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SUMMARY 

., 

An, ·oil shale :rubble bed with contrasting. permeability region? is 

investigated using a . gas tracer in conjunct i.on with a two-·di mens ion a 1 

.flow and tracer. model· and with· a one-:-dimensional. d.ispersion model. Six 

runs .on the retort are discussed. Tracer d nject ions are :mad.e. into the 

. main flow inlet and into five· .taps. near the· top ·of the .retont. Detec­

t i.on taps are 1 ocated at four · levels. , in the retort· ... with . .five .. taps·. ·on 

each level. The one-:dimensional. disper.si-on model is ·fit .to th.e .. tracer 

response .turves producing estimates of dispersion and space: time in the 

··retort .. The .dispersion model. produces reasonable estimates where the 

·.fluid -flow deviates only. slightly from vertical .. The two-dimensional 

flow model developed by Travis at Los Alamos National Laboratory. (LANL) 

is.compared to tracer velocities. ,The correlation betw~en the model and 

the· data is good in the 1 ast of. the, six· tests. The corr.e 1 at ion is not 

as good in the earlier tests .. and possible reasons: for. this are dis-

·cussed. 

. •' 



INTRODUCTION 

•' .,, ' I • \ 

The Western Research Institute (WRI) at Laramie, Wyoming, is con­

ducting tracer· and retorting tests on oil shale rubble beds with regions 

of flow blockage and t'low channeling. These types of rubble bed non-

uniformities are common in large mod'ified in situ (MIS) oil shale re-

torts and are important because severe flow blockage or channeling 

causes reduced oil yields. The 150-ton retort is being used for the 

. flnw .hlAckaoe experiment reported elsewhere[1] and the 10-ton retort is 
- . -

being used for the flow channe'ling tests. Progress on the tracer and 

flow mode 1 i ng work on the 10-ton retort tests is described in this 

report. Retorting procedures and results are discussed elsewhere. [ 2] 

This work is done under Cooperative Agreement DE-FC21-83FE60177 with the 

U.S. Department of Energy. 

A pre-retorting diagnostic technique such as tracer testing is 

needed to evaluate rubble nonuniformities. If an oil shale rubble bed 

is not uniform, or in other words has a spatially varying void fraction 

or· particle size, then oil yield may be reduced. It is important that 

the nonuniformities be understood so that retorting procedures can _be 

optimized. The 10-ton retort tests have been designed to evaluate the 

effects of both flow channel size and particle size on retorting effi­

ciency and to study the effectiveness of tracer testing for determining 

rubble bed and flow parameters. 

To date, six of nine planned retorting tests have been completed. 

The results of the tracer tests on these six runs are to be discussed in 

this report. Also included is a comparison of the tracer results with a 

two dimensional flow and tracer model. 
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EXPERIMENT 

Retort Configuration 

The 10-ton oil shale retort located north of Laramie, Wyoming, is 

the vessel chosen for the flow channeling portion of WRI's nonuniform 

rubble bed tracer studies. This retort is small enough to allow a 

relatively short turn-around time on retorting tests and yet is large 

enough to allow loading with nearly full-scale particle sizes. As shown 

in Figure 1, the 10-ton retort is a 1.8 meter (6 foot) diameter by 3.7 

meter (12 foot) high refract'ory 1 i ned stee 1 she 1 i. The bottom of the 

retort has a steel grate to ?Upport the shale and both the top and the 

bottom have hinged semi spherical covers. The retort is 1 i ned with a 

0.114 meter (4.5 inches) thick layer of fire brick and a 0.114 meter 

(4.5 inches) thick layer of castable insulating material and an insul­

ating fiber blanket, causing the inside diam.eter to be 1.37 meters (4.5 

feet). 

The test program for the flow channeling experiments on the 10-ton 

retort calls for the retort· to be loaded in a fashion that creates a 

permeability contrast between a core region and a surrounding annulus. 

The effects of varying the core channe 1 size and the particle size in 

that channel are being studied. A schematic of the retort with the 

contrasting permeability core is shown in Figure 1. The top of the core 

is approximately 0.6 meters (24 inches) below the flange at the retort 

top and the bottom of the core rests on a protective rock base. The 

diameter of the core is 0.30, 0.46, or 0.61 meters (12, 18 or 24 inches) 

depending on the test. The test schedule, as described in Table 1, is 

for the first six of nine planned tests. For tests 571 through 57~ the 

region above the core is filled with the same size shale as the annulus. 

In tests 575 and 576 the shale in the top region is different for 
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reasons that are discussed later. 

Retort Loading 

The retort is loaded using a bucket and an overhead crane. A layer 

of granite is .spread over the grate to prevent the grate from overheat-

i ng and then the sha 1 e is 1 oaded. To produce the core region of the 

retort .three short cylinders have been constructed having the diameters 

required for the different tests. For a given test the appropriate 

cylinder is placed on the rock base at the center of the retort; the 

cylinder is filled and then is covered while shale is dumped into the 

annulus. The cylinder is pulled upwards until the bottom is at the 

surface of the shale. It is then reloaded and the procedure is 

repeated. Each cylinder is slotted to allow placement of tracer probes 

and thermocouples. 

