*, whereas at 720-760", the product gas temperature

drops to 540*, and very low conversions of CH4 could be obtained.

The slope of the gas temperature vs. Re line decreases with increasing

Re; this results from the fractional exponent of Re in the relation of the

heat transfer coefficient to Re:

Nu « Re0'5

The extrapolations (broken lines), show the approach of the gas

temperatures to the range of the wall temperatures at lower to zero flow.

Figure 3 shows the near to linear relation between the product gas

temperature and the highest wall temperature, for all the three ranges of

Re.

The lines are for reactor UV, and additional points are given, for

comparison, for reactor 2V at similar ranges of Re. As similar Re for both

reactors mean a much higher flow rate in the big reactor (2V), it is obvious

that the temperatures reached in reactor 2V are considerable lower. (Note

that when we compare the two reactors at the same Re, tiie increase in heat

transfer surface from UV to 2V is smaller than the increase in mass flow

rates of the gas).

5.3 Energy input (Figures 4,5,6,7,14 and 15)

As expected, the highest values for energy absorption were obtained at

highest Re numbers (best heat transfer) and at the highest wall and gas

14



temperatures. This holds for both reactors 2V and UV, and is shown in

figures 4,5 (2V) and 6,7 (UV).

Since TW 100 of 940-960* is the highest temperature allowed (from

material consideration), the line at this temperature (black points in

Figure 2) is the line of highest energy absorption in the range of Re

investigated.

As seen from the graphs, energy absorption might be increased even more

by increasing the feed flow rates.

As the main purpose of the Reforming system is the conversion of solar

energy into chemical energy (through the endothermic reaction), we are not

interested in absorption of energy in the form of sensible heat alone. As

previously seen, above a certain value of feed flow rates, the product gas

temperature drops to such a value where equilibrium conversion is very low.

By increasing the length of the reactor this difficulty could be overcome.

In runs where Re is high, we observe that there is a considerable difference

between wall and product gas temperature: in this case we could increase the

catalyst bed length by adding catalyst up to 130 cm, and this would lead to

increase in product gas temperature and methane conversion.

Figure 14 shows the sharp increase in the ratio of Qfegfc to Qreact with

increase of Re over 900. Ihls point should indeed be the practical limit of

flow rates in our system.

15



The chemical enthalpy and the sensible heat are equal at Re=1100 (Tw 79 =

800-830), and at Re=1300 (when the wall temperature is at its maximum

900-940*). Evidently this equality is obtained at lower Re numbers in

reactor 2V (2 points shown in Figure 14). From the data in Figure 15, we

can find the methane conversion for any ratio of Qreact/Pheat t h a t ** (:*XX3S&

to maintain in the system (f.i. at around 80% conversion about two thirds of

the energy absorbed is converted into chemical energy).

5.4 Reaction rates and methane conversion (Figures 8-13)

Figures 8 and 10 show the dependence of reaction rate (liter CH4 reacted

per ml catalyst per hour) on the product gas temperatures, for reactors 2V

and UV, at different groups of Re numbers.

The reaction rate increases with the product gas temeprature and Re.

Figure 9 was constructed from the data of Figure 8, using the average Re

for each group. As seen, the gas temperature of 800* could be obtained in

reactor 2V only at Re up to 300, and 700* - up to 550. At higher Re, the

product gas temperature does not rise to 700*, even when the wall

temperature was at its maximum (950*). As previously mentioned, we did not

increase the feed flow over the values that gave about 650* in the product

gas, which is the limit for reasonable methane conversions and not too low

reaction rates (about 2.5 1 CH^/ml cat.hour, for reactor 2V, see Figure 9).

Similar reaction rates were obtained in both reactors, when compared for

the same temperatures and the same range of Re. For instance, line 1 in

16



Figure 8 can be compared with line 2 in Figure 10, for the range of

Re=715-865.

Data for Re=400-450 (not shown in the graph for 2V) also indicate

similarity of reaction rates in both reactors. At this range of Re, the

methane conversion approaches nearly the equilibrium conversion in both

reactors, as shown in Figures 11 and 12.

Comparing Figure 11 with 12, we observe a clear dependence of methane

conversion on Re for reactor UV, whereas in reactor 2V the data are

scattered near the equilibrium conversion line, not showing a dependency on

Re in the range of Re measured.

In reactor UV it was possible to work with Re numbers up to 1480, without

decreasing too much the product gas temperatures (line 1 in Figure 10).

Reaction rates of up to 12.5 liters methane reacted per hour per ml catalyst

could be obtained, but conversions were markedly lower than the equilibrium

ones (line 4 in Figure 12). Perhaps at high flow rates the reaction rate

becomes the limiting factor for the process. In general, it can be expected

that reaction rates, at high flows, might be lower in reactor UV, because of

"channeling" effect of the gas in the vicinity of the wall, which is much

nore expressed in narrow tubes.

As previously mentioned, in the chemical heat pipe it is important to

convert most of the solar energy into chemical enthalpy. Thus, not less

than 70-80% conversion of methane are required. For this level of

17



conversions, even when equilibrium conversion is reached, the tenperature of

the exit gas must be over 750*, and the wall tenperature must be kept 2.900*,

in order to supply sufficient heat fluxes.

In reactor 2V we obtained these conditions only at Re £ 300, whereas in

reactor UV, tenperature of 800* in the product gas was obtained even at

Re=1200. This indicates that for a tube in the size of reactor 2V, the

catalyst bed length should be increased. Ihis will be discussed in detail

in section 7 below.

6. Ite Heat Transfer Correlation (Figures 16 and 17)

An irrportant topic in the evaluation of the directly heated reformers is

to derive the heat transfer correlation, which relates the heat transfer

capability of the system to the flow properties of the feed and to its

physical properties at the reaction temperatures.

The general form of the correlation is:

Nu = a Re^Rr11

The dimensionless terms being defined as:

a Dp G'Dp Cp'U •

Nu = ; Re = ; Pr = —
X u X

18



We obtain the experimental Nu numbers from the heat transfer coefficient

a, which is calculated directly from the total energy input into the reactor

and the average temperature difference between wall and gas.

Data are taken frcm all the three reactors, for CO2 heating and for the

reforming reaction, oc values for CX^ heating were calculated for the whole

reactor and also for segments of 15 cm length along the catalyst bed in

reactor 2V and segments of 23, 24, 22 and 13 cm along -the reactor UV.

The values of m and n are found analytically from the experimental

values. The value of a is found by linear regression, using 328

experimental points.

The equation obtained is:

Nu = 0.534 Re0'5 Rr0'7

with a scatter of ±14% (R2 = 0.72). The experimental data with the

correlation line are shown in Figure 16.

The experimental Nu numbers vs. the estimated values (calculated from the

equation) are shown in Figure 17, where the scatter around "the "y=x" line is

observed.
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7. Reformer scale up considerations

From the results presented in the previous sections, it is evident that

the heat transfer to the catalyst bed is the main limiting factor in the

reforming process, when the directly heated reactor is used. This factor

becomes more significant with the increase of the reactor diameter. In our

reactor 2V, the product gas temperatures and, correspondingly, methane

conversions, were low: thus, at the highest allowed wall temperature (950*),

at flow rates giving Re>700, the product gas temperature was about 670* and

the methane conversion - not more than 24%. To increase these values, the

length of the reactor must be increased. Note that the efficiency of the

existing reactor 2V (20 mm inside diameter) might be increased by adding

catalyst to a length of 130 cm, the wall temperature at 130 cm being high

enough (related to the product gas temeperature) to enable more heat input

at high Re numbers. Replacing the reactor material by a higher grade alloy

(f.i. Inconel 800) might also be considered, in order to allow for higher

reactor wall temperatures.

Using the heat transfer correlation derived from the experimental data,

and the wall temperature profiles measured, it is possible to calculate the

reactor length and the process parameters for any desired tube size and flow

rate, using a computer model. Work on this subject is in progress.

In this chapter we present some simple calculations, giving general data

related to the design of the 50-100 Kw reformer to be operated in the Solar

Tower.
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The configuration of the reaction site in the Solar Tower allows for a

vertical receiver of 2-2.2 m height. Thus, a reactor of 2 m length can be

directly irradiated. If a U shape will be used, 4 m reactor length will be

available. The use of a vertical-two-dimensional secondary concentrator is

considered.

