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AFFIDAVIT OF CRAIG S. BARTELS 

1. My name is Craig S. Bartels. The statements herein are true and correct to the 

best of my knowledge, and the opinions expressed herein are based on my best professional 

judgment. 

2. My education and experience are described in my vita, attached to this affidavit as 

· Exhibit A. To summarize, I have a Bachelor of Science degree from Montana College of Mineral 

Science and Technology in Petroleum Engineering. I received my registration as a Professional 

·Engineer through testing in the State of Illinois. I have worked in the in-situ leach (ISL) uranium 

recovery industry for over twenty years and am familiar with all aspects of the ISL process, 

including well design and construction, well pattern design and development, well test analysis, 

.. pump test design and analysis, computer modeling of flow processes, and wellfield and plant 

operations. I have supervised and trained others in the design and operation of ISL projects. I 



hav:e evaluated numeroµs ISL properties and operations of other companies, and, as such, am 

familiar with their operations and procedures. 

My testimony concerns the groundwater and hydro logic conditions at HRI' s licensed ISL 

uranium recovery operation at Churchrock Section 8, New Mexico. Throughout my Testimony I 

refer to the statements Mr. Wallace (Wallace Written Testimony, January 8, 1999), Dr. Abitz 

("Abitz Written Testimony", January 8, 1999), and Dr. Staub ("Staub Written Testimony," 

January 8, 1999). Because Mr. Wallace's Written Testimony is noted so often here, its reference 

is shortened to "WWT." 

3. For the purposes of this affidavit, I referenced the following documents: 

Dawson, K. J. and J. D. Istok, 1991. Aquifer Testing: Design and Analysis of Pumping and Slug 
Tests, Lewis Publishers, Inc. 

Dempster, Practical Engineering. "Dempster Basic Pump Principles, Section 500, Practical 
Engineering Information". Dempster Industries, Inc. Beatrice, NE, Date Unknown. 

Earlougher, Jr., R. C., 1977. Advances in Well Test Analysis, Monograph Volume 5 of the 
Henry L. Doherty Series, Society of Petroleum Engineers (SPE), Dallas, TX. 

Freeze, A. and J. Cherry, 1979, GROUNDWATER, Prentic.e Hall, Inc., Englewood Cliffs, NJ 

G&M, 1993. Analysis of Hydrodynamic Control, HRI, Inc., Crownpoint and Churchrock New 
Mexico Uranium Mines, Geraghty & Miller, Inc. (G&M), Corpus Christi, TX, October 7, 
1993. 

HRI 1992a. Pump Test Analysis, Crownpoint Project, April, 1991. Contained in the 
"Crownpoint Project, In-Situ Mining Technical Report. HRI, Inc. June, 1992. 
[Referenced by Mr. Wallace as "Crownpoint Technical Report, 1992"] 

HRI, 1993. HRI, Inc., Churchrock Project Revised Environmental Report, March, 199~. 

HRI, #50. HRI, Inc. response to NRC AIR #50, "Degradation o/Crownpoint Water Supply 
Wells By Restored Solution Mine Ground Water'', April 1, 1996. 

HRI, #99. HRI, Inc. response to NRC AIR #99, Sensitivity Analysis of Modeled Unit 1 Ground
water Flow. Letter from C. S. Bartels, HRI, to W. H. Ford, U.S. NRC. August 18, 1997. 
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Kresic, N., 1997, Quantitative Solutions inHYDROGEOLOGY and GROUNDWATER 
MODELING, CRC Lewis Publishers, New York, NY. 

Kruseman, G.P. and N. A. de Ridder, 1994. Analysis and Evaluation of Pumping Test Data 
(Second Edition), Publication 47. International Institute for Land Reclamation and 
Improvement, The Netherlands, 1994. 

4. LITTLE OF INTERVENORS' EXPERT TESTIMONY PERTAINS TO 
CHURCH ROCK SECTION 8 

I understand that the focus of this hearing is limited to Churchrock Section 8. I note, 

however, that the overwhelming majority of the issues discussed in the testimony of Messrs. 

Wallace, Abitz and Staub do not relate to Section 8, but rather addressed the specifics of the 

Crownpoint and Unit 1 locations. However, some of their claims about the hydrologic conditions 

beyond the Churchrock Section 8 project area, yet within the Westwater Canyon aquifer as host 

of the Churchrock Section 8 ISL operation will be discussed by me to help in gauging the 

credibility of the overall conclusions argued by Mr. Wallace and Dr. Abitz. 

Much of Wallace's testimony is given over to such vague generalizations and 

unsupported conclusions. For example, his condemnation oflSL operations in fluvial sands is 

lengthy and dramatic, and ce,rtainly leaves the impression that mine solutions in fluvial systems 

cannot be contained or adequately monitored. He bases most of his discussion on the 

Crownpoint area with the erroneous assumption that the existing town wells will be operating 

concurrent with HRI' s ISL operations, and seems to only incidentally include Churchrock 

Section 8. After more than eleven years of analysis of the Churchrock Section 8 ISL site, which 

was under intense scrutiny through both the Draft EIS and FEIS processes, the general 

conclusion by Mr. Wallace is that he needs more data (WWT, p. 21). 

Wallace's long criticism of the hydrologic modeling performed by consultants Geraghty 

and Miller for HRI, does not make a single reference to Churchrock Section 8, other than what 
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might be inferred from the general denunciation of Geraghty and Miller's abilities and their 

computer model (WWT, pp. 31 - 37). His general conclusion is: 

Further, a groundwater divide line depicted on a drawdown diagram for an initial 
wellfield located in the northeastern quarter of Section 17 is inaccurately drawn 
(Geraghty and Miller, 1993, Figure 22); thus, I question the overall accuracy and 
reliability of previous aquifer testing done at the Church Rock site. As a result of 
these problems, I believe that excursions will occur, thereby creating a potential 
long-term harm to the environment. 

(WWT, p. 37). 

This is a ridiculous conclusion to draw about Section 8, or any other part of the CUP, 

including Section 17, from one allegedly inaccurately drawn groundwater divide. To that point 

in his testimony, Mr. Wallace had not even discussed the aquifer testing at Churchrock Section 8. 

In addition, earlier in his testimony Mr. Wallace had stated:" ... this model [Geraghty & Miller] 

is not suitable for evaluating lixiviant containment." (WWT, 31). 

Yet, because he disagrees with the interpretation of results from a model that he stated 

was "unsuitable," he declared that he "believes excursions will occur" (assuming he means 

Section 8 as the focus of this hearing). That is a nonsensical justification for such a conclusion. 

In his section titled "ground water travel times misrepresented as conservative" (WWT, 

pp. 38-42), Wallace discusses the movement oflixiviant from Unit 1 (approximately 19 MILES 

from Churchrock Section 8) to the Town ofCrownpoint water wells (approximately 22 MILES 

from Churchrock Section 8). He condemns "HRI's and NRC's assertions that the travel-time 

. estimates in the Unit 1 Sensitivity Analysis (at 3) and SER (at 1) are indeed 'conservatiye,' ... " 

· The only mention of Churchrock (and not even Section 8) in that entire segment, was the last 

words of the very last sentence in his conclusions: 
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Accordingly, in my professional judgement, the particle travel times estimated in 
the FEIS, in HRI' s Unit 1 Sensitivity Analysis, and in the SER are not 
scientifically supportable as conservative, and therefore do not demonstrate that 
the drinking water supply of the Town of Crownpoint will be protected, nor that 
lixiviant will be controlled with the Church Rock mining zone. 

The Crownpoint water wells are 22 miles from Churchrock Section 8; Mr. Wallace does 

not explain how mining at Section 8 threatens the Crownpoint wells. How could anybody 

consider this a reasonable technical or scientific conclusion about Churchrock? 

Out of 79 pages of dialogue, Wallace provides just three pieces of specific data, beyond 

mere speculation and nothing associated with Churchrock or Churchrock Section 8 that could 

actually be evaluated: 

• re-interpretation of the Geraghty and Miller's Piezometric Surface map for 

Crownpoint representing conditions after all production and restoration has 

been completed at Crownpoint; yet, he completely ignored the NRC 

requirement that the Town wells will be moved prior to ISL being allowed to· 

start at the Crownpoint site (pp. 30-37, and Exhibits J, K). 

• travel time from Unit 1 to Crownpoint Town water wells (pp. 40-41); 

• reinterpretation of the Crown point pump test in his attempt to show "leakage" 

(pp. 52-53, Exhibit M). 

5. INTERVENORS EXPERTS QUALIFICATIONS 

Although both Mr. Wallace and Dr. Abitz go to great lengths discussing a "conceptual" 

or theoretical geologic model of the Westwater Canyon aquifer, it is not apparent from their 

resumes or their Testimony that either has actually conducted, analyzed, or interpreted real world 

· hydrologic tests that have withstood technical or scientific scrutiny. 
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This is especially true of Dr. Abitz, who does not appear to claim expertise, or even 

familiarity, with the analysis and interpretation ofhydrologic tests (Abitz Written Testimony, 

Exhibit A). His unfamiliarity with basic hydrologic principles is first suggested in that he was 

retained "as a technical expert in the field of geology and geochemistry." (Abitz Written 

Testimony, p. 3), not in hydrology. Further, in his own description of his expertise (Abitz 

Written Testimony, p. 3), there is nothing at all to suggest he is qualified to comment on the 

hydrology of any aquifer, much less the Westwater Canyon aquifer. His apparent ignorance of 

the methodology, interpretation, and critical assumptions associated with groundwater hydrology 

and hydrologic analysis reflected in the fact that his Written Testimony, contains not a single 

reference to the analysis and/or interpretation of any hydrologic test, and its relevance to the 

Westwater aquifer in general, much less to Churchrock Section 8. In fact, Dr. Abitz technical 

opinion concerning the hydrology of the Westwater Canyon aquifer appears to rest solely on a 

"conceptual" geologic model of the depositional system (Abitz Written Testimony, pp. 3, 27-30). 

Dr. Abitz makes statements such as: 

HRI's erroneous assumptions about the Westwater Canyon Member result in 
invalid modeling of the flow of the lixiviant injected into the aquifer in the mining 
process .... Hence, lixiviant control and containment are likely to be significantly 
more difficult than HRI predicts .... In my professional judgement, because 
contaminated groundwater will flow through very narrow sand channels, ... 

(Abitz Written Testimony, p. 30) [emphasis added]. Given his stated credentials, Dr. Abitz is 

simply not qualified to make judgements on issues associated with groundwater hydrology. 

6. GEOLOGIC AND HYDROLOGY SETTINGS OF OTHER ISL MINES WAS 
NOT REVIEWED 

Perhaps more important than the materials that Mr. Wallace indicated to have reviewed 

(WWT, pp. 3-9) are those that he did not review. Not a single document, report, paper, 
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application, EA, EIS, or license/permit referring to the geologic and hydrologic settings of other 

uranium ISL mines in the U.S. was noted as reviewed. The single exception might be the Staub 

et al. report (1986), and Mr. Wallace's inspection of that can only be characterized as a review of 

a review. This is rather remarkable given that he shows no prior technical or regulatory 

experience with ISL, and given his rather broad denunciation of just about all of the hydrologic 

technical work, submittals, and conclusions drawn by HRI, HRI's consultants, and the NRC. 

7. "CONCEPTUAL" GEOLOGIC MODEL VERSUS MONITORING ISL 
PROJECTS 

Wallace and Abitz' s "conceptual" geologic model does not reflect conditions in the 

Westwater and is irrelevant in describing the dominant flow characteristics of the Westwater 

Canyon aquifer. Such "conceptual" cannot be employed, in lieu of flow tests to determine actual 

aquifer flow characteristics and rigorous monitoring requirements during operations [monitor 

wells around, above and below (as needed) the mine zone]. Otherwise ISL applications would 

simply involve development of a, theoretical model of the geologic system, completely negating 

· the need and use of empirical aquifer flow tests and monitor wells 

The hydrologic (groundwater) focus of the ISL application and the regulating agencies is 

: to ensure that the monitoring practices and monitoring well system used during actual operations 

are effective. As a result, pumping tests have become the standard for uranium ISL sites as 

· described in the Crownpoint Operating Plan (COP, Rev 2.0), and accepted by the NRC (as 

reiterated in License Condition 10.23: 

Prior to injection of lixiviant in a well field, groundwater pump tests shall be 
performed to determine if overlying aquitards are adequate confining layers, and 
to confirm that horizontal monitor wells for that well field are completed in the 
Westwater Canyon aquifer. 
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What HRI has proposed in its application is already the standard adhered to by the NRC 

and other regulating agencies for uranium ISL: a regional pump test prior to licensing, followed 

after licensing by a more detailed pump tests for each individual mine area ("mine unit") prior to 

its production as described in COP Rev. 2.0 Section 8.5. 

In a mine unit, monitor wells will encircle the mine zone, overlie the mine zone, and 

underlie the mine zone [if a vertical connection (which will be tested) exists to the underlying 

zone per License Condition 10.25]. Thus, many more wells, than in a area pump test that have 

already been described in the applications, will be involved in determining the reservoir (aquifer) 

flow characteristics (leakage, horizontal anisotropy, "channel" flow, etc.) of the site specific 

mine unit. This ensures that the site specific reservoir characteristics are accounted for, rather 

than relying on results from the more general regional pumping tests. 1 Knowledgeable analysts 

of aquifer (reservoir) flow tests, know that flow boundaries that must exist in connection with the 

"pipelines" opined by Wallace & Abitz, would be instantly recognized in single well or multiple 

well aquifer tests. The investigation of the aquifer does not end with the area and subsequent 

mine unit aquifer pump tests, since those "mine unit" monitor wells will continue to be observed 

throughout the ISL production and restoration operations. These additional pump tests and 

monitoring requirements, critical to Intervenors' concerns, are reiterated over and over, the 

Intervenors largely ignores them. 

8. THE WESTWATER CANYON AQUIFER IS PLUVIAL 

Mr. Wallace goes through a lengthy dissertation contending that HRI does not recognize 

the geology of the Westwater Canyon aquifer as a fluvial system (WWT, pp. 10 - 14). Yet, he 

The general regional pump tests submitted as part of uranium ISL applications were never meant to provide the 
detail (using many more monitor and observation wells) of the more site specific "mine unit" reservoir tests. 
That standard was set by the regulatory agencies over more than two decades, not by HRI. 
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indicates that he has reviewed HRI's Churchrock ISL application to the NRC, which he 

references as "Church Rock Revised Environmental Report" (WWT, p. 9), and noted here as 

(HRI, 1993). From page 72 of that application: 

The Churchrock project contains mineralization in the Westwater Canyon 
member of the Jurassic Morrison formation. This section of the Westwater has 
arbitrarily [been] designated the "A" sand in the project area. As described 
previously, the Westwater was deposited as a broad alluvial fan sequence with a 
preponderance of thick arkosic sandstone on the west side of the San Juan Basin 
shaling out to the east and northeast at the distal edge of the fan. At Churchrock, 
the "A" sand consists of a medium to coarse-grained, moderately sorted 
conglomeratic sandstone with numerous clay clasts intermixed throughout the 
section. 

That description of the Westwater was also submitted with the original ISL application to 

the NRC for Churchrock in 1988. In other HRI applications for ISL to the NRC, the Westwater 

aquifer was described as: "Westwater Canyon Member - The Westwater Canyon Member 

consists of interbedded fluvial red, tan, and light gray arkosic sandstone, claystone, and 

mudstone." 

That is also the wording used in the FEIS (page 3-8) to describe the Westwater aquifer. 

Mr. Frank Lichnovsky, Chief Geologist with HRI, describes the fluvial nature of the Westwater 

Canyon aquifer in more detail in his affidavit. With such clear documentation, by both HRI and 

the NRC, of the Westwater aquifer as a fluvial system, Mr. Wallace's lengthy argument in this 

regard is pointless. 

9. MOST URANIUM ISL OPERATIONS IN U.S. IN PLUVIAL GEOLOGY 

The overwhelming majority of uranium ISL projects in the U.S. operate in fluvial 

aquifers. A partial list of U.S. uranium ISL projects is shown in Tables 1 and 2. This list is not 

exhaustive, but is an indication of the information available in the public record. As shown, 
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most of those ISL mines operate in fluvial systems, many in drinking water aquifers, with nearby 

active domestic and municipal water wells. The geologic and hydrologic settings of these fluvial 

aquifers are practically identical to the proposed Churchrock Section 8 ISL operation in New 

Mexico and the environmental problems promised by Mr. Wallace, caused by his conceptual 

"pipelines", "scour zones", have not materialized in over two decades of uranium ISL operations. 

10. THE "PIPELINE" CONCEPTUAL THEORY IS MISTAKEN 

Both Mr. Wallace and Dr. Abitz characterize fluvial aquifers, such as the Westwater 

Canyon aquifer, as made up of thin, very permeable channels, analogous to "pipelines" (WWT, 

pp. 9-14, 18, 38-42; Abitz Written Testimony, and p. 27-31). For simplicity, I have called it their 

"pipeline" theory as referenced by Mr. Wallace: "Using the pipeline analogy, ... " (WWT, 

p. 39). What is most extraordinary is that Mr. Wallace and Dr. Abitz develop their "pipelines" 

theory based in incorrect speculation and supposition about a "conceptual" geologic model:-"It 

is my view that NRC' s and HRI' s conceptual model of the hydrology of the Westwater is 

seriously flawed ... " (WWT, p. 3) . 

In my professional opinion, the HRI proposal is grossly inadequate with respect to 
the hydrological and geological conceptual design, ... " (Abitz Written Testimony, 
p. 3). "HRI's calculations regarding the potential for excursiOns of uranium
bearing lixiviant from the proposed mine, as well as its plans for restoration of 
minewater, are based on a flawed conceptual model of the geology and hydrology 
of the Westwater .... 

10 



• 

•• 

Company 

Table 1 

Uranium ISL Mining Operations in Texas 

ISL Mine 
Name Status2 Regional 

USDW3 

Aquifer 
Geology 

Type 

Domestic I Municipal 
Water Wells Completed in 

Mine Aquifer Within 
MILES5 

0.6 1 2 5 

thness Mining McBride Restored Oakville Flu vial 

2 

4 

5 

Conoco Trevino Restored 

Everest Minerals Hobson Restored 

Everest Minerals LasPalmas Restored 

Everest Minerals Mt Lucas Restored 

Everest Minerals Tex-1 Restored 

IEC Pawnee Restored 

IEC Zamzow Restored 

Mobil I Cogema Holiday RP 

Mobil I Cogema El Mesquite RP 

Mobil I Cogema O'Hem Restored 

Tenneco I Cogema West Cole RP 

URI Alta Mesa ND 

URI Benavides Restored 

Oakville 

Jackson 

Oakville 

Goliad 

Jackson 

Flu vial 
Marginal 
Marine 

Flu vial 

Flu vial 
Marginal 
Marine 

Oakville Fluvial 

Oakville Fluvial 

Catahoula Fluvial 

Catahoula Fluvial 

Catahoula Fluvial 

Catahoula Fluvial 

Goliad Fluvial 

Catahoula Fluvial 

URI Kingsville 
Dome Operating Goliad Fluvial D, R 

URI Longoria Restored Catahoula Fluvial 

URI Rosita Operating Goliad Fluvial D, R 

URI Vasquez ND Oakville Flu vial 

U.S.Steel Boots Restored Oakville Fluvial 

U.S.Steel Bums RP Oakville Flu vial 

U.S.Steel Clay West Restored Oakville Flu vial 

U.S.Steel Mosier RP Oakville Flu vial 

U.S.Steel Pawlik Restored Oakville Flu vial 

Union Carbide/Chevron Palangana Restored Goliad Flu vial 

Westinghouse Bruni Restored Catahoula Fluvial 

Westinghouse Lamprecht Restored Oakville Flu vial 

IM; 
23D 

9D 25D 

40D 

IOM 

RP = Commercial production finished; Restoration is in progress. Restored = Groundwater restoration has been 
approved by the State of Texas. ND= Property has been permitted but is not developed. 
USDW =Underground Source of Drinking Water 
D =restoration demonstration conducted; R =Groundwater restoration approved by the State of Texas. 
D = Domestic drinking water well. M = Municipal drinking water well. 
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Table 2 

Uranium ISL Mining Operations in Colorado, Nebraska, New Mexico & Wyoming 

Company 

Crow Butte Resources 

Mobil 

Nuclear Dynamics 

Pathfinder I Cogema 

PRI/Cameco 

RioAlgom 

ISL Mine 
Name 

NE Crow Butte 

NM Section 9 

WY Sundance 

WY North Butte 

WY Highland 

WY Bill Smith 

Rocky Mtn Energy I IUC . WY Reno Creek 

Teton WY Leuenberger 

Uranerz USA WY Ruth 

URI WY North Platte 

Westinghouse I Cogema WY Irigaray 

[Partial List] 

Status6 

Operating 

Rest Demo 

Rest Demo 

ND 

Operating 

Operating 

Rest Demo 

Rest Demo 

Rest Demo 

Rest Demo 

RP 

Regional 
USDW7 

Aquifer 
Geology 

Type 

Chadron Flu vial 

Westwater Fluvial 

Fox Hills 

Wasatch 

Ft. Union 

Marginal 
Marine 

Flu vial 

Flu vial 

Ft. Union Fluvial 

Wasatch Fluvial 

Ft. Union Fluvial 

Wasatch Fluvial 

Ft. Union Fluvial 

Wasatch Fluvial 

Westinghouse I Cogema WY Christensen Ranch Operating Wasatch Flu vial 

Wyoming Minerals CO Glover Rest Demo Fox Hills Marginal 
Marine 

D,R 

D,R 

D,R 

D,R 

D,R 

D,R 

D,R 

D,R 

D,R 

D,R 

D,R 

D,R 

TDS Restoration 
Demonstration 

<1000 
mg/I 

264 

366 

388 

513 

345 

324 

374 

425 

> 1000 
mg/I 

1187 

1460 

Wallace and Abitz base their conclusions on the definitions of "massive," "fluvial," 

' "heterogeneous," etc. (WWT, 9-15; Abitz Written Testimony, pp. 28-29). Incredibly, they claim 

environmental problems solely from these geologic definitions and a "conceptual" depositional 

model, without relying on or referring to· actual hydrologic test data for the Westwater Canyon 

aquifer, either HRI's data or others,9 during the construction of their hypothesis. Remarkably, 

6 

7 

9 

RP = Commercial production finished; Restoration is in progress. Restored = Commercial groundwater 
restoration has been approved by the State and NRC. ND = Property has been permitted but is not developed. 
Rest Demo = restoration approved from demonstration area. 
USDW =Underground Source of Drinking Water 
D = Restoration demonstration conducted; R = Groundwater restoration approved by NRC. 
Numerous aquifer flow tests of the Westwater Canyon aquifer have been conducted over decades (Stone et al., 
1983, Table 5; Mr. Wallace references this publication in his Written Testimony, p. 4; more telling, possibly, is 
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neither Wallace nor Abitz refer to a single hard fact, test, actual measurement, or other real data 

showing evidence of their "pipelines." Rather, both Wallace and Abitz state a hypothesis and 

then, without any evidence conclude that it is true. Their testimony should be regarded as 

irrelevant to Churchrock Section 8. 

10.1. URANIUM ROLL FRONTS DO NOT SHOW CHANNELS 

Mr. Wallace and Dr. Abitz misunderstand and misuse uranium roll-front maps in support 

of their "pipeline" scenario. Mr. Wallace describes, his selecting 100 feet for the width of his 

"pipeline" from Unit 1 to the Crownpoint Town water wells as" .. .I se~ected a value of 100 feet, 

based on HRI's own diagram of the LB Sand of the WCM (Pelizza, 1996a, Response to RAI 

#50, Figure 50-3)." (WWT, p. 41). I note that figure shows a uranium roll-front at Crownpoint 

and does not relate to Churchrock Section 8. Thus, this is irrelevant to the issues currently 

before the court. However, to generally address this mischaracterization of a uranium roll front 

as a "channel," Figure 50-3 is again shown in Exhibit A for further discussion. 

In his testimony, Mr. Wallace had stated: "The ore bodies reside within sand channels, 

and reflect that condition in several maps of the very ore bodies that HRI proposes to mine." 

(WWT, p. 14), and "In that section, it was clarified that the ore bodies reside in long, narrow 

buried sand channels." (WWT, p. 38). 

that Dr. Abitz does not). The Westwater Canyon aquifer has been intensively tested and studied over decades 
by the New Mexico State Engineer's Office (which administers water rights), the U.S. Geological Survey 
(USGS), U.S. NRC, and private industry. As noted in Stone et al.(1983, page 48): "In 1980, 45 mines and 5 
mills produced 7,407 tons [14.8 million pounds) of yellowcake [uranium oxide] in New Mexico, mostly from the 
Morrison Formation [mostly the Westwater Canyon aquifer] in the San Juan Basin.". Each of these 
underground mines would require dewatering of the aquifer, typically involving testing and analysis of the 
aquifer's flow characteristics. Approximately thirty of these "drawdown" and "recovery" aquifer tests are noted 
in Table 5 of Stone et al. (1983), and more have been conducted since then. 
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No such "clarification" exists; Wallace either misreads the maps (though he doesn't say 

which) or he is misleading the reader. Apparently Dr. Abitz also has a basic misunderstanding of 

uranium geology and hydrology because he states: "Each of the many stream channels that host 

these [uranium] ore pods has unique hydrogeologic characteristics." (Abitz Written Testimony, 

p. 29). 

However, rather than a channel, Figure 50-3 of Exhibit A shows the accumulation of 

uranium in the sedimentary rock along an "oxidation/reduction" interface, which originated in 

the sedimentary rock as follows (Exhibit B shows a general schematic to help in visualizing the 

process). As all are aware by now, chemically "oxidized" uranium, which is dissolved in 

groundwater, will precipitate when it comes into contact with a "reductant" (pyrite, carbon, oil, 

gas, coal, etc). Over geologic time, huge amounts of groU.ndwater, with its dissolved oxidized 

uranium, slowly moves (e.g., 5-10 feet per year) from "recharge" areas at the edges of an aqµifer, 

down deeper into the aquifer through the pore spaces of the sedimentary rock (see Exhibit B). 

When that groundwater comes into contact with a "reductant" in the rock, the uranium will "drop 

out," or precipitate, while the groundwater continues to slowly move past and downward through 

the rock. The uranium drops out at the "oxidation I reduction interface," or more commonly, the 

"redox" front. As time passes more and more groundwater with its dissolved uranium passes this 

"redox" front and finally enough uranium has precipitated and accumulated in the rock to mine 

commercially. 

Contrary to speculation by the Intervenors, Figure 50-3 ofEXhibit A does not show that 

groundwater moved in the Westwater Canyon aquifer from upper left to lower right (of that 

figure) through a channel or one of their postulated "pipelines." Instead, it shows that the 
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groundwater moved generally perpendicular to the uranium deposit, from lower left to upper 

, right, passing the "redox" interface and precipitating uranium (see Exhibit B). Groundwater 

flow perpendicular to the "redox" interface is the most basic principal of uranium "roll-front" 

geology, and has been universally accepted for decades by professional exploration geologists 

and uranium producers. To theorize now that it signifies a meandering riverbed or channel 

shows an ignorance of the most basic principles of uranium geology and hydrology. Intervenors 

use their new "channel" theory of uranium roll-front evolution as a rationale for their 

"pipelines," without any support. 

If Figure 50-3 of Exhibit A, or other uranium roll-front maps, really did indicate a 

channel, so completely bounded that it confined all of the uranium in the groundwater to the 

channel itself, such that there was no "dispersion,"10 and so restricted that the channel could 

actually be characterized as a "pipeline"11 (WWT, pp. 38-42), then HRI could safely produce the 

uranium and monitor the operation in a much different and cheaper manner than what is 

proposed by installing the production (injection and extraction) wells down the center of the 

"bounded channel," and monitor wells only at the ends of the channel. However, ifHRI, or any 

other ISL operator, suggested such a notion or meaning of uranium roll-front maps to any ISL 

regulatory agency, contrary to the most basic uranium geology and hydrology, they would be 

sharply rebuked. 

As noted earlier, there is nothing in the resumes, stated credentials, or testimony of 

Mr. Wallace or Dr. Abitz to suggest that either had ever considered the geology and hydrology of 

uranium and uranium ISL prior to their current roles, much less have an "expert's" 

10 As described in Wallace Written Testimony, p. 31 .. 
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' understanding of any of the technical aspects of Uranium emplacement and ISL. Reviewing a 

few articles should not qualify one as "expert" competent to pass technical judgement on the 

merits iflSL mining at Churchrock or Anywhere else. To be so unfamiliar with such 

fundamentals as to mischaracterize uranium roll-front maps (Exhibit A) as indicating channels in 

support of their cornerstone "pipeline" theory, hardly qualifies either Mr. Wallace or Dr. Abitz to 

pass technical judgement on the work ofHRI, HRI's consultants, and the NRC. 

10.2. DARCY'S LAW SHOWS THAT INTERVENORS "PIPELINE" THEORY IS 
MISTAKEN 

10.2.1 OVERVIEW OF INTERVENORS' ANALYSIS 

A more rigorous, technical examination oflntervenors' contentions against Darcy's Law 

that groundwater flow in the Westwater Canyon aquifer is dominated by small flow channels 

(e.g., to the Crownpoint town water wells), shows that the conceptual model is mistaken. As. 

noted above, Mr. Wallace theorizes water flow in the Westwater aquifer as dominated by 

"pipelines," and uses channels 100 feet wide by 200 feet thick, 30 feet wid~ by 200 feet thick, 

8 feet in diameter, and one INCH in diameter as examples (WWT, pp. 39-42). 

First, Mr. Wallace states that: "My assumption that the channels are separated, and 

therefore bounded, was based on HRI's own pump test data ... " (WWT, p. 39). 

I find no example in their testimony where Messrs. Wallace or Abitz discuss any aquifer 

tes!, much less HRI's or Mobil Oil Corporation's Southtrend (for Unit 1), as indicating there 

were bounded channels in the Westwater. HRI was unable to find any references that either 

person made to real aquifer test data in support of their "conceptual" geologic model. To borrow 

11 A leaky sieve can not be characterized as a "pipeline". 
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some wording from Mr. Wallace: "this was a gross and profound misrepresentation." (WWT, 

p. 21). 

HRI has modeled the time it would take restored water to move from the proposed Unit 1 

ISL site to the Town ofCrownpoint water wells in response to NRC staffs RAI 1/50. HRI used 

a "radial" hydrologic computer model, which tracked "particles" of solution along their path to 

the Town wells. This particle tracking resulted in "pathlines" (a hydrologic entity, not to be 

confused with Mr. Wallace's "~lines"), and total travel times of the restored waters to the 

Town wells. (See Exhibit C; Figure 50-2 was reproduced in the FEIS as Figure 3.10). The NRC 

staff required a sensitivity analysis of those total travel times for the Unit 1 project (but not for 

the proposed Crownpoint ISL project since a prerequisite of that project was for the Town wells 

to first be moved12
). That sensitivity analysis for Unit 1 was submitted as response to the NRC's 

Question 99 (see reference RAI 3/99), which Mr. Wallace references as "Unit 1 Sensitivity 

Analysis." Mr. Wallace harshly criticized HRI for its sensitivity analyses and the NRC for not 

rejecting them (WWT, p. 39-42). Mr. Wallace presented his interpretation of the travel times 

using his "real world value for ["pipeline"] width" (WWT, p. 42) as an "expert" in hydrology 

(WWT, pp. 1-3, 29, 32, 34, 35, 67, 77). 

Mr. Wallace used the following parameters for his "pipeline" calculation: 100 feet wide, 

200 feet thick, 13200 feet long, 21% porosity and "one-half of the combined pumping rate from 

the town wells of 3 72 gpm" of 186 gpm. He also stated: "If I had chosen a smaller value for the 

width, say 30 feet, my estimated travel times would be even shorter ... " (WWT, p. 42). 

12 Not an issue for the purpose of this hearing. 
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Locations of five of the six Town water wells are shown on Figure 50-1 in Exhibit C. 

Note that the grid on that figure is a Yz mile square (2640 feet to the side). Therefore, there is 

about 8500 feet between wells BIA-5 and NTUA-2. Note also that a line drawn between those 

two wells generally includes 5 of the 6 Town wells, and is about perpendicular to the "pipeline" 

that Mr. Wallace guesses is between Unit 1, to the west, and the Town wells (also see Figure 50-

2 in Exhibit C). Consequently, the 30-100 foot wide channel postulated by Messrs. Wallace and 

Abitz must wind its way not only west to east, but also north and south across miles, catching 

every water well in its path. It appears that no matter where a well is drilled, it hits their 30-100 

foot wide channel. Because each water well hit the meandering channel, Mr. Wallace, used 

100% of the combined pumping rate of the town wells in his [Yz as coming from the west 

through his "pipeline," and Yz from the east (WWT, p. 41, Footnote 9). 

Note on the table "Withdrawals by Crownpoint Water Wells", located on both 

Figures 50-1 and 50-2 of Exhibit C, that the sixth Town well, known as NTUA Littlewater Well, 

that is about 7 miles to southeast of the other Town wells is included by Mr. Wallace with a· 

flowrate of 100.3 gpm, or about 27% of the overall flowrate used. The NTUA Littlewater Well 

is not shown on both Figures 50-1and50-2 of Exhibit C because they are too far. It was shown 

on Figure 2a, drawn to scale, in the Unit 1 Sensitivity Analysis, as repeatedly referenced by Mr. 

