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ABSTRACT 

A LABORATORY INVESTIGATION OF THE STEAM DISPLACE~IENT 
PROCESS IN A UTAH TAR SAND 

By 

Leo J. Romanowski, Jr. and Kenneth P. Thomas 
Western Research Institute of the 

University of Wyoming Research Corporation 
Laramie, ~yoming 

Laboratory experiments are being conducted to study the potential 
of high pressur-e [(350-1000 psig) (2400-6900 kPa)] steam displacement 
as an oil recovery process for Utah tar sand. These one-dimensional 
displacemeut experiments at"e designed to identify the relationships 
bet ... een the recovery efficiency and the processing conditions for two 
gra des of ta r sand representing different reservoir properties. The 
~rocessing variables are the steam flowrate and initial tar sand pre­
heat temperature; t he controlled reservoir properties are the saturated 
permeability, porosity, bulk density, and the initial oil saturation. 

Crushed samples of tar sand are uniformly and consistently packed 
to physical properties closely resembling reservoir conditions. This 
is accomplished using an automated pneumatic-hydraulic tube packing 
apparatus . Tar sand containing 7.7 or 11.4 wt.% bitumen is packed to 
permeabilities ranging from 70-1100 millidarcies (0.07-1.] ~m2) with 
oil saturations of 45-70% of pore volume (PV). The corresponding 
porosity ranges from 32-36% . 

Preheat temperatures from 215 -475°F (102 -246°c) are initial ly 
es tablished before saturated steam is injected at flow rates of 4.5-
14.5 cc/min (0.6 -1.92 Ibs/hr) with a controlled backpressure of 360-
390 psig (2500-2700 kPa). Results are presented from fifteen expe ri­
ments, including the determ ination of various chemical and physical 
properLies of the bitumen and the thermally produced oils. In addi­
tion, r esu lts and operating conditions related t o the automated tube 
packing app,ratus are discussed. 

I t'RODUCTI ON 

Prompted by the energy crlsls, 1973 marked the beginning of sever­
al U.S. DepartmenL of Energy laboratory studies and three field tests 
investigati~'_tre in situ thermal processing of Uta h tar sand. These 
field Lests investigated reverse and forward combusLion as well as 
the steamflood process for oil recovery. Corrunon to all in situ opera­
tions, the recovery efficiency depends on an appropriate match between 
the reservoir properties and the selected processing variables. 

3-4 



L 

Re\er~e combustion is considered more applicable than forward 
combustion within extremely viscous oil and tar sand reservoirs . 
Reservoir plugging is reduced and sufficient air can be injected coun­
tercurrent to the flame front to maintain combustlon. Initially the 
a ir flows through an unaffected res'!rvoir region into the advancing 
flame front where the majority of oxygen is consumed. The resulting 
product gilses drive (a improved mobility ratios) the cracked and 
thermally upgraded oil, havill a much reduced Viscosity, through the 
preheated zone behind the flame front where it can be conventIonally 
recovered. 

Although gravity override and poor sweep efficiency remain severe 
ems, conventional steam flooding of a heavy oil can usually be 
plished a t less than reservo i r fracture pressures because of a 
able mobility ratio. This mobility ralio is prinCipally due to 

tt.e nigher pf'rmeabilities of an unconsolidated reservoir, typical of 
Kern River steamfloods, accompanied by d s1 6nificant oil Viscosity 
reduction with temperature. Because ste m must preheat the reservoir 
as well as displace oil, recovery of od dun ng a conventional steam 
drive results from sequential displacement by cold water (condensed 
steam), followed hy progressively hotter water until the arrival of the 
steam front where th~ temperature t~) dependent on the allowa~le over­
burden pressure. Wlilman et al. . experImentally determIned the 
existence of the following steam drive displacement mechanisms: 
1. temperature illduced oil viDcosity reduction (improved mobil ity 
ratio), 2. thermal swelling of the oil, 3. steam distillation, 
4. solvent extraction of the original 011 by recondensed lIght hydro­
carbon distillates, and 5. gas drive effects. 

As described by Ehrlich(5), signlficant differences exist between 
this idealized steam drive and ~ ste3m dnve wit/nn tar sands such as 
those of Utah, Texds, or Canarld. The very lo\,' inj tial oi I mobili ty 
prevents simultaneous reservoir heatIng and oil dIsplacement. Preheat­
ing Lhe tar sand reservoir must firsL be accomplished Lo provide a 
mCdns for ti.e eSLablishmenL of a flo\,' path between the injection and 
Lhe production wells. Development of this heated flow path has been 
accompllshed by steam injection into the underlying highly permeable 
,",'ater zones at Peace River, Canada, and by genera ting steam induced 
fractures in a Texas Lar sand . Other techniques could possibly include 
eJectrolinklng or a reverse combusLlon through a thin mid-section of a 
Lar sand zone. Properly conducted, in SItu rever~e combustion could 
generate sufficient heat within this thin reservoir section to ultj­
mately preheat the remaining saturated formation, substantially reduce 
Lhe bitumen vi~cosity, and create a heated flow path. This prepares 
Lhe reservoir for subsequent steam displacement, which has a much 
lmproved mobilIty ratio over the air. 