7.1 Calculation

For any given combination of flow condition (Re nuttier) and wall

temperatures, we can use the experimental data in order to calculate the

length of a bigger reactor, which will give the same results (product

temperature and methane conversion). The relationship to be used is (3):

D i 2 * 1
L

Dav * «l

1, &]_, dav - length, inside diameter and average diameter of the reactor in

which the experimental data were obtained.

L, Dif Dav - the respective values for the calculated reactor.

Thus, in order to obtain in a 2" tube the same results as in 1" tube of

115 cm length, a reactor of 2.4 m length is needed. The real diameters of

the tubes mentioned are: "1 inch" - 0D=24 mm; 3D=20 mm. "2 inch" - 0D=44mm;

ID=40 mm.

One example is run 71605, in reactor 2V, where the energy absorbed was

6.8 Rw at methane conversion of 37%. If this run would be conducted in a 2"

reactor of 2.4 m length, the energy obtained will be:
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6.8 x 4 = 27.2 Kw

(For equal Re, in a tube with twice the diameter, the mass flow rate is 4

times bigger).

In a reactor of 4 m length, increase of conversion to about 65-70% might

be expected, taking in account the decrease in heat fluxes when product gas

temperature is higher (lower AT between wall and gas). Thus, the energy

absorbed will be about 40 Kw.

A second example taken was run 101321, in reactor UV (where 3.5 KM were

absorbed at 64% conversion). To conduct this experiment in a 2" tube, 2.9 m

length are required in order to obtain the same conversion of 64% at Re=718.

Since the increase in mass flow rate is 0.042/0.01282 = 9.8, the energy

absorbed in the 2.9 m will be:

3.5 x 9.8 = 34.2 Kw

If 4 m length will be used, the conversion will increase in the last 1.1

m, and it might be estimated that about 40 Kw will be absorbed.

A similar calculation for this run was done for a long reactor of 1"

tube. The length of catalyst bed required is 1.5 m. The increase in energy

from run 101321 to this reactor is:

0.022/0.01282 - 2.44 times,

and the energy absorbed will be:

3.5 x 2.44 = 8.5 Rw.
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Considering increase in conversion, on 2 m reactor length 10-11 Kw might be

expected. Thus, 4 tubes of 2 meter are required for 40 Kw

The use of 4 m length of a 1" tube is not practical, because -the

temperature of 800* in the product gas can be reached in a shorter reactor.

In addition, increase in Re number might lead to a high pressure drjop on the

catalyst bed.

In a 2" reactor, the problem of pressure drop, if occuring, might be

solved by using a larger size of catalyst pellets (6 mm, instead of 3 mn

used in the small reactors).
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7.2 Results and conclusions "

In the following table S!a summarize the results of the preliminary

calculations described.

Reactor Scale-up

1
Run
I

no.

71605

101321

101316

Reference experiment

Reactor

di

mm

20

12.8

12.8

length

m

115

93

•

93

Re

729

718

i

1300

CH<

conv.

%

37

64

43

Energy

abs.

Kw

6.8

3.5

4.7

Scale-up

Reactor

Di

mm

40

40

40

40

20

20

20

20

Length

m

2.3

4.0

2.9/

4.0

1.5

2.0

1.5

2.0

Re

729

729

718

718

718

718

1300

1300

values

CH4

conv.

%

37

65-70

64

>64

64

>64

43

> 4 3

Energy

abs.

Kw

27.2

~40

34.2

~40

6.5

10-11

11.5

14-15

...

Number of

tubes for

80 Kw

2

2

8

a
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The optimal combination seems to be the use of 2 U shaped tubes, 4 m

length each. Absorption of about 80 Kw is estimated, at Re=~730. However,

the availability of 80 Kw from the Hellostat field, at the reaction site

located at the 20 m level in the solar tower, depends on several factors:

a) The number of Heliostats useful for the 20 m level.

b) The type and size of the secondary concentrator that will be used.

c) The season of the year.

The combined effect of these factors is being evaluated, using the MIRVAL

computer program (4) and data on secondary concentrators.

8. Acknowledgement

Itshak Levy did the mechanical design of the vertical Receiver. lie is

also responsible for the proper functioning of the mechanical systems in the

Solar Furnace.

Oshia Mirel assisted In the construction and assembly of the reaction

systems.

Their participation in the project is much appreciated.

25



• Nomenclature and Units

-' Fluid heat capacity, Kj/Kg- *C

- Equivalent diameter of the catalyst particle, m.

- Reactor tube inner diameter, m.

.,- Reactor tube average diameter, m.

F - Average heat flux from the reactor wall to the fluid, ]

G - Mass flew rate, based on the cross section area of the empty

reactor: Kg/nr-sec.

L, 1 - Length of the packed (catalyst)bed in the reactor - in.

Nu - Nusselt number, wiLA, dimensionless.

Pr - Prandtel number, Cyi/X, dimensionless.

Oh - Sensible heat, absorbed for heatirtj the fluid, Watt.

9react " Ensr3^ absorbed for the e»3othermal reaction. Watt.

Qt - The total energy absorbed by the fluid per hour. Watt. '

r - Reaction rate, liter CH4/ml catalyst • hour. ;

Re - Reynolds number, Gd_/#, dimensionless.

Tg - Fluid temperature

Tw - Reactor front wall temperature.

isie All the energies are calculated for 1 hour.
All the temperatures are in "C.
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Twb - Reactor back wall temperature.

Tr - Receiver wall temperature.

a - Heat transfer coefficient from reactor wall to the fluid,

watt/m2'*C.

x - Heat conductivity of the fluid, watt/m- *C

u - Dynamic viscosity of the fluid, Kg/m«sec.
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HBLI 1 - C02

7-5,6,10,11-1388

IDI Jo. Il«
7504 09:09:00
7603 11:43:00
7604 12:03:00

71037 16:08:00
71102 13:16:00
71103 13:20:00
71104 13:26:00
71105 13:33:00
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71107 13:45:00
71108 13:48:00
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71118 14:52:00
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C02 1/h
3392
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7437
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7880
7842
7878
7974
8236
8662
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6339
6246
6128
6274
6256
6200
6116
4854
4828
4906
4940
4934
4988
5120
3358
3360
3394
3404
3418

EEACTOR

P.atg.
3.6
3.9
5.3
0.3
2.4
3.0
2.5

• . 2.6
2.1
2.6
3.0
3.5
2.6
2.6
2.
2.
3.
3.
3.

3.1
2.4
2.8
2.5
2.9
3.0
2.6
2.1
3.0
3.0
3.0

..3.0
3.0
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GBSY h-1
9285
15520

• 22544
^ 20296
15138
17378
19813
21016
20914
21010
21266
21964
23100
24002
16906
16653
16343
16732
16684
16535
16311
12946
12876
1*084
13175
13159
13303
13655
6956
8962
9052
9079
9116

FLOW SATIS AHD GAS TEHPIRATOHIS

BEATING

Be
392
722
1042
946
744
831
927
970
990
1005
1045
1111
1319
1532
969
901
846
814
802
765
743
599
615
644
683
720
760
826
422
413
447
465
494

C02

Badiatlon
»att/i2

646
806
838
'606
731
766
709
741
706
698
713
694
715
653
663
669
669
639
631
628
554
517
481
460
460
446
406
402
382
431
403
410
343

Door i. TG0
2
4
4
3
4
4
4
4
4
3
3
3
2
2
2
3
4
4
4
5
5
4
3
3
2
2
2
1
6 .
6 -
3 •

2
2

346
51
48
137
43
46
51
56
59
59
59
57
51
48.
47
48
50
54
56
60
63
73
71
68
65
61
57
54
57
62
71
69
65

TG6O
531
(68
622
521
596
565
620
621
563
546
479
443
'272
175
295
382
435
553
569
661
692
669
579
524
411
349
306
226
696
749
552
468
387

\

Gas leiperatnres
TG70 IG85

565
754
719
552
(70
672
709
728
(54
(3«
566
525
350
221
956
447
518
(32
650
741
772
745
671
595
481
408
359
212
740
795
613
534
445