Wallace in his testimony (Figure 2a is included in Exhibit Chere). Mr. Wallace relies upon his 

30-100 foot wide underground pipeline, winding across miles between these six wells to Unit 1 

so he can conclude that HRI's characterization of the geologic and hydrogeologic characteristics 

of the Westwater is inaccurate. (WWT, p. 42). 
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Interestingly, the "pipeline'', described by Mr. Wallace in his Written Testimony (p. 41) 

as extending from Unit 1 to the town of Crownpoint water wells, would pass through HRI's 

proposed Crownpoint ISL site (see Figure 50-2, Exhibit C). If we accept his musings, his 

"pipeline" would presumably make the Crownpoint ISL project safe for the existing Crownpoint 

Town water wells, since he calculates that it holds all waters traveling to the Town wells. It 

would then be a relatively simple matter of avoiding such a narrow "pipeline" of 3 0 to 100 feet 

wide (as he suggested). Unfortunately those "pipelines" do not exist. 

Mr. Wallace stated that he used the same hydrologic transmissivity value of 2550 gpd/ft 

(gallons per day per foot) in his calculations that HRI did in their modeling (WWT, p. 40). This 

implies that Mr. Wallace actually used hydrologic principles to determine the velocity of water 

through his "pipeline". However, examination shows that Mr. Wallace simply used the total 

flowrate from the town wells (Yz of the flow to either side of the wells in his "pipeline"), along 

with rudimentary pipeline fluid mechanics to determine his velocity of 8.5 feet per day (WWT, 

p. 41) . 

flowrate = velocity X crossectional area ~ Q = V x A ~ V = Q [1] 
A 

V=Q ~ 
A 

( 186 g~/ )(1440 min) 
mm day ft 

V= ~8.5-

{ 
gal) day (100ftX200ftX0.21porosity 7.48-

3 
. 

crossectional area of pipeline ft 

[2] 

Contrary to his implication, transmissivity and other hydrologic principles relating 

pressures to flowrates were not used. Mr. Wallace's failure to use these fundamentals results in 
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an absurd estimate for water moving through an aquifer. Water simply does not move through 

solid rock with the low resistance that is encountered with a garden hose. 

10.2.2 ANALYSIS USING DARCY'S LAW 

The foundation theorem, for both hydrology and petroleum reservoir engineering, 

describing movement of fluids in the subsurface is the Darcy (1856) equation, commonly known 

as Darcy's law. It relates the flowrate to pressure drop and hydraulic conductivity 

("permeability" is part of this) of a linear, porous system (see Exhibit D).13 

cross-sectional area 

Q =- K A 
flowrate hydraulic 

conductivity 

dh 

dl 
change in pressure 
across a distance 

[3] 

This states that the flowrate (volume of water over time) through the rock of a "linear" aquifer 

- equals the hydraulic conductivity14 (analogous to "resistance" in an electrical circuit) times 

cross-sectional area of the aquifer (does not include the aquifer porosity used in the "fluid 

mechanics" Equations [1] & [2] above) times the pressure change measured over the length of 

the aquifer that is considered. Noting that the hydraulic conductivity (K) equals transmissivity 

divided by thickness of the reservoir, the thickness of the aquifer or reservoir cancels completely 

if we substitute transmissivity into Equation [3] (and simply ignoring the negative sign): 

14 The "permeability," so often referred to in petroleum reservoir test analysis and reservoir or aquifer modeling, 
makes up the major portion of"hydraulic conductivity." In fact, if the density and viscosity of the water in 
question equals 1, then hydraulic conductivity= permeability. 
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(
Q gal J(dl, feet length) 

(dh,ft)= ______ d_ay _______ -----'-_ 

'T gal 
[4] 

f da~ - ft ) (channel width, ft Xchannel thickness, ft) 
\.channel thickness, ft 

For a well producing water, the "pressure change" is commonly called "drawdown" of 

the well. Water levels in the aquifer actually indicate "pressure," so "drawdown" in a water well 

is the distance, or depth, between the water level in the aquifer before pumping starts and the 

water level while pumping. This "pressure change" allows the well to produce water from the 

aquifer. If an electric submersible pump is used in a water well (as for the Town of Crownpoint 

, water wells), then the maximum drawdown, or pressure change available to produce water, 

would be the distance (typically measured in feet here) between the starting water level 

' downward to the top of the pump. Obviously, we can calculate that distance, or drawdown, from 

Equation [3] (equal to "dh"). 

First, consider some of the water levels in the area, and basic well completion 

information for the Town wells. Water levels in the area ofUriit 1 and Crownpoint were 

addressed in HRI's response to NRC's Question 81 concerning the proposed ISL projects 

[Mr. Wallace indicated he had reviewed these questions and responses (WWT, p. 6)]. In HRI 

#81, the water levels, as shown measured by Mobil before they conducted the pump test in 1982 

at their proposed Unit 1 ISL project, were about +6450 feet MSL (mean sea level elevation). 

HRI #81 also show water levels in the HRI's Crownpoint project area of about +6480 feet MSL 

in 1992. 
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Exhibit Eis general completion information about the Town water wells, as copied from 

HRI's ISL application to the NRC (HRI 1992a). Typically, a submersible pump would not be set 

into the "liner," and certainly not below the open interval (shown as "slotted" in Exhibit E) for 

wells completed such as the Town wells. Ignoring the NTUA Littlewater well about 7 miles to 

the southeast of the others, the average surface elevation of the other five Town wells is +6952 

feet MSL, the average depth to the "liner" is 1, 721 feet ( +5231 feet MSL ), and the average depth 

to the open interval is 1,762 feet (+5190 feet MSL). From this information, the maximum 

achievable drawdown of a pump set to the top of the open interval, would average less than 

1,290 feet (6480 feet MSL- 5190 feet MSL). Now what about actual setting depths of pumps 

for the Town of Crownpoint wells? Exhibit F is typical of the public record for the Town wells. 

Shown are setting depths for four wells, ranging from 677 feet to 820 feet, and averaging 738 

feet (or +6237 feet MSL using the appropriate surface elevations). Notice also, on the 

information dated November 28, 1984 for NTUA-1 in Exhibit F that the "pumping level" is 

shown as 538 feet (+6412 feet MSL), with the "pump setting" at 677 feet (+6273 feet MSL) . 

From this information the average maximum achievable drawdown to the TOP of the 

submersible pumps would be 207 feet (6480 feet MSL-6273 feet MSL). Ifwe used the 

"pumping level" of 538 feet for NTUA-1, then the approximate drawdown actually observed for 

that well was 68 feet (6480 feet MSL- 6412 feet MSL). 

Now let us use Darcy's law (equation [4]) and the parameters as Mr. Wallace suggested 

(100 and 30 feet "pipeline" or channel widths, 200 feet thickness, 13,200 feet length, 2,550 

gpd/ft transmissivity, and 186 gpm flowrate). Then the drawdown in a water well required to 

produce 186 gpm through the length and configuration of Mr. Wallace's "pipeline" is: 
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( 186 g~l )(1440 min J(l 3,200 ft length) 
mm day 

[5] dh = ( J = 13,865 ft drawdown 
2,550 gal (100 ft wide) 

day-ft 

This means that the existing Town water wells would have to have been drilled, 

completed, and their pumps set a minimum of 13,865 feet below the "static" water level in the 

aquifer to achieve the flows that Mr. Wallace stridently argued for in his channels. Since 

submersible pumps are set above the water producing horizon, the top of the Westwater would 

need to be deeper than 13,865 feet in the existing Town water wells, a physical impossibility 

with the bottom of the Westwater at about 2,300 feet in the area (see Table 2, Exhibit E). Also, 

the 13 ,865 feet equates to a reservoir water pressure of 6,004 psig in the Westwater aquifer. This 

simply cannot be. Any hydrology "expert" using the most basic hydrology equation of all, the 

Darcy equation would immediately recognize this. Of course the Town of Crownpoint water 

wells is producing water, and has been for decades (see Table 2 of Exhibit E) with an average 

setting depth for at least four of the pumps at about 740 feet, as discussed earlier. 

Even then, after his analysis of a "pipeline" at 100 feet wide, Mr. Wallace went on to 

suggest that a 30 foot channel width might even be appropriate (WWT, p. 42). Substituting 30 

feet width for 100 feet in Equation [5], a drawdown 46,216 feet would be required to flow the 

186 gpm through his 30 foot wide "pipeline. 
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Using Wallace's suggested 8 foot diameter15 and one inch diameter "pipelines" (WWT, 

p. 39) produces results so ludicrous the calculations are unnecessary. 

Now let us consider this "pipeline" with the transmissivities used by Mr. Wallace from 

his "leaky" aquifer analysis, and shown in his Exhibit M (a copy is attached here as Exhibit G) 

and use this information to calculate drawdown by equation [5]. Note on the "type curve match" 

he presented in his "leaky" aquifer analysis (see Exhibit Ghere), Mr. Wallace calculated a 

transmissivity of269 gpd/ft, which he argued stridently was the "proper" analysis (see "Proper 

Analysis Indicates Leakage'', WWT, pp. 51-56). 

First, a simple comparison of results from the many hydrologic pump tests already 

conducted in the area should have suggested caution on Mr. Wallace's part in making such a 

claim. Mr. Wallace referenced at least two papers, which are part of a larger compilation, 

generically called Memoir 38 (Memoir 38, 1980). In that compilation was another article 

(Lyford et al., 1980) by authors from the U.S. Geological Survey (USGS) and the New Mexico 

Bureau of Mines & Mineral Resources, who described computer modeling of the Westwater 

aquifer. Two figures from that paper are attached hereto as Exhibit H. Figure 1 of Exhibit H 

shows the areal extent of the Westwater Canyon aquifer, approximately 130 miles by 150 miles. 

The area of Churchrock and Crownpoint, to the lower left in Figure 1, were located as part of the 

original map. The second figure in Exhibit H (Figure 3) shows the numerical grid used for the 

Lyford hydrologic computer model, and represents the transmissivity of the Westwater in units 

of m2/d. On Figure 3, I have written the conversion factor of 80.5 gpd/ft per m2/d. Note that 

Churchrock Section 8 would be located in the transmissivity grid of27.9 m2/d (2246 gpd/ft) on 

15 In this case the "channel thickness" will NOT cancel in Equation [4]. Divide T by 200 feet, and make both 

24 



Figure 3 (Exhibit H), while Crownpoint would be in the 18.6 m2/d (1497 gpd/ft) zone. Compare 

this to the 269 gpd/ft of Mr. Wallace, and 2,550 gpd/ft from HRI (WWT, p. 40). Mr. Wallace's 

"leaky" transmissivity estimate for the Westwater is low by about a factor of six. 

A few years later, these same authors, plus others, published another report on 

hydrogeology of the San Juan basin (Stone et al., 1983), which was reviewed by Mr. Wallace 

(WWT, p. 4) and also referenced by him as "(Stone et al., 1983)". In addition, Figure 74 of 

Stone et al., 1983, was included as Figure 4 in HRI's Unit 1 Sensitivity Analysis (also referenced 

by Mr. Wallace in his "pipeline" discussion, WWT, p. 40). That same figure is attached here as 

Exhibit I, with yet another set of units for transmissivity (fi2/d). I noted the transmissivity 

conversion factor on Exhibit I as 7.48 gpd/ft per ft2/d. Except for arrows and text denoting the 

locatiqn of Churchrock and Crownpoint, the map portion of the Exhibit I is as copied from Stone 

et al., 1983 (Figure 74). Note that both Churchrock and Crownpoint are located in the area of 

250-400 ft2/d (1870-2990 gpd/ft). Again, compare this to the 269 gpd/ft of Mr. Wallace, and 

2,550 gpd/ft from HRI. This time Mr. Wallace's "leaky" transmissivity estimate for the 

Westwater shows to be low by about a factor often. This should have caused Mr. Wallace to 

immediately question and review the results from his attempt at "leaky" aquifer analysis. 

(Exhibit G). 

Rather than noting such a conflict, Mr. Wallace sharply chastised HRI in its pump test 

analysis, Mobil Oil Corporation for its analysis (by Pricket & Associates) of their Unit 1 pump 

test (WWT, p. 45), and by implication, the NRC staff (as the lead agency for the FEIS) in its 

channel width & the 2nd "channel thickness" 8 feet. 
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review and acceptance ofHRI's analyses (WWT, 43-56). And he even reprimanded HRI for 

what he termed " ... fail[ ure] to provide potentially detrimental information ... " (WWT, p. 56). 

We can now calculate the drawdowns, and therefore the minimum setting depths required 

for the submersible pumps in the existing Town water wells, using the various estimates we have 

for transmissivities in the area, and Mr. Wallace's channel widths (with 186 gpm and 13,200 feet 

length as set by Mr. Wallace). These are shown in Table 3 below. 

Table3 

Minimum Required Setting Depth of Pumps 

In Existing Crownpoint Town Water Wells 

Required for "Channels" 

Required Setting Required Setting 

Width of 
Depth of Pumps Depth of Pumps 

"pipelines" 
usingHRl's using Wallace's 

Transmissivity of Transmissivity of 
2,550 gpd/ft 269 gpd/ft 

100 feet wide 13,865 feet 131,400 feet 

30feetwide 46,216 feet 438,100 feet 

This notion of "pipelines" or channels, as suggested and supported by "technical experts" 

for the Intervenors, can not exist in the real world. 

10.3. HYDROLOGIC "STORAGE" THEORY SHOWS PIPELINE 
CONCEPT IS MISTAKEN 

There is also another basic hydrologic principle, which contradicts Mr. Wallace's and 

: Dr. Abitz's "channels" and that should have been considered. Aquifer storage or storativity, as a 
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hydrologic fundamental, has been long understood and is universally accepted in aquifer testing 

and modeling. 

Since their 30-100 foot wide "pipeline" or channel, incorporating all of the Town water 

wells (but see Figure 50-2 in Exhibit C), and extending through HRI's CroWIJ.point ISL project to 

Unit 1, was constructed using only their "conceptual" geologic model (WWT, pp. 10-14; Abitz 

Written Testimony, pp. 3, 27-30), and with no aquifer tests or other real data, we can only 

assume that they will extend their "pipeline" wherever it is needed in the future. The channel 

will not simply end at Unit 1. But assuming their channel continues at the same width, we can 

determine the length required for the water already produced for the Town of Crownpoint water 

wells (narrower will make the required channel length even longer). Also, just as they did, we 

must assume that very little leakage 9ccurs across the boundaries or pipelines or channels, for 

how can "leaky sieves" are considered "pipelines" or channels? 

Surprising to most laypersons is that water and rock are slightly compressible. Water 

compresses about 3 millionths in volume for each pound per square inch (psi) of pressure, and 

·. rock is generally even more compressible. But it is this compressibility of water and rock which 

' ultimately determines the quantity of water available for production from a "confined" aquifer, 

· one in which the water level (indicating aquifer pressure) extends above the upper confining 

, clay. The method of calculating the maximum quantity of water available for production from a 

confmed aquifer is demonstrated in many references on hydrology, including Lohman, U.S. 

Geological Survey Report 708 (pages 8 - 9), which Mr. Wallace (WWT, p. 3) referred to as 

Lohman, 1979. From this and the widths of the "channels" claimed by Mr. Wallace (WWT, 

· pp. 39-42) and Dr. Abitz (Abitz Written Testimony, pp. 27-30), it is rather simple to determine 
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the length of the confined channel or "pipeline" (aquifer) required for exten4ed water production 

from "storage": 

( 1440 minutes) (365 days) (Years of F!ow)(Total Water Well Flowrate, g~llons) 
day year mm ute 

Channel Length, Miles = [ 6] 

( 5280 /e~t)(7.4805 gall~nsJ(storage )(Available Drawdown, Feet)( Channel Width, Feet) 
mile ft 

The completion dates of the Crownpoint Town water wells (excluding NTUA Littlewater 

about 7 miles east of Crownpoint) are given in Table 2 of the Crownpoint pump test analysis 

(HRI, 1992a; indicated as reviewed by both Messrs. Wallace and Abitz). From Table 2, attached 

here as part of Exhibit E, the well completion dates are BIA #3 (1932), BIA #6 (1961), NTUA 

#1 (1964), NTUA Conoco (1974), and BIA #5 (1974). If the water wells have been producing 

since their completion dates, through 1998, the longest production has been about 66 years, the 

shortest about 24 years, with the average about 36 years. Mr. Wallace used 372 gallons per 

minute (gpm) (WWT, p. 41) total flowrate from the Town water wells for the basis of his 

calculations, one-half from each side of his theoretical "pipeline." To find the total volume of 

water coming from the "storage" of the "pipelines," required for the numerator of equation [6], 

and to remain consistent with Mr. Wallace, the water wells were assumed to be producing at an 

average of 74 gpm each(= 372 gpm divided by 5 wells) over the life of their production. 16 Thus, 

the total volume of water produced over 66 years, using 370 gpm as a base, is: 

Volume,ga/lons =(1440 minutes)(365 days){(66yearsX74gpm)+ (37X74)+ (34X74)+ (24X74)+ (24X74)} [7] 
day year 

16 If one would argue with past production being calculated in this manner, we must at least consider it for future 
production just to ensure that the "pipeline" will not dry up and leave the people in the Crownpoint area without 
water. 
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As noted in the discussion above about the Darcy equation relative to channel flow, an 

earlier observed drawdown at NTUA-1 was about 68 feet, with the average maximum achievable 

drawdown to the TOP of the submersible pumps in four of the wells at 207 feet (but let's use 300 

' feet here). The maximum drawdown would occur only at the water wells, and there would be 

less drawdown elsewhere in the narrow "linear" channels away from the water wells. However, 

we will assume that all of the channel is depressurized by 300 feet (which will decrease the 

required length), and, for now, just ignore the other hydrologic principle discussed earlier, 

Darcy's Law. Table 4 below shows the length of the narrow sand channels or "pipelines" of 

Mr. Wallace and Dr. Abitz that would be required to have produced the amount of water 

produced by for the Crownpoint Town water wells to date. To show the effects of a smaller 

flowrate (by 50%), Table 1 also include the required length of sand channels for an average 

production flowrate from the Town water wells of37 gpm per well instead of74 gpm. Also, 

Mr. Wallace estimated a storage coefficient of3.3e-7 in his "leaky" aquifer analysis, attached 

here as Exhibit G, and its affect is shown in Table 4 . 

• Table4 

REQUIRED Length of "Pipeline" or Narrow Sand Channel (MILES) 
Per "Pipeline" Theory of Wallace & Abitz 

To Produce Water for Town of Crownpoint Water Wells 

Required Channel Length (MILES) 
To Produce ---

Channel "Pipeline" or Storage· Flowrate from Flowrate from 
Width Channel Thickness Coefficient Town Wells of Town Wells of 
(feet) (feet) 74 gpm per well 37 gpm per well 

1,000 200 9.44e-5 (1) 6,400 miles 3,200 miles 
400 200 9.44e-5 (1) 16, 100 miles 8,050 miles 
200 200 9.44e-5 (1) 32,200 miles 16, 100 miles 
100 200 9.44e-5 (1) 64,300 miles 32,200 miles 
30 200 9.44e-5 (1) 214,300 miles 107 ,200 miles 
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8 8 3.8e-6 (2) 20.0 MILLION 10.0 MILLION 

1,000 200 3.3e-7 (3) 1.8 MILLION 900,000 miles 
400 200 3.3e-7 (3) 4.6MILLION 2.3 MILLION 
200 200 3.3e-7 (3) 9.2MILLION 4.6MILLION 
100 200 3.3e-7 (3) 18.4 MILLION 9.2MILLION 
30 200 3.3e-7 (3) 61.3 MILLION 30.7 MILLION 
8 8 1.3e-8 (3) BILLIONS of Miles BILLIONS of Miles 

(1) Average storage coefficient of9.44e-5 (dimensionless) from Table 8 of the Crownpoint pump test 
(HRI, 1992a). 

(2) The storage coefficient from (1) includes the total thickness tested of the Westwater Canyon aquifer. 
Since Mr. Wallace assumed that thickness was 200 feet (WWt, p. 40), the storage coefficient for 
a "pipeline" 8 feet thick (WWT, p. 39), would be 3.8e-6. 

(3) The storage coefficient from Mr. Wallace "leaky" aquifer analysis= 3.3e-7 (Exhibit Ghere) . 
Assuming the thickness at 200 feet(WWT, p. 40), the storage coefficient for a "pipeline" 8 feet 
thick would be 1.3e-8. ' 

Note that even 400 and 1000 foot wide channels were considered in Table 4. 

Approximating the water produced to date from the Town wells with half the flowrate used by 

Mr. Wallace, and using a 1000 foot wide channel, that channel would have to extend across the 

U.S. This obviously assumes that none of the other water wells in the WestWater aquifer 

withdraw from the same "channel" as the Town wells. Also, considering the arid conditions, and 

location and amount of"recharge" actually taldng place at the edge of the Westwater aquifer, it 

would be unreasonable to argue that their 100 foot "channel" was one of the few to be perfectly 

placed at the outcrop to receive "recharge." 

Wallace's and Abitz "pipeline" theory is outlandish, and should have been recognized as 

such immediately. 
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11. AQUIFER FLOW TEST ANALYSIS 

11.1. INTERVENORS' ANALYSIS IS CONTRADICTORY 

Messrs. Wallace and Abitz generally show a complete misunderstanding and disregard of 

the methodology for the conduct, analysis, and interpretation of aquifer pumping tests. 

Mr. Wallace's affidavit in particular is filled with contradictions. 

Mr. Wallace flatly states that assumptions of homogeneity, vast areal extent, and "radial" 

flow, as used for the "Theis" method of aquifer test analysis are incorrect relative to the 

hydrogeology of the Westwater Canyon aquifer. "The hydrogeology of the Westwater Canyon 

Member is exactly opposite of these characteristics." (WWT, p. 11 ). Some of those statements 

are shown in Table 5. Dr. Abitz (Abitz Written Testimony, p. 27-31) also states:. "HRI's 

hydrogeological model is grossly oversimplified and inconsistent with the published depositional 

models on the geology and uranium ore deposits in the Grants/Gallup uranium district" (Abitz 

Written Testimony, p. 28). 

Mr. Wallace, then makes a number of statements in support of pump tests in general (if 

properly conducted), and chooses the "Modified Hantush'' method as the proper technique to 

analyze a "leaky" aquifer (see Table 6). Wallace actually describes how the pump test should be 

designed (WWT, pp. 45-46). 

Table 5 
Various Statements by Mr. Wallace Concerning 
Hydrogeology of the Westwater Canyon Aquifer 

5.1: "HRI and its consultants also make inaccurate assumptions about the hydrology of the 
WCM [Westwater aquifer]. For instance, they assume that the formation is ofuniform thickness 
and infinite width across the proposed mining areas (Unit 1 Sensitivity Analysis at 3-4), and use 
aquifer models to predict groundwater flow in the mining zones that are appropriate only for 
aquifers that are homogeneous, isotropic and of vast areal extent. .. . The hydrogeology of the 
Westwater Canyon Member is exactly opposite of these characteristics." (WWT, p. 10, 11) 
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5.2: "In summary, the Westwater is not a homogeneous isotropic uniform aquifer of constant 
thickness and infinite areal extent. Rather it. is a heterogeneous, anisotropic, non-uniform 
formation comprised of buried sand channels and the finer grained material that surrounds 
them." (WWT, p. 14). 

5.3: "The model [Geraghty and Miller AQUASIM] used was analytic, which dictated 
assumptions that the aquifer was homogeneous, isotropic, and of infinite lateral extent. Initially 
it can be said that, due to the well-established fact that the Westwater is heterogeneous, this 
model is not suitable." (WWT, p. 31). 

5.4: "When that same volume of water [100 gpm] is forced through a 1 inch diameter pipe, the 
velocity increases to an astounding 612 feet per minute. This same concept applies to a well 
pumping water from buried sand channels: the narrower the channel in it's lateral dimension (or 
the thinner in the vertical dimension, or both), the faster the groundwater will move within it and 
toward the well. As I will soon demonstrate, how fast the groundwater will move ... when 
modeling aquifer flows." (WWT, p. 39) 

5.5: "Under HRI's model, groundwater flows toward the wells, with the "channel" from all 
points of the compass, and is constrained only by the thickness of the "channel". This radial 
flow condition causes groundwater velocities to decrease nearly exponentially with increasing 
distance from the pumping well. HRI's model was, therefore, guaranteed to generate the very 
slow travel times calculated ... " (WWT, p. 40) 

5.6: "In summary, HRI's inaccurate characterization of the geological and hydrogeological 
characteristics of the Westwater Canyon Member allowed for a nonconservative [radial] flow 
model, which predicted unrealistically #ow travel times." (WWT, p. 42; Original Affidavit 
(January 13, 1998, ~ 15, p. 13). 

Table 6 

Various Statements by Mr. Wallace Concerning 
Pump Tests and 

"Theis" and "modified Hantush" 
Methods for Pump Test Analysis 

6.1: "Pump tests, if properly implemented, are an excellent tool for the identification of breaches 
of confining units, .... " (WWT, p. 19). 

6.2: "Inappropriate Model Used by HR!. To compound the problem, HR! used the "Theis 
Method" to analyze the drawdown data (. . .). The basic assumptions of the Theis Method are 
that the aquifer being tested is of constant thickness and is fully confined above and below by 
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impermeable boundaries so that there is no "leakage" of water from overlying aquifers - that is, 
that water "enters" the aquifer horizontally." (WWT, p. 48). 

6.3: "Theis results cannot be interpreted to infer that a lower aquifer is hydraulically connected 
to an overlying aquifer because the model itself is not designed for that purpose." (WWT, p. 48). 

6.4: "The best analytical method for determining whether or not hydraulic connections exist 
between two aquifers (. . .) is the Modified Hantush Method." (WWT, p. 48) 

6.5: "The Theis Method is virtually useless for testing whether or not a unit is leaking." (WWT, 
p. 49). . 

6.6: "HRl's draw-down curves show a·poor fit to the Theis-type, zero-leakage curve. HRI did 
not explain these deviations, ... ". "My use of the Modified Hantush Method . . . provides that 
explanation." (WWT, p. 51) . 

6. 7: "Employing the prescribed methodology, and starting with the Theis-type curve, ... " (WWT,. 
p .. 52). 

6.8: "Hence, my Modified Hantush-derived drawdown "type curves" ... , using HRl's test data, 
showed leakage ... " "I then examined HRl's "Theis Curve Fit" plots .... " "HRJ's curves showed 
a poor "fit", or match, for drawdown points early in the pump test for both monitoring wells. 
This poor match was particularly evident for the first three data points for well CP-2, and for the 
first data point for well CP-3. This is an important point because early-time data are an 
important feature to match, particularly when investigating leakage." (WWT, p. 53). 

6.9: "Pump tests and pump-test data are the best tools for determining aquifer interconnections 
(i.e., if done properly, they can detect the existence of an interconnection, whether it is due to 
faulting, leaking boreholes, or any of a host of other reasons). Evaluation of historic water-level 
data is useful to complement analysis of pump test results, but never to supplant it." (WWT, p. 
58) 

These statements and characterizations by Messrs. Wallace and Abitz suggest a poor 

understanding of aquifer testing, analysis and interpretation. The second reference [AQUIFER 

TESTING Design and Analysis of Pumping and Slug Tests, Dawson & Istok, 1991] of Exhibit J 

provides information on the underlying assumptions for many of the common aquifer test 

methods, including the Theis and "leaky" analytical techniques. 17 Page "J:B.2" (page 2 of the 

17 There are two references in Exhibit J. Since they are only a portion of the complete reference, they are re
numbered as follows. The I st reference is noted as "A", the 2nd as "B". The I st page ofthe I st reference is 
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2nd reference in Exhibit J) shows how different aquifer characteristics affect the shapes of the 

"drawdown" curves developed in aquifer and well testing. 

Typically such aquifer or well tests consist of pumping water from the aquifer and 

observing the change in water levels over time in the pumping well and/or monitor wells located 

at some distance from the pumping well. Since water level in a well is a direct indicator of 

aquifer pressure, the water level will drop, in both the pumped well and any surrounding wells 

completed in the same aquifer, as water is withdrawn. Conversely, the water level will rise if 

water is injected. This change in water level from its starting point ("static") is called drawdown, 

typically designated with the letter "s" by hydrologists. The characteristic way in which water 

level changes over time provides information about the aquifer (transmissivity, storage, barriers, 

recharge, and degree ofleakage, etc.). This pressure change in the aquifer, or drawdown ('s' on 

J:B.2), is typically plotted against time in various ways (log-log, semi-log, cartesian, 

"dimensionless," ratios, etc.), with the shape of the resulting curves and lines (such as shown in 

J:B.2) allowing the knowledgeable analyst to distinguish various aquifer characteristics. 18 

Pages J:B.3 & J:B.4ofE:xhibit J give the various simplifying assumptions for the 

"Transient, Confined" or "Theis" case, referred to by Mr. Wallace. Sure enough, page J:B.4 

shows that homogeneity, isotropy, infinite radial extent, radial and horizontal flow in the aquifer 

are all assumptions of the "Theis" method. However, Page J:B.7 shows the "conceptual" model 

for the Modified Hantush "leaky" method which Mr. Wallace also discussed at length (see 

marked in the LOWER RIGHT comer as "J:A.l". The 4th page ofreference B would be marked as "J:B.4" at 
the LOWER RIGHT. And so on. 

18 Numerical modeling typically uses the results of these flow tests. However, proficiency at numerical modeling 
does not itself equate to proficiency or experience at the analysis and interpretation of flow tests. This is 
analogous to the many tests performed by specialists in the medical industry: many medical doctors can use the 
INTERPRETED RESULTS from an EEG, EKG or MRI, but have little proficiency themselves in the analysis 
and interpretation of those tests. 
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, Table 6), which considers the aquifer as transient, confined, leaky, and with aquitard storage. 

What is important is to compare its simplifying assumptions (pages J:B.8 and J:B9) to those of 

the Theis (J:B.4). For the Modified Hantush method (page J:B.8 and J:B.9): all layers are 

horizontal and extend infinitely in the radial direction; the aquifer and aquitard (confining layer) 

are homogeneous and isotropic (constant in ail directions); flow in the aquitard is vertical; flow 

in the aquifer is horizontal and directed radially toward the well; the aquifer and aquitard(s) are 

compressible and completely elastic, etc. That is, the Hantush method has the very same 

simplifying assumptions as the Theis method of analysis, and a few more thrown in. In fact, not 

only does the Modified Hanttish method require that the aquifer is homogeneous, isotropic, and 

radially infinite, but it also requires the same for the aquitard, or confining unit. Like the "Theis" 

method of analysis, the Modified Hantush requires "radial" flow. Reference B in Exhibit J, 

shows seven analytical methods, and their simplifying assumptions, used in modem aquifer test 

analysis. Perusing the infonhation in reference B of Exhibit J, shows that all "require" the same 

general ideal conditions. Even the "anisotropy" of pages J:B.10 through J:B.13, requires that the 

aquifer is "homogeneous." Anisotropy is not heterogeneous as implied by 5.1 and 5.2 of Table 5 

above. And, importantly, radial flow is a requirement for anisotropic aquifers analyzed with 

these modem well test techniques. 

These tests, and variations, are routinely conducted in both the hydrology and petroleum 

industries, using common analytical techniques that have been widely accepted for decades. 

Hundreds, if not thousands, of books and articles have been published on the methodology of 

such well test analyses, including discussions of these simplifying assumptions. 
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Thus Mr. Wallace's statements are difficult to understand (see Tables 5 and 6). Each of 

the standard techniques (e.g., Theis, modified Hantush, Neuman & Witherspoon) assume 

homogeneity, infinite areal extent, radial flow, etc. So if 6.1, 6.4, 6.6 and 6.9 from Table 6 above 

are correct, how can any statement be correct in Table 5 above, or vice versa. Because pump 

tests, as well as the Modified Hantush analytical technique, require radial flow, statements 5.5 

and 5.6 above cannot be correct. If 6.4 and 6.8 above are true,. then conclusion of 53 above 

cannot be correct, and the assumptions of the Geraghty & Miller model must be valid. As shown 

in Table 5 above, Mr. Wallace questions and denigrates the very assumptions that form the basis 

for the method (Modified Hantush) he later aggressively argues shows "leakage" (6.4, 6.8 

above). 

The vast majority of water wells are completed in fluvial and alluvial sediments. The 

techniques of Reference B, Exhibit J, are universally accepted and applied in well test analysis of 

such aquifers. Many waste disposal wells, with which Mr. Wallace noted some experience, are 

completed in fluvial sands. The tests (with which I have considerable experience in design, 

analysis, and interpretation) commonly conducted for those wells are typically based completely 

on the Theis late time approximation, and require the simplifying assumptions of Reference B, 

Exhibit J. 

These simplifying assumptions are actually strengths of flow testing techniques, and are 

applied universally, since they provide a base with which to make comparisons to actual data, 

and any deviations from these assumptions are then easily recognized. "Ideal" standards, or 

"type curves," in hydrology and petroleum reservoir engineering, all use the same base 

assumptions, then slightly vary one or more of those base conditions in an "ideal" fashion. This 
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allows the effect of that "deviation" to be determined, e.g. leaky versus non-leaky, confined 

versus non-confined, wellbore storage versus none, aquitard storage versus incompressible, etc. 

