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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 00, and for the
endothermal reforming reaction. 3.8 KW were absorbed by the CO, 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 Furmace:

Reactor 1V ~ 60 am length, 20 mm ID.

Reactor 2V - U shaped, 115 com 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, compared with the horizontal tubular
receiver previously used. This should be achieved by better energy

distribution inside the receiver and by smaller heat loss.

Heatwasabsorbedbyheatjnga)zéndbytheendoﬂnernﬁcrefonning
reaction (CH4+(I&)

The flow of OO, was in the range of 800 to 8400 1/hour (Re=300 to 1800),

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

The flow of the reaction mixture (CHy +00,) was in the range of 1000 to
11000 1l/hour (Re=200-1600) and the maximum energy absorbed was 6.9 Kw, in
the Reactor 2V, with methane conversion of 38%. Maximum methane conwversion
Of 84% was cbtained with low Re rumbers. 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 00, heating. The equation is
Nu = 0.534 ReOr5 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 amd

transformation) is shown in Figure E.



3. The Vertical receiver and reactors

Figures A and B show the reactors 2V and W in the vertical receiver.
The reactor 1V 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:

Catalyst bed
Reactor oD, mm ID, mm length, am

v 24 20 60
24 20 115

2

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 amn, by 8 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 om
thick Fiberfrax Durablanket alumina blanket. The inside dimensions are: 30
x 30 x 60 an. The opening on the front wall, facing the concentrator, is of

10 am 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 ummiform 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. 2s
the wall temperature must be limitted at 950-970°, parts of the reactor wall
could not be heated encugh 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'opaﬁng, gets more ooncentrated
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, esgpecially at 30 am, we got the highest
temperature difference between the front and back reactor wall (about 100°,
cenpared 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
two vertical ceramic tubes of 15.5 mm OD, located between the opening and
the reactor in order to protect the reactor wall from direct radiation. The
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 00, (Figures C1-C7)

4.1 Purpose

Byheati:ga)zgasatvariousflowratasandenergyinpﬂsweobtained
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 fram the reformer for the construction of the heat transfer

correlation.

Part of the data are presented in Tables 1-00, to 5-C0,. All the other
data are available on computer disks.

4.2 Temperature profiles

mFingeaﬂewallarﬂgastalperaumesala\gﬂ\ereactoraresfnm:
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 mambers
were different, as shown. (The wall temperatures depicted are the averages
between front and back wall). At 15 am 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 am). 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), most 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 1V (60 am) is shown for
comparison. The trend in the temperature rise is very similar. The reactor
1V is somewhat hotter than reactor 2V, possibly because of its position in
the middle of the receiver. Figure C2 shows, for reactor U, 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
cbserved 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 Kw 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 OO, 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,
andislocatedatthepointonthe"reacborlengﬁl"axiswtﬁ&zisﬁxemiddle

of the segment.

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

Segment No. cm

v v w

0-15 0-60 0-23
15-30 60-85 23-57
30-45 85-100 | 57-79

B»oWwN e

45-60 }100-115 | 79-93

The highest fluxes are always cbserved 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 Re 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 0O,



heating, were 60-70 Kw/m? (Fig. C5). This maximm, 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/m? in the last part of the reactor.

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

mezefomﬁngxeaétimwascamctedatvariais 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 camputed.

The range of the reaction parameters and results for the three reactors
tested is givenbelcw.* Figures F and G show the conditions for one day of
Reforming: solar radiation, flow rates and temperatures.

*additional detailed results for Reactor 1V 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 1/hour.

Reynolds Number: 200-1600.

GHSV 8000-50000 hr™l.

Results (maximmm values)

CH, conversion: 84%
Reaction rate: 12.5 1 (}14/m1 catalyst-hour

Total energy input: 6.8 Kw
Average heat flux: 100 Kw/mz.

Part of the data are presented in tables 1-2V to 5-2V and 1-UV to 4V. 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 conwverted
into sensible heat and not into chemical energy, making the high flow rates

nonpractical in our system.

5.1 Temperature profiles

Figures Pl and P2 show the temperature profiles for two runs in reactor
2V. In spite of the inhomogeneous increase in the wall temperature
(discussed previously in section 3), we note a homogeneous increase in the
gas temperature, at high and low Re nmumber as well.

The wall temperature profiles shown here are markedly different than
those in Figures C1 and C2, where no reaction takes place and 00, is only
heated: two maxima are clearly seen in Figures Pl ard 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
effic;i.ently for heat transfer. Thus, the drop in wall temperature in the
range which is not directly heated (60 to B0 cm) cannot be compensated
entirely by reradiation from the receiver wall.

Ancother significant observation is the wall temperature at 15-20 om
reactor length: even at the higher gas flow rates (Re=863; Figure Fl1), the
wall at 20 cm has already 700°, which is only about 100° less than the
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 an 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 temperature, the
difference between TWa 92 and TWa 20 being only about 30°.

However, as expected, the temperature difference between wall ard 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 temperature related to Re, for
various wall temperatures in reactor 2v.

For the whole range of Re, the product gas temperature depends strongly
on the reactor wall temperature (TW100 is the wall temperature at the
hottest point of the reactor, i.e. at 100 am length of catalyst bed). At
Re=800C the highest amount of energy was absorbed (6.8Kw), when the wall



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

dropsto540', and very low conversions of CH, 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 %= ReO,S

The extrapolations (broken 1lines), show the approach of the gas
temperatures to the range of the wall tameratures 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
camparison, 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 cbvious
that the temperatures reached in reactor 2V are considersble lower. (Note
that when we compare the two reactors at the same Re, the 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 T™W 100 of 940-960° is the highest temperature allowed (from
material consideration), the line at this temperature (black points in
Figure 2) is the 1line of highest energy absorption in the range of Re

investigated.