Shale in five size· ranges is used for the flow channeling tests. 

The screen analyses of the shale are shown in Table 2 with the corres­

ponding weighted average sizes. The average size is calculated from 

equation 1. 

D = (l:(W/Si))-1 (1) p where 
Dp = weighted average particle size, 

s. = average between two adjacent screen 
1 sizes, 

and 
w. = weight fraction of shale correspond-

1 ing to size Si. 

All the oil shale samples are from the Anvil Points mine near Rifle, 

Co lorado, and have been crushed and screened at that site. The size 

ranges are designated by the size of the screen through which all the 

shale passes and the size of the screen through which supposedly· no 

particles pass. Unfortunately, the screens are not one hundred per cent 
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Table 1 
Retorting Test Pl.1n 

Tracer Core 
Retorting Series Particle Sizes (m) Diameter 
Series No. Number Annulus Core Top (m) 

S71 1 .152 X . 013 .102 X .051 .152 X . 013 .457 

S72 2 .152 X .013 .102 X .025 .152 X .013 .305 

S73 3 .152 X . 013 .102 X .076 .152 X . 013 .305 

S74 4 .152 X . 013 .102 X .076 .152 X .013 .610 

~75 48 .152 X .013 .102 X .076 .102 X .051)1( .610 

S76 28 .152 X .013 .102 X .025 .102 X . 051*' . 305 

* Different shale batch than used in core 

Table 2 
Screen Analyses And Weighed Average Particle Sizes 

Screen Percent Retained 
Size (m) 0.152 x 0.013 0.102 x 0.025 0.102 x 0.051* 0.102 x 0.051** 0.102 x 0.076 

0.1524 
0.1.270 
0.1016 
0.0762 
0.0635 
0.0539 
0.0381 
0.0267 
0.0188 
0.0133 
0.0094 
0.0067 
0.0047 
0.0033 
0.0024 

PAN 
Weighted 
Average 
Diameter 

15.47 
2.87 

19.30 
not used 
23.29 
14.87 
13.88 

6.38 
2.07 
0.16 
0.32 
0 
0 
0 
0.96 

0.0519 

Shale used in core. 

8.21 
not used 

4.75 
36.50 
37.37 
11.23 
1. 08 
0.22 
0.22 
0.22 
0 
0 
0.22 

0.0363 

3.14 
not used 
37.68 
52.66 
3.86 
0.97 
0 
0 
0 
0 
0 
0 
1. 45 

0.0521 

** Shale used in top section of the retort for S75 .and S76 
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7.89 
50.12 
26.22 
5.34 
1. 62 
0.70 
0.46 
0.46 
0.23 
0.70 
2.32 
1. 86 
1. 86 

0.0344 

63.28 
not used 
28.42 

4. 77 
0.08 
0.41 
0.41 
0 
0.41 
0 
0 
0 
1. 24 

0.0741 



efficient and each shale batch includes particles smaller than the 

smallest screen size. Two batches of 0.10 x 0.05 meter (4 x 2 inch) 

shale are needed because there is a change in loading procedure between 

runs S74 and S75 requiring more of this size range shale. Since the 

shale is from different crushing and screening runs the properties are 

different. Runs $75 and S76 are 1 oaded with a top 1 ayer of the 0. 10 x 

0.05 meter (4 x 2 inch) shale instead of the 0.15 x 0.01 meter (6 x ~ 

inch) shale used in the previous runs. 

The void fractions in the core and annul us regions of the retort 

vary considerably from run to run. Table 3 lists the void fractions in 

the different runs and Table 4 lists the void fractions as a function of 

particle size range. The void fraction of a region in the retort is 

defined as the void volume in that region divided by the total volume in 

that region including the void and rock volumes. The total volume of a 

region is calculated from the geometry of that region. The void volume 

is calculated by subtracting the rock volume from the total volume. To 

calculate the rock volume a sample of the shale is analyzed using the 

modified Fischer assay method to obtain the Fischer assay oil content of 

the shale. Using the Fischer assay to specific gravity relationship 

developed by Smith,[3] the average density of the shale can be obtained. 

The volume of shale in a region is the weight of the shale in a region 

divided by the density of that shale. 

Retort Instrumentation 

The retort has both thermocoup 1 es and tracer probes. The thermo-

coup 1 es are arranged as shown in Figure 2 and are used to track the 

steam and retorting fronts. More information on the therma 1 responses 
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Table 3 
Load Properties for Runs S71 Through S76 

S71 S72 S73 S74 S75 S76 
·. 