As previously mentioned, several laboratory investigations have 
been conducted, hilt unfortunately, they have not b1~'! 8,ble to simulate 
actual resprV01r londillOIlS. These investigators used manually 
packed tar s.lI1d luhes containing saturated permeabllities ranging from 
3 to 250 tlmes grf'.1ter than observed in cores. Porosity in one study 
ranged from 40-46~~ illld In another study ranged from 48-56%. Not only 
are thpse condlLlons unrealIstic, hUl also large pOl"osity variations 

2 



L 

between series of similar lab tests occurred. And of course, as the 
po rosity increases for a constant weight percent bitumen in the tar 
sand, the oil saturation proportionately decreases. In one of these 
earlier laboratory studies, the initial oil saturation was only slight­
ly higher than the expected residual oil saturation . 

Because of these problems, much of the effort in this current 
laboratory program has been devoted to the development of improved 
experimental techniques for the study of the steam drive process. A 
significant improvement in obtaining consistent reservoir properties 
has been the development of an automated device which reproducibly 
packs tar sand into laboratory tube reactors. Additionally, the abil­
lty to select and control specific physical properties of the tar sand 
pack within the tube permits rapid screening tests to be conducted. 
Both minimum permeability and tar sand preheat temperature screening 
fcr the steam displacement process is being conducted in support of 
future WRI large-scale 3-dimensional experiments. These "block 
reactor" studies will investigate thermal process~s at up to 1000 psig 
(6900 kPa) within a 2 ft 3 (0.6 m3 ) block of consolidated tar sand. 

This paper presents the results of a series of linear steam dis­
placement experiments conducted aL varying injection rates and preheat 
tempera tures on two grades of a Utah tar sand packed to specific physi­
ca l properties. Preheat temperatures above and below the temperature 
of the injected steam are investigated. Both isothermal (early steam 
·Irive) and adiabatic (reservoir condition after continuous and lengthy 
s team injection) boundary conditions are utilized. Also briefly dis­
cussed is the automated tube packer . 

fXPE RH1ENTAL APPARATUS 

Tube Packer 

This automated tube packer is designed to control those variables 
ident Ified during previous mar~al packing exercises as being respon!~j 
ble for poor reproducibility. Both inhouse and outside experiences 
have been considered. The packing variables are 1. the inc:.-emental 
tar sand weight introduced inte the tube, 2. the downstroke compaction 
force, 3. the number of cyclic strokes per increment, and 4. the 
temperature (heated/frozen) of the tar sand feed. 

The automated packing device is schematically illustrated in Fig­
Ure 1. It consists primarily of a 4 ft. x 14 ft. (1.2 m x 4.3 m) metal 
frame, 6 in . 1.0. x 36 in. (15 x 91 cm) long hydraulic cylinder and 
po\o,'er unit, 6 in. I.D. x 2 in. (15 x 5 cm) long pneumat ic cylinder with 
tamper, and various instruments and controls. The deVIce currently is 
used to pack tar sand into 3-5/16 in. 1.0. x 32 in. (8.4 81 em) long 
reactor tubes, but it ca n be adjusted for cyli nders [ nging in size 
lrom 2 to 6 in. I.D. (5 to 15 em) and up to 36 in. (<)1 em) long. Tar 
sand , crushed to less than 1/2 in. (1.3 COl) and nffled to provlde 
uniform mixing, is incrementally added to the reactor tube and compact­
ed by a tamper whjch closely fits insid~ thp tube . The compaction 
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force of this tamper is adjusted by regulating the air supply pressure 
to the reciprocating neumatic cylinder up to a maximum air pressur~ of 
250 psig (1700 kPa). Each 2-inch (5 cm) downward stroke of the tamper 
compacts the tar sand. The number of strokes per tar sand increment is 
controlled through adjustments to three timers. These timers specify 
total packing, tamper up, and tamper down durations. Packing automati­
cally stops at the preset total time, thus permitting the addition of 
the nexl increment. The hydraul i, cyl inder controls the vertical 
movement of the tube being packed. It lowers the tube prior to adding 
tar san~ and raises the tube to bring the recently added and unpacked 
tar sanrl into contact with the tamper. There is an override switch on 
the hydraulic power uni t \o,'hich prevents the tube from being raised 
unless the pneumatic cylinder is freely hanging approximately 1/2 in. 
(1.3 Col) below the main frame. As the tar sand contacts the tamper, 
the pneumatic cylinder js lifted off an electro-mechanical switch 
disengaging the hydraulic power unil. Two small pneumatic lifters then 
pu] I the pneumatic cylinder into secure contact with the frame. The 
start bUlton is pressed to repeat the timed packing sequence. 

Steam Displacement Apparatus (SOA) 

A schematic diagram of the laboratory steam displacem~nt apparatus 
is shown in Figure 2. The reactor tube (4 - 3/8" 0.0 . , 3-5/16" 1.0. 
32" L) (11, 8 x In cm) is constructed of 347 SS forgings and rated for 
3700 psig al 950 0 P (25500 kPa, 510°C). It is vertically housed within 
five paj rs of wrap-around shield heater s which a re hinged within a 
quick opening, insulated shel]. Five pairs of internal/external ther­
mocoupl es are connec ted to individual ltedler controllers and designed 
f o r isothermal (preheat) or adiabdli boundary conditions. T~e out-of­
phase the rmocoupl e ;][rangemen t limi ts the ene rgizing a f an adiaba tic 
healer only after the steam temperalure has been sensed by the subse­
quent llilernal lhermocouple. ArtifiCl.al driving of the steam front i ~ 
UIU S nllnllllized. The inlernal thermocouples (1/16" 0.0.) (O.L) cm) an' 
spaced approximately 6 inches (15 COl) apart \o,'ithill the center of th t' 
pa cked tube and radially secured Lhrough side wal] pressure fittings. 