590
809
781
(08
705
727
766
7JI
715
(17
(28
5S3
397
259
491
491
55S
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712
791
821
785
715
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532
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411
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771
122
(49
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416

IG1O0
(11
141
13!
(51
734
T7(
114
131
T7I
J47
(76
(32
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291
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$91
719
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125
159
112
741
(79
5(2
414
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TS9
I4(
(7(
(17
511

T6115
(14
157
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(13
T5I
1(3
144
1(3
112
711
724
((9
472
32(
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5(3
(3(
752
775
153
114
131
7(2
7M
(11
525
4(4
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IK
151
(94
CZ(
533



H i l l 2 - C02

IIKNI nu tnriMTUis

M,(.1I,1MH( HICWI21 IUIIK C01

fcutor t i l l IinicKirci - h«it !««»« » • " tuf«rit>r« - lick

in ic. tin ic in ms mi nis mi mi ms nm mis ntii mi mis mil m» mil twi nus ntiii mns mm
7511 l!:!!:ll IK 111 Itl SSI 512 SI! tZI (21 Hi i2i (il 121 1(5 521 !5f 512 115 115 (II ill Hi
1111 11:11:11 122 HI 511 151 111 HI 111 111 HI ISI Hi 1(1 HI 721 III 132 152 lit 111 lil t!2
1111 12:13:11 lilt Itl Sll 111 III ISI III 111 HS II! 7(2 111 SIS 711 l i l HI 111 157 IH 17! I l l

11111 11:11:11 III 215 Sll i l l Sll 115 (H (It ISI T2I 111 111 511 511 SIS (51 151 (» (H III HI
11112 11:11:11 III 111 HI HI 121 717 Ti l 7S7 IIS 715 (21 HI 571 HI ill i l l .111 112 121 71! 112
m i l 11:21:11 111 II! K7 721 7(1 7(1 771 III 1(7 111 71! I l l (11 (li HI 111 ISI 111 HI HI 111
tlll l 11:21:11 HI ISI 715 7i! Ill Hi II) 155 HI II) 111 1(2 (75 US ISI 117 711 HI II! Ill lit
11IIS 11:11:11 I I I 171 711 711 I I I 115 »}J | ( | J21 HI Itl III Hi 112 111 1)1 II! Ill III l(( IH
711(111:11:11 HI 171 H! 121 117 III 115 HI lil Hi 11! Hi ill (12 '111 115 151 112 III IIS 7(5
7|(H II:(5:11 INS Itl 115 711 I I ! 117 1|] 1T| III HI 151 lit HI - (21 (12 lit 12S IS! HI II! 727
tl l l l 12:11:11 HIS 15! i l l 151 112 lit (IT II! TH l i l II! lil Sli SiS 121 (H it! Ill 717 TSI Mi
HIM 11:55:11 HI) HI Sli 5!( Sit il l | ] | US .TIT MS (5! III! SH (It SIS S l l IH ill H2 (H (((
Hill I(:IS:II 111! ttl III (52 HI (SI <(| |(T SS( Sll (SI 112 1(1 151 Ml 121 151 li! Mi 5!l III
11111 11:11:11 1512 til 111 HI 211 111 ]2( )ll HI ID H7 II 271 251 HI HI HI 323 HI 352 II!
11115 tl:l!:ll 11! til HS IS! H I (II «t <$] 551 5H 112 17 111 111 US 412 ISI 511 S2T S l l (S2
11111 l(:lt:(l HI US (SI SiS 511 121 S(J Jt | (St i l l 517 Hi III ISI <S1 S l l SH Sl i Sll 571 ISS
mil 11:11:11 III .121 555 H I 511 112 W |]( 711 ISI 5)1 121 SI) S2( 5(! 5)2 (It ( t l (SI (S) SIS
I l t l l 1I:S2:(I IK l(! II! 112 l it Ml ?2J 757 HI IK HI II! SSI (li ISI 111 MS 121 . IS2 7SI (77
Till! l(:!i:H lit IS! 157 IK III 111 741 77] |<| (IT 111 lit HI HI IH 111 12! 1(1 III 177 711
71121 1 ) :M: I I IK 17) 711 7)1 HS HI | , , | j | jit | | | 7)1 us IH IH til Til 7)1 111 M IS] 711
71121 15:11:11 II) IS] 115 Hi Itl HI M ) ||] us )|( 121 HI IH HI "> IX " I «4 HI US IH
1112115:21:11 SH IK IH 111 lit li! ,,i |,) |li m 711 211 (l( ((( »« " ' »« HI HS 125 l i l
11U5 15:21:11 I IS 1 1 1 . 1 1 1 . (51 . i l l .HI 7(7 7)7 7] ] 77] T i l III (11 HI *« • " 121 JM 1 H « l 121
11121 15:14:11 id US 512 II! Ill Hi H T | | l 1(1 121 (II ITS Sll SSI US M l HI HI 112 111 HI
1112115:11:11 111 151 I D Sll ISI 512 ; , ] S ] j (<( (It (I) 15( (It 111 '« »t »M 511 (IT (2! SH
I t l t l 15:11:11 121 II! Itl (il 111 (SI m W iu 551 S2I 111 112 HI «» "1 I I I 511 Sll Sll 511
HlHtS:Sl:|| 111 121 1I( (IS II! (II ,„ ,„ ,„ < n {U „> J5| )» IIS IS! II] m IIS ISI lil

' Kill 1S:SI:H HI It! )H 111 2(1 111 ) \ , J u <„ W 421 i l l JH 2(1 Mi HI 1(1 IS! HI 121 IIS
tllll 11:21:11 m 172 711 111 111 75! I ( t I :J m l27 Til 11! HI HI "5 W 171 115 III 7)2 IIS
7111) 11:21:11 111 III 751 I I I HI HI !{ J ! J i „ , , 7,, n , , UJ HI m m | U m I S I

! i! ! ! i i ! ! ! !$ '! '" "l su su »• »« «• «• •« 1H m m -!W 5K 5M S!| {|J •" («
711)1)7:11:11 III HI 111 |» III III ,„ ,„ ,„ s5( ,„ „, ,„ ,H at «s <» !K 525 5(1 Sll



nut i - co]

IICIIHI timmoiis in miui IILL
1-S,(,11,11-1111

III h. Tin
ISM M:I9:9I
1(13 11:13:11
1(11 12:13:11

1II3T I(:K:OI
71112 2I.- lf .- l*

Ti l l ) 13:21:11
11114 13:21:11
II19S 13:33:11
TI IK 13:31:11
11117 11:45:11
71111 13:41:11
7119) 13:55:11
I l t l l 11:15:11
11111 11:11:11
71115 14:19:11
71111 11.12:11
11111 14:41:11
H i l l 14:52:01
t i l l ) 14:S(:|I
11121 15:12:91
11121 15:11:01
11121 15:24:11
11125 15:29:11
71121 15.11:11
71127 15:39:11
11121 15:44:11
11129 15:51:11
l t i : i I5:S(:II
71134 11:23:11
THIS 11:21:01
1113! 11:41:11
11131 11:53:11
Tl i l t 17:11:11

1I1CT0I 21

it rut mi
392
122

1142

941
741
131
921
I I I
991

1115

1145

t i l l
1)19
1512
911
911
141
114
112
1(5
111
S99
115
144
(13
121
1(1
121
422
413
441

. ' 4(5
414

HI
159
(91
SI4
4(
41
41
41
41
41
41
41
II
IT
41
II
41
II
19
I I
49
41
41
41
15
IS
14
45
43
4)
43
43
(3

I I I I I K COt

Itctlm hiruitwi
»•

211
I3(
(!)
Sll
41
I I
41
49
(1
41
47
51
4)
41
51
49
49
49
49
I I
41
41
IT
41
IS
15
IS
44
43
42
41
41
43

If INi
11)
449
4TI
413
111
511
II)
I I I
(IT
Kl
(11
Sll
413
I2T
311
I I I
111
SSI
I I I
111

HI.
in
in
512
52!
IIS
123
112
555
i l l
551
Sll
441

IHf
143
HI
121
112
4(7
SIS
ISI
111
194
HI
141
(II
Sll
412
II I
131
Sll
591
121
193
12)
111
ISI
II)
Sll
493
445
395
II I
111
513
S3)
471