Core Void, percent 40.1 27.8 46.3 52.7 50.8 43.0 

Annulus Void, percent 41.0 39.0 39.2 . 38.1 34.9. 42.6 

Top Void, percent 41.0 39.0 39.2' 38.1 73.2 45.0 .. 
Total Void, percent 40.9 38.5 3.9 .. 5. 40.4 44.6 ~3.3 

,: 

Table 4 
Particle Size Ranges and VoJd.Fractions 

Particle Size £ 

Range (m) Dp (m) $71 .. $72 S73 S74. · S75 S7G 

'0.102 X 0.076 0.0741 0.463 0.527 0~508 
0.102 X 0.051 0. 0521 0.401 
0.102 X 0.051* 0.0344 0. 732 0.450 
0.102 X 0.025 0.0363 0.278 o-.430 

· 0.152 X 0.013. 0.0519 0.410 0.390 0.395 0.381 0.349 0.426 

* Shale used. only in top section of retort for S75 and S76. 
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can be found elsewhere. [ 2] As shown in Figure 3, tracer probes are 

located at 0.91 meter (36 inch) intervals starting 0.58 meters (23 

inches) from the top flange. Each probe allows access to five tracer 

tap positions including two taps 0.08 meters from the walls, one tap on 

the center 1 i ne of the retort, and two taps· 1 ocated on the boundary 

between the core region and the annulus region. All probes are on the 

same vertical plane runni·ng from the southeast to the northwest. Each 

of the probes· consists of a 0.019 meter (3/4. inch) 0.0. tube placed 

across the retort and extending through a samp 1 e port in the retort 

wall. This tube is slotted at each desired tap location. Inside this 

tube is a 0.006 meter (!.i inch) 0.0. tube fitted with double 0-rings on 

either side of an opening near the end of the tube. The opening on this 

sliding tube can be moved to cover any one of the slots in the outside 

tube. The positive pressure on the retort forces air from the retort 

through the se 1 ected tap and through the s 1 i ding tube to the tracer 

detection system outside the retort. A packing gland at the retort wall 

prevents gas from escaping from the other slots in the outside tube. 

The probe levels are numbered one through four, starting at the top of 

the retort, and the taps at each level are lettered A through E, start­

; ng on the northwest side of the retort. In this way each tap can be 

uniquely described by a two-digit location code. For example tap 2C is 

on the second probe level and is the middle tap on that level. 

Tracer Testing 

The gas chosen for the tracer testing portion of the experiment is 

krypton-85. This radioactive gas has been used extensively for tracer 

testing large oil shale retorts and has been used on smaller scale 
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retorts by WRI and its predecessors for severa 1 years. The use of 

radioactive gas for a tracer allows a simple, easily expandable detec­

tion system to be designed, a schematic of which is shown in Figure 4. 

Basically the system consists of counting chambers where the disinte­

grations of the Kr-85 are counted and a data. acquisition system that 

totals and stores the counts. 

The tracer injection system. has evolved considerably during the 

test series. The current system is shown in Figure 5. This system uses 

a timer and a fast precision solenoid valve to release tracer from a 

constant pressure reservoir. The tracer pulses injected using this 

system are reproducible ~nd easily characterized. The earlier injection 

system designs are based on krypton being released from constant volume 

samp 1 e bott 1 es into. the retort. These designs depend on accurate pres­

sure measurements for reproduci bi 1 i ty. The current system is much more 

precise. A typical injection has a duration of from .5 to 3 seconds 

controllable to within about twerty milliseconds. 

The tracer test series on each retort test consists of fourteen 

separate injections in six different taps. Table 5 lists the injection 

taps and the detection taps for each of the tracer tests. Ten of the 

tests in the test plan are designed to measure axial velocities at three 

radial positions and overall. inlet to outlet velocities. Four of the 

tests are designed to indicate flow paths between the core and the 

annulus of the rubble bed. 

The tracer tests on the 10-ton retort have been run at a superfi­

cial gas velocity (SGV) of 0.00635 meters per second (m/s) The SGV is 

defined as the volumetric flow rate at standard conditions divided by 

t.he total cross-sectional area of the rubble bed. This value for the 
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SGV is somewhat higher than is used in MIS retorts (usually less than 

0.005 m/s), but the fluid velocity is nearly the same due to the differ-

ence in void fraction. During both the tracer tests and the retorting 

tests the retort is run at a positive gauge pressure of 20.685 kPa. 

This positive pressure is the driving force for flow in the tracer 

sampling lines. 

Test Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Table 5 
Tracer Test Plan for 10-Ton Retort 

Injection Tap 

Inlet 

1A 
Inlet 

18 
Inlet 

1C 
Inlet 

1D 

Inlet 

1E 

1C 

1C 

1A 

1E 

15 

Detection Taps 

1A,2A,3A,4A,Outlet 

2A,3A,4A,Outlet 

1B,2B,3B,4B,Outlet 

2B,3B,4B,Outlet 
1C,2C,3C,4C,Outlet 

2C,3C,4C,Outlet 

1D,2D,3D,4D,Outlet 

2D,3D,4D,Outlet 

1E,2E,3E,4E,Outlet 

2E,3E,4E,Outlet 

2A,3A,4A,Outlet 
2E,3E,4E,Outlet 

2C,3C,4C,Outlet 
2C, 3C ,4C ,Out·l et 



MODEL 

A computer program . for mode 1 i ng flow in· porous media has been 

.. deveioped by.Bryan Travis o-f Los 'Alamos National Laboratories· (LANL). 