It is the form of the "deviation" from the ideal "type curve" (and all "type curves" are ideal, 

including the Modified Hantush curves, see page K:D.2), which provides insight to the 

knowledgeable analyst. The amount, direction, and appearance of the deviation from the Theis 

type curve allows us to assess amount and direction of anisotropy, to determine degree of 

"leakage" of confining units, to distinguish fault or other flow barrier from a leaky confining 

unit, etc. So data from typical pump tests are always compared first to the Theis or base curve . 

Any deviations from this base case leads to analysis with other methods, also "ideal," until the 

cause for the "deviation" from the Theis (or "exponential integral solution" per reservoir 

engineering) is found. And contrary to Mr. Wallace's contention, HRI did conduct a "leaky" 

aquifer analysis for all of its pump tests (as did Mobil Oil Corporation for its Unit 1 test) with the 

Theis. HRI did not see deviation from this base, non-leaky case. This will be discussed in 

considerably more detail below . 

Exhibit K provides some examples of type curves, from a number of references, and the 

related reservoir characteristics. Consider Page K:D.2 (2°d page of Reference D in Exhibit K) 

which is "Plate 4" that Mr. Wallace used for his Modified Hantush "leaky" aquifer analysis. As 

that figure shows, the limiting curve is the "Theis," as "leakage" decreases. 

Because of this, I disagree emphatically with Mr. Wallace statements 6.2 and 6.5 (Table 6 

above): "The Theis Method is virtually useless for testing whether or not a unit is leaking". The 

Theis is the base from which we measure deviation for all of the other standard aquifer test 

methods, including the Modified Hantush. Mr. Wallace's reasoning seemed to be based on his 
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perception of different underlying base assumptions for the Theis method, compared to the 

Modified Hantush; which, as discussed earlier; this is just not so. This misapprehension reflects 

Wallace's naivete with the analytical methods ofw~ll test analysis, which is what this discussion 

is concerned. The real issue is not about using Theis versus Modified Hantush or any other 

standard method. Mr. Wallace's attempt to discredit one analytical method (Theis) because of its 

underl~ing assumptions, in favor of another (Hantush) that relies on the same underlying 

assumptions reflects his poor understanding of hydrology and invalidates his "leaky" aquifer 

analysis . 

11.2. INFINITE ANALYSIS IS STANDARD TO ALL 
ANALYTICAL MODELS 

Suprisingly, Mr. Wallace considered the "infinite radial extent" of the hydrologic models 

, as a "limiting" assumption (5.1, 5.2, 5.3 of Table 5). As noted above and in Reference Bin 

Exhibit J, the assumption of an "infinite" aquifer is basic to all standard well test analytical 

methods. But as stated in Earlougher, 1975 (page 4; included in Exhibit J as Reference A}: 

Most transient-test analysis techniques assume a single well operating at a 
constant flow rate in an infinite reservoir. That boundary condition is useful 
because every well transient is like that of a single well in and infinite reservoir -
at early time. At later times the effects of other wells, of reservoir boundaries, and 
aquifers influence well behavior and cause it to deviate from the 'infinite-acting' 
behavior. 

[emphasis added]. 

What this is saying, is that it takes time for the pressure affects of a "barrier" (fault, 

stratigraphic pinchout, aquifer terminus) to be felt throughout the reservoir when pumping or 

injection takes place. Therefore, during testing, all wells behave as if they are in an "infinite" 

reservoir until the pressure changes caused by a flow barrier, or other affects, are sufficient to 
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influence the observation point. This time interval that a well acts as if it is in an "infinite" 

,,, reservoir is called the "early" time. This is also one of the most basic of all aquifer and well test 

' ' 

fundamentals. Because barriers to horizontal flow in aquifers or reservoirs cause a larger 

pressure effect than if the barriers were not there, nearby boundaries will be detected through 

aquifer or well testing after the "infinite" or "early" time portion of the test. This is one of the 

primary reasons for conducting pump tests. 

11.3. RECOGNIZING FLOW BARRJERS IN AQUIFER TESTS 

Persons knowledgeable and skilled in aquifer test analysis should know that flow 

boundaries.(both total and partial) encapsulating the "pipelines," such as theorized by 

Mr. Wallace and Dr. Abitz to so completely dominate water movement in the region, and to 

extend through the whole thickness of the Westwater aquifer, 19 would be easily and instantly 

recognized in either single well or multiple well aquifer tests, as discussed below. Such aquifer 

(reservoir) tests demonstrate which reservoir characteristics dominate in controlling direction and 

speed of fluid movement (e.g., flow boundaries, fractures, anisotropy) and distinguish between . 

the "conceptual" aquifer and the "actual." None of the tests that have been submitted with CUP 

Application documents have showri any boundary conditions. 

The Westwater Canyon aquifer, as part of the San Juan Basin, is a "confined" aquifer. 

Simply, this means that it is confined above and below by clays, and that measured water levels 

(indicating pressure) for the aquifer extend above the upper confining clay. It does not mean that 

the aquifer is confined to the sides. In groundwater terminology, such lateral confinement is 

called a "flow boundary," and easily recognized in either individual well or multiple well aquifer 

19 Wallace Written Testimony, p. 40, 41: "a 200 foot channel thickness"; ".The assumptions I used in my travel
time calculations were based on real-world data.,.". 
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flow tests. Typically such tests consist of pumping water from the aquifer and observing the 

change in water levels over time in the pumping well and/or monitor wells located at some· 

, \ 

distance from the pumping well. The general :i;nethodology of these tests was discussed earlier. 

Exhibit M20 contains examples of "barrier" recognition. Determining distances to such 

boundaries or barriers is shown in Exhibit N. Determining the size of the area tested ("radius of 

investigation, drainage or influence," from both the hydrology and petroleum industries, is 

shown in Exhibit P. Note that the references show techniques for single well and multiple well 

tests. As described more fully below, many single well tests have been conducted in the 

Westwater aquifer across the decades. For example, pages M:C. l 0 and M:H.A show how easy it 

is to recognize flow boundaries in even single and multiple well tests. These tests indicate, not 

only the distance to a flow boundary if on~ exists, but also whether that boundary is "partial," 

through which some flow might cross, or "total," as for the postulated "channels" and 

"pipelines" of Mr. Wallace and Dr. Abitz. Moreover, these flow boundaries are not subtle 

variations within the test data, but are easily recognized through analysis of the data. The 

hypothetical "pipelines" as described by Mr. Wallace and Dr. Abitz would consist of two, 

approximately parallel, "total" boundaries, since all water is theorized to pass through a single 

channel as argued by Mr. Wallace. Exhibit 0 shows no such flow barriers at Crownpoint, the 

very area that Mr. Wallace theorized his Pipeline" to Unit 1. 

As explained above, the area of the aquifer examined during a pumping test increases 

outward from the pumping well as time of the test increases. This allows the "radius of 

investigation" (described above) and determination of the distance to flow boundaries, if they 

20 There are nine references (M:A through M:H) in Exhibit A, but obviously only a portion of each complete 
reference is reproduced here. Each page was renumbered in the LOWER RIGHT comer to make referral to the 
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exist. (See Exhibit P). In terms common to flow test analysis both in hydrology and petroleum 

industries, an aquifer is "infinite acting" or "infinite" to the distance and time at which a flow 

boundary is detected. It is the deviation from this "infinite acting" which allows barriers to be 

recognized. This is a very basic premise of aquifer flow test analysis. The "radius of 

investigation" for the pumping tests conducted at the CUP are: · 

HRI's regional Crownpoint test (1991) --- 5,900 feet radius= 11,800 feet diameter 

Mobil's Unit 1 (1982) --- 2,800 feet radius= 5,600 feet diameter 

HRI's regional Churchrock test (1988) --- 2,350 feet radius= 4,700 feet diameter. 

At these distance, no flow boundaries, and certainly not the dominating "pipelines" of 

' Mr. Wallace and Dr. Abitz, were observed in the pumping tests within thousands of feet of the 

pumping wells. 

11.4. THE "LEAKY" WELL TEST ANALYSIS IS NOT CORRECT 

Mr. Wallace argues that the Westwater Canyon aquifer is composed of channels that are 

essentially are non leaky ["My assumption that the channels are separated, and therefore 

bounded . .. " (WWT, p. 39)], through which groundwater flows at hundreds of gallons per 

minute over many miles, while reaching astounding groundwater velocities. Yet, he generally 

characterizes the confining layer to this same aquifer to be so leaky that it is not even worthwhile 

to continue, or run additional pump tests: "The new groundwater pump tests required by LC 

. 10.23 [additional pump tests] are unlikely to change any of the aquifer parameters or yield new 

information verifying geologic confinement, ... " and "Thus, the requirements of License 

Condition 10.23 will only provide additional information, not reduce the potential for vertical 

· excursions." (WWT, p. 54). 

information easier. For example, the i•1 page of the i•1 reference would be noted as M:A-1; the 3rd page of the 
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Mr. Wallace's attempt to prove excessive le'akage by well test analysis with the Modified. 

Hantush method fails on several points: (1) the figure which he claims shows a "curve match" to 

the Modified Hantush leakage curve is a very poor match, even with the most casual observation, 

(2) he misuses the concept of "early" time, (3) Finally, he fails to test for reasonableness. 

One. Mr. Wallace touts his analysis ofHRI's Crowripoint pumping test (HRI, 1992a) 

with the Modified Hantush method as "showing" leakage in the Westwater Canyon aquifer while 

completely discounting the analysis HRI obtained using the "Theis" method. However, both 

techniques are graphical, and rely on a visual match of standardized "type" curves to plots of the 

actual data. Notably, Mr. Wallace only offered his opinion ofHRI's "poor match" of pump test 

data points, and did not allow a direct visual comparison with his figures, which he lauded as 

"much better matches". To allow an actual comparison, Mr. Wallace's Figure 2 is' reproduced 

here for monitor well CP-2, also as Figure 2 in Exhibit L. HRI's data analysis plot for that same 

observation well (CP-2) is also reproduced in Exhibit L as Figure C.2-E. Checking his Figure 2, 

the "type" curve is shown as a solid line, while the data observed for monitor well CP-2 during 

the pumping test are shown as dots or points. This cannot be characterized as a "good match," 

with the "type" curve; first it is considerably above, then below, and then once again above the 

monitor well data it was intending to "match." Possibly two data points actually fell on the 

"type" curve, and that was purely a consequence of simple geometry, which describes the 

intersection of two curves. With such a loose definition, ANY curve drawn on Figure 2 could be 

claimed a "good match." It is for this very reason that "pressure derivatives" are used in modem 

well test analysis (as HRI did for its analysis of the test data; HRI, 1992a) to provide unique 

1•1 reference would be M:A-3; the 5th page of the 2nd reference would be M:B-5; and so on. 

42 



• 

"curve matches" free of bias. From Spane & Wurstner (1993) on the use of"pressure 

derivative" in modem well test analysis: 

The improvement in test analysis is attributed to the sensitivity of the derivative to 
small variations in the analysis. The sensitivity of the pressure derivative to 
pressure change facilitates its use in identifying the effects of well bore storage, 
boundaries, and establishment of radial flow conditions on the test. They go on to 
say: The vigorous response in the use and application of pressure derivatives for 
hydraulic test analysis in the petroleum industry has not been matched within the 
hydrological sciences. 

Two. Mr. Wallace speaks to the importance of the first two to three data points when 

analyzing aquifer leakage by "type" curve matching and states of HRI' s "type" curve match that 

"this poor match was evident for the first three data points for well CP-2 ... " This is wrong and 

misleading. Mr. Wallace makes an unconditional statement about the importance of the first two 

or three data points (water level measurements) of a pumping test, without the slightest 

consideration of the time and water level drawdowns those data points represent, the method of 

water level measurement used in the test, the effect of "wellbore storage" on very early water 

level measurements in pumping and monitor wells, or the use of "pressure derivatives" in finding 

a singular and unique curve match. As noted earlier, HRI's "type" curve match for monitor well 

CP-2, which Mr. Wallace discussed specifically, is attached here as Figure C.2-E. Note from 

Figure C.2-E that the first three data points were taken at seven minutes, twenty minutes, and 

thirty-one minutes into the test. The water level drawdowns (the downward change from its 

starting level caused by pumping) associated with those three early points were 0.01, 0.08 and 

0.14 feet, respectively (HRI, 1992a, page 2 of Table B.2a), and were all taken with an e-line unit 

(electric wire manually placed into and pulled out of a monitor well for each water level 

measurement; HRI, 1992a, page 48) at depths about 400 feet from surface (HRI, 1992a, page 2 

of Table B.2a). The 0.01to0.14 feet compares to 17.9 feet of overall drawdown for well CP-2 
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during the test. It is extraordinary that Mr. Wallace would claim that the critical data points for 

determining ifthe Westwater Canyon aquifer is "leaking," for a well about 950 feet away from 

the pumping well, occur less than about thirty minutes into a test lasting 4,320 minutes 

(72 hours) overall, with drawdowns measured at those initial times of less than fifteen 

hundredths of a foot out of almost eighteen feet of eventual drawdown and while using an e-line 

for water level measurements taken from about 400 foot depth. His claim that those are the most 

critical data points for analysis is indefensible, and suggest very limited experience in both the 

conduct and analysis of pumping tests, especially using modem analytical techniques. Is 

apparent that Mr. Wallace did not consider the effect of"wellbore storage" [i.e., the volume of 

the monitor well casing itself in relation to the size of water level movement occurring in the 

casing] while making such inaccurate claims. In addition, it is surprising that Mr. Wallace would 

consider the third data point, at 31 minutes into the test, as a "poor match" considering his match 

of the data shown in his Figure 2 (reproduced here and placed above Figure C.2-E in Exhibit L). 

Mr. Wallace appears to misunderstand the meaning of "early-time data." Quite often 

such confusion stems from the analytical procedures being used as "recipes," rather than 

understanding the basic underlying concepts of those procedures. Perhaps that is what 

Mr. Wallace meant when he stated "Employing the prescribed methodology ... " As discussed 

earlier, a number of standardized "type" curves have been developed to mimic the water level 

changes in an aquifer due to pumping. The shape and use of these "type" curves vary according 

to basic assumptions used in their development. Generally, "early" indicates that portion of the 

data which has not deviated significantly from a standardized "type" curve developed 

specifically to analyze the initial portion of a pumping test, while "late" would indicate the data 

which has deviated considerably, and "intermediate" is in between. Most analytical techniques 
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deal with the initial data, rather than late, so it is not surprising that emphasis is placed on "early" 

time data. Yet that early time data is defined for most analytical methods, as is the case for the 

Modified Hantush method from Dawson & Istok, 1991 (page 133) under their heading "Early

Time Solution" where they state: "This solution applies to all three cases for early times or for 

relatively thick impermeable aqtiitards, defined as when t < m'S' / 10 K' ... "(the underline 

·emphasis is mine). This µieans that "early time" is defined as those times LESS than that 

calculated from multiplying the thickness of the aquitard (confining clay) by the storage of the 

aquitard divided by ten times the hydraulic conductivity of the aquitard., where m' in this case is 

the thickness of the aquitard or confining clay unit. This same definition can be found in 

Kruseman & de Ridder, 1994 (page 91). "Early" does not mean the first two or three data points. 

Three. Certainly any credible investigation into possible adverse environmental 

consequences of a proposed project should include a test of "reasonableness" for any 

conclusions, to ensure that a perceived peril is substantive, and more than simple musings or 

bias. It appears that Mr. Wallace did not consider the reasonableness of inferences drawn from 

his speculations. Two examples are presented below. 

Mr. Wallace calculated the aquifer transmissivity and storage coefficient from his 

"leakage type curve" fit shown in his Figure 2 (and attached here as discussed above). The 

higher the transmissivity for the same thickness, the higher the permeability of the rock and the 

"easier" water flows. Mr. Wallace calculated transmissivity as 269 gallons per day per foot 

(gpd/ft). As discussed earlier in the section on Darcy's Law, this transmissivity is too low by 

about seven times. 
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Mr. Wallace's very low estimate oftransmissivity is unreasonable and should have been 

recognized immediately as such by any test analyst familiar with the Westwater Canyon aquifer 

and the San Juan Basin. 

Also the storage coefficient of 3.3e-7 (dimensionless) shown on Figure 2 in Exhibit Lis 

physically impossible and should have been immediately recognized as such. As discussed 

elsewhere in this affidavit, water and rock are actually slightly compressible and this 

compressibility is included in the "storage coefficient." The compressibility of water is about 

3e-6 psr1 (the higher the value the greater the compressibility) and ranges very little from this 

value. Rock, however, is actually even more compressible than water, with values 2 - 100 times 

higher than that of water. Using a porosity of25% (HRI, RAI 3/99) and an aquifer thickness of 

200 feet favored by Mr. Wallace, the storage coefficient of3.3e-7 reported by Mr. Wallace . . 

would require a total compressibility (water+ rock) l .5e-8 psr1
, 20 times too low even for water, 

much less ifthe compressibility ofroc~ is included. lf250 feet thickness had been used, the 

required total compressibility would have been even lower. Such a contradiction should have 

been noted immediately by any proficient in flow test analysis. 

11.5. CONCLUSIONS FOR UNIT 1 AND CHURCHROCK PUMP TESTS 
INAPPROPRIATE 

Mr. Wallace's conclusions concerning the pump tests at Unit 1 and Churchrock Section 8 

are unsupported: 

I reviewed the pump test data for the Crownpoint site and HRI's summary of the 
results of Mobil's 1982 test at the Unit 1 site and Churchrock. Based on this, 
review I believe that the tests themselves were inappropriately designed and 
implemented in the field, and that the resulting data were analyzed using the 
wrong hydrological model. The effect of the poorly designed and analyzed pump 
tests was .... 

(WWT, p. 45). 
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First, Mr. Wallace's "HRI's summary" of the Unit 1 pump test was actually the analysis 

performed on the Southtrend (Unit 1) pump test for Mobil Oil Corporation by Prickett & 

Associates (nationally known in both aquifer test analysis and aquifer modeling). To suggest 

that it is "HRI's summary" of Unit 1 is misleading. Wallace offered nothing to support his 

claim that the Unit 1 pump test was "inappropriately designed and implemented in the field, and 

that the resulting data were analyzed using the wrong hydrological model." 

As for Churchrock Section 8, the only reference by Mr. Wallace that I noted, to any 

specific data concerned with that test, was in a footnote: 

In comparison, I later evaluated a Church Rock pump test, using the Hantush 
Method, and found for a single well that it matched the limiting Hantush case, 
which was equivalent to Theis. This shows that the Hantush is not biased and can 
recognize confinement if it exists. 

(WWT, p. 55, Footnote #14). 

Thus, the only specific information Mr. Wallace provided for Churchrock Section 8 was 

for a "single" well, and then, he stated that the Westwater showed confinement. Again, no new 

analysis or re-interpretation of the pump test data was provided, and certainly nothing supporting 

his claim that the Churchrock Section 8 pump test was "inappropriately designed and 

implemented in the field, and that the resulting data were analyzed using the wrong hydrological 

model." Mr. Wallace unsupported opinion lacks credibility. 

The only re-interpretation of pump test data was for the Crownpoint pump test, and that 

was an attempt at "leaky" aquifer analysis by Mr. Wallace. Even then, nothing was provided, or 

even suggested, that any of the pump tests indicated flow "barriers" which would support their 

claims of "channels." 
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11.6. IMPORTANCE OF BAROMETRIC PRESSURE 

Other statements of Mr. Wallace indicate unfamiliarity with the basic methodology and 

interpretation of aquifer tests or were contradictory. Mr. Wallace quoting HRI stated: "[well] 

CP-1 was not used as a Dakota observation well because the usual fluctuations caused by 

barometric and diurnal influences was considered too poor for its use as a monitor well." 

(WWT, p. 47). He goes on to state: "Fluctuations in barometric pressure are of only second 

importance and are not crucial to this type of test. Such fluctuations are likely to cause water 

level shifts of only a few centimeters, not meters." (WWT, p. 47) . 

Mr. Wallace's statements call into question his knowledge of design and conduct of 

aquifer pump tests. Mr. Wallace questions regarding verification of the "poor" barometric 

response of CP-1, raises a separate issue.21 Importantly, he does not appear to understand the 

significance of a well not responding to barometric and diurnal influences. Of fundamental 

importance in aquifer tests is that the observation wells actually "observe." Because of the time 

and cost of conducting a pump test, it is typically demonstrated before the test that water levels 

in the observation wells move as the aquifer is stressed, that is, that the water levels respond to 

barometric and diurnal influences. At the same time, the longer term "trend" of the water levels 

in the aquifer, up or down, is measured to determine if they are significant enough to require 

"correction" of the later pump test data. Even then, the longer term "trend" rarely completely 

masks the barometric and tidal affects on the aquifer. So, it is very significant if any observation 

well does not show a response to barometric and diurnal influences prior to conducting the pump 

test. Mr. Wallace is completely wrong when he suggests that typical response during the pump 

21 Mr. Wallace aggressively suggests a significance to the regional pump tests (which is the test he is 
discussing)conducted prior to licensing and with few wells, beyond the historical standard set by regulatory 
agencies for uranium ISL. That standard placed primary importance on the later pump tests, conducted prior to 
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test is on the order of meters, not centimeters. A response of just centimeters in wells completed 

in the overlying zones might be significant. As reported by Kruseman & de Ridder, 1994 (pp. 44, 

45): 

Before being used in the analysis, the observed water levels may have to be 
corrected for external influences (i.e., those not relating to the pumping). To find 
out whether this is necessary, one has to analyze the local trend in the hydraulic 
head or watertable .... Hydrographs of the well and the piezometers, covering 
sufficiently long pre-test and post-recovery periods, will yield the information 
required to correct the water levels observed during the test. 

Wells in a typical ISL aquifer which did not respond to barometric and diurnal influences 

could not be considered a good observation well for a pump test, especially for the 

overlying zone. 

12. REINJECTION OF BLEED AT CHURCHROCK SECTION 8 

Bleed is the amount of water withdrawn, but not reinjected back into an ISL wellfield. 

The purpose of the bleed is to cause a lower water pressure ("cone of depression") in the area of 

the ISL wellfields and help contain the ISL lixiviant. A "rule of thumb" for the uranium ISL 

industry has been 1 % bleed (1 % less volume injected than withdrawn; but this varies, e.g., 0.5% 

was used for the Crow Butte ISL project). HRI used 1 % bleed, with a preliminary wellfield 

design (well arrangement based on current knowledge of ore placement), in its hydrologic 

computer model for Churchrock Section 8 to demonstrate that lixiviant can be controlled and 

horizontal excursions prevented. As with all ISL projects at this stage, only a preliminary 

wellfield design is available, since the final well pattern relies on the actual uranium ore 

configuration at the Churchrock Section 8 ISL site, and that will be determined later with 

additional exploration drilling, wellfield by wellfield, as the project progresses. 

operation of individual ISL mine units, using many more wells, and demonstrating that EVERY monitor well 
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Intervenors mistakenly assume that bleed by itself is the most effective means of 

excursion control (WWT, pp. 27-30; Staub Written Testimony, pp. 34-35). This is not so. I 

have been involved in the design, operation, restoration, and management oflSL wellfields for 

over 20 years. During that time I have run literally thousands of computer models analyzing 

l~xiviant control for the both initial wellfield design, and real wellfield operations. It is the well 

pattern design and operation, which allows control of the lixiviant, with bleed simply one tool 

used in that control. ISL regulators recognize this also. They ensure that each ISL project has 

• 
the capacity to properly manage and dispose of any wellfield bleed that might be required. Yet, 

licenses/permits do not require that a certain bleed rate be used or maintained in real, ongoing 

operations. 

As stated earlier, the well configuration (well pattern) used in a wellfield is determined 

by the final shape of the uranium ore, often with multiple well patterns (2-spot, 5-spot, 7-spot, 

staggered line drive, etc.) used in one wellfield. The location and amount of the bleed during 

actual operations is changed according to this well configuration, as wells are turned on and off 

' 
' day to day. This is fundamental to ISL operations. I do not know of any ISL project that 

operates differently from this. Ongoing operation of commercial ISL projects evidences that 

Iixiviant are controlled using varied bleed rates. 

Although it incorporates a relatively expensive distillation cleaning process, the program 

of bleed reinjection was developed as a means of conserving groundwater in the Westwater 

aquifer to meet conservation goals of the NM State Engineer's Office. Under that program, 

rather than "disposing" of the bleed waters, most of that water is cleaned and returned back to the 

will properly observe the ISL operation. HRI did not set this standard. 
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' aquifer, out~ide or beyond the monitor wells. Relative to this reinjection, Dr. Staub suggests that 

additional modeling is needed because: "Depending on where this fluid is reinjected, it could 

interfere with nearby monitoring wells or have a synergistic effect on operations as a whole" 

(Staub Written Testimony, p. 35). 

Mr. Wallace makes much stronger statements (WWT, pp. 29-30): 

Failure to put this critical feature [bleed reinjection] into the models is sufficient 
in its own right to invalidate all model results and conclusions. 

As an expert with nearly two decades of experience in hydraulic analysis, and 
numerous publications· in this particular specialty, I can explain what the results 
would show if they had put the reinjection in. Since the bleed is only an overall 
effect, averaged out over a large area, it is rendered useless if the fluid removed 
is reinjected in the same general area. 

There is no way to quantitatively evaluate such an activity without knowing 
exactly where the reinjection is to occur. Even then, modeling or other formal 
analysis is essential. 

... HRI plans to reinject most of the 1 % production bleed, in relatively close 
proximity to the mining zone, in the same aquifer, thereby defeating the purpose 
of the bleed (to contain lixiviant and prevent excursions) . 

Common hydrologic sense would dictate that the fluid must be transported to 
another place completely outside the zone of influence. 

Again, Mr. Wallace's comments are simply wrong. Movement of fluid in the subsurface is 

controlled mostly by the location and distance between wells, and the relative amounts of flow in 

and out of the wells. Closely spaced wells (as in an ISL wellfield) have a much greater affect on 

the movement of nearby water, than wells at a greater distance, say beyond the monitor well 

ring. The typical distance in ISL wellfields from the nearest ISL well to the nearest monitor well 

is about 400 feet. Even if we were to place the reinjection well(s) as close to the monitor wells 

as 100 feet beyond that, there would.be ·a minimum of 500 feet to the nearest ISL well. It is not 

unusual for any ISL operation to have a few hundred wells operating at any one time in the 
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wellfield pattern. As will be explained below, the suggestion that one more well, set at 500 or 

more feet from the ISL wellfield, out of a hundred or more already operating, will cause an 

uncontrolled excursion, is illogical. Such reinjection wells, called "barrier" wells, have been 

proposed in the past as a means to confine i:md control the ISL operations .. 

The affect ofreinjection on the operation of an ISL wellfield could easily have been 

determined by the Intervenors; apparently they did not attempt to find out. Dr. Staub suggests 

the reinjected bleed "could interfere" with nearby monitor wells. Mr. Wallace implies dire 

consequences, and invokes his "experience" and "common hydrologic sense" as support, The 

two important considerations concerning questio.ns of "excursion" control and magnitude and 

affect ofwellfield bleed or of the affects of distant water wells, are the speed and direction of 

water movement at any particular location in the aquifer. It is a rather uncomplicated matter to 

determine the overall affect of reinjection of clean water on "control" oflixiviant in the wellfield, 

using hydrology or reservoir engineering fundamentals. The "Principle of Superposition" in well 

hydraulics states that the affect of any injection or extraction is additive at any place in the 

reservoir. In other words, for any particular point in the aquifer, simply add up the affects of all 

of the injections and withdrawals from the reservoir on that point. Another hydrologic 

fundamental is that the change in pressure caused by injection or extraction of water decreases 

exponentially with increasing.distance. That is, injection or extraction of water creates a much 

smaller pressure change in the aquifer at a distance than close to the well. Table 7 shows the 

caused by reinjection of bleed at various distances from an ISL wellfield. The velocities were 

calculated at steady-state, which means that they would be the maximum velocities achieved 

with increasing time. I used the minimum distance from the ISL wellfield to one or more 

reinjection wells as 500 feet as discussed earlier. The values of21 % porosity and 200 feet 
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thickness were used as conservative (increasing the velocity). Also included are velocities at 

25% porosity and 250 feet thickness, as more likely averages at Churchrock Section 8 

(Lichnovsky Written Testimony). Velocities moving away from the well were made negative, 

while those moving toward a well were made positive. 

Table 7 

Maximum Water Velocities 

Due to Reinjection at 40 gpm 

• 
And Domestic Water Well Producing at 5 gpm 

Reinjection Reinjection Water Well Water Well 

Distance from 
40gpm 40gpm 5gpm 5gpm 

200 ft thick 200 ft thick 200 ft thick 200 ft thick 
Injection or 21 % porosity 25% porosity 21 % porosity 25% porosity 

Extraction Steady-State Steady-State Steady-State Steady-State 
Well Water Velocity Water Velocity Water Velocity Water Velocity 

Feet per YEAR Feet per YEAR Feet per YEAR Feet per YEAR 
500 feet -21.3 -14.3 2.7 1.8 
750 feet -14.2 -9.5 1.8 1.2 
1000 feet -10.7 -7.2 1.3 0.9 

Y4 mile -8.1 -5.4 1 0.7 
Yz mile -4 -2.7 0.5 0.34 
1 mile -2 -1.4 0.25 0.17 

1 Yz miles -1.3 -0.9 0.17 0.11 
2 miles -1 -0.68 0.13 0.08 

Note that these velocities are in feet per year. They would then be added to the water 

velocities at any point in the aquifer, located at the distance from the well specified in the table. 

From Table 4, the maximum change in velocity, would be 21.3 feet per year for the distance of 

500 feet from the reinjection well, and that would be directed into the interior of the ISL 

wellfield because water moves away from the reinjection well. In other words, if the direction of 

the water movement at 500 feet from the reinjection was not moving at all prior to starting the 

reinjection, it would start moving at 21.3 feet per year away from the reinjection well. If the 
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water was already moving away from that well, the reinjection would cause it to move 21.3 feet 

in one year more than it would have moved anyway. IF the water velocity at 500 feet was 

already directed toward the reinjection well, then the velocity of that water would slow by 21.3 

feet per year. Far from the "critical feature" suggested by Mr. Wallace, this shows that 

reinjection of bleed is an insignificant feature, and his remarks lack any credibility. Reinjection 

will be insignificant in control oflixiviant at Churchrock Section 8. 

Mr. Wallace and Dr. Staub also ignore the monitor wells, which will encircle the 

wellfield during operations. Monitor wells are the actual demonstration of day to day, real-world 

lixiviant control. 

13. ISL INJECTION OCCURS SIMULTANEOUSLY WITH EXTRACTION 

Mr. Wallace states: 

If a mild [pumping] test shows leakage, then a larger operational scale test will 
show leakage as well, only more so. To argue otherwise, as HRl and NRC have 
done, is equivalent to saying that, because a balloon burst when being filled from 
a tap, it would not burst if filled from a firehose at higher pressure. 

(WWT, p. 44). 

Obviously, it is unreasonable to equate a uranium ISL mine with an exploding "balloon." Yet, at 

HRl's proposed ISL project, all water to be injected must first be extracted from the same area. 

With "bleed" (i.e., the amount of water NOT re-injected), injection is always less than extraction. 

Even without bleed, injection could only equal extraction, but never be higher. In addition, the 

flowrate is not all injected or extracted from one well. At Churchrock Section 8, using the 

design flowrate of 30 gpm for individual wells, about 100 wells each for injection and extraction 

scattered about the area, will be used at any one time. Perhaps Mr. Wallace's use ofthis analogy 

is based on his experience with waste disposal wells. In disposal wells, there is only injection, 
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and pressure builds up in the disposal zone because the water and rock in that zone must 

compress to make room for the waste fluids being injected .. This is just not the case for a 

uranium ISL project. 

14. AFFECTS ON WATER WELL NEAR CHURCHROCK 

Page 9 oflntervenors' Legal Brief states: "Within approximately 1.5 miles of the Church 

, Rock site, there is a domestic water supply well . .. " To show the affect of a domestic water well 

on groundwater velocities at various distances from the well, Table 4 includes water velocity 

changes caused by a domestic water well operating continuously at 5 gpm. As in the discussion 

above, the Principle of Superposition applies and the velocities in that table are "added" to 

1 existing groundwater movement. Using Dempster, Practical Engineering, p. 5 as a guide, and 

assuming 6 people and numerous livestock using the well daily, domestic water requirements 

were estimated for the well totaling 702 gallons per day (0.5 gpm). To be ultra conservative in 

analysis, this was than arbitrarily increased by ten times to 5 gpm on a continuous flow basis. 

Table 4 shows that under these conditions the affect of producing such a water well would be to 

increase water velocity at the ISL site toward that well by less than 0.2 feet per year. 

Consequently, a domestic well 1.5 miles away would have almost no affect. 

15. FLOW IN THE CHURCHROCK MINE WORKINGS 

Mr. Wallace writes of Darcy's law and the mine workings at Churchrock Section 17: 

... HRI claims that the mine workings are essentially zones of infinite 
permeability and a porosity of 1. . . . But, in fact, the concept of permeability has 
no role in describing flow within these zones [mine workings], so the whole 
argument is absurd, and both parties [HRI & NRC] are wrong. 

(WWT, p. 71). 
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Mr. Wallace later wrote: "In such a model, the mine workings would be treated similarly 

to the way HRI described them above; as high permeability zones with a porosity of l ." (WWT, 

p. 71) [emphasis added]. 

In addition, Mr. Wallace may want to reconsider his arguments that "turbulence" and 

"turbulent phenomena" will occur in the mine workings during restoration of Churchrock 

Section 17 (requiring a "turbulent flow type of moder') (WWT, p. 72, 73). 