As'seenfranthegraphs, energy absorption might be increased even more
by increasing the feed flow rates.

As the main purpose of the Reforming system is the conwversion of solar
energy into chemical energy (through the endothermic reaction), wearenot
interested in absorption of energy in the form of sensible heat alone. As
previocusly seen, above a certain value of feed flow rates, the product gas
tenperattmedropstpsuchavaluevmereequilibriun 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 Q..+ t© Q.. with
increase of Re over 900. This point should indeed be the practical limit of

flow rates in our system.

15



The chemical enthalpy and the sensible heat are egual at Re=1100 (Tw 79 =
800-830), and at Re=1300 (when the wall temperature is at its maximm
900-940°). Evidently this equality is obtained at lower Re mumbers in
reactor 2V (2 points shown in Figure 14). Fram the data in Figure 15, we
can find the methane conversion for any ratio of Q. ./Qneat that we choose
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 CH, reacted
per ml catalyst per hour) on the product gas temperatures, for reactors 2v
and W, 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 cbtained 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 conwversions and not too low
reaction rates (about 2.5 1 CHy/ml cat.hour, fcr reactor 2V, see Figure 9).

Similar reaction rates were cobtained in both reactors, when campared for
the same temperatures and the same range of Re. For instance, line 1 in

16



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

=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 cowversion in both
reactors, as shown in Figures 11 and 12.

Comparing Figure il with 12, we observe a clear dependence of methane
conversion an Re for reactor W, whereas in reactor 2V the data are
scattered near the eguilibrium conversion line, not showing a dependency on
Re in the range of Re measured.

In reactor W it was possible to work with Re mumbers up to 1480, without
decreasing too much the product gas temperatuwres (line 1 in Figure 10).
Reaction rates of up to 12.5 liters methane reacted per hour per mi catalyst
could be cobtained, but conversions were markedly lower than the eguilibrium
ones (line 4 in Figure 12). Perhaps at high flow rates the reaction rate
becames 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

more 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% comwversion of methane are required. For this level of

17



conversions, even when eguilibrium conversion is reached, the temperature of
the exit gas must be over 750°, and the wall temperature must be kept >900°,

in order to supply sufficient heat fluxes.

In reactor 2V we obtained these conditions only at Re < 300, whereas in
reactor W, temperature 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. This will be discussed in detail

in section 7 below.

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

An important 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™ PP

The dimensionless terms being defined as:

« Dp G-Dp Cpu -
Nus= —+ ; Re = ———— ; Pr =
A u A

18



Weobtainﬂueexpeﬁnenta;Nummbe:sfrmﬁmeheattranetcoefﬁcimt
o, which is calculated directly fram the total energy input into the reactor
and the average temperature pifference between wall and gas.

Data are taken from all the three reactors, for 00, heating and for the
reforming reaction. o values for OO, 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 am along the reactor UV.

The values of m and n are found analitically from the experimental
values. The wvalue of a is found by 1linear regression, using 328

The equation obtained is:
Nu = 0.534 Re05 pr0/7

with a scatter of *14% (R® = 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.

19



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
becames more significant with the increase of the reactor diameter. Inouf
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 am being high
enocugh (related to the product gas temeperature) to enable more heat input
at high Re numbers. Replacing the reactor material by a higher grade alloy
(£.i. Inconel 800) might also be considered, in order to allow for higher

reactor wall temperatures.

Using the heat txransfer 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 camputer model. Work on this subject is in progress.

"In this chapter we present same simple calculations, giving general data
related to the design of the 50-100 Kw reformer to be operated in the Soclar

Tower.

20



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 number) and wall
tenperatures, 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 conwversion). The relationship to be used is (3):

2.,.4.
D 1 dav

Dy * 94
1, 4;, 4,4, - length, inside diameter and average diameter of the reactor in
which the experimental data were obtained.
L, Dy, Dy, - 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 am length, a reactor of 2.4 m length is needed. The real diameters of
the tubes mentioned are: "1 inch" -~ 0D=24 mm; ID=20 mm. "2 inch" - 0D=44mm;

ID=40 mm.

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

21



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 W (where 3.5 Kw 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:
3.5x9.8 = 34.2 Kw

If 4 m length will be used, the conwversion will increase in the last 1.1
m, and it might be estimated that sbout 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
fraom 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 Kuw.
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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 mumber might lead to a high pressure drop 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 mm
used in the small reactors). )



7.2 Results and conclusions E

In the following table a sumarize the results of the preliminary

calculations described.

Reactor Scale-up

| Reference experiment Scale-up values -
_:Run Reactor Re‘ CH,4 | Energy Reactor Re | CHy | Energy | Number of
no. d; |length conv. | abs. | D; |Length conv. | abs. tubes for
mm| m % Kw |mm| m % Kw 80 Kw
71605 ) 20 | 115 | 729 | 37 6.8 40 23 729 | 37 27.2
40 4.0 729 6.5-70 ~40 2
101321[128] 93 |718] 64 | 35 |40 ]| 29 |718] 64 | 342
. 0] 40 [718[364| ~a0| 2
20 1.5 718 | 64 8.5
20| 20 |78 >64] 101 8
101316 12.8)] 93 |1300 .43 4.7 20 1.5 1300 43 11.5
20| 20 [1300] 243 | 1415 s

L=
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The optimal cambination seems to be the use of 2 U shaped tubes, 4 m
length each. Absorption of about 80 Kw 1s estimated, at Re=~730. However,
the availlability of 80 Kw from the Heliostat fileld, 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 cambined effect of these factors 1s being evaluated, using the MIRVAL
camputer program (4) and data on secondary concentrators.
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! Namenclature and Units

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

4, ~ Equivalent diameter of the catalyst particle, m.

D;, & - Reactor tube inner diameter, m.