This.model uses a finite difference scheme to solve equations describing 

mass conservation, tracer concentration and conservation of momentum.L 4J 

The primary model input parameters that determine flow are particle 

size, void fraction, permeability and either the top and bottom pres-

sures or the velocity at the bottom of the retort. Tracer injection is 

sp~cified by _the time, ·location and conce.ntr'ation of the injected mix­

ture. The primary outputs of the model are velocity and either pressure 

or·tracer concentration . 
. . 

lhe model uses the Ergun equation-

1. 75 pD I 
U (1 + 150(1-£)~ lu ) = -(K/~)(VP-pg) (2) 

where U, K, ~. VP, p and g are the SGV, permeability, fluid viscosity, 

pressure gradient, fluid density and Qravitational accelereitionrespec-

tively.· The permeability input parameter (K) is related to the porosity 

(£) and effective particle diameter (Dp). by the relationship 

£3 02 
K - . P (3) 

- 150(1-~:: )2 

which is consistent with Ergun•s equation.[5] Minster and Fausett[G] 

discuss the origin, limitations and application of equation (2) and the 

use of a shape factor and other modifications to the Ergun equation. A 

shape factor is added to the Ergun equation by substituting ~sop for Dp 

in equations (2) and ( 3). Based on data from 22 experiments on raw 
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ct'ushed oi 1 shale Minster and Fausett have determined .that q,· = .0.. 47 is s 

an appropriate value. This value is used with the. Travis mode.l for the 

present work. 

The retort is repr_esented by the mo_del as a two:-dimensional grid of 

cells in the plane of the probes. Pressure and concentration are cal-

culated for each cell and the velocity is calculated perpendicular to 

each cell boundary. For the present work, a square cell cross section 

7.62 x 10-2m on a side is used. This is a reasonable size considering 

the particle size distribution and the retort geometry. If the cell 

size is made too large the distinction between the core and the annulus 

is lost. If the cell size .is made too small the apparent improvement in 

spatial resolution is misleading because the particle size must be small 

re 1 at i ve to the cell size if the permeabi 1 i ty and porosity of the crush­

ed shale are to apply to a single cell. 

The mode 1 prints the tab 1 es of tracer concentration· data on a 

timetab.le based on the tracer ·test data. To observe peaks having short 

residence times (less than 110 s~conds) more frequent printing is chosen 

to achieve approximately the same peak resolution as for peaks having 

long residence times. For the first 110 seconds of simulated problem 

time a table of tracer· concentration- versus cell ,location ·is printed 

every 5 seconds. For longer problem time a resolution of 15 seconds is 

used. 

DISCUSSION 

Method of Analysis 

Analysis of tracer response data is complicated by the presence of 

noise in the response curves caused by random disintegrations of the 

radioactive tracer. This noise causes curve _analyses based on the 

17 



moments of the response curves to be 1 n error. For examp 1 e, the mean 

residence time of a tracer r~sponse is defined as 

where 

and 

tc = 
f~ tC(t)dt 

f: C(t)dt 

t = time 

L:tC(t) 

.LC(t) 

C(t) = concentration at time t. 

(4) 

Equation (4), which is also called the first moment of the curve, shows 

that the large values for time, t, near the end of the response curve 

cause any perturbation in the concentration, C(t), to be exaggerated in 

numerical estimation of tc. The numerical estimate of tc will be called 

The usual result is an overestimate of the mean residence time. 

The same phenomenon is seen with Lhe second central moment, or variance, 

of the curve. Because of these effects, a one-dimensional, three-para-

meter dispersion mode 1 is being used· to determine the tracer response 

curve characteristics. 

The one dimensional dispersion model[l] is written as 

C(t) exp [ -(t-t )2 ] 

2tt c20
) vl 

where C(t), and tare as defined above and 

A = response curve area, 

t = space time, Llv 

18 
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and 

0/vl = is the vessel dispersion numbe~ 

where 

0 = the axial dispersion coefficient 

v = mean fluid velocity magnitude 

and 
L = distance between injection and detection ports. 

The values of A, t and (~~) are allowed to vary to fit the experimental 

response curves. A non-1 i near regression program is used to fit equa­

tion (5) to the data.[B] This form of the dispersion model is appro-

pri ate for use when the tracer is injected instantaneously into the 

rubble and the detection tap ·is in the rubble. The space time, t, is 

related to the mean residence time tc by the equation 

(6) 

which is discussed in reference [7]. 