16. COMMENT ON TESTIMONY OF DR. STAUB EXCURSION REPORT 

Concerning "Inadequacies of Groundwater Flow Modeling in HRI' s Application," 

Dr. Staub quoted his Staub et al. (1986) report and stated that horizontal excursions can be 

expected to occur and the reasons for that. However, what was also written in the Staub et al. 

(1986) report: 

3.3 SUMMARY OF EXCURSIONS, THEIR CONSEQUENCES, CAUSES 
AND CONTROL 

Horizontal excursions are not of serious concern in in-situ, uranium mining. First, 
the manipulation of injection and production rates is adequate for controlling 
horizontal excursions. Second, eventual restoration of an ore zone aquifer is an 
extension of horizontal excursion control. During aquifer restoration the bleed 
rate would be increased and natural or treated (rather than lixiviant rich) ground 
water would be injected. Natural ground water would also be swept through the 
ring of monitor wells and toward producing field wells. Thus aquifer restoration 
methodology is similar to, but more intensive than, horizontal excursion control. 
Any areas remaining on excursion status at the end of mining would automatically 
be brought under control during the restoration process. 

(Staub et al., 1986, p. 29). 
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28 Physical Properties and Principles / Ch. 2 

oil, and water in multiphase flow systems makes the use of a fluid-free conductance 
parameter attractive. When measured in m2 or cm2, k is very sinall, so petroleum 
engineers have defined the darcy as a unit of permeability. If Eq. (2.28) is substituted 
in Eq. (2.3), Darcy's law becomes 

- -kpgdh 
V- µ d/ (2.29) 

Referring to this equation, I darcy is defined as the permeability that will lead to 
a specific discharge of I cm/s for a fluid with a viscosity of I cp under a hydraulic 
gradie~t that makes the term pg dh/dl equal to I atm/cm. One darcy is approxi
mately equal to 10-s cm2 • 

In the water well industry, the unit gal/day/ft2 is widely used for hydraulic 
conductivity. Its relevance is clearest when Dare 'slaw is couche · terms of Eq. 

(2.4): ;) l -a.) ~ •r t< e 'e I> /pr-2-\( !- rr :s p,,...., 
GJ:)::-: (~';.,.fiJ pr Q = -Kdh A 
D~ ~ ~ 

The early definitions provided by the U.S. Geological Survey with regard to this 
unit differentiate between a laboratory coefficient and a field coefficient. However, 
a recent updating of these definitions (Lohman, 1972) has discarded this formal 
differentiation. It is sufficient to note that differences in the temperature of measure
ment between the field environment and the laboratory environment can influence 
hydraulic conductivity values through the viscosity term in Eq. (2.28). The effect is 
usually small, so correction factors are seldom introduced. It still makes good 
sense to report whether hydraulic conductivity measurements have been carried 
out in the laboratory or in the field, because the methods of measurement are very 
different and the interpretations placed on the values may be dependent on the 
type of measurement. However, this information is of practical rather than con
ceptual importance. 

Table 2.2 indicates the range of values of hydraulic conductivity and perme
ability in five different systems of units for a wide range of geological materials. 
The table is based in part on the data summarized in Davis' (1969) review. The 
primary conclusion that can be drawn from the data is that hydraulic conductivity 
varies over a very wide range. There are very few physical parameters that take on 
values over 13 orders of magnitude. In practical terms, this property implies that 
an order-of-magnitude knowledge of hydraulic conductivity can be very useful. 
Conversely, the third decimal place in a reported conductivity value probably has 
little significance. 

Table 2.3 provides a set of conversion factors for the various common units 
of k and K. As an example of its use, note that a k value in cm 2 can be converted to 
one in ft 2 by multiplying by 1.08 x 10-3 • For the reverse conversion from ft 2 to 
cm 2

, multiply by 9.29 x 102• 



• 

• 

,(/~ 
PETROLEUM RESERVOIR 

ENGINEERING 

B. C. CRAFT 
and 

M. F. HAWKINS 

Petroleum Engineering Department 
Louisiana State University 

/lJS-1 
PRENTICE-HALL, INC . 

.f 

Englewood Cliffs, N. J. 

css 

-·- ---' 



• 

276 FLUID FLOW IN RESERVOIRS CHAP. 6 

necessary. In general, then, steady-state mechanics will suffice where the 
. readjustment time is small compared with the time between substantial 

changes in the flow rate, or, in the case of reservoirs, small compared with 
the total producing life(time) of the reservoir. 

5. Linear Flow of Incompressible Fluids, Steady-State. Figure 
6.12 represents linear flow through a body of constant cross section, where 
both ends are entirely open to flow, and where no flow crosses the sides, top 

dP Pz 
I 

.......... ......... .......... ......... 
........ 

a ......... 

I I 
I I 

I -J 1-dx 
0 x L 

Fig. 6.12. 

or bottom. If the fluid is incompressible, or essentially so for all engi
neering purposes, then the velocity is the same at all points, as is the total 
flow rate across any cross section, so that, Tll

4
e_ v-e. Lt:iG/N ,.;J-~'1 

9'0'-/DA., )F+-'-~ v = .!!. = -1.127 ~ ~p = ~ ~e.c P 26 1 
A µ. X ¢ -··ft',.·~s1 r'f 

Separating variables and integrating over the length of the porous body, 

q 1L kl.1'1 - dx = -1.127 - dp 
A o · µ. pa 

q = 1.127 kA(p 1 - p2) (G.l4) 
µL 

For example, under a pressure differential of 100 psi for a permeability of 
250 md, a fluid viscosity of 2.5 cp, a length of -150 feet, and u. cross-8ectionul 
area of -15 8quare feet, the flow rate will be 

<J = 1.127 X 0.25 X 45 X 100 _ 1. 127 bbl/day 
2.5 x 450 

In this integration q, µ, and k have been removed from the integral sign, 
U8suming they are invariant with pres8ure. Actually, for flow above the 
bubble point, the \·olume, and henee the rate of flow, will vary with the 
pres8ure as expres8ed by Eq. (6.6). The \"i8co8ity of the oil also varie::1 with 
pres8ure as explained in Sec. 2. Fatt and Davi85 have shown u. variation 
in permeability with net overburden pre8sure for several 8andstones. A8 the 
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net overburden pressure is the gross less the internal fluid pressure, a 
variation of permeability with pressure is indicated, particularly in the 
shallower reservoirs. As none of these effects is serious for a few hundred psi 
difference, values at the a\'erage pressure may be used for most purposes. 

6. Linear Flow of Gases, Steady-State. The rate of flow of gas 
expressed in either pounds per day or in standard cubic feet per day is the 
same at all cross sectio11s in a steady-state, linear system. However, because 
the gas expands as the pressure drops, the velocity is greater at the down
stream end than at the upstream end, and consequently the pressure 
gradient increases toward the downstream end. The flow at any cross 
section x of Fig. 6.12, where the pressure is p, may be expressed in terms 
of the flow in standard cubic feet per day by 

qncPacTz b 1 f d • nd"l" q = 5_615T.cp arre s o gas per n.y at reservoir co z ions 

Substituting in Darcy's law, Eq. (6.3), 

QacPacTz = - l 127 ~ dp 
5.615TacPil • µ. dx 

Separating variables and integrating, 

r:: 'lr.: QacPacTzµ kT J.Ldx = -f.P2 p dp = 2!(p:?, - p22) 
a.u a X 1.127 · 1cA 0 P• 

Finally, 

(6.15) 

For example, where T1 c = 60°F, 1l = 45 sq ft, k = 125 md, Pi = 1000 
psia, p 2 = 500 psin, P•c = 14.7 psia, 7' = 140°F, z = 0.U2, L = 450 ft, 
und µ = 0.015 cp, 

= 3.W-1 X 520 X 45 X 0.125 X (10002 
- 5002

) = 12- 000 SCF/d· 
q.c 14.7 X tiOO X O.U2 X 450 X 0.015 1

' ay 

Here again ~' T, k, and µ have been withdrawn from the integrals ns if 
they were inYariant with prcs:mre, and as before, average values may be 
u::;ec.l. If the flow rate i::; expressed in term::; of cubic feet per day at the 
ml'atl prcssurr p"" an<l rl's<•n·oir temperature T, then 

_ (p, + P2) 1'.r 1 
q.,. - </111 x ., x -1· x -

-P•c z 

where p ... = (1/2) (p 1 + p 2). ~ub::;tituting this in Eq. (li.15) and fal'toring 
(p~, - P22) to (pi + P?) (p, - P2), 

(i.:t~8 k.·l (p I - p .. ) ft "<l 
q .. , = µL - eu ,· ay 
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Table 2 

Toun af Craunpaint 
Uater Uell Descriptions 

~dra Aesaurces, Inc. 
Craunpoint Project 

Crounpoint, Neu Mexico 

Depth Depth to rarmations (fut> 
Hole Size to ------------ ·---------

of Batta• Top Top 
Toun of Coapleted Total of Brushy Top Tap Recap-

Crounpoint Tar;et Ca•pletion Interval Depth C1Hnt Casin; and Top Basin Uest- I AA' tu re 
Uater I.Jells rarmatlon Date Cinches> <fHt) (feet> Open Interval Data Dakota Shale uat1r Cby Shale ----------- ----- --- ------ -- --------------- --- --- ----

NTUA 11 Uestuatar Jan-64 2345 10 3,4• cs; to 1969 1679 1942 1927 2157 2272 
Cl.JU 168) 9 5,9• liner 1936 to·2345 

9 5,9• slotted 1940 to 1990 
9 5,9• slotted 1994 to 2009 
9 5,9• slotted 2021 to 2280 

NTUA Conoco Uestuatar 1974 2377 10 3,4• cs; to 2377 1740 1900 2020 2220 2370 
Cl.JU 169) e 5,9• slotted 2115 to 2341 

NTUA Litt l1uater Uestuater Dec:-92 9 7,9• 2605 1246 10 3,4• cs; to 1246 
8 5,9• liner 1187 to 2605 
8 5,9• slatted 1520 to 1580 
8 5,9• slotted 1600 to 1660 
8 5,9• slotted 1840 to 2010 
e 5,9• slotted 2060 to 2140 

BIA 113 Uestuater Jun-32 2496 10 3,4• cs; to 1220 1691 1961 1944 2155 2294 
cuu ti 176) B 5,9• liner 1200 ta 2196 

e 5,9• slotted 1281 to 1499 
9 5,9• slotted 1505 to 1652 
9 5,9• slotted 1729 to 1900 
9 5,9• slotted 1977 to 2143 
B 5,9• slotted 2224 to 2380 



Toun of 
Crounpoint 
Uater Uells 

----------------
BIA lt5 

cuu It 177) 

BIA lt6 
cuu lt70) 

• 

Hole Size 
of 

Co1pleted Total 
Target Co11pl1t1on Interval Depth 

rormatlon Date <inches> (feet) 
---------- ---------- ---------Uestuater Oct-71 2700 

Uestuater Sep-61 2500 

• 
Table 2 (continued) 

Toun of Crounpoint 
Uater Uell Descriptions 

Hydro Resources, Inc. 
Crounpoint PrDJICt 

Crounpoint, Neu Mexico 

Depth 
to 

Botto11 
of 

Ce11ent 
Cf ciet) 

Casing and 
Open Interval Data 

--------------------------
B" csg to 2544 
396' of perforations 1n 

1600 to 2511 interval. 

10 3,4• csg to 1822 
e 5/91 liner 1822 to 2500 
e 5/81 slotted 1844 to 1957 
e 5/81 slotted 1925 to 1989 
e 5,9• slotted 2018 to 2111 
e 5,9• slotted 2175 to 2228 
B 5,9• slotted 2242 to 2363 

Note 1: Many of the depths for casings and slotted p1p1 for the 
Toun of Crounpoint Uater Uells uer1 est1•ated fro• 
various sources and tlwref ore are approx111ate. 

Depth to For11ations (feet) 
--------------------------------------

Top Top 
Brushy Top Top Recap-

Top Basin Uest- I AA' tu re 
Dakota Shale uater Clay Shale 
------ ------ ------

1681 1851 1934 2145 2284 

1698 1848 1910 2175 2290 



..,... .. 

Well 

CP-1 
CP-2 
CP-3 
CP-4 
CP-5 
CP-6 
CP-7 
CP-8 
CP-9 

CP-10 

NTUA 11 
NTUA Conoco 

NTUA Llttlewater 
BIA 13 
BIA 15 
BIA #6 

Casing 
Elevation 

(feet 
above 

MSL) 

6,867.27 
6,869.05 
6,866.97 
6,865.54 
6,840.37 
6,816.20 
6,905.80 
6,807.14 
6,814.58 
6,808.27 

. 6, 950 
6,860 
6,795 
6,995 
7,005 
6,950 

Table 3 

Well Locations 
and Elevations 

Hydro Resources, Inc. 
Crownpoint Project 

Crownpoint, New Mexico 

Deviation from 
Surface to 
Midpoint of 

Westwater Canyon 

X Dev 

3.70 
-3.65 
18.60 
8.10 

-8.00 
-17.50 
-23.45 
-4.45 

-20.25 
-10.60 

Y Dev 

0.40 
-17.25 

-8.60 
2.25 

-7.55 
-18.75 
-21. 90 
-3.60 

-21.50 
-12.80 

Location at 
Midpoint of 

Westwater Canyon 

X loc 

402,093.71 
402,117.60 
401,715.54 
401,627.81 
401,172.98 
399,962.18 
401,982.61 
399,423.90 
399,934.46 
399,469.03 

405,175 
408,225 
440,650 
404,510 
404,115 
407,710 

Y loc 

1,703,705.40 
1,704,002.60 
1,704,001.71 
1,703,777.86 
1,703,945.34 
1,705,707.91 
1,705,084.09 
1 I 7 0 4 I 7 6 2 • 3 o· 
1,705,796.40 
1,704,706.10 

1,704,520 
1,708,510 
1,692,350 
1,701,430 
1,701,075 
1,704,285 

Note 1: Deviation for CP-10 is at the top of the Brushy Basin Shale. 
Note 2: Elevations for Town of Crownpoint Water Wells were estimated 

from USGS Topographic Haps. 
Note 3: Locations for Town of Crownpoint Water Wells are surface 

locations and were estimated from USGS Topographic Haps. 
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M:>tor: 

) 

:Crowhpoint l·."ell 11 

Rcdu f'ump Co:1~XUJ)' 
Serial Xo. i-75-5-32614 
T)1'Jc 56-SJ Yli'Y 
H.P. 30 Volts 4-10 
Phas~ 3 
A~s 46 
P.P;.J ~nOO 
Pa~s. Pcndin~ 1?666-9-G 

Reda Pu.-np Compnny 
Model ~o. 630 21Gll05 
Serial No •. 5-75-5-50329 
21 Stages 615 
Type GllO 
Pats. Pending 20963-D 

3" Cllcck Valve 1 eac:h 
l each 
32 joints 
l each 
l each 
SS joints 

3" x 2' Gnh·anized Njpple 
3" :x 21 '"" Gah·•mi=cd Pipe 
3" x 6" G~h·•:mizc~ Nipple· 
3" x 4" Bell Reducer 
i" x 10' Gal\'ani:cd P~pc 

Pump Settjng 
Static l~ntcr .Lc\'Cl 
Pur.:ping lc\·c 1. 
Di sc:he\ rge Pressure 
Water Mc-ccr Rending 
Hour Meter RcaJing 
Electric Meter Hc~ding 
I\.unp ·tnrncd-on at 
Gallons Per Minute 

- 75#. 
985092.00· 
1320.4 

. 8830. IO 
1800 hrs. 
120 

S-J0-76 
S-10-io 

S-10-76 
S-10- 76 
S-lCl-i<i 
S-10-i6 

.. 8-10-iG" 
S-l0-i6 

:.;~ J.o:JJ "\°c:] t :JI~~ 
f-ulJ Lo:1:.1 \"ol t:J!IC 

AB 480 
/JI 480 
A 40 

AC 490 
AC 485 
B 40 

BC 1i90 
µc .1c;s 
c 41 

- S-10-i6 
... 

lu:n1:...~1·n~t ... 
Hc:1tcr' Si ::c.· ~ Number 
l..cih' r :-c.)f.:.:- S~t f, Col or 
1Ji di l'ro!:~· St•t ~ Color 
c~1l> J (.' s i: c· ;r. ;.:~d icr 

K 73 
10' Above Pump - RED 

1J0' Above..' l'Lu1q1 - BL'\CK 
F.6 Submcrsfolc/Shieldc~l 

S-10-iCi 
S-10-i6 



Croimpoint 

Well Elevation 

Heter 

P•J:p C.3ble Si:::e 

Pt:l!p 

Total Depth 

Pur.ip Setting 

Pu11ping Level 

Drop ?ipe Si:::e 

Probe Pipe Size 

Lower ?robes <REDl 

Hi~her Probes <BLACIO 

Sbtic: Water Level 

5.3!lons Per Himte 

!ot.;l U~rramic Head-TOH 

01ar:eter -

B-3se Elev.;tion 

Gverflo~ ~levatiorr ,, 
D.3te ir.st.;l~ed 

DIS!RICI CROUllPOINI 

N!UA !JELL HO.l 

IS-Bl 

6950 ft. 

Pler29er 30hp 460v 3ph.3s2 46acps 
Serial 629074 
6 692 ft. 

Pleuger ~IN65-22 

2345 ft. 

a 5/8in. 

677 ft. <:~. --
538 ft. 4<----
3in. x 2lft. 651 ft. 31 jts. 

lin. x !Oft. 470 ft. ~7 jts. 
lin. :( 2lft. 105 ft. 5 jts. · 
630 ft. 

530 ft. 

528ft. lOin. Nover.:ber 2S,1984 

90 :pai 

G3Sft. 247psi 

250,0CO 

36ft.x Hei~ht 32ft. 

7015 ft. 

70~7 ft. 

:1ove51ber ·:s, l ~84 



------· --·----·-... ·-· J --. --
~=----·--··: ~=~ ·. -~-:~:-.~~ .... -~:-=.~--·~~~-~~=--~:· __ ~-~--~~-~-:~~=····· .·: ~. ·--·~~= ·-~ =~-J.·~~-=~---~ 
-------...... ·-···-··· -···. ···-.... --. --·--· --·------.J_:· .... -. 

-·-·-··-... ··--·····-~ -· -,. 

i 
-·--·· -···-·--·· .. ·'··-· ·-------· ... r-·-·· 
. ·--··-···· -----....... ... _, ....... -·--··· ··----·---···---... .. 

. ! 
.. .. -·· ·-· -.... ---·. ·r·---·-.... 

---·· ----.•..•...•. .. .. -....... -··--·-······ . -·----··-----.. ··--.. ··-----
---------·-· ---············-·-. --··-··. ~··· ........ -·--····----------··-·----
--------··-·· -·····--·· ----·-···-·-·-····· ··--····· ---·--· ··----------'"f-o----· I 

---· ... -f----··---·---·-· ... ·-..... _ ··-.... -·-.. --. ····· ... --------.. -• .. ·--·-----· 
I 

---· ·-··----··--... -... ·-··· .. . .. ___ .. , ·-·-·· . ···-·-----·· .. ····----·---"··-··-
----·---· --·--· ·---·--·· . ..-·-· --·-·· ------0 ........ ------··--!----·---· 

--------·--·--·-. 

·--------

I 
I 
I 

-_· ·.-.~ .. ~~~~~: : . -~-.. -·--=-=~~---------J·~ ~=·~·=.~~ I , 
~---------·---. ·-·· '·----· .. ·-·-.. ·----------·····--·------=r~·-· ... ____ ,, ___ _.._ _________ -......... -........... -...... _. -····--------... ·-···-------,---~--· .. 

......... ..... -·-··--· .. ---······------·~--·-. 
--... --..... ··--------·---·--· ... -----·--··-------··-..-· ----------r---···--. ---.. •·•--•ao-·--·~• '••••• •• •f'•-·••••·--•--••••• •••••••• ----·---••• , .. •••--·--·---·_.,_.·----•••• • -· 

--1;;/'~~~;~:--~~ --·-·----~~~ -· 
·---·oosz··--==~-'d.--:·-----o·~-b·~~ __ · ___ [ ___ ... -... --·-· .. -.. -· .. -CL._ r.!_ ... 1~-~~---

-·---·-· -· -·--:-·-----------. · .. ,: 
.· -

. I. 
• ... 

....... ·'" 
I·' ---

o '· I' ._A_ 



EXHIBIT G 



I ., 

I 

ExH1E1/ 6 
! 

ExH1i1-,- G 

• 

• 



,, 

• -.. ..., 
0 
Q) 

ti.I -z 
3: 

8 
3: 
< c:: 
Q 

• 

100T"""--------------..,...--------------..... ----------------.--------------...... 

10 

Lm~*c p. .. c.r-1·a'M," 

.,. :: 1 ' Cf ~ Vol / f=t-

S'= 3.3,- 7 

•• ... , 

1 

0.1 

a.01+-------------.;--t----------------1---------------~1----------------t 

1 10 100 
TIME (minutes) 

1000 10000 

Figure 2. Plot of drawdown points for monitoring well CP-2 matched to Modified Hantush 

Curve. 
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[Included in Sensitivity Analysis of Water Transit Times for HRl's Unit 1) 

.I .-

, -
r-'/ 

,' 
'. / i; 

~~ ~ ) 
0 I ~ { 

I \ ) 
~ ~ 

·1 
.1 ~·-~-f"71 

EXPLANATION 

• Well 

,,-....,. Outcrop of unit (Done 
'--J and Bachman, 1965) 

(.58) Specific capacity (gal/min /ft) 
212 Transmissivity(ft2tdJ 

,- • Approximate boundary between 
t ronsmiiisivity zones 

.J I 

Compiled by U.S.G.S., Water Resources 
Division, Albuquerque 

0 5 10 15 20mi 
I I I I 

1 1 1' I 

0 5101520km 

~ Arrows show location ofHRl's proposed ISL projects. 

Figure 7 4-TRANSMISSIVITY AND SPEClflC CAPACITY OF WELLS IN MORRISON f ORMA TION. 

From 
HYDROLOGIC REPORT 6; 1983 

Hydrogeology and water resources of San Juan Baafn, New Mexico 
New Mexico Bureau of Mines and Mineral Resources 

W. J. Stone, F. P; Lyford, P. F. Frenzel, N. H. Mizell, and E.T. Padgett 

W.4L.L.Ac.e.. '-\Le.AK y " 2 '1 ~ .::: 3b FT2 
Fl b 



EXHIBITJ 

• 



Advances in Well Test Analysis 

Robert C. Earlougher, Jr. 

Senior Research Engineer 

Marathon Oil Co. 

Second Printing 

Henry L. Doherty Memorial Fund of AIME 

Society of Petroleum Engineers of AIME 

New York 1977 Dallas 

:r: .4. / 



Chapter 2 

Principles of Transient Test Analysis 

2.1 Introduction 

This chapter summarizes the basic transient flow theory 
for the well testing and analysis techniques presented in this 
monograph. An understanding of the following material 
should clarify the techniques presented later, as well as 
allow the reader to devise additional testing and analysis 
techniques. Nevertheless, it is possible to use the material in 
Chapters 3 through 13 without a thorough reading and un
derstanding of this chapter. 

All basic theory needed in the monograph is summarized 
here. We neither derive the basic flow equations nor show 
how to solve them. Rather, a general equation is used for 
transient pressure behavior with dimensionless pressure so
lutions for the specific conditions desired. Some important 
dimensionless pressure functions are presented in this chap
ter and in Appendix C, and references to others are pro
vided. The dimensionless pressure approach provides a way 
to calculate pressure response and to devise techniques for 
analyzing transient tests in a variety of systems. 

Sections covering wellbore storage effects and wellbore 
damage and improvement are included, since those effects 
have a significant influence on transient well response. The 
reader is encouraged to study those sections, even ifhe only 
scans the rest of the chapter. Chapter 11 provides additional 
information about the effects of those two quantities. 

2.2 Baslc Fluid-Flow Equation 

The differential equation for fluid flow in a porous 
medium, the diffusivity equation, is a combination of the 
law of conservation of matter, an equation of state, and 
Darcy's law. 1•4 When expressed in radial. coordinat~. the 
diffusivity equation is* see. I J r 1'!! 

02p + .!_ op = 1 c/Jµ.c, op 1 , P 
14 

or2 r or 0.0002637 -k-Tt . ........ <2· 1> 

1J~~~~~~!F!Q Ru8seff1 -preseqt:~ .. ~!i.!.~iQP ~f. :Eq: 2.1 "and 
point out that it assumes horizontal flow, negligible gravity 
effects, a homogeneous and isotropic porous medium, a 
single fluid of small and constant compressibility, and ap
plicability of Darcy's law, and that µ., c,, k, and q, are 

*Symbols and units are defined in the Nomenclature. Normally, 
only deviations from that list are discussed in the text. 

independent of pressure. A'1 .. aTCSult of thosc·assumptions, 
and sium-the.common.boundary",conditions are linear, Eq. 
~Jwiltlir1eaF and readily.,ao!veG. Tht1cf0Jer;"solutiom (di
mensionless pressures) mirycbe.addechogetherto form new 
!Olution~ .. as indicated in Section 2.9. lf~=Cflf'Od .. aro. • ...A.~ 
stmng-:fimctions:toLpressure4·•or•-if 1varyingi:multiple"·flttid• \.7" 
saturation& .exist; Eq ... ~ l-.must. bo.: replaced ·by. a. nonlinear-<• 
fontl': That equation usually must be solved using computer 
analysis methods (numerical reservoir simulation) beyond 
the scope of this monograph. 

Boundary conditions are an important factor in solutions 
to Eq. 2.1. Most transient-test analysis techniques assume a 
single well operating at a constant flow rate in an infinite 
reservoir. That boundary condition is useful because every 
well transient is like that of a single well in an infinite 
reservoir- at early time. At later times the effects of other 
wells, of reservoir boundaries, and of aquifers influence 
well behavior and cause it to deviate from the "infinite
acting" behavior. Thus, different solutions to Eq. 2.1 are 
required for longer time periods. Superposition or other 
solutions are needed to include other factors, such as gradu
ally changing rate at the formation face (wellbore storage), 
hydraulic fractures, layered systems, or the presence of 
multiple fluids or boundaries. Many of those solutions are 
presented in Appendix C and Chapters 10 and 11; Matthews 
and Russell1 present others. The solution for a constant
pressure well is given in Chapter 4. 

Although Eq. 2.1 appears to be severely restricted by its 
basic assumptions, under certain circumstances it can be 
applied to both multiple-phase flow and gas flow, as indi
cated in Sections 2.10 and 2.11. 

2.3 Solutions to the Flow Equation - Dimensionless 
Quantities 

Comprehensive treatments of transient well testing nor
mally use a general approach for providing solutions to the 
diffusivity equation, Eq. 2.1. Such an approach provides a 
convenient way of summarizing the increasing number of 
solutions being developed to more accurately depict well or 
reservoir pressure behavior over a broad range of time, 
boundary, and geometry conditions. The general solutions 
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Example 2.1 Estimating Well Pressure 

Estimate the pressure at a well located in the center of a 
closed-square reservoir after it has produced 135 STB/D of 
dry oil for 15 days. Other data are* 

p; = 3 ,265 psi 
k,, = 90md 
µ,, = 13.2 cp 
B,, = 1.02 RB/STB 

"= 47ft 

cf>= 0.17 
c, = 2.00 X 10-5 psi- 1 

ru. = 0.50 ft 
A = 40 acres = I. 742.400 sq ft 
s=O. 

Curve A of Fig. C.13 is used for p" since it applies to a 
closed-square system with a well at the center. 

Using Eq. 2.3b, 
' 

'"~ = . (0.0002637)(90)( 15 x 24) 
· (0.17)(13.2)(2.00 X 10-5)(1,742.400) 

=0.109. 

From Curve A of Fig. C.13, P1J(tuA = 0.109) = 6.95. 
Rearranging Eq. 2.2 and substituting values. 

Pll'f(I, ru.) = 3,265 - (141.2)(135)(1.02)(13.2) (6.95) 
. (90)(47) 

= 2,843 psi. 

{ 

Fig. 2.1 schematically illustrates three transient flow re
gimes for a closed drainage system. Dimensionless pressure 
is shown as a function of both tuA and log (tuA>· The portion 
marked A is the early transient or infinite-acting flow re-

*ln the examples in this mono~ph, data values are not always 
stated to their full number of significant digits. In such cases, values 
are assumed to have three significant digits with significant zeroes 
omitted. Computations are usually done using the intermediate 
\"alues shown. When intermediate values are not shown, all com
puted digits have been used and the final result has been rounded 
off. 

60 
a 

a. 

bi 
~ 50 
(I) 
(I) 
II.I 

f 40 

(I) 
(I) 
II.I 
.J 30 
z 
0 
iii 
~ 20 
~ a 

(a) 

DIMENSIONLESS TIME, toA 

ADVANCES IN WELL TEST ANALYSIS 

gime: we pref er the term "infinite-acting", since all wells 
act as if they were alone in an infinite system at short flow 
times. The infinite-acting period is characterized by a 
straight line on the semilog plot, Fig. 2. lb. The portion of 
the curves labeled C in Fig. 2.1 is the pseudosteady-state 
flow regime that occurs in all closed systems. During 
pseudosteady-state flow, pressure changes linearly with 
time, as shown in Fig. 2. la. The B portion of the curves 
is the transition period between infinite-acting and 
pseudosteady-state flow. 

In Fig. 2.1, flow is transient at all times. Some systems 
exhibit true steady-state behavior with p0 constant. Those 
systems are· most commonly observed in laboratory core 
flooding and permeability measurement experiments; they 
also may exist in fluid injection projects with balanced 
production and injection and in reservoirs with a strong 
natural water drive. 

2.4 Dimensionless Pressure During the lnfinite-Actin1 ._... 
RowPeriod · · · 

Fig. 2.2 is a schematic representation of a single well 
producing at constant rate q in an infinite, horizontal, thin 
reservoir containing a single-phase, slightly compressible 
fluid. When the assumptions of Eq. 2.1 are satisfied, Eq. 
2.2, with p" from Fig. 2.3, describes the pressure behavior 
at any point in the system. Fig. 2.3 shows p0 is a function of 
111 and of r0 , the dimensionless radial distance from the well, 
for the infinite-acting system. (Fig. C.1 is a full-scale grid~ 
ded version of Fig. 2.3.) Whenr0 ;;;!: 20 and t0 /r0

2 ;;;!: 0.5, or 
when t0 /r0

2 ;;;!: 25, ther0 = 20 and the "exponential-integral 
solution" lines on Figs. 2.3 and C. l are essentially the 
same, sop" depends only on t"lru2 under those conditions. 8 

The exponential-integral solution1•4 (also called the lino:
source or the Theis8 solution)·to the flow equation is 

( b) 

A 

10.-2 10-1 1 10 

DIMENSIONLESS TIME, toA 

Fig. 2.1 Transienl flow regimes: A - infinile accing: 8 - 1ransi1ion: C - pseudosieady state. Data from Earlougher and Ramey7 for a 
~:I reciangle with 1he well at x/L = 0. 75. y/W = 0.5. 
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Chapter 4 

and leakage will decrease (Figure 4.7c). All groundwater flowi_ng to the pumping 
well will originate in the aquifer and drawdown data will plot as a line parallel to 
drawdown predicted for Model 3. 

b) If the aquitard is bounded above by an unconfined aquifer with a large 
transmissivity (i.e., the "source bed" of Cases B or C, Model 5), groundwater 
flowing to the pumping well will originate in the source bed and the drawdown 
curve becomes a horizontal line (Figure 4.7c). 
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Chapter 8 

MODEL 3: TRANSIENT, CONFINED 

8 .1 CONCEPTUAL MODEL 

observation 
wells 

/"-
Q r: pumping well 

position of 
piezometric 
surface before 
pumping begins 

00 

................. ·.· .•·.·.· ........ . 

_<~!f~lf 4¥_.:.::m;:~=:::::::::::!(:~:..:/i.:.:· :.-:.: =: .. _··:·=· ::....: :,-==-__ ,, ~: 
00 

. "",1l~~i;~==ttk .. , 
00 

00 

II 
II 
II 
II 

II 
II 
II 
II 

Definition of Terms 

rw_..~ 
I I 
I I r 
11 .,. 

K =aquifer hydraulic conductivity, LT"1 

m = aquifer thickness, L 

Q =constant pumping rate, L3T"l 

: ·'::_;:::::,.:·:.:':':''r{~uiclude 

s 
K aquifer 

aquiclude 

m 

r = radial distance from the pumping well to a point on the cone of depression (all 
distances are measured from the center of wells), L 

s = drawdown of piezometric surface during pumping, L 

S =aquifer storativity, dimensionless 

91 

00 

00 

J: 'B. 3 



• 

• 

Chapter 8 

Assumptions 

1 . The aquifer is bounded above and below by aquicludes. 
2. All layers are horizontal and extend infinitely in the radial direction. 
3. The initial piezomeoic surface (before pumping begins) is horizontal and extends 

infinitely in the radial direction. 
4. The aquifer is homogeneous and isotropic. 
5. Groundwater density and viscosity are constant. 
6. Groundwater flow can be described by Darcy's Law. 
7. Groundwater flow is horizontal and is directed radially toward the well. 
8. The pumping and observation wells are screened over the entire aquifer thickness. 
9. The pumping rate is constant. 

I 0. Head losses through the well screen and pump intake are negligible. 
11. The pumping well has an infinitesimal diameter. 
12. The aquifer is compressible and completely elastic. 