Till
311
191
T3I
5(2
412
S32
(21
(It
ISI
144
II I
SS)
(II
313
315
319
I I I
531
S9I
I I I
111
113
121
511
512
(SI
III
354
591
ISI
535
411
422

I I I
251
111
1(2
5(2
2(2
399
(!(
3)2
(13
i l l
5)1
5(1
ISI
(IS
315
329
191
155
Sll
511
111
111
111
173
Sll
131
112
1(1
141
524
532
491
121

fir
111
151
113
Sit
(29
SS3
131
HI
(13
1(1
131
SIX
III
III
3(9
399
4(5
551
594
i l l
113
HI
(1!
51!
S3(
US
411
311
5(3
131
SI3
Sll
411

Frra
41

.
SI
SI
54
SS
SI
SI
51
51
SI
SI
Si
SI
51
51
SI
SI
51
51
51
SI
5(
55
SI
53
»
53
S3
51
SI
51

t j

T5I
119
931
121
113
901
12)
911
KT
115
I I I
121
113
(4(
1(5
114
129
ISS
IIS
933
III
113
195
7(4
(91
( I I
112
(11
191
921
ISI
(I I
127

Thl » | 1
321
131
111
199
111
111
1(1
111
III
119
HI
111
US
111
99

101
121
111
HI
112
195
211
111
115
151
111
121
111
HI.
1)1
111
liS
144

Wail

Sll
113
111
(52
11)
151
HI
IIS
719
III
IK
511
441
211
ISI
520
511
(II
111
HI
I I !
I l l
Ml
H I
521
152
112
111
IS)
III
133
Sll
411

IhIO
(IT
142
131
(41
121
1(4
I I I
IK
IS!
133
f l l
(1!
1(1
311

511
114
111
712
111
111
HI
111
159
SSI
III
112
342
IK
111
IS2
Sll
414

derue h i l T«iieratire>
1>al5 1

(14
IT4
111
113
135
113
131
154
IIS
IK
111
111
1(1
125
1(0
5(2
(42
111
111
I I I
I I I
113
131
(11

Sll
412
351
II I
I I I
(11
SIS
511

11.111
III
119
111
123
1(1
I I I
119
HI
137
III
113
(IS
525
I I I
539
(15
HI
HI
I I I
111
HI
111
t i l
125
(21
511
IIS
I I I
131
111
111
133
911

IlallS Tail*»)
ID
10
114
119
I1J
111
ISS
HI
US
HI
151
III
S22
391
523
S93
115
Id
192
IK
191
111
1(9
111
(31
951
494
422
119
IS)
f l l

.(is
951

451
415
4(1
429
415
4I(
(13
(91
(51
113
113
312
2(1
192
111
311
311
(1)
(31
(IS
Sit
(()
(42
111
331
295
2(1
212
1(5
SI2
III
351
114

TJII 1
(14
121
121
(41
H I
151
191
I I I
149
125
in-
iii

"451

311
411
533
SIS
HI
121
111
121
lit
114
149
S3I
4il
411
321
113
112
142
SiS
411

:»3
(IS
151
ISI
HI
121
113
121
135
I I I
149
(95
(21
IK
322

5S4
(21
125
141
121
153
I I I
725
(11
5(1
193
437
351
IIS
132
Kl

. i l l
511

Iai4
(21
111
191
(91
ISI
121
159
174
I K
H I
111
(K
497
351
511
511
(I I
7(3
714
111
I I I
131
7SI
713
( I I
521
4(1
377
121
112
(IT
111
521

IiiS
131
171
W4
121
154
121
Id
113
131
IIS
I I I
(92
S2I
315
$31
Ml
H I
11?
I l l
111
191
I I I
173
122
121
SO
49)
4)1
121
KS
III
134
511

Iterate
Ta|l Ii

139
3(1
315
329
321
311
33S
331
311
111
21)
251

112
112
111
215
213
113
312
1(1
311
311
125
291
231
2IS
112

, 111
•: 111

III
111
2(1
221

>|2
541
111
(71
53(
(3(
(21
K4
H I
( I I
513
S23
414
311
111
321
(IS
472
512
i l l
I I I
112
111
121
5(1
IK
31!
333
251
IK
112
512
511
Hi

Cu Teaieratirea
III) 1

STI
112
1S4
Sll
H I
HI
131
ISI
IIS
( I I
Sll
554
I I I
2(1
319
4(9
531
(55
SIS
ISS
111
1(3
(13
(21
S0(
431
311
111
ISS
10!
(31
SSI
(SS

I'll
SIC
12)
I I I
(2)
121
152
I I I
105

•113

122
(52
( I I
I I I
215
411
SOI
51!
(9!
122
111
I I I
119
121
(S3
S(T
41!
(1(
33!
US
I3(
(13
S91
491

T<(5

HI
'"3
J57
I d
112
191
129
111
IK
H I
I I I
(51
151
309
ISI
5(5
i l l
US
159
139
112
122
152
193
5((
SIS
(It
379
I I I
IS2
113
il l
Sll

<) Iccilrtr Tiiicralw, umtti if ai II Ffttutir
ll) Hi: l i | •( tmt ill tick nil tut. ."

In: l i | tall tut. It illicit
fiis iff H I uif. it limit
IT: du) tiif. Illltmtt Mun tall iti fit la uf mt
Uif- til tin. JlthriKi titiau nit til liltt«{

"•I 1, 2, 3, I, 5 • himlt I IMI U I btaljit M



r-s.i.ti.it-

III b . Tilt
TSII ».».»
t i l l i l :< l : l l
TIM 12:13:11

71137 11:11:11
TUIt 13:11:11
71113 13:21:11
71114 13:21:01
711IS 13:13:11
Till! 13:11:11
TI1IT 13:15:01
71111 13:41:11
Til l ! |3:H:II
l l l l l 14:15:11
71111 14:11:11
THIS 14:31:11
Tll l l 14:42:91
TlllT 14:17:01
Tll l l 14:52:01
THIS 14:SI:9I
TU2I 15:12:01
71121 15:17:01
71124 1S:2I:II
7I12S 15:21:11
71121 15:34:11
TlllT 15:39:11
71121 15:44:91
7112) 15:51:11
71131 15:51:11
71134 H:H:II

-'71135 11:21:11
71137 11.II.II
71131 11.53:11
71131 17:11:11

1111

h
112
722

1142
14(
T44
131
127
JTt
191

1115
1145
1111
1319
1512
»9
Ml
141
114
112
715
743
SJ9
IIS
144
in
T2I
711
121
422
41)
417
4IS
111

IMCttl 21

nt i)
17

HI
132
if
55

131
131
152
115
139
145
122
121
II

119
11

HI
US
123
124
125
HI
117
111
HI
11
II
72
II
17
9$
l i
II

112
51

111
151
HI
II

129
129
HI
141
132
149
124
145
113
142
111
134
1ST
112
IT
11
71
II
19
92
91
II
71

. .45
II
II
M
II

IIII1K CO!