The reactor backpressure is controlled by a combination of niLro­
gen buffer ga s and a flow contr01 valve on th e high pressure gas/llqulrl 
separaLor. Posi tive displacemenL pumps inject sLeam up to 1000 PSI)! 

l6900 kPa) inLo the top of i: he packeJ tube. The steam generator J :-' 

construcu'd of 40 feel ot 1/4 inch u.O. (12 m x 0.6 Clll) stainless stc'el 
tubing wound aro und a 34 inch x 1-1/2 inch (86 x 3.8 cm) diameLr r 
aluminum bar and pla ced in~ide an insulated cylindrical heaLer. \ 
heater controller is set to gen erate supel'htated steam. HO\o.·eve r, tho 
superhealed steam gradually looses qual ity and enters the packed tllh , 
aL 95-99%. A 24 inch section of bne immedialely ahead of thf' packed 
tube is insulated and \o.Tapped ""ilh healing tape for added assur;illce I,! 
a high steam quality. 

Gas melenng ilnd control equJ pmenl for CO 2 , N2 , and al r has het ':! 
instal Jed for future studies lnvolving combin" Lions of combustlon ,lIt I 
sLeamflooding. Gases and sLea m Oldy be injecLed eiLher scquenllally ll: ' 
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, 11ultaneously as in air/steam co-injection. This equipment also fUDc­
: 10(l S as a gas permeameter for screening the packed tubes for accept­
,nllity in thermal recovery experiments. 

The entire system is instrumented and interfaced to a data acqui­
si tion computer which records temperatures, pressures, and flowrates 
tvery five minutes and generates hourly hardcopy output. 

EXPER IMENTAL PROCEDURE 

Seventeen 500-gram i~crements of Asphalt Ridge tar sand at ambient 
l,'mperature are automatically packed into a reactor tube using the 
i' !"f'viollsly de scribed tube packer. Three additional samples, represent­
IlIg tar sa nd that was packed into the top, middle, and bottom of the 
lllb£', a re taken for oil and water analysis quality control. After 
l',l(:king is complete, the final charged weight is adjusted for any tar 
'" Iud t hat may be adhering to the tamper of the tube packer. 

The physical properties of saturated permeability, porosity, bulk 
te ns ity and oil saturation are determined for each packed tube. Suit­
able specific r1nges of these values are determined before the experi­
ment. An air permeameter, interfaced to a computer, enables rapid 
me aSllrements t o be rout i nely performed on the entire packed tube. Six 
Lo t en separate measurements at inlet pressures ranging from 5 to 
30 psig (3.'> to 207 kPa) are automatically averaged to determine the 
scltu rated permeabilit , to air. The remaining physical properties are 
ccl l culated . 

Approximately 1 inch (2.5 cm) of a coarse sand (12-20 mesh) is 
placed on top of the tar sand in an acceptably packe d tube to provide 
for more un ifo rm steam d i stribution. A stainless steel wire mesh 
screen in placed at the bottom of the tar sand to minimize sand produc­
tion and prevent the washing out of the packed tube. The tube is 
pressure chec ked and five evenly spaced, thin strips of insulation are 
wrapp ed a round i t. This insulation min i mizes the vertical convective 
heat transfer within the annulus between the tube and the shield heat­
ers. 

Tube preheat and steam generat ion within a test loop are activated 
simultaneously. Whe n the correct inte rnal prehea t temperature is 
establis hed, the steam tes t loop is shut i n and all steam is diverted 
i nto the top of the packed tube. Appropriate backpressure control of 
360- 390 psig (2500- 2700 kPa) is immediately e stablished and the steam 
injectio n pressure is permitted to ri se to that pressure [less than 
1000 psig (6900 kPa) system de sign limi tl necessary t o overcome the 
combina t io n of th e packed tube pres sure drop a nd the bilckpressure. 
Bo undary onditions of iso thermal (p re hea t set points) are either 
maintained or adia batic cOlldit.ions are established. 

Produc t samp l es of oil and water are manually collected every two 
hours from thn e collect ion knockout s. Howe ver, due to l he backpres­
Sure cOlltrol system and steam bei ng a conde nsa ble gas , approxi ma te ly 
90% of thl' liqll i d collec t e d is r ecovered from the high pre ss ure gas/ 
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liquid separator. Produced water which readily separates from the oil 
is weighed and combined for future analyses. The more stable emulsions 
require one of two solvent separation lechniques to iso late the oil. 
Gas samples, infLequently taken during the steam runs, will become more 
important ~uring the combustion and steam/air co-injection experiments. 
Steam injection is generally stopped after the productIOn of the oil 
bank and who:!n the water-oil ratio exceeds 500: 1. The packed tube is 
slowly depressured and allowed to cool to ambient temperature before a 
final post expeLiment permeability is measured . The tar sand is 
hydraulically pressed from the tube, weighed, and top, middle, and 
bottom sections are analyzed for fluid saturations. 