8.2 MATHEMATICAL MODEL 

Governing Emrntion 

The governing equation is derived by combining Darcy's Law with the principle of 
conservation of mass in a radial coordinate system 

wheres is drawdown, r is radial distance from the pumping well, Sand T =Km are 
aquifer storativity and transmissivity, respectively, and tis time. 

Initial Conditions 

• Before pumping begins drawdown is zero everywhere 

s(r, t = 0) = 0 for r ~ 0 

Boundary Conditions 

• At an infinite distance from the pumping well, drawdown is zero 

s(r = oo, t) = 0 fort ~ 0 

(8.1) 

(8.2) 

(8.3) 

• Groundwater flow to the well is constant and uniform over the aquifer thickness (which 
is a result of the assumption of horizontal groundwater flow) 

lim r os(r, t) = _ _g_ 
r-+O or 2itT 

(8.4) 

: 8.4 
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Chapter 9 

· MODEL 4: TRANSIENT, CONFINED, LEAKY 

9.1 CONCEPTUAL MODEL 

observation 
Q 

well' r; pumping 
well 

00 water table 00 

~· I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I Y. I I~ ... 
00 source bed 00 

00 

• 00 

I 
I 
I 

m r I I 
~ I I aquifer 

I I 
I I 
I I 

00 00 

aquiclude 

Definition of Terms 

K =aquifer hydraulic conductivity, Lr1 

K' = aquitard vertical hydraulic conductivity, Lr1 

m = aquifer thickness, L 

m' = aquitard thickness, L 

Q =constant pumping rate, L3r 1 

r = radial distance from the pumping well to a point on the cone of depression 
(all distances are measured from the center of wells), L 

·. s = drawdown of piezometric surface during pumping, L 
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Chapter 9 1O4 

S = aquifer storativity, dimensionless 

S' = aquitard storntivity, dimensionless 

Assumptions 

1. The aquifer is bounded above by an aquitard and an unconfined aquifer (the "source 
bed") and bounded below by an aquiclude. 

2. AU layers are horizontal and extend infinitely in the radial direction. 
3. The initial piezomeoic surface (before pumping begins) is horizontal and extends 

infinitely in the radial direction. The water table in the source bed is horizontal, 
extends infinitely in the radial direction, and remains constant during pumping (zero 
drawdown). Drawdown of the water table in the source bed can be neglected when 

either t < f ~~i~ or when the transmissivity of the source bed is greater than I 00 

times the aquifer transmissivity (Neuman and Witherspoon, 1969b). 
4. The aquifer and aquitard are homogeneous and isotropic. 
5. Groundwater density and viscosity are constant. 
6. Groundwater flow can be described by Darcy's Law. 
7. Groundwater flow in the aquitard is vertical. Groundwater flow in the aquifer is 

horizontal and directed radially toward the well. This assumption is valid when m/B 
< 0.1 (Hantush, 1967), where B is defined in Equation 9.2. 

8. The pumping and observation wells are screened over the entire aquifer thickness. 
9. The pumping rate is constant. 

10. Head losses through the well screen and pump intake are negligible. 
11. The pumping well has an infinitesimal diameter. 
12. The aquifer is compressible and completely elastic. The aquitard is incompressible 

(i.e., no water is released from aquitard storage during pumping). This assumption 

is valid when t > 0.036 m'S'/K' (Hantush, 1960) or when r < 0.04m ~; 
(Neuman and Witherspoon, 1969b). 

9.2 MATHEMATICAL MODEL 

Goyernina: Eguation 

The governing equation is derived by combining Darcy's Law with the principle of 
conservation of mass in a radial coordinate system 

a1s +(.!.)as _ ..!.. = (s) as 
ar2 r ar B2 T at 

wheres is drawdown, r is radial distance from the pumping well, Sand T =Km are 
aquifer storativity and transmissivity, respectively, tis time, and 

B2 _Tm' 
- K' 

(9.1) 

(9.2) 
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Chapter 10 

MODEL 5: TRANSIENT, CONFINED, LEAKY, 
AQUITARD STORAGE 

10.1 CONCEPTUAL MODEL 

00 

pumping well screened 
through aquifer 

observation well 
screened through 
upper aquitard 

00 observation well screened 
through lower aquitard -..._ 

water table 
~ .............................. . 
00 

I I .. ! ........... 

00 

00 

00 

00 

aquiclude (Case A) or source bed (Cases B and C) 

aquiclude (Cases A and B) or 
source bed (Case C) 

observation well 
screened through 
lower aquitard 

initial head in 
lower aqmtard 

129 

observation well 
screened through 

initial head in upper aquitard 

00 

00 
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Definition of Terms 

K =aquifer hydraulic conductivity, LT1 

K' =upper aquitard venical hydraulic conductivity, LT1 

K" =lower aquitard venical hydraulic conductivity, LT1 

m = aquifer thickness, L 

m' =upper aquitard thickness, L 

m" =lower aquitard thickness, L 

Q = constant pumping rate, L 3T 1 

r = mdial distance from the pumping well to a point on the cone of depression 
(all distances are measured from the center of wells), L 

s = drawdown of piezometric surface in aquifer during pumping, L 

s1 = drawdown of piezometric surface in the upper aquitard during pumping, L 

s2 = drawdown of piezometric surface in the lower aquitard during pumping, L 

S =aquifer storativity, dimensionless 

S ' = upper aquitard storativity, dimensionless 

S" =lower aquitard storativity, dimensionless 

z = venical distance from the aquifer base to a point of interest, L 

Assumptions 

1. The aquifer is bounded above by an aquitard and either: 
an aquiclude (Case A), or an unconfined aquifer (the "source bed") (Cases Band C). 
The aquifer is bounded below by an aquitard and either: 
an aquiclude (Cases A and BJ, or a source bed (Case CJ. 

2. All layers are horizontal and extend infinitely in the radial direction. 
3. The initial piezometric surface (before pumping begins) is horizontal and extends 

infinitely in the radial direction. The water table in the source bed(s) is horizontal, 
extends infinitely in the radial direction, and remains constant during pumping (zero 
drawdown). 
Drawdown of the water table in the source bed(s) can be neglected when either 

O.lm'S' O.lm"S" h h · · · fth b d() · t < K , , t < K,, , or w _en t e transm1ss1VIty o e source e s is greater 

than 100 times the aquifer transmissivity (Neuman and Witherspoon, 1969b). 
4. The aquifer and aquitard are homogeneous and isotropic. 
5. Groundwater density ana viscosity are constant 
{). Groundwater flow can be described by Darcy's Law. 
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Chapter 10 

7. Groundwater flow in the aquitard(s) is vertical. Groundwater flow in the aquifer is 
horizontal and directed radially toward the well. This assumption is valid when 
m/B < 0.1 (Hantush, 1967), where Bis defined in Equation 9.2. 

8. The pumping and observation wells are screened over the entire aquifer thickness. 
9. The pumping rate is constant. 

10. Head losses through the well screen and pump intake are negligible. 
11. The pumping well has an infinitesimal diameter. 
12. The aquifer and aquitard(s) are compressible and completely elastic. 

10.2 MATHEMATICAL MODEL 

10.2.1 In the Upper Aquitard 

Goyernini: Eguation 

The governing equation is derived by combining Darcy's Law with the principle of 
conservation of mass for the case of one-dimensional (vertical) flow across the upper 
aquitard 

(10.1) 

where s1 is the drawdown in the upper aquitard, z is the vertical distance from the aquifer 
base, S', K', and m' are the storativity, vertical hydraulic conductivity, and thickness of 
the upper aquitard, and t is time. 

Initial Conditions 

• Before pumping begins dr.1wdown in the upper aquitard is zero 

St (r, Z, t = 0) = 0 

Boundary Conditions 

• The drawdown in the upper aquitard equals the drawdown in the aquifer at the 
aquifer/aquitard interface 

s1 (r, z = m, t ~ 0) = s(r, t ~ 0) 

• For Case A, where the aquitard is bounded above by an aquiclude, the change in 
drawdown with depth is zero at the top of the upper aquitard 

as 1 (r,z=m+m',t~O) 
dz =O 

(10.2) 

(10.3) 

(10..t) 

• For Cases Band C, where the aquitard is bounded above by an unconfined aquifer (the 
"source bed"), drawdown is zero at the top of the upper aquitard 

s1 (r, z = m + m', t ~ 0) = 0 (10.5) 

131 

j:5.9 
---- -------- - --



• 

Chapter 11 

MODEL 6: TRANSIENT, CONFINED, PARTIAL 
PENETRATION, ANISOTROPIC 

11.1 CONCEPTUAL MODEL 

position of 
piezometric suif ace 
before pumping 
begins 

00 ···:····.: .. 

00 

m' 

aquiclude 

00 

Kr 

m --iK, 
aquifer 

s 
00 

aquiclude 

Definition of Terms 

observation 
well"-

·.·· 

do r r1, , , 

Q r::. pumping 
~ well 

I 
I 
I 

I I 
I ! 

z 

·.·.;.· ... 

d 

00 

position of 
piezometric 
surface during 
pumping 

00 

I 

00 

d =distance from aquifer top to top of pumping well screen (or uncased portion of 
hole), L 

d0 =distance from aquifer top to top of observation well screen (or uncased portion of 
hole), L 

Kr =aquifer horizontal hydraulic conductivity, LT1 

Kz =aquifer vertical hydraulic conductivity, LT1 

I = distance from aquifer top to bottom of pumping well screen, L 
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·. 

/
0 

= distance from aquifer top to bottom of observation well screen, L 

m = aquifer thickness, L 

r = radial distance from the pumping well to a point on the cone of depression 
(all distances are measured from the center of wells), L 

s = drawdown of piezometric surface during pumping, L 

S =aquifer storativity, dimensionless 

z = venical distance from the aquifer top (positive z is downward), L 

Assumptions 

I . The aquifer is bounded above and below by aquicludes. 
2. All layers are horizontal and extend infinitely in the radial direction. 
3. The initial piezometric surface (before pumping begins) is horizontal and extends 

infinitely in the radial direction. 
4. The aquifer is homogeneous and anisotropic. The horizontal and vertical hydraulic 

conductivities of the aquifer may be different. 
5. Groundwater density and viscosity are constant. 
6. Groundwater flow can be described by Darcy's Law. 
7. The pumping rate is constant. 
8. Head losses through the well screen and pump intake are negligible. 
9. The pumping well has an infinitesimal diameter. 

10. The aquifer is compressible and completely elastic. 

11.2 MATHEMATICAL MODEL 

Governing Eguotion 

The governing equation is derived by combining Darcy's Law with the principle of 
conservation of mass in a radial coordinate system (Hantush, 1964) 

(11.1) 

where Kr, Kz, and Sare the aquifer horizontal and vertical hydraulic conductivities and 
storativity, respectively, sis drawdown, r is radial distance from the pumping well, z is 
vertical distance from the aquifer top, and t is time. 

Initial Conditions 

• Before pumping begins drawdown is zero everywhere 

s(r, z, t = 0) = 0 (11.2) 
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MODEL 7: TRANSIENT, CONFINED, LEAKY, 
PARTIAL PENETRATION, ANISOTROPIC 

12.l CONCEPTUAL MODEL 

00 
water table 

observation 
wel1" 

~I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

00 

00 

Kr 

m 
---. K, 

aquifer 

s 
00 

aquiclude 

Definition of Terms 

I 
I l I 

I I 
I I 
!J 

d =distance from aquifer top to top of pumping well screen (or uncased portion of 
hole), L 

00 

d0 =distance from aquifer top to top of observation well screen (or uncased portion of 
hole), L 

K' = aquitard vertical hydraulic conductivity, LT1 

~ =aquifer horizontal hydraulic conductivity, Lr1 

Kz =aquifer vertical hydraulic conductivity, LT1 
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I =distance from aquifer top to bottom of pumping well screen, L 

/ 0 = distance from aquifer top to bottom of observation well scre~n, L 

m = aquifer thickness, L 

m' = aquitard thickness, L 

r = mdial distance from the pumping well to a point on the cone of depression 
(all distances are measured from the center of wells), L 

s = drawdown of piezometric surface during pumping, L 

S =aquifer storativity, dimensionless 

S' = aquitard storativity, dimensionless 

z = venical distance from the aquifer top (positive z is downward), L 

Assumutions 

1. The aquifer is bounded above by an aquitard and an unconfined aquifer (the "source 
bed") and bounded below by an aquiclude. 

2. All layers are horizonral and extend infinitely in the mdial direction. 
3. The initial piezometric surface (before pumping begins) is horizontal and extends 

infinitely in the radial direction. The water table in the source bed is horizontal, 
, extends infinitely in the radial direction, and remains constant during pumping (zero 

drawdown). Drawdown of the water table in the source bed can be neglected when 
t ~ S'm'/(10 K') (Neuman and Witherspoon, 1969b). 

4. The aquifer is homogeneous and anisotropic. The horizontal and vertical hydraulic 
conductivities may be different. 

5. Groundwater density and viscosity are constant. 
6. Groundwater flow can be described by Darcy's Law. 
7. Groundwater flow in the aquitard is vertical. Groundwater flow in the aquifer is 

horizontal and directed radially toward the well. This assumption is valid when 
K/K' > 100 (Hantush, 1967). 

8. The pumping rate is constant. 
9. Head losses through the well screen and pump intake are negligible. 

10. The pumping well has an infinitesimal diameter. 
11. The aquifer is compressible and completely elastic. The aquitard is incompressible 

(i.e., no water is released from aquitard storage during pumping). This assumption 
is valid when t > 0.036 m'S'/K' (Hantush, 1960). 

12.2 MATHEMATICAL MODEL 

Governini: Equation 

The governing equation is derived by combining Darcy's Law for flow in the 
aquifer and aquitard with the principle of conservation of mass in a radial coordinate system 
(Hantush, 1964) · 
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Chapter 13 

MODEL 8: TRANSIENT, CONFINED, WELL 
STORAGE 

13.1 CONCEPTUAL MODEL 

Q 
observation well~ ~ pumping well 
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Definition of Terms 

..•·· 

K =aquifer hydra.ulic conductivity, LT1 

m =aquifer thickness, L 

Q =constant pumping rate, L3T 1 

I I 
I I 
I I 
I I 
I I 
I I 
I I 

I I 
I I 
~~r 

I I w 

74 r I I 
I I 

r =radial distance from pumping well to a point on the cone of depression 
(all distances are measured from the center of wells), L 

00 

00 

re = inside radius of pumping well casing within the range of water level fluctuation, 
L 
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Chapter 13 

rw =effective radius of the well bore or open hole, L 
= borehole radius if the filter is much more permeable than the aquifer 
= screen rJdius if no filter is used or if the filter has a hydraulic conductivity similar 

to that of the aquifer 

s = drawdown of piezometric surface during pumping, L 

Sw = drawdown in the pumping well, L 

S =aquifer storativity, dimensionless 

Assum ot ions 

1 . The aquifer is bounded above and below by aquicludes. 
2. All layers are horizontal and extend infinitely in the radial direction. 
3. The initial piezometric surface (before pumping begins) is horizontal and extends 

infinitely in the radial direction. 
4. The aquifer is homogeneous and isotropic . 
5. Groundwater density and viscosity are constant. 
6. Groundwater flow can be described by Darcy's Law. 
7. Groundwater flow is horizontal and is directed radially toward the well. 
8. The pumping and observation wells are screened over the entire aquifer thickness. 
9. The pumping rnte is constant. 

I 0. Head losses through the well screen and pump intake are negligible. 
11. The aquifer is compressible and completely elastic. 

13.2 MATHEMATICAL MODEL 

Governing Emrnfion 

The governing equation is derived by combining Darcy's Law with the principle of 
conservation of mass (for the aquifer and well casing) in a radial coordinate system 
(Papadopulos and Cooper, 1967) 

(13.1) 

where s is drawdown, r is radid distance from the pumping well, S and T = Km are the 
storativity and trJnsmissivity of the aquifer, tis time, and rw is the effective radius of the 
pumping well. 

Initial Conditions 

• Before pumping begins, drawdown is zero in the aquifer and pumping well 

s(r, t = 0) = 0, r ~ rw 

where Sw is the drawdown in the pumping well. 

(13.2) 

(13.3) 
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Chapter 14 

MODEL 9: TRANSIENT, CONFINED, LEAKY, 
WELL STORAGE 

14.1 CONCEPTUAL MODEL 

observation well~ 
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~I I I I I I I I I I I I I I I I I I I I I I I I 11 I I I I I II 

00 
source bed 

00 

00 s 
K 

m 
aquifer 

00 

aquiclude 

Definition of Terms 

K =aquifer hydraulic conductivity, L!1 

I I 
I I 
I I 
I I 
I I 
I I 
I I 

K' = aquitard venical hydraulic conductivity, LT1 

m = aquifer thickness, L 

m' = aquitard thickness, L 

Q =constant pumping rate, L3T 1 
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Chapter 14 

r = radial distance from pumping well to a point on the cone of depression 
(all distances are measured from the center of wells), L . · 

re =inside radius of pumping well casing within the range of the water level 
fluctuation, L 

rw =effective mdius of the well bore or open hole, L 
= borehole mdius if the filter is much more permeable than the aquifer 
= screen mdius if no filter is used or if the filter has a hydraulic conductivity similar 

to that of the aquifer 

s = drawdown of piezometric surface during pumping, L 

Sw = drawdown in the pumping well, L 

S =aquifer storativity, dimensionless 

S' = aquitard stomtivity, dimensionless 

z = venical distance from the aquifer base, L 

Assumptjons 

1. The aquifer is bounded above by an aquitard and an unconfined aquifer (the "source 
bed") and bounded below by an aquiclude. 

2. All layers are horizontal and extend infinitely in the mdial direction. . 
3. The initial piezomenic surface (before pumping begins) is horizontal and extends 

infinitely in the radial direction. The water table in the source bed is horizontal, 
extends infinitely in the radial direction, and remains constant during pumping (zero 
drawdown). Drawdown of the water table in the source bed can be neglected when 
t S S'm'/(lOK') (Neuman and Witherspoon, 1969b). 

4. The aquifer and aquitard are homogeneous and isotropic. 
5. Groundwater density and viscosity are constant. 
6. Groundwater flow can be described by Darcy's Law. 
7. Groundwater flow in the aquitard is vertical. Groundwater flow in the aquifer is 

horizontal and directed radially toward the well. This assumption is valid when 
K/K' > 100 m/m' (Hantush, 1967). 

8. The pumping and observation wells arc:: screened over the entire aquifer thicknes!i. 
9. The pumping rate is constant. 

10. Head losses through the well screen and pump intake are negligible. 
11. The aquifer is compressible and completely elastic. The aquitard is incompressible 

(i.e., no water is released from storage during pumping). This assumption is valid 
when t > 0.036 m'S'/K' (Hantush, 1960). 

14.2 MATH~MATICAL MODEL 

Governing Equation 

The governing equation is derived by combining Darcy's Law with the principle of 
conservation of mass (for che aquifer and well casing) in a radial coordinate system (Lai 
and Su, 1974) 
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Figure 8.12 Theoretical curves of W(u,c, u8,q) versus 1/u...c and 1/us for an 
unconfined aquifer (after Neuman, 1975a). 

and s, is the specific yield that is responsible for the delayed release of water to 
the well. 

For an anisotropic aquifer with hori:Zorital hydraulic conductivity Kr and 
vertical hydraulic conductivity Kz, the parameter 17 is given by 

17 = r2K, 
b2Kr 

(8.15) 

If the aquifer is isotropic, K. = K,, and 17 = r2/b 2• The transmissivity Tis defined 
as T = Krb. Equations (8.12) through (8.15) are only yalid if S, "»Sand h0 -

h «b. 
The prediction of the average drawdown at any radial distance r from a pump

ing well at any time t can be obtained from Eqs. (8.13) through (8.15) given Q, 
S, Sy, K,, Kz, and b. 

Multiple-Wei/ Systems, Stepped Pumping Rates, 
Well Recovery, and Partial Penetration 

The drawdown in hydraulic head at any point in a confined aquifer in which more 
than one well is pumping is equal to the sum of the drawdowns that would arise 
from each of the wells independently. Figure 8.13 schematically displays the draw
down h0 - h at a point B situated between two pumping wells with pumping rates 
Q, = Q:. If Q 1 -=;t= Q2 , the symmetry of the diagram about the plane A - A' 
would be lost but the principles remain the same. 
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Figure 8.23 Comparison of log-log ho - h versus t data for ideal, leaky, un
confined, and bounded systems. 

those of Figure 8.9. The method only requires matching against the Theis curve, 
and calculations are relatively easy to carry out. 

As an alternative approach (Wolff, 1970), one can simply read off a T
1 

value 
from Figure 8.17 given a hydraulic head value h measured in an aquitard piezo
meter at elevation =at time t. Knowing the aquitard thickness, b', one can solve 
Eq. (8.23) for c11 • If an ex value can be estimated, Eq. (8.22) can be solved for K'. 

For unconfined aquifers the time-drawdown data should be matched against 
the unconfined type curves of Figure 8.12. The 'I value of the matched curve, 
together with the match-point values of W(u,0 uB, rr), uA, u0 , h

0 
- h, and t can be 

substituted into Eqs. (8.13) through (8.15) to yield the aquifer coefficients T, S, 
and Sy. Moench and Prickett (1972) discuss the interpretation of data at sites 

4,3 
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Figure 8.24 (a) Determination of T and S from ho - h versus t data using the 
semilog method; (b) semilog plot in the vicinity of an imper
meable boundary. 
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where C and D are coefficients that depend on the units used. For Mz and r in 
meters. tin seconds, Q in m 3/s, and Tin m2/s, C = 0.18 and D = 2.25. For Mz 
and: r in feet, t in days, Q in U.S. gal/min, and Tin U.S. gal/day/ft, C = 264 and 
D = 0.3. For Q and Tin terms of Imperial gallons, C = 264 and D = 0.36. 
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Chapter 4 

and leakage will decrease (Figure 4.7c). All groundwater flow~ng to the pumping 
well will originate in the aquifer and drawdown data will plot as a line parallel to 
drawdown predicted for Model 3. 

b) If the aquitard is bounded above by an unconfined aquifer with a large 
transmissivity (i.e., the "source bed" of Cases B or C, Model 5), groundwater 
flowing to the pumping well will originate in the source bed and the drawdown 
curve becomes a horizontal line (Figure 4.7c). 
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Figure 4.7 The effects of various aquifer characteristics on drawdown. 
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Example 2.1 Estimating Well Pressure 

Estimate the pressure at a well located in the center of a 
closed-square reservoir after it has produced 135 STB/D of 
dry oil for 15 days. Other data are* 

p; = 3.265 psi 
k,. = 90md 
µ.,, = 13.2 cp 

cf>=0.17 
c, = 2.00 X 10-s psi- 1 

ru· = 0.50 ft 
B,, = 1.02 RB/STB 

1i = .n ft 
A= 40 acres= 1,742.400 sq ft 
s=O. 

Curve A of Fig. C.13 is used for p1, since it applies to a 
closed-square system with a well at the center. 

Using Eq. 2.3b, 

t = (0.0002q37)(90)(15 x 24) 
IJA (0.J7)(J3.2)(2.00 X 10-5)(1,742.400) 

=0.109. 

From Curve A of Fig. C.13, PD(tvA = 0.109) = 6.95. 
Rearranging Eq. 2.2 and substituting values. 

P . (t, r .) = 3,265 - (141.2)(135)(1.02)(13.2) (6.95) 
Id U ' (90)(47) 

= 2,843 psi. 

Fig. 2.1 schematically illustrates three transient flow re
gimes for a closed drainage system. Dimensionless pressure 
is shown as a function of both tvA and log (tvA). The portion 
marked A is the early transient or infinite-acting flow re-

*In the examples in this mono~aph, data values are not always 
stated to their full number of significant digits. In such cases, values 
are assumed to have three significant digits with significant zeroes 
omitted. Computations are usually done using the intermediate 
\•alues shown. When intermediate values are not shown, all com
puted digits have been used and the final result has been rounded 
off. 

60 
Q 

a. 

l&J 
§ 50 
(/) 

~ 
g: 40 

(/) 
(/). 
l&J 
.J 30 
z 
0 
u; 
~ 20 
~ 
c 

(a) 

2 3 4 7 8 9 

DIMENSIONLESS TIME, toA 

ADVANCES IN WELL TEST ANALYSIS 

gime; we prefer the term "infinite-acting". since all wells 
act as if they were alone in an infinite system at short flow 
times. ·The infinite-acting period is characterized by a 
straight line on the semilog plot. Fig. 2. lb. The portion of 
the curves labeled C in Fig. 2.1 is the pseudosteady-state 
flow regime that occurs in all closed systems. During 
pseudosteady-state flow, pressure changes linearly with 
time, as shown in Fig. 2. la. The B portion of the curves 
is the transition period between infinite-acting and 
pseudosteady-state flow. 

In Fig. 2.1, flow is transient at all times. Some systems 
exhibit true steady-state behavior with p0 constant. Those 
systems are most commonly observed in laboratory core 
flooding and permeability measurement experiments; they 
also may exist in fluid injection projects with balanced 
production and injection and in reservoirs with a strong 
natural water drive. 

2.4 Dimensionless Pressure During the Infinite-Acting 
Flow Period 

Fig. 2.2 is a schematic representation of a single well 
producing at constant rate q in an infinite, horizontal, thin 
reservoir containing a single-phase, slightly compressible 
fluid. When the assumptions of Eq. 2.1 are satisfied. Eq. 
2.2, with p1, from Fig. 2.3, describes the pressure behavior 
at any point in the system. Fig. 2.3 showsp/J is a function of 
tlJ and of r0 , the dimensionless radial distance from the well, 
for the infinite-acting system. (Fig. C. I is a full-scale grid
ded version of Fig. 2.3.) Whenr0 ;;;;:: 20andt0 /r0

2 ;;;;:: 0.5, or 
when t0 /r0

2 ;;;;:: 25. ther0 = 20 and the "exponential-integral 
solution" lines on Figs. 2.3 and C. l are essentially the 
same, so p1, depends only on t1Jlr1J2 under those conditions. 8 

The exponential-integral solution 1•4 (also called the lin~ 
source or the Theis9 solution)·to the flow equation is 

( b) 

A 

10 IQ-3 10-2 10-1 I 10 

DIMENSIONLESS TIME, toA 

Fig. 2.1 Transient flow regimes: A - infinite acting: B - transition: C - pseudosteady state. Data from Earlougher and Ramey7 for a 
4: I rectangle with the well at xll = 0. 75. y!W = 0.5. 

c.z 
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Po(to.ro) = - .!. Ei (-ro
2 

) , •••••••••••••• (2.5a) 
2 4to 

:::: .!. [ ln(t0 /r0
2

) + 0.80907]. ........ (2.5b) 
2 

Eq. 2.5b may be used when 

t0 /r0
2 > 100, ............................. (2.6) 

but the difference between Eq. 2.5a and Eq. 2.5b is only 
about 2 percent when t0 1r0

2 > 5. Thus, for practical pur
poses, the log approximation to the exponential integral is 
satisfactory when the exponential integral is satisfactory. 
Nevertheless, the more accurate limit of Eq. 2.6 is used in 
this monograph. 

The exponential integral is defined by 

00 . f e-11 El(-x) = - -;; du . .................. (2.7a) 

x 

Values may be taken from tables 10 or may be approximated 
from 

Ei(-x):::: ln(x)+0.5772 forx<0.0025 . ..... (2.7b) 

At the operating well r[) = 1, so t0 1r0
2 = t0 • Since t0 > 100 

after only a few minutes for most systems, there is practi
cally no difference between the two forms of Eq. 2.5, as 
illustrated by .the following example. 

Example 2 .2 Estimating Pressure vs Time History 
of a Well 

Use the exponential-integral solution and the data of Ex
ample 2.1 to estimate the pressure vs time relationship for a 
well in an infinite-acting system. 

. We calculate pll'1 at 1 minute and at 10 hours to illustrate 
the procedure; final results are shown in Fig. 2.4. From 
Eq. 2.3a, 

Fig. 2.2 lntlniic sys1cm with a ~ingk well. 

7 

to = (0.0002637)(90) t 
(0.17)(13.2)(2.00 x 10-5)(0.50)2 

= 2,l l5t. 

At 1 minute, t0 = (2, 115)(1/60) = 35.25. The exponential
integral solution, Eq. 2.5a, applies becauset0 1ro 2 = 35.25/1 
> 25. However, since t0 /r0

2 = 35.25 < 100. the log 
approximation, Eq. 2.5b, should not be used. Using 
Eq. 2.5a and evaluating Po from Fig. C. l, we get p0 (t0 = 
35.25) = 2.18. Then, rearranging Eq. 2.2, 

p11At = 1 minute) 

= 3 265 - (141.2)(135)(1.02)(13.2) (2.18) 
• (90)(47) 

= 3,265 - (60.67)(2.18) = 3, 133 psi. 

At 10 hours, t0 = (2, 115)(10) = 21, 150 and the log approx
imation, Eq. 2 .5b, can be used: 

so 

Pn = .!. [In (21, 150/1) + 0.80907] 
2 

= 5.384, 

p11At = 10 hours) = 3,265 - (60.67)(5.384) 

= 2,938 psi. 
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cally fractured wells are generally negative. Fig. 2.8 com
pares the dimensionless pressure for an ideal. undamaged, 
unstimulated well with that for a hydraulically fractured well 
with a half-fracture length of 31.63 r11 •• At small tii. the 
difference between the two dimensionless pressure curves, 
which is s (Eq. 2.2), vwjes; at larger·tn that difference is 
constant. This indicates that reasonable skin values can be 
estimated from transient tests for many hydraulically frac
tured wells. However, when large fracture jobs are known to 

. have been performed. the fracture should be accounted for 
by analyzing well tests using the type-curve matching· 
method (Section 3.3) with Figs. C.3, C.4, C.5. C.17, C.18, 
or C.19. An important feature of all the log-log plots of 
fractured-well P1J data is the slope of lh at small tlJ. This 
slope also will be observed on a log-log plot of transient 
pressure difference data from fractured wells. unless 'it is 
obscured by wellbore storage. Section 11.3 provides addi
tional details. 

2.6 Wellbore Storage 

Wellbore storage, also called afterflow, afterproduction, 
afterinjection, and wellbore unloading or loading, has long 
been recognized as affecting short-time transient pressure 
behavior. 2•14 More recently, several authors 1:1·26 have con
sidered wellbore storage in detail. It is easy to see that liquid 
is stored in the wellbore when the liquid level rises. That 
situation occurs when a pumping well without a packer is 
shut in; indeed, bottom-hole pressure is often deduced by 
measuring liquid level. When wellbore storage is signifi
cant, it must be considered in transient test design and 
analysis. If it is not considered, the result may be an analysis 
of the wrong portion of the transient test data. the deduction 
of nonexistent reservoir conditions (faults, boundaries, 
etc.), or an analysis of meaningless data. Fortunately, the 
effects of wellbore storage usually can be accounted for in 
test analysis - or can be avoided by careful test design. 

The well bore storage constant (coefficient, factor) is 
defined16 by 

_AV \.P! C--, .... ~···· .................. (2.15) 
Ap -
~ 

f 10--~~--~~~.--~~ ....... ~~~ ....... ~~-. 
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DIMENSIONLESS TIME, to 

Fig. 2.8 Comparison of dimensionless pressures for an ideal 
well and for a well with a single vertical fracture. 

Infinite-acting system. 

ADVANCES IN WELL TEST ANALYSIS 

where C = wellbore storage constant (coefficient, fac-
tor), bbl/psi, • 

AV= change in volume of fluid in the wellbore, at 
wellbore conditions. bbl. and 

Ap =change in bottom-hole pressure, psi. 

Applying Eq. 2.15 to a wellbore with a changing liquid 
level, 16 

C = Vu , ................ -........ (2.16) 

((£:\..£..\ · .-ps,Y, &"IAu,../a.':: .4-33~/ 
~ l'T ~'f-t1..i~·',ra. !fr' 

where V,, is the wellbore volume per unit length in barrels 
per foot. Eq. 2.16 is valid for both rising and falling liquid 
levels. When the wellbore is completely full of a single
phase fluid, Eq. 2.15 becomes16 

C = Vwc, ............................... (2.17) 

where V11• is the total well bore volume in barrels and c is the 
compressibility of the fluid in the wellbore at wellbore 
conditions. Throughout this monograph, the wellbore stor
age coefficient, C, has units of barrels per psi; some authors 
prefer cubic feet per psi. The compressibility in Eq. 2.17 is 
for the fluid in the wellbore; it is not c1 for the reservoir. 
Since the wellbore fluid compressibility is pressure depen
dent (Appendix D), the wellbore storage coefficient may 
vary with pressure. Fortunately, such variation in wellbore 
storage coefficient is generally important only in wells con
taining gas or in wells that change to a falling or rising liquid 
level during the test. Those conditions are considered in 
Section 11.2. 

Some dimensionless pressure functions (Appendix C) for 
systems with wellbore storage use a dimensionless wellbore 

storage coefficient, ,,,,;y ~ 
Co= 5.6146c--' . -· .._. .............. (2.18) 

21T cf>c.1hr1..2 -~\lo-._ o+""'-'-Co~-G!. ~FFec.-r-L:= 

Note that the total compressibility for the reservoir system, 
c,, is used in this definition. 

Wellbore storage causes the sand-face flow rate to change 
..... 