D_., 45~ Reactor tube average diameter, m.

F - Average heat flux from the reactor wall to the fluid, Kw/m%

G - Mass flow rate, based on the cross section area of the empty
reactor: Kg/mz-sec. )

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

Ma - Nusselt mumber, ad/3, dimensionless.
Pr - Prandtel rumber, c‘;:/;_, dimensionless.
O, - Sensible heat, absorbed for hesting the fluid, Watt.
Opeact - Energy ebsorbed for the endothermal reaction, Watt.
Or - The total energy absarbed by the fluid per hour, Watt. °
r - Resction rate, liter Giy/ml catalyst - hour.
- Re - Reynolds number, de/u, dimensionless.
Tg - Fluid temperature”
Tw - Reactor front wall temperature.

* K : )
%% P11 the energies are calculated for 1 hour.
- All the temperatures are in °C.

26



Twb ~ Reactor back wall tenperatn:e

Tr ~ Receiver wall temperature.

o - Heat transfer coefficient frcm reactor wall to the huid,
watt/m2.°C. |

i -' Heat conductivity of the fluid, watt/m-°C

u - Dynamic viscosity of the fiuid, Kg/m-sec.
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7~-8-88

RUN Mo.
7801
7802
7803
7804
7805
7006
7807
7908
7803
7310
7811
7812
7814
7815
7816
7817
7818

7819~

. 7820
7821
7822
7923
7824
7825
7826
78927
7920
7829

Time

10:04:00
10:12:00
10:20:00
10:35:00
1Q:44:00
10:51:00
10:53:00
11:07:00
11:15:00
11:23:00
11:31:0
11:38:00
11:54:00
12:02:00
12:17:00
12:26:00
12:33:00
12:41:100
12:43:00
13:0S5:n0

13:13:00.°

13:21:00
13:29:100
13:36:00
13:44:100
13:52:00
14:00:00
14:08:00

REACTOR 2V

TABLE

1-2V - REFORMING

REACTAMNT FLOW RATES

£02 1/h CH4 1/h Feed 1/h CO2/00H4

2291
2280
2570
3432
3303
3345
3290
3308
4553
4828
4341
4952
769
4943
a22n
5775.
5807
5131
5380
1746
1711
1864
1826
1858
1818
1804
1584
1549

1393
1995
2133
301
<89n
2916
2938
2855
3718
4188
4174
4245
4073
42339
4563
4835
4433
4475
4518
1551
1425
15014
1584
1587
1571
1577
1419
1350

42134
4275

4768 -

6448
5133
6262
5228

6163

8340
9016
211S
2208
8845
3197
9783

10570

10245
9507
9398
3297
3206
3468
3410
3445
3389
3381
3003
2893

1.15
1.14
1.1?
1.14

1.15°

1.15
1.12
1.18
1.21
1.15
1.19
1,17
1.17
1.17
1.14
1.18
1.31
1.15
1.186
1.13
1.15
1.18
1.15
1.17
1.18
1.14
1.12
1.15

GH5Y h-1
11424
13113

12715 . -
17195

1B9I?
16633
19104
113435
2583
24043
2790
24555
27133
24500
26101
32730
2730
29459
26561

8792

9836

9248
10461

3187
10334

2018

9212

7731

&

339
244
ETE]
s1?
508
503
S03
435
633
738
153
54
+a7
a52
196
§99
RES

05
326
as2
asi
363
=

(3]
arl
250
241

Products
17h
/490
6134
7311
8970
/133
B734
Bis1
8633

10235
11587
11127
11831
10761
11742
. 12054
12501
12637
11278
12402
5233
5008
5707
5037
5274
4487
4604
3597
3489

P, atg.

4 8 8 & 2
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7-8-8R

RUM Mo.
7801
7812
7HO3
78104
¥80S
7RD6
7807
7808
7809
7810
7611
7812
va14
7815
7816
=) g
7a1a
7819
7820
7821
7822
7823
7624
7825
7826
7827
7A29
823

REACTOR 2V
Radiation
Time watt/m2
10:04:00 78S
10:12:00 51
10:20: 00 a3
10:36:00 M3
10:44:00 1
10:51:00 7en
13:59: 00 785
11:107:00 766
11:1S:0n 2
11:23:00 .. a3
11:31:00 7S
11:38:00 B3
11:54:01) a04
12:02:00 7
12:17:00 730
12:26:00 742
12:33:0n 325
12:41:00 65
12:49:00 ' — 708
13:05:00 743
13:13:00 k)
13:21:00 a2
13:28:10 B33
13:36:00 2
13:44:00 755
13:52:00 790
14:100:00 704
14:08:00 742

Door .

NNOQWAR2AONNNNRIPIPHFNHTOPPIITIORRIIDITTTR

TRuf

TABLE 3-2V - REFORMING

RAQIATION, DOOR OPENIMS HNU;RECEIUEQ TEMPERRTURES

732
743
762
763
767
7R3
772
)
75
770
765
754
764
753
760
757
757
758
753
733
755
765
730
723
687
550
505
569

TRub

/s

BE3
2
V15
g
715
714
716
7148

719

714
a7
VIS
703
7134
70
637

| B9G

673
678
595
713
726
721
337
672
637
506
Sva

Receiver Tenperatures

TRAF

497
513
535
547
547
S49
552
535
537
556
552
5503
S49
S48
545
543
543
543
543
528
536
543
538
516
483
457
424
393

%) Receiver Tespsrature, measured by an IR Pyroneter

TRdb

769
779
791
292

7e8

790
793
794
732
786
733
782
785
784
784
782
85
765
;a?