Analytical Methods 

The sand and waler is removed from the bi-hourly oil production 
samples by one of two methods: 1. the producticn sample, less free 
water, is diluted with toluene, filtered through glass-fiber paper 
(GF/A), and the toluene and water removed from the oil at reduced pres­
sure, or 2. the production sample, less free water, is diluted with 
toluene, and centrifuged at 2000 rpm for one hour. In the former case 
the produced oil is measured directly in a tared flask. In the latter 
case it is measured by subtracting the ... ·eight of sand and water. An 
oil production curve versus time or pore volumes of steam injected is 
generaled and samples are selected for simulated distillat ion nnalysis. 

Post test core salliples are also obtained .rom the top, middle, and 
bollom of the reactor. These samples are Soxhlet extracted witli tolu­
ene until the hot extraction solvent becomes colorless and the result­
ing solution is then filtered through glass fiber paper to remove 
traces of fine sand. The toluene is removed from the oil at reduced 
pressure. The weight percent original bitumen is similarly determined 
using Soxhlel extraction or burning off the bitumen at 900°F (4820C) 
for sixteen hours in a muffle furnace. Agreement between these tl<O 
methods i~ betler than 0. 2 weight percent bitumen. Simulated distilla­
tion analysis is also performed on these samples. 

DISCUSSION AND RESULTS 

Tube Packer 

The capability of the tuLe parker to generate packed tubes which 
simulate re servoir properties is clearly observed by comparing lh( 
packed tube data for Abphalt Ridge Quarry tar sand with actual r eser­
voir core da a from the adjacent tar sands at N.W. Asphalt Ridgf' 
CTable 1) . Only a 2-11% variance exjsts between the packed tube physi­
cal properties (bitumell saturation, porosity and bulk density) and the 
weighted average core dat.a from six ane seven random I<·e ll s. SaturaLed 
permeabilities are within the same order of magnitude . The average Lar 
saud core dala from the sites of the lhree U.S.D.O.E . field tests 
CLERC 1C, LERC ~C, and LETC IS) are also displayed for comparisoJl . 
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Although the properties of the packed tar sand closely resemble 
the core samples, there remains the potential for further improvements. 
'hiS may be accomplished by increasing the number of {lacking strokes or 
iccreasing the tar sand incremental charge rate. 

No crushing or distortion of the sand grains as a result of the 
tamping action by the tube packer is apparent. Sand grain sieve analy­
ses were performed on both the 7.7 and 11.4 wt.% bitumen tar sand. The 
cumulative grain size distributions are plotted in Figure 3. Similar 
analysis from a North Kern Front Field, Bakersfield, California, cur­
rently undergoing tl ermal (steamflooding) recovery, is included for 
(omparison. Sieve analysis was also performed on steamflooded sand 
recovered from fou!" packed tubes containing the O(Jriginal 7.7 wt.% tar 
Jnd . The tar sand was removed from the~e packed ,-ubes and the bitumen 

Ind sand separa ted. The results of the sieve analyses coincide exactly 
.lth the c urve for tl1e 7.7 wt.~~ tar sand. 

The reproducibility of the reconstituted tar sand propert1es has 
.ILso been demonstrated by pacbng 14 tubes under the identical tube 
pac-ke r condi tions. For this test, 500 gram increments of tar sand 
r.)ntaining 7.7 wt. % bi tumen were comnacted to total lengths of 16-31 
Inches (40 -80 cm) within the reactor tubes. Each increment of tar sand 
,'as individually compac ted by 50 tampings with 225 psig 0550 kPa) of 
lir pressure in the pneumatic cylinder. At these conditions, the 
s.lturated pe~·meabilit:ies of all 14 tubes were i.n the range of 1.05 ± 
0.08 darcies (1.05 ± .08 ~m2) and the porosities were 32.1 ± 0.6%. The 
corresponding bulk densities were nearly constant at 1.97 ± 0.02 gm/cc, 
.Ind the bitumen saturations .... 'ere 47.4 .!: 1.3% P\·. 

~team Displacement Apparatus (SDA) 

!aterial studied within this report is confined to outcrop samples 
ohtalned from Asphalt Ridge, Utah. This tar sand is generally consid­
ered oil \Yet, \Y}th water saturations less thiJn 0.5 wt.%. A partial 
summar~' 0 f physical properties for the fi fteen mechanically packed 
tUbes, which were steamil ooded , is listed in Table 2 . Basically two 
g::-ades of tar sand, 7. 7 (t\~O experiments :.lssayed leaner at 7.4 wt.%) 
and 11.4 wt.% lJitumen are used. The 7.7 ,>'t.% tar sand produces the 
more permeable packing of approximately 1.0 darcy (1 I-Im 2) with oil 
sa tur.1t ion ranging from 44 to 48% PV. The richer, 11.4 wL.%, tar sand 
Yields simulated core packs of l~ss than 0.55 dare y (0.55 ~m2) with oil 
saturations ranging from 61 to 68% PV. The permeabilities bet\Yeen 0 . 07 
and 0.33 darcy (0.07 - 0.33 pm2) are intendpd for "block reactor" 
mini mum permeability screening. 