Fig. 2.9 Effect of wellbore storage on sand-face flow rate, 
C3 > C2 > C,. 
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16.00-lbm casing. Estimate the wellbore storage coefficient 
for (I) a wellhead injection pressure of 400 psi; and (2) a 
wellhead vacuum. Use cf>= 0.15,h = 30ft, andrU' = 3.5 in. 
to calculate the dimensionless wellbore storage coefficient. 

I. When the wellhead pressure is greater than zero, Eq. 
2.17 is used to estimate C. Water compressibility is esti
mated to be 3 .25 x 10-s psi- 1 from data in Appendix D. For 
4.75-in., 16-lbm casing, Vu = 0.0161 bbl/ft, so Vu. = 
(0.0161)(2,120) = 34. I bbl. Using Eq. 2. I7, 

C = (34.1)(3.25 x 10-6) = 1.11 x 10-4 bbl/psi. 

From Eq. 2.18, 

c - (5.6146)(1.11 x 10-4
) = 80. 

lJ - 27T(0.15)(3.25 x 10-6)(30)(3.5/12)2 

2. In this second case there is a changing liquid level in 
the well, so Eq. 2.16 is used: 

c = O.Ol6I = 0.0372 bbl/psi. 

(62.4) (~) 
144 32.17 

c[J = (5.6146)(0.0372) 
27T(0.15)(3.25 x 10-6)(30)(3.5/I2)2 

=2.7 x 104 • 

In this case, there is a factor of about 340 difference 
between compressive and changing-liquid-level storage. 
Note, we assumed Ct == Cu·• which is not always a valid 
assumption. 

Example 2.5 Computing Wei/bore Storage Coefficient 
From Well Test Data 

Use the log-log data plot shown in Fig. 2.11 to estimate a 
wellbore storage coefficient. That well has 2.5-in. tubing in 
81/a-in., 35.5-lbm casing. 

iii 
Q. . 
Q. 

0 o0o<>OO 
100 t--~~~~"t-~~~~"-:o;rr--t-~~~---t 

<I 101----,~~~-+-~~~~~~-+~~~~~ 
I 

4 

4 
0.2 

I I 4 I I 
10 

SHUT-IN TIME, 6t, HR. 

40 

Fig. 2.11 Log-log data plot for Example 2.5. Pressure buildup test 
in a sandstone reservoir with B = 1.0 RB/STB: q = 66 STB/D: 

h = 20 ft; and depth = 980 ft. 

ADVANCES IN WELL TEST ANALYSIS 

At !1t = I hour. Ap = 26 psi on the unit-slope straight 
line. Using Eq. 2;20 and the data values i.n the figure 
caption. the wellbore storage coefficient is estimated as 

C = ( 66)(1) _I = 0 .106 bbl/psi. 
(24) 26 . 

Using Eq. 2.16 andp = 62.4 lbm/cu ft, 

Vu = C (_.E__ ..L) = (0.106) ( 62.4 32.17) 
144 8c 144 32.I7 

= 0.0459 bbl/ft. 

This indicates that fluid is rising in the annulus between 
the tubing and casing <Vu for that annulus is 0.0435 bbl/ft). 
The well is completed without a packer, so the result is 
reasonable. 

For this well, Ct== 10-s psi- 1, cf>= 0.20,andrw = 0.36 ft, 
so from Eq. 2. I8, 

c = (5.6146)(0.106) 18 300 
D 27T(0.20)( lQ-5)(20)(0.36)2 = ' . 

The wellbore storage coefficient can change during trans
ient testing. For example, consider a falloff test in a water 
injection well with a high wellhead pressure during injec
tion. When the well is shut in, surface pressure is high 
initially but could decrease to atmospheric and go on vac
uum if the static fonnation pressure is below hydrostatic. 
The liquid level must start falling as soon as the wellhead 
pressure drops below atmospheric. As a result, the wellbore 
storage coefficient increases from one for fluid compression 
(Eq. 2.17) to one for a falling liquid level (Eq. 2.16); the 
second storage coefficient easily could be a hundred to a 
thousand times the first. The reverse situation can occur as 
well, with a high, rising-liquid-level storage at the begin
ning of injection changing to fluid-compression storage as 
the wellhead pressure begins to increase. Fig·:-2. I2 schemat
ically illustrates dimensionless pressure behavior when the 
wellbore storage coefficient changes. When the wellbore 
storage coefficient increases (fromC 1 toC2 in Fig. 2. I2),po 
(or tip) flattens, begins to increase again, and finally ap
proaches the response curve for the larger storage coeffi
cient. When the wellbore storage coefficient decreases, 

... 
Q. 

<I 

C) 
0 
.J 

tz 
LOG (t) 

Fig. 2.12 Theoretical pressure response for both increasing and 
decreasing wellbore storage: C2 > C 1• Adaptation of data 

from Earlougher, Kersch. and Ramey.26 



PRINCIPLES OF TRANSIENT TEST ANALYSIS 

there is a rapid Po (or !l.p) increase as the pressure response 
approaches the low well bore storage curve. More discussion 
about this is given in Ref. 26 and in Section 11.2 

Stegemeier and Matthews27 .showed that gas-liquid 
(phase) redistribution in the wellbore causes anomalous 
pressure-buildup curves of the form shown in Fig. 2.13. Fig. 
2 .14 indicates that phase redistribution is similar to well bore 
storage, although it is probably more complex than anything 
else presented in this section. It is important to understand 
that the behavior illustrated in Fig. 2.13 is wellbore, not 
formation, dominated. Pitzer, Rice, and Thomas28 demon
strated this by testing a well once with surface shut in and a 
second time with bottom-hole shut in. 

In summary, well bore storage effects always should be 
considered in transient test design and analysis and in com
puting the expected pressure response of wells. In some 
cases, transient tests must be designed to minimize or 
alleviate wellbore storage, or no useful information will be 
obtained. Wellbore storage effects can be recognized on 
log-log data plots if sufficient short-time pressure data are 
available. No information about the formation can be deter
mined from transient test data falling on the unit slope of 
such a data plot. 

2.7 Dimensionless Pressure During the 
Pseudosteady-State Flow Period 

Fig. 2.1 indicates that in closed systems a transition 
period follows the infinite-acting transient response. That is 
followed by the pseudosteady-state flow period, a transient 
flow regime when the pressure change with time, dpldt.-.it 

\ 
constant ~.all points in: the:teservoir.t('IJnn:is-equivalent·'to 

e ~;;right-hand.:side:af. Eq:.".2.!'i,!,,being.constant.) This flow 
period occasionally has been mistakenly called steady state, 
although at, true steady state pressure is constant with time 
everywhere in the reservoir (Section 2.8) . 

. Fig. 2.15 schematically shows a single producing well in 
the center of a closed-square drainage area. Fig. 2.16, a plot 
of pf} vs t0 at Points A, 8, C, and D of Fig. 2.15, illustrates 
two properties common to all closed systems. First, at small 
di!Jlensionless times, pf} at the well is given.by Eq. 2.5 if 
vAir,0 > 50; the well behaves as if it were alone in an 
infinite. sy~tem. Second, a~~lfiJllensi?nless tim~s-;!'n·1u .. ~ 
<lllY poui110·the system ·vanes-hntarly.WJUi ID.t• This 1s the 
pseudosteady-state tlow period, which can occur only in 
bounded systems. During pseudosteady state, dimension-
less pressure is given by29 

.s e. iz 

_!_ ln(-4.--)+! In(2.2458). 
2 r,..- 2 c.~ 

~~Mt 6.() "7\ 
~3,..> 

................. (2.23) 

c.~. the shape factor, is a geometric factor characteristic of 
the system shape and the well location. Values are given by 
Brons and Miller, 12 Dietz.30 and others. 7 •31 Both C.~ and the 
final term in Eq. 2.23 are given in Table C. I. Eq. 2.23 may 
be used for aay closed system with known shape factor. If 
3 I .62, the CA 'tjalue for a well in the:center of a circular ( -z.._ 
sy~tem 11.is used in Eq. 2.23. the lasnwo terms become thej ' 
familiar ln(re/r ..,) - 0. 75. i 
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Fig. 2.13 Pressure buildup behavior showing the effect of fluid 
segregation in the well bore. After Matthews and Russell. 1 
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Fig. 2.14 Log-log plot of Fig. 2.13 data. 
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Eq. 2.23 applies any time after pseudosteady-state tlow 
begins; that time may be estimated from 

r,, ..... = 0.0~~~7 k (tlJ.~~"··• • • .•••.•••.... (2.24) 

where (t/JA ),, ..... is given in the "Exact for tn11 >" column of 
Table C. I. Both C11 and (t1M),,. .• depend on reservoir shape 
and well location. 

0 
a. 

Dimensionless pressure data at the well and at several 

t DA= 0.25 X I0-6 to 
Fig. 2.16 Dimensionless pressure at various points in a closed 

square caused by a producing well in the center. A. B. C. 
and D identified in Fig. 2.15; v'Air,,. = 2.000. After 

Earlougher. Ramey, Miller and Mueller.31 

xh/A or r /rw 
Fig. 2.17 Dimensionless pressure distribution in linear and radial 

steady-state flow. 

ADVANCES IN WELL TEST ANALYSIS 

other points in closed rectangular systems are given in 
Ref. 7. 

Example 2.6 Estimating-Well Pressure During 
Pseudosteady-State Flow 

Using the data of Example 2.1. estimate flowing well 
pressure after 60 days. From Eq. 2.3'b:-'- p" 

t = (0.0002637)(90)(60 x 24) 
/M (0.17)(13.2)(2.00 X JQ-5)(1,742,400) 

= 0.437. 

Table C. I indicates pseudosteady state exists after t1"' = 0.1 
for a well in the centerof a square. so Eq. 2.23 applies. From 
Table C. I. C11 = 30.8828. Using Eq. 2.23, . 

Pt>= 27T(0.437) + .!. In (1,742.400) 
2 (0.50)2 

+ .!. In ( 2.2458) = 9.3 1. 
2 30.8828 

Then, from Eq. 2.2, 

p. (t,r .) = 3,265 _ (141.2)(135)(1.02)(13.2) (9.31 ) 
rlf u (90)(47) 

= 2,700 psi. 

2.8 Steady-State Flow 

\ 
Wli'en tliepresrureatevery poifiTin· a-system does·not '9'af1 

o w.ith~rim~"(ttfar1!?"When the right-hand side·of Eq;~·~. l is· 
"'4.£. .... 

zero)',..-.flow is said to be steady state. Linear and radial 
steady-state flow. whose dimensionless pressure distribu
tions are illustmted in Fig. 2.17, usually occur only in 
laboratory situations. The dimensionless-pressure functions 
are 

steady state. linear 
_ Lh · 

<P1J) •• 1. - 27T A . . ....................... (2.25) 

steady state, radial 

(p/J)s.•r = In(!.!.:...). . ...................... (2.26a) 
r,,. 

When Eq. 2.26a is used in Eq. 2.2, we obtain after 
rearrangement see. / ;... ~ r Jl 

q = 0.007082 kh (Pe - p,,.) , ............. (2.26b) 
Bµ ln(r.,lr,,.) Cot.tsr 'f>IU!.~ \\o~ofllt'I 

the familiar radial form of Darcy's law.32 

In reservoirs, steady-state flow can occur only when the 
reservoir is completely recharged by a strong aquifer or 
when injection and production are balanced. Muskat33 re
lates flow rate to interwell pressure drop for several flooding 
patterns. His equations are easily converted to the dimen
sionless pressure approach used in this monograph. Perhaps 
the most useful is the dimensionless pressure expression for 
a five-spot flooding pattern at steady state with unit mobility 
ratio and with r,,. the same in all wells: 

(p1J) ..... :. = In( A 
2

) - I. 9311. ............... (2.27) r,,. 
Here. A is the five-spot pattern area, not the area per well. 



PRESSURE BUILDUP TESTING 

Horner Plot 

The Homer pressure-buildup test data analysis can be 
used to estimate penneability and skin in finite reservoirs 
just as in infinite-acting reservoirs, since boundary effects 
influence only late-time data. The data plot is as described in 
Section 5.2 and Fig. 5.2; Eqs. 5.6, 5.7, and 5.9 apply. 
Section 5.2 states that an estimate of__p1 is obtained by 
extrapolatin,g the straight..line section of the Horner plot to 
infinite shut-in time. F!n:.fipite and deyeJoped reservoirs, the 
extrapolated pressure is n.o~ a good estimate of Pt and gener
ally. has. been. called the" false· pressure," p*; 1.s.s.10 Fig. 5.5 
shows pressure buildup data for a well in a finite reservoir. 
The extrapolated false pressure, p~. is higher than the aver
age pressure at the instant of shut-in unless the drainage 
region is highly skewed. 

Using the concept of the false pressure, we may rewrite 
Eq. 5.4: 

Pwa = p* - m log ( t,, ~tAt ) . . ...•........ (5.10) 

• Ramey and Cobb 10 showthatp* is related top1 by 

* _ 141.2qBµ. [p (t ) p -p, - kh D pD 

I ]' - - (In tp0 + 0.80907) . . ............. (5.1 l) 
2 

When the logarithmic approximation, Eq. 5.3, can be used 
for p0 (tp0 ) in Eq. 5. l l, p* is identical to Pt· 

Eq. 5 .10 indicates that the normal Horner plot, p11 •• vs log 
[ (tp + At)/At J, should have a straight-line section with 
slope -m, as schematically illustrated in Figs. 5.2 and 5.5. 
A:lthough it is commonly believed that th~ Homer plot 
should be used only for new wells or when tp is relatively 
small, Ramey and Cobb 10 and Cobb and Smith 19 indicate 
that the Homer plot may always be used for pressure
buildup data analysis. However, since it requires more work 
than the Miller-Dyes-Hutchinson method, the Homer plot is 
generally not used unless tp < lp:u· 

Miller-Dyes-Hutchinson Analysis 

The Homer plot may be simplified if At << tp. In that 
case, tp + At ::: tp and 

tJ 
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Fig. 5.5 Horner plot of typical pressure buildup data from a well in 
a finite reservoir. After Matthews and Russell. 1 
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log ( 1v ~tAt ) ~log tp - log At ........... (5.12) 

IfEq. 5.12 is used in Eq. 5.10, then 

Pu:•= Pthr + m log At . . .................... (5.13) 

Eq. 5.13 indicates that a plot of Pw• vs log At should be a 
straight line with slope +m, where m is given by Eq. 5.5. 
Penneability may be estimated from Eq. 5.6, and the skin 
factor may be estimated from Eq. 5. 7. The Pu:• vs log At plot 
is commonly called the Miller-Dyes-Hutchinson (MOH) 
plot. 1·10 We use this tenninology throughout this mono
graph. The false pressure may be estimated from the MOH 
plot by using 

p* = Pihr + m log(tp + I) 

:::Pihr + m log(tp) ..................... (5.14) 

Fig. 5.2 indicates that some minimum shut-in time is 
required before pressure-buildup data fall on the Horner 
straight line. The same is true for the MOH plot. The 
beginning of the MOH semilog straight line may be esti
mated by making the log-log data plot and observing when 
the data points reach the slowly curving low-slope line. 
about I to 1.5 cycles in time after the end of the unit-slope 
straight line. Alternatively, the time to the beginning of the 
semilog straight line for either the Homer or the MOH plot 
may be estimated from Eq. 2.22. 20 

At0 =50C0 e0• 143 , ••••••••••••••••••••••• (5.15a) 

or, in hours, 

170 000Ce0
·
148 

At= • . . ................. (5.15b) 
(kh/µ.) 

For fractured wells, At estimated using a C based on well
bore storage volume rather than a C derived from a log-log 
plot unit slope (see Eq. 2.20) will tend to be a minimum 
value owing to neglect of any fracture storage volume. 

Fig. 5.5 indicates that after some shut-in time, the pres
sure begins to fall below the semilog straight line. This is 
true for both Homer- and MOH-type plots. The end time of 
the semilog straight line may be estimated from 

At= 0.~~~7 k (Ato.4)ea1. . ............. (5.16) 

where (At0 ..i)esl •the dimensionless shut-in time at the end of 
the semilog straight line, depends on reservoir shape and 
well location. Ramey and Cobb10 and Cobb and Smith 19 

present (Atn..i )rsl data for a variety of shapes and well loca
tions for both Homer- and MOH-type plots. Fig. 5.6 gives 
(t0..i)~,1 data for a Horner plot for the shapes and well loca
tions in Table 5.2. Fig. 5. 7 gives the information for an 
MOH plot. Both figures identify the time when the data-plot 
slope deviates from the correct slope by about 5 percent. 
Cobb and Smith 19 (preprint version only) also give the time 
to the end of the semilog straight line for 2-. 10-. 15-. 20-. 
and 40-percent deviation. Similar data for a square with 
constant-pressure boundaries and the well at the center 
are available21 ·:.?:? and are included as Shape 7 in Figs. 5.6 
·and 5.7. 

/J -~ 
l_.. • .....,. 
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10.2 Linear Discontinuities - Faults and Barriers 

Linear discontinuities, particularly single sealing faults. 
have been a popular topic in the transient-testing 
literature. 1·s-9 Fig. 10.2 shows a single well, Well A. near a 
linear sealing fault in an otherwise infinite-acting reservoir. 
Homer~ considers pressure buildup and RusselF discusses 
two-rate flow testing in that system. Regardess of test type, 
the linear flow barrier affects the test in about the same way. 
To obtain the effect of the linear fault, we use the method of 
imagest.5 (see Appendix B) and add an image well, Well A', 
as shown in Fig. 10.2. Then the pressure drop anywhere on 
the left side of the fault is the sum of the pressure drops 
caused by Wells A and A'. The following illustrates the 
process for dra wdown testing. 

If Well A. near a linear fault, is put on production atr = 0, 
the pressure change at the well is estimated by using the 
superposition principle (Section 2.9) and the two wells 
shown in Fig. 10.2. Thus, the pressure drop at Well A is the 
tip at Well A caused by production at Well A plus the tip at 
Well A caused by production at Well A'.: 

tip =p, - P11:1 

= tipA,A + tipA,A'• 

Using Eq. 2.2, 

tip= 
1 ~~· 2 qBµ. { [P1J(t1J,r1J = I) + s] + p1,(t1J,2L/r11.)}, 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (10.1) 

since q is the same at both wells. For infinite-acting systems, 
the dimensionless pressure is given by the exponential
integral solution, Eq. 2.Sa. At relatively short times, the log 
approximation applies at Well A andp1, is given by Eq. 2.Sb. 
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Fig. 10.1 Nonuniqueness because of reciprocity. Mirror-image 
models give identical multiple-well test responses. After Jahns. 2 

ADVANCES IN WELL TEST ANALYSIS 

Furthermore, at short times t1,lr1, 2 for the image well is 
small. so the dimensionless-pressure contribution from the 
image well is essentially zero (sec Fig. C.2). As a result, at 
short times the flowing bottom-hole pressure at Well A is 
given by Eq. 3.5, the familiardrawdown relationship: 1·5 

Pw1=111 log t +Pi hr. . ..................... ( 10.2) 

Eq. 10.2 indicates that a plot of short-time drawdown 
bottom-hole pressure vs log t should have a straight-line 
portion with slopem given by Eq. 3.6, 

_ -162.6qBµ. 
m - kh ' ...................... (10.3) 

and interceptp 1hr given by Eq. 3.7. Thus. for a well near a 
linear fault, drawdown (buildup, two-rate, etc.) testing can 
be used to estimate reservoir permeability and skin factor in 
the usual fashion, as long as well bore storage effects do not 
mask the initial straight-line section. If the well is very close 
to the fault, the initial straight line may end so quickly that it 
is masked by wellbore storage. 

As the drawdown proceeds, the dimensionless-pressure 
contribution from Image Well A' becomes significant. and 
the pressure at the producing well falls below the initial 
semilog straight line. After a long-enough production time. 
P1J for the image well is given by Eq. 2.Sb, so9 

Pu'f = 2(m log t + P1hr) 

+ {p; + m [o.86859s +log(;~:)]} . 

................................ (10.4) 

Eq. 10.4 indicates that thep11•1 vs log t plot will have a second 
straight-line portion with a slope double that of the initial 
straight line. The double slope also occurs in two-rate test
ing, pressure buildup testing, injectivity testing, and pres
sure fallofftesting. 1•5•7 Average drainage-region pressure is 
estimated in the manner normally used for buildup testing 
using the second straight line. 

The simple occurrence of a doubling of slope in a transient 
test does not guarantee the existence of a linear boundary 

LINEAR 
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FAULT 

A A' 
..,__L~--. ..... ~-L----..0 

WELL IMAGE 

Fig. 10.2 Linear sealing fault near a producing well. 
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near the well. Pressure data taken during wellbore storage 
domination can cause two apparent semilog straight lines 
with a slope increase (for examples, see Figs. 5.2 and 7.4). 
In such cases, the apparent semifog straight lines are caused 
completely by wellbore effects and have nothing to do with 
reservoir characteristics. Thus, it is important to construct 
the log-log plot of transient test data to determine when 
wellbore storage effects are no longer important. That is 
particularly true when a slope increase is expected from a 
transient test. 

To estimate distance to a linear discontinuity, we use the 
intersection time, t.r, of the two straight-line segments of the 
drawdown curve:9 

L = 0.01217 -'Y. . ................ (10.5) .,~ 

Eq. 10.5 applies for drawdown testing. RusselF gives an 
equation for two-rate testing. For pressure buildup testing, 
the intersection point of the two straight lines is related to the 
dimensionless pressure at the intersection time by 

Po [to/(2Llrw)2
] = t ln('P ~tAt t· ......... (10.6) 

Thus, to estimate the distance to a linear fault from a pres
sure buildup test, we find [ (tp + At)/ At] when the semilog 
straight lines intersect and calculatep0 from Eq. 10.6. Then 
we enter Fig. C.2 with that value of p0 and determine 
[to/(2L/r u-)2

] Fhi. c.2 • Finally, 

L = ~ 0.0002637 ktp ---=------=--- . . ..... (IO. 7) 
4<jJµc1 [11J/(2Llrw)2 ]F111• c.2 

When tp > > Ar, a useful estimate of L may be made from 
a pressure buildup test by using Eq. 10.5 with At.r in place 
of t.r. 

Example 10.1 Distance to a Fault From a Pressure 
Buildup Test 

Pressure buildup data are shown in Figs. 10.3 and 10.4. 
The log-log plot, Fig. 10.3, indicates that wellbore storage 
effects are not important, so the increase in slope in Fig. 
10.4 is probably caused by reservoir heterogeneity. The 
ratio of the two slopes is I. 79. Since the absolute value of the 
slopes is increasing with shut-in time, and since the slope 
riuio is about 2. a linear fault is suspected. Seismic data have 
verified the existence of a fault near this well. 

,_ 
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Fig. 10.J Log-log data plot for Example I 0. I. 

Test data are 

q = 10,250 STB/D 
Ip = 530 hours 

Pu.·!CAt = 0) = 3,666 psig 
h=524ft 
µ=0.20cp 

B = I .55 RB/STB 
. "'= 0.09 
c1 = 22.6 X 10-s psi- 1 

ru: = 0.354 ft. 

Formation permeability is estimated from the first straight 
line using Eq. 5.6. Recall that for a Homer plot the slope is 
-m, so m = 24.3 psig/cycle. 

k = (162.6)( 10,250)( 1.55)(0.20) 
(524)(24.3) 

=40.6md. 

To estimate the distance to the fault, we determine [(tP + 
At)/ At ].r = 285 from Fig. IOA Then using Eq. 10.6, 
p0 [t0 /(2Llrw)2 ] = (1/2) ln(285) = 2.83. Referring to Fig. 
C.2, we see that [t0 /(2L/r".)2]y111• c.2 = 135 whenp0 = 2.83. 
Next,weuseEq. 10.7: 

L= (0.0002637)( 40.6)(530) 
( 4)(0.09)(0.20)(22.6 x 10-11)( 135) 

= 161 ft. 

Since tp >> At, we could use Eq. 10.5 with At.r = 1.87 
hours to estimatel = 166 ft-quite good agreement. 

If we wish, we may use Eq. 5.7 and data from the first 
straight line to estimates = 4.4. 

Multiple faults near a well may cause several different 
transient-test characteristics. For example, two faults inter
secting at a right angle near a well may cause the slope to 
double, then redouble, or may simply cause a fourfold slope 
increase, depending on well location. It is not safe, how
ever, to assume that additional boundaries continue to dou
ble transient-test response slopes. For example. a single well 
producing from the center of a closed square has an increase 
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in slope as the system reaches pseudosteady state; but during 
a pressure buildup test the slope decreases from the initial 
semilog straight line as the pressure approaches average 
reservoir pressure. Ramey and Earlougher10 illustrate pres
sure buildup curves for several closed reservoir situations. 
Figs. 10.5 and 10.6 show such pressure buildup curves 
for closed-square and rectangular systems. Some of those 
buildup curves have characteristics commonly attributed to 
various kinds of heterogeneities. For example, Curve 3 in 
Fig. 10.5 has a peculiar bend that could be interpreted as 
the result of natural fracturing, as studied by Warren and 
Root11 (Section 10.6). The curve shapes in Fig. 10.6 all 
show some upward bending that might be misinterpreted as 
indications of faulting, stratification, or some other res
ervoir heterogeneity. Yet, in all cases, the curve shapes are 
caused only by the shape of the closed system. In particu
lar. there is no definite indication of multiple boundaries 
from any of the curves. Ramey and Earlougher10 and 
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0 
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3.._ __________ _._ ____________ ..__ __________ _, 
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Fig. 10.5 Miller-Dyes-Hutchinson-lype pressure buildup curves 
for square shapes. After Ramey and Earlougher. 10 
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Fig. 10.6 Miller-Dyes-Hutchinson-type pressure buildup curves 
for rectangular shapes. After Ramey and Earlougher. 10 

ADVANCES IN WELL TEST ANALYSIS 

Earlougher et al. t 2 show several other pressure buildup 
curves with shapes that might be interpreted_ as reservoir 
heterogeneities. Generally, reservoir simulation must be 
used to estimate pressure transient response for complex, 
multiple-fault situations. 

Fig. 10.7 illustrates three possible physical models for 
linear discontinuities in reservoirs. The upper case corre
sponds to the linear sealing fault already described. The 
lower two cases correspond to situations with a linear 
change in reservoir or fluid properties, but with flow still 
occurring. Bixel, Larkin, and van Poollen8 discuss the third 
situation in detail for drawdown and less thoroughly for 
pressure buildup. They show that in both drawdown and 
buildup, the semilog straight-line slope may either increase 
or decrease depending on the contrast in properties between 
two reservoir regions. The slope ratio on the semilog plot 
equals the klµ. ratio only if <fx1 does not vary appreciably 
across the discontinuity, and if the distance from the well to 
the reservoir boundary is much greater than the distance 
between the well and the discontinuity. (A similar situation 
is discussed in Section 7 .5.) Bixel, Larkin, and van Poollen8 

suggest a curve-matching procedure to analyze for reservoir 
properties on both sides of the discontinuity and to estimate 
the distance to the discontinuity. Their procedure applies to 
drawdown testing if sufficient long-time, constant-rate data 
are available. Although the method could be applied to 
pressure buildup testing, Ref. 8 does not give the necessary 
curves. 

tfJ' "' ... ~, 10.3 Penneability Anisotropy ~ t. e. P 
In some porous materials, permeability varies in different 

flow directions. In such materials, the permeability may be 
described mathematically by a symmetric tensor13•14 or by 
maximum and minimum permeabilities oriented 90° apart, 
and by a direction for the maximum permeability. Those 
quantities are called the principal permeabilities and prin-

.: ......... :: .. -:-:···:-:·"" 
-~·.··~~·: 

Fig. 10.7 Physical models for linear discontinuities. After Bixel. 
Larkin. and van Poollen. 8 

C. I/ 



• 

DIMENSIONLESS PRESSURE SOLUTIONS 

TABLE C.1-SHAPE FACTORS FOR VARIOUS CLOSED SINGLE-WELL DRAINAGE AREAS. 

CA .JncA 

IN BOUNDED RESERVOIRS 

8 31.62 3.4538 

8 31.6 3.4532 

~ 27.6 3.3178 

f;iJ 27.1 3.2995 

~ 21.9 3.0865 

1 
·L~J 0.098 -2.3227 

c:J 30.8828 3.4302 

EE 12.9851 2.5638 

En 4.5132 1.5070 

~ 3.3351 1.2045 

81 21.8369 3.0836 

2 

EE1 10.8374 2.3830 

2 

EEj1 4.5141 1.5072 

2 

E£11 2.0769 0.7309 

2 

ml 3.1573 1.1497 

2 

1/2 .Jn (2·~:58) 

-1.3224 

-1.3220 

-1.2544 

-1.2452 

-1.1387 

+1.5659 

-1.3106 

-0.8774 

-0.3490 

-0.1977 

-1.1373 

-0.7870 

-0.3491 

+0.0391 

-0.1703 

EXACT 
FOR toA> 

0.1 

0.1 

0.2 

0.2 

0.4 

0.9 

0.1 

0.7 

0.6 

0.7 

0.3 

0.4 

1.5 

1.7 

0.4 

1'-
J 

w...CD 
p 14-

LESS THAN USE INFINITE SYSTEM 

1% ERROR SOLUTION WITH LESS 
THAN 1% ERROR 

FOR toA> 
FOR toA < 

0.06 0.10 

0.06 0.10 

0.07 0.09 

0.07 0.09 

0.12 0.08 

0.60 0.01!5 

0.05 0.09 

0.25 0.03 

0.30 0.025 

0.2!5 0.01 

0.1!5 0.02!5 

0.1!5 0.02!5 

0.50 0.06 

0.50 0.02 

0.15 0.005 

""' I 

203 



204 ADVANCES IN WELL TEST ANALYSIS 

TABLE C.1-CONT'D. 

' 

LESS THAN 
USE INFINITE SYSTEM 

CA JncA 1/2 Jn (2.2;;8) 
EXACT 1% ERROR 

SOLUTION WITH LESS 

FOR toA> FOR toA> 
THAN 1% ERROR 

.. FOR tDA < 

EEEEJ1 0.5813 -0.5425 +0.6758 2.0 0.60 0.02 

2 

Ml 0.1109 -2.1991 +1.5041 3.0 0.60 0.005 

2 

I • l1 5.3790 1.6825 -0.4367 0.8 0.30 0.01 

4 

I t l1 2.6896 0.9894 -OD902 0.8 0.30 0.01 

4 

• I . I • l1 0.2318 -1.4619 +l.1355 4.0 2.00 0.03 

4 

I I • I 1 0.1155 -2.1585 +1.4838 i.o 2.00 0.01 

4 

I • I 1 2.3606 0.8589 -0.0249 1.0 0.40 0.025 

!I 
IN VERTICALLY·FRACTl/RE"O RE"SERVOIRS USE (xe/xf) 2 IN PLACE OF A/ri FOR FRACTURED SYSTEMS 

l c:J=xf/xe 2.6541 0.9761 -0.0835 0.175 0.08 CANNOT USE 

I 

• 
l[!] 2.0348 0.7104 +0.0493 0.175 0.09 CANNOT USE 

l 
l~ 1.9986 0.6924 +0.0583 0.175 0.09 CANNOT USE 

l 
l[!] 1.6620 0.5080 +0.1505 0.175 0.09 CANNOT USE 

l 
l~ 1.3127 0.2721 1-0.2685 0.175 0.09 CANNOT USE 

I 

lE:j 0.7887 -0.2374 +0.5232 0.175 0.09 CANNOT USE 

l 
IN WATER-DRIVE RESERVOIRS 

8 19.I 2.95 -1.07 - - -

IN RESERVOIRS OF" UNKNOWN 

---8~~· 
25.0 322 -1.20 - - -

L c.13 
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10-2 

Fig. C.21 Dimensionless pressure for single wells in various rectangular shapes with one or more constant-pressure boundaries. no well bore 
storage, no skin. Data of Ramey, Kumar, and Gulati. 22 

L-----------------------------------·----···-------------·-- --· ··- -----·· 

10 

16 

I~ 

14 

13 

12 

II 

10 

N 
N 
0 

)> 
0 
< 
)> 
z 
(") ,.., 
en 
z 
::E ,.., 
r 
r 
-i ,.., 
en 
-i 
)> 
z 
)> 
r 
-< en 
en 



• 

• 

Well Testing 
John Lee 
Professor of Petroleum Engineering 
Texas A&M University 

First Printing 

Society of Petroleum Engineers of AIME 
New York 1982 Dallas 

D./ 



42 

satisfactory method of identifying a no-flow 
boundary near a well and estimating distance from 

. the well to the boundary. Consequently, some 
analysts prefer ~o use Eq. 2.25 more directly, noting 
that for t P ~ !l.t It may be rearranged as 

_ qBµ [ (tp+..::lt) Pws -Pi - 162.6-- log 
kh ..::lt 

-0.434Ei(-3,792¢µc,L2 )] 
kip 

_ 70.6 qBµ Ei( -3, 792 ¢µc1L 
2

) 
kh k..::lt . . .. ' 2·27> 

Reasons for arranging the equation in this form are 
as follows. 

I. The term 162.6 (qB~!kh){log[(tp+..::lt)/..::lt] 
-0.434 Ei(-3,792 ¢µc,L2/ktp)]) determines the 
position of the middle-time line. Note that the Ei 
function is a constant; thus, it affects only the 
position of the MTR and has no effect on slope. 

2. At earliest shut-in times in a buildup test, Ei 
(-3,792 ¢µc1l 

2 lk..:11) is negligible. Physically, this 
means that the radius of investigation has not yet 
encountered the no-flow boundary and, math
ematically, that the late-time region in the buildup 
test has not yet begun. 