113 HI ITS
71
Tl

114
77
(1
14
12
15
92
12
11
71
12
12
11
II
14
71
Tl
59
SI
31
33
49
II
II
ST
II
31
»
31
31
35

32
53
77
19
31
72
19
II
T3
IT
II
59
II
75
12
II
11
14
12
53
47
31
21
41
5$
55
53
31
31
21
15
23
21

22
23
37
54
12
31
31
11
45
41
(1
(1
?»

nTT
II
(T
41
41
15
21
19
21
11
43
44
41
41
11
13
11
IT
21

Hit]
115
HI
571
313
555
$31
511
5(5
514
419
121
311
221
121
211
334
115
499
511
ill
129
591
sir
455
345
211
2(9
173
139
117
411
399
322

N1I2
31
II
91
31
13
17
»
91
91
11
II
12
II
41
(1
15
T3
Tl
11
II
II
II
11
12
II
SI
S3
51
II
41
11
II
51

nut 4 -
iiiriiiioii tiriiiiiMs,

mil
25
55
19
51
35
55
57
II
11
II
(2
51
17
31
IS
43
51
II
52
49
49
41
45
52
51
«
42
42
31
21
31
41
41

HIM Tans
u31
51
44

: 2!
49
4»
51
SS
51
II
19
39
32
31
31
39
11
41
35
39
21
21
32
31
31
29
21
21
24
27
33
22

19
9

31
31
11
21
11
33
32
31
II
37
31
35
37
17
31
33
32
21
21
19
21
27
II
11
11
34
17
12
11
11
25

CO2

iiiici urn lit i

332
1141
2414
1445
1511
1ITI
2111
2214
19IT
1934
Hit
1511
902
524
745

10IT
1153
157]
111!
1912
1915
1491
1239
1117
133
114
511
413

1117
1214
121
III
534

I
14

291
471
121
234
321
111
445
113
393
312
314
141
201
111
213
211
271
214
217
211
211
219
194
115
151
174
111
II
It

US
122
111

HOI

hern liH't
« 0.1

41
191
343
231
113
211
241
211
2TT
211
2TT

. '211
211
III
1(1
114

mits
in
in
in
115
125
113
131
119
111
111
51
51
II
T5
71

fitt
V

21
131
151
111
11

111
213
231
251
227
211
227
177
113
113
122
133
119
151
131
112
71
73
99
12
79
71
71
51
(1
52
13
41

«
25
32

114
133
52

115
133
151
149
151
221
171
IK
159
125
121
131
121
111
US
91
55
II
II

133
111
91
91
31
21
35
31
(I

ttut fliil
411

2411
3119
2121
2111
2591
1121
1312
3IST
2911
2153
25IT
1T9I
1193
132T
1113
1121
2213
2355
2112
2111
19S2
HIT
1121
1311
1143

. l l l l
127

1311
1122
l l l l
HI
111

7.1
41.1
51.7
34.4
37.1
42.1
51.1
53.1
47.3
41.1
39.4
3T.1
21.5
12.5
W.I
24.1
21.4
31.4
31.5
4S.5
4T.3
35.5
29.5
21.1
19.1
11.3
11.1
9.1

21.1
21.7
11.1
11.1
12.7

riu2
1.1

41.5
17.2
11.3
31.4
45.1
54.4
13.5
57.$
51.1
54.5
$2.1
41.1
21.1
21.1
31.4
34.3
39.4
(I.S
41.1
(I.I
3I.(
35.1
27.1
21.4
21.5
19.2
111
12.3
13.1
11.5
IT.5
U.I

riti, UM
f l«J f l u ! flats ' 1« t

4.5
11.1
32.T
22.1
l l . l
ll.T
23. S
21.(
21.4
25.1
21.4
25.1
21.1
15.1
14.1
13.7
11.3
15.1
17.1
17.0
11.9
11.9
11.9
13.1
12.9
11.3
11.3
11.1
S.I
5.2
1.7
7.2
7.1

2.1
13.1
24.1
1T.5
1.2

1T.5
21.1
22.T
21.9
21.1
21.1
21.1
l i . l
13.1
l l . l
11.1
12.T
14.2
14.3
12.5
13.1
T.(
1.1
I.I
T.I
I.t
T.2
T.2
S.5
4.1
1.9
I.I
3.1

2.4
1.1

1T.S
12.7
5.1

l l . l
12.f
14.9
14.2
15.1
21.9
11.5
15.1
15.1
l l . l '
12.1
12.5
11.5
11.2
l l . l
I.I
5.1
5.T
T.I

12.T
11.5
I.I
I.I
1.2
2.3
3.4
3.5
4.4

5.1
31.1
44.2
24.1
25.4
31.1
31.1
41.1
11.5
35.3
31.7
31.2
21.1
12.9
15.1
l l . l
21.2
27.1
21.9
11.3
32.1
23.7
21.1
13.1
15.1
12.1
l l . l
9.2

l i . l
1T.5
11.2
11.t
1.1

•I IT: (lr() ttif. Minna Itlnu fill ui |M li limit
UU: (M tut. iUUmn ktiMi till ui Itlit if iipiil



TlILt 5 • CO!

tut Tiiisiii coimcuiTS in oiiusioniss noors
7-5,1,11,11-1911

III I t . Tilt
7504 09:11:11
7113 11:11:01
7(04 12:03:91

71931 11:01:09
71192 13:11:01
71113 13:21:09
7III4 13:21:11
THIS 13:13:11
Til l ! 13:11:91
TI1I7 13:15:11
TIICI 13:11:11
Tll l l 11:55:11
Tll l l 14:15:11
7IIII 14:11:11
THIS 14:19:11
Tll l l 14:42:11
71117 11:17:11
71111 14:52:11
71119 14:51:01
71121 15:12:11
71121 15:07:01
T112I 15:21:11
71125 15:29:11
Tll l l 15:14:11
TIIJT 15:31:11
71121 15:14:11
7112! 15:51:11

.' TIUl 15:51:11
71114 11:23:11
T1I35 11:21:11
TUJT 11:41:11
71111 11:53:11
TIUI IT:II:K

IMCTOI2! IfitlK CO]

h i t tomtit coetflcitit, i
It l l t t l •) Il(i2 UI i ) Ilfa4 Il(i5
192
722

1042
911
T44
111
92T
971
991

1115
1145
ti l l
1319
1532
981
111
IK
III
112
715
111
59!
(15
114
111
729
711
121
422
41)
147
115
411

111
17!
444
15?
11!
32)
371
355
125
111
27)
111
17!
155
113
214
211
)24
112
111
IK
Jll
251
211
III
112
177
117
211
211
211
IT!
IK

112
151
449
111
414
151
429
454
49!
425
315
421
33T
171
III
257
251
311
312
42)
427
415
441
Jll
III
»9
221
271
171
324
27J
27)
Ml

117
211
114
214
211
21(
217
111
III
112
11!
Ill
211
115
142
III
171
224
152
219
119
311
115
27!
215
115
III
21!
II!
211
111.
213
197

12
247
11!
255
21!
251
291
HI
121
115
111
1(7
111
1(2
III
1(5
111
221
212
231
111
2)7
111
11)
141
1)7
IH
III
151
111
211
157
111

c

IK
111
47?
231
411
257
335
395
311
Jll
352
412
221
191
154
ZI4
III
211
275
217
121
212
271
245
III
235
III
217
III
III
29?
191
119

atat it
ID
271
111
259
157
114
141
3(9
112
152
309
3K
234
292
155
252
197
211
217
321
341
117
111
251
111
IH
III
211
111
117
122
225
17!

1 It
5(2

1I5(
1511
1412
1112
1250
UK
11(7
1514
1516
105
1717
2112
2((5
1512
1394
1301
1224
1201
112)
1115
IK
115
917

Hit
1121
1111
1)1?
517
57?
155
111
741

2 It
511
7(3

1142
1121
711
919

1111
10(4
Utl
1131
1217
1)04
1(12
2071
1201
1K3
91!
911
IK
111
791
(31
(75
721
113
171
131

197)
4)1
413
411
531
511

3 It
493
721

1977
1119
757
111
95(

1041
10K
mi
tin
ISIS
192!
1124
I l l l
921
157
111
71)
757
(1)
141
(II
7(5
•21
113
199
42?
413
472
515
551

1 l i
411
701

10)5
I0K
740
091
924
9TI

111!
1125
1192
11(1
14T0
1121
1074
9K
191
131
114
752
TIT
(II
(21
(K
711
7!)
1(1
95)
119
III
411
491
534

5 l i
411
ill

t i l l
1017
721

no
901
945
ITT
99T

1051
112)
1(11
1741
1015
934
1(2
119
III
747
723
592
IK
152
711
711
129
II?
411
412
451
4T9
51)

Ml It
Sit
T9I

1119
1129
119
911

111!
1191
1111
1151
122T
1112
18(7
2017
1191
1172
991
924
911
I4T
119
K2
(95
Til
III
175
111

1152
15!
444
S9T
541
511

I ••»
11.7
21.1
l l . l
29.1
l l . l
tl.l
31.1
21.t

.27.7
21.1
25.4
2I.(
l l . l
22.1
19.5
25.1
11.9
21.1
! ( . (
21.1
27.4
22.)
21.1
21.1
19.1
19.7
21.5
17.1
12.4
l l . l -
17.1
K.I
11.7