The parameter 20/vl, or (2/Peclet number), is of interest because 

for packed beds where the Reyno 1 d • s number, Re, is 1 ess than five a 

ratio of particle size to void fraction can be calculated. This para-

meter can be rewritten as 

2/Pe = 20/vl = (20/vOP)(Op/L) (7) 

or 

(8) 
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where 

Op = particle diameter, 

and 

£ = void fraction, 

and all other variables are as previously defined. For Reynoids num­

bers defined as 

where 

Re = 0 vp/ p jJ 

p = gas density, 

(9) 

between five and 100 the value of the first term on the right side of 

equation (8), 20£/v Op, has been found to be approximately one. [7 •9] 

Below a Reynolds number of five the value of 20£/v Op may rise depending 

on the molecular diffusivity of the gas. The result is that for re­

stricted values of Re, Op/cl is proportional to 20/vl and a particle· 

size to void fraction ratio can be obtai ned. Ouri ng these tests the 

Reynolds number is about 10. 

For each of five retorting tests (571 - 575) two tables are pre­

sented. The first table d1splays estimated mean residence times (1t:!), 

peak arrival times (tpk), and estimated space times (1), The values of 

te are obtained by numerical evaluation of equation (4). The space time 

(t) is one of the parameters determined by fitting equation (5) to the 

tracer data. The peak arrival time (tpk) is the time corresponding to 

maximum concentration of the tracer response curve. The second table 

provides estimates of Op/£, Op and £ using equations (7) and (8). For 

test 576 only the first table is provided since the dispersion model can 
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not be fit to the data. The reasons for this are discussed in the 

section about test S76. In the discussion that follows the space times, 

t
1
S, between levels are compared qualitatively for each test. These 

space times are related to apparent fluid velocity _in the rubble by v = 
L 
t 

Test S71 

Data from the response curves for test S71 are shown in Table 6. 

An interesting feature of the response times is that there is a low 

residence time channel from 2C through 4C, yet, the residence time from 

1C to 2C is relatively high. There are also high residence time regions 

between levels three and four except at the core. Gas flow from 1C to 4C 

shows the shortest residence time channel in the retort. These resi-

dence times indicate that there is a low permeability region at the top 

of the central channel and that much of the flow in that channel con-

sists of gas entering the channel from the sides below the first probe 

level. The decreasing differences in residence times in the channel are 

probably caused by more flow entering the channel farther down in the 

retort. This idea is supported by the fact that the residence times on 

each side of the channel between levels 3 and 4 indicate decreasing 

velocities. 

Values for Dp/£ have been calculated for tracer tests between level 

one and level two to show the accuracy of the dispersion model for short 

distances. The vnlues of 0 /c for livel one-to-level four tests show p 

the accuracy for longer distances. The results are listed in Table 7 

a 1 ong with va 1 ues of both Dp and £ when measured va 1 ues of the other 

parameter are assumed. The parameter, 20£/vDP, is assumed to be equal 
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Table 6 
571 Response Curve Data 

Inj Det te tpk t 

lA 2A 70 51 58 
3A 148 122 126 
4A 229 194 206 

18 28 115 90 99 
38 205 170 180 
48 306 270 282 

lC 2C 118 102 110 
3C 173 153 162 
4C 210 194 198 

10 20 211 153 178 
30 256 224 230 
40 343 326 317 

lE 2E 113 81 90 
3E 210 173 179 
4E 314 255 279 

Table 7 
571 Calculated Dp and c. 

Inj Det 20/vL D h · p Dp(m)* c.** 

lA 2A .159 .145 .0596 .359 
4A .054 .148 . 0607 .352 

18 28 .0880 .0804 .033 .648 
48 .0757 .208 .0851 .251 

lC 2C .0798 . 0729 .0299 .715 
4C .0435 .119 .0489. .438 

10 20 .145 .133 .0543 .392 
40 .0727 .199 .0818 .262 

lE 2E .160 .146 .060 .357 
4E .0570 .156 .0641 .334 

£ - .41 
** D = p .0521 
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to one for this comparison_[l,g] If the particle sizes are assumed to 

be accurate, the values for £ in the level one-to-level two tests are 

of the right order of magnitude but the £ near the center of the retort 

is too high to be realistic. If the void fractions are assumed to be 

accurate, the values for DP seem realistic except at the center of the 

retort. Probably the loading of a shale with a large proportion of 

fine material intermixed over a shale with fewer fines causes infiltra-

tion of fines into the larger shale, resulting in a locally lower 

average particle size and a locally lower void fraction. This effect 

has been documented, [10] and can be seen even if the average 

particle sizes of the two shales are nearly the same because the two 

shales could have vastly different ranges of particle sizes. The shale 

size distribution data in Table 2 supports this idea. If this is truly 

what is happening, then the low particle size calculated at the center 

of the retort is most likely an overestimate since the void fraction is 

probably also too large. 

The values of D h for level one to level four are higher than p -

reasonable, resulting in high estimates for Dp and low estimates for £. 