These observations suggest a method for analyzing 
the buildup test (Fig. 2.20): 

I. PlotPws vs. log (I +..::lt)/..::lt. 
2. Establish the middie-time region. 
3. Extrapolate the MTR into the LTR. 
4. Tabulate the differences, ..::l/J:Vs• between the 

buildup curve and extrapolated MTR for several 
points (..::l/J~s =Pws -PMT>· 

5. Estimate L from the relationship implied by Eq. 
2.28: 

..::l/J~s = ?0.6 qBµ [-Ei( -3, 792 ¢µc1L2 )] 
kh k..::lt . 

................... (2.28) 

L is the only unknown in this equation, so it can be 
solved directly. Remember, though, that accuracy of 
this equation requires that ..::lt <t. t P; when this con
dition is not satisfied, a computer history match 
using Eq. 2.25 in its complete form is required to 
determine L. 

This calculation implied in Eq. 2.28 should be 
made for several values of ..::lt. If the apparent value 
of L tends to increase or to decrease systematically 
with time, there is a strong indication that the model 
does not describe the reservoir adequately (i.e., the 
well is not behaving as if it were in a reservoir of 
uniform thickness and porosity, and much nearer 
one boundary than any others). 

The following example illustrates this com
putational technique. 

Example 2. 8- Estimating Distance 
to a No-Flow Boundary 
Problem. Geologists suspect a fault near a newly 

WELL TESTING 

i 

MTR 

I 
tp + .1t 

og .1t 

Fig. 2.20- Buildup test graph for well near reservoir 
boundary. 

drilled well. To confirm this fault and to estimate 
distance from it, we run a pressure buildup test. Data 
from the test are given in Table 2.6. Weli and 
reservoir data include the following .. 

¢ = 0.15, 
µ 0 = 0.6 cp, 
ct = 17 X IO - 6 psi - 1 , 

rw = 0.5 ft, 
A wb = 0.00545 sq ft, 

Po = 54.8 lbm/cu ft, 
q0 = 1,221 STB/D, 
B0 = 1.310 RB/STB, and 

h = 8 ft. 

The well produced only oil and dissolved gas. Before 
shut-in, a total of 14,206 STB oil.had been produced. 

Analysis of these data show that afterflow distorts 
none of the data recorded at shut-in times of 1 hour 
or more. Based on the slope (650 psi/cycle) of the 
earliest straight line, permeability, k, appears to be 
30 md. Depth of investigation at a shut-in time of 1 
hour is 144 ft, lending confidence to the choice of the 
middle-time line. Pseudoproducing time, tp, is 279.2 
hours. 

From these data, determine whether the buildup 
test data indicate that the well is behaving as if it were 
near a single fault and estimate distance to an ap
parent fault from buildup data at several times in the 
LTR. 

Solution. Our attack is to plotPws vs. (tp+..::lt)!..::lt; 
extrapolate the middle-time line on into the L TR; 
read pressures, PMT, from this extrapolated line; 
subtract those pressures from observed values of Pws 
in the LTR (..::l/J~s =Pws -PMT); estimate values of 
L from Eq. 2.28; and assume that, if calculated 
values of L are fairly constant, the well is indeed near 
a single sealing fault. 

From Fig. 2.21, we obtain the data in Table 2.7. 
We now estimate L from Eq. 2.28. Note that 

o.z 
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PRESSURE BUILDUP TESTS 

3,792 </>µCr (3,792)(0.15)(0.6)(1.7 X I0-5) 
= 

k 30 

=l.934xI0- 4. 

We first estimate L at !J.t= IO hours, which assumes 
that the approximation t P = t P +.flt is adequate in 
this case. 

or 

An* =52=-70.6qBµ Ei(-3,792</>µCrL2) 
'""Pws kh kilt 

-(70.6)(1,221)(1.3 I0)(0.6) 
= 

(30)(8) 

·(-3,792 ¢µcrL 2 ) 
·El kilt . 

·(- l.934x I0-
4 

L
2

) 
-E1 =0.184. 

IO 

L 2 - (1.107)( 10) = 5. 72 x I04' 
- l.934x I0- 4 

L=239 ft. 

For larger values of shut-in time, the approximation 
t P == t /J +flt becomes decreasingly accurate, and no 
terms in Eq. 2.25 can be neglected, but L ==240 ft 
satisfies the equation for all values of shut-in time. 

For the case m which the slope of the buildup test 
has time to double, estimation of distance from well 
to boundary is easier. From the buildup tests plot, we 
find the time, flt x, at which the two straighHine 
sections intersect (Fig. 2.22). Gray 14 suggests that the 
distance L from the well to the fault can be calculated 
from 

L =.J 0.000148 klltx . ................. (2.29) 
</>µCr 

In Fig. 2.21, the slope did double, and the figure 
shows that ( t P + lltx) I flt x = 17, from which 
flt x = 17.45 hours. Eq. 2.29 then shows that L = 225 
ft, in reasonable agreement with our previous 
calculation. 

The results of pressure buildup tests sometimes can 
be used to estimate reservoir size. The basic idea is to 
compare average static reservoir pressure before and 
after production of a known quantity of fluid from a 
closed, volumetric reservoir, with constant com
pressibility, c r. If V R is the reservoir volume 
(barrels), llNP is the stock-tank barrels of oil 
produced between Times I and 2, and jJ 1 and jj2 are 
the average reservoir pressures before and after oil 
producJion, then a material balance on the reservoir 
shows that 

43 

TABLE2.7-ANALYSISOF DATA FROM 
WELL NEAR BOUNDARY 

.lt Pws PMT (Pws -PMT) = .l,D;_,s 
(hours) Up +.ltl!.lt 

6 47.5 
8 35.9 

10 28.9 
12 24.3 
14 20.9 
16 18.5 
20 15.0 
24 12.6 
30 10.3 
36 8.76 
42 7.65 
48 6.82 
54 6.17 
60 5.65 
66 5.23 

(psi) (psi) (psi) 

3,996 3,980 16 
4,085 4,051 34 
4,172 4,120 52 
4,240 4,170 70 
4,298 4,210 88 
4,353 4,250 103 
4,435 4,300 135 
4,520 4,355 165 
4,614 4,410 204 
4,700 4,455 245 
4,770 4,495 275 
4,827 4,525 302 
4,882 4,552 330 
4,931 4,578 353 
4,975 4,600 375 

I 
SLOPE• 1300 poi/cycle~// 

I 

I 
I 

I 

Fig. 2.21 - Estimating distance to a no.flow boundary. 

tp+L1tx 
log L1t, x 

tp + .1.t 
log .1.t 

Fig. 2.22 - Distance to boundary from slope doubling. 
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Ur 1 • IN DAY PER SQUARE FOOT 

F1ot1a1: 39 . ....:.Efl'ect of "impermeable" barrier on semilogarithmic plot of 11 versus t/r1• 

The image system in the hydraulic counterpart of figure 
37A, which permits a solution of the real problem by use 
of the flow equations, is shown in figure 37B. Here in an 
a.~umed infinite aquifer an image well having a discharge 
equal to that of the real well is placed the same distance (a) 
from the now imaginary barrier. The dashed theoretical 
cones of depression of the real and image wells intersect to 
form a ground-water divide at the hydraulic barrier, 
across which no flow can take place, thus satisfying the 
hydraulic conditions along the barrier. The resultant real 
cone of depression (heavy line) is the algebraic sum of the 
theoretical eones of depression (dashed lines) of the real 
and image wells. Figure 38 depi<;ts the flow net of the two
well system. If the image well and image flow net are 
removed, the flow net on the left represents the effect of 
the "impermeable" boundary upon the discharging well. 

If the dr~\~·down (s) in an obserYation well near the real 

well shown in figures 37 and 38 were plotted against t or 
t/r2 on semilogarithmic paper, the curve would deviate 
downward from the theoretical straight-line plot as shown 
in figure 39. This shows that the effect of the barrier began 
to be felt at t/r2 =about 1.8X10-• day ft-2 and that the 
full effect was apparent at t/r2 =about 7.4X10-• day ft-1• 

After the full effect was apparent, the slope of the lower 
straight line was two times the slope of the theoretical 
straight line, indicating an apparent transmissivity that 
was half that of the true value. 

LINE SOURCE AT CONSTANT HEAD
PERENNIAL STREAM 

If a well in an unconfined aquifer near a large perennial 
stream hydraulically connected to the aquifer is pumped, 
obviously the cone of depression cannot extend beyond 

E. 2. 
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PRACTICAL ASPECTS OF PRESSURE ANALYSIS 

Pws 

Pws 

Pws 

.,,..,,, 

/ 
IOCJ [(t•AI) /At] 

IDEAL- Sec. 3.1 

IOCJ [(I• At) /Al] 

BOUNDARY (one well in 
a bounded reservoir) -

Sec. 3.3 

IOCJ [(1•41)/AI] 

FAULT OR NEARBY 
BOUNDARY-Sec.10.1 

1 

1 

1 

Pws 

Pws 

Pws 

IOCJ ((t•At) /At] 

SKIN AND/OR WELL 
FILLUP- Sec.3.2,3.6 

loCJ [(1•41)/AI] 

INTERFERENCE (mu1tlpl11 
wells in a bounded 
reservoir)- Sec. 7.2 

IOCJ [(!•At) /Al] 

STRATIFIED LAYERS 
OR FRACTURES WITH 

TIGHT MATRIX
Sec. 10.3, 10.4 

1 

1 

1 

Fig. 11.6 Example buildup curves. 

Pws 

l>ws 

Pw• 

~ ,,,,,,,..,,.. 

IOCJ [(l•At) /At] 

DEEP PENETRATING 
HYDRAULIC FRACTURE-

Sec. 10.5 

loCJ [(l•Al)/AI] 

PHASE SEPARATION 
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302 WELL AND AQUIFER EVALUATION FROM PUMPING TESTS 

For values oft > 4ti (i.e .• t > 720 min), the drawdown 
approaches the maximum drawdown (sm) and transmissivity 
(T) may be calculated from 

T = 528Q log f3 = (528)(850) log (6.4) 
Sm 5.0 

= 72,363 gpd/ft 

where 

Q = pumping rate = 850 gpm, 

Sm = maximum drawdown = 5.0 ft. 

Storativity is calculated from 

S _ TtjUj _ (72,363)(0.125)(0.0930) _ 
- l.87r; - (1.87)(150)2 - 0·02 

The distance (a) to the boundary can be found from 

a = 4x + Y16x2 + 16r;(f32 - 1) 

8 

where 

x = reflection of r r as measured perpendicular to stream 
(see Figure 15.20) = 85 ft. 

a = 
<4>(85) + v'06)(85)2 + (16)(150)2(6.42 - o 

8 

= 519 ft 

Impermeable Boundary. Recharge boundaries in the vi
cinity of a pumping well are normally visible. However, 
impermeable boundaries may have no surface expression 
(e.g., buried bedrock or fault barriers)(Figure 15.22). The 
following example illustrates location of an impermeable 
boundary from pumping test data. 

The times of occurrence of equal drawdown in observation 
wells vary directly as the squares of distances between the 
observation and production well. This principle, analogous 
to the law of times, is stated as (12) 

(15.20) 

where 

r. = arbitrary time after start of pumping but before the 
effect of the image well is felt [min], 

r. = distance between pumping well an~ observation 
well, 

Ii = time after start of pumping where divergence of 
drawdown (due to image well) equals arbitrary 
drawdown (sA) measured at time 1, [min]. 

From Equation 15.20, 

For observation well 1, r r = 100 ft from Figure 15. 23, 
t, = 15 min and ti = 160 min; thus 

Similarly, for observation well 2. r, = 140 ft, 1, = 100 
min, Ii = 700 min: 

r2 = 140 
1 fiOO = 370 ft . · Vwo 

The discharge image well is located at the intersection 
of the arcs of radii r 1 and r 2 (see Figure 15.22). The barrier 
is located perpendicular to and halfway between the line 
connecting the real and image well. Obviously, the more 
observation wells available, the more precise the barrier 
location would be. 

Perched Aquifer Condition. Analysis of pumping test 
data in perched aquifers shows effects similar to wells pumping 
near impermeable hydrologic boundaries. As a result recharge 
to the cone of depression in a perched aquifer is limited 
with the effect being similar to pumping from a closed tank. 
In most cases long~term sustained production is unobtainable 
unless well production is decreased to balance the limited 
recharge. Figure 15.24 shows steepening slopes of time
drawdown data from a well pumping from a perched aquifer. 
Pumping test data indicating a perched aquifer may be dis
tinguished from impervious or semipervious barrier data by 
knowledge of local hydrogeologic conditions. 

Aquifer Zone Testing for Water Quality. Although tra
ditionally pumping test analyses have been used to determine 
hydraulic characteristics of wells and aquifers, measurement 
of water quality is increasingly important. An example of 
this is selective aquifer zone testing to determine the vertical 
extent of contamination. The procedure involves isolating 
aquifers by placement of impermeable material. The isolated 

G.2 
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Figure 15.22. Impermeable boundary example. 

zone is then pumped for several hours or longer, and the 
. water samples are analyzed for contaminants. In this way 
estimates of both yield and water quality for various aquifer 
·zones are procured. with only acceptable zones completed 
for production. Figure 15 . .25 shows results of a zone test in 
Southern California. 

I 

Calculation of Well Parameters 

. Step-Drawdown Tests. Calculation of well characteristics 
'are necess!lry 10 determine specific capacity and efficiency 

relationships. These relationships are used to help design 
production pumps. gauge the degree of development. and 
determine well maintenance programs. 

Well parameters are found using variable rate pumping 
tests, commonly called "step-drawdown" tests. The following 
example assumes that the well is fully developed and that 
no near-well turbulent How losses occur. 

The drawdown in a pumping well satisfying these as
sumptions may be written (18) 

Sw = BQ +- CQ 2 
. <15.21 l 
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Time, min 

2 5 10 20 50 100 200 500 1000 

2 

= c 
~ 

I " ' -,,lli ,., SA 
0 3 "Cl 

Observation 1 ,......., ./' ...,_ ' "" , · "2 

Well 1 a.. l..-..-"' ~I\ , .f. LJ1i ~·- ~~ 
~ ca .. 
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1 I -- .... 

5 ' .. , Time when divergence of 
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equals arbitrary drawdown 

SA 

6 

Figure 15.23. Observation well data for a well pumping near an impermeable boundary. 

where 

Sw = drawdown in the pumping well [ft], 
Q = pumping rate [gpm], 
B = formation-loss coefficient [ft/gpm], 
C = well-loss coefficient [ft/gpm2

). 

Calculation of the parameters B and C makes use of the 
principles developed in Chapter 5. 

Step-by-Step Procedure 

I. The time-drawdown data for a three-step variable rate 
test is shown in Figure 15.26. 

2. Incremental drawdowns (8si). occurring 200 min after 
the start of each step, are measured as the distance 
between the drawdown at the particular step and the 
extrapolated drawdown from the previous step. The 
t* time of 200 min was selected as the minimum time 
required for the linear portion of the data to occur 
from the start of the last step (see Figure 15.26). 

The total drawdown for each step s m is obtained 
from 

m 

Sm = L 8si . 
i=I 

Specific drawdown is obtained by dividing total 
drawdown by the pumping rate for each step. A plot 
of specific drawdown versus pumping rate is shown 
in Figure 15.27. The data from Figure 15.26 is sum
marized in Table 15.5. 

3. A best-fit straight line is drawn through the data points 
on Figure 15.27, and the formation loss coefficient 
(B) is measured from the zero discharge intercept. 
The well-loss coefficient (C) is calculated from the 
slope of the line. The specific capacity diagram (Figure 
15 .28) was constructed by substituting the values of 
Band C into Equation 15.21. 

Calculation of Well Efficiency from Step-Drawdown 
Test Data. Due to higher energy costs and the expanding 
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Fig. 4-7. Example of log-log plot of drawdown data showing 
departures from Theis curve due to tight faults. 

100,000 

time has elapsed. The aquifer permeability and compressibility can ~e calculated on 

the basis of the early drawdown data from such a well. The usual matchpoint method 

using the Theis curve can be used. 

After a match of the early data has been made, the Theis curve can be extra

polated beyond the early data and the departure of the later observed data from the 

Theis curve can be measured. In the case of an impermeable boundary, the later 

data will lie above the Theis curve. The measured departures versus time are then 

replotted on the same log-log scale (see Fig. 4-7). If this curve then corresponds 

exactly with the Theis curve, only one boundary is present. If it deviates from the 

Theis curve again, one or more other boundaries have been intercepted. A hypotheti

cal example of pump test data showing two departure curves is illustrated in Figure 

4-7. This replotting of the departures should be carried out until there is no further 

deviation from the Theis curve. The number and nature of the boundaries present in 
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the vicinity of the pumping well can thus be determined, although when more than one 

boundary is indicated, the analysis becomes much more complex. 

The method of locating the position of an image well from a departure curve is 

as follows. Choose a pair of points, one on the plot of early data that matches the 

Theis curve and one on the plot of the first departure curve, such that ~ = &m. As 

indicated on Figure 4-7, ~ is the value of & determined from the original drawdown 

curve and ~ has the same numerical value but is located on the first departure curve. 

From &r one can determine the corresponding time tr, and from~ one can deter

mine~. Since the aquifer is assumed to be homogeneous throughout, we can write 

from Equations 4-4 and 4-5: 

= (4-25) 

from which: 

(4-26) 

Since I;_. is already known and tm and tr have been determined as indicated above, one 

can quickly calculate I.ni. The same procedure can be used for additional departure 

curves, but one should keep in mind that the addition of a second boundary always in

troduces more than one additional image well. Thus, depending on the geometry of a 

given situation, the second, third, and later departures may interfere with one another 

to such an extent that they are not individually distinguishable. 

If, in the same pumping test, a second observation well is located close to the 

fault and distant from the pumping well, it cannot be used to obtain the aquifer proper

ties because deviations from ~he Theis curve due to the presence of the fault will appear 

very early in the data plot (Fig. 4-3). Using the values of k and c from the first obser

vation well, howeve:n., one can use the data from the second observation well to fix the 

location of the image well or wells. 

3 
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Fig. 4-8. Example of semi-log plot of drawdown data 
showing change in slope due to tight fault. 

Semi-Log Methods 

It is also possible to detect boundaries using the semi-log method described in 

Chapter One. When the field data are plotted as .i:lh versus log t, a straight line graph 

will result for all values of tD > 10 if no boundaries are present (see Fig. 1-7). Under 

· the influence of a single boundary, a two limbed graph results; if more boundaries are 

intercepted, additional limbs will become evident. The hypothetical pump test data on 

Figure 4-7 are plotted on Figure 4-8 to demonstrate this. 

In the case of a tight fault, the slope of the second limb will be exactly twice the 

slope of the first limb. This is because, in any given observation well at any given time, 

the drawdown is dependent only on q, k and c. Since the effect of the presence of a 

tight fault can be represented by the addition of an imaginary discharging well, the q 

from the aquifer is doubled while k and c remain constant, and the rate of drawdown 
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and thus the slope- of the second limb doubles. 

Similarly, if a second impermeable boundary is intercepted, at least two addi

tional imag-e wells are implied. If the g-eometry is such that the effect of each image 

well reaches the observation well at significantly different times, then one will observe 

a third limb with a slope three times the slope of the initial limb. However, if the 

effects of the image wells interfere with one another, the third and succeeding limbs 

will not be well defined. 

For a constant head leaky fault, the second limb will be flat because the imagin

ary well is a recharge well and the total q from the aquifer becomes zero. There will 

usually be a curved transition zone between the various limbs of these plots which may 

also make it difficult to discern the straight lines. 

For an observation well sufficiently close to the pumping well, the values of k 

and c can be determined from the initial limb of the plot using Equations 1-16 and 1-17. 

k = 

c = 

1.151 q µ 

(v) H &10 

2. 245 (w) k t 0 

cj> µ r2 

(1-16) 

(1-17) 

There are two methods of determining the position of a fault from a semi-log 

plot. The first method utilizes the time intercept of the initial limb on the zero-draw

down axis, t0 , and the time intercept of the second limb on the first, t
0

' (see Fig. 4-8 

for nomenclature) . This latter value would also be the i.I).tercept obtained by plotting 

departure data on a semi-log curve and extrapolating to & = 0. Since the compress

ibility of the aquifer is constant throughout, the following relation from Equati~n 1-17 

holds: 

c = 
2. 245 (w) k t 0 

2 
cj> µ Lr 

,, 

= 
2.245 (w) k t 0 ' 

cj>µ Im2 
(4-27) 

)/. 5 
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Using Eq. 2.33, the gas analog ofEq. 2.2. and substituting 
the appropriate gas properties, the flow equation for a real 
gas is 

m(p,,.1) = m(p;) - 50.300 p,,. qT 
r.,. kh 

[p/)(1/)) + s + D Jq I]' ............... (2.34) 

where q is in Mscf/D. In Eq. 2.34, the termD Jq J accounts 
for non-Darcy flow around the wellbore. Otherwise, the 
form is like the liquid flow equation. To use Eq. 2.34 it is 
necessary to construct a high-resolution graph of m(p) vs p 
from the viscosity and z factor for the gas. Ifµ. and z are not 

, known, information presented by Zana and Thomas41 may 
be used to estimate m(p) vs p. 

As a result of the characteristics of the real gas potential, 
Eq. 2.34 can be simplified for certain pressure ranges. 
Fig. 2.23 shows µ.z as a function of pressure for a typical 
gas. At low pressures µ.z is essentially constant, while at 
high pressures it is essentially directly proportional to pres
sure. When this behavior is used in Eq. 2.32, Eq. 2.34 can 
be simplified to. 

50 300 Z;/.La1 Par qT p,,.,=p; - • -- --
2p; Tse kh 

[p,,(t/)) + s + D Jq I]' .................. (2.35) 

at high pressures, while at low pressures it becomes 

p,../ = p; 2 - 50,300 (Z1/.La1) Par qT 
Tar kh 

[p/J(to) + s + D Jq J] . . ................ (2.36) 

As a rule ofthumb,40 Eq. 2.36 generally applies whenp < 
2.000 psi, while Eq. 2.35 generally applies for p > 3,000 
psi: for 2,000 < p < 3,000 use Eq. 2.34. We suggest that 
the µ.z vs p plot be made for the particular gas flowing 
before choosing between the equations. If neither situation 
prevails at the pressure level observed or expected, then 

0.. 
u 

0 L-. __ ....._ ___ .__ __ _._ ___ ._ __ _, 

0 2000 4000 6000 8000 10000 

PRESSURE, p, PSIA 

Fig. 2.23 Isothermal variation ofµ::. with pressure. 

ADVANCES IN WELL TEST ANALYSIS 

the real gas potential, m(p), must be used. Eqs. 2.34, 2.35, 
or 2.36 may be used with liquid dimensionlesJ pressure for 
most gas systems. 

2.11 Application of Flow Equations to 
Multiple-Phase Flow 

i 
Eqs. 2 .1 and 2 .2 and the dimensionless pressure informa-

tion in this monograph are derived for single-phase flow. 
However, they may be used for certain multiple-phase flow 
situations with some modifications. 42-

45 The basic approach 
is to replace the mobility terms in Eqs. 2.1 through 2.3 by 
the total flowing mobility, 

>.., = An + >..,, + Au·· ...................... (2.37a) 

or 

( ~) =k (kro + kro + kru·), .......... (2,37b) 
µ. I µ.o Jl.u IJ-u· 

and to replace the total system compressibility by 

Ct =Sn Con +Su.Cu·n +S0 c0 +c, . ........... (2.38a) 

c,=s.[Ba (aR.) __ I (aB·)] 
Bo op Bo op 

+su{!:. (a;;"") _ 8Iu· (a~u') J 
+sa[-~0 ( 8~q)] +c1 . ..•..•...... (2.38b) 

With these modifications, single-phase liquid dimensionl~ss 
pressures may be used to describe multiple-phase systems 
containing immiscible fluids with fairly uniform saturation 
distribution. The same modifications are made when analyz
ing transient well test data. For example, mobility estimat
ing equations take the form 

(~)o = ± 

(~)D =± 

I 62.6q. Bo ................... (2.39a) mh 
{162.6(1,000) [q0 - 0.001 

(qoRs + qu.Rsu•)] B0}/mh ..... (2.39b) 

(
k) = ± 162.6q,..Bu· .................... (2.39c) 
JL u· mh 

The ± sign in Eq. 2.39 indicates application to any of the 
various test analysis techniques. 

2.12 Radius of Drainage and Stabilization Time 

The concepts of stabilization time and radius of drainage 
are commonly used in petroleum engineering. and in tran
sient testing. These quantities are frequently used without 
appropriate understanding of their actual meaning and limi
tations. It is beyond the scope of this monograph to investi
gate the problems associated with radius of drainage and 
stabilization .time. However, because of their wide use, the 
quantities are defined and equations are given for them in. 
this section. · 

Stabilization time has been defined in many ways by 
various authors. 46 •47 Most definitions correspond to the be
ginning of the pseudosteady-state flow period. Using that as 
the definition of stabilization time, we can estimate the 
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stabilization time for any shape given in Table C. l from Eq. 
2.24. For a well in the center of most symmetrical shapes, 
drawdown stabilization time is estimated from . \ 

c/J A _, 
·~Cf1 1,, ::: 380 ~I , •••••••••••••••••••••• (2.40a) 

0 

where t8 is in hours. If we assume the system is radial, -c/Jµc1r/ t ,-:i :. 7. S"'~ · 
r .• ::: 1,200 k . . ................... (2.40b) 

For stabilizatl~n time in days the coefficient in Eq. 2.40b is 
50 and the equation takes the form given by van Poollen. 46 

It is important to recognize that stabilization time can be 
considerably longer than indicated by Eq. 2.40 when the 
shape is not a symmetrical one with the well in the center, or 
if two or more noncommunicating layers intersect the 
wellbore. 48•49 

Radius of drainage is also defined in several ways. Many 
definitions are presented by van Poollen, 46 Kazemi, 50 and 
Gibson and Campbell. 51 In most definitions, the radius of 

. drainage defines a circular system with a pseudosteady-state 
p.re~.uce.d.Wribution from the wcll.uuhe:!~.drainagei;adius." 
As time increases, more of the reservoir is influenced by the 
well and the radius of drainage increases, as given by 

r,1 =0.029 ~ c/J!.~~· (1j. ~~~ .. (2.41) 

where r,1 is the radius of drainage in feet and r is in hours. Ifr 
is expressed in days, the constant 0.029 rounds to 0.14, and 
Eq. 2.41 corresponds to equations given in Refs. -l6. 50, and 
51. Eventually, rd must stop increasing - either when 
reservoir boundaries or drainage regions of adjacent wells 
arc encountered. so Eq. 2.41 can only apply uniil r,, .. ,. 

Example 2.8 Radius of Drainage 

Estimate the radius of drainage created during a 72-hour 
test on a well in a reservoir with klµ = 172 md/cp and 
</X·, = 0 . .232 x 10-·~ psi- 1• Using Eq. 2.41, 

r,1 = 0.029 ( 172)(72) 
0.232 X 10-s 

= 2.100 ft. 

This estimate is valid only if no boundaries are within about 
2.100 ft of the test well. and if no other operating wells are 
within about 4.200 ft. 

" In sy11tems '-'Ompletely recharged by .an aquifer or when• 
\MY 
/ production .;µid injection. are . balanced •. the concepts of 

stabilization time and radius of. drainage are meaninglesg. 
However. Ramey. Kumar. and Gulati52 define a readjust

~ ment rime. the rime required for a sllort-lived transient to die 
~out. for such systems. For a single well in the center of a 

constanr-prcssurc square. which is equivalent to a balanced 
five-spot water injection pallem with unit mobility ratio. the 
readjustmen-l"time is.-.~ 

IH = 946 -~~·,A_. . ..................... (2.42) 
/.; 

19 

In this equation, A would be approximately one-half the 
five-spot pattern~~· 

2.13 Numerical Solution of the Diffusivity Equation 

It is possible to obtain analytical solutions to Eq. 2.1 only 
for the simplest systems. Most dimensionless-pressure func
tions are from numerical solutions of Eq. 2.1 or its analogs 
for gas and multiple-phase flow. Computer solution is the 
only practical method for obtaining dimensionless pressures 
for extremely heterogeneous systems, layered systems, sys
tems with two or three phases flowing, systems with water 
or gas coning, or systems with significant gravity effects, for 
example. During the past several years, many papers that 
discuss various kinds of reservoir simulators have appeared 
in the petroleum literature. Three of the classics are by 
Aronofsky and Jenkins, 53 Bruce, Peaceman. Rachford, and 
Rice54

, and West, Garvin, and Sheldon. 55 Many facets of 
reservoir simulation were summarized by van Poollen, 
Bixel, and Jargon56 in a series of articles appearing in the 
Oil and Gas Journal. The SPE-AIME Reprint Series 
booklet5 7 on numerical simulation contains many useful 
papers. 

Chapter 12 of this monograph presents some information 
about the application of computers to transient well testing. 

2.14 Summary-A Physical Viewpoint 

After presenting the dimensionless-parameter approach 
to solution of transient flow problems and explaining some 
of the factors that influence those solutions, it seems worth
while to summarize the situation from a physical viewpoint. 

Fluid withdrawal from a well penetrating a pressurized 
petroleum reservoir containing a compressible fluid results 
in a pressure disturbance. Although we might expect that 
disturbance to move with the speed of sound. it is quickly 
attenuated, so for any given length of production time there 
is some distance, the radius of drainage. beyond which no 
appreciable pressure change can be observed. As fluid with
drawal continues. the disturbance moves farther into the 
reservoir, with pressure continuing to decline at all points 
that have started to experience pressure decline. When a 
closed boundary is encountered, the pressure within the 
boundary continues to decline. but at a more rapid rate than 
if the boundary had not been encountered. If. on the other 
hand. the transient pressure response reaches a replenishablc 
outcrop that maintains constant pressure at some point. 
pressures nearer the withdrawal well will decline more 
slowly than if a no-flow boundary had been encountered. 
Rate changes or additional wells will cause additional pres
sure transients that affect both pressure decline and pressure 
distribution. Each well will establish a drainage area that 
supplies all fluid removed from that well - if there is no 
fluid injection into the system. 

When boundaries are encountered (either no-flow or 
constant-pressure). the pressure gradient -1101 the pr£' ss11r£' 

1£•1·e/ - tends to stabilize after a sufficiently long production 
time. the stabilization time. For the closed-boundary case. 
the pressure behavior reaches pseudosteady state with a 
rnns1an1 gradient and an over-all pressure Jecline cn~ry-
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Figure 18. 7 Graph distance versus drawdown/ptimping rate ratio for the three-step pumping test. 

In our example the two points chosen have distance coordinates 2 and 20 meters, 
respectively (see Figure 18. 7) which gives the ratio of 10. Reading from the graph that 
(s/Q)2-(s/Q)1=31.5 s/m2

, the transmissivity is calculated using equation (18.3): 

T= 
0366 

=l./6x/0-2 m2 !s 
3/.5s!m2 

The hydraulic conductivity is K = Tlb, or 

K =8.53x10-4 ml s 

18.3 RADIUS OF WELL INFLUENCE 

The radius of well influence is determined from the graphs in Figures 18.6 and/or 
18.7. It is the intercept of the straight line formed by the monitoring wells and the zero 
drawdown. As seen from the graph in Figure 18.6, this value remains constant for all three 
steps indicating the position of the meandering river (strong equipotential boundary). 
Although the pumping well's location may not be in the center of the meander, and the 
meander itself may be of a more or less irregular shape. the radius of well influence 
determined this way corresponds to a circle hydraulically equivalent to the actual meander. 

The radius of well influence determined from both graphs is R=375 m. 
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The drawdown difference (~s) can be found for any two points on the straight line 
drawn through the piezometers data for one time period. Considering this difference for 
one log cycle simplifies equation (24.35): 

T = 0.366Q 
L1s 

In our case the transmissivity is: 

-E -
c: ::: 
0 
"C ::: 
\U ..... 
0 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 

T = 0366 ·0.008m3 Is = 1.57 x io-3 m2 Is 
1.87m 

•.... ·i·•"'"' 

0.1 1 10 100 

Distance (m) 

(24.36) 

1000 10000 

R24 = 2380 m 

Figure 24.10 Semilog graph drawdown versus distance for detennining aquifer 
transmissivity and the radius of well influence in time. 

The drawdown-distance method is also used to calculate the storage coefficient of the 
aquifer: any of the straight lines is extended to intersect the zero-drawdown axis and find 
the corresponding value of r0• By definition, this distance for which the drawdown equals 
zero is the radius of well influence. As can be seen in Figure 24.10, the radius of well 
influence increases in time (after IO minutes of pumping it is approximately 215m, and 
after one day of pumping it is 2380m). 

From the condition that the drawdown equals zero, i.e.: 

0 
0.183Q I 2.25Tt 

s = = og 
T r,JS 

(24.37) 

- it follows that the term under the logarithm must be equal to I: 

2.25Tt =I , 
r0S 

(2-l.38) 
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27.5 RADIDS OF WELL INFLUENCE 

As mentioned earlier, the radius of well influence in a homogeneous; confined aquifer 
of infinite extent and without recharge theoretically fonns in infinity. However, it is often 
necessary, for practical purposes, to find some approximate ("realistic") value for the 
radius of well influence. This radius is defined by a given small drawdown that can still be 
registered in the field (say, 5 cm or 0.05 m). 