These fifteen laboratory experlments are subdivided into four 
categories. The first c-atpgory comoares the steamflood response to 
isothermal and aJiabatic hounda ry IOIHii 1I01l '· . Result s of a steam drive 
Within a ri c h lJr sand , po ssess ill g low pe rmPJbillty anJ high oil satur­
ation, versus a leaner tilr s .JJld, cont.1in f. ng greater permeability and 
lo"'er oil satura tion, 1S studied v.·ithin the seco nd group. Variations 
in the process conditions of pr('hc..Jt temperature and flo .... ' rate are 
considered i.n the third grollpo Pr hell temperatures of 215, 300, 325, 
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400 and 475°F (100, 150, 160, 205 and 246°C) are studied for optimiza­
tion and the flowrates ranged from 4.5 to ]4.5 cc/min (0.6-1.9 lbs/hr). 
The fourth category represents the minimum pe lability screening for a 
large 3-dimensional reactor designed \o,'ith a 11'00 psig (6900 kPa) pres­
sure ceiling. Table 3 summarizes the oper ting conditions, the oil 
recovery, and the residual oil saturation re ults. 

All experiments, except SDA 012, 014, and 015, experienced suffi­
cient steam breakthrough to establish reliable residual oil sa tura­
tions. Oil production typically begins prior to steam breakthrough 
with the cumulative recoveries dependent on the initial preheat temper­
atu~e, steam flowrate, total pore volumes of injected steam, and heat­
ing mode (isothermal or adiabatic). After breakthrough, the tube 
temperature remains constant at the steam injection temperature and the 
oil production declines. 

Isothermal Versus Adiabatic Boundaries 

Isothermal control results in maintaining the heater shields sur­
rounding the packed tube at a specific temperature regardless of the 
injected steam temperature. This condition represents the reservoir at 
the beginning of a steamflood, after the establishment of a heated path 
between the injection and production wells. Adiabatic control is 
established when the heater shield temperature tracks the temperature 
rise due to steam migration within the packed tube. Thi ' condition 
represents a well established steam dcive. 

Typical steam front velocit i es for the isothermal boundary condi­
tion range from 3 to 10 ft/day (1-3 m/day). This thermal front move­
ment is shown in Figure 4 where the internal thermocouple temperatures 
are plotted vers~s time. Thermocouple #2 is the uppermost within the 
tube. Nore rapid steam front velocities ranging from ]3 to 45 ft/day 
(4 - 14m/day) exist for the adiabatic boundary. 

These higher steam front velocites obviously accelerate the entire 
steam drive process resulting in a more rapid oil product i on profile. 
Although both boundary conditions s i multaneously exist at different 
locations within an in situ steam drive, the adIabatic mode may be per­
ferred within the laboratory because it tends t o ·give similar results 
wi th reduced experimental time. Figures 5 and 6, representing the 
steamflood cumulative oil recovery in percent of original-oil-in-place 
(% ooip) versus pore volumes of steam injected for isothermal and adia­
batic boundary conditions, demonstrate this effect. Approximately 15% 
of the OOIP is produced after injecting 5 pore volumes of steam as 
compared to 30% OOIP recovery for the adiabatic boundary conditions. 
Table 3 also supports this argument because the percent oil recovery 
and the residual oil saturation (S ) are independent of the heating 

or mode. 

Tar Sand Grade 

There are two very noticeable differences when comparing s team 
drive performance in a rich grade (11.4 wt. %) to a leaner grade (7.7 
wt.%) tar sand: 1. Increased oil yield and 2. reduced permeability 

8 

1 

t 
t 
t 

P 
\\ 

t 
i 
P 



L 

resulting from the thermal swelling of the oil. The cumulative percent 
all recovery (or the 11.4 wt. % tar sand approaches 50% OaIP between 12 
~nd 2 1 PV of injected steam (F igure 7), but for the 7.7 wt.% grade the 
oil recovery is approximately 35% OOIP (Figure 8). This factor is 
related to the S being independent of the initial oil saturation. or 

Operationally, initial differential pressures across the packed 
tar sand bed, prior to steam breakthrough, ranged from 30-100 psig 
(205-685 kPa) for the lean and at least double that, from 100-200 psig, 
(685-1370 kPa), for the rich, 11.4 wt.% tar sand. The steam injection, 
controlled reactor discharge, and the calculated differential pressures 
for a typical steam displacement experiment, SDA 018. are plotted in 
Figure 9. Generally a 10-30 psig (70-205 kPa) pressure drop remained 
af ter steam breakthrough for the lean and approximately 50 psig (340 
kPa) for the richer grade. The higher pressures for the richer grade 
Jre attributed to thL increased thermal volumetric expansion of the oil 
into the gas saturated pore space whi c h further reduced the permeabil­
ity . The thermal swelling characteristics of the bitumen, determined 
from measur~d specific gravities, is plotted versus temperature as the 
specific volume percent change (Figure 10). The magnitude of this very 
signifi cant steam dr'ive recovery mechani s m is also demonstrated by 
compari ng the early incremental oil production from SOA 016 at the rich 
grade (Figure 11) with the l eaner grade experiment SOA 021 (Figure 12). 
The incremental oil production at 1 .2 pore volumes was double for the 
ncher grade. Additionally, at 3 pore volumes, .... 'here the two cumula­
tive perce nt oil recovery curves cross, a pproximately 45% more oil was 
recovered from the richer grade tar sand. Although the influence of 
Viscosi ty reduction is identical (same preheat temperature), additional 
recovery due to steam distillation, solvent extraction and gas drive 
ca nnot be discounted. The Dl'! nefi ts o( thermally induced viscosity 
reductio n are shown in Figure 13 for the Utah and Athabasca tar sands 
and a California heavy oil. 