It
9.1

l l . l
12.1
9.7

21.1
l l . l
Zl.l
11.1
11.7
l l . l
11.7
2C.4
11.7
19.1
K.I
l l . l
K.I
19.9
19.1
» . !
19.t
U.i
tl.l
17.1
l l . l
17.9
11.(
tt.l
12.1
14.1
15.1
t l . l
I l . l

1 h
(.5

I l . l
l l . l
15.1
13.1
lt.1
P.I
l l . l
U.I
15.1
14.5
19.3
K.5
19.4
11.(
l l . l
l l . l
11.2
12.1
12.1
12.1
1J.2
17.5
14.5
11.1
12.1
11.S
19.1
1.5
9.2

11.5
12.1
13.4

4 h S
).l

11.2
l l . l
11.1
11.9
11.2
12.7
14.9
l l . l
15.1
12.2
11.5
14.1
K.l
1.2
I.I
7.1

11.5
11.7
1.)

l l . l
l l . l
l l . l
l l . l
1.2
I.I
!.S

15.1
I.I

- I.I
9.9

11.9
1.)

l l
S.I
5.1

19.2
U.I
11.7
H.I
13.1
K.I
13.5
11.2
11.7
21.3
15.1
K.5
19.2
11.7
9.7

12.1
12.1
I l . l
l l . l
l l . l
11.1
l l . l
11.3
l l . l
l l . l
11.5
I.I
1.5

l l . l
l l . l
9.5

-.
n t frl Fcl

11.3
14.1
11.9
15.9
1!.!
15.1
ll . l
l l . l
11.1
l l . i
l l . l
21.1
19.1
11.2
19.1
IS.I
13.1
11.5
K.2
l l . l
K.I
15.5
l l . l
15.1
15.3
11.7
l l . l
11.9
l l . l

- l l . l
I l . l
l l . l
12.9

l . l l l
1.(99
1.713
1.705
I.7K
1.717
9.703
1.702
0.711
9.70!
0.717
4.722
I.TM
1.771
9.741
1.7)1
9.724
1.71)
9.797
1.(91
1.(91
I.M7
1.715
1.711
9.125
1.734
1.712
1.751
I.KI
9.(11
1.791
1.717
1.721

Frl
1.(71
I.KI
I.KS
1.177
I.KI
1.6(9
I.IK
I.KS
1.179
1.(72
1.(79
1.(13
9.7J!
I.7J7
I.TOI
1.(92
9.(14
1.(72
9.(79
MM
I.KI
MI2
I.KI
M75
1.(11
1.(97
1.715
1.721
I.KI
MSI
1.173
Mil
I.5II

1.(71
1.(57
1.(5!
0.(71
l.66<
I.K3
I.KI
1.(59
I.KI
I.KS
9.(71
1.575
0.(91
1.72)
1.(97
1.(15
9.(71
I.KI
9.KS
MSI
MSI
MSI
1.6(3
1.1(9
I.KI
I.KI
1.(97
9.TU
MS!
M55
I.KI
1.(75
1.(15

Frl FrS
MT2
4.(51
1.(55
I.IK
0.651
MS!
MS(
1.(55
I.((O
(.661
1.6(7
MTO
1.692
1.715
1.651
MIC
9.(11
!.(()
I.KI
M55
MSI
MS(
I.KI
I.IK
MTI
MIS
9.112
1.741
M5T
MSI
I.IK
1.(72
MI2

1.(79
1.(52
1.(52
1.(65
I.KI
1.(56
9.S54
0.(51
0.(57
9.(51
0.1(1
4.667
I.6S7
1.709
1.617
1.(76
9.(79
I.KI
M5I
1.(5)
1.(51
MM
5.(59
I.K3
1.(72
l . l l l
1.(11
9.(19
MS5
M52
I.K4
MTI
9.(79

'1 I, >, 1, 4, S - fniHiU <lti| tit Cililnt M



TflBLE 1-2U - REFORMING

RËflCTHNT FLOW RflTES



H-ii uicniM

Mlttln
HI I*. Il» utl/il htt i. Kl

nil 11:11:11 115
Till U:IH» 151
till 11:11:11 111
1114 11:11:11 III
HIS 11:11:11 HI
III I 11:51:11 III
IIII ll:»:tl lit
IIII 11:11:11 1(1
lilt H:U:H HI
IIII 11:11:11 IIS
IIII 11:11:11 115
1111 11:11:11 til
IIII 11:11:11 l«
tilt 11:11:11 111
IIII 11:11:11 111
llll II:2(:M 1(2
till 11:11:11 121
till 11:11:11 Kl
IKI 11:11:11 111
till M:lf:ll HI
1122 11:11.11 !»}
Ill) 11:11:11 II]
IIII 11:11:11 191
1115 ll:»:ll 112
till 11:11:11 IIS
1121 11:51:11 111
till 11:11:11 til
till 11:11:11 111

Hill 1-21 - U»IIIM

liiutiu, mi nuiic in Muiuinu

in
ui
»s
m
in
in
lit
HI
111
US
231
2SI
HS
2TS
2(1
211
in
in
m
151
lit
111
III
411
US
UI
III

mi mi
us
in
HI
IIS
IIS
111
(IS
(II
111
SSI
SSI
SSI
MS
M l

sn
HI

'"551
•Ml

SSI
111
HI
HI
MS
1(1
(II
I H

.Sl l
III

111

111
IIS
111
111
111
i l l
SSI
SSI
Sll
Ml
sn
IIS
Sit
SSI
Sll
sit
III
lit
Ml
111
111
111
111
Sll
ill

KM RIM ICI1S 111
IK III 111
HI HI 151
HI 111 til

(II 111
111 IIS
111 til
III 111
in in
in tis
lit Ml
HI HI
Kl HI
(SI Ml
IM HI
111 MS
IIS ((2
(M (It
(IS (t(
(ir in
1(1 112

K l
III
III
III
iSI
ill
111
111
111
111
111
t«r
III
111
III
111
til
111
111
IIS
III
ISI
lit
SSI
Sll

151
III
III
111
H I
III
III
111

1115 till
US IIS
in us
UI ISI
III

Icietit lill IlinriUcii •
nu mi mi ms

I I I 111 US 111
in in us HI

III
111
ISI
111
111
111
III
111

in
HI
111
111
ISI
»S
IIS
HI
111
IIS
III
111
111
111
111
151
II I
511
SIS
S l l
S l l
UI
ISI
HI

111
til
111
til
111
ISS
III
111
Kl
(II
(it
Kl
(12
III
III
III
IIS
111
Ml
til
111
tit
ISI
111
il l

ISt
ISI
Sll
III
IIS
III
111
111
HI
MT
IM
III
Ml
III
111
112
111
ISI
IM
SIS
111
121
III
It!
HS
111
111
111

Ml
ISI •
III
HI
MS
III
III
ISI
ISI
lit
ISI
III

in-
in
in
us
HI
ISi
Mt
IIS
111
ISt
1(1
111
111

111
IIS
111
111
111
IK
111
nr

'iff
in
in
HI
111
111
111
III
IM
Ml
III
in
us
us
iss
us
in
IK

HI
III
HI
111
IIS
III
111
III
til
IH
til
IIS
Kl
ISI
1(1
til
til
III
IIS
IIS

111
til
115
(SI
HI-
(It

IM
tit
tit
HI
Stl
SIS
111
IIS'
III
IH
III
111
III
HI
IH
Ml
Ml
111
S l l
Ml
111
III
III
IIS
lit
IK

fml
mil mis

in in
122 112
tit
121
m
sn
in
132

•121
Ml1'
HI '
HI
IIS
lit
111
IH
ISI
lit
IIS
Sll
ISI
sss
111
lit
111
HI
til
lit

nut mi
Ml
III .
IH
HI
114

. HI
III
i l l

. HI
ill
III
Kl
Kl
(It
111
(21

' HI
(It
IH
III
tit
tSI
111
III
III
ISI
SIS
HI

411
414
421

H I •
H I
III
1(5
IK
»S
121
IIS
HI
111
115
ISt
HI
111
ISI
ISI
(It
45C
411
411
411
111
411
UI
HI

(tutor lilt TuHntins * lut

mis mil mis nut
14S

'ill
111
121
US
112
121
HI
111
III
III
111
Ml
lit
Ml
HI

. C O T
(II
«4
HI
lit
HI
III
155
115
(SI
III
HI

121 111
IK ••• I2S
111 111
111 121
in
112
111
III

. •> *
111
III
111
III
111
112
tSI
1(5
ISS
1(1
111-
151
III
111
III
us
in
IM
HI

in
HI
in
115
111
111
Ml
HI .
IH
112
ISI
III
111
IH
112
IIS
151
III
121
IU

list
HI
ill
in

HI
122
112
111
111
Hi
III
(II

. Hi
HI
III
HI
H I
I H
7t»
71]
7TI
711
7»3
lit
IJ7
ISt
114
112
III
144
ill

'. Mi-

nt!!
Ml
111
111
III
111
III
Ml
HS
Ml
IK
IK
111
III
711
77]
713
771
773
773
139
141
•32
•17
105