Generally, however, the void fraction in the center of the retort 

appears to be higher than in the annulus. This is not seen in the exper-

imental void fraction data in Table 3. 

Test 572 

Data from the response curves for test S72 are shown in Tab 1 e 8. 

Again the residence time from lC to 2C is almost as high as the differ-

ence between the times at 2C and 4C. Also, the differences in residence 

times decrease as the gas moves farther down the channe 1. As in the 
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Table 8 
572 Response Curve Data 

.. ' 

Inj Oet t~ t k P. . 
t 

lA 2A 80 61 61 
3A 146 112 118 
4A 212 173 179 

lB. 28 135 110· 118 
38 256 220 232 
48 285 240 261 

lC 2C 106 92 93 ... 
~r. 173 143 153 
4C · 204 183 190 

10 20 223 190 178 
30 262 220 230 
40 313 290 .. 317 

lE ·2E 77 60 62 
3E 184 150 156 
4E 313 270 277 

. Table 9 
572 Calculated Dp and E 

Inj Oet 20/vL Dph D (m) p 

E = .39 D = .0521 
lA 2A '112 .102 . 0399 p . 511 

4A . 0653 .179 .0699 .291 

18 2B '0984 .090 .0351 .. 579 
4B . 0728 .200 . 0779 .261 

E = .278 D = .0366 
lC 2C .0855 .0782 .0217 p .468 

4C . 0501 .137 .0382 . 267 

E = .39 0 = .0521 
10 20 .145 .133 . 0517 p .392 

40 . 0727 .199 .0778 .262 

lE 2E .129 .118 .0460 .442 
4E .0629 .173 . 0673 . 301 . 
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case of 571 there seems to be a low permeability region between 1C and 

2C that s 1 ows the gas flow to :2c. · From _2C to 4C, however, the differ-

ence in residence times is low. The lowest re~idence time flow path is 

on the A side of the retort .. 

The values ·for 0 /~ for tracer tests between level one and levels . p .. 

two and four are listed in.Table 9. 

for measured retort properb es. 

Also listed are values for Dp and ~ 

If the void fractions in the retort 
·,. 

calculated from the loading weights are correct, :then the particle sizes 

are low. The particle size at the center is lower than in the annulus. 

This is also seen in Table 2 for the screening data. 

The values· ~f 0 /~ f6r the level ·one-to-level four tests are again . p 

high resulting i·n high estimates for Dp and low estimates for ~ except 

at the center. The general trend. is that the. particle size in the 

center of the retort is smaller than in the annulus. 

Test 573 

Data from the response curves for test' S73 are shown in Tab 1 e 10. 

The residence time between 1C and 2C is 1 ow. The differences in res i-

dence times below 2C indicate an increase in velocity farther down the 

retort, caused by movement of gas into the channel. Reside~ce times on 

the 0 side of the channel are high all the way down the retort. The 

lowest level one-to-level four residence time is on the A side of the 

retort. 

Value~ for Dp/e are listed in Table 11 as·are the valu~s of Dp and 

~. In this test the value of Dp at the center of the retort is higher 

than the Dp on each side of the core. The void fraction at the center 

of the retort is slightly lower than on each side of the core at values 

of Dp predicted from the screening data. 
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Table 10 
S73 Response Curve Data 

Inj Det te tpk t 

1A 2A 73 61 63 
3A 136 112 117 
4A 202 163 174 

18 28 121 102 109 
38 223 173 191 

. 48 283 245 256 

1C 2C 182 130 148 
3C 280 230 250 
4C 340 290 309 

10 20 184 140 159 
30 278 240 240 
40 372 320 332 

1E 2E 116 90 92 
3E 256 200 208 
4E 349 260 286 

Table 11 
S73 Calculated Dp and c. 

lnJ Det 2D7vL Dph DP(m) 

f.= .392 0 = .0521 
1A 2A .137 .125 .0491 p .417 

4A . 0654 .179 .0703 . 291 

18 28 .0832 .0760 . 0298 .686 
48 .0658 .181 . 0708 . 288 

f. = .463 D = .0729 
1C 2C .165 .151 .0699 p .483 

4C . 0793 .218 .1007 .334 

f.= .392 Dp = .0521 
10 20 .106 .0970 .0380 . 537 

40 .0693 .190 .0745 .274 

1E 2E .127 .116 . 0455 . 449 
4E .102 .280 .110 .186 
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The level one-to-level four values of D !£ are again high. Esti­p 

mates made from D /c show that both D and £ are higher in the core than p p 

to each side of the core. Overall the values of Dp are higher than 

expected and the values of £ are 1 ower than expected. from the screen 

analysis and load data. 

Test 574 

Data from the response curves for test 574 are shown in Table 12. 

The highest residence times in the retort are from lC to all other taps 

in the core. Interestingly, the residence time from lC to 2C is nearly 

the same as that from lC to 3C. The imp 1 i cation of this phenomenon is 

that most of the gas in the core is entering from the sides at or below 

2C. The lowest residence times in the retort are along the walls. 