Residual Oil Saturations 

The steamflood residual oil sa turation (S ) for the Asphalt Ridge 
(oil wet) tar sa nd consistently ranged arou nd 0 50% PV regardl ess of the 
initial oi I satura t ion, prehea l temperature, or sLeam injection rate. 
This comp ares to a reported S of 10% PV (or the Ke rn River, Cali­
fornia, heavy oil and 20% PV fg~ an Athabasca , Canada, (water wet) tar 
sa nd. 

Not surprisingly, th is S is largely dependen t on the final steam 
tempe rature wi Lhln the packe,frtube . For all ex periments thi s tempera­
ture ,,'as ar-proximately 450°F (232°C), and the backpressllre was con­
trol l ed a t 360 - 390 psig (2500 - 2700 kPa). This dependence on tem­
perature is obsprved within the final 20% of the operation of SOA 009 
when th e heater shield con troll e r s artificially increased the steam 
temperature (rom 450 to 700°F (232 - 371°C). This resulted in a 46% 
increase In oil production (refer to Figure 6) and a final S of 21% 
PV. or 
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Preheat Temperature 

The initial preheat tempe ra t ure s f or the tar sand pack are 400, 
475, and 300°F (205, 246, 150°C) for the three r ich gra de e xperi ments 
(SDA 016,017, and 018). Bene fi cia l effec t s f rom i ncreas ed pre heat s 
are only anticipated to be e ffec tive p rior t o s t eam b rea kt hrou h. 
After breakthrough, the entire t ar sa nd bed becomes t he same tempera ­
ture as the injected steam ( app roximately 450°F, 232°C). This hypothe ­
sis is confirmed in Figure 7 , where t he initial ra t e of oil recovery 
progressively increase fo r i ncreaslng preh at temperatures. The ln f lu ­
ence of preheat ceases after 6- 7 pore volumes, ~hich coincides -ith t he 
steam breakthrough reg i on f or the tllr e f'xreriment . 

After steam brea kthrough, the pr h _ t effects are not bvious. 
The 475°F (246°C) preheat experim nt (5 0 1), although the best 
producer prior to ste am b reakt hrou'h, J pro ch 40'1 cumulallve oil 
recovery while the other t wo experi nt . Id SOX OOIP at approxima t e -
ly the same pore volumes. Lack ot r st-ea. distillable hydro -
carbons after breakthrough is bein led as a possi ble e xp lana -
tion. With respect t o the the mal of the bi t umen, t here are 
slight increases in the s t eam injection pressure a s a func t ion of 
higher preheat temperatu res. Since experiment SDA 013 \"as ope rated 10 
the isothermal mode it i s no t considered. 

The three lean grade experiments (SDA 0 19, 020, and 021 ) we r e con­
ducted at initial preheats of 400,475, and 400°F (2(\'), 246 , 20S 0 C) , 
respectively. However, all t hree produc tion curve s (Fi gure 8 ) tra ck 
very Similarly. Thus, it is beyond expe rimental certa inty t o d i st in ­
guish any effects caused by the various preheats f o r the 7. 7 wt. % tar 
sand. 

rermeability Screening 

Three experiments (SDA 012, 01 3 , and 015 ) were conducted on tar 
sand packed to saturated a i r permeabi li tie s of 0 . 07 , 0. 33 , and O.~ 
darcies (0.07, 0.33, 0.23 IJm2) , respe c t i vely. These packed tubes ahu 
had initial oil saturations of 68, 61, and 66% PV. 

Steam injection was not attained for the two experiments usin; 
packed tubes containing oi l saturations greater than 66% PV and satur­
ated air permeabilities less than 0 . 23 darcy (0.23 IJm 2) . Although tht , 
preheat temperature was inc reased to 560°F (293°C), which furt her r~­
duced the viscosity but also increased the bitumen swelling , s t ear. 
injection was not possible at a flowrat .e of 8.5 cc/min (1. 1 lbs/ hr ) 
under the 1000 psig (6900 kPa) equipment design limit. 

Future simulations a re be i ng guid ed by the results of tllest ' 
screeni ng experiments. 

Produc t Analysis 

Simulated di st i llat i on is used t o determi ne any cha nge in th. 
recovery mechani sm(s) as the s team d ri ve progresse s . The compositlc: 
of the sample s as de term i ned by simula t e d cl is till a ti on is relaterl l l.. 
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· d .' I.eight pE'rcent of material distilling in three boiling point 
, .lIges, The boiling point ranges for th . fractions are 300-600oy 
: .. 9-316°C), 600-1000oy (316-538°C), and greater than lOOOoy (538°C). 