' 733
iS7

mis mm
US 111
1)2 Kl
Hi 151
111
111
111
111
US
111
Ml
Ml
III
IH
Ml
711
71)

7TI
I U
112
111
131
111
7M
742
M l

mus i
131
III
HI
Kl
UJ
Kl
IM
151
III
UI
UI
111
II?
izr

113
no
173
III
121
173
H I
tot
171
134
It]
114
(If
HI

III
(11
MS
(32
Kl
Kl
Ki-
ds
(II
(22
(II
121
i l l
(If
iot
uo
tn
(01
tio
(it

-721
744
710

m
in
H I
Sll
372



7-8-89 REF1CT0R 2>J

THBLE 3-2V - REFORMING

RHOIflTION, DOOR OPENING flNO ̂ RECEIVER TEMPERRTURES

RUM No.
7801
7802
7803
7804
7805
7806
7807
7808
7809
7810
7811
7812
7814
7815
7816
7817
7818
7819

• 7820
7821
7822
7823
7824
7825
7826
7827
7829
7S29

11:
11:

Time
10:04:00
10:12:00
10:20:00
10:36:00
10:44:00
10:51:00
10:59:00
11:07:00

:15:00
:23:00
: 31:00

11:38:00
11:54:00
12:02:00
12:17:00
12:26:00
12:33:00
12:41:00
12:49:00
13:05:00
13:13:00
13:21:00
13:28:00
13:36:00
13:44:00
13:52:00
14:00:00
14:08:00

Radiation
uatt/m2 Ooor

785
750
763
703
771
768
785
766
782
785
775
788
904
779
730
742
825
766
788
743
799
782-
903
772
765
780
704
742

m. TRuf TRub
6 732
6 743
6 762
6 769
6 767
6 769
6 772
6 774
6 776
6 770
6 765
6 764
6 764
5 763
6 760
6 757
6 757
6 758
6 759
5 738
5 755
5 765
4 750
4 723
3 687
3 650
2 605
2 569

Receiver
' TRdF
688 497
702 519
715 535
719 547
715 547
714 549
716 552
719 555
719- 557
714 556
707 552
705 550
703 549
704 548
700 545
697 543
696 543
698 543
698 543
696 528
713 536
726 543
721 538
697 516
672 489
637 457
606 424
572 393

Teenperiafcures
TRdb TRlf

769
7,79
791
792 .

• .7J88
790
793
794
792
786

815
830
846
848
846
850
854
857
856
849
846
845
846
843
839
936
939
333
839
800
816
822
773
749
686
652
584
547

TRlb TRb
702
716
729
732
730
731
734
736
736
731
726
725
725
723
719
718
713 5
719
720
712
726
735
723
702
673
639
573
522

810
815
826
829
829
831
832
834
835
825
824
821
821
815
807
802
801
799
794
773
795
798
774
743
692
656
597
555

TRr
59
59
60
59
59
59
59
59
59
59
59
.58
57
56
55
55
55
55
55
57
57
58
58
58
59
58
57
57

Pyro
1038
1040
1049
1041
1042
1044
1045
1045
1040
1036
1036
1036
1039
1036
1033
1031
1036
1035
1035
1038
1043
1047
989
987
905
901
800
803

*> R»c»ivnr, Tenp»r*tur», measured by an IR Pyrometer



TnSLE 4-2V - REFORMING

COMPOSITION, CONVERSION RNO ENERGY INPUT



TnBLE]5-2V - BEFORIUMQ

HEH1 TRflNSFER DflTH



TfiSLE 5-2V - REFORMING (continued)

HEflT TRHNSFER DflTfl



TRBLE 1-l jy - REFORM IMG

REflCTHNT FLOW ROTES

10-13-88 REflCTOR W

RUN Mo.
101301
101302
1013133
101304
101306
101307
lOt 309
10130'3
101311)
1013U
101312
101313
101314
tO 1315
101316
101317
101318
101319
101320
101321
101322
101323
101324
101325
101326

Tiiros

09:37:50
08:54:22
09:02:39
09:10:59
09:27:00
09:34:00
09:43:00
09:52:00
10:00:00
10:33:00
13:06:00
J3:14:00
13:32:00
13:41:00
13:48:00
13:56:U0
14:03:TO
14:12:00
14:20:00
14:29:00
14:37:00
14:46:00
14:53:00
15:02:00
15:10:00

C02 1/h
2520

' 2424
2400
2406
2376
2392
2643
2329
2392
2671
2919
2728
2745
2588
2573
2698
15U1
1475
14S8
1451
1443
1569
1541
1580
1569

CH4 1/h
2166
21.30
2130
2094
21011
2156
2301
2246
2252
2282
2497
2269
2373
2160
2U4
2318
1248
1223
1197
1189
1188
1202
1204
1223
1229

Fifed 1/h
4686
4554
4530
4500
4476
4543
4944
45/6
•1644
4954
5406
4997
5)18
4748
4687
5016
2829
2690
2655
2635
2631
2771
2744
2902
2798

C02/CH4
16
14
13
15
13
11
15
04

1.06
17
18
20
16

1.20
1.22
1.16
1.27
1.21
1.22
1.23
1.21
1.31
1.28
1.30
1.28

GHSV h-1
43794
42561
42336
42056
41832.

. 42505
46206
42763
43402
46295
50523
46699
47832
44374
43804
46879
2643=1
25215
24813
24659
24589
25893
25649
26187
26145

1326
12130
1266
1251
1242
1256
1410
1251
1277
1419
1661
1434
1477
1324
1303
1393
799
746
724
718
715
788
783
818
819

Products
ixh
5350
5982
6024
6162
6167
5780
6415
6219
6241
5922
6067
5580

" 5991
657S
6636
6829
4168
3981
4246
4272

. 4247
3773
3663
3436
3359

P.atg.
3.10
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.08
3.25
3.10

00
00
00
10
75
90
98
00
00
00
10

3.03
3.00'
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TRBLE 3-UV - REFORMING

COMPOSITION, CONVERSION UNO ENERGY INPUT



TRBLE 4-UU - BEFORMNG

HEBT TRHNSFER OflTfl



REFORMER METHANATOR

SOLAR .—f\
RADIATION!—>y
IN "

A - ^ B
/

PIPELINE B -»» A
= >

HEAT OUT
TO

CONSUMER

B

CH4 + C02

Figure 1

The Chanical Heat Pipe



PRODUCTS OUT FEED IN

INSULATION
N

Reactor 2V (E>20 am) in tie Keceiver

A, Gas sarale; B. Gss tenpesature; C. Bnent wall
D. Back wall tsrpsrst-jre; E. Alraina psUeis; F. Catalyst.