{oe)
798
05
198

59
730

N4
i
g24

TRLf

815
831
B4s
848
846
B850
854
B57
856
843

TR1b

702
716
723
732
730
731
734
736
736
731

256
725
725
723
719
718
713
719
720
712
726
735
723
702
673
639
573
S22

TRb
210
B15
a26
829
823
g31
832
B34
B35
825
824
|21
821
815
BO?
2802
' BO1
" 799
794
778
795
798
774
743
692
655
537
555

TRr

Pyra )
10338
1040
1043
1041
1042
1044
1045
1045
10413
1038
1035
1035
1033
1035
1033
1031
1036
1035
1035
1038
1043
1047

S@9
9a7
205
901
8un
803



7-8-88

7822

7824

7827
7828
7829

14:08:00

H2
30.8
268.3
31.5
24.3
19.7
24.5
19.7
24.9
15.2
18.5
14.5
19.4
14,2
18.1
14.8
1.7
15.3
12.1
15.6
34,7
1.8
36.2
27.4

19.5
21.6
12.3
.12.3

TRBLE 4~2V -~ REFORMING
COMPOSITION, CONVERSION AND ENERGY INPUT

Z Conver-
Product gas composition,.mole 7 sion  Resction Erergy Inputs, watt ww)

ca CH4 con2 H20 of CH4 rate ») OQtwat Oresc | Oreac 2 Qreac t Q tatal
37.3 13.3 18.3 3.3 $6.0 2.98 1142 3161 gz 3263 4405
34.3 te.2 19.2 4.0 48.3 2.78 47 2730 s <2845 3732
9.1 4.6 6.6 3.3 62.2 3.65 1291 3873 13 3908 5277
31.9 0.0 19.9 3.9 41.2 3,32 le4L 3519 \sa 3673 5320
28.2 23.8 24.2 4.3 33.5 2.97 1366 2739 163 2302 A267
32.1 \9.7 3.9 - 3.8 41.8 3.25 1644 3454 158 18 5255
28.2 23.6 24.2 4.3 33.7 3.03 1399 2799 165 "2964 4362
2.6 12.3 19.8 3.9 42.6 3.25 1645 3446 158 3605 5250
22.86 9.0 29.8 3.7 24.6 2.86 1839 2639 190 2819 4658
25.8 2%.3 3.7 3.7 2.7 3.3t 2303 3518 (99 Erd 4 6020
21.7 .3 .0 3.6 23.0 2.95 2068 2719 109 2909 A975
26.0 s. 6.6 3.8 30.5 3.46 2376 367Q 213 3883 6253
21.4 27.8 .0+ 3.6 23.0 2.87 2018 2652 182 2834 4853
25.5 25,7 7.1 3.7 29.8 3.37 233t 3573 20s 3778 6158
22.9 2e.2 26.2 4.0 9.7 3.82 2437 3845 228 4073 6510
12,6 31.3 36.5 2.3 19.¢ 2.88 3% 627 173 2600 5176
22.5 3.0 28.5 3.6 24.0 2.84 2683 3a12 214 3226 5909
1?2.5 34.3 33.4 2.7 17.8 2.44 2207 2250 143 2333 4600
23.1 29.8 27.6 3.7 24.8 3.02 2621 3204 219 3423 6044
40.5 7.7 14,2 2.9 71.0 2.94 98 3119 73 3182 4160
40.2 €.8 1S5.1 4.2 67.) 3.08 766 2840 an 2938 3705
42.3 .6 12.9 3.1 7?7.9 3.33 1020 3539 a3 3622 4650
3.2 11.9 18.6 4.9 S§7.5 2.80 678 2580 ur 2656 3374
33.8 3.9 16.6 4.1 63.6 2.63 820 2857 \a3 2380 3700
9.4 17.0 ' 27.1 S.0 39.2 1.89 489 1742 \05 1947 2336
31.6 17.4 24,5 S.0 43.4 1.82 $69 1936 103 2044 2613
20.7 27.3 35.4 4.2 23.2 1.01 278 932 71 1003 1281
21.3 2{.2 4.6 4.4 .7 0.83 297 %7 73 380 1277

47.6
33.8

18.5
16.1



REACTOR 2v ?7,9-88

RUN No,
7605
7606
7607
7609
7603
7610
7801
7803
7804
7806
7618
7810
7912
7815
7815
76818
74020
7821
7823
7825
82?7
7829
72301
72303
72305
72306
72300
72310
72311
72312
72313
72314

72347
72318
72319
72320
72321
72322
72323
72324

") Erer
) Tota

Feed 1/h

t

5618
5184
8448
8424
2628
2724
4204
4768
6448
6262
6163
N016
9208
9188
97039
10245
9999
297
M8
3445
3Mt
2893
4532
4551
, 4807
4582
4341
4505
4494
4537

TwallS
a3s

AS4
817
na7
13
a7e
963
/79
a54
53
233
831
a3t
832
820
/27

5115
710
723
577
673
841
7am
748
768
2l
T19
723
1 15)
685
687
663
6?77
875
02
837
791
M7
6aa
675
mn2
705
707
719
722
726

3

727

772

TRBLE '5-2V ~ REFORMING

HEAT TRANSFER OATR

Q total
watt
4733
4527
571t
5759
3746
4051
445
5277
5329
5255
5251
B!
6259
6153
6510
5903
6044
4150
4650
3780
2613
1277
491
4630
4851
4816
5118
43092
SnS4
§0s5
5159
3490
5232
S447
5573
8601
5764
5764
5761
5767
5878

input from the point uwhere the gas tw

eoperature difference for

heat transf

HT Arsa Q
"2 watt n)
1.063 3947
0.159 4135
0.064 4893
Q.1164 4956
1.9076 36489
n.07% 4037
0.076 4195
0,078 Sn\7
0.1369 4391
3,069 4783
2.763 4?78
0. 064 5119
0.060 S303
0.060 5197
1.062 5333
0.050 4721

. 0.080 4872
n.0?6 4053
0.10?26 4625
n.076 3782
0.073 2623
0.07% 1287
9.076 3836
0.07% 4382
0.075 4629
13.076 460N8
10.076 4923
0.076 4801
0.076 4831
0.076 4893
0.1376 4939
0.069 3260
0.069 4873
0.(%9 5081
0.069 5273
0,059 5194
0.063 5363
0.069 °  S366
0.069 5273
0.064 5199
0.067 5216

mpyrature is 480
o [

11}

9.317
3.371
12.815
12.750
7.345

Alfa

") u/mndeal N
213 263
221 273
223 343
227 341
163 262
170 ‘313
192 - 288
-192 348
223 321
226 )
229 s
226 354
223 397
az21 393
219 397
217 62
26 376
171 3Ll
167 365
143 343
111 300

73 232
179 281
204 . 282
208 293
209 291
210 308
alt 300
212 303
212 304
213 ;)
103 438
235 303
238 31
241 320
244 31
243 323
243 322
24?7 312
246 331
Ak s

0.781

s 88 0 .

dPTWEAN

QQQQPOQQOQ

e .
J3ey2meeyy

(=}
.

0.845
0.784
0.752
0.755
0.755
0.747
0.745
0.742
J.748
0.744
0.695

0.747

0.743



RERCTOR 2v 7,9-88

RPUN Mo,
72325
72327
31502
91504
91505
31508
91507
31508
31503
31510
511
31512
91513
91514
31515
215186
517
21518
215173
21521
31521
3522
31523
91524
31525
91526
31527
21529

%) Energy input from the point where the
*7) Total temperature difference

Freed 1/h
7668
5656
5252
B276
242
B316
5320
53083
B227
K197

S Blel
2 d
6342
RZ32
5194
6242
5193
3Ra0

.- 98973
3737
9510
517
3925
9746
8934
3998
3959
3770

TwallS
845
873
582
687
1=
731
753
782
730
-]
788
8493
B55
BSS
34Q
9365
a3y
i Ied
798
Al4
A22
8210
754
733
2?
709
697
624

16115
BiG
735
582
504
o84
614
526
£25
44
5453
6493
683
690
5310
2313
53
E73
621
B31
£ ]
2812
Bl
E05
595
S91
S
SV3
73

TROLE S-2V —~ REFURMIMG (continued)

Q total

watt

5783

4315
23903
2534
25102
34000
34495
35111
3322
39094
W6
5052
511s
5264
4745
4545
4403
5311
5338
3718
5763
5735
4205
4033
3983
K23
3549
3420

HEAT TRAMSFER DATA

530
S08
532
532
533
529
326
525
Sl
518
507
505
509
5104
504
506
531
B19
g14
3131
7839
790
826
334
349
356
BS2
B44

HT Rrea
n2
0.064
0.063
N.063
3.069
0.063

Q069

13.063
0.089
1.083
12.0%6
11.069
0.066
0.069
0.063
2.389
0.089
12.05%9
J.080
0.1360
0.060
0.0613
N.0s0
3,040
12.060
11.0a80
0.082
0.061
0.060

gas tenperature is 4380
for heat transfer

watt »)
5076
4455
1836
1825
1883
2r73
2864
2970
3303
3372
3363
4443
4491
4644
4143
4037
4210
4055
4041
4437
4521
4494
2395
2746
2672
2293
2203
2126

R1fa
OT ) w/m2ndeqC
245 324
233 273
127 211
132 212
132 209
167 244
177 236
176 <33
192 251
188 304
187 249
233 233
239 274
238 285
228 265
226 261
- 226 272
220 307
222 304
233 anz
235 321
234 314
188 257
176 260
172 253
160 231
152 242
150 238

Nu
11.360
9.093
3.1339
3.145
3.006
9.744
9.349
9.441
3.562
11.51%
9.421
10.010
3.433
3,753
9.409
3.334
9.592
12.273
12.141
12.411
12.454
12.427
10.319
11.234
11,259
10.221
10.812
10.363

Pr-

C‘JDDDC’DDDDPPP
=8 =

=

g1

0.1331
0.8331
C.8a3
0.852
0. 861
3.855
0,857
0,883
12.871
11,876
a, 892
0.991
0.8a65



10-13-49

RUM Mo.
11201
0132
191303
131304
131306
191307
L1303
1131309
121310
1d1311
131312
101313
101314
tni3s
1131
101317
191318
101319
191320
191321
101322
101323
101324
131325
101325

RERCTOR LY °

Tima

0R:37:50
08:54:22
09:102:39
09:10:58
DA:27:00
Q34200
Q9:43:10
03:%2:00
L2
132330
1305000
13:14:00
13:3%2:00
13:41:00
13:48:00
13:56:00
14:03:110
14:12:10
14:20:10
14:29:00
14:37:00
14:46:1)D
14:53:00
15:02:00
15:10: 100

TRBLE

1~JY - REFORMING

REAGTAMT FLOW RATES

GO2 l/h CHY 1/h

2520
2424
241
24105
23765
2332
2643
2329
2372
£B71
2919
2ren
2745
2503
2573
26983
1541
1475
1458
1451
1443
1569
1541
1580
1569

2156
2130
21310
<134
21m
2156
23101
2246
2252
22132
2497
22649
2373

2180

2114
2313
12413
1223
1197
1199
11883
1202
1204
1223
1224

Feed 1/h  CO2/CH4 GHSY h-~1

46136
4554
453310
45010
4476
4548
444
4576
46344
A5
S4116
4997
5113
4743
4637
sN1e
21329
269
255
2639
2631t
2771
2744
20912
i3

1.186
1.14
1.13
1.15
1.13
1.11
1.15
1.04
1.08
L.17
1.18
L.20
1.16
1.20
1.22
1.15
1.2?
1.21
l.22
1.23
1.21
1.31
1.28
1.30
1.28

43794
42561
42336
42056

41832,
. 42505

46205
427153
43402
4R35
50523
45699
470332
44374
43804
48873
26439
25215
24813
24659
24589
25893
25649
26187
26145

Re

1326
121313
1265
1251
1242
1256
14103
1251
1277
1419
1661
1434
1477
1324
1313
1333

799

745

724

’18

715.

38
783
818
B19

Products

I/h
5350
5932
6024
B162
Bl6¢
5780
6415
B21g
6241
9922
els7
55680
T 59
6575
55636
68213
4168

3991
4245

4272
4247
3773
3653
3436
3359

P,atq.
3.10
3.00
3.00
3.400
3.00
3.00
3.0
3.00
3.00
3.08
3.25
3.10
3.00
3.00
3.00
3.10
2.75
2.90
2.98
3.00
3.00
3.00
3.10
3.03
3.00
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TABLE 3~-UY - REFCRMING

COMPOSITION, COMVERSION AND ENERGY INPUT

10-13-88 RERCTOR W % Convwr-

R Product gas camposition, mole % sion Reaction Energy Inputs, watt Flux
RUM Mo, Time Re H2 co CH4 cia2 H20 of CH4 rate 33 Gheat Qreasc 1 Qreac 2 0 reac t Q tatal KH/n2
101301 09:37:50 1326 .0 24.8 32.4 34 12,4 16.1 3.3 1681 986 313 1298 2979 71.9
101302 08:54:2 1280 21.9 a25.8 26.5 23.9 1.3 31.1 5.2 1823 . 1873 54 1927 3756 9.6
101303 09:02:39 1266 22.8 5.9 25.2 23.2 2.0 Ech)] 6.b 1853 . 1988 S5 2044 383? 94.0
101304 09:10:58 1251 24,5 29.4 23.Q N.6 2.4 37.Q .2 1910 2191 71 2262 4172 100.6
101306 09:27:M) 1242 25.4 22.4 23.0 20.1 2.3 37.3 7.3 1909 2217 58 2275 . 4184 101.0
101307 09:34:00 1256 19.5 23.1 2R.5 27.1 1.3 27.2 5.5 1316° 1650 49 709 B2l 7.5
101308 U9:43:00 1410 21.2 24.7 2R.2 24.2 1.7 8.3 6.2 1973 1831 S3 1334 3812 92.0
1013109 09:52:00 1251 24.9 28.0 26.0 19.6 1.6 33.7 7.1 1388 2141 45 2186 4175 100.7
101310 10:00:0G 1277 23.8 27.3 26.0 at.1 1.8 *33.0 6.9 1362 2104 S2 2155 4137 99.8
101311 10:33:M) 1419 . 14.9 17.8 32.8 33.1 1.4 Tan.o 4.3 ‘1814 1290 39 1329 3143 75.8
113tz 13:06:M 1661 © 3.8 12.0 31,3 34.8 t.t 12.S5 2.9 1336 :rdd 31 07 2303 55.8
11313 13:14:09 1434 2.5 11.4 37.5 4.5 1.0 12.2 2.6 1827 786 a8 a12 2039 53.7
101314 13:32:00 1477 13.4 15.?7 34.8 34.9 t.2 17.3 3.9 1801 1164 33 . 1197 2378 72.3
10115 13:41:00 132 25.9 29.% 22.0 0.6 1.8 33.7 7.8 <0588 2368 57 2425 4403 18.2
101316 13:48:00 1303 27.4 31.4 19.8 19.5 2.0 42.86 .4 2067 2551 &2 2613 4680 112.9
101317 13:56:00 1393 24.7 28.3 23.5 a1.7 1.8 36.1 7.8 2159 2369 58 2428 4585 110.6
101318 14:03:00 799 30.0 34.3 16.9 16.7 2.1 48.7 5.7 1195 1721 42 1764 2959 71.4
11319 14:42:00 746 23.9 34.5 16.? 6.6 2.3 49.1 5.8 1204 1700 - 43 1743 ° 2947 7.1
101320 14:20:00 ved 35.6 39.4 11.5 11.7 1.3 51,9 6.9 1231 2078 - 2138 3416 G2.4
101321 14;27:1 71a © 36.2 40.2 11.0 10.6 2.0 63.56 7.1 1293 2137 40 2177 3470 83.7
1131322 14:37:0) 715 36.3 39.8 11.2 1.3 1.8 63.0 7.Q 1291 2117 38 2153 3443 83.1
101323 14:45:00 7R 24.0 9.2 20.9 23.4 2.5 38.3 4.4 1125 1323 45 1369 2474 an.2
101324 14:53:00 783 22.5 e?.6 22.7 24.6 2.6 5.6 4.0 1089 1213 44 1257 2345 56.6
101325 15:02:90 819 16.3 2n.6 29.2 3.8 2.1 24.0 2.7 995 B3t 35 866 {gsl 44.9
101326 1S:10:0Q a1? 14.7 18,7 30.4 34.2 2.0 21.6 2.5 285 780 32 re2 1748 42.2



PUN Mo,
11201
10203
101204
1912105
101205
101207
181203
101209
1n1210
101331
11302
101303
101304
101306
1atage
1133
101302
191310
101311
101312
101313
101314
121315
101316
101317
101318
111319
101320
101321
101322
101323
101324
101325
101326

REACTCR WY 10-88
Faed 1/h THa32
2106 17z
1592 Ta4
1610 737
1581 a3t
1580 879
1554 871
sa7 851
1544 931
1539 349
4506 B0%
4554 845
4530 /54
4500 882
4476 884
4548 a33
47144 733
4576 894
4544 B33
4754 m8
5408 EDB
4997 B11)
5118 769
4748 B35
4637 305
5016 a95
2729 a22
2673 ase
2A335 893
2639 211
2631 N0
2771 BsS
2744 7730
28102 723
2798 711

1632
)
721
731
75
8na
794
779
846
S
675
702
711
723
b1
733
6874
742
734

653 -

Slt
6783
6473
740
749
737
17
752
787
795
796
713
701
853
542

0 tatal
watt
1503
1680
1792
21as
2345
2337
1917
259
2602
2973
3755
3337
4172
4134
3RES
3n12
417S
4137
3143
2303
2637
2979
44133
46130
4583
2959
2947
3416
3470
3443
24734
2345
1861
1748

TRBLE 4-UV - REFORMING

HERT TRANSFER DATA

Re

629
442
446
430
422
419
430
404
4t

1326

1230

1266

1251

te42 -

1256
1410
51
12727
413
L5651
1434
1477
1324
1533
1393
799
746
724
718
7ls
798
83
els
819

HT Arwa
m
0.03
0.033
8.035
0.035
g.03s
§.035
0.035
0.035
0.035
0.122s
G.025

0.025_ -

13,025
0.025
0.025
3.025
0.025
0.02s8
13.025
n.02%
0.025
0.023
0.025
0.025
0.025
0.028
0.023
0.023
0.023
0.028
0.023
g.023
g.023
1.023

a
watt =)
1004
1305
1413
1732
1922
1963
1543
2244
2233
1873
2682
2822
3t
3123
2552
2647
3093
3040
1376
1331
1462
792
3365
3576
3403
2294
2312

2/l

2849
2824
1843
1700
1202
1093

%) Energy input from the point where thi gas temperature is 480

Alfa

DT w%) w/maxdagC Nu

105
193
167
194
al7
215
135
247
245
171
213
214
237
243
248
we
2503
223
171

50
132
1S4
254
262
255
196
216
246
255
253
184
171
129
114

320
236
241
255
253
261
238
260
251
439
503
S29
526
S16
412
533
495
532
451
B30
321
A57
529
S47
534
417
382
#1085
398
33
359
355
334
342

12.255
8.031
?.776
7.518
7.183
?7.174
7.244
6.594
5.5

0. 710

17,956

18.639

17.3965

17,397

14,759

23.22%

16.60%

18. 1658

18. 162

3A.217

13.353

18.898
v.r702

17.934

18.103

13.587

12.143

11.854

11,803

11,435

12.837

12.570

13. 148

13.811

Pr
0.801
0,793
0.773
0.759
D0.730
0.733
0.752
0.702
0.536
0.992
0.300
3.736
0,734
0.782
7.791
1.81B
13.737
0,791
1.813
1.134
0.815
0.822
0.769
0.7561
0.7?S
0.773
0.753
n.731
0.726
g.728
N.778
0.788
0.817
0.325



REFORMER B METHANATOR
HEAT OUT

SOLAR “ TO
E —>
RADIATIONL_::> ArBf FIPELNE 1B —A $ CONSUMER
N
A .

A - B

CHg + COz2 <= 2H2+2CO
Figure 1
The Chemical Heat Pipe
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GAS SENSORS
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COMPUTER
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- " STORAGE SCREEN DISPLAY
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Data aquisition, reduction and storage
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HEATING CO;
REACTORSJV,2V x

|000

Temperature

1 { ! | l

|
O 20 40 60 80 100 120
Catalyst bed length,cm

Figure C1
Heating 00,
Temperature profiles, Reactors 1V and 2V.

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

4. Wall temperature, Reactor 2V

5, Wall temperature, Reactor 1V



HEATING CO2
REACTOR UV

T | | 1 |

200

l 1 |

| |
20 40 60 80 100
- Catalyst bed length,cm

Figure C2
Heating 0O,
Temperature profiles, Reactor UV
1-3 Product gas temperature, Reactor 2V
1. Re = 417
2. Re = 786
3. Re = 1449
4. Wall temperature



Energy input Kw

Energy input,Kw
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HEATING CO2
REACTORS1V,2V
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I 1 1 | { ]
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26
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20 40 60 80 100 120

Catalyst bed length,cm

HEATING CO;
REACTOR UV

+I

(1 1 1 1
20 40 60 80 100 120

Catalyst bed length

Figuze C3
Eeatirg €
Enexzy ingut 2leng the rezcior
1-4. Reacthor 2v 1. B2 = 2C53
2. R= = EI0
3. F2= B20
4. Re = L33
S. Rezcex 1V F2 = 1340,

Figure C3
Eesting o,
Energy irput aleng the rezcier UV

Pe = 1350, £inal wvail teo

ety wail terpeteloe = 6]
F2 = 725

Pe = 217

Finzl wall temparahios = FEO-EC.

T



HEATING CO2
REACTORS 1V,2V

70

&)
O
I

“e
< 40F ]
=
X 30 N _ Figure C5
g Eeating @,
E 20 - _ Eeat flux alcrg the rezcior (ses tet)
1-4. Reszctor 2V - 1. R = 10C1
2. Fe = g1¢
_ 3. Bz = 620
4. B2 = 423 .

o
l

5. Psector 1v - E

= 1222

[{]

IR L 1 '
O 20 40 60 80 100 120

Catalyst bed length,cm

HEATING CO2
REACTORS UVJV

+

E
\ —
=
X
>
E ]
L
Figure C8
- Featirg oe)
Eszt flux alcrg the rescioe
- 1-4. Reactor W - 1. Re = 1330; wall tooerzibarast
2. Re = 141¢ - o
4 3. Re = 7235

| l 5J i 4. Re = 417
2-4 - wall temperature = 725-200

20 <40 60 SO 100 5. Resctor 1V -  Re = 220
Catalyst bed length, cm




HEATING COg
REACTOR UV . -

Flux, Kw/m?2

NI S
O O O o
T T

O
|

1 . | 1 | l L
200 400 600 800 1000 1200 1400

Re

Figure C7
Heating Q0,

Heat Flux vs. Re in Reactor UV at i i reacbcr.
, various locations
Catalyst bed length, cm: 1. 40 2. 50; 3. 60 4. g0 9 T° Teactor.