A difference in the composition is noted for the residual bitumen 
sJmples obtained from the top, middle, and bottom of the post-experi­
'wntal tar sand pack. This compositional change is a gradual increase 
III the weight percent of material in the middle boiling fraction and a 
iecrease in the percent of material in the residue fraction with in­
, reasing depth in the tube. Remember that steam is injected into the 
t op of the tube. The percentage in the middle boiling fraction in­
( reased from an average of 25% at the top of the tube to an average of 
h1 at the bottom of the tube, while the percentage of residue distil­

. 1I1g at temperatures greater than lOOOoy (538°C) ranges from 72"/. at the 
,lI P of the tube to 60% at the bottom of the tube. The composition of 
t he original bitumen is comparable to that obtained from the bottom of 
the tube, This indicates that the more distillable components are 
prl! ferentially mobilized f r om the top to the bottom of the tube and 
rventually produced with the recovered oil. 

Thi s mobilization (steam distillation) of the lower boiling com­
.onents is reflected in the composition of the recovered oil samples 
I htained from the 300°F (l49°C) preheat experiments (SDA 006, 008, OlO/ 
J II, 013, and 018), In general, the composition of the recovered oil 
l hanges as the steam drive progresses. The weight percent of distil­
I,lble material increases from about 40% for the original bitumen anJ a 
mJjority of the produced oil to a high of about 55% for the later sam­
ples analyzed from SDA 018. This indicates, for these experiments, 
that primary oil production results from those mechanisms characteris­
ttC of a hot water flood (vlscosity reduction and thermal expansion). 
lI owever, as the process continues and steam breakthrough occurs addi­
ltonal oil is produced by those mechanisms unique to a steam flood 
\~ t e am distillation, solvellt extraction, and gas drive). Still to be 
Inves t igated are those samples obta ined from the higher preheat experi­
ment s . 

~ro cess Efficiency 

A key meaSllre for commercial development is the steamflood process 
e fficiency. This process efficiency is typically described by the 
s leam-oil ratio (SOR) I.'hich is the volume of \o,'ater equivalent StIB' 
t njected versus the barrels of oil r ecovered. Kuuskraa et al. 
survey of succes sful steam drive project s indicates the economic suc­
cess of a steam drive typically requires an SOR of 4-6 dnd a recovery 
range of 30-60 percent of the remaining oil-in-place (ROIP). Twenty­
six field scale and pilo t (20 acres or less) projects are included in 
this survey. Although the bulk of these steam drives havE' been in 
Shallow, he avy oil sandstone reservoirs, parti cul.J[ly in Caliiornia, 
severa] recent proj e cts have extended the process to Jeeper environ­
mf'nls. carbon .l l e r eservoirs, light oils, and t o tar sands (viscosity 
ex ceeding 10,000 cp ). One Texas tar sand pilot (Conoco's Street Ranch) 
\.oas compl e ted \o,' ith a n SOR of 11 and an .lctual recovery of 54°t, ROIP 
based on the injection of nearly 3 PV of steam. Con oco ' s second pilot, 
from the neighboring Saner Rane-h, operated with a much higher recovery 
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efficiency which resulted in a final SOR of 8. However, because of the 
high capital costs and the production of a high sulfur, low HIC ratio, 
and lo~ API ~l~vity tar, commercial development of this resource seems 
very dIstant . 

The cumulative steam-oil rat i.os for the adiabatic boundary, one­
dimensional steamfloods within the Asphalt Ridge tar sand are shown in 
Figure 14. These SOR are averaged according to the tar sand grade and 
are plotted versus the average cumulative oil recovery at each pore 
volume of injected steam (refer to Figure 6). The SOR range from 15-30 
for the 11.4 wt.% bitumen tar sand ·a t oil recoveries of 10-35% OOIP. 
The leaner grade, 7.4-7.7 wt.%, tar sand has an SOR which ranges from 
22-54 for the identical oil recoveries. Based on the conventional 
meas~re for steamflood performance, the economics within this oil-wet 
Utah tar sand are poor to marginal at best. Further investigations of 
the steamflood proe ss enhanced by reverse combustion, air co-injec­
tion, and other additives are being conducted. In addition, large­
scale, sovhisticated simulations and numerical modeling are planned for 
a more thorough eva luation of this process as related to Asphalt Ridge 
tar sand. 

CONCLUSIONS 

The following conclusions are relevant to laboratory steam dis­
placement within tar sands from Asphalt Ridge, Utah. 

I. Increas ing the initial preheat temperature yi Ids an increased 
rate of oil recovery prior to steam breakthrough. 

2. Seven-pore volumes of steam are required to produce 35% OOIP fro 
a previously heated tar sand pack. This translates into a steam­
oil ratio of 30. Since commercially successful steamflonds have a 
steam-oIl ratlo of 4 to 6, pure steamflooding of thes~ tar sanJs 
does not appear economIcally attractive. 

3. After the establIshment of a heated flow path and assuming s !:ni la r 
sweer efficiencies, oil recovery is increased for richer grades of 
tar sand hecause the reducible oil sa turation is independent of 
the iniLial 011 saturation. 

4. The reducib le oil saturation is dependent on temperature, there­
fore, increasing temperature (maximlze steam pressure) will in­
crease oil recovery. 

5. With an established heated flow path (preheat), thermal swelling 
and viscosity reduction of the bitumen is responsible for produc­
tion prior to steam breakthrough. 