START OF CATALYST BED

Figure B

Reactor UV (ID=12 ran) in the Receiver

A. Gas temperature; B. Front wall tenperature;

C. Back wall terrperature; D. Catalyst; E. Alumina pellets.
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I Gas samples]
' - i

G C

|GC Signal)

I INTEGRATOR j—»| Gas compositio"n|-3»|
COMPUTER

LOTUS FIX

System Data

Set points

GAS SENSORS |<;—I' Leak detectors j

TEMP.SCANNER

LOTUS': DATA
tl

TABLE
GRAPH

REDUCTION
STORAGE .
GENERATION
GENERATION

•

FIX: SET POINTS
SCREEN DISPLAY
DATA COLLECTION
" DISPLAY
" STORAGE

ts—I Thermocouples

CONTROLLER

_̂̂  Flow controllers1

Door opening

«:—]Dii~ect radiation

Figure E

Data aquisition, reduction and storage
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HEATING C02

REACT0RSIV,2V

<D
_600h
~o
£400
E
H200

20 40 60 80 100
Catalyst bed length, cm

Figure d

Heating 0%

Tenperature profiles, Reactors IV and 2V.

1-3 Product gas temperature. Reactor 2V
1. Re = 444
2. Re = 819
3. Re * 1091

A, Wall teqperature. Reactor 2V
5* Wall tenperature, Reactor IV



HEATING C02
REACTOR UV

1000

800

5600
D
<D
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1

20 40 60 80 100
Catalyst bed length,cm

Figure C2

Heating OC^

Temperature profiles. Reactor UV

1-3 Product gas tenperature. Reactor 2V
1. Re = 417
2. Re = 786
3. Re = 1449
4. Wall tenperature



HEATING C02

REACT0RS1V,2V

20 40 60 80 I00 I20

Catalyst bed length,cm

! C3

Eeitir^ C 2

Ensr=y ii^at elcrg fc« resets;

1-4. Reactor 2V 1. Be « 1CS1
2. Es - 619
3. Ee . E30
4. Ee - 444

5. Resctcr IV Ea » 1140.

HEATING C02
REACTOR UV

Figure CJ

20 40 60 80 100 120
Catalyst bed length

1- Ee - 1350. final va i l
*•* Ea « 1449
3- Ea > 755
<- Ee » 417

2-4. Firsl wall t s

S3

7£0-£K).



HEATING C02
REACTORS 1V,2V

0 20 40 60 80 I00 I20
Catalyst bed length, cm

Figure C5

Resting COj

Kest flux elcrg the rescisr (see

1-4. Rssctor 2V - 1. R= « 1C91
2. Ee « 819
3. Ee = 620
4. Es = 4±4

5. P.=£Ctor IV - E= = H4Q

HEATING CO2
REACTORS UV.1V

20 40 60 80 10.0
Catalyst bed length, cm

Figure C6

- Eeafcmg COj

Esat flux alcr^ the r=Ectcr

1-4- Rsactor w - 1. Be - 1350; wall ts=aafca-rf
2. Re « 1449
3. Ra = 7S5
4. Re = 417

2"4 " wzl1- tsn^erature * 7£G-£CO
5. Reactor IV - Ra * " 2*0
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HEATING CO2
REACTOR UV

200 400 600 800 1000 1200 1400
Re

Figure C7

Wall tarperature: 770-780.



Reactor 2V

200

• gos
o walljback
x wa(I,front
A wall,average

I I
20 40 60 80 100 120

Catalyst bed length,cm
Figure PI

Reforming

Temperature Profiles, Reactor 2V, Re=863



Reactor 2V

IOOO

± 800

200

• gas
o wall, back
x wall, front
A wall, average

I f

20 40 60 80 100 120
Catalyst bed length,cm

Figure P2

Reformirxj

Temperature Profiles, Reactor 2V, Re=270



Reactor UV

o
CD

a.
E

A waH,average

600-

400-

200-,

20 40 60 80 100 120
Catalyst Bed length,cm .

Figure P3

Reforming

Temperature Profiles, Reactor UV, Re=442



Reactor UV

20 40 60 80 100 120
Catalyst bed length, cm

Figure P4

Reforming

Temperature Profiles, Reactor Uv

1. Average wall tenperature, Re=1242
2. Average wall temperature, Re= 445
3. Product gas temperature, Re= 446
4. Product gas temperature, Re=1242



Reactor 2V

550

500

• TW 100=940-960
x TWI00=830-865
o TW 100=720-760

0 200 400
Re

.600 800

Figure 2

Reforming

Product gas temperature vs. Re, for 3 different wall temperatures
(the hottest point on the wall is taken)



Reactor UV and 2V

900

9> 850

§800
CL

© 750

I 700

o

CL

650

600

550

Re = 400-420
Re =300-350
Re = 800-830

2V

x Re= 400-460
o Re = 7l5-820
A Re =1240-1280

UV

600 700 800 900 1000
Highest wall Temperature TW79LJV)

TW!OO{2\0

Figure 3

Reforming

Product gas temperature related to the highest wall temperature,
for different ranges of Re. For reactor 2V only points are shown

(see text)



Reactor 2V

7
• TW100=940-960
-o TW 100= 890-900
x TWI00=695-720

200 400 600 800
Re

Figure 4

Reforming

Total energy input vs. Re. TW 100 is the hottest point on the reactor wall



Reactor 2V

C7>

d
LLJ

4

3

2

I . ' I

Figure 5

Total energy irpat vs. prcc— gas te=srs~

600 700 800 900
Product gas Temperature

1. Rs - 720-cCO
2. Sa - 370-iiO
3. Ee - 240-270

REACTOR UV

600 • 700 800 900
Product gas Temperature

Figure 6

Total er-srsy ir=ut vs. product gss ta==*rai

1. Ea * 1220-1223
2. Es - 715-320
3. Re » «C0-S50



6

5

Reactor UV

3 3
a.

en
i_
<D
C

u

o T6=800

x TG=750

• TG=700

200 400 600 800 1000 1200
Re

Figure 7

Reforming

Data from figure 6, showing total energy input related to Re
(average of range) at three product gas temperatures



Reactor 2V

600 700 800 900
Product gas temperature TGII5

Figure 8

Reforming

Reaction rate vs. product gas ternperature

1. Re = 790-865
2. Re = 500-570
3. Re = 300-380
4. Re * 200-275



Reactor 2V

0 200 400 600
Re, average of groups

800

Figure 9

Reforming

Reaction rate vs. Re, at different product gas temperatures
1. 800* 2. 750° 3. 700* 4. 650* 5. 600*



REACTOR UV

650 700 750 800 850 900

Product gas temperature
Figure 10

Reaction rate vs. product gas temperature

1. Re * 1200-1480
7. RP s 715-ECO



REACTOR 2V

>
o
U

100

90

BO

70

60

50

40
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20

10

0.4

D Res 234-450

0.6 0.8

Product gas temperature
+ Re=451-650 O Re=651-850 I

Figure 11

Reforming

Methane conversion vs. product gas temperature. The points are for
9 different runs, and the equilibrium conversion line is shown.



Reactor UV

600 700 800 90C
Product gas Temperature

Figure 12

Reforming

Methane conversion vs. product gas temperature

1. Equilibrium conversion
2. Re. =..400-460
3. Re * 715-820
4. Re * 1240-1440



Reactor UV

400 600 800 1000 1200 1400
Re

Figure 13

Reforming

Methane conversion vs. Re, at different product gas tenperatures

1. 850* 2. 800* 3. 750* 4. 700" 5. 650*



Reactor UVand2V

1.6

1.4

_ • 800-830
x 900-940
• TWI00-9I6
o TWI00 - 827

g
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o
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}uv
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Figure 14

Reforming

Ratio of sensible heat to heat of reaction vs. Re. 7he 2 lines for
reactor UV are for the 2 wall tenperatures indicated

2 points for reactor 2V are shown (see text).



2.0
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§S 0.8
O

Reactor UV and 2V
r~

0.4
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x uv
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% Conversion

Figure 15

Reforming

Ratio of reaction enthalpy to sensible heat vs. methane conversion.
Points for 2 reactors.
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HEAT TRANSFER CORRELATION
Reactors: 1V. 2V and UV

a 2V REF + UV REF

1

20

0 1VC02

Figure 16

i

A 2V

i

40

C02

General heat transfer correlation, three reactors,
reforming and OO2 heating.

X UV C-
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HEAT TRANSFER CORRELATION
Reactors: 1V, 2V and UV

12 16

Nu, calculated

20 24 2S

Figure 17

Nu, experimental points vs. Nu calculated from the correlation equation:
Nu = 0.534 Re 0' 5 x Pr0'7.
The line "y = x" is shown.
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