The Theis equation for such a small drawdown (sR) is: 

(27.10) 

where parameter UR is defined by the distance from the pumping well where this small 

drawdown is registered, i.e., by the "realistic" radius of well influence (RR): 

(27.11) 

After finding the value for W(uR) from the following expression: 

and the corresponding value of UR from the table in Appendix E, the radius of well 
influence is calculated by inserting all known values into: 

The radius of well influence for sufficiently long pumping periods (i.e., when u<0.05) 
can also be found from the Cooper-Jacob approximation of the Theis equation (see Problem 
24, Section 24.2): 

which gives: 

and 

s = _R_ In 2.25TI 
R 4;rT R~S 

-ltffsR 

2.25Tt =e Q 
R~S 

225Tt 
-lrffsR 

S·e Q 

Note that (in general notation) if lnx=a, then ea=x (see also Appendix G). 

(27.12) 

(27.13) 

(27.14) 

Assuming a small drawdown of 0.05m at RR, and inserting all known values into 
equation (27.14), gives the following value for the realistic radius of well influence after 5 
days of pumping: 
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2.25 · 8.35 x 1 o-" m2 Is· 5 · 86400s 
RR= 1----------- = 1098m 

-1·3.U.IJ.35xJ0-4 -0.05m 

0.00065 ·e 

After 6 months of pumping with the same pumping rate of 15 liters per second, the 
radius of well influence is 6643 meters. 

PROBLEM28 
LEAKY CONFINED AQUIFER 

A pumping test was conducted at a fully penetrating well completed in a homogeneous 
confined aquifer which, for practical purposes, can be considered to be of infinite extent. (It 
is assumed that the aquifer boundaries are distant and do not influence groundwater flow 
for the duration of the test.) The aquifer is overlain by an aquitard which, in tum, is 
overlain by an unconfined (water table) aquifer as shown in Figure 28.1. The hydraulic 
conductivity of the unconfined aquifer is 8.45xl0"3 m2/s. The drawdown of the piezometric 
surface of the confined aquifer was measured at a monitoring well 128 meters from the 
pumping well and the results are given in Table 28.1. From the available data find the 
hydrogeologic parameters of the confined aquifer and the aquitard. Calculate the 
drawdown at 10 meters from the pumping well after 10 hours of pumping. 

Land 1urfaca MW Water 
table _____ _... _____ ....+li=-----~i-----r-----lnilial piezomatric 

·--------
Unconfined 

aquifer 

Confining layer 
(aquitard) 

Confined (leaky) 
aquifer 

;Impermeable 
base 

® 

__ ~ _ surf&.:!_ _ 

'-007- - - -- - -
~iezometric surface 

during pumping 

b 

Figure 28.1 SimP,lified hydrogeologic cross-section of the aquifer test at pumping well PW. 
I 

28.1 FLOW TOWARD A WELL IN A LEAKY CONFINED AQUIFER 

The Theis non-equilibrium equation describes flow toward a fully penetrating well in a 
confined aquifer and is based on numerous assumptions, one of which is that the aquifer 
receives no recharge for the duration of pumping (see Problem 24 ). However, this 
condition is seldom entirely satisfied since most confined aquifers receive recharge, either 
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·and Redshaw (1979, pp. 231-293). The program covers non
leaky artesian, leaky artesian, and water table conditions; 
well storage capacity; storativity conversion; delayed grav
ity yield; and decrease in transmissivity with water table 
decline. Another microcomputer program, based on equa
tions given by Hantush (1964, p. 353), is provided for calcu
lation of well partial penetration impact~ in production and 
observation wells . 

In pretest conceptual models, boundary and aquifer dis
continuity impacts are simulated with image wells. Inter
ference from nearby production wells is modeled with 
multiple-well system concepts. Whether or not boundary, 
discontinuity, or interference impacts are appreciable may 
be ascertained with the following equation (see Ferris et al., 
1962, p. 93; set u = 5): -

rn = 4.3 X 10-2(Tt1S •• )lll (1.4) 

where rn =distance from observation well beyond which 
boundary and discontinuity image well or 
nearby production well impacts are negligible, 
in ft 

s .• = artesian or water table storativity (use 0.005 
for leaky artesian), dimensionless 

T = aquifer transmissivity, in gpd/ft 
t = time after pumping started, in min 

In general, boundary, discontinuity, or interference 
impacts with a pumping period of 1 day tend to be negligi
ble when image or production wells are beyond distances of 
1000, 5000, and 10,000 ft under water table, leaky artesian, 
and nonleaky artesian conditions, respectively. Under 
leaky artesian conditions, it is often necessary to collect 
and analyze data for aquitard wells. Equations and a table 
given by Witherspoon and Neuman. (1972, p. 267) are uti
lized to calculate the vertical hydraulic conductivity of an 

'· aquitard by comparing drawdowns in aquifer and aquitard 
observation wells nested at the same site. 
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near the well. Pressure data taken during wellbore storage 
domination can cause two apparent semilog straight lines 
with a slope increase (for examples, see Figs. 5.2 and 7.4). 
In such cases, the apparent semilog straight lines are caused 
completely by wellbore effects and have nothing to do with 
reservoir characteristics. Thus, it is important to construct 
the log-log plot of transient test data to determine when 
wellbore storage effects are no longer important. That is 
particularly true when a slope increase is expected from a 

. transient test. 

To estimate distance to a linear discontinuity, we use the 
intersection time, tr, of the two straight-line segments of the 
drawdown curve:9 

L =0.01217 ~r-p;- .................. (10.5) .,~ 

Eq. 10.5 applies for drawdown testing. RusseIF gives an 
equation for two-rate testing. For pressure buildup testing, 
the intersection point of the two straight lines is related to the 
dimensionless pressure at the intersection time by 

Po [to/(2Llr ... )2
] = k In(1e ~1At t· ......... (10.6) 

Thus, to estimate the distance to a linear fault from a pres
sure buildup test. we find [(tP + At)/Ar] when the semilog 
straight lines intersect and calculatep0 from Eq. 10.6. Then 
we enter Fig. C.2 with that value of p0 and determine 
'[1"/(2Llr ... )2]r111• c.2• Finally, 

L= .I 0.0002631ktp ....... (10.7) 
l 4cpµ.c, [r,,/(2Llr w)2] n 11• c.2 

When Ip>> At, a useful estimate of L may be made from 
a pressure buildup test by using Eq. 10.5 with At.r in place 
of t.r. 

Example 10.1 Distance to a Fault From a Pressure 
Buildup Test 

Pressure buildup data are shown in Figs. 10.3 and 10.4. 
The log-log plot, Fig. 10.3, indicates that wellbore storage 
effects are not important, so the increase in slope in Fig. 
10.4 is probably caused by reservoir heterogeneity. The 
ratio of the two slopes is I. 79. Since the absolute value of the 
slopes is increasing with shut-in time, and since the slope 
ratio is about 2. a linear fault is suspected. Seismic data have 
verified the existence of a fault near this well. 

:.1 

0 0 0 b 
A lt1 0 gO 0 " 0 

.... 
2 4 6 11 2 4 6 8 

I 10 
SHUT-IN TIME, LH, HR 

Fig. IO.J Ll•g-log <la1a plo1 for Example I 0. I. 

Test data are 

q = 10,250 STB/D B = l.55 RB/STB 
Ip= 530 hours . · cp = 0.09 

Pu·iAt = 0) = 3,666 psig c, = 22.6 X 10-s psi- 1 

h = 524 ft rw = 0.354 ft. 
µ. =0.20cp 

Formation permeability is estimated from the first straight 
line using Eq. 5.6. Recall that for a Homer plot the slope is 
-m, so m = 24.3 psig/cyde . 

k = ( 162.6)( I0.250)( 1.55)(0.20) 
(524 )(24.3) 

=40.6md. 

To estimate the distance to the fault, we determine [Ct,, + 
At)/ At ].r = 285 from Fig. 10.4. Then using Eq. 10.6, 
p0 [t0 /(2Llrw>2] = (1/2) ln(285) = 2.83. Referring to Fig. 
C.2, we see that [t0 /(2Llr ... )2 ]r,11• c.2 = 135 when po = 2.83. 
Next, we use Eq. IO. 7: 

L= (0.0002637)(40.6)(530) 
(4)(0.09)(0.20)(22.6 x 10-11)(135) 

= 161 ft. 

Since Ip >> At, we could use Eq. 10.5 with Atr = 1.87 
hours to estimate l = 166 ft-quite good agreement. 

If we wish, we may use Eq. 5.7 and data from the first 
straight line to estimates = 4.4. 

Multiple faults near a well may cause several different 
transient-test characteristics. For example. two faults inter
secting at a right angle near a well may cause the slope to 
double, then redouble, or may simply cause a fourfold slope 
increase. depending on well location. It is not safe. how
ever. to assume that additional boundaries continue to dou
ble transient-test response slopes. For example. a single well 
producing from the center of a closed square has an increase 
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in slope as the system reaches pseudosteady state; but during 
a pressure buildup test the slope decreases from the initial 
semilog straight line as the pressure approaches average 
reservoir pressure. Ramey and Earlougher10 illustrate pres
sure buildup curves for several closed reservoir situations. 
Figs. 10.5 and I0.6 show such pressure buildup curves 
for closed-square and rectangular systems. Some of those 
buildup curves have characteristics commonly attributed to 
various kinds of heterogeneities. For example, Curve 3 in 
Fig. I0.5 has a peculiar bend that could be interpreted as 
the result of natural fracturing, as studied by Warren and 
Root11 (Section 10.6). The curve shapes in Fig. 10.6 all 
show some upward bending that might be misinterpreted as 
indications of faulting, stratification, or some other res
ervoir heterogeneity. Yet, in all cases, the curve shapes are 
caused only by the shape of the closed system. In particu
lar, there is no definite indication of multiple boundaries 
from any of the curves. Ramey and Earlougher10 and 

I: 
0 
~ 
0 

Q. 

3'-~~~~~ ........ ~~~~~-'-~~~~~---' 
10-3 10-2 10-1 

dtoA 

Fig. 10.S Miller-Dyes-Hutchinson-type pressure buildup curves 
for square shapes. After Ramey and Earlougher. 10 

I: 
0 
~ 
0 
a. 

2 

EXTRAPOLATION OF 
CORRECT SEMILOG 
STRAIGHT LINE 

3"-~~~--~--~------------~.....L.----~~~~---
I0-3- 10-2 10-1 

dtoA 

Fig. 10.6 Miller-Dyes-Hutchinson-type pressure buildup curves 
for rectangular shapes. After Ramey and Earlougher. 10 

ADVANCES IN WELL TEST ANALYSIS 

Earlougher et al. 12 show several other pressure buildup 
curves with shapes that might be interpreted. as reservoir 
heterogeneities. Generally. reservoir simulation must be 
used to estimate pressure transient response for complex. 
multiple-fault situations. 

Fig. IO."i Illustrates three possible physical models for 
linear discontinuities in reservoirs. The upper case corre
sponds to the linear sealing fault already described. The 
lower two cases correspond to situations with a linear 
change in reservoir or fluid properties, but with flow still 
occurring. Bixel, Larkin, and van Poollen8 discuss the third 
situation in detail for drawdown and less thoroughly for 
pressure buildup. They show that in both drawdown and 
buildup, the semilog straight-line slope may either increase 
or decrease depending on the contrast in properties between 
two reservoir regions. The slope ratio on the semilog plot 
equals the klµ ratio only if </Jc1 does not vary appreciably 
across the discontinuity, and if the distance from the well to 
the reservoir boundary is much greater than the distance 
between the well and the discontinuity. (A similar situation 
is discussed in Section 7 .5.) Bixel, Larkin, and van Poollen8 

suggest a curve-matching procedure to analyze for reservoir 
properties on both sides of the discontinuity and to estimate 
the distance to the discontinuity. Their procedure applies to 
drawdown testing if sufficient long-time, constant-rate data 
are available. Although the method could be applied to 
pressure buildup testing, Ref. 8 does not give the necessary 
curves. 

tfjf 111-•"-' 
10.3 Penneability Anisotropy ~ e. e. P 

In some porous materials, permeability varies in different 
flow directions. In such materials, the permeability may be 
described mathematically by a symmetric tensor13•14 or by 
maximum and minimum permeabilities oriented 90° apart, 
and by a direction for the maximum penneability. Those 
quantities are called the principal permeabilities and prin-

·~ -===--· ._-

Fig. 10.7 Physical models for linear discontinuities. After Bixel. 
Larkin. and van Poollen. 8 
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satisfactory method of identifying a no-flow 
boundary near a well and estimating distance from 

. the well to the boundary. Consequently, some 
analysts prefer ~o use Eq. 2.25 more directly, noting 
that for t P ~ il.t lt may be rearranged as 

qBµ [ ( t + t:J.t ) Pws =p; - 162.6-- log ~ 
kh At 

-0.434 Ei( -3, 792 c/Jµc,L 2 )] 
kip 

_ 70.6 qBµ Ei( -3,792 c/Jµc1L2) 
kh kt:J.t . . .• (2.27) 

Reasons for arranging the equation in this form are 
as follows. 

I. The term 162.6 (QBIJ!/kh) (log[ (t +t:J.t)lt:J.t] 
-0.434 Ei(-3,192 c/Jµc1L 21ktp)] I de/ermines the 
position of the middle-time line. Note that the Ei 
function is a constant; thus, it affects only the 
position of the MTR and has no effect on slope. 

2. At earliest shut-in times in a buildup test, Ei 
( - 3, 792 c/Jµc 1L 2 I kt:J.t) is negligible. Physically, this 
means that the radius of investigation has not yet 
encountered the no-flow boundary and, math
ematically, that the late-time region in the buildup 
test has not yet begun. 

These observations suggest a method for analyzing 
the buildup test (Fig. 2.20): 

I. PlotPws vs. log (t +At)/t:J.t. 
2. Establish the middle-time region. 
3. Extrapolate the MTR into the L TR. 
4. Tabulate the differences, ~:Vs• between the 

buildup curve and extrapolated MTR for several 
points (~:Vs =Pws -PMT>· 

5. Estimate L from the relationship implied by Eq. 
2.28: 

~:Vs= 70.6 qBµ [-Ei( -3,792 c/Jµc,L2 )] 
kh kt:J.t • 

................... (2.28) 

L is the only unknown in this equation, so it can be 
solved directly. Remember, though, that accuracy of 
t~i~ eq~ation req~ires that t:J.t <!! t P; when this con
d1t1on is not satisfied, a computer history match 
using Eq. 2.25 in its complete form is required to 
determine L. 

This calculation implied in Eq. 2.28 should be 
made for several values of t:J.t. If the apparent value 
of L tends to increase or to decrease systematically 
with time, there is a strong indication that the model 
does not describe the reservoir adequately (i.e., the 
well is not behaving as if it were in a reservoir of 
uniform thickness and porosity, and much nearer 
one boundary than any others). 

The following example illustrates this com
putational technique. 

Example 2.8-Estimating Distance 
to a No-Flow Boundary 
Problem. Geologists suspect a fault near a newly 

WELL TESTING 

i 

MTR 

I 
tp +At 

og At 

Fig. 2.20- Buildup test graph for well near reservoir 
boundary. 

drilled well. To confirm this fault and to estimate 
distance from it, we run a pressure buildup test. Data 
from the test are given in Table 2.6. Well and 
reservoir data include the following. 

"' = 0.15, 
µ 0 = 0.6 cp, 
C 1 = 17 X 10 - 6 psi - I , 

rw = 0.5 ft, 
A wb = 0.00545 sq ft, 

Po = 54.8 lbm/cu ft, 
q0 = 1,221 STB/D, 
B0 = 1.310 RB/STB, and 

h = 8 ft. 

The well produced only oil and dissolved gas. Before 
shut-in, a total of 14,206 STB oil had been produced. 

Analysis of these data show that afterflow distorts 
none of the data recorded at shut-in times of I hour 
or more. Based on the slope (650 psi/cycle) of the 
earliest straight line, permeability, k, appears to be 
30 md. Depth of investigation at a shut-in time of I 
hour is '144 ft, lending confidence to the choice of thr. 
middle-time line. Pseudoproducing time, t P, is 279.2 
hours. 

From these data, determine whether the buildup 
test data indicate that the well is behaving as if it were 
near a single fault and estimate distance to an ap
parent fault from buildup data at several times in the 
LTR. 

Solution. Our attack is to plot Pws vs. (IP +At)/At; 
extrapolate the middle-time line on into the L TR; 
read pressures, PMT, from this extrapolated line; 
subtract those pressures from observed values of Pws 
in the LTR (~~s =Pws ..:_pMT); estimate values of 
L from Eq. 2.28; and assume that, if calculated 
values of L are fairly constant, the well is indeed near 
a single sealing fault. 

From Fig. 2.21, we obtain the data in Table 2. 7. 
We now estimate L from Eq. 2.28. Note that 
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3,792 t/Jµcr (3,792)(0.15)(0.6)(1.7x10-s) 
=~~~~...;_;_........::....:_~~~-=-

k 30 

= l.934x 10-4 • 

We first estimate Lat At= 10 hours, which assumes 
that the approximation t P = t P +.At is adequate in 
this case. 

or 

An• =52=-10.6qBµ Ei(- 3•192 tPµcrL
2

) 
-JJ ws kh kAt 

-(70.6)(1,221 )(1.310)(0.6) 
= 

(30)(8) 

·(-3,792 t/JµcrL 2
) 

·El kAt . 

- l.934x 10- 4 L 2 ) -El( 10 =0.184. 

L 2 - (1.107)(10) =5.72x 104, 
- l.934x 10-4 

L =239 ft. 

For larger values of shut-in time, the approximation 
t P = t /J +At becomes decreasingly accurate, and no 
terms in Eq. 2.25 can be neglected, but l =240 ft 
satisfies the equation for all values of shut-in time. 

For the case m which the slope of the buildup test 
has time to double, estimation of distance from well 
to boundary is easier. From the buildup tests plot, we 
find the time, !ltx, at which the two straight:-line 
sections intersect (Fig. 2.22). Gray 14 suggests that the 
distance L from the well to the fault can be calculated 
from 

L =~ 0.000148 k!ltx . ••..•.••..•••.••• (2.29) 
</)µCr 

In Fig. 2.21, the slope did double, and the figure 
shows that (Ip + !ltx) I At x = 17, from which 
At x = 17 .45 hours. Eq. 2.29 then shows that L = 225 
ft, in reasonable agreement with our previous 
calculation. 

The results of pressure buildup tests sometimes can 
be used to estimate reservoir size. The basic idea is to 
compare average static reservoir pressure before and 
after production of a known quantity of fluid from a 
closed, volumetric reservoir, with constant com
pressibility, Cr· If VR:is the reservoir volume 
(barrels), ANP is the stock-tank barrels of oil 
produced between Times 1 and 2, and p 1 and p2 are 
the average reservoir pressures before and after oil 
producJion, then a material balance on the reservoir 
shows chat 
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TABLE 2.7 - ANALYSIS OF DATA FROM 
WELL NEAR BOUNDARY 

.lt Pws PMT (Pws -PMrl = .l,D;:,s 
(hours) Up + .ltl I .lt 

6 47.5 
8 35.9 

10 28.9 
12 24.3 
14 20.9 
16 18.5 
20 15.0 
24 12.6 
30 10.3 
36 8.76 
42 7.65 
48 6.82 
54 6.17 
60 5.65 
66 5.23 

(psi) (psi) (psi) 

3,996 3,980 16 
4,085 4,051 34 
4,172 4,120 52 
4,240 4,170 70 
4,298 4,210 88 
4,353 4,250 103 
4,435 4,300 135 
4,520 4,355 165 
4,614 4,410 204 
4,700 4,455 245 
4,770 4,495 275 
4,827 4,525 302 
4,882 4,552 330 
4,931 4,578 353 
4,975 4,600 375 

I 
SLOPE• 1300 ps1/cyc11~1/ 

I 

I 
I 

I 

Fig. 2.21 - Estimating distance to a no-flow boundary. 

tp +At 
log At 

Fig. 2.22 - Distance to boundary from slope doubling. 
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302 WELL AND AQUIFER EVALUATION FROM PUMPING TESTS 

For values of 1 > 41i (i.e., 1 > 720 min), the drawdown 
approaches the maximum drawdown (sm) and transmissivity 
en may be calculated from 

T 
528Q I 11 (528)(850) = -- og '"' = log (6.4) 

Sm 5.0 

= 72,363 gpd/ft • 

where 

Q = pumping rate = 850 gpm, 

Sm = maximum drawdown = 5.0 ft. 

Storativity is calculated from 

S = TtjUj = (72,363)(0.125)(0.0930) _ 
l.87r~ (1.87)(150)2 -

0
·
02 

The distance (a) to the boundary can be found from 

a = 4x + Yl6x2 + 16r~(~2 - 1) 

8 

where 

x = reflection of r r as measured perpendicular to stream 
(see Figure 15.20) = 85 ft. 

a = (4)(85) + v'o6)(85)2 + (16)(150)2(6.42 - o 

8 

= 519 ft 

Impermeable Boundary. Recharge boundaries in the vi
cinity of a pumping well are nonnally visible. However, 
impenneable boundaries may have no surface expression 
(e.g., buried bedrock or fault barriers)(Figure 15.22). The 
following example illustrates location of an impenneable 
boundary from pumping tc:st data. 

The times of occurrence of equal drawdown in observation 
wells vary directly as the squares of distances between the 
observation and production well. This principle, analogous 
to the law of times, is stated as (12) 

(15.20) 

where 

tr = arbitrary time after start of pumping but before the 
effect of the image well is felt [min], 

rr = distance between pumping well an~ observation 
well, 

Ii = time after start of pumping where divergence of 
drawdown (due to image well) equals arbitrary 
drawdown (sA) measured at time Ir [min]. 

From Equation 15.20, 

For observation well 1, r r = 100 ft from Figure 15. 23, 
Ir = 15 min and Ii = 160 min; thus 

Similarly, for observation well 2. rr = 140 ft, Ir = 100 
min, ti = 700 min: 

ri = 140 ~ = 370 ft . 

The discharge image well is located at the intersection 
of the arcs of radii r 1 and r 2 (see Figure 15.22). The barrier 
is located perpendicular to and halfway between the line 
connecting the real and image well. Obviously, the more 
observation wells available, the more precise the barrier 
location would be. 

Perched Aquifer Condition. Analysis of pumping test 
data in perched aquifers shows effects similar to wells pumping 
near impenneable hydrologic boundaries. As a result recharge 
to the cone of depression in a perched aquifer is limited 
with the effect being similar to pumping from a closed tank. 
In most cases long-tenn sustained production is unobtainable 
unless well production is decreased to balance the limited 
recharge. Figure 15.24 shows steepening slopes of time
drawdown data from a well pumping from a perched aquifer. 
Pumping test data indicating a perched aquifer may be dis· 
tinguished from impervious or semipervious barrier data by 
knowledge of local hydrogeologic conditions. 

Aquifer Zone Testing for Water Quality. Although tra
ditionally pumping test analyses have been used to determine 
hydraulic characteristics of wells and aquifers, measuremen! 
of water quality is increasingly important. An example of 
this is selective aquifer zone testing to determine the vertical 
extent of contamination. The procedure involves isolating 
aquifers by placement of impenneable material. The isolated 
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Pumping Well """ t Q 

--------- _ Static Water Level -------------
Con~ of Depression 

. ·/.•·.··~· 

Observation 
Well 

#1~ 

1
100 ft ~ ~ 3~,>-?' 

Pumping 
Well 

140 ft 

Discharging 
Image 
Well 

Observation 
Well 

L,,.,70. 
#2 

Impermeable 
Boundary 

Figure 15.22. Impermeable bounda.1y example. 

zone is then pumped for several hours or longer, and the 
water samples are analyzed for contaminants. In this way 
estimates of both yield and water quality for various aquifer 
zones are procured. with only acceptable zones completed 
for production. Figure 15.25 shows results of a zone test in 
Southern California. 

, 
Calculation of Well Parameters 

Step-Drawdown Tests. Calculation of well characteristics 
arc neccss~ to determine specific capacity and efficiency 

relationships. These relationships are used 10 help design 
production pumps, gauge the degree of development. and 
determine well maintenance programs. 

Well parameters are found using variable rate pumping 
tests. commonly called "step-drawdown"' tests. The following 
example assumes that the well is fully developed and that 
no near-well turbulent flow losses occur. 

The drawdown in a pumping well satisfying these as
sumptions may be written (18) 

Sw = BQ + CQ 2 
••. ( 15.21l 
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Time, min 

2 5 10 20 50 100 200 500 1000 

0 

·"~i'- Is + l. r ' .... ~ ~ v Observation 
~ A,= 1.3 ft , ~ , / Well 2 ., ' - .,/ 

1-----+---+--+--+--+--+-1-"..i.;1.t~-4-I (arbitrary .,tl... .!fr-•' ' - rr = 140 ft 

• • • 

:i,, =15min ~-·~wdown) I,,;~ ~ v 
~ ... '\ .,....._, ' 

2 

4 

6 

I 

Observation 
Well 1 

Figure 15.23. Observation well data for a well pumping near an impermeable boundary. 

where 

Sw = drawdown in the pumping well [ft], 

Q = pumping rate [gpm], 

B = fonnation-loss coefficient [ft/gpm], 

C = well-loss coefficient [ft/gpm2
). 

Calculation of the parameters B and C makes use of the 
principles developed in Chapter 5. 

Step-by-Step Procedure 

I. The time-drawdown data for a three-step variable rate 
test is shown in Figure 15.26. 

2. Incremental drawdowns (8si). occurring 200 min after 
the start of each step, are measured as the distance 
between the drawdown at the particular step and the 
extrapolated drawdown from the previous step. The 
t* time of 200 min was selected as the minimum time 
required for the linear portion of the data to occur 
from the start of the last step (see Figure 15.26). 

The total drawdown for each step s m is obtained 

from 

m 

Sm = L 8si . 
i=I 

Specific drawdown is obtained by dividing rota! 
drawdown by the pumping rate for each step. A plot 
of specific drawdown versus pumping rate is shown 
in Figure 15.27. The data from Figure 15.26 is sum
marized in Table 15 .5. 

3. A best-fit straight line is drawn through the data points 
on Figure 15 .27, and the formation loss coefficient 
(8) is measured from the zero discharge intercept. 
The well-loss coefficient ( C) is calculated from the 
slope of the line. The specific capacity diagram (Figure 
15.28) was constructed by substituting the values of 
B and C into Equation 15.21. 

Calculation of Well Efficiency from Step-Drawdown 
Test Data. Due co higher energy costs and the expanding 
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Fig. 4-7. Example of log-log plot of drawdown data showing 
departures from Theis curve due to tight faults. 

100,000 

time has elapsed. The aquifer permeability and compressibility can be calculated on 

the basis of the early drawdown data from such a well. The usual matchpoint method 

using the Theis curve can be used. 

After a match of the early data has been made, the Theis curve can be extra

polated beyond the early data and the departure of the later observed data from the 

Theis curve can be measured. In the case of an impermeable boundary, the later 

data will lie above the Theis curve. The measured departures versus time are then 

replotted on the same log-log scale (see Fig. 4-7). If this curve then corresponds 

exactly with the Theis curve, only one boundary is present. If it deviates from the 

Theis curve again, one or more other boundaries have been intercepted. A hypotheti

cal example of pump test data showing two departure curves is illustrated in Figure 

4-7. This replotting of the departures should be carried out until there is no further 

dey~ation from _the Theis curve. The number and nature of the boundaries present in 
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the vicinity of the pumping well can thus be determined, although when more than one 

boundary is indicated, the analysis becomes much more complex. 

The method of locating the position of an image well from a departure curve is 

as follows. Choose a pair of points, one on the plot of early data that matches the 

Theis curve and one on the plot of the first departure curve, such that &tr = &m. As 

indicated on Figure 4-7, ~ is the value of & determined from the original drawdown 

curve and ~ has the same numerical value but is located on the first departure curve. 

From~ one can determine the corresponding time tr, and from~ one can deter

mine 11n. Since the aquifer is assumed to be homogeneous throughout, we can write 

from Equations 4-4 and 4-5: 

= (4-25) 

from which: 

(4-26) 

Since I;,. is already known and tm and tr have been determined as indicated above, one 

can quickly calculate Im. The same procedure can be used for additional departure 

curves, but one should keep in mind that the addition of a second boundary always in

troduces more than one additional image well. Thus, depending on the geometry of a 

given situation, the second, third, and later departures may interfere with one another 

to such an extent that they are not individually distinguishable. 

If, in the same pumping test, a second observation well is located close to the 

fault and distant from the pumping well, it cannot be used to obtain the aquifer proper

ties because deviations from ~he Theis curve due to the presence of the fault will appear 

very early in the data plot (Fig. 4-3). Using the values of k and c from the first obser

vation well, however, one can use the data from the second observation well to fix the 

location of the image well or wells. 
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Fig. 4-8. Example of semi-log plot of drawdown data 
showing change in slope due to tight fault. 

Semi- Log Methods 

It is also possible to detect boundaries using the semi-log method described in 

Chapter One. When the field data are plotted as .6h versus log t, a straight line graph 

will result for all values of tD > 10 if no boundaries are present (see Fig. 1-7). Under 

the influence of a single boundary, a two limbed graph results; if more boundaries are 

intercepted, additional limbs will become evident. The hypothetical pump test data on 

Figure 4-7 are plotted on Figure 4-8 to demonstrate this. 

In the case of a tight fault, the slope of the second limb will be exactly twice the 

slope of the first limb. This is because, in any given observation well at any given time, 

the drawdown is dependent only on q, k and c. Since the effect of the presence of a 
I 

tight fault can be represented by the addition of an imaginary discharging well, the q 

from the aquifer is doubled while k and c remain constant, and the rate of drawdown 
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and thus the slope of the second limb doubles. 

Similarly, if a second impermeable boundary is intercepted, at least two addi

tional image wells are implied. If the geometry is such that the effect of each image 

well reaches the observation well at significantly different times, then one will observe 

a third limb with a slope three times the slope of the initial limb. However, if the 

effects of the image wells interfere with one another, the third and succeeding limbs 

will not be well defined. 

For a constant head leaky fault, the second limb will be flat because the imagin

ary well is a recharge well and the total q from the aquifer becomes zero. There will 

usually be a curved transition zone between the various limbs of these plots which may 

also make it difficult to discern the straight lines. 

For an observation well sufficiently close to the pumping well, the values of k 

and c can be determined from the initial limb of the plot using Equations 1-16 and 1-17. 

k = 

c = 

1.151 g µ 

(v) H &10 

2 • 24 5 (w) k t 0 

cp µ r2 

(1-16) 

(1-17) 

There are two methods of determining the position of a fault from a semi-log 

plot. The first method utilizes the time intercept of the initial limb on the zero-draw

down axis, t
0

, and the time intercept of the second limb on the first, t0 ' (see Fig. 4-8 

for nomenclature) . This latter value would also be the intercept obtained by plotting 

departure data on a semi-:log curve and extrapolating to & = 0. Since the compress

ibility of the aquifer is constant throughout, the following relation from Equation 1-17 

holds: 

c = 
2. 245 (w) k t

0 

2 
<j> f-L Lr 

= 
2.245 (w) k t 0 ' 

<j> f-L ~ 2 

(4-27) 
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Figure (;.2-G • 

HRl's Crownpoint, NM Pump Test 4/91 · 
Semi-Log Plot for CP-2 (Pumping CP-5) 
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. Figure C.3-G • 

. HAi's Crownpoint, NM Pump Test 4/91. 
Semi-Log Plot for CP-3 (Pumping CP-5) 
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Figure \J.6-G 

HAi's Crownpoint, NM Pump Test 4/91. 
· Semi-Log Plot for CP-6 (Pumping CP-5) 
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Figure U.7-G 

HAi's Crownpoint, NM Pump Test 4/91' 
Semi-Log Plot for CP-7 (Pumping CP-5) 
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Figure t,.8-G • 

HRl's Crownpoint, NM Pump Test 4/91 , 
Semi-Log Plot for CP-8 (Pumping CP-5) 
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Attachment 70-2 

Economic and environmental implications 

of leakage upon in-situ uranium mining 
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Summary 

The effect of aquitard leakage on in situ uranium 
mining was studied by examining llxiviant flow pat
terns and travel times in an aquifer having a limited 
vertical extent of mineralization compared to its thick
ness. Simulations show that leakage does not cause 
flow characteristics in the aquifer to be substantially 
different than those that wo.uld occur under conditions 
of totally impermeable confinement until the confine
ment becomes (1) extremely thin, and (2) of a per
meability within an order of magnitude less than that 
of the aquifer. Under such conditions, some options to 
strengthen the weakened potential field caused by 
leakage include increasing the overpumping ratio 
or shortening the well spacing. Both are economic 
trade-offs to reduce operational time and to limit the 
extent of the aquifer contacted by the llxiviant. If the 
ore zone aquifer exhibits stratification such that its 
permeability is greater in the horizontal direction than 

vertical, the thickriess of aquifer contacted by lixiviant 
is greatly reduced. This feature, of course, also de
pends on having a thin mineralized section. 

The potential for environmental impacts due to 
in situ uranium mining appears to be minor. In all four 
scenarios modeled where the confinement ranged 
from nearly impermeable _to very leaky, the lixiviant 
did not contact the aquitards. Restoration would be 
limited to cleanup of the ore zone aquifer within the 
thickness contacted by lixiviant and within the radius 
of the farthest-traveled lixiviant away from the pro
duction well. • 
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