The values forD /c•for this test are listed in Table 13 along with 
p 

values for Dp and £. For level one-to-level two tests, the values of 

Dp, when £ is calculated from load data, are low except at the center. 

The value of Dp here is higher than estimated from the screen analysis 

data. If this particle size is assumed to be as screened, the value for 

£ is lower than predicted from loading data but is more reasonable. 

This value for £ (in the core) is lower than the void fractions calcu-

lated for each side of the core. 

The level one-to-level four values of D /c show high values for D p p 

and low values for £. The core has a higher particle size and a lower 

void fraction than does ~he annulus. 
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Table 12 
574 Response Curve Data 

Inj Det te tpk t 

1A 2A 80 . 70 71 
3A 140 120 127 
4A 190 170 177 

1B 2B 112 90 98 
3B 188 180 177 
IJB 241 229 230 

lC 2C '/08 520 601 . - - . -- 3C 744 520 638 
. - -

4C 807 622 723 

10 20 113 92. 97 
30 220 204 195 
40 332 275 308 

1E 2E 71 50 58 
3E 130 100 
4E 205 160 174 

Table 13 
574 Calculated Dp and £ 

Inj Det ·20/vL Dph DP(m) £ 

£ - . 381 D - .0521 
lA 2A .0828 .0757 .0289 p .688 

4A .0645 .177 .0674 .294 

1B 2B . 0912 .0834 .0318 . 625 
4B · .0564 .155 .0590 .336 

£ = .527 0 = .0729 
1C 2C .200 .183 .0964 p .398 

4C .161 .442 .233 .165 

£ = .381 0 = .0521 
10 20 .103 .0942 . 0359 p . 553 . 

40 .0737 .202 . 077 .258 

1E 2E .143 .131 .0498 .398 
4E .0881 .242 .0921 .215 
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Test 575 

Test 575 is the first test in this test series in which the parti-

cle size above the core has been changed. This has been done in an 

effort to prevent the formation of a 1 ow permeabi 1 ity region at the top 

of the core. Data from the response curves for test 575 are shown in 

Table 14. The highest residence times are on the CDE side of the re-

tort. The differences in residence times farther down in the retort at 

C, 0, and E decrease, indicating gas flow into this region. The resi-

dence times at· A and B are nearly equal and are much lower than the 

times on the other side of the retort. 

The values of Dp/£, Dp, and £ are listed in Table 15. These num­

bers show that if the void fractions calculated from the loading data 

are correct, then the particle sizes on the AB side of the retort are 

low but equal, the particle size at C is higher than reasonable, the 

particle size at D is in agreement, and at E is low. If the particle 

size calculated from the screening data is assumed correct, then £ is 

reasonable on the AB side of the retort, low at C and 0, and high at E. 

The values for Dp/£ for the level one~to-level four tests are high. 

The calculated values for Dp and £ show high £ and Dp ... in the core. 

Test 576 

Test 576 is a retort test using the same run conditions as in test 

572 with. the exception that 576 has a top 1 ayer of 0. 10 x 0. 05 meter 

shale instead of the 0.15 x 0.01 meter shale used in 572. The response 

curve data for test 576 are listed in Table 16. Because of very long 

tails ·on the peaks, the· values for te .are high and curve fitting with 

the one-dimensional dispersion model i·s imposs-ible. The numbers for-t 
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Table 14 
575 Response Curve Data 

I nj Oet te t pk t 

1A.· 2A . 106 60 92 
3A 209 170 188 
4A 291 267 278 

18 28~ .. 120 89 99 
38 232 184 202 
48 283 234. 260 

lC . 2.~ .. 248 -246 ?01 
3C 313 257 275 
4C 389 336 361 

10 20 349 258 304 
30 413 375 372 
40 448 413 411 

1E 2E 264 199 . 216 
3E 377 305 325 
4E 438 361 393 

Table 15 
S75 CJ.lculatcd 0 and s 

p 

Inj Det 2D7vL Oph Dp(m) £ 

£- .349 0 - .0521 
1A 2A .137 .125 .0437 p .417 

4A . 0612 .168 .0586 . 310 

18 28 .133 .122 .0424 .427 
48 .0661 .181 .0633 .288 

£ = . 508 0 = .0729 
1C 2C .228 .208 .106 p .351 

4C .0768 .211 .107 .346 

£ = .349 0 = .0521 
10 20 .162 .148 .0517 p .352 

40 . 0847 . 232 .081 .225 

1E 2E .102 .093 .0325 . 559 
4E . 0972 .267 .0931 .195 
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Table 16 
576 Response Curve Data 

Inj Det tpk t 

1A 2A ·59 64 
3A 119 129 
4A .. 182 197 

18 28 ' 65 70 
38 120 130 
48 196 212 

1C 2C . 59 64 
3C 113 122 

. '4C 161 174 

10 20 72 78 
30 133 144 
40 174 188 

1E 2E 45 49'·. 
3E 89 96 
4E 18~ 199· 

* Estimate for t based on equation (10). 

in Table 15 are derived from a cor~elation between tpk and t developed 

from tests 571 through 575. This correlation has the form 

t = 1.0802 tpk (10) 

for which the coefficient of determination, r 2 , is .. 919, based on all 

the tpk and.·t data from the earlier tests. This correlation is used to 

calculate t for 576. 