6. Thermal swelling of the bi tumen into the gas pore space further 
reduces the permeabihty and requires increased injection pres­
sures, prIor to sLeam hreakthrough. 

7. The steam displacement mechanisms of thermal expar.sion, viscosity 
reduction, steam distillation, and solvent extraction have been 
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detected ~y simulated distillation . All of these mechanisms con­
tribute to the production of oil from 300°F (149°C) preheated tar 
sand packs. 

8. The post steamflooded saturated air permeability typically is 
enhanced 30 - 70% above the initial permeabilIty of the tar sand 
pack . 

9. An automa ted tub~ packing device has been developed which can 
consistently produce laboratory packed tubes closely simulating 
tar sand reservoir prope rties. 

10. Improved thermal recovery laboratory investigations are cap ble of 
generating screening criteria supporting future 3-dlmensional 
·nmulations . 
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--- -- i ... \ B i llllllt'li S.lltlr,llioll Po ro si ly Btllk nt'll~ I Ly t\ I r I'l'nnPdl!lltLy \ IIIUL 

SOtlrce D('pu~jL wl. % %-P.v. (v. %) (gms/cc ) SaLtirdLed t::xL rdll(-" 
---- -----
LERC IC N.W.A.R. 62 26.1 132 651 

LERC 2C N.W.A.R. 65 31.1 85 675 

LETC IS N. W.A . R. ]1.3 78.9 29.5 120 2175 

Six Random Wells a N.W.A.R. 10 . 8-11.8 78.8 30.3 2.10 9 758 
Tube Packer A.R. Quarry 11.4 70.2 32.5 2.04 64 

..-
U1 

Seven Random \ e lls b N.W.A.R. 7-8 .5 59.6 2R. 4 2 . 08 110 492 
Tube Packer A.R. Qua rry 7.7 53 29.7 2.04 440 

a Weighted average [rom 120 core measurements 

b Weighted 3verage from ]00 core measurements 
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TABLE 2. PHYSiCAL PROPERTIES OF MECHANICALLY PACKED rUBES 
(ASPHALT RIDGE TAR SAND) 

SDA Saturated Experiment Initial Oil Saturation Porosity Bulk Density Air Pe rmeability Number wt% bitumen % PV OUIP (gms) (v. %) (gms/cc) (da rcys ) 

9 7.7 45.7 652 32.9 1. 95 1. 04 
6 7.7 47.7 650 32.0 1. 98 1. 04 
8 7.7 45.5 653 33.0 1. 95 . 89 

10 7.7 48.3 653 31.7 1. 99 .94 
ll a 

-'" 19 7.4 43.8 627 32.9 1. 94 1. 02 
21 7.7 45.6 649 32.9 1. 98 .88 
20 7.4 46.2 628 31.7 1. 98 1. 13 

18 11.4 61.8 964 35.3 1. 96 .50 
13 ]1.4 61.3 942 35.5 1. 95 .33 
14 11.4 60.9 963 35 .6 1. 95 .44 
12 11.4 68.1 968 33 . 1 2.02 .07 
]5 11.4 65.5 969 34.0 2.00 . 23 
16 ]1.4 61.3 957 35.5 1. 95 .51 
17 11.4 64.0 968 34.5 1. 98 .55 

a Same tube as for experiment No. 10 
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TABLE 3. STEAl'1 DISPLACF:~IENT EXPERHIENTAL RESULTS f OR ASPHALT RIDGE TAR SAND 

---- -SDA Nominal Steam J nj ('cli on Residual Oil 
Expc t" im£'lIl Preheal Temp . Ave. FlO\"ra te Time Cum. (t 0 La 1 Oil Recovery Saturation 

Numbera (oF) (cc/min) (hrs) pore vols.) (% OOIP) (% PV) 

7.4 and 7.7 wt.% bitumen 

9
b 215 9.7 32.0 12.9 36.9 28.9 

6 300 14.5 28.8 17.9 35.1 30.9 

8 325 8.5 41.2 15.2 34.7 29.7 

10 325 4.7 43.0 9.0 19. 0 

11 c 325 9.4 33.8 J4.0 18.4 30.2 

19 400 7.7 22.2 7.1 30 . 0 30.7 

21 400 7.7 50.0 16. 38.8 27 . 9 

20 475 7.7 21.0 7.0 34.8 :10. 1 

11.4 wt. % bitumen 

18 300 7.9 58.3 18.1 49 . 7 31.1 

13 325 8.0 66.8 20.9 48.1 31.8 

14 325 4.5, 6.7, 8.5 75. 8 17 . 5 36.5 38.6 
12d 310 - 560 8. 5 15.2 N.A. N.A. N.A. 

15d 400 8 .5 1.3 N. A. N.A. N.A. 

16 400 7.8 40.1 12 . 3 48.4 31.6 

17 475 8.2 34 . 6 11.5 39.4 38 . 8 

a Adiabatic control for experiment No.9 and 16-21; isothermal control for the remainder. 

b From 32- 37.8 hours, increased steam temperature to 700°F. Final total oil recovery is 53.7% OOIP 

after 15.4 pore vols. and S is 21.2% PV. or 
c Total oil recovery for tube used in experiment No. 10 and 11 is 37 . 4% OOIP. 

J Steam injection not achieved. 
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