Wall temperature: 770-780.



Reactor 2V

Temperature
o |
®)

O

400 ® gos
o wallback
x wall, front
200 & wall,average
I ] L

| I l
20 40 o0 80 100 120
Catalyst bed length,cm

Figure P1
Reforming
Temperature Profiles, Reactor 2V, Re=863



Reactor 2V

1000~

) 00]
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o O

Temperature

S
9

200

® gas
o wall, back
x wdll, front
A wall, average

i L g | | L

20 40 60 80 100 20
‘Catalyst bed Ieng’rh,cm

Figure P2

Reforming
Temperature Profiles, Reactor 2V, Re=270
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Reactor UV

000~

Y 800 X
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© | o ~

s 600

g_ .

@

l"— ® gas

| o wall, back
X wall font
A wall,average

| I | {

| 1
20 40 60 80 100 120
Catalyst Bed length,ecm .

Figure P3
Reforming
Temperature Profiles, Reactor UV, Re=442



Reactor UV

@)

O

S
|

N
\

Temperature
5y
O
7

MAN
@)
T

200

| (0

l |
20 40 60 80 100 120
Catalyst bed length, cm

Figure P4
Reforming
Temperature Profiles, Reactor Uy
1. Average wall tenpera.tur'e, Re=1242
2. Average wall temperature, Re= 446

3. Product gas temperature, Re= 446
4. Product gas temperature, Re=1242



Reactor 2V

N e TWI00=940-960
900K\ x TWI00=830-865 |
N\ o TWIO0=720-760
850
hl
3 800
2
Q
E- 750 C
e
»n Q0
O
{e]
+— 650
S
)
© 600
o
550+ _
500 1 ] 1 1 ] 1 1 \
- 0 200 400 600 800
Re
Figure 2
Reforming

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



.Recc'ror_. UV and 2V

m Re=400-420 X Re=400-460
@ Re=300-350 0 Re=7I5-820
+ Re=800-830 A Re=1240-1280
900 2V uv 7
o 850 -
=
O
5 800 —~
3
o 750~ -
'_
w
o 700 -
3 650} -
N
o _ _
600 ..’
550 L -1 | 1 1 ] P
600 700 800 900 [000
Highest wall Temperature TW72UV)
TWIOO {2V
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

e TWIO0=940-960
7 Lo TW100=890- 900 -
x TWI00=695- 720
6L _
=
< 9F N
a2 4L ~
=
>
= 31 §
(b}
[
Li 5 | |
| =77 -
e
”~
k /u/ | )] } i | 1 1 1
0O 200 400 600 800
Re
Figure 4
Refoming

Total energy input vs. Re. TW 100 is the hottest point an the resctor wall




Energy input,Kw

Energy Input, Kw

Reactor 2V

-'I'J‘I;

600

700 - 800
Product gas Temperature

REACTOR UV

900

1 1 ! ]

1
600

1
- 700 800
Product gas Temperaiure

S00

Figurs 5
Relorming
Total ensrgy irmut vs. progies gas t=parshis

1. Re = 720-220
2. Ba = 370-20

3. Re = 240-270



Energy Input, kw

Reactor UV

6
o TG=800
5~ x TG=750
® TG=7OO
4
3 X
2 i /
| —
| | ! | | | | | ] L
200 400 600 800 1000 1200
Re
F:l.éure 7
Reforming

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




Reactor 2V

6]

N w SAY

Reaction Rate CH4/m! CAT-hour

2
e 3

1 1 ] L ]

| 1
600 700 800 900
Product gas temperature TGIIS

Figure 8
Reforming
Reaction rate vs. product gas temperature
1. Re = 790-865
2. Re = 500-570

3. Re = 300-380
4. Re = 200-275




Reactor 2V

1)

D

n

—

Reaction rate 1CH4/mICAT-hour
W

1 1 1 ]
200 400 600 800

Re,average of groups

o

Figure 9
Reforming

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



REACTQR uv
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- Reaction rate ICH4/ml cat hour
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|

170® | ) L i

|
650 700 v50 800 8350 <900

Product gas temperature
Figure 10

RAS

Reforming
Reaction rate vs. product gas temperature

1. Re = 1200-1480
2. Re = 715-8C0



REACTOR 2V

100

90 —

80 —

70 -

60 -

% Convarsion
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o
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40 —

20 S

.4 0.5 0.8 1

Product gas temperaturs
O Re=234-450 + Re=451-650 ° Re=651-850 a egullibrlun

Figure 11

Reforming

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



% Conversion

100
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6))
o

HAN
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N
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Reactor UV

i | | 1 L |
600 700 800 9
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



% Conversion

Reactor UV

0oF | -

. e .
60 \z -
40 j\’i\\-ﬁ-s _
20 _\\is 7]

n | L L
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Ratio of reac!:ion enthalpy to sensible heat vs. methane conversion.

Points for 2 reactors.



HEAT TRANSFER CORRELATION

Reagctors: 1V, 2V and UV
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Figure 16

Genexral heat transfer correlation, three reactors,
reforming and CO, heating.
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Nu, experimeantal

HEAT TRANSFER CORRELATION

Reactors: 1V, 2V and UV
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Figure 17

285

Nu, experimental points vs. Nu calcu]oa’gsd fr ,}the correlation equation:

Nu = 0.534 Re¥r¥ x PrVe/,
The line "y = x" is shown.
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