The residence time· in the cor·e from 1C to 4C is lower than in· any 

other level one-to-level four path. This is dramatically different from 
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test 572 in which the flow in the channel is blocked near the top, re-

sulting in long response times for the.taps lower in the channel. 

Comparison of Tracer and Flow Model Results 

For comparison with tracer tests, the 2-D· model has been set up 

with the bed conditions used in ·tests 572 and 576. Th~ bed conditions 

are assumed to be those calculated from loading data and from screen 

analysis. The response times of .. the tracer peaks are used to calculate 

apparent fluid velocities for comparison with tracer velocities. All 

velocities are normalized by dividing by the expected gas velocity in 

the bed (Uh:). 

The velocity data for test 572 are shown graphically in Figures 6, 

7 and 8. These figures show normalized apparent yelocities from level 1 

to level 2, level 1 to level 3, a.nd level 1 to level 4, respectively, 

for both the tracer and model results.- ·The ·v·e loci ties, .dev.e loped from 

the tracer data do not . indicate a mass balance. Til i !:> i !:> LctUs~d by 

e·ither a hi gh~r. void_ fraction in ·the rubble or a lower flow rate than 

expecLeu. Quctlitati.vely, the cxpcrimcnta·l velocity plot~ <;hnw simila·r 

characteristics. The velocities in the core and on the core boundaries 

are low and the velocities on the walls are ~tdgher: The flow model 

shows a low velocity in the core with higher velocities everywhere else. 

The .reasons for the qua lit i at i ve di f.ferences in the mode 1 and experi­

mental curves may b.e in the choices for Dp and£. in the model. Table 9 

shows that if the particle sizes from the screen analyses are.assumed 

correct, the : vpi d fractions between l eve 1 s 1 and 2 are about the same 

across· the· retort except at D. These void fractions .along .with the 

assumed particle sizes indicate that flow in the core should not be much 
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different from the flow at the boundaries of the core. The high experimental 

velocities at the walls may·be the result of a local wall effect. Also, 

the dispersion model used to generate Table 9 may not be accurate at the 

walls. 

In test S76 much more care has been taken to produce accurate flow 

rates. This can be seen in Figures 9, 10 and 11 which are the normaliz-

ed apparent velocity plots for level 1 to levels 2, 3 and 4 respectively 

for both the flow model and experimental results. In these figures the 

only majpr quantitative or qualitative differences between the model and 

experimental data occur in the core. Since the dispersion model has not 

been used on S76, there is no way of double checking the particle sizes 

or the void fraction in the core. 

CONCLUSIONS 

The retort loading ~.nrl. npPrr~t.ina r.nnrlit.ions improved considerably 

during the test program. This is evidenced by the improvement in the 

way the gas veloc1t1es, as measured by the tracer tesLs, llldLcll Ll1~ v~l-

ocities from the Travis model in test S76 as compared to test S72. The 

change in loading procedure between tests S74 and S75 resulted in more 

gas flow through the core. A relining of the retort between tests S75 

and S76 improved the flow symmetry in the retort as shown by the tracer 

response times. 

The Travis mode 1 using E. and D calculated from screening and p 

loading data does not always match velocities calculated from tracer 

tests. This may be caused by inaccuracies in E. and Dp. The dispersion 

model supports this conclusion on S72 by showing that £ is mu~h higher 

than the load data indicate. 
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The dispersion model shows signs of being the correct approach to 

analyzing response curve shapes. The implementation of the dis!Jer'sion 

model with boundary conditions corrected for inlet to outlet tracer 

tests may provide a gqod overall retort characterization. 

Recommendations 

As an addition· to the current 10-ton. retort test program a test 

with a uniform r·ubble· bed should be run. In this test a small average 

partirlP si7f~ should. be us~c:i to produce I a llll;!d~LII'ctiJie ~J~·~sslli'~ di"OP 

across t~e retort. This test would pro vi de a known pressure drop wtl"i ch 

could pe_ compared with the Travis model results. This test would also 

investigate the behavior of the Travis model at the center' of the 

retort .. 

Inlet to outlet tracer tests should be compared wHh inlet to 

outlet tracer simulations from the Trav·is ·model. An inlet to outlet 

version -ot the _9ispers1on moll~l ~l1uuld be used to evuluutc the rubble 

bed characteristics, for input into the Tra'vi s model. 

The speed of convergence of t~e Travis;model should be improved so 

that it.· can be app l·i ed more economi call y · in conjunction with input 

parameters from the ~ispersion model~